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Preface 


This 66th volume of the TRANSACTIONS of the American Institute of Electrical 
Engineers contains all approved technical program papers and related discussions 
presented at general meetings and District meetings during the calendar year, in 
accordance with the improved publication policy adopted by the board of directors 
at its May 1946 meeting. 


The technical papers and discussions in the volume were presented at these meet- 
ings: 

1. 1947 winter general meeting, New York, N. Y., January 27-31, 1947. 

2. North Eastern District Meeting, Worcester, Mass., April 23-25, 1947. 

3. Summer general meeting, Montreal, Que., Can., June 9-13, 1947. 

4. Pacific general meeting, San Diego, Calif., August 26-29, 1947. 

5. Middle Eastern District meeting, Dayton, O., September 23-25, 1947. 

6. Midwest general meeting, Chicago, Ill., November 3-7, 1947. 

In addition this volume contains: 


1. 1947 annual report of the board of directors. 


to 


A complete listing of AIEE officers and committees for 1947-48. 
3. New AIEE Publication Policy—Effective in January 1947. 


Full correlation of all material in this volume has been accomplished by means of 
the multientry index beginning on page 1738. Reference to any of the several 
subject entries for a technical paper will lead directly to the paper and to any pub- 
lished discussion on that paper. 


Statements and opinions given in papers and discussions published in TRANSACTIONS 
are the expressions of contributors for which the American Institute of Electrical 
Engineers assumes no responsibility. 


me Errata 


1. Page 1363. Add the following footnote: “The double, © th = 

triode circuit was originated by William Brauner, now = = 

research engineer, The Franklin Institute- Laboratories ie raat Es ‘a 

for Research and Development, Philadelphia, Pa.” gS e oF, eta 
; is ees; 
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Eddy Currents in Disks: 
Driving and Damping Forces and Torques 


A. D. MOORE 


FELLOW AIEE 


Synopsis: When two a-c fluxes, in quadra- 
ture, pass through a disk, driving forces 
and torques are produced. Theory is 


_ developed herein, and formulas and pro- 


cedures are presented whereby the force 
or torque can be solved for, even when the 
fluxes are irregular as to area and distribu- 
tion. As an example, the driving torque 
of a watthour meter is solved for. A chart 
for greatly facilitating the work is described. 

When a constant flux (or fluxes) passes 
through a rotating disk, a damping or 
braking torque is produced. With the aid 
of what may be a new concept, theory, 
formulas, and procedures are presented 
whereby the torque may be found, even 
though the flux (or fluxes) has an irregular 
area. To illustrate, the damping torque 
of a watthour meter is computed. The 
method can deal also with fluxes of non- 
uniform density. A chart is described 
which greatly reduces the work. 

When a disk with constant flux through 
it is moved translationally, damping forces 
occur. Curves covering a wide range are 
presented, by which those designing the 
damping for accelerometers and other 
instruments may design easily in direct 
than by trial-and-error. 
For their benefit, this part of the paper is 
written so that it is complete in itself. 

For both driving and damping torques, 
reciprocity laws are proved; when needed, 
these laws greatly. reduce the time required 
for a solution. 


T is often true that apparently complex 

devices can be analyzed with relative 
simplicity, whereas a simple-appearing 
device may require complex analysis. 
Eddy-current devices, structurally, are 
the simplest of electric mechanisms. 
Yet, because the eddy currents are not 
confined to easily identifiable paths, 


Paper 47-1, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted July 9, 1946; made 
available for printing October 1, 1946. 


A. D. Moors is professor of electrical engineering 
at the University of Michigan, Ann Arbor, Mich. 
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analysis has yielded scanty returns, and 
engineering design has limped along as 
best it could. This is true, even though 
some devices have been known for half 
a century or more; and speedometers 
and watthours, to name only two devices, 
are numbered in the millions. The litera- 
ture of a basic character is notable for 
its paucity. 

Lack of progress probably stems 
directly from an old difficulty, the usual 
tendency of analysts to proceed in terms 
of straightforward mathematics. The 
truth is that such methods simply cannot 
solve disk eddy-current problems in 
general. Irregular flux areas and densi- 
ties can be handled practicably only by 
approximate methods such as are de- 
veloped herein. 


Conditions 


As to a-c driving fluxes, this paper is 
limited to those cases in which disk 
resistance effect is large compared to 
disk reactance effect. As to damping 
fluxes, the paper is limited to cases in 
which the disk is thin enough, or velocity 
low enough, (or both) so that the eddy 
currents are not strong enough to have 
much effect in redistributing the flux. 
Meters and instruments usually meet 
these conditions. 

The a-c driving flux treatment deals 
only with fluxes in quadrature. If actual 
fluxes are not in quadrature, only the 
quadrature components are effective in 
producing a net force. 


A-C Driving Torques 
A large thin metal disk, as in Figure 1, 
is pierced by fluxes ®; and ®x. . These 


are the rms values of a-c fluxes, in quad- 
rature. Such fluxes will be called a flux 
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pair. Each is a uniform flux within a 
circle. The distance between circle cen- 
ters J and K is S centimeters. The fluxes 
have a sine wave variation at frequency f. 
The circles do not overlap. 

The variation of ®g sets up concentric 
eddies in quadrature with ®;. Eddy cur- 
rent maximum occurs when ®, is maxi- 
mum. ®, eddies act on ®; to produce a 
sine squared wave of force. It will be 
shown that the average force, Fx, in 
dynes, acting-along JK or S, is 


Fxrx=G/S (1) 


where G is developed further along. 

The force Fx, is actually a resultant 
force made up of an infinitude of forces, 
each due to an element of current reacting 
with the flux in the J-circle. The problem 
of finding the resultant can be avoided 
by resorting to a familiar analogous 
situation. 

In the analogy, the two circles become 
sections of long parallel conductors, 
normal to the paper. Conductor cur- 
rents, J, and J, are distributed uniformly. 
I, sets up a concentric magnetic field. 
It long since has been shown 


(a). That outside its conductor, the field 
due to Iz is the same as if Jx were centered 
(concentrated in a wire of infinitesimal 
section at K). j 


(b). That the force due to the distributed 
I; reacting with the flux of [x is the same 
as it would be if J; were centered at J. 


(c). The force per unit length for such a 
combination is proportional to (JjIx)/S. 


From the analogy, it is clear that in 
our disk case, ®g can be centered at K, 
becoming a pencil of flux; ®, can be 
centered at J; and 


Freya SyPx/S ~*~ (2) 


DEVELOPMENT OF G 


In Figure 2, ®, has been centered, 
thereby becoming a flux pencil. In 
centering ®,, we have the privilege of 
moving it into the infinitesimal square, 
ds by ds, at J. The force originating in 
this square is Fx,, and it now can be 
developed fully. 

The effective voltage E developed by 


®, in the disk (turns=1) and acting 
around the current ring of ds width is 
given by the familiar equation 


E=2nf®xX1078 (3) 


To find R, the resistance of the current 
ring, 

p=disk resistivity, ohm per centimeter 
b=disk thickness, centimeters 


27S=path length 
bds =path section 


_02r5 


bds (4) 


To find the rms current of the ds by ds 
square 


E 


p2rS 
=2 X10? = 
mPKX ( bds ) 


fo®x X1078 
=——>+— ds 
pS 


(5) 


The dynes force is given by the familiar 
form, BIL/10. In the ds by ds square, 
B=®@,/(ds)(ds), I is given by equation 5, 
and L is equal to ds. The force is then 


las | * L* fs 
PRIS (ae) 10 


_ fobsPx X10~° 


6 
3S (6) 
Let 
bbb x X1079 

pels BT PS (7) 

p 

G 
Frs=% dynes (1) 


Because this force is the product of 
two effective values, and because the 


Large disk and flux pair 


Figure 1. 


current and flux concerned are in phase, 
the force F,, is the time average of the 
actual force. 

TORQUE 


The torque Tx, (see Figure 1) due to 
force Fx, acting at lever arm D about 
some point O, in dyne-centimeters, is 


Txy=F sD 


als 


(8) 


RECIPROCITY LAW AND TORQUE OF A 
FLUX PAIR 


It is obvious that in addition to Fx,, 
there is an equal force F;x, due to J- 
eddies acting on ®,. Thus there is a 
reciprocity law as to forces. The total 
force is the sum of the two. Thus, for a 
flux pair (either in nonoverlapping circles 
or as pencils) the total, F;, is 

G 


F,=2— 


5 (9) 


As to torque, both forces act with lever 
arm D. Thus there is a torque reci- 
procity law. Then the total torque T, 
for a flux pair is 


D 
Tp =2G— 


3 (10) 


CIRCULAR DISK 


If an a-c flux pencil at K, Figure 3, 
pierces a circular disk of radius A centi- 
meters, the eddy currents occurineccentric 
circles. Morton! gives the equation for 
the eccentricity. It is not included here, 
because a simplification used herein con- 
sists of avoiding the problem of dealing 
with eccentric current paths. The image 
concept is resorted to. 

On a very large plate‘or disk, Figure 3, 
lay out the disk circle as shown. Extend 
OK. The image of the K-pencil of flux 


Figure 2. Force, centered fluxes 
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can be located at K’, by theory long since 


developed. If OK=R, 
K’=(A?—R?)/R 
OK’=KK’+R 
A2—R? 
=e “eke 
A? 
=— 1 
R (11) 


The image or K’-pencil is equal to the 
K-pencil but is opposite in sign. Acting 
together, this pencil pair will set up the 
double eccentric eddy pattern; and within 
the disk circle, the eddies are identical 
with what the K-pencil alone would set 
up in the real disk. 

Passing to Figure 4, we avoid eccen- 


tricity troubles by dealing with the- 


flux pencils individually. In the large 
disk, the K-pencil sets up component 
concentric eddies about itself; and like- 
wise, for the K’-pencil. (Note that this 
pair within itself creates no net force; 
the eddies of each are in quadrature with 
the flux of the other.) 

The foregoing is applied in Figure 5, 
where a disk is acted on by a flux pair. 
The flux ®, can be centered first at K. 
The K-pencil image at K’ is located next. 
The flux pair creates a total force as 
expressed in equation 9 and a total torque 
as given by equation 10. Similarly, the 
flux pair ©, and ®, yield another 


(smaller) force and torque, the force 


acting along S’ at lever arm D’. Since 
the image flux is opposite to the K- 
pencil, the image torque opposes the direct 
torque; and the net torque is 


(12) 


Figure 3. Flux pencil, image, and eccentric 


eddy-current pattern: 
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GENERAL TORQUE EXPRESSION: 
CIRCULAR DISK AND A FLUX PAIR 


To develop a general torque expression, 
we will use the additional constructions 
given in Figure 5. Instead of lever arms 
D and D’, lever arm C=OJ will be used. 


-This calls for the use, not of the whole 


forces along S and S’, but of their hori- 
zontal components (taking C as vertical). 
The components are H/S and H’/S’, 
respectively, times the two forces. The 
total torque can be written then 


(13) 


In equation 13, H, H’, S?, and SS”? can 
be replaced as follows: if @ is the angle 
between C and R 


H=Rsiné 
. 42 
H’ =—sin 6 
sin 


Using the cosine law of triangles 
S2= C?+ R?—2CR cos 0 

and 

S’? = C?+(A2/R)?—2C(A?2/R) cos 8 


R sin 0 
C24 R?—2CR cos 0 

(A2/R) sin 6 | (14) 
C2+ (A2/R)2—2C(A?/R) cos 6 


sin 6 


=2G) (C7R)+(R/C)—2 cos 0 


sin 6 


] (15) 
(CR/A?)+(A2/CR) —2 cos 6 


sin 6 


=5(f\ |" ee eee 
Ge See 
Neo C/o 
sin 0 
RAISER) 
If J and K are equidistant from O, C=R, 
and the torque reduces to 


é 


sin 6 sin 0 
1—cos@ 1/C\? 1f/A\? 
HE) +e) ~ 8 


VARIATION OF DISK TORQUE 
WitH FLux Parr Rapius 


T,>=G 


Let the a-c driving fluxes of a circular 
disk consist of a flux pair at the same 
radius (C=R). Either circle may be of 
any size. However, the circles may not 
overlap, nor may they fall partly outside 
the disk, if the equations are to hold. 
If @ is taken constant at 30 degrees, for 
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Figure 5. Torque of 
a flux pair 


example, a curve of torque versus C for 
a disk of fixed A can be worked out. 
This curve, for G=1 (for example, when 
f=60, b=0.0915, ; =P, = 22.7 maxwells, 
and p=2.83 (10)~°, G is unity) is shown 
in Figure 6 in terms of T, versus C/A. 
The trends of this curve are interesting. 

As C approaches A, the images move 
in closer to the disk circle and have an 
increasing negative torque effect. 

As the flux pair is made to retreat from 
the disk edge, the images move out and 
diminish in effect, and the net torque 
increases. Bitt as C is reduced further, 
one is tempted to conclude that since 
low C means low lever arm, the torque 
would fall off again. But it must be 


Figure 4. Concentric eddy currents caused 
by individual flux pencils 
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remembered that under the conditions, 
S is proportional to C, and that eddy 
current strength, for example, caused by 
@, through J, is inversely proportional 
to S. Therefore, torque will not fall 
off. Inspection of equation 17 shows that 
as C/A approaches zero, T, approaches 
a constant value. The achievement of 
greatest torque at least possible radius 
may be somewhat surprising. 


Disk TorQUE DUE TO 
IRREGULAR FLUXES 


Disk driving torque can arise due to 
two fluxes in quadrature, neither flux 
being contained within a circular area 
and both having irregular density dis- 
tribution. Moreover, the fluxes may 
overlap greatly. The watthour meter 
presents just such a problem. A feasible 
method for finding the torque will be 
developed now. 

The area where a flux pierces the disk 
can be divided into a number of 
rectangular areas, each containing a 
known amount of flux. The other flux 
is treated likewise. In each little area, 
the flux of that area is centered arbi- 
trarily; it becomes a flux pencil located 
somewhere within the area. Any error 
thus introduced will be treated later. 
If the two fluxes are ®, and ®x, every J- 
pencil’s eddies must be allowed to react 
with every K-pencil; also (for the images) 
every J’-pencil must be allowed to react 
with every K-pencil; and a summation 
must be arrived at somehow. The 
amount of work involved in the solution 
could be great, if carried out in terms of 
equation 14 or equation 15. 


ft 


T WHEN G KS) UNA Se 


0.8 I 


Instead of using these general forms, it 
is much faster to retreat to the form of 
the torque as given in equation 10. The 
case can be drawn to scale, D, S, D’, 
and S’ values can be measured directly, 
and the computing can be done by using 
a slide rule. Even so, the fairly accurate 
treatment of a watthour meter would 
call for many measurements and a good 
deal of slide rule work. The writer 
therefore devised a labor-saving chart. 


THe D/S CHART 


Figure 7 shows a limited portion of a 
D/S chart. It is of very simple con- 
struction, composed of a centimeter grid 
and radial lines, the location of which 
will be obvious after a little study. The 
chart is put on tracing cloth. 

In use, a pencil J is to react with 
another pencil K to produce a component 
torque about O. (Steps are shown on 
the chart by circled numbers.) 


Step 1. The chart is placed on the drawing 
with apex over J. 


Step 2. The chart axis is made to pass 
through K. 


Step 3. 


Step 4. Move parallel to the axis from O 
until opposite K. 


Step 5. Read the D/S value of the slant 
fine through the last point found, or inter- 
polate as may be necessary. 


Note where the disk center O is. 


After determining the G-value pertaining 
to the particular flux strengths of the two 
pencils, equation 10 will give the torque 


4 


Figure 6 (left). Varia- 

tion with radial position 

of torque of an equal- 

radius flux pair, G being 
unity 
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Figure 7 (right). The 


D/S chart 


of the pencil pair. Further procedures 
can be brought out best in the watthour- 
meter study. 


DRIVING TORQUE OF A WATTHOUR METER 


The theory and methods presented 
have been given a thorough trial by the 
writer’s application of them to a Duncan 
watthour meter rated 5 ampere, 115 volt, 
single-phase, 60 cycle, type MF-A. The 
processes and results will be given here 
in condensed form. The meter chosen 
is the one so ably described by Green.’ 
For more complete data than can, be 
given here, see his paper. Green gives 
the nominal torque as 46 gram-milli- 
meters at 575 watts. But this was for 
a 5-spoked disk. Later, a solid disk was 
adopted which, according to information 
obtained from the company, raised the 
nominal torque to 51. For the aluminum 
disk, A is 4.45 centimeters (3.5 inches), 
and b is 0.0915 centimeter. 

Figure 8 shows the core parts essential 
to the job of mapping the important 
regions of the driving fluxes. The writer 
graphically mapped the fluxes. At the 
right (Figure 8) half the potential flux 
is mapped. The other half of the po- 
tential flux (not shown) duplicates on 
the left the right half. At any one 
instant, both halves are either up or down. 

At the left (Figure 8) the series flux is 
mapped. At an instant when this flux 
is upward at the left, the same flux (not 
shown) would be downward at the right. 
Looking ahead to Figure 9, it is seen that 
the fluxes have been cut up into certain 
small rectangular areas. The means of 
doing this and the computing of flux 
quantities must be outlined briefly. 
For field mapping techniques, one may 
refer to Moore.* 
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POTENTIAL FLUX 


Consider the flux in a path in the map 
of Figure 8, such that the path is defined 
by any curvilinear square and an axial 
dimension (into the paper) of one inch. 
It can be shown that the reluctance in 
air is such that one ampere-turn acting 
on the reluctance will set up 3.19 maxwells 
of flux. 

The potential coil furnishes 162 rms 
ampere-turns. The core’s axial dimension 
is 0.60 inch. A tube, as mapped, has 
two curvilinear volumes in series. The 
flux per tube is then (3.19X162X0.60)/ 
2=155 maxwells. Counting from the 
center at ¢ to as far as x, the span tx 
takes in 4.4 tubes. Weak flux beyond x 
was omitted. The points u, ‘v, and w 
were spotted in then so that the spans 
tu, uv, vw, and wx each contains 1.1 
tubes, or (1.1155)=170  maxwells. 
In Figure 9, the axial dimension was 
divided into four equal parts. We thus 
have divided the right potential flux into 
16 parts, each containing (170+4) or 
42.5 maxwells. : 

These fluxes must be centered, and this 
must be done with care. The only 
problem is in the centering locations in 
the ¢x direction. In Figure 8, the points 
marked 1, 2, 3, and 4 were spotted in by 
reading the map in order to place these 
not halfway along é¢u, uv, and so forth 
but at mid-flux positions. 

There are also 16 similar potential 
flux areas to the left (Figure 9). 


SERIES FLUX 


There are 60 rms ampere-turns on 
each gap, setting up the series flux. 
Flux per tube is then (3.1960 X0.6)/2, 


_or 57.5 maxwells. The series flux included 


in this study (left, Figure 8) reaches 
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Weak 


from ¢ to z, taking in 6.1 tubes. 
flux beyond z was omitted. 

If we now divide the series flux so as 
to cut it into rectangles of equal flux 
amounts, this advantage is gained: G 
will be the same for any pair. But there 
is a worse disadvantage. Some potential 
rectangles will overlap partially some 
series rectangles, and special problems 
will be created. An alternative was 
adopted. The potential pattern of rec- 
tangles was laid over. the series map 
(t, uw, v, w, left) and the differing amounts 
of series flux in each span were read from 
the series map. The remaining series 
flux falls in the spans xy and yz, and two 
more series flux values were read off 
there. These two were centered at 
5 and 6. 

By this scheme, the potential and series 
rectangles fall into two classes: (1) they 
are separated or, at closest, merely touch; 
(2) or, where they overlap they completely 
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Figure 8. Watthour- 
meter flux map 


coincide and drop out of consideration. 

The series flux is divided thus into six 
unequal tube fractions, these being 0.65, 
0.95, 1.2, 1.4, 0.9, and 1.0, reading from 
ttog. At 57.5 maxwells per tube, these 
amount to 37.3, 54.6, 69.0, 80.5, 51.7, 
and 57.5 maxwells. After dividing the 
0.6 inch dimension into four equal parts 
as before, the series rectangles have 
fluxes (same order) equal to 9.33, 13.65, 
17.25, 20.1, 12.91, 14.38. 


VALUES OF G 


All potential fluxes are alike, 42.5 
maxwells. But there are six series flux 
values. Using them, and f=60, b=0.915, 
p=2.83 (10)~® for aluminum at 20 
degrees centigrade, the six G-values 
obtained are 0.767, 1.12, 1.416, 1.651, 
1.06, and 1.18. 


ORGANIZATION 


The areas in Figure 9 have been 
identified in terms of lettered rows 
(A, B, C, D) and numbered columns 
(1, 2, 3, 4, 5, 6). Any area with any 
letter and any number from 1—4 contains 
42.5 maxwells of potential flux. As to 
series flux, in either half, Al and Cl, as 
examples, contain 9.33 maxwells; 
whereas, D6 has 14.38 maxwells. 


IMAGES 


After centering the fluxes, the left 
potential pencils were imaged, and the 
images identified by primes (Figure 9). 


Figure 9. Watthour- 

meter flux rectangles, 

centerings, and po- 
tential images 
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It was not necessary to use series flux 
pencil images, because the reciprocity 
law takes care of their effects in the 
equations already written for torque. 


ROUTINE 


Suppose the right potential Al pencil 
is allowed to react with all the left series 
pencils, one by one. The apex of the 
D/S chart is placed over the Al pencil 
and held there by a needle point. The 
chart then is swung about easily. The 
axis is moved over a left series pencil. 
The routine described quickly leads to 
recording a D/S value. The work of 
multiplying each value by 2G is saved by 
organizing properly the tables for re- 
cording D/S. Only the sum of appro- 
priate D/S values need be multiplied 
by its proper 2G. The results of four 
sets of operations must be set down here. 


TORQUES AS FOUND 


Left potential fluxes acting on right 
series fluxes gave a torque of 1,513 dyne- 
centimeters, which includes reciprocity. 
However, an equal torque comes from 
right potentials acting on left series. 
The total is then 3,026. 

Left potential images with right series 
gave 450. This is doubled also, yielding 
a total of 900, which acts negatively. 
Summing up so far, the net torque is 
3,026—900, or 2,126. 

It is usual to explain the driving torque 
of the watthour meter in terms of the 
actions of fluxes that are separated dis- 
tinctly. The torque found so far comes 
from such fluxes. But this meter has 
a torque of 51 gram-millimeters; and 
the torque found above, 2,126, amounts 
only to (2,126X10)/981=21.7 gram- 
millimeters. This is less than half the 
needed amount. 

But more torque can be found, and 
from sources perhaps heretofore neglected. 
In considering left potential and left 
series flux, it has been invitingly easy to 


Figure 10. Flux band and pencil pair 


jump to the conclusion that because 
these two fluxes are approximately alike 
and roughly superimposed, they can pro- 
duce little torque, if any; likewise, for 
right potential and right series. But the 
facts are surprising. There is a fair 
amount of cancellation where the two 
areas of a pair are identical in position; 
and there is a good deal of negative 
torque where a pair teams up to act the 
wrong way. In spite of all that, left 
potential with left series yields a torque 
of 1,152 which, doubled, gives a total of 
2,304. Left potential images with left 
series give 145 which, doubled, gives a 
total negative of 290. The net torque 
thus additionally found is 2,304—290= 
2,014, which is just about equal to the 
2,126 already found. Two fluxes “ap- 
proximately alike and roughly super- 
imposed”’ had better not be neglected! 

The total then is 2,126-+2,014=4,140 
dyne-centimeters, or 42.2 gram-milli- 
meters. 


PREDICTED VERSUS ACTUAL TORQUE 


The Duncan meter has an overload 
plate made of laminations. It partly 
surrounds the tops of the series poles. 
Its purpose is to correct the inherent 
overload droop in the accuracy curve, 
caused by series flux damping effect. 
The construction and theory of the plate 
do not concern us here. However, the 
plate somewhat changes the amounts and 
distributions of the driving fluxes and, 


J K 


according to Green, serves to increase the 
torque by seven per cent when the plate 
is introduced. Our predicted torque then 
becomes 1.07X42.2, or 45 gram-milli- 
meters. 

The predicted torque of 45 is 12 per 
cent below the 51 nominal torque. 

An exact check would not be too 
meaningful unless a very complete and 
careful study were made of a particular 
meter. This in part is true because 
of variations of meters in production 
caused by allowable variations of air 
gaps, characteristics of iron, and so on. 
It is not necessary for meters to be ex- 
ceedingly close duplicates as to driving 
torque, because there is a good range of 
adjustment of damping flux for securing 
accuracy in the calibration process. 
Other reasons for failing to check exactly 
will be taken up now in discussing sources 
of errors. 


ERRORS IN THE METHOD 


There are three sources of error in the 
foregoing procedure. 

Centering Noncircular Flux. In a 
flux pair, uniform flux in a circle is 
centered without error. But error results 
when uniform rectangular flux is centered. 
For parallel rectangles, Dwight* con- 
veniently furnishes the correction under 
another guise, forces between parallel 
strap conductors. In the meter, the worst 
error occurs for the adjacent areas A2 
and A3, B2 and B3, and so forth. The 
uncorrected force found by centering 
is about 25 per cent high. But most of 
the other adjacent flux pairs have a 
much smaller error. For example, for 
adjacent squares, force found by center- 
ing is only two per cent high. It is the 
writer’s opinion that the total predicted 
torque is only two or three per cent 
high, attributable to centering error. 


Nonuniform Density. The centering 


Figure 11 (left). | J- 
pencil acting on part of 
area 2; polarities 


Figure 12 (right). A\l- 
pha chart for a=20 
degrees 
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_ ters. 


error was concerned with uniform density. 
Another error arises due to nonuniformity 
of density. Remember that potential 
flux was mid-flux centered; but that in 
rectangles 1-4, series flux was centered 
arbitrarily at these same potential cen- 
This is convenient but erroneous, 
because the two fields are not identical 
in distribution. The writer’s opinion is 
that the nonuniformity error in the meter 
study is only two or three per cent, on 
the low side. Thus the two errors so far 
discussed may nearly nullify. 


2-Dimensional Treatment. The map 
of Figure 8 is a 2-dimensional map, 
drawn as if the axial dimension were 
great. Actually, this dimension is only 
0.60 inch. Since the shortest gap is 
nominally 0.125 inch, it is certain that 
there is a good deal of useful fringing 
flux hoth inside (radially) and outside 
of the limits shown in Figure 9. The 
actual distribution would give weaker 
fluxes than those allowed to the A and 
D levels but also additional flux outside 
the A-level and inside the D-level. 

The error due to using the 2-dimen- 
sional map and omitting fringing (and 
also omitting weak fluxes beyond « and 
z) easily could account for all of the 
difference between predicted and actual 
torques. 


POSSIBILITIES 


In a device, if the flux distributions 
were determined actually by measurement 
and were used in a study no more detailed 
than that used for the meter, forces or 
torques should be predicted with an 
over-all error of no more than five per cent. — 

A less detailed study, using only a few 
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rectangles and capable of solution in a 
relative short time, will yield reasonably 
good values of torque. 

In the meter study, the work with the 
chart, the summing up, and the com- 
puting of torque requires about eight 
hours. This does not include time for 
drawing and flux mapping. 


Damping Forces and Torques 


An electromagnet or a permanent 
magnet puts a flux, uniformly distributed 
and of density B, through a circular 
rotating disk, within the area shown in 
Figure 10. The area has any size and 
shape. There may be more than one 
area, each with its own density. 

The description of the Foucault currents 
caused by rotation, and the finding of 
resulting forces and torques heretofore 
have not been attacked successfully for 
such general cases. Solutions can be 
achieved by means of what is believed 
to be a new concept, by the use of some 
of the a-c developments already de- 
scribed and of some developments yet 
to be mentioned. 


FLUx BAND AND PenciL-Parr” CoNcEPtT 


The flux can be divided into bands, each 
of constant radius and narrow width, 
such as band JK in Figure 10. Radial 
elements of metal sweep through the 
flux of the band and set up a constant 
electromotive force around any such 
paths as path 1 and path 2 
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Figure 13. Damping 
reciprocity law 


IL) 


El 


Figure 14. Watt-hour meter damping 


The concept referred to above is this: 
the same electromotive force can be set 
up around such paths in a fixed disk by 
means of pencils of flux piercing the disk 
at J and K, these being opposite flux 
pencils, and both increasing or decreasing 
at the same rate. Adoption of this con- 
cept makes it possible to define the cur- 
rents set up by the JK flux band and by 
all other such bands. The concept of 
fixed-disk-and-pencil-pair is used only to 
to define the currents. The currents 
are allowed then to react with the actual 
flux in order to find forces and torques. 

The adoption of the changing pencil 
pair makes it possible to adopt the image 
and concentric current ideas already 
fully outlined in the a-c developments. 
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Force Due To A PENCIL, 
AND FLUX IN AN ANGLE 


In Figure 11, there are two flux areas, 
area 1 and area 2, with densities B, and 
B,. A narrow flux band JK at radius 
r in area 1 is replaced for current effects 
by flux pencils J and K changing through 
a fixed disk. As in previous develop- 
ments, J has its (opposite) image penci! 
J’, and K has its (opposite) image pencil 
K’. We then have four flux pencils 
through a large disk, each setting up con- 
centric eddies about itself. The resultant 
of these four current patterns would be 
identical within the disk circle, with the 
actual current set up in the rotating disk 
by the JK flux band. Such of these 
concentric currents as pass through the 
areas will react with B, and Bz to produce 
forces. 

Throughout, we may think either of 
the flux pencils as all constantly increas- 
ing or as decreasing. Herein, they will 
be treated as decreasing. With rotation 
as shown in Figure 11, and with down- 
ward B, flux, the electromotive force 
due to flux band JK would be outward. 
Then the four pencils would have signs 
as shown in Figure 11b, and they would 
set up currents as shown. These cur- 
rents are stich as would tend to prevent 
the (decreasing) change of the flux 
pencils. 

The flux band electromotive force due 
to rotation, in volts per radial centimeter, 
is 


E=orB,X1078 (18) 


® is angular velocity in radians per second. 

Ascribing this electromotive force to 
flux pencils in a fixed disk, we now find 
the current element di of width ds, 
flowing concentrically about J at radius 
S from J. The resistance R offered to 
di is given by equation 4. Then 


SE: 
a == 
R 


a bEds 
et p2rS 


Consider the resultant dynes force df 


Figure 15. Nonuniform flux 


caused by the dz current are within the 
angle a (see Figure 11). It is shown 
easily that the force due to the current 
are is the same as if the current flowed 
along the chord. By symmetry, the 
force acts through J. 


Chord = 25S sin 2 
F=(BIL)/10 dynes, in general 


df =0.1B22S sin <-di 


-(018. sin =a (19) 
2/ap 
Let Fa in dynes per centimeter of 7 
designate the forces due to J-currents 
acting on Bz flux contained within the 
area bounded by ares of radius S, and Sy, 
and angle a. 


Se 
Fo= df 
1 
_ a\bE f[ * 
=| (AOI Wer Gybel | ja ds 
2/rp J 


bE 
= Ge sin =) s a (20) 
2/ ap 


If OJ (equal to radius r) is taken 
vertically, we need the horizontal com- 
ponent of Fy which, acting through J 
on lever arm ry or OJ, produces torque 


about O. The horizontal component, 
Jey ye 
Fay =cos 8° Fa 


(si 2V (ss) cos a par 
2 Tp 
= (sin 2) s,s) cos apa 


bB 
—wrB, X 10-8 
™p 


= (sin Vos — S;)cos 3] 


wrbB, Be xX 10-° 
1p 


(21) 


To abbreviate, let M= sin a/2, n = 
[(Se—S1) cos 6], w’=the fraction. 


Fay = Mnw' 


INTEGRATION OF HORIZONTAL 
Forces: THe ‘‘ALPHA’’ CHART 


Some means of integrating over the 
whole of area 2 must be found. For this, 
the writer devised the ‘‘alpha’”’ chart, 
shown in Figure 12, this example being 
drawn for a=20 degrees, M=0.1736. 
In the a, b, c, d area, it will be evident 
that , or [(S.—S,) cos 6], can be read 
directly from the vertical parallels spaced 
one centimeter apart, when the main line 
of the chart is lined up through disk 
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(22) 


center O and chart apex is placed at 
pencil J. In this example, »=6.9— 
2.4=4.5. 

The total horizontal force Fy, due to 
J-currents through ®, in area 2 would be 
(approximately) proportional to the sum 
of the several Fay, values. Let 


N==n 


In the example, start at point p, pro- 
ceed clockwise around the perimeter of 
area 2, and read off successive values. 


N=(5.2+6.9+7.7+5.3) —(3.14+2.54+2.4+ 
2.5) 


In general 


Fy=MNw’ dynes per centimeter of r (24) 


In - practice, several ‘‘alpha’’ charts 
are needed, with a ranging from small to 
large. By selecting the right chart to 
use on a near or far area, the area can 
be sliced always into enough sectors to 
insure high accuracy with minimum time 
spent at reading and summing up. The 
summing is done most easily by putting 
the readings directly onto the adding 
machine. 

The less accurate readings are likely 
to be achieved where the radial lines soon 
leave after entering the area, as at ¢e 
in Figure 12, In such cases, a correcting 
mental estimate is easily made. In 
general, the errors of this approx mate 
chart method tend to cancel out, and 
high accuracy is achieved. 


TORQUE: ONE FLUX INTERACTING 
WitTH ANOTHER 


If T, in dyne-centimeters per centi- 
meter of 7 is the torque due to Fy, acting 
at lever arm r (or OJ), then 


if = Fyr 

=MNw'r 

bB,B2X10-9 
= AN (25) 
™p 
Let 
w= wbB, Bo x 10* 
™p 

T,=MNWr? (26) 


Appropriately select several different 
radii from inner radius R; to outer radius 
R,, and find MWNr? for each. This work 
is routinized and carried out in tabular 
form with the aid of ‘‘alpha’’ charts. 
W is common throughout and should be 
omitted until the tabulations are added 
up. 

Plot a curve of MWNr? versus r. Find 
the mean ordinate and callit T,. Then, 
if Jj in dyne-centimeters is the torque 
due to all J-pencils on the J-side of area 1, 


Ty=T4(Ro—Ri)W (27) 
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(23) 


Figure 16. Translational damping 


Tx is found likewise for all K-pencils on 
the K-side of area 1. The torque due 
to the image-pencil’s currents requires a 
different treatment, because the forces 


act through the images. For the J’ 
image, : 
T, =(OJ') Fy 

= MNw’(OJ’) (28) 


N is found by now centering the ‘‘alpha” 
chart. apex at J’. As previously shown 
in equation 11, OJ’=A?/r. Then 


wrbB 1 Bo <1079 A? 


T,=MN 
Tp fF 
BB ee 
= une 1B. X10 mC 
Tp 
=MNWA? (29) 


For the same several radii from R; 
to R, as used before, MNA? is found 
and plotted. YT, is obtained, and 


Ty’ =T4(R,—R)W (30) 


Tx’ is found likewise. 

All four torques are combined then 
to get the net torque 7\., expressed 
positively as a braking torque; thus 


fp= Te—-T,—-Tx’+T,’ (31) 


The routine above was presented in 
order to make the analysis easily under- 
stood. However, it requires plotting four 
curves. This can be avoided by combin- 
ing, in the tabulation of data, the Nr? 
and MNA? values (four in all for each 
r used) and then plotting only one curve 
and finding only one 7, from it. 

Ty is the torque due to all currents 
originated by area 1, acting on the flux 
of area 2. 


Recrerocity Law 


It will be shown next that here again 
a reciprocity law holds. As far as the 
writer knows, this law has not been 
proved heretofore. In Figure 13, let 
flux bands J,K, and J2K2 each subtend 
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the small angle 24 and each be Ar 
radially. Their centers, where A®, and 
A, can be centered for force purposes, 
subtend the angle \. Current due to 
pencils J; and K, act on A®, to give two 
forces; J, and Kz act on A®,, giving two 
more forces. Four forces and torques are 
involved. Force J; A®, is proportional 
to Ab, AP,. Force Kz AP, is proportional 
to Ad, AP, These flux products corre- 
spond to G of equation 16 which, aside 
from constants, is a flux product. The 
bracket of equation 16 takes care of the 
geometry (including images) to find the 
torque of a flux pair. The value of the 
bracket will be the same for both forces, 
since C and R are common, and @ is 
A+ 4d for each. Therefore, torque 
J, A®, equals torque K,A®,. Likewise, 
torques Jz A, and K, A®, are equal, 6 now 
being A— AX for each. A reciprocity 
law therefore obtains for the flux bands, 
and if the incremental values are 
taken as infinitesimals the proof is rigidly 
correct. Next, any area | or area 2 can 
be built up of such bands. That which is 
true for the parts will be true for the 
wholes. Then the total torque due to 
two flux areas is (except for self-torques) 


T=2T (32) 


SELF-TORQUE 


Each area of course also produces 
torque on a self basis, its own eddies 
acting on its own flux. The same 
general procedure holds for finding it. 
With chart apex at J, for instance, the 


xX -e- 


Figure 17. F’ curves for translational damping 
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chart is read around the boundary of 
area 1. 

When there are two flux areas, the self- 
torques are in general larger, and often 
much larger, than the interaction torque. 


TORQUE DUE TO ONE 
CIRCULAR AREA OF FLUX 


Smythe® gives an accurate equation 
for torque due to disk rotation through 
a single circular area of flux. A case 
was selected as follows: 


A=13 centimeters 
Flux circle radius =2.5 centimeters 
C=10 centimeters 
w=1 
b=0.1 centimeter 
B=1,000 
p =2.83 (10)-6 

For this case, the accurate torque 
(Smythe equation) is 27,000 dyne- 
centimeters. By the methods presented 
here, and using only five radii aside from 
R; and R,, we get 27,200. The use of 
“alpha” charts involves graphical meth- 
ods, and so the difference is even smaller 
than might be expected. 


WaATTHOUR-METER DAMPING TORQUE 


The methods were given a full trial 
by predicting the damping torque of a 
Duncan watthour meter. The alnico 
magnet poles are below the disk; the 
armature is above. In Figure 14, 1 is 
the perimeter of a pole face. Flux as 
measured by ballistic galvanometer and 
search coil 2 was 2,400 maxwells. Flux 
measured through search coil 3 was 3,000 
maxwells. For computing torque, the 
arbitrary area 4 was adopted, along with 
the assumption that it carries 3,000 
maxwells at uniform density. At the 
right, in Figure 14, the area 4 is shown, 
and the arcs show the radii of flux bands 
used in the solution. The images are 
not shown. The time required for the 
solution, including making the drawing, 
locating the pencils, using the ‘‘alpha’’ 
charts, tabulating and adding data, and 
finding T, and T, was about five hours. 

The damping torque was computed 
for these conditions, 


w=3.02 (being for 575 watts, 28.75 rpm) 
b=0.0915 

p=2.83 (10)~6 

Predicted torque =48.5 gram-millimeters 
Meter’s nominal torque=51 


In view of the arbitrary treatment 
given the flux, and the neglect of flux 
outside of area 3, the close agreement 
must be considered somewhat fortuitous. 


NONUNIFORM FLUX DISTRIBUTION 


These methods can be extended to 
handle flux areas having any flux dis- 


Moore—Eddy Currents in Disks 


tribution. Contour lines would be drawn 
within the area, and between successive 
contour lines the density would be con- 
sidered constant. Asa simple example, 
Figure 15 shows a case having only two 
contour lines. The easiest treatment is 
secured by letting B, cover the entire 
area, whereupon the inner area has the 
additional component (B,—B;). Pencils 
J, and Ky are then caused by B;. Pencils 
J; and Ky, are attributable to (B.— 

J, and Ky, via the “alpha” chart, act on 
the entire area of B, density and also 
on the inner area of (B,—B,) density. 
Pencils Jz and K. likewise react on both 
areas. Most damping fluxes come from 
permanent magnets. In nearly all such 
cases, the flux distribution will not be 
known with enough certainty to warrant 
more than a 2-contour treatment, if that. 


TRANSLATIONAL DAMPING 


Accelerometers and other instruments 
often are damped by means of a disk- 
and-magnet combination, the relative 
movement being translational. The prob- 
lem involves forces only, not torques. 
Otherwise, the “alpha” charts and the 
routines already described are applied 
readily. A reciprocity law obtains, but 
the proof is omitted; anyone able to 
follow the proof for the rotational reci- 
procity law can prove easily the trans- 
lational law. : 

Many of those concerned with instru- 
mentation heretofore have had to meet 
their damping needs by rather blind trial- 
and-error work. The writer therefore 
has worked out a series of cases, leading 
to a family of curves. These curves 
enable intelligent design to be carried 
out in a very simple fashion. 

In Figure 16, two opposite fluxes pierce 
the disk in parallel rectangles. The 
motion is horizontal. Using the dimen- 
sions (centimeters) as indicated, first find 
the dimensionless ratios X and Y, where 
X=P/D and Y=H/D. Take these to 
the curves of Figure 17 and find F’. 
Next compute W. If 


V=velocity, centimeters per second 

b=disk thickness, centimeters 

p=disk resistivity, ohm per centimeter 
(for aluminum at 20 degrees centi- 
grade, 2.83 (10)~®) 

B=gausses (maxwells per square centi- 
meter) 


VbB*X10°-8 


™p 
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Then 
F=WD?F' (33) 


To derive the curves the writer com- 
puted for Y-values of one, two and four, 
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and several values of X. The curves for 
Y of one, two, and four are correct, it 
is believed, to within two per cent or 
better. As originally plotted on logarithm 
paper, it was possible to interpolate for 
intermediate curves with good accuracy. 
Any intermediate curve should be correct 
to within five per cent or better. 

The curves have a broader utility than 
is indicated by equation 33 alone. First 
note in Figure 17 that as the rectangles 
approach each other (at X of unity they 
are adjacent) any one curve rises because 
of mutual effect. Conversely, when 
separated by as much as X =9 the curve 
is nearly horizontal; nearly all the force 
then is caused by the eddy currents of 
each flux acting on itself. F.’ has been 
computed and shown on the chart; these 
are F’ values when X=. Two addi- 
tional uses for the curves then can be 
made. 

First, a single isolated rectangle of 
flux yields a force (dynes) 


1 
r-(3)woer. 
2 


Second, 


(34) 


two flux rectangles as in 


Figure 16, but containing like fluxes, 
give a force due to an F”’ as much less 
than F..’ as the direct reading from the 
chart is above F..’, Restated, if F’ is 
as read directly, the force is 


F=WD?*(2F.'—F’) (35) 


TRANSLATIONAL: SIZE AND 
SHAPE OF DISK 


The curves are based on a disk with 
edges remote, in any direction from either 
rectangle. However, the writer feels 
safe in saying that if the disk edge is no 
closer to the rectangle, anywhere, than 
twice the length of the rectangle’s 
diagonal, the force will be no more than 
four per cent below the predicted value. 
But there undoubtedly will be cases in 
which an even smaller disk must be used. 

The M dimensions in Figure 16 can 
be reduced, even to zero if necessary, and 
the only effect is to reduce the force. At 
M/H=1/2, the force still might be 
70 per cent of predicted force. 

Reduction of L below L/H=1 will 
begin to affect appreciably the linearity 
of damping. How much would depend 
also on relative displacement. As a 


guess, if L/H=1/2 and dispiacesnedtee is 
L/4, the force for a given velocity might 
vary as much as three per cent from 
average. 


A-C FLux DaAmpinGc 


The damping of disks moving through 


an a-c flux is subject to the same analyses | 


and procedures as were presented for 
nonvarying flux. The average force or 
torque will be found by using the rms 
values of flux or density. 
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Discussion 


B. E. Lenehan (Westinghouse Electrie Cor- 
poration, Newark, N. J.): Problems which 
are basically magnetic field problems are 
nearly always more difficult than circuit 
problems, mainly because they are in three 
dimensions. Their solution generally be- 
comes possible only if they can be reduced 
to two dimensions; then the field can be 
plotted and an approximate solution ob- 
tained. 

This necessary approximation limits the 
accuracy and usefulness of such a method. 
Heretofore, it generally has been considered 
simpler and mere accurate to construct 
samples to investigate the effects of the 
various factors, rather than to depend on a 
lengthy and involved mathematical solu- 
tion. 

The method in this paper uses analogy to 
a field problem which has been solved and 
applies the superposition idea to obtain re- 
sults by a relatively simple method. The 
time required compares favorably with that 
of constructing and testing samples. We 
plan to investigate the method and check its 
practicability. 

Some conclusions in the paper seem to be 
contrary to experience, but this is evidently 
the result of assuming constant fluxes in- 
instead of constant flux densities. The lat- 
ter is a more logical assumption. When 
two fluxes assumed constant are brought to- 
ward the center, the area occupied must de- 
crease with the radius. When constant flux 
density is assumed, the fluxes decrease in 
this manner, so the torque factor is multi- 
plied by C?/A*. This leads to another pos- 
sibility of integrating the torque in polar 
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co-ordinates by equation 16. If Figure 6 of 
the paper is replotted with 7,C?/A? as 
ordinate, which corresponds to constant flux 
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density, the curve yields a broad maximum 
around C/A =0.7, which agrees with experi- 
ence. This is shown in Figure 1 of this dis- 
cussion. > 

Our procedure in cases of this kind has 
been to map the flux pattern and estimate 
the current stream lines set up by the 
voltage field and compute the torque by 
electrodynamic formulas against the current 
flux, essentially the same procedure as used 
in the cross-field theory of the induction 
motor. This permits an estimate of the ef- 
fects of disk reactance, which is of impor- 
tance on frequencies above 60 cycles. 

The procedure outlined by Professor 
Moore is interesting and should prove to be 
valuable, particularly when used as a pre- 
liminary step to a full investigation using 
test samples with the several variables in- 
volved. 


J. A. M. Lyon and J. F. Calvert (North- 
western University, Evanston, IIl.): This 
paper is very stimulating from the point of 
view of engineering analysis. Professor 
Moore has had the courage to set aside 
classical mathematical procedures and to 
develop his own analysis for eddy currents 
and torques in circular disks. 

One of the impressive points of this paper 
has been the clarity of the author in making 
his theory apply for the edge effects of a 
disk using the method of images. Some of 


“us probably have been prone to think that 


in order to provide either sufficient driving 
or damping torque, pole pieces should be 
located near the periphery of an eddy cur- 
rent disk. The treatment of the boundary 
conditions by the image method, which 
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is 
gives rise to an interpretation including 
negative torques, certainly aids in obtaining 
a clear physical picture of the dependence 
of net torque on the positions of the bundles 
of magnetic flux piercing the disk. 

It may be of interest to note in connection 
with this paper the similarity in form of the 
following general relations 


SH-dl=Sf fi-ds (1) 
SE-dl=S Sf =—as 


=S pi-dl (2) 
where in rationalized 1/7 KS units 


H =magnetic field intensity 
=magnetic flux density 
S=area 
l=length of path 
E=electric field intensity 
¢=magnetic flux 
t=current density 
p=resistivity in the disk 


Whereas we normally think of a current 
in electric machines as linked by the flux, 
we find here that it is convenient to think of 
the flux linked by a current. Equation 2 
may be used to map a 2-dimensional current 
field in the disk both outside and inside the 
changing flux. If this is done (in a manner 
analogous to that normally employed in 
mapping 2-dimensional magnetic fields using 
equation 1) by the use of equation 2, tubes 
of equal current are drawn everywhere over 
the disk, and these are intersected by a 
family of lines at right angles to the direc- 
tions of the current flow. These would be 
arranged to result in curvilinear squares out- 
side the pencil of changing flux and curvi- 
linear rectangles on the disk inside the pen- 
cil of changing flux. On the disk the J?R or 
heat loss is the same in each curvilinear 
square which lies outside the region of 
changing flux and is less in each curvilinear 
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rectangle which lies within the region of 
changing flux by the ratio of length to width 
of the rectangle. Here length is taken in 
the direction of the current flow in the disk. 


Refer now to the electrical analogue in 
Professor Moore’s paper where the flux 
pencil has been replaced by a current and 
where the edge effect of the disk has been 
replaced by imaged conductors. Instead of 
imaged conductors a current sheet of ap- 
propriate densities might be assumed at the 
line representing the edge of the disk. 
For details see reference 1. This procedure 
is not limited to disk boundaries which per- 
mit imaging. Possibly a similar procedure 
might be used in accordance with equation 2 
using a sheet of flux at the line representing 
the edge of the disk. 


The charts which Professor Moore has 
presented as aids to actual computation of 
torques are a good example of how he 
vigorously has pushed his analytical theories 
to a successful conclusion by actually pro- 
viding the tools to use for the solution of a 
variety of problems. 
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William R. Smythe (California Institute of 
Technology, Pasadena, Calif.): The re- 
placement of a flux band by a pencil pair 
greatly reduces the labor of calculating the 
eddy current damping torque on a rotating 
disk and may be justified as follows: 
Consider the narrow flux band of Figure 
10 of the paper with width 67 across which 
the ohmic voltage drop is negligible com- 
pared with the uniform potential difference 
V,— V_— maintained between its boundaries 
by the electromotive force, equation 18, 
generated inside. Outside the boundary 
where there are no sources. nor sinks of cur- 
rent the divergence of the area current den- 
sity 7 must be zero and by Ohm’s law 7 
equals the product of the area conductivity 
b/p by the negative potential gradient. 
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Writing the relations symbolically gives 


V-i=—V-(b/p)VV 
= —(b/p)V?2V 
=0 (1) 


Thus the differential equation and boundary 
conditions satisfied by V are 


V2V=0 
V+ — V—-=orB 6rX10-8 (2) 


Now let two infinite parallel wires carrying 
currents J and —I pierce the current shell 
normally at opposite ends of the flux band 
which coincides with a section of the mag- 
netic shell that joins them. The differential 
equation and boundary conditions satisfied 
by the scalar magnetic potential © of this 
shell are then 


V?Q2=0 
Q, —Q-=1 (3) 


Evidently the solutions of equations 2 and 3 
are mathematically identical provided we 
identify wr Bsr X 10-8 with J, V with Q, and z 
with bH/p. 

The law of Biot and Savart shows that 
at any point P the value of —V2 or H that 
satisfies equation 3 is determined by the 
radius vectors drawn from the two wires to 
P. Similarly 7 must be determined by vec- 
tors drawn from the ends J and K of the 
flux band. The component of H resulting 
from the K-wire is 27 /,S; so that of 7 resulting 
from K is 


QuobrBo 
p= (4) 
pSx 


and is normal to S,.. .Now from equation 5 
we may write the current density caused by 
a flux pencil in the form 


fie ngre ee ERO HER (5) 


Therefore, the flux band may be replaced by 
two equal and opposite flux pencils, one at 
each end, whose strengths are 


oni = +2Brért (6) 


1] 
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MEMBER AIEE 


HE geometric mean distance D, be- 


tween a point and a plane geometric 
part (a line segment, curve segment, 
closed curve, or area lying in a plane con- 
taining the point) is defined by 


log Di=(1/S:) fy, log d dS (1) 


wherein d is the distance between the 
given point and an arbitrary point in the 
second geometric part, and S; is the 
length or area of this part. 

The geometric mean distance Dy» be- 
tween two coplanar geometric parts Si 
and SS is 


log Dn = (1/5152) Ja, Ss, log d dSi dS: (2) 


wherein d is the distance between arbt- 
trary points in the given geometric parts, 
and S, and S, are the respective lengths or 
areas of these parts. If S, and S» are 
identical in shape and position, Du is 
termed the self geometric mean distance of 
S:=S, to itself. If S; and S: are non- 
identical, Dy. is termed the mutual geo- 
metric mean distance between S; and So. 

The logarithm of a geometric mean 
distance is termed a logarithmic mean 
distance. Equations 1 and 2 evidence 
the general definition of the logarithmic 
mean distance between two geometric 
parts as the average value of the summa- 
tion of the logarithms of the distances be- 
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tween all possible pairs of points compris- 
ing the two geometric parts, the two 
points of a pair being chosen from differ- 
ent geometric parts. 

Obviously, knowledge of the logarith- 
mic mean distance furnishes knowledge of 
the corresponding geometric mean dis- 
tance and conversely. Accordingly, in de- 
veloping general theory it is only neces- 
sary to speak of one of the two. In text- 
books, which maintain the tradition es- 
tablished in Maxwell’s text,’ the geo- 
metric mean distance is dealt with. Inas- 
much, however, as the logarithmic mean 
distance rather than the geometric mean 
distance is utilized in actual practice [for 
example, the d-c or low-frequency a-c in- 
ductance of a transmission line or an in- 
dustrial bus comprised of two nonmag- 
netic parallel cylindrical conductors of 
cross sections S; and S: is 
L=2 log (Dyz?/D1,D22) 

=4 log Dy—2 log Du—2 log D2 
abhenrys per centimeter of line or bus 
length] it would seem preferable to work 
in terms of the logarithmic mean dis- 
tance, as is done in the remainder of this 
paper. 

As indicated by equations 1 and 2, 
evaluation of the logarithmic mean dis- 
tance between two specified geometric 
parts requires a one- (for a point and a 
line or curve segment) to four-fold (for two 
plane areas) integration, of difficulty de- 
pending on the shape and relative loca- 
tion of the specified geometric parts. In 
general, if the given configuration is other 
than one of the several simple cases which 
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long have been evaluated, the mathe- 
matical difficulties associated with inte- 
grating equations 1 and 2 are very con- 
siderable (see, for example, the analysis 
encompassed in obtaining the logarithmic 
mean distance for the not very compli- 
cated geometrical arrangement of two 
arbitrarily located parallel-sided rec- 
tangles treated in reference 2). 

Recently, however, the writer has 
evolved a method fordetermininglogarith- 
mic mean distances in which the just men- - 
tioned mathematical difficulties are 
largely obviated. This method hinges on 
the use of complex variable theory rather 
than the real variable theory utilized by 
Maxwell! (originator of the theory of 
logarithmic mean distance), Gray,‘ 
Guye,5:§ Sumec,” Orlich,®:9'1° Rosa, 11:12:18 
Grover, !9:15:16 and all others” who to date 
have calculated logarithmic mean dis- 
tances. In essence, the method involves 
expressing the right-hand member of 
equations 1 or 2 as the real or imaginary 
part of an integral which is a function of 
the complex variable z = x + iy. This 
complex integral, unlike the real integrals 
of equations 1 and 2, is evaluated easily. 
Moreover, the resulting complex expres- 
sion, hereafter termed the complex loga- 
rithmic distance, yields yet another ad- 
vantage. 

The formulas for the logarithmic mean 
distances of the geometric configurations 
encountered in practice comprise alge- 
braic summation of a number of logarith- 
mic, arctangentic, and algebraic terms. 
Because of the many transcendental 
terms, numerical computation with these 
formulas is most laborious. In conse- 
quence, it is most desirable to know the 
equivalent rapidly converging series which 
is especially suited to computation. The 
series equivalent of a given formula com- 
monly has been obtained, to date, by re- 
placing each component term by its power 
series, and summing corresponding powers 
of the variable. Obtaining the equivalent 
series of a specified logarithmic mean dis- 
tance in this fashion requires, however, a 
considerable amount of labor. Contrari- 
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wise, the equivalent series of the complex 
logarithmic mean distance can be derived 
with little labor, and from this series can 
be obtained by inspection the real or 
imaginary part which is the desired series 
for the logarithmic mean distance. 

It appears, therefore, that use of the 
complex variable rather than the real 
variable largely eliminates the mathe- 
matical difficulties encountered in work- 
ing out specific formulas for logarithmic 
mean distances and in obtaining their 
equivalent series. 

Now much of the theory pertinent both 
to the design and to the calculation of the 
resulting electrical and mechanical per- 
formance of power! and communication! 
transmission lines, industrial distribution 
busses!”»?0.21. transformer windings,??-23 
coils and solenoids for induction heating 
units and various other purposes,!*:?4 and 
of yet other current-carrying apparatus is 
couched in terms of logarithmic mean dis- 
tances. In consequence, it is obviously 
most desirable that the above mentioned 
advantages stemming from use of complex 
logarithmic mean distances be generally 
available. 

The requisite theory is developed under 
the heading ‘“‘General Theory.”’ Applica- 
tion of this theory and substantiation of 
the very considerable advantages accruing 
to use of it are afforded by solution of 
typical problems given under ‘‘Tllustrative 
Examples.” 


General Theory 
Given the real integral 


G(X,Y) = Js, E(X,V)dS (3) 


Relative location of two line 
segments 


Figure 1. 
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let Z = Y(W) be a conformal transforma- 
tion™ which maps the line or curve seg- 
ment S, of the Z = X + iY plane ona 
line segment U, in the right-hand half of 
the W = U+iV plane. In virtue of the 
specified transformation X, Y and dS = 
|dZ/dW/\dU are known functions of U and 
V. Substituting accordingly in equation 
3 yields 


G[X(U,V), YU,V) = Su ELX(U.V), 
V(U,V)]|dZ/dW|dU (4) 


or equivalently 
H(U,V) = Jy, F(U.V)dU 
whereof 


H(U,V) =G(X,Y) 


(5) 


and 
F(U,V) =E(X, Y)|dZ/dw| 


Let F(U,V) = fi(U,V) be the real part 
of an analytic function f(W) = fi(U,V) 
+ if(U,V). Consider the complex in- 
tegral 


MW) = Suf(Wydw 
= Si(fitife) d(U+iV) 
= Silfi dU—fe dV) + 
iSo(f,dU+fi dV) (6) 


Over the path of integration U = U; we 
have dU = dU and dV = 0. 
Thus 


WW) = Soh dU+i So, fo AU 
= Sin FU,V) dU+i Si fdU (7) 


The right-hand member of equation 5 
is the real part of the right-hand member 
of equation 7; whence H(U,V) must be 
the real part of h(W). Similarly, if 
F(U,V) is taken as the imaginary part of 
f(W), H(U,V) will be the imaginary part 
of h(W). 

The foregoing analysis is to be epito- 
mized as follows: 


Theorem I. Let Z=W¥(W) be a conformal 
transformation which maps the linear seg- 
ment .S; of the Z plane on the line segment 
U, in the right-hand half of the W plane. 
If under this transformation the real func- 
tion E(X,Y) dS goes over into the real part 
or the imaginary part of the complex func- 
tion f(W)dW, the real integral fj, E(X,Y)dS 
is, respectively, the real part or the 
imaginary part of the complex integral 


Sof W)aw. 


Ina precisely similar fashion the follow- 
ing can be established: 


Theorem II. Let Z=WV(W) be a conformal 
transformation which maps the linear seg- 
ment S; of the Z plane on the line segment 
V; in the upper half of the W plane. If 
under this transformation the real function 
E(X,Y)dS goes over into the real part or 
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the imaginary part of the complex function 
f(W)dW, the real integral Sg E(x ,Y)dS 
is, respectively, the imaginary part or the 
negative of the real part of the complex 


integral S, fwaw. 


With reference to logarithmic mean dis- 
tance theory the importance of the analy- 
sis indicated in theorems I and II is as fol- 
lows. Determination of a logarithmic 
mean distance necessitates evaluation of a 
multiple integral whereof the successive 
integrals are of the type of equation 3. 
Commonly, evaluation in terms of real 
variables hinges on transforming the in- 


_tegral in question into an integral of the 


form of equation 5 through appropriate 
change in the variable of integration. 
Successful determination of the change to 
be made depends heavily on the skill and 
experience of the calculator; further, the 
transformed integral, though simpler than 
the original integral, usually is yet diffi- 
cult to integrate. These difficulties in- 
crease with successive integrals. If these 
obstacles are surmounted, the resulting 
formula for the logarithmic mean distance 
is complicated in form, contains numerous 
transcendental terms, and requires con- 
siderable analytic manipulation before 
the equivalent series, or formulas perti- 
nent to special cases of the general geo- 
metric configuration, can be derived from 
the formula for the general case. 

Such analytic difficulties do not ensue 
when the complex variable approach 
sketched previously is utilized. Thecon- 
formal transformation to be used is more 


Figure 2. Two identical line segments of 
length a and 120-degree included angle 


13. 


or less obvious. Application of this trans- 
formation to the given integral in ac- 
cordance with Theorem I or II automati- 
cally effects the desired change of vari- 
able; usually, the associated complex 
integral is so simple that it can be in- 
tegrated by inspection. Successive in- 
tegrals are handled as easily. The re- 
sulting formula for the complex loga- 
rithmic mean distance is simple in 
form, contains few terms, and is manipu- 
lated readily to yield the equivalent series 
or formulas pertinent to special cases of 
the given geometrical configuration. 
Selection of the real or imaginary part 
yielding the real logarithmic mean dis- 
tance is a matter of inspection. 

In substantiation of these remarks and 
in illustration of the analytic detail en- 
compassed in use of the complex variable 
analysis consider the following examples. 


Illustrative Examples 


Example 1. The problem is to calculate 
the logarithmic mean distance between 
two arbitrarily located line segments 
(Figure 1). 

From equation 2 we have 


log Diz = (1/S1S2) Gf log [((X—«x)?+ 
(Y—y)?]}"/2dS; dS: 


=(1/S,S2) Ss, Ss; log |Z: — dS dS, 
(8) 


wherein (X, Y) are the co-ordinates of an 
arbitrary point in S; and (x, y) those of an 
arbitrary point in So. 

The conformal transformation W = 
Ze maps the line segment S, on the line 
segment \Z,| <U; <!Zz' of the real axis of 
the W plane. Under the transformation 
we obtain 


Ss log |z—sldSi= Sinn" log | We” —=| Xx 
eA le®|dU 

2 
=f log | We —2|dU (9) 


VAN 


In virtue of the identity, log (complex 
function) = log (modulus of function) + 
i (phase of function), the right-hand mem- 
ber of equation 9 can be evaluated by 
theorem I as follows: 


SW bee log |Z—2|dS, 

|Zs| 10 

= Re taal log (We” —z)dW 
|Za| 

=Ref, e-” log (We®—z)dW e+ ® 
1 

=Re (i e log (Z 

= dee € og (2—2)dZ 
Zs 

=Re f ; e- log (Z—z)dZ 

= Re} e-((Z—z) log (2—2z) — 


(Z—2) ie (10) 
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wherein Re indicates the real part of the. 


complex expression. 

The conformal transformation W= ze? 
maps the line segment S2 on the line seg- 
ment |Z3| < Us< |Z,| of the real axis of the 
W plane. Under this transformation we 
obtain in the fashion 


Ss( Say log |Z2—2|dS:) dSe 


= SaRe\ (2-2) log (Z—2z)— 


(Z—2) int dS: 


= fir -191(Z—We-®) X 
aN Fae cae iA Wey) 
log (Z— We-*®) — (Z— We-®) 2 x 
|e |dU 
4 . 
=Ref, ‘\e-i901(z — We-#) x 
Z| 


log (Z—We-) — (Z— We) 17 dW 


fee 
= Re | Za 1-8 


log (Z—We-®) —(Z— We-®) 2X 


e 19 ¢! \(Z Bs We-**) x 


dW «-*® 


|Za|,—10 a 
=Ref/,, ~49 ((Z—We-®) X 
log (Z— We-") —(Z— We-®) 123 X 


dW e” 
Z4 
= Ref, [(Z—z) log (2-2) — 
Zs 


(Z—2) |zi de 


= Re}(| 5-9 log (Z—2) +" 


Seo fe \ (11) 


Substituting from equation 11 in equation 
2 yields the desired logarithmic mean dis- 
tance 


log Di = — aysispne4|| 5 (Z—2)?X 


log e—y—sa-ae el t (12) 


For the general configuration of Figure 
Ly ZA = OR eZ = 15 ee = (ONE ex, 
Z,= OQ“ and 20 =¢. Substituting in 
the right-hand member of equation 12 and 
effecting the indicated analysis as de- 
tailed in Appendix I yields 


2RS PQ log D2 = (20R OP —(OR?+0P?) X 
cos gl log RP+ [20S OQ—(OS?+ 
OQ?) cos ¢] log SQ— 20S 0P— 
(OS?+OP?) cos ¢] log SP—, 
[20R OQ—(OR?+00Q?) cos $]X 
log RO— (OP? SPR—OQ? SQR+ 
OR? PRO—OS? PSQlsin ¢—3RS PQ 

(13) 


wherein, for example, SPR indicates the 
radian measurement of the angle SPR. 
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Confirmatively, equation 13 is identical 
with the known formula derived by Max-_ 
well.:3 The very considerable simplicity 
of the derivation given here is appreciated 
best by comparing it with the analysis in- 
volved in direct integration of equation 8 
as effected in Maxwell’s! original deriva- 
tion. 


Example 2. The problem is to derive 
the geometric mean distance between two 
identical line segments of length a, rela- 
tively located as in Figure 2. 

For this particular case of the general 
configuration of Figure 1, Z1 = Z3; = 0, 
Z. = Z, = aé*/?, Substituting in equa- 
tion 12 and performing the indicated 
arithmetic as detailed in Appendix IT 
yields 


3 on 3 
log Di, =log or; log 3 eS 


Paes ee 


Confirmatively, the same value is yielded 
by equation 13. But in deriving equation 
14 from equation 13 considerable manipu- 
lation is required. Thus, inasmuch as 
OP = OR = RP = 0, L’Hospital’s 
Theorem” must be utilized to determine 
the values of the indeterminate term 
[20R OP — (OR?+ OP?) cos | log RP; the 
limiting values of SPRand PRQ must be 
discerned; the proper quadrantal alge- 
braic signs must be assigned to the trigo- 
nometric functions—a fact not clear from 
Maxwell’s statement of the formula of 
equation 13. Contrariwise, obtaining 
equation 14 from equation 12 requires 
only routine calculation with complex 
numbers. 


Example 3. The problem is to deter- 
mine the logarithmic mean distance be- 
tween two parallel-sided rectangular 
areas of arbitrary relative location (Figure 
Se 

From equation 2 we have 


RSrs log Diz 


s (r PP+S+s aed ee 
=f ff oe eet 


(Y—y)2}'/*dX dYdxdy (15) 


Each of the differential elements axa Ys 
dx, and dy is parallel to a co-ordinate axis 
of the given plane. Hence for the vari- 
ables X,Y taken in turn the required 
transformation is Z = W and for the vari- 
ables x, y taken in turn the required trans- 
formation is 3 = W. Accordingly X = 
x = Uand Y = y= V, indicating that we 
work directly in the given plane. 

Thus, recognizing (as in equation 8) 
that the integrand is the real part of log 
(Z — 2), that dX is parallel to the real axis _ 
of Z, dY to the imaginary axis of Z, dx to 
the real axis of s(= Z) and dY to the 
imaginary axis of z we obtain by succes- 
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Figure 3. Relative location of two parallel- 


sided rectangles 


sive application of theorems I and II 


P+S+s 
RSrs log Dux f I Ses 
(DERI 
f ae dy 
Dtr)+i¥ 


Sie fel e} Z—9x 


(D+R+r)+i¥ 
t 


log (Z —z) —(Z—2) | 


(D+r)+i¥ 
dY dx dy 


P+S+r 
=(f fe. 4 ReliZ—2) x 
D+R+ 
log Z-)-e-a)h' es 
=| if lee =(Z—2z)*log(Z —2) — 
B) D+R+rP+S8+s 
—(Z—2z)? ah | dx dy 
4 D+r P+s 
= f ||| 52-2108 ga 
‘11 4+R+rP+S+s-]r P 
Ses er \e 
36" 2) be 18 ic 
= -5, Re) —z)‘log(Z—z) 


el TT] 


(16) 


T 
dY dx dy 


Recalling the identity 


log (Z—2) = log [(X —x)?-+(Y—y)?]72+ 
itan~'[(Y—y)/(X—x)] (17) 


wherein the arc tangent takes on the 
proper quadrantal value in accordance 
with use of the principal branch of the 
logarithmic function [— 7 <phase (Z—2) 
=tan-! (Y—y)/(X—x) < 7], we obtain 
from equation 16 


25 
RSrs log D2 = — eS 


es oe Bee Sore, (18) 


24 fh i=1 
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wherein 


K(Ai,B;) =(Ai*—6A 2B*+B;') log (A+ 
B;?)'/?—4A;8B; tan—1(B;/A,) + 
4A,B;* tan—} (B;/A;z) (19) 


and 
=|D+R+r|; 4:=|D+R]; A:=|D]; 


A,=|D+r| (20) 
=|P+S+s|; Be=|P+5|; Bs=|P]; 
B,=|P+s| (21) 


The ease with. which equation 18 is ob- 
tained is appreciated readily if the present 
derivation be compared with the original 
derivation” of this formula, effected by 
direct integration of equation 15. 


Example 4. The problem is to deter- 
mine the series equivalent of the formula 
for the self geometric mean distance of a 
rectangular area having sides 7 and s. 

The configuration of this example is a 
special case of Figure 3; the rectangles 
are identical and coincident. Hence R = 7, 
S = 5s, D=—r, P= —S, whence equations 
20 and 21 yield A, = Az; = r, Ao = Ag 
= (); si — gi 15% ances — ee 0. Sub- 
stituting appropriately in equations 18 
and 19 yields 


log Du= oot (r8s2) [(r*—6r2s?+- 
A 


s*) log (r?-+s2)!/2—4r3s tan! s/r+ 
4ys3 tan! s/r—r' log r—s* log s] 
(22) 


In virtue of the relationship of equa- 
tions 16, 17, and 18 it is obvious that the 
algebraic sum of the first three terms in 
the bracketed quantity in the right-hand 
member of equation 22 is Re[(r + is) X 
log (r+is)]. This noted, it is evident that 
the bracketed quantity can be written in 
the form, Re[rA(1 + #4 log(l + AJ]— 
6r?s? log r, wherein ¢ is the complex num- 


ber (ir/s). Accordingly equation 22 can 
be written 

25 1 
log Du = Sa log tA tr/sy Xx 


Re[(1+4)4 tog (1+2)] 


Now (1+T) log(1+7), wherein Tis a 
complex variable, can be expanded in a 
power series about the point T = 0. This 
power series represents the function for all 
values of T such that |T| <1. At T=—1, 
whereof |7| = 1, the function has.a singu- 
larity—a branch point; whence in general 
the function is not represented by its 
power series at points such that |T|>1. 
Applying Taylor’s theorem yields 


(23) 


(1+T)* log (1+-T) = ri re Brs 


+or+ tot (24) 
wherein |T| <a 
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In our particular case we are interested 
in the real part of the series corresponding 
to the special value. T=t=(ir/s). Sub- 
stituting in equation 24 and selecting the 
real part yields 


Re[(1+2)4 log (1+#)]= o/s 


25 
—(r/s)4— 25 
ot) (25) 
valid for (r/s)<1. Substituting from 
equation 25 into equation 23 yields the 
desired equivalent series 


easing ee icy 
5 a SN ica ee rd 
gi gs 12 12 /5. 


25 1 /5)6 
mals) Fi 0a PG) 

This series is identical with the known 
formula. The ease with which it is de- 
rived is appreciated readily by one who 
proceeds to derive it directly from equa- 
tion 22 by expanding the component 
terms in power series and summing corre- 
sponding powers of (7/s). Yet equation 22 
is the simplest of the formulas for logarith- 
mic mean distances between rectangular 
areas which are utilized in, say, the design 
of industrial distribution busses. 


Appendix | 


From equation 12 we have 
2RS PQ log Diz= Re{ — [(Z2—Za)?X 
log (Z2—Zs) —3(Z2—Za)?/2]+ 
[(Z2—Z;)* log (Z2—Z3) —3(Z2— 23)? + 
2)+1 (Z,—Z4)” log (Z1:—Zs) = 
3(Z1:—Zs)2/2] — [(Z1—Z3)?X 


log (Z:—Zs) —3(Z:—Zs)?/2]} (27) 


Typically 
(Z2—Zs) = |Z.| (cos 0+i sin 6) —|Z.| X 
(cos @—7 sin @) 
=(|Z.| —|Z.|) cos 0+-4(|Z2| +|Z,]) x 
sin @ (28) 


whence by recalling simple trigonometric 
transformations for 26=¢ yields 
(Z»— Zs)? = (|Zs| 2+ |Z] *) cos —2|Za] [Zs] + 
i(|Z2|?—|Z;|2) sin ¢ 
= (OS?+00Q?) cos ¢—20S OQ+ 
1(O.S?—OQ?) sin @ (29) 
Next 
log (Z2—Z4) = log |Z2—Za|+ 
__t phase (Z2—Z1) 
= log QS+7(6+0SQ) (30) 
Accordingly 
Re{ —[(Z2.—Z4)? log (Z2— Zs) = 
3(Z2—Z,)?/2]} 
= [20S 0Q—(OS?+0Q?) cos ¢]X 
log QS+ (6+0SQ) (OS?—0Q*) x 
-sin ¢—3[(OS?+0Q?) cos ¢— 
20S 0Q)/2 (31) 


15 


The real parts of the other three terms in 
the right-hand member of equation 27 can 
be written down by analogy. Adding these 
four real parts, cancelling like terms, and 
transforming the four terms typified by 
[OS?(OSQ—OSP) sin @] into the form 


typified by [OS? PSQ sin ¢] yields equation 
sy 
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From Figure 2 we have Z;=Z;=0, Z2= 
ae*/®, 7,=Z,=ae_/8, RS=POQ=a. Sub- 
stituting in equation 27 yields 


2a? log Dy = Re{ — [(Z:2—Zs)* log (Z2—Zs) — 
3(Z2—Z2)?/2]+ [Z2? log Z2— 
3Z22/2]+ [Ze? log (— Ze) —3Z2?/2)} 
= Re[— (Z2—Zz2)? log (Z2—Zz) tz 
Ze log Z2.+Z2" log (—Z2) —32Z2Z2] 
(32) 


Substituting as indicated in equation 32, 
performing the indicated simple complex 
arithmetie in which log (—Z.2) =log ae2*/8 
inasmuch as we are working on the principal 
branch —a < phase ZS7m), and collecting 
like terms yields equation 14. 
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Equivalent Circuit of the Primitive 
Rotating Machine With Asymmetrical 
Stator and Rotor 


GABRIEL KRON 


MEMBER AIEE 


Cynopsis: The equations and equivalent 
circuits of all standard types of rotating 
electric machinery operating under arbitrary 
conditions may be derived as special cases 
of a single generalized rotating machine, 
the so-called primitive machine. This paper 
derives the steady-state equivalent circuit 
of the primitive machine having unbalanced 
rotor as well as stator. That is, the load or 
transmission line connected to a salient-pole 
synchronous machine is assumed to be un- 
balanced (due to faults, short circuits, and 
so forth), or the load connected to the slip 
rings of an induction motor is assumed to be 
unbalanced. The single-phase alternator, 
instrument Selsyns, and also sudden short- 
circuit studies are cases that require an in- 
finite series of time harmonics in the stator 
and rotor windings in addition to the funda- 
mental. It is assumed that these time har- 
monics are due to space waves with funda- 
mental pairs of poles rotating at different 
speeds. The effect of the harmonic space 
“waves is not considered. A paper by A. W. 
Rankin! shows network analyzer studies 
made of the harmonic currents and torques 
of a single-phase alternator. 


The Balanced Primitive Machine 


HE equivalent circuit of the primitive 

machine in which either the stator or 
the rotor is balanced has been given in ref- 
erence 2 and is reproduced in Figure 1. 
There are two stator and two rotor wind- 
ings assumed with one member having sa- 
lient poles. As was shown, the induct- 
ances represent the underlying magnetic 
circuit in which the fluxes flow, and the 
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position of the resistance represents the 
arrangement of the coils on the magnetic 
circuit. 

While the reactances are calculated at 
unit frequency, the fundamental fre- 
quency of currents along the stationary 
reference axes is assumed to be f, a frac- 
tion of unity. The numbers f + v, and 
so forth, by which the resistances and 
impressed voltages are divided, show the 
actual frequencies of the currents in the 
particular coils. In commutator ma- 
chines where the ratio of the generated to 
induced voltages due to a flux line is not 
unity but 2, the rotor speed v should be 
replaced by kv. The resultant flux linking 
each coil is the voltage E while the torque 
due to the coil is the power E*/. 


FIELD 
OR STATOR 


jXisd 


Figure 1. Two differ- 
ent “forms of the 
equivalent circuit of 
the primitive rotating 
machine 


The Unbalanced Primitive Machine 


When both the stator and rotor winding 
are unbalanced (still assuming saliency on 
one member only), in the stator (or field) 
flow not only a current of frequency f, 
but also even harmonics of the rotor 
speed v, namely f+ 2v, f= 4v, and so forth. 
In the rotor (or armature) flow in addi- 
tion to f odd harmonics of v, namely f+2, 
f+ 3v, f+5v, and so forth. 

For each frequency of stator and rotor 
currents there exists in the equivalent 
circuit a set of forward and backward 
meshes (Figure 2) that are coupled to- 
gether by the unbalanced rotor (arma- 
ture) impedances. The stator and rotor 
circuits are staggered and are coupled 
together through the air gap reactances. 
Again the numbers by which the resist- 
ances and impressed voltages are divided 
show the actual frequency of cur- 
rents in the coil, such as f—2v or f + 
3v. While the two stator reference axes 
are denoted by d and g, the two rotor 
reference axes, along which the resistances 
and reactances are known, are denoted by 
a and & For an induction motor a and b 
are the slip-ring axes, while for a syn- 
chronous machine they are the armature 
axes. 


ARMATURE 
OR ROTOR 


(b) 
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Table I. 


Calculation of Torques 


Constant Torques 


i if — Wit+jQi Pee Mee Me Cas i OOM C 
Eoy*i =W.2+702 IR PO Oe ec as 3 OS 
Bay" Wij0ea bs ee eee 


Ero eS ee Ce ee To ae 
ek Soe ae Ep,*i 
PE AES eB tire thy Eyoti? = 


— WitjQs 
°=WstjCs 
WetiCes 
== Wit eels We 


Second Harmonic Torques 


E-27*i! = Wi +j0, . 


E, il = 


Eog*i T= WstiCs... 


Bag't” = Wi 0a eee oe eee 


Weti0s oo eee 


hua iectottd ten ee ayaa een Eee Ey *t i = Wersce 

Pare i Sek nti ae eee i E-»*i-” = Wig tO 
sis Se eS Te ee Ey *i-? = WutiCu 
aieysiti ght ee Rae eee: Ey *i?? = Wie ti C 12 


T=V/ (Wit obs Waa) (Oya 


ON (War oe 


Ciz)]? 


Analogous formulas apply to higher harmonic torques. 


The Frequency of Torques 


The torques still are measured as cross 
products of #*i. The frequency of the 
latter is determined easily simply by 
matching the frequencies of E and 7 as 
manifested by the resistances in the re- 
spective coils. For instance, the actual 
frequency of Exis ftv andofi "is f—3v. 
Hence, the frequency of the torque due 
to them is T=H*%=—f—v+f—30= 
—4v. Table I gives the torques of vari- 
ous frequencies. 


Special Cases 


The various types of machines, syn- 
chronous and induction, differ from the 
primitive machine by having certain 
meshes open. For commutator machines 
the meshes are not only open but are 
interconnected in the same manner as 
the actual machine windings are. When 
certain windings in a machine are short- 
circuited permanently the analogous 
meshes in the equivalent circuit may be 
removed, but all open-circuit reactances 
must be replaced by short-circuit (tran- 
sient and subtransient) reactances. 

Figures 3 and 4 give the equivalent 
circuits of the unbalanced slip-ring induc- 
tion motor and the single-phase alterna- 
tor. It should be noted that in the single- 
phase alternator the mutual couplings 
between the various harmonics depend 


on the asymmetry of the direct and quad- _ 


rature axes. 


The Primitive Machine 
With Rotating Axes 


Let the second primitive machine (say 
a slip-ring induction motor) be given in 
which the axes are connected rigidly to 
the stator and rotor. Let also the rotor 
be loaded unequally; (7,4r,., and so 


forth), but still smooth magnetically. 
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Because the equation of voltage is 


Map cos @ 


by 2v. Similarly, the term dsd, shows 
that a stator current induces in the stator 
only voltages of the same frequency. 

Summarizing the frequencies of the 
currents, 


1. Inthe stator flow f, f+2v, f+4y, f+6v... 
(even harmonics of v) 


2. In the rotor flow fv, f+3v, f+=5v 
(odd harmonics of v) 


Time Harmonics 


The question now arises, how these 
various frequencies of voltages may arise. 
Let sinusoidal windings be assumed on 
stator and rotor, that is, windings in 
which only a flux with the fundamental 
number of pairs of poles can induce a 
voltage. (This assumption neglects space 
harmonics, hence excludes squirrel cages.) 
In that case, higher time harmonics may 
be induced only by fluxes that rotate 
faster than the impressed flux. In par- 


b 
— Map sin 0 


Mop sin 6 


Mp cos 6 


tatLgap+Lopp cos 20 
—Lpp sin 26 


e=R-i+p(L-i) (1). 
the transient impedance tensor is 
Z=R+pL 
d, qs a 
M, — M, 
i= 7 f 
_ Mat M, 
RST 
Ma+M, 2 
oa 
2 
Mat+M 
Ly =hy + 


where /,, and #,, represent the leakage 
inductances of the rotor and any induc- 
tive load. 
For an alternator 0 is replaced by —@. 
The equation of torque is 


j= (4) 


The Frequencies of Currents 


If a current with frequency f is assumed 
to flow in the stator, then (if 0=vw) 


1. The term d,a shows that an f+v fre- 
quency voltage is induced in the rotor. 


2. Assuming an f+vcurrent in the rotor;the 
term ad, shows that the latter induces an 
f +2v voltage in the stator. 


3. The current due to the latter in turn in- 
duces an f+3v frequency voltage i in the rotor 
and so on. 


The term aa shows that any rotor cur- 
rent induces in the rotor itself voltages 
of the same frequency or larger (smaller) 


(2) 
—Lpp sin 20 


1» +Lsop—Lpp cos 20 


ticular, these fluxes must rotate faster by 
+2y, +4v, +6v, and so forth as the funda- 
mental flux when viewed from the stator 
(or faster by +v, +3v, +5v,when viewed 
from the rotor). 

Hence, if an infinite set of reference 
frames is introduced rotating by +20, 
+4y, +6v, with respect to a set of refer- 
ence frames stationary on both stator and 
rotor, then along these rotating reference 
frames the time harmonics under consid- 
eration must appear as fundamental 
frequency quantities. 

The fact will be ignored that each ro- 
tating flux induces not only a voltage 
that rotates with the same speed as the 
flux but also other voltages rotating at 
other speeds. That is, harmonic terms 
(sine and cosine expressions) in the Z 
tensor of all reference frames will be 
neglected and only the constant term 
kept. This assumption is equivalent to 
ignoring the second order effects due to 
the time harmonics. (The time harmonic 
itself is a second order effect of the funda- 
mental.) 

In other words, each of the above ref- 
erence frames orginates another infinite 
set of reference frames rotating with 
+2v, +4v . . . with respect to itself. 
Each of the latter in turn starts still an 
additional infinite set of frames. As a 
consequence along each frame rotating 
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een 


with +2v, +4, and so forth, not one cur- 
rent exists, but an infinite set of currents. 
All of these, but one, will be neglected. 


The Primitive Machine 
With Stationary Axes 


As a starting point it is possible to 
use the rotating axes a, &, or the sta- 
tionary axes d and gq, or the spin axes f, 
b of the equivalent circuits (that is, 
symmetrical components on d and q.) In 
the following the case of stationary axes 
.dand q only will be considered. 

Along the dand q axes, using 


d, qs d, or 


(5) 


Z becomes (if p also refers to L) 


Z’=C,:Z:-C+C,-L:-pC+C,- pL -C (6) 


When 7,=7, and Lsgg=Lyg,, then these 
matrices reduce to the usual form since 


Lsat+Lp=Lra 
Lga—Lp=Lrq 


The Equations of 
Voltage and Torque 


In terms of G’ and L’ the equation of 
voltage is now 


e’=R!-i/+L'- pi’ +(pL’) -i’+G'po-i' 
ORIOL” 


But, since pL’ i, ae pO, the equa- 


tion of voltage is 


OL’ 
08 


e’=R’-i’+L’- pi’ + —po0-i’+G’po-i’ (10) 
The equation of torque is 


(11) 


(See page 211, equation 27.17, and 
page 212, equation 27.21 of reference 3 


where OL’/00 was assumed to be zero) 


The extra terms represent the Chris- 
toffel symbol 


[a8 years 1 OLegs 
we Ox® 2 dx 
so that 
OL 10L 
8 _ | O-By _ = OXGB \ ce.8 
lap, y]i*2 -( ae ea )i i (12) 


the first term giving the extra harmonic 
/ 


L 
generated-voltages =~ p0-i’ and the sec- 


06 


ond term the extra harmonic torque 
7 


1/28" Se". The equation of motion of 


a machine with unbalanced rotor and 
stator is then (if Sag, is the torsion 
tensor) 
eg = Rapi? +Lappi® + [B-y,cl Pi +2SpayiPi¥ 
(13) 
The interesting fact follows that the 
effect of the asymmetry in both mem- 
bers is to introduce the Christoffel sym- 
bolin the dynamical equation of motion, 
even though the reference axes are all 
stationary. 


Map 
Mp 
tatty | fa—0 60. 09 ae Say 
, 2 
bis leieaa Dea NG 
| (Bee) tot (Sos 20 |p +(*") sin 20p a 
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(sae so) sin 20 p 
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2 2 
where p now does not refer to L’. 
It should be noted that because of the 
unbalanced rotor now R’, L’, and G’ are 
allfunctions of 6. Also 
G’'=C,-G-C (8) 
d, as d, Gr 
d, 
qs 
Girt A al ees ne 
4, Lga—Lsp (Eathe) i . (9) 
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f-3v 


FREQUENCIES 
OF ROTOR 
CURRENTS 


REFERENCE FRAMES 


f-3v 


ROTATING WITH - 2v 


fe 
POSITIVE SEQUENCE 


bp ROTATING WITH 2v 
NEGATIVE SEQUENCE 


fo STATIONARY FRAME 


POSITIVE SEQUENCE 


ft+v 
‘ROTATING WITH 2v 


fo POSITIVE SEQUENCE 


ROTATING WITH -2v 


-2 NEGATIVE SEQUENCE 


f+3v 


ROTATING WITH 4v 


fq POSITIVE SEQUENCE 


Figure 2. The primitive machine with un- 
balanced stator and rotor. (For a synchronous 
machine v and i (or E) have opposite sign) 


The Successive Steps 
of Transformations 


Let the following four sets of reference 
frames be introduced, each frame con- 
sisting of two perpendicular stator and 
two perpendicular rotor axes, 


(Trbe - “rae)/2 
f-3v 


ee 


a a a 


1 
ROTOR (OR ARM) ' 


1. A stationary frame. This is the stand- 


ard frame. 


2. A frame rotating with an instantaneous 
velocity 2p9=2v clockwise (in the same 
direction as the rotor v). 


3. A frame rotating with 28 counter- 
clockwise. 


4. A frame rotating with 4v clockwise. 
Only the rotor frame will be considered. 


qr2 


ds» Fs2 ds —2 Gs—2 


cos 20 


jOma-%md)/2 


d;—2 
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a5 ( ie OF STATOR 


' CURRENTS 


f-4y 


f-2v 


tsdl 
ft4y 


| ' 
STATOR (OR FIELD) ' 


There are also additional frames ro- 
tating with —4v, +6v, and so forth, but 
they are not considered in the analysis, 
only in the equivalent circuit. Their ef- 
fect follows automatically from those of 
the +2uv and +4v frames. 

Three successive transformations will 
be performed. 


1. Starting with the stationary d,, qg, rotor 
axes, the corresponding C is given in (14). 


sin 20 


—sin 20 


Kron—Equivalent Circuit of Primitive Rotating Machine 


cos 26 


sin 26 
cos 26 


AIEEE TRANSACTIONS 


jl %sq- %sq) 


j%ca)n 


FREQUENCIES |, p> 2 FREQUENCIES : : 
OF ROTOR ae OF STATOR ; 
URRENTS prbare = CURRENTS 
x ; ( 2lf-4v) 
| ' i A : = i*kq 
Saree es \ Fe f-4y j(Xcqin —e & 
sd 3 'kq 
TNS pads} Saray Ww 
g N= -45-2,0,2,4.... 
f-3. J[(%0g)4- % cada | 
FREQUENCIES f 2 
OF ARMATURE | 
CURRENTS | 
j (%ad)4 
3v 
j (Xaa)e 
f-v —— A ee ee 
j(X%ad)e2 
v j(Xéa)o 
———— i( Xe) 0 /VE 
j(*%ad)o 
=V, 
f+v j(%de-2 
j(%ad)2 
ME Seepage -3v 
j(%adhe 
| 
® 1 
f+3v ee avail Sarees | j[(%aq)-4—(Xcd)-4] 
: uae eee 


Figure 4. Single-phase alternator 


ROTOR STATOR 


Figure 3. Slip-ring induction motor with unbalanced load 


where 1 = + integer 


2. Symmetrical components are introduced 
by 


(16) 


(15) 


3. p is replaced by jfw,Z” replaced by 
n-1.Z", and e by n7!.e where n is the 
“frequency tensor” whose diagonal terms 
are given by the array 


It must be remembered that along the 
backward rotating frames (including the 
stationary frame) the order in C, is f, fy bso fro bro fre bez fz sz faa ba-2, fr-2br-anfra rs 
b, while along the forward rotating 

frames the order in Cy is 6, f (C,’ will | fis f=» | f+e|t—v| se | f—20 |f-+20 | f—20 | f+-20| f—30| F430] f—30| F+30 
be denoted then by Cs). Hence (17) 
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Discussion 


A. W. Rankin (General Electric Company, 
Schenectady, N. Y.): Quantitative data on 
synchronous machine operating character- 
istics as caleulated from the equivalent cir- 
cuits developed by Gabriel Kron are given 
in a related paper by this discusser.! This 
paper contains calculated data illustrating 
the torque-slip and current-slip curves of a 
synchronous machine during asynchronous 
operation, and calculated data of the 
damper-bar currents during both asynchro- 
nous and single-phase operation. The calcu- 
lated data of single-phase operation were ob- 
tained from the equivalent circuits developed 
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by Kron in the paper now under discussion, 
and the calculated data of asynchronous 
operation were obtained from equivalent 
circuits developed by Kron in a previous 
article.” 

Parts C and D of this paper! present cal- 
culated data of single-phase operation for 
both purely reactive and purely resistive 
loading. This study is of value as it shows 
the magnitude of the currents in the leading 
and trailing damper bars, and in addition 
gives quantitative information on the har- 
monic torques. 

Parts A and B of the paper! are devoted 
to the study of constant-speed asynchronous 
operation. Quantitative data are given of 
the torque-slip characteristics and of the 
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John Wiley and Sons, Inc., New York, N. Y., 1942. 


4, OVERVOLTAGES CAUSED BY UNBALANCED SHORT 
Crrcuirs—EFFECT OF AMORTISSEUR WINDINGS, 
Edith Clarke, C. N. Weygandt, and C. Concordia. 
AIEE Transactions, volume 57, 1938, August 
section, pages 453-66. 


current distribution in the leading and trail- 
ing bars of the damper windings. 

This reference to the paper! is made at 
this point in order to indicate the location of 
the quantitative data which complement 
the circuit developments in the paper by 
Kron. 
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Theoretical Approach to Speed 
and Tie Line Control 


ROBERT BRANDT 


ASSOCIATE AIEE 


Synopsis: Frequency error is an indicator 
of the amount of excess or deficiency of gen- 
eration on a whole interconnection, and a 
frequency-generation line may be estab- 
lished for the whole or for any section which 
is separated from all others by tie lines over 
which control may be desired. Automatic 
equipment is available using these funda- 
mentals under the name of load biased fre- 
quency control, which will make the re- 
quired adjustments to generation to restore 
normal speed and tie line loadings with a 
minimum of false moves and by means of 
which each section will handle, in normal 
operation, only its own load changes, re- 
gardless of the speed of response of its prime 
movers to correcting impulses. Methods of 
automatic control by the selective frequency 
blocking system and the master flat fre- 
quency station method are examined and 
found wanting. The use of uncontrolled 
speed-sensitive governors with small droop 
is shown to be disadvantageous if operated 
in parallel with automatic bias equipment. 
Consideration is given to practical matters 
of operation, including an improvement in 
handling manual generation shifts, action 
of controller in time of trouble, effect of 
errors in determining the frequency—genera- 
tion line, and desirable characteristics of 
governors. 


Characteristics of a Single System 


N any isolated 60-cycle system a 

speed of just 60 cycles represents an 
exact balance between the amount of gen- 
eration and the amount of load. Any speed 
other than 60 cycles indicates either an ex- 
cess or a deficieney of generation. There 
is a definite relation between speed and 
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generation which may be plotted, as shown 
in Figure 1, as a straight line of a certain 
slope. (Investigations at various loca- 
tions indicate a complex relation between 
load, frequency, and voltage. This dis- 
cussion uses frequency as the tangible 
variable to be measured, avoiding the 
question of whether the underlying cause 
of the variation is more or less caused by 
speed alone or associated changes in 
voltage.) The actual amount of this 
slope depends on the characteristics of the 
system load. Perhaps it is not exactly-a 
straight line, but a straight line seems to 
represent it fairly well in the range which 
concerns us. In words, slope is an expres- 
sion of the number of kilowatts to be 
added to or subtracted from the genera- 
tion to change the frequency by a definite 
amount. It follows that as the total load 
gets larger, the number of kilowatts re- 
quired to change the frequency by a set 
amount also must grow, assuming that 
the load characteristics remain about the 
same. Thus, also, from day to night, 
when the load levels vary as much as three 
to one or even more, the slope of the 
speed-generation line must change. To 
calculate the slope of this line from theo- 
retical consideration is difficult, if not 
impossible, because it would require a de- 
tailed analysis of the characteristics of 
each item of connected apparatus on the 
system, both customer’s and power 
company’s. A more practical approach 
is the experimental one. That is, find out 
how many kilowatts must be added to 
affect the speed, say 1/20 cycle. The re- 
sult obtained by a test of this sort will 
not be the theoretical slope, but will be a 
more useful figure because it reflects 
exact operating characteristics, not merely 
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of the customers’ loads, but also all of 
the prime movers whose governors have 
not been definitely blocked. If a delib- 
erate effort is made at a given plant to 
raise the system speed, some governors, 
being on the edge of their dead bands, will 
come into action to oppose the change 
and thus the apparent slope, if measure- 
ment is being made at one location, will be 
larger in terms of kilowatts per unit speed 
change than the theoretical slope. In- 
cidentally, this characteristic suggests 
that the true operating slope of any sys- 
tem is not a straight line, but one which 
curves in the general manner of the dot- 
ted line of Figure 1. That is, if the effort 
is made to move the speed further from 
60 cycles more governors will reach the 
edge of their dead bands to oppose the 
change, and, in theory, it should become 
impossible (with limited kilowatts at the 
regulating plant) to raise the speed be- 
yond some point not very far from 60 
cycles because the manual change at the 
measuring plant will be nullified com- 
pletely by unblocked governors at other 
locations. To relate this condition to 
practice, we must remember that on 
most systems it is quite possible for the 
speed to ride as much as one-tenth cycle 
above or below standard for minutes on 
end, even though 90 per cent of the ca- 
pacity on the system is under the control 
of governors, theoretically set to maintain 
60 cycles. In tHe discussion following we 
refer to the resultant slope produced by 
loads plus random governor effects, and 
assume it to be a straight line. 


Two Systems With Tie Line 
Between 


Consider now-the situation when two 
previously isolated systems are connected 
by a single or by a group of tie lines. 
First, the two systems may be considered 
over-all as one, and for the pair all the 
foregoing statements still hold. There is 
a definite over-all slope for the genera- 
tion-frequency line and any deviation 
from 60 cycles becomes a measure of 
either the excess or deficiency of genera- 
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tion. We cannot tell how much of the 
error is lodged on either side of the tie 
line. It is possible, however, by consid- 
ering at the same time both the speed and 
the amount by which the tie line is over 
or under schedule to identify at once not 
only the system responsible for the error, 
but also the magnitude of that error. 
This may be explained by a considera- 
tion of Figures 2 and 3. Figure 2 repre- 
sents the purchasing system. Essentially 
the diagram is the same as that which 
would be drawn for the system if it were 
isolated, except that the kilowatt scale 
reads in terms of deviation from sched- 
ule rather than kilowatt error in genera- 
tion. That this diagram may be drawn 
properly in this manner follows from the 
thought that with a system isolated and 
generating say 10,000 kw more than 
would be required for 60 cycles, its fre- 
quency would rise a known amount, say 
for instance 1/20 cycle. Suppose the tie 
line were feeding into the system 10,000 
kw above the desired schedule. This ex- 
cess on the tie acts the same as though 
generation in one of the local plants were 
raised by a similar amount, and the ef- 
fect on the frequency is the same. Fig- 
ure 3, which represents the selling com- 
pany, is exactly the same except that the 
slope of the line has been reversed. This 
is done merely for convenience and has no 
particular significance. It could be 
drawn the other way with appropriate 
changes in the captions and quadrants. 
Note that for each system, the slope to be 
drawn represents the proper slope of that 
system when isolated. The number of 
interconnections has no bearing on it. If 
it were desired to draw for the whole in- 
terconnection a single diagram of the 
type of Figure 1, then the over-all slope 
line as shown in Figure 4 would be the 
sum of the individual slopes of all sys- 
tems involved. To take a concrete ex- 
ample, assume that the selling company 
has a load of 1,000,000 kw and a genera- 
tion-frequency slope of 30,000 kw per 
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one-tenth cycle. Assume that the buying 
company is smaller with a load of 500,000 
kw and a slope of 10,000 kw per one-tenth 
cycle. These, incidentally, are the slopes 
plotted in Figures 2 and 3. (These ex- 
amples are illustrative only. The kilo- 
watts per unit speed change, in relation 
to the total load, is probably larger than 
the actual figure for most systems.) Fig- 
ure 4 for the pair of systems must have a 
slope of 40,000 kw per one-tenth cycle. 
The justice of this reasoning easily is seen. 
Suppose the systems were of equal size 
and with similar load characteristics. 
When tied together it would require 
twice as many kilowatts to change both 
of them by a tenth of a cycle as it would 
to change either one by the same amount. 
However, suppose one of the systems was 
very small compared to the other, with 
a slope say of 1,000 kw per one-tenth 
cycle, while the larger system remained 
the same as our example in Figure 3. 
The large system then completely over- 
shadows the small one and only 31,000 kw 
would be needed to change the speed on 
the combination by one-tenth cycle. — 
Suppose now that on the 1,000,000 
kw-—500,000 kw interconnection there ap- 
pears a speed error of plus 1/20 cycle. 
It follows from Figure 4 that somewhere 
at a location as yet unknown there is ex- 
cess generation of 20,000 kw. Suppose 
further that the buying company finds 
itself with 5,000 kw “‘above schedule 
coming in” and the selling company, 
therefore, with a similar amount ‘“‘over 
schedule out.’’ This is the condition of 
point 1 on Figures 2 and 3. It is possible 
now to locate the generation error entirely 
on the selling system, since the purchas- 
ing company is exactly on its own speed— 
generation line. Both the tie line and the 
speed will be restored to normal without 
any effort on the buying company’s part, 
if the seller will reduce his generation by 
20,000 kw. Suppose a second case 
marked as point 2 on Figures 2 and 3. 
The speed is 1/20 cycle high, but the tie 
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line is exactly on schedule. In this case 
each system is responsible for as much of 
the error as is necessary to change its 
own speed if isolated by just 1/20 cycle. 
For the small system this is 5,000 kw, and 
for the large system 15,000 kw; they add 
to give the 20,000-kw error of Figure 4. 

Consider now one more situation 
marked as point 3. The speed error is 
unchanged from the two previous cases, 
but the tie is now 10,000 kw over sched- 
ule toward the purchasing company. 
Obviously the selling company should 
reduce its generation. Just as truly, but 
not so obviously without an examination 
of Figure 2, the buying company should 
increase its generation in spite of the high 
frequency. The decrease should be 25,- 
000 kw, the increase should be 5,000 kw, 
and the net change will be just the amount 
required to restore the interconnection 
speed as well as schedule to normal. Here 
we see the usefulness of the lines which 
have been drawn parallel to the main 
slope line in Figures 2 and 3, and marked 
drop or raise so many thousand kilowatts. 
It is thus possible for either system, by 
noting merely the speed error and the tie 
line error, to determine at once how many 
kilowatts and in what direction it should 
change generation on its own system so 
that it may be doing its share in restor- 
ing the combination to normal and ac- 
complishing the desired result of handling 
its own load swings on its own plants. 


It might appear that satisfactory con- 
trol, following the foregoing principles, 
could be accomplished without auto- 
matic equipment by having a dispatcher 
with a tie line telemeter, a frequency in- 
dicator, and a chart (similar to those 
shown in Figures 2 or 3) analyze the 
situation and order appropriate genera- 
tion adjustments. Such is not the case. 
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Conditions on the selling com- 
pany’s system (simultaneously with Figure 2) 


Figure 3. 


The time consumed and the undivided 
attention required both eliminate defi- 
nitely any such ‘‘manual’’ approach. The 
ordinary biased automatic tie line load 
controller accomplishes exactly the de- 
sired result in theory, at least, and ap- 
proximates it in practice if the bias has 
been selected properly and all the rest of 
the control mechanism responds properly. 
At this point it may be well to repeat the 
statement previously made by others 
that the term “‘bias’”’ as currently used is 
somewhat misleading and represents 
nothing other than a measure’ of the 
amount of generation change required for 
a given speed change on a particular sys- 
tem, ifisolated. In other words, it is noth- 
ing but our generation-frequency line. 

It appears that the systems shown in 
Figures 2 and 3 with their interconnecting 
tie line and control equipment, operating 
along the slope lines as indicated, should 
be able to control both the speed and the 
scheduled interchange without any sta- 
tion anywhere on the interconnection 
acting as a master frequency control sta- 
tion. Not only is this true, but the addi- 
tion of a master frequency control sta- 
tion would be definitely to the disadvan- 
tage of smooth operation. Sucha station, 
which is responsive only to speed, will 
do the wrong thing and upset conditions 
rather than help them whenever the com- 
bination of conditions of schedule and 
frequency error lie in the cross-hatched 
segments shown in Figures 2 and 3. It 
will be remembered that when we ana- 
lyzed the conditions at point 3, we found 
that on the buying company shown in 
Figure 2 it was necessary to increase the 
generation even though the speed was 
high. No master frequency control 
equipment, which does not have tie line 
- indication biased into it, could make such 
a move. Yet, any reduction of genera- 
tion would be wrong and would require 
extra moves for the ultimate correction of 
both speed and tie. We may from this 
reasoning say definitely that a master 
speed control station is a liability rather 
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than an asset when operated in parallel 
with biased automatic tie line equipment. 

From the same reasoning, it follows 
that what operating men for many years 
have spoken of as the free help that 
comes from uncontrolled governors is not 
in all cases a help. That is, those gover- 
nors which happen to be on the edge of 
their dead bands and which therefore are 
prodded into activity by a very slight 
change in speed will be a help only when 
the tie and frequency errors do not pro- 
duce a point in the cross-hatched seg- 
ments. The unintentional error caused 
by this situation is less on big systems and 
more on small systems, because on a small 
system the slope of the speed—generation 
line is more nearly vertical and thus the 
cross-hatched segment is larger. When it 
comes to making a decision as to whether 
it is more advantageous to do nothing 
than to do something that is wrong a 
fraction of the time, it seems as though 
the ‘“‘do nothing” theory would be just 
about as satisfactory. This brings us to 
the conclusion that all governors which 
are not to receive their instructions from 
master equipment which is sensitive to 
both speed and tie line schedule error had 
better be rendered insensitive to small 
changes either by operating hard up 
against a load limit stop or preferably by 
a fairly steep droop characteristic. It is 
suggested that such a droop might well 
be of the order of five per cent. On such 
a governor, if the dead band could be 
narrowed down to the vanishing point, a 
speed error of one-tenth of a cycle on a 
100,000-kw unit would result in a change 
of generation of 3,300 kw. There would 
seem to be no particular harm in having 
the droop as much as ten per cent, in 
which case the contribution for the same 
frequency error would be halved. A 
supersensitive governor with character- 
istics approaching the isochronous should 
not be allowed at large on any combina- 
tion of systems using tie line bias unless it 
is under control of the bias mechanism. 


Selective Frequency or Blocking 


Selective frequency, under which 
method the controller at one end of a tie 
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Conditions on the combined 
interconnection of Figures 2 and 3 


Figure 4. 


always is blocked and at the other end 
active, is illustrated in Figure 5. It rep- 
resents an attempt to identify the source 
of error by mechanical means, much as an 
operator would by noting the directions 
of speed and tie errors, and to force the 
correction to originate from the proper 
end. The feature of this type of control 
is that it is qualitative only and takes no 
account of amount; thus the units under 
its control are inactive whenever there 
is, for instance, a combination of high 
frequency and ‘‘over schedule in.” The 
implication is that whenever this situa- 
tion occurs, the trouble lies on the far side 
of the tie line and the other party should 
make all the correction. Such a situa- 
tion is the truth only when the operating 
point lies on the speed-generation line. 
To expand this line to fill a whole quad- 
rant is oversimplification. Thus selec- 
tive frequency operation is at best a par- 
tial answer. It avoids the errors which 
an uncontrolled governor would make 
with conditions inside the cross-hatched 
segment, but it fails to make the moves 
which are required from a consideration 
of the situation illustrated in Figures 2 
and 3. 


Complex Interconnections 


All of the foregoing principles derived 
apply equally well to complex intercon- 
nections where several systems are in- 
volved with many tie lines. It becomes 
necessary in such a case to control with 
reference to the algebraic sum of all in- 
terconnection schedules, rather than just 
one. ‘The bias characteristic of the con- 
troller should remain as before with the 
same slope as the system itself would 
have, if isolated. 


Cascade Settings : 
There is another type of contro] opera- 
tion which has seen some use and should 


be considered. It is called for simplicity 


AIEE TRANSACTIONS 


“cascade setting.”’ Tie line bias is used, 
but instead of allowing each system to set 
for its own natural slope the intermediate 
systems of a sprawling interconnected 
string are set for the sum of the slopes of 
all systems on one side or the other. 
Measurement of the ties is confined to one 
direction only instead of measuring all 
ties and operating on the net. This fea- 
ture provides about the only advantage of 
the method because the multiple metering 
required on a large system with many 
connections becomes complicated and ex- 
pensive. To illustrate, assume a simple 
case of three systems in a row—A, B, and 
C—with ties in each direction from B. 
The natural slopes are respectively 20,000, 
15,000, and 5,000 kw per one-tenth cycle. 
Assume initially a balanced conditions 
with loads on each system of 100,000 kw 
generation equal to the load, and zero 
schedule on each tie. 

Under the cascade system the control- 
ler at A would be set at 20,000 kw per one- 
tenth cycle and at C for 5,000 kw per one- 
tenth cycle (the systems on the ends are 
on ordinary tie line bias; the cascade ap- 
plies only to intermediate systems). 
System B, if it measures and controls 
only the tie toward A, would be set at 
20,000 kw per one-tenth cycle (the sum 
of its own and system C’s natural bias); 
or if it measures and controls the tie 
toward C, it would be set at 35,000 kw per 
one-tenth cycle. Assume this latter case 
and assume a sudden new load of 20,000 
kw appears on system A. The deficiency 
of generation is now 20,000 kw which is 
enough to reduce the speed of the whole 
group by half of one-tenth cycle. System 
C at this reduced speed has an excess 
generation of 2,500 kw which flows to- 
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Figure 5 (left). “Block- 
ing" or ‘selective fre- 
quency” conditions on 
the purchasing system 


ward B. Its controller correctly makes 
no move. System A also at the reduced 
speed has a deficiency of 10,000 kw which 
it pulls over the tie from B. Its own 
controller, however, will call for an in- 
crease of 20,000 kw, which is proper. 
System B, with its large bias (see Figure 
6) and noting only the tie in the direction 
of C, will call for an increase of 20,000 kw 
on its own generators (point 6), even 
though it is in no way responsible for the 
disturbance, and would do nothing if 
normal bias were used with net metering 
(point 7). Theoretically A will make the 
proper correction and restore equilibrium 
without the generators on system B ever 
making the full adjustment. However, 
some contribution will be made both on A 
and on B which will call for further cor- 
rective moves later. Speed of response to 
controller demands is important. In 
effect, the cascade system makes every 
intermediate system underwrite and guar- 
antee the correction not only of its own 
load but of every load on the far side of 
the tie which is controlled. The system 
therefore is bad and cannot fail to upset 
smooth operation. Only where the more 
remote systems are insignificantly small 
and the metering complicated can it be 
justified. 


Miscellaneous Operational 
Considerations 


SPEED OF RESPONSE 


Automatic operation with a tie line 
bias, such as has been discussed, and with 
no station anywhere on the interconnec- 
tion acting as master frequency controller, 
has the operational advantage that it 
eliminates completely all the difficulties 


Figure 6 (right). Cas- 
cade setting conditions 
on system B after added 
load comes on system A 
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previously experienced with varying 
speeds of response. In the past it has 
been felt, and probably with justice, that 
some controllers, being more sensitive 
than others, make corrections which 
should be made elsewhere and thus do 
extra work and require later readjust- 
ments. By operating along a generation— 
frequency line, the time element dis- 
appears since each system will stop its 
correcting as soon as it reaches its own 
line with no reference to whether or not 
any other system has completed that part 
of the adjustment which falls to its share. 


EFFECT OF OPERATING ON WRONG 
GENERATION—FREQUENCY LINE 


Because at any instant it is difficult to 
determine the exact slope of the genera- 
tion-frequency line, it may be expected 
in practice that many cases will occur 
when the bias controller is set improperly. 
It is worth while to censider what hap- 
pens in stich an instance. Figure 7 illus- 
trates one example. The same buying 
and selling systems are represented but 
each of their controllers is set with a slope 
which is twice the true value in kilowatts 
per unit speed change. Conditions at 
point A are the same as those used pre- 
viously in point 3. The analysis is simple 
because the buying system in the first 
instance believes itself to be on a proper 
slope and, therefore, does nothing. The 
selling system imagines it should drop 
40,000 kw instead of the proper figure of 
25,000 kw. (Note that the controllers on 
the combined systems believe that the 
excess generation is 40,000 kw instead of 
the true figure of 20,000 kw. The seller 
assumes the whole error to be on his end 
of the tie line.) Luckily, all the correc- 
tion is not made at once, and if, for in- 
stance, the first correction amounts to 
10,000 kw, conditions will reach point B 
as the actual response will be in accord- 
ance with the true (but unknown as far 
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as the controller is concerned) slope. At 
this point the selling system still feels that 
more correction is necessary and the 
buyer also has been jolted into activity. 
From here on, the condition, asa result of 
any given correcting impulse, becomes a 
matter of chance; that is, it depends on 
which controller gets its work in first. 
However, one point is clear, and that is 
that gradually the combination will trend 
(probably in a spiral) toward a proper 
correction at the point where the true 
and the controller setting slopes cross; 
that is, at proper speed and schedule. 
The process may be long and may require 
extra moves to compensate for some that 
are made in the wrong direction. 

As a special case of a controller with 
an erroneous setting, we may list either 
flat frequency or flat tie line control. 
In the case of Figure, 7, the errors in set- 
ting caused no particular inconvenience. 
The worst conditions are those which 
occur when the operating point lies in 
the shaded segment, that is, between the 
true slope line and the controller setting. 
In this case, one system always will make 
the wrong move. Correction in the 
proper direction will come eventually be- 
cause it is not possible for two controllers 
to find themselves simultaneously in the 
shaded sector but errors will be made, ini- 
tially. The net result of this situation 
in practice is 
1. Errors in setting obviously tend to be 
less serious as the speed or tie line errors 


approach the vanishing point because the 
error sector narrows down to a point. 


2. The slope setting on any controller 


should not be considered as a fixed proposi- 
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tion to be established and forgotten, but 
should be subject to prompt adjustment 
under the direction of the system dispatcher 
who will determine largely from experience 
and trial and error the value which produces 
the best results at a given time. 


ACTION IN TIME OF TROUBLE 


When an emergency occurs in which 
a substantial block of generation is sud- 
denly lost, power flow will readjust itself 
faster than any automatic equipment can 
hope to keep up with it. We need con- 
sider only what happens shortly after- 
ward when the control has had a chance 
to come into action. If the buying com- 
pany loses capacity and the speed drops, 
the condition will result in “‘over schedule 
in.” The selling company is likely to 
find itself in the shaded segment shown in 
Figure 3 (point 4 is illustrative) where its 
automatic control also will drop and 
make matters worse. The same situa- 


tion exists if the seller loses capacity. ' 


The buyer then finds himself with low 
speed and ‘“‘under schedule in,” as at 
point 5, and drops generation in his 
shaded area. These two situations, hap- 
pily infrequent, are examples where de- 
sirable response would be based on speed 
only without consideration of the tie line, 
and thus the uncontrolled governors 
which may come into action, in all cases, 
will help rather than hinder. The prac- 
tical answer to this possibility is perhaps 
simpler than it appears to be because on 
large interconnections it is rare that the 
loss of a single unit, however suddenly, 
will result in a sustained speed drop of as 
much as one-tenth cycle. It might be de- 
sirable because the speed actually is held 


Brandt—Speed and Tie Line Control 


within fairly narrow limits to have all au- 
tomatic control cut out when speed errors 
as large as say 0.15 cycle exist. Such a 
remédy should be approached cautiously 
if it is usual to run the tie line with a 
schedule nearly up to its limit, because the 
invitation to overload which is implied 
when tie indication is cut off from the con- 
trollers may cause the line to trip and 
thus cease all usefulness. 


MaNnuaAL ADJUSTMENTS OF GENERATION 


At times when the load is changing rap- 
idly and occasionally at other times, it is 
necessary to make generation adjustments 
on units which are not under automatic 
control. It generally is believed that 
these adjustments are a major cause of 
tie line irregularities as well as speed er- 
rors. There is a common standing rule 
which says that no adjustments of gener- 
ation ever shall be made in a direction 
which increases an existing speed error. 
This rule should produce good results un- 
less the system in question finds itself 
in one of the cross-hatched segments 
shown in Figures 2 and 3. A more accu- 
rate operating rule would be never to drop 
generation below the frequency—genera- 
tion line or raise it in cases above the line, 
but this is not practical unless tie line 
indication can in some manner be made 
available to all stations. There are two 
reasons why the present rule is not fully 
successful. 


1. With the best good will in the world, an 
operator who has been ordered to raise a 
generator 10,000 kw will not take the time 
always to do it properly if the speed shows 
slight rising tendencies. 


2. Most station frequency indicating in- 
struments are not sufficiently accurate to 
show what the speed really is when close to 
60 cycles. 


It is suggested that in addition to having 
better indicating instruments in our sta- 
tions, it might not be too farfetched to 
have the synchronizing motor control 
switches wired through a raise or lower 
block on some accurate frequency indica- 
tor (possibly of the electronic type). In 
this way correcting impulses would be ap- 
plied only when the system required 
them. The operator would be relieved of 
tedious waiting and the effect on the sys- 
tem would be much improved. 


GOVERNORS 


It is possible after a consideration of 
the requirements for control as outlined 
in the foregoing text to draw certain 
conclusions as to what is desirable in a 
governor. 


1. A fairly steep drooping characteristic to 
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prevent wandering and unwanted assistance 
based on speed indications alone. 


2. If the governor could come into action 
quickly on errors above 0.10 or 0.15 cycles, 
it’would help to sustain the system in time 
of trouble. Therefore, there is some argu- 
ment for a droop characteristic which would 
be steep when close to 60 cycles and quite 
flat as the error gets larger. 


3. The dead band certainly should be held 
toa minimum. 


4. There should be a quick and positive re- 
sponse to whatever means is provided for 
moving the droop characteristic parallel to 
itself as is done with the synchronizing 
motor. Studies made on various systems 
around the country have demonstrated that 
the synchronizing motor is far from perfect 
for this purpose since its response is neither 
definite nor uniform under all conditions. 


Conclusions 


1. The slope of the speed-generation line 
measures the power required to produce a 
definite variation in system speed. 


2. The line may be used in conjunction 
with the deviation from schedule of a tie 
line to indicate the magnitude, direction, 
and location of the corrective effort needed 
to restore both speed and tie to schedule. 


3. The method is applicable to complex as 
well as simple interconnections. 


4. The method lends itself readily to the 
use of automatic equipment under the name 
tie line bias. 


5. Tie line and speed control by this 
method, being definite, eliminates the dis- 
turbing feature of different control systems 
having different speeds of response. 


6. The slope of the generation-frequency 
line for any particular system is not con- 
stant, but variable with load conditions. 


7. A flat frequency master controller is a 
liability on an interconnection where biased 
tie line controllers are in operation. 


8. Prime mover governors, sensitive to 
speed only, and free to act, are not conducive 
to steady speed and tie line conditions. 


They are troublesome in proportion as they 
are more nearly isochronous. 


9. Automatic control of tie lines by selec- 
tive frequency is not as effective as by tie 
line bias. 


10. Tie line bias with cascade settings is 
generally unsatisfactory. 


11. In time of system trouble caused by 
sudden loss of capacity, controllers sensitive 
to frequency only would be helpful were it 
not for the danger of overloading and 
tripping out of interconnecting tie lines. 


12. A blocking relay is suggested to prevent 
manual generation changes from being made 
in such direction as to increase a frequency 
error. 


13. Under normal conditions, governors 
not under the control of automatic tie line 
equipment should be relatively insensitive. 


14. Governors under the control of auto- 
matic tie line equipment should respond 
definitely, quickly, and uniformly, over full 
gate range. 


Discussion 


C. N. Metcalf (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
These comments are to suggest a simple 
method of determining the frequency—gen- 
eration line described by Robert Brandt in 
his paper. In this method, the approxi- 
mate frequency—generation line for any 
system can be determined without isolating 
that system from the rest of the intercon- 
nection. 

The Consolidated Edison Company of 
New York, Inc., is using Leeds and Northrup 
load-frequency control equipment to con- 
trol the load on its ties to the Northeast 
Interconnection (Consolidated Edison, Ni- 
agara Hudson, and New England Power 
Companies). For the most part, tie line 
bias control is used. 

The Leeds and Northrup load-frequency 
control equipment records frequency and 
the deviation of tie line load from a sched- 
uled setting. By a detailed inspection and 
matching of these two charts, a number of 
points of coincident and abrupt changes in 
tie line load and frequency were selected 
which reasonably could be assumed to have 
been caused external to the Consolidated 
Edison System. 

By Brandt’s terms, Consolidated Edison 
was the “‘selling company”’ with scheduled 
tie line load out for the points sele ‘ted. 
Thus an abrupt decrease in tie line load (out) 
and a coincident increase in frequency 
would be caused by excess generation ex- 
ternal to the Consolidated Edison System. 
The amount of load rejected by the tie line 
has the same effect as adding this amount of 
generation to the Consolidated Edison 
System and would result in the same increase 
in frequency. 

Similarly, an abrupt increase in tie line 
load and a coincident decrease in frequency 
would be caused by a deficiency of genera- 
tion: external to the Consolidated Edison 
System. The amount of increase in tie line 
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load (out) would have the same effect as 
dropping this amount of generation by the 
Consolidated Edison System and would re- 
sult in the same decrease in frequency: 

This method of determination is based on 
careful selection of the points of coincident 
changes so that load and generation changes, 
for the system being studied, will be negli- 
gible. The selected points were within the 
frequency band of 59.85 and 60.15 cycles in 
which there would be little if any governor 
action. Also frequency changes of less than 
0.05 cycle could not be used with any reli- 
ability. 

As the points of coincident changes 
selected were at different hours of the day 
and for different days over a~2-month 
period, the total system generated load at 
these times varied considerably. Therefore, 
the measured changes in the tie line load 
were adjusted to a common base of 1,500 
megawatts total generation for plotting pur- 
poses. 

The average line drawn through the 
points of adjusted tie line load change 
plotted against corresponding frequency 
change, indicates a frequency—generation 
line of 30 megawatts per 0.1 cycle for 1,500 
megawatts load on the Consolidated Edison 
System. This may be high, as previous 
papers have indicated a value of about one 
per cent of system load per 0.1 cycle as com- 
pared to two per cent determined by this 
method with the limited number of cases to 
date. However, the grouping of the plotted 
points is such as to indicate that this approxi- 
mate determination is fairly close for the 
Consolidated Edison System. 

The optimum bias setting for tie line load 
bias for any system depends on a number of 
factors such as fluctuating railroad load, 
system and tie line capacities, speed of re- 
sponse of the governors and servo mecha- 
nisms to load-frequency control impulses. 
The optimum setting undoubtedly will be 
determined after trial operation at various 
values. However, an approximate deter- 
mination of the frequency—generation line 
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should be very helpful in deciding on the 
optimum bias setting. 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): This paper is one of 
the most complete analytical treatments of 
this subject that has appeared in the English 
language and, despite its modest title, con- 
tains many practical suggestions that un- 
doubtedly are based on actual operating ex- 
perience. 

The author suggests that even at gener- 
ating stations not containing any auto- 
matic load-frequency control equipment, 
blocking relay equipment (possibly of elec- 
tronic type) would be very helpful in pre- 
venting injudicious manual adjustment of 
generator output by the operator. 

Such equipment is already available com- 
mercially and can be arranged readily to 
block ‘‘raise’’ impulses to the governor syn- 
chronizing motor from the control switch 
(or switches), if the system is operating 
above the desired frequency/net kilowatt 
interchange characteristic line by a definite 
amount, and to block “lower” impulses to 
the governor synchronizing motor, if the 
system is operating below this character- 
istic line. This relay equipment consists 
essentially of a ratio type milliammeter 
actuating (without use of actual contacts) 
two electronic relays controlling interposing 
relays in the governor synchronizing motor 
control circuits. One winding in the ratio 
type milliammeter is supplied with a direct 
current proportional to the frequency as 
measured by a photoelectric recorder, and 
the other winding is supplied with a direct 
current proportional to the totalized tie line 
load, as totalized at the area load dis- 
patcher’s office. 

The least expensive arrangement using 
this blocking relay equipment is to install it 
only at the area load dispatcher’s office, and 
transmit, as required, “block raise’ and 
“block lower” signals to the manually con- 
trolled generating stations. Where dis- 
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tances are large, this can be accomplished 
conveniently by a frequency-shift carrier- 
current load control channel, which is ca- 
pable of sending either of two types of sig- 
nals (or neither signal), as required. 

At a later date, if an automatic frequency 
controller is substituted at any station for 
manual control of its output, these same 
blocking impulses can be used in a similar 
manner to selective frequency control, to 
prevent undesirable action on the part of the 
controller, but without the disadvantages of 
the usual selective frequency control to 
which the author calls attention. 

Such an arrangement is less expensive 
than providing a tie line load biased fre- 
quency control equipment at each gener- 
ating station, biased by the area net tie line 
load interchange as telemetered to each 
station from the area load dispatcher’s office. 
It also will be recognized that it is applicable 
to any type of frequency control equipment 
that operates via the governor synchro- 
nizing motor of the prime mover. This 
system also provides fully centralized auto- 
matic control in the hands of the area load 
dispatcher, thereby relieving the individual 
generating station operators from having to 
readjust the bias settings in their individual 
generating stations in accordance with tele- 
phoned instructions from the dispatcher. 


E. E. George (Ebasco Services, Inc., New 
York, N. Y.): This paper, in spite of the 
first word in its title, presents a very 
practical analysis of many controversial 
features of interconnected system operation. 
Many of the present-day conflicting opinions 
result from overemphasis of only one side of 
the argument. The conclusions in this 
paper may need further comment. 
Conclusions 3 and 4 might be combined 
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in the statement that net bias load control 
is always highly advantageous and on com- 
plicated systems is almost essential to 
satisfactory operation. 

Conclusion 6 is a further argument for net 
control because variable bias with load con- 
ditions is hardly practical unless the bias 
setting for each system is independent: of 
other systems. 

Conclusions 7 and 8 well might be quali- 
fied by emphasis on the fact that they are 
based on normal operating conditions. In 
emergencies flat frequency controllers and 
speed sensitive governors have important 
advantages. In the case of systems with 
weak tie lines or poor manual handling of 
block changes, emergencies are more or less 
routine, and proper operation of governors is 
almost indispensable. 

A few further conclusions appear desirable 
to bring out the results of the analyses in the 


paper. 


1. Most of the small continuous swinging of load 
on tie lines is caused by differences in governors as to 
dead band, slope, and speed setting. 


2. Most of the sudden load changes on tie lines 
are caused by block load changes made manually 
to keep automatic regulating units within range. 


3. Many of the large drifts in load on tie lines are 
caused by either insufficient maneuvering range on 
regulating plants or poorly co-ordinated block 
changes, or both. 


4. A governor with large slope will operate the 
overspeed shutdown device if all load is lost, de- 
laying service restoration. 


5. Base load control would be helpful in keeping 
governors normally off of straight speed control and 
yet permit them to act promptly when the frequency 
goes outside of predetermined limits. Safe emer- 
gency performance cannot be obtained by blocking 
governors, crowding limit springs, or using gate 
limits. Such things tend to make emergencies more 
serious than necessary. 


6. The most effective means of general improve- 
ment of tie line operation is to place more units in 
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each plant under automatic tie line control and to 
place more plants on each system on automatic tie 
line control. This not only increases speed of re- 
sponse and range of response but also reduces block 
changes and leaves fewer governors on straight speed 
control. 


7. The characteristics of system load may be deter- 
mined by blocking all governors and opening a 
loaded tie line. Similar tests may be made with 
some of the governors in service, and by subtraction 
the effective regulation of the governors can be ap- 
proximated. ‘ 


Robert Brandt: In various discussions of 
the method of tie line bias the idea  fre- 
quently is brought out that it permits, or 
even more definitely that it provides, a 
“contribution” toa neighbor who may be in 
trouble. There is an implication that some- 
thing extra is done to provide support in 
such a condition. This statement should be 
clarified. The support is there but the extra 
is not. An examination of Figure 3 will 
show that a selling company will go “over 
schedule out’? during conditions of low fre- 
quency while it is still operating on its own 
speed-generation line; that is, when the 
speed is low the selling company satisfied to 
supply to its neighbors on a net basis more 
power than had been scheduled. Sucha situ- 
ation comes about quite naturally and not 
from any altruism inherent in the control 
equipment. When the speed on the intercon- 
nection is low the amount of generation 
which would be sufficient to carry the load of 
the selling system at 60 cycles becomes more 
than enough at a figure less than 60 cycles, 
and the difference is the amount which goes 
out over the ties, and has given rise to the 
“contribution” idea. Similarly, a buying 
company operating on its speed-generation 
line, with its controller making no corrective 
move, is satisfied when it is taking less than 
its desired schedule, if the speed be low. 
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Parallel Operation of Aiircraft 
Alternators Using Electronic 


Frequency Changers 
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Synopsis: This paper reports initial work 
on an electronic method for operating several 
main aircraft engine driven alternators in 
parallel to supply the electrical loads of an 
airplane. This would make unnecessary 
any mechanical constant speed drive for 
each generator. An electronic frequency 
changer is associated with each alternator 
and the outputs of the changers paralleled 
attheload bus. Synchronization, load divi- 
sion, and provision for reactive power are 
discussed, and test data obtained from two 
4-kva units are presented. 


S a result of the considerable in- 
crease in the size of military air- 
craft and the subsequent necessity for 
larger power driven equipment, great 
changes were made in recent years in the 
requirements for electric power in large 
airplanes. It soon became apparent that 
the 24-volt d-c systems were not ade- 
quate because of the considerable weight 
penalty imposed by the size of the con- 
ductors required to carry the power loads. 
This led to the consideration of higher 
voltage systems and also the use of alter- 
nating current. 
These considerations have been ex- 
amined and reported in several papers.'»? 


Paper 47-5, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted May 1, 1946; made 
available for printing October 23, 1946. 


O. E, Bowtws is in the electrophysical laboratory and 
P. T. Nims is in the research department of the 
Chrysler Corporation, Detroit, Mich. 


The work described in this paper was performed 
under a contract with the Air Technical Service 
Command. The authors are indebted to the Air 
Technical Service Command and Chrysler Corpora- 
tion for permission to publish this paper. 
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As shown in another paper,*® the power 
system for large military aircraft was 


.standardized upon as 400-cycle alternat- 


ing current, three phase, 208 volts line to 
line. An initial move has been the de- 
velopment of a 40-kva alternator unit to 
replace the d-c generators previously 
used.4 However, as several alternators 
must be used to provide the necessary 
electric power on large military aircraft, 
the parallel operation of these alternators 
presented new problems which had to be 
solved before the new a-c generators 
could be brought into full use. 

Among the requirements to be fulfilled 
were the following: 

1. Parallel operation of alternators into a 
common load bus. 

2. Automatic division of load between 
alternators. 

3. Provision for cutting out a defective 
unit without disturbing the others. 

The first requirement can be met easily 
provided the alternators are driven at the 
same speed. However, as it was desir- 
able that, in the case of large mili- 
tary aircraft, the generators be driven 
by the main engines, this introduced a 
serious problem. Because of the varia- 
tions in the rotating speed of the air- 
plane engines, parallel operation of the 
generators was impossible unless some 
means were introduced to either 


1. Provide a variable speed mechanical 
drive between the engine and alternator, 
with a governor to maintain constant alter- 
nator speed; or, 

2. Drive the alternators at variable engine 
speed and change the variable frequency out- 
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put from each alternator to a constant fre- 
quency for paralleling. 


As no satisfactory variable speed drive 
was available at the time, and since a 
frequency changing unit, in addition to 
permitting synchronization of the alter- 
nators, also could be designed to meet 
requirements 2 and 3, such a unit ap- 
peared to offer desirable features for the 
parallel operation of the alternators. 


Description of Frequency Changer 


The electronic frequency changer is in 
essence an electronic commutator which 
accomplishes the conversion of power 
with a wide range of input frequencies to 
a constant output frequency. 

Functionally, the device has two dis- 
tinct circuits, a power circuit and a con- 
trol circuit. The power circuit accom- 
plishes the actual frequency conversion 
and has associated with it the voltage 
regulating circuit, the load division cir- 
cuit, overload protection, and the neces- 
sary control circuits for starting the de- 
vice and applying load. The control cir- 
cuit establishes the output frequency, 
provides the necessary phase displace- 
ment of control signals to the power cir- 
cuit to establish a 3-phase output, and 
incorporates the necessary circuits for 
synchronizing two frequency changers. 

Regulation of average line output volt- 
age is accomplished by controlling the ex- 
citation of the alternator supplying input 
power. This excitation control is accom- 
plished by a carbon pile regulator. Since 
the output frequencies of units operating 
in parallel are maintained exactly in step 
by interconnection of the oscillators which 
determine the output frequency, circula- 
tion of reactive current between units is 
not a problem and load division is accom- 
plished by controlling the relative exci- 


tations of the alternators supplying the 


units. This function is performed by a 
lcad equalizer network which is ener- 
gized when the units are operated in 
parallel. 

For an airplane installation, the units 
would be connected as shown schemati- 
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cally in Figure 1. The generator may be 
mounted directly on the engine if an 
adequate pad is available and vibration 
not too severe, or driven by a power take- 
off shaft; the frequency changer would 
be in the nacelle and would be connected 
to the main power lines running through 
the wing to the fuselage. Other wires 
would be connected to the necessary 
meters and control switches at the flight 
engineer’s station. 

Electronic frequency changers have 
been used on public utilities systems for 
a nonsynchronous tie® but for aircraft 
applications some differences in the con- 
trol system and the number of power tubes 
used are desirable. These differences 
permit operation of any one changer alone 
and without rotating equipment floating 
on the line. 


Description of Test Unit 


At the request of Army Air Forces, ex- 
perimental work on a pair of 4-kva units 
of this type was undertaken. The 4-kva 
size was chosen as representing the larg- 
est unit which could be built at reason- 
able cost with commercially available 
tubes. 

For laboratory purposes two 30-volt 
11-kva alternators were used because of 
their availability and a 3-phase step-up 
transformer was used to supply the neces- 
sary voltage to the tubes. For conven- 
ience, the control circuit and power 
tube filaments were supplied from a 115- 
volt 60-cycle source. 

Two different power circuits were built 
and tested. The first one, Figure 2, has 
relatively simple current paths and cur- 
rent flows through only one tube in series. 
It is in essence three independent single- 
phase frequency changers and is of espe- 
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Figure 2. Power cir- 
cuit 1 suitable for 
supplying either 3- 
phase or single-phase 
constant - frequency 
power from a 3-phase 
variable - frequency 
source 


2 une 


cial interest if only single-phase output 
is needed. The circuit is of the parallel 
inverter type.°® 

Less favorable characteristics of the cir- 
cuit for this purpose are as follows: 


1. High values of direct current through the 
input neutral introduce J?R losses in the 
step-up transformer (or in the alternator if 
the step-up transformer is eliminated). 


2. A low power factor is presented to the 
step-up transformer and alternator. 


3. Requires an output transformer as well 
as inductive reactors. 


The net result is increased weight and 
lower efficiency as compared to power 
circuit 2. : 
When capacitors are connected in se- 
ries with the output lines, the circuit per- 
forms about as well as circuit 2. The 
tube peak inverse voltage is higher and 
some difficulty was experienced from this 
standpoint when operating at heavy load 
and when applying or removing heavy 


Figure 1. Four clec- 
tronic frequency 
changers connected to 
provide parallel opera- 
tion from four alterna- 
tors each driven from 
one of the main air- 
~ craft engines 
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loads. Tube service is not as severe with 
power circuit 2. 

Power circuit 2, the one finally adopted, 
is shown in Figure 3. This specific cir- 
cuit embodies suggestions by J. Boyer of 
the Westinghouse Electric Corporation. 
This circuit uses three center-tapped re- 
actors to replace the output transformers 
and commutating reactors. Its operation 
is discussed in the appendix. The neces- 
sary capacitors and the voltage regulator 
circuit also are shown. Figures 4 and 5 
show the interior of this unit. 


Voltage Regulation 


A 30-volt d-c type carbon pile regulator 
was used with a 3-phase step-down trans- 
former and a 3-phase selenium rectifier. 

When used with aircraft d-c generators, 
the tendency for the carbon pile regulator 
to flutter at low values of field current 
can be eliminated by careful adjustment 
of the stack pressure. For this applica- 
tion, the flutter could not be adjusted out. 
An antiflutter circuit consisting of a small 
transformer, an electrolytic capacitor, 
and a resistor was designed to produce a 
magnetic pull on the regulator armature 
out of phase with the pull tending to pro- 
duce flutter. Little difficulty with flutter 
was experienced thereafter. 


Overload Relays 


Instantaneous relays connected ' di- 
rectly in each of the three input lines from 
the step-up transformer were used to pro- 
tect against serious faults but not against 
sustained overload. Although an addi- 
tional thermal delay relay could be used 
to protect against sustained overload, 
none was used in these experimental units, 
the d-c ammeter being sufficient to warn 
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Figure 3. Power circuit 2 suitable for supply- 
ing 3-phase constant-frequency power from 
a 3-phase variable-frequency source 
This circuit does not require a neutral connec- 
tion in the step-up transformer secondary (or 
in the alternator if the step-up transformer is 
eliminated) 


the operator when he is overloading the 
tubes. ° 


Control Circuit 


Although a number of circuit variations 
were tried, the same general outline was 
followed throughout the development. 
The biggest improvement came with the 
substitution of vacuum tubes for gas 
tubes wherever possible. Vacuum tubes 
have proved to be inherently more stable 
for this application. The control circuits 
as built up for experimental purposes are 
shown in Figures 6 and 7. 

The 400-cycle output frequency is de- 
termined by a single-tube 884 saw-tooth 
oscillator operating at 2,400 pulses per 
second. Output from this tube controls 
a 3-tube 6/5 switching or counting cir- 
cuit in such a manner that the three 


1947, VOLUME 66 


}, LOAD DIVISION 
CURRENT TRANSFORMERS 
6 


4007 BUS 
208/120V, 


—— 


REACTOR 3 


NEUTRAL 


PHASE 3 
PHASE ¢ 


[2] a Laas 


PHASE 


tubes fire in sequence, each 800 times per 
second. This is the method used to ob- 
tain 120. degrees displacement between 
phases of the output frequency. Each of 
the three 6J5 tubes controls a pair of 
6V6GT tubes in a flip-flop circuit wherein 
each tube passes plate current one half of 
the time. When one tube is ‘“‘on’”’ the 
other is “‘off.’”’ The ‘‘on’’-“‘off” relation 
reverses with each pulse from the 6/5. 
The period between reversals represents 
one-half cycle of the output frequency. 
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The square wave output voltages from 
the flip-flop circuits are transmitted 
through transformers to the grids of the 
FG-67 power tubes. A square wave in- 
put to the grids is desirable because each 
of the power tubes must be able ‘to start 
passing plate current at any point during 
a half cycle. To insure that the tube will 
be ready to pass current when the plate 
becomes positive with respect to cathode, 
the grid must be held in conducting posi- 
tion for the full half-cycle. On the next . 
half-cycle, the same grids must be held 
sufficiently negative to prevent flow of 
plate current for the full half-cycle. 

Transformer coupling must be used be- 
tween control circuit and power circuit 
because the cathodes of the various power 
tubes cannot remain at the same poten- 
tial. Some difficulty was experienced in 
keeping transient voltages set up by the 
opening of contactors from getting back 
into the control circuit, causing the two 
control circuits to drop-out of synchro- 
nism. Placing small capacitors across the 
contactor hold-up coils eliminated, this 
trouble. Any change in load on the con- 
trol circuit such as turning the power cir- 
cuit on or off or failure of power tubes to 
commutate has an effect upon the sta- 
bility of the flip-flop circuit. This effect 
was minimized by placing a resistance 
load across the primary of each trans- 
former in the flip-flop circuit such that a 
change in driving power to the grids of 
the power tubes represents a small 
change in total load on the flip-flop cir- 
cuit. 


Synchronization 


Three separate components of the con- 
trol circuit must be synchronized with 
corresponding components in the second 
control circuit. 


Figure 4. A. 4-kva electronic frequency 
changer 


Front view with outer panels removed 


Figure 5. A 4-kva electronic frequency 
changer 


Top view with outer panels removed 


1. First the 884 oscillators must be syn- 
chronized. A portion of the plate saw-tooth 
signal is fed from each tube to the grid of 
the opposite tube. The resulting frequency 
will be equal to that of the fastest circuit 
rather than an average of the two. These 
connections are permanent except when it is 
desired to operate one unit entirely separate 
from the other. A dummy connector plug 
then is used in place of the synchronizing 
cable. 


2. Next, the 3-tube 6/5 counting circuits 
must be synchronized. By means of an 
auxiliary tube, a signal is fed from the plate 
of a 6J5 tube in one circuit to the grid of 
the corresponding tube in the other circuit. 
A switch momentarily is closed to obtain 
synchronization. 


3. Finally, the 6-tube 6V6GT flip-flop 
circuits must be synchronized. The six 
tubes in each circuit are maintained in 
proper firing sequence by two small capaci- 
tors connected between screen of one pair 
and grid of another pair. There still re- 
mains the possibility of the six tubes in one 
circuit being 180 degrees out of phase with 
the other circuit. A small capacitor be- 
tween a plate in one circuit and a grid in the 
other brings them in phase by closing a 
momentary-contact switch. 


A single double-pole momentary-con- 
tact switch performs synchronizing opera- 
tions 2 and 3 simultaneously. No syn- 
chronizing lamps are necessary—merely 
flip the momentary contact switch when 
in doubt. 


Paraliel and Series Capacitors 


By parallel capacitors are meant the 
capacitors which are connected either 
line to line or line to neutral across the 
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output of the frequency changer. These 
may be connected either on the tube side 
or the load side of the three series capaci- 
tors one of which is connected in series 
with each output line. 

The purpose of both the parallel and 
the series capacitors is to assist in the 
commutation of current between the 
power tubes. The grid of a thyratron 
tube can be used to prevent or control the 
instant of start of plate current flow, but 
once the plate current is flowing, other 
means must be provided to turn off the 
current. The capacitors provide this 
means by causing the plate to go nega- 
tive at the instant the grid is made nega- 
tive and remain negative for a time suffi- 
cient to deionize the tube. After this de- 
lay of a few microseconds, the grid again 
regains control. More detailed explana- 
tion is given in the appendix. 


Figure 6. Control unit for 4-kva electronic 
frequency changer 
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The capacitance is determined by 
the operating requirements. Parallel 
capacitors are desirable for light loads 
while series capacitors are more ef- 
fective for heavy loads. Since the load 
current flows through the series capaci- 
tors, the capacitive volt-amperes sup- 
plied by them increases with load, whereas 
the capacitive volt-amperes supplied 
by the parallel capacitors remain essen- 
tially constant. At no-load open circuit, 
the series capacitors have no effect on the 
operation and the capacitive volt-amperes 
must be supplied by parallel capacitors. 
By reducing sufficiently the microfarad 
rating of the series capacitors, the 
changer can be made to function normally 
with the output terminals short-circuited 
together. In view of the fact that the 
voltage regulation within the changer 
suffers from a large reactive drop in the 
output lines, it is desirable to make the 
series capacitance as high as is con- 
sistent with starting heavy loads. In 
this aircraft application, the largest 
induction motor determines the size of 
the series capacitor. 

For parallel operation of two changers, 
it was found desirable to connect the par- 
allel capacitors on the tube side of the 
series capacitors and to keep the micro- 


Figure -7. Circuit diagram of one control 
unit 


Synchronizing connections are indicated for 

parallel operation with a second unit. Out- 

put connections are shown for operation with 
the power circuit in Figure 3 
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Figure 9A. Curves showing how the input 
voltage varies with applied load 
A—Step-up transformer secondary line to line 
voltage 
B—Output line to line voltage ahead of the 

series capacitors 
C—Output line to line voltage 


farad capacitance of the series capacitors 
as high as possible. This will be dis- 
cussed under parallel operation. 

Contrary to expectations, the capaci- 
tors need be neither large in physical size 
nor heavy. Standard oil-filled 60-cycle 
capacitors of normal voltage rating ap- 
pear to stand up on 400 cycles without 
excessive heating. However, no ex- 
tended life test was made. To provide 
maximum cooling surface per microfarad of 
capacitance (in the case of the parallel 
capacitors), a number of small units were 
connected in parallel to make up the 
total desired capacitance. With forced 
air cooling, the size and weight no doubt 
could be reduced further. It is estimated 
that the weight could be reduced to ap- 
proximately one-fifth the total active 
weight of the changer. 

To increase the efficiency of the changer 
at light loads, a portion of the parallel 
capacitance can be connected permanently 
across some of the individual heavy loads. 


Parallel Operation 
and Load Division 


Parallel operation is accomplished by 
synchronizing the two control circuits so 
that the output signal of one is exactly 
in phase with the other. When this is 
accomplished, the output contactors 
may be closed onto the 400-cycle bus. 
Synchronization of the control circuits 
is accomplished by the flip of a momen- 
tary-contact switch. 
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The test units as built must be paral- 
leled at no-load or when the load on each 
is approximately the same, because of the 
action of the series capacitors. When the 
load is identical on both, the output ter- 
minal voltages are exactly in phase. 
When one is unloaded and the other 
loaded, the terminal voltages are no longer 
in phase. The power tubes are fired in 
phase but the load current through the 
series capacitor on the loaded unit causes 
the terminal voltage on this unit to lead 
the terminal voltage on the unloaded 
unit. The greater the differences in 
load, the greater will be the change in 
phase. When the load on the one unit 
becomes greater than approximately 
2,500 volt-amperes, they cannot be paral- 
leled successfully. This is another reason 
why the capacitance of the series capaci- 
tors should be made as high as possible. 

In connection with the foregoing, it was 
found desirable to connect the parallel 
capacitors on the tube side of the series 
capacitors. With them on the load side 
the drop across the series capacitor is in- 
creased further, interfering that much 
more with parallel operation. 
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Figure 9B. Curves showing input power and 
tube current 


A—Input watts supplied by step-up trans- 
former secondary winding 
B—Input volt-amperes supplied by step-up 
transformer secondary winding 
C—Tube current (sum of three tubes in one 
group) 


For motor loads it might be possible to 
place part of the series capacitance be- 
tween the output terminals and the motor 
where it would not interfere with parallel 
operation. A combination of series and 
parallel capacitance might be chosen 
such that the motor would operate at its 
rated voltage. 

The first attempt at load division was 
to place a current transformer in each of 
the output lines. A voltage proportional 
to load, obtained from the drop across a 
resistor in one of the secondaries, was 
applied across a resistor in series with the 
corresponding phase of the primary of the 
voltage regulator step-down transformer. 
All three phases were so connected, the 
resistors being inserted at the neutral of 
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Figure 10. Oscillograms of output wave form 


A—Square-wave output voltage from control 
unit. This voltage is applied to the grids of 
the power tubes 

B—400-cycle output voltage at no load 
C—400-cycle output voltage, full load unity 
power factor 
D—400-cycle output. voltage, three-horse- 
power motor load, plus 3,000 watts resistive 
load. Three 4-microfarad capacitors are con- 
nected line to line to correct partially for the 
inductive reactance of the motor 


the Y-connected primary. Wires were 
connected from the step-down trans- 
former in one changer to the step-down 
transformer in the other changer to ob- 
tain cross-compensation. This system 
worked well at heavy loads but was not 


satisfactory at light loads. One changer 
would tend to drive the other. 

The tendency for one unit to drive the 
other was overcome by placing the cur- 
rent transformers in the input lines to 
the changer just after the step-up trams- 
former. The alternating current from 
the three single-phase current transform- 
ers is rectified with a 3-phase rectifier 
into a resistor, the direct voltage be- 
ing proportional to imput load. Load 
division and cross-compensation then 
are accomplished by connecting to a com- 
pensating coil in the voltage regulator 
(see Figure 3). 


Inductive Loads 


The units operate satisfactorily with 
static inductive load providing there is 
sufficient capacitance in the circuit to 
insure commutation of the tubes. Con- 
ceivably, enough capacitance could be 
connected permanently into the units to 
take care of any inductive load, no matter 
how large. However, to reduce circu- 
lating reactive current and obtain reason- 
ably good efficiency at light and medium 
loads, it is desirable to provide only 
enough capacitance within the unit to 
handle medium loads. 


Motor Loads 


Motors, from the standpoint of being 
an inductive load, present no special 
problem. Capacitors, when needed, cam 
be connected across the motor for power 
factor correction. 

Motor operation was found to be un- 
stable and erratic. The motor will come 
up to normal speed, then immediately 


Figure 11. Show- 
ing phase rela- 
tionship of the 
square-wave volt- 
ages applied to 
the control grids 
of the power 
tubes in Figure 3 
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drop to a low speed, then rapidly rise 
again, and so on. This fluctuation in 
speed goes through a cycle in a second 
or less, depending on the amount of re- 
sistive load—the lower the resistive load, 
the more rapidly the speed fluctuates. 
The fluctuations will continue indefinitely 
unless sufficient resistive load is added to 
damp them out. 

This unstable operation is not peculiar 
to the frequency changer or to 400-cycle 
frequency. The same difficulty has been 
experienced on 60-cycle power when oper- 
ating induction motors with series ca- 
pacitors connected in the supply circuit.’ 
Elimination of the series capacitors and 
use of parallel capacitors alone will not , 
remedy the trouble. Since capacitors are 
necessary to the operation of the changer, 
the only means of eliminating the un- 
stable condition appears to be to damp it 
out. Resistive load being small in com- 
parison to induction motor load on air- 
craft makes it necessary to achieve damp- 
ing with a minimum of resistance to pre- 
vent undue waste of electric energy. 

A 3-horsepower motor requires ap- 
proximately 2,400 watts resistive load 
when operated from one frequency 
changer, and approximately 4,800 watts 
resistive load when operated from two 
changers in parallel. This load, of course, 
can be lamp load or some other useful 
load in the airplane. 


‘Neutral for 4-Wire System 


An artificial neutral must be provided 
to obtain a 4-wire, 3-phase system. 
Either V-connected inductive reactors or 
capacitors may be used for this purpose, 
but capacitors were found to be more de- 
sirable. Inductors, if used, present an 
inductive load to the changer thereby 
requiring additional capacitance. Zig- 
zag connection of the inductors was 
found desirable to stabilize the neutral. 
By connecting the parallel capacitors 
line-neutral rather than line-line, no 
additional capacitors are required for 
power factor correction. The capacitors, 
in addition to providing the same degree 
of stability of the neutral, do not carry 
a weight penalty. 

At best, the artificial neutral will 
handle only a small single-phase load 
without unbalancing both line—line and 
line-neutral voltages. 


Weight 


Because these units were intended. for 
laboratory test only, no attempt was 
made to make them with minimum pos- 
sible weight. Each unit weighs 245 
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lightweight design, it is estimated the 
weight could be reduced to approximately 
70 pounds. It also has been estimated 
that a 40-kva unit might weigh 300 
pounds. 


Test Results 


Two units were built and operated - 


satisfactorily in parallel. Each unit has 
its individual control circuit and the con- 
trol circuits were synchronized for paral- 
lel operation by pushing a button. Load 
division was accomplished very easily. 

Heavy resistive loads could be 
handled under all conditions. Inductive 
loads larger than approximately 1,250 
volt-amperes per unit required power 
factor correction for satisfactory opera- 
tion. Power factor correction can be 
accomplished by adding small capacitors 
across the inductive load. 

A single unit or both in parallel would 
start and operate a 3-horsepower induc- 
tion motor, provided a large resistive 
load was already on the line or applied 
with the motor. One-quarter-horsepower 
motors operated satisfactorily without 
additional resistive load and without 
power factor correction. Large motors 
required power factor correction and the 
presence of sufficient resistive load to 
stabilize operation. 

While the test circuit had only one- 
tenth the volt-ampere capacity that 
probably could be used in an airplane, 
some of the test results are of interest in 
indicating the trend of the performance. 
One such test was variation of alternator 
speed; input frequency was varied from 
300 cycles to 900 cycles with negligible 
effects on output frequency, voltage, and 
watts. Load division data were taken 
with one unit operating at a 450-cycle in- 
put frequency and the other unit at 300, 
500, 700, and 900 cycles successively. 
Frequency of incoming power seemed to 
have no noticeable reflection on the ability 
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load division did display a tendency to 
drift at times as the voltage regulators 
heated up. 

When the input frequency becomes 
equal to the output frequency, only 12 
of the 18 power tubes transmit power. 
This means that the tube size has to be 
chosen with this in mind or else the gen- 
erator drive ratio chosen with respect to 
the operating speed range of the engine 
to minimize operation at these input 
frequencies. At other speeds, the divi- 
sion of load between tubes is good and 
substantially independent of individual 
tube characteristics. In fact, any one 
power tube can be removed from the cir- 
cuit bodily with only minor effects on the 
output. This argues well for the relia- 
bility of the circuit. 

As the experimental unit used a step-up 
transformer to raise the alternator volt- 
age to the necessary value, and also as 
the filament and control power were sup- 
plied from a separate source, the most 
useful efficiency figure is the ratio (output 
watts)/(transformer output watts-+-fil- 
ament watts+control circuit watts). 
This figure most nearly reflects actual 
operating conditions. This efficiency is 
shown in Figure 8 for power circuit 2 


" with resistive load. Loads of lower power 


factor seem to make only small changes 
in these values. This is probably caused 
by the effect of the large fixed loss—410 
watts for filaments, and 210 watts for 
control—or a total of 15 per cent of the 
rated output. 

A summary of the voltages, current, 
and powers in various parts of power cir- 
cuit 2 is given in Figure 9. It is interest- 
ing to note that the voltage regulator 
markedly increases the input voltage to 
the changer, with increase in load, in 
order to hold the output voltage sub- 
stantially constant, and that this in- 
crease is more than enough to compensate 
for the drop in the series capacitors. 
Table I gives some similar data for an 
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Wave form of the output varies slightly 
with load. Figure 10 shows the wave 
form of one phase of the 400-cycle output 
under three operating conditions and 
also the voltage applied to the grid of one 
of the tubes. 


Possible Future Development 


The test circuit was built as a scaled- 
down model of a 40-kva unit. A full size 
frequency changer presumably would be 
operated directly from an alternator de- 
signed for the purpose, and no step-up 
transformer would be required. Also, an 
auxiliary alternator probably would be 
used to supply filament heating power 
and the various voltages required for the 
control circuit. Further savings in tube 
size and weight of some components 
might be achieved by using a higher 
voltage (and hence reduced current) in 
the power tube circuits. This would be 
more convenient using power circuit 
number one as it has provision for step- 
ping down the output voltage to the 
standard 208 volts. 

For some commercial aircraft with 
large single-phase loads, such as lighting, 
radio, and cooking, it might be advan- 
tageous to consider a complete single- 
phase system using capacitor type mo- 
tors. For use with an electronic fre- 
quency changer, this would give a rela- 
tively high power factor load suited to a 
6-tube changer of the type of circuit 1. 
In view of the simplicity of the power and 
control circuits, this is an attractive pos- 
sibility. While single-phase loading of a 
conventional generator is not desirable, 
the interposition of a frequency changer 
distributes this single phase load equally 
among the three phases of the generator, 
reducing the weight penalty to be ex- 
pected for a single-phase system. There 
is also some saving in cable weight caused 
by the lesser amount of insulation in a 
single wire ground return system. 
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Appendix. _ Principle of 
Operation of Power Circuit 2 


For convenience, the 18 power tubes of 
Figure 3 may be divided into six groups of 
three each. Two such groups may be as- 
sociated with each phase of the constant 
frequency output. In each phase, one 
group has the three anodes connected to- 
gether to one end of a center-tapped reactor; 
the other group has the three cathodes con- 
nected together to the other end of the re- 
actor. For each output phase group, each 
line of the variable frequency input is con- 
nected to one of three cathodes of one tube 
group and to one of three anodes of the other 
group. In each phase, a voltage is fed to 
the control grids of the two groups of three 
so that they are 180 degrees out of phase with 
respect to each other. This voltage is sup- 
plied in the form of a square wave with the 
result that in each phase the grids of one 
group of three tubes are held positive with 
respect to the cathodes while the grids of 
the other group of three tubes are held nega- 
tive. The square wave being supplied at 
400 cycles, each group of three tubes is 
made to pass current. for a half cycle of the 
output frequency and to block passage of 
current the succeeding half cycle. All three 
phases receive identical control voltages ex- 
cept that the square wave to each phase is 

displaced 120 degrees from the other two 
phases. 

Referring now to Figure 11, at instant f; 


(a). Tubes in group 2 rendered nonconducting. 
(b). Tubes in group 1 rendered conducting. 
(c). Tubes in group 5 are conducting. 

(d). Tubes in group 4 are conducting. 

(e). Tubes in group 3 are nonconducting. 

(f). Tubes in group 6 are nonconducting. 


Between instant ¢; and f2 


(a). Passage of current is from input lines A, B, 
and C through groups 1 and 5, left half of reactors 
1 and 3, phase 1 and 3 of load, phase 2 of load, right 
half of reactor 2, group 4, and return to lines A, 
B, and C, 


At instant fe 


(a). Tubes in group 5 rendered nonconducting. 
(6). Tubes in group 6 rendered conducting. 
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(c). Tubes in group 1 are conducting. 
(d). Tubes in group 4 are conducting. 
(e).. Tubes in group 2 are nonconducting. 
(f). Tubes in group 3 are nonconducting. 


Between instant ¢2 and ¢; 


(a). Passage of current is from input lines A, B,and 
C, through group 1, left half of reactor, phase 1 of 
load, phases. 4 and 6 of load, right half of reactors 
4 and 6, groups 4 and 6, and return to lines A, B, 
and C, 


This process likewise may be traced 
through for instants ¢3, ts, bs, and ¢s. In- 
stant ft; is identical to fi, and the cycle re- 
peats. 

It may be observed that while group 1 is 
conducting, current will pass through the 
tube connected to the input line which is 
most positive. As the voltage on this line 
falls below that of another line, the current 
automatically changes over to the tube 
connected to that line. The three tubes 
act as rectifiers of the input voltage to 
supply unidirectional current to the left 
end of reactor 1 during every other half 
cycle of the output frequency. Obviously, 
the input frequency is not dependent in 
any way upon the output frequency and 
vice versa. 

The capacitors shown connected line to 
line across the output assist the center- 
tapped reactors in commutating the current 
from one group of three tubes to the group 
of three tubes connected to the other end of 
the common reactor. Referring again to 
phase 1 involving groups 1 and 2, the left 
end of reactor 1 is negative with respect to 
the center tap an instant before the grids of 
group 1 change from negative to positive 
At the instant the grids of group 1 are made 
positive (and the grids of group 2 are made 
negative) the tube of group 1 having the 


. most positive potential between plate and 


cathode, fires bringing, instantaneously, the 
potential of the left end of the reactor to a 
positive voltage with respect to the center 
tap by virtue of the low tube drop which 
exists when a tube is passing current. This 
sudden change of the left end of the reactor 
from a negative to a positive potential is 
transmitted by transformer action to the 
right end such that it changes the right end 


No Discussion 
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from a positive potential to a negative PO- 
tential. This sudden drop in potential 
causes the plates of the tubes in group 2 to 
go negative with respect to the cathodes. 
The tubes of group 2 will be extinguished 
and the grids regain control providing there 
is sufficient capacity between output lines 
to enable the plates to remain negative with 
respect to cathodes long enough for the 
tubes to deionize. 
pacity between lines will give poor com 
mutation, erratic operation, and will 
damage the tubes if the condition is allowed 
to persist. 

Capacitors also are placed in series with 
the output linés to ‘assist in commutating 
the tubes under application of heavy loads. 
A low capacitance is more effective in help- 
ing commutation than high capacitance. 
However, the capacitance must be made as 
high as possible, consistent with good com- 
mutation, in order to hold to a minimum the 
reactive drop in the output lines. 
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Resistors for 138-Kv Cable Switching 
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ISCUSSIONS of overvoltages that 

are produced by closing and opening 
capacitor circuits have appeared in several 
articles.1* All the authors conclude that 
such overvoltages can be reduced by mo- 
mentarily inserting resistors in series with 
the circuit as the circuit breaker opens to 
interrupt the charging current. Installa- 
tions of 138-kv underground cable by the 
Department of Water and Power in 1943 
provided an excellent field laboratory for 
capacitive-current switching. This paper 
describes and presents results of an inves- 
tigation of problems incident to interrupt- 
ing 138-kv cable charging current. 

Tests were performed on the Toluca- 
Fairfax West circuit which is one of two 
138-kv links between receiving station D 
and receiving station E. This circuit con- 
sists of five miles of 138-kv underground 
cable and seven miles of overhead line. 
Details of the underground cable may be 
obtained from reference 5. The charging 
current of this circuit is 80 amperes per 
phase at normal voltage. 

The investigation was well under way 
when on August 26, 1943, a lightning 
arrester failed from overvoltage produced 
by de-energizing the Toluca-Fairfax East 
circuit from the receiving station E ter- 
minal. The arrestors are located at the 
junction between overhead and under- 
ground sections of the circuit and a volt- 
age in the order of three times normal is 
required for breakdown. 

The circuit breakers installed on this 


Paper 47-6, recommended by the AIEE committees 
on protective devices and power transmission and 
distribution for presentation at the AIEE winter 
meeting, New York, N. Y., January 27-31, 1947. 
Manuscript submitted July 15, 1946; made avail- 
able for printing October 24, 1946. 


E. K. Sapver is chief engineer, Kelman Electric 
and Manufacturing Company, Los Angeles, Calif., 
and T. M. BLAKESLEE is superintendent of testing 
laboratories, Department of Water and Power, 
Los Angeles, Calif. — 


The work of Jesse L, Thompson in designing resistors 
and resistor contacts, and the oscillographic test 
work of G. A. Stockwell are gratefully acknowl- 
edged. 


1947, VOLUME 66 


T. M. BLAKESLEE 


MEMBER AIEE 


circuit are tank type, solenoid-operated 
and function on the dethermalizing arc- 
quencher principle described in reference 
6. Switching tests without and with re- 
sistors in the circuit breakers are de- 
scribed in this paper and the final design of 
a step-type 800—2,000-ohm resistor is pre- 
sented. A theoretical discussion of the 
effect of resistors in circuit breakers hand- 
ling charging current is given in the appen- 
dix. 


Conclusions 


1. Transient overvoltages caused by arc 
restriking when switching capacitive circuits 


Figure 1. Arrange- 
ment of resistors and 
auxiliary contacts in 
138-kyv circuit breaker 
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can be limited by resistors across the main 
contacts of circuit breakers. 


2. A definite limitation is imposed upon 
overvoltages produced at the point of cir- 
cuit interruption by the use of resistors 
(Rigure 8). The limitation depends upon the 
ratio of the ohmic value of resistance used in 
the circuit breaker to the ohmic value of 
capacitive reactance of the circuit being 
interrupted (R/X,). 


3. Transient overvoltages which occur at 
the point of circuit interruption may pro- 
duce higher overvoltages at other points 
on the power system as a result of ampli- 
fication of the transient frequencies through 
system circuits. 


4. Restriking on contacts interrupting re- 
sistor current does not cause overvoltages 
with ratios of R/X, as low as 0.6 and prob- 
ably does not cause overvoltages with ratios 
considerably below this value. 


5. Increasing the speed of contact separa- 
tion reduces restriking in the circuit breaker. 
It is doubtful if increased speed is justified 
from this standpoint alone as resistors 
definitely limit the voltage and the restrikes 


do not put any undue stress on the circuit 
breaker. 


6. A step-type resistor of 800—2,000 ohms 
can be added to existing circuit breakers on 
the cable circuits of the Department of 
Water and Power without replacing the 
existing arc quenchers, linkages, or operat- 
ing mechanisms. 


Resistor and 
Auxiliary Contact Design 


The final design for installation in the 
circuit breakers on the cable circuits con- 
sists of an 800-2,000-ohm step-type re- 
sistor which, with the 1,000-ohm capaci- 
tive reactance of a 5-mile 138-kv cable, 
results in an R/X, ratio of 0.8. The 
curves developed in the appendix and 
presented in Figure 8 show that this value 


Table |. Times-Normal Voltages From De-energization of Toluca 


of the ratio limits overvoltages to 1.5 
times normal at the point of circuit inter- 
ruption. Figure 1 shows the arrangement 
of the resistors and the necessary auxiliary 
contacts in the circuit breaker, and Figure 
2 presents a schematic diagram of the 
electric circuit. 

The step-type resistor requires two 
‘sets of auxiliary contacts for interrupting 
resistor current. The moving members of 
these contacts consist of bayonets at- 
tached to the circuit breaker crosshead. 
The bayonets slide into stationary con- 
tacts having spring pressure members at 
the bottom of the resistor tubes. The 
‘final or second auxiliary contact which 
interrupts the 2,000-ohm resistor current 
incorporates a built-in quick-break spring 
mechanism. The head on the bayonet tip 


catches on the spring contact as the cross- 
head falls in the opening stroke of the cir- 
cuit breaker, thereby arresting motion of 
the bayonet and compressing the built-in 
spring. When the spring is fully com- 
pressed, the bayonet head is pulled 
through the contact, releasing the spring 
which gives a quick break to the bayonet 
contact. This quick break improves the 
performance of this contact in effecting 
final interruption of the circuit. - It 
should be pointed out, however, that the 
quick-break action is not necessary from 
the standpoint of the production of over- 
voltages (see conclusion 4). 

The rate of energy dissipation in the 
resistor is less during capacitor switching 
than it is during short-circuit switching, 
making the latter condition the necessary 
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criterion for design. The parameters for 
this situation are system voltage and 
value of resistance. For any given sys- 
tem voltage the energy dissipated in the 
resistor tises rapidly as the value of re- 
sistance is decreased. An 800-ohm re- 
sistor on a 138-kv system must be de- 
signed to handle 8 megawatts for the 
time it is required to be in the circuit. 
This important factor of time that the 
resistor is in the circuit should include the 
time the resistor must carry current dur- 
ing both closing and opening strokes. 
Speed-time characteristics of circuit 
,breakers generally are such that resistors 
are in the circuit an appreciably shorter 
time during closing than opening. This 
is fortunate, for if the circuit breaker is 


systems that are over 60 degrees out of 
phase increases the resistor current over 
the short-circuit values. 

The resistors used on this project incor- 
porate a factor of safety against burnout 
of from 2.5 to 3. The resistors are made 
up of Nichrome V wire, wound in helix, on 
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grooved bakelite tubes, and the factors 
of safety were determined by actual per- 
formance of short sections of resistor 
helix observed under oil. 


Description of Test Setup 


A l-line diagram showing the 138-kv 
circuits and the measuring circuits is given 
in Figure 3. Oscillographs were located 
at the terminal stations and arranged to 
be initiated simultaneously from either 
point. The experience with the failure of 
a lightning arrestor at Nichols Canyon 
junction between overhead and under- 
ground sections prompted installation of 
500-ohm resistors and protective gaps set 
to break down at two times the normal 
voltage. Voltage measurements on the 
138-kv buses were obtained through star- 
connected potential transformers at the 
terminal stations. A-phase-to-ground 
voltages on both ends of the circuit being 
switched were obtained through capaci- 
tance potential dividers made from the 
coupling capacitor potential devices that 
are installed permanently on the circuit. 
The capacitor stack of these devices con- 
sists of two 0.0033-microfarad capacitors 
in series. A 25-microfarad capacitor was 
substituted for the potential device and 
the voltage across this capacitor was used 
for the oscillograph. Because the ohmic 
value of the oscillograph circuit is in the 
order of 50 times that of the 25-microfarad 
capacitor at 60 cycles per second, such a 
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3 times normal. ‘The higher 
the remote station is the result 
of rise caused by cable-charging current 
at transient frequency being drawn 
through the reactance of the 7-mile line 
“(see conclusion 3). Figure 4 presents 
ty pical records obtained by de-energiza- 
1 from the receiving station E end. 
data are presented in Table I. 
These tests show that overvoltages 
from restriking are materially less when 
the circuit is de-energized from the re- 
ceiving station D terminal. This arises 
because of the effect of the capacitance of 
the other cable circuit which remains con- 
nected to the receiving station D bus. 
The reason for the beneficial effect of 
capacitance on the system side of the cir- 
cuit breaker i is ; explained i in reference 2. 
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“Circuit Switching Tests 
_ With Resistors: 


The first tests were conducted using a 
single resistance of 2,000 ohms across the 
circuit breaker contacts. This gives an 
R/X, ratio of 2 on a 5-mile cable and 
limits the overvoltages produced at the 
point of circuit interruption to 2.3 times 
normal in accordance with Figure see 
of transient axere glazes 
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DE-ENERGIZING PHASE OF TOLUCH” FAIRFAX WEST LINE 
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Figure 6. Oscillogram showing interruption of 
80-ampere charging current by single-pole 
circuit breaker with 600-2,000-ohm resistors 


Test producing no restrikes 


The maximum appearing on the system 
at the point of circuit interruption was 
1.13 times normal and the maximum on 
the circuit being interrupted was 1.15 
times normal. Complete data appear in 
Table II. 

Figure 5 presents typical oscillograms 
showing interruption of charging current 
with the circuit breaker equipped with 
600—2,000-ohm resistors. These oscillo- 
grams show resttiking on the main ‘con- 
tacts with the attendant disturbance to 
voltage. They show restriking on the first 
auxiliary contacts which switch the cir- 
cuit from 600 to 2,000 ohms, although 
this restriking produces no disturbance 
to system voltage. Some restriking oc- 
curs on the high-speed 2,000-ohm resistor 
contacts, but again this has no effect upon 
system voltage. Comparison of these 
oscillograms with Figure 4 brings out the 
beneficial effect of the step-type resistor. 

The fact that no overvoltages resulted 
from restrikes on the contact interrupting 
the 2,000-ohm resistor current prompted 
tests to determine if the 2,000-ohm step 
could be eliminated. Tests were con- 
ducted on both the plain-break bayonet 
and the high-speed bayonet auxiliary con- 
tacts. Restriking occurred on both types 


44 


GOO- 2000-OHM RESISTORS 


of contacts and the arcing period was too 
long to be tolerated in normal operation 
of the circuit breaker. It was concluded 
that the step-type resistor is essential for 
satisfactory performance. 

The tests showed that in spite of 
copious restriking on the contacts inter- 
rupting the 600-ohm resistor current, no 
overvoltage results from this restriking. 
The 600-ohm resistance gives an R/X, 
ratio of 0.6 for a 5-mile cable circuit. It 
is quite likely, judging from these tests, 
that a considerably lower ratio of R/X, 
must be reached before overvoltages will 
appear as a result of direct interruption of 
the resistor current (see conclusion 4). 


-Single-Phase Switching Tests 


The normal speed of the crosshead in 
the circuit breakers on the Toluca-Fairfax 
circuits is 2.37 feet per second. To get an 
increased speed for test purposes, the full 
kicker-spring action was applied to one 
pole by disconnecting the remaining two 
poles from the circuit breaker control 
mechanism. This increased the cross- 
head speed to 5.3 feet per second. 

Tests were conducted at receiving sta- 
tion D and the 600-2,000-ohm resistors 
were used. Single-pole operation enabled 
tests switching charging currents of 80, 
160, and. 240 amperes by using one phase 
of the cable circuit, then two and three 
phases, respectively, in parallel. 

Six oscillograms covering the interrup- 
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tion of 80 amperes were taken, and re- 
striking on the main circuit breaker con- 
tacts occurred on only two tests. Figures 


.6 and 7 show conditions with no restrikes 


and withgestrikes respectively. Compari- 
son of Figure 7 with Figure 5 shows the 
improvement gained by high contact 
speed. 

Five oscillograms were taken interrupt- 
ing 160-amperes charging current or the 
equivalent of ten miles of 138-kv cable 
circuit. With the 600-ohm resistor this 
is an R/X, ratio of 1.2. A single re-. 
strike on the main contacts occurred on 
each of the five tests. Restriking occurred 
on all four tests made interrupting 240 
amperes, which represents an R/X, ratio 
of 1.8 or the equivalent of 15 miles of 
cable. 

The tests with the single-pole circuit 
breaker demonstrate the improvement 
obtained by increasing contact speed. - It 
is doubtful, however, if any great increase 
in speed is justified purely from a charg- 
ing-current interruption standpoint as 
resistors, which have to be installed any- 
way because of the randomness of restrik- 
ing, put a definite limit to the value of 
overvoltage produced. 

This series of tests with the three values 
of charging current gives an empirical 
demonstration of the increase in over- 
voltages with increase in value of the 
ratio R/X,. The maximum overvoltages 
obtained in the three cases were 1.04 
times normal for 80 amperes (R/X,=0.6), 
1.16 times normal for 160 amperes 
(R/X,=1.2), and 1.67 times normal for 
240 amperes (R/X,=1.8). These actual 
values are appreciably lower than the 
theoretical values shown in Figure 8 
partly because of the beneficial effect of 
the other cable circuit connected to the 
bus. 


Short-Circuit 
Performance 


This section of the paper discusses and 
reports the short-circuit performance of 
resistor-equipped circuit breakers. The 
application of resistors to a circuit breaker 
does not delay clearing system faults. It 
is true that the resistor delays actual dis- 
connection of the circuit by several cycles, 
but the system is relieved of the fault just 
as quickly with the resistor-equipped cir- 
cuit breaker as it: is without resistors. 
The short-circuit performance of the 
main interrupting elements of the circuit 


_ preaker is in no way adversely affected by 


the use of the type of resistors described 
in this paper. However, outside of a 
tendency to force a more-even voltage 
distribution over the interrupting ele- 
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ments. of the circuit breaker, resistors 
have little beneficial effect on the inter- 
ruption of fault currents. 

Consider, for example, a short circuit 
on a 138-kv system involving a current of 
8,000 amperes to be interrupted with a 
circuit breaker equipped with 800-2,000- 
ohm step-type resistors. The opening of 
the main ec rcuit breaker contacts inserts 
the 800-ohm resistor in the circuit, and 
this resistor limits the current to 80,000/ 
800 or 100 amperes. The resistor current 
is in phase with the voltage whereas the 
short-circu't current is lagging; making 
the difference current which the main con- 
tacts are required to interrupt still 8,000 
amperes for all practical purposes. The 
duty on the main contacts, therefore, is 
unaffected by the presence of the resistor. 
Furthermore, the drain from the system 
is reduced from 8,000 to 100 amperes so 
the short-circuit disturbance is removed 
effectively from the power system by the 
operation of the main circuit breaker con- 
tacts. Final disconnection of the circuit 
does not take place until the 2,000-ohm 
resistor current of 40 amperes is inter- 
rupted by the second auxiliary contacts 
about four cycles later. 

One pole of a circuit breaker equipped 
with 600-2,000-ohm resistors was sub- 
jected to actual short-circuit tests to 
demonstrate ability of the resistor to sus- 
tain this duty. The short-circuit tests 
consisted of five opening operations and 
four closing-opening operations. Oscillo- 
grams of the short-circuit tests showed 
satisfactory performance of the auxiliary 
contacts, and the resistor upon inspection 
gave no indication of excessive heat or 
deterioration. 


Appendix. Protection Against 
Overvoltages Afforded By 


Resistors on Capacitor Switching 


» 

The insertion of resistance in series with 
the circuit as the main contacts of the cir- 
cuit breaker part provides a path for dis- 
charge of the capacitor permitting decay of 
its voltage. Capacitor voltage thus tends 
to follow system voltage to an extent de- 
pendent upon the value of resistance, 
thereby reducing the value of the voltage 
across the circuit breaker contacts. This 
not only reduces the probability of restrik- 
ing but reduces the value of overvoltages 
produced by restrikes when they do occur. 

The protection afforded by resistors across 
circuit breaker contacts can be determined 
by an analysis of the circuit characteristics. 
This treatment of the situation uses the 
following symbols: 


En,=maximum instantaneous value of sys- 
tem voltage 
és =instantaneous value of system voltage 
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R=ohmic value.of resistance across circuit 
breaker contacts 

C=farad value of line; cable, or capacitor 

X,=ohmic value of line, cable, or capacitive 
reactance 

g=tan! X,/R 

Em-=Maximum instantaneous 
voltage across X, 

€- = instantaneous value of voltage across X, 

é€r=instantaneous value of voltage across R 

€= 2.71828, the base of natural logarithms 

t=time in seconds from instant R is effec- 
tively inserted in the circuit 

Eu =value of transient voltage on first re- 
strike 

Ex= value of transient voltage on second re- 
strike 

Fue = value of transient voltage on closing 


value of 


The problem may be handled by expres- 
sing conditions of the circuit as the circuit 
breaker main contacts part to insert re- 
sistance in series with the line or cable X¢. 
Tests show that regardless of the point on 
the voltage cycle at which the high-voltage 
circuit-breaker contacts part, no significant 
change in current flow takes place until a 
zero value in the current cycle is reached. 
This makes it convenient to express system 
voltage by 


€3 = Em, COS wt (1) 


as this expression has a value E,,, when f=0, 
the time at which the circuit change takes 
place. 

At this time the instantaneous value of 
voltage across the capacitor must also be 
Em; but it immediately begins to change to 
a final value which may be expressed by 


€¢=Em, sin (wt+¢) (2) 
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In going from the one value’ to the other it 
passes through a transient state as the ca- 
pacitor, which finds itself with more than 
enough voltage to satisfy the new steady- 
state conditions, begins to discharge through 
the resistance. The time constant of this 
transient discharge is determined by C and 
R. The complete expression for é¢ is 


€c= Em, sin (wtt+¢)+/Em, —Em, sin ¢) X 
ep er 3) 

Equation 3 was demonstrated correct by 
oscillographic tests on miniature circuits in 
the laboratory. 

The voltage which appears across the open 
contacts of the circuit breaker is the differ- 
ence between es and é,. 


€r=LEm, COS wt—FEm, sin (wh-+¢) — 
(Ca, Ems sin Gare 4 (4) 


For the first restrike that might occur, the 
theoretical value reached by the transient 
voltage is the sum of the instantaneous value 
of system voltage and the voltage across the 
circuit breaker.? 


Ey =2Em, CoS wt —Em, sin (wit ¢) — 
(Eo. =E.. Sn veo? =O) 


This expression may be simplified and 
brought to unit voltage basis by making 
En,=1 and expressing En, in terms of 
Em, and the angle ¢. 


E,=2 cos wt— sin ¢ sin (wt+¢) — 


(cos? v)e—/F" (6) 


Figure 7. Oscillogram showing interruption 
of 80-ampere charging current by single-pole 
circuit breaker with 600-2,000-ohm resistors 


Test producing restrikes 
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The value of ¢ for zero value of the dif- 
ferential of this equation establishes the 
maximum value of the transient overvoltage 


that occurs from a first restrike. Theo- 
retically it can be argued that the most 
likely time for the restrike to occur is when 
the voltage across the circuit breaker con- 
tacts Eg is a maximum, but practically the 
“randomness” of the restriking performance 
may allow a restrike at some other time. Itis 
believed, therefore, that the most pessi- 
mistic view should be taken for a design 
basis and the maximum En should be de- 
termined irrespective of the voltage across 
the circuit breaker contacts. Actually for 
values of R/X,=2 and above, the maximum 
value of En occurs practically simultaneous 
with the maxium value of eg but as the value 
of R/X, de creases below 2 this is not the 
case. Field experience with a ratio of R/X, 
=0.6 gave overvoltages, whereas no over- 
voltages should occur with this ratio under 
the premise that the circuit breaker does 
not restrike after ep reaches its maximum. 
In this discussion, therefore, the pessimistic 
view is taken. 

The differential of equation 6 is difficult 
to solve for ¢ so the maximum values of 
En were determined graphically for various 
values of y. For this work it is convenient 
to express RC of equation 6 in terms of ¢. 


En =2 cos wt— sin ¢ sin (w@t+¢) — 
(cos? aT ttan ¢ (7) 


From the graphical determination of. £m 
for various values of ¢, the curve A of Fig- 
ure 8 was plotted. This curve shows the 
theoretical maximum overvoltages that can 
occur as a result of one restrike for various 
values of R/X¢. 

Curve B of Figure 8 shows the theoretical 
maximum overvoltages that can result from 
a second restrike. The curve is based, of 
course, upon the pessimistic point of view 
that the first restrike occurs at a time that 
gives maximum Ey, and further that the 
restriking arc is interrupted at the first cur- 
rent zero of this transient. 


Figure 8. Overvoltage protection ob- 
tained by resistors on capacitive 
switching 


A—Overvoltage resulting from first 
restrike 
B—Overvoltage resulting from second 
restrike 
C—Overvoltage resulting from en- 
ergization 
D—Time that resistor should be in cir- 
cuit on energization 


TIME— CYCLES 


Curve B is based upon equation 8 which 
was developed by a process similar to that 
used to obtain equation 7. 


Ey» =2 cos (wt+6) —sin ¢ sin (wt+¢+4) — 
[En —sin ¢ sin(¢+8) le rs cane a(S) 


The angle @ in this expression is (180—«t) 
where ¢ has the value which gave maximum 
overvoltage En on the first restrike. It is 
determined graphically from equation 7. 

The protection from overvoltages af- 
forded by the resistor when energizing a ca- 
pacitive circuit is of interest as a theoretical 
maximum of two times normal is possible 
without resistors. In order that minimum 
overvoltage be assured on energization the 
resistance must be in the circuit for a 
sufficient time to allow the energizing 
transient to die down to an insignificant 
value before the main contacts of the circuit 
breaker close. 

The conventional time constant of a cir- 
cuit represents the time required for the 
transient to decrease to 0.368 of its initial 
value. This is the value of «~! and is too 
high for the case at hand, so e" * was selected 
arbitrarily. This gives a factor of 0.02 for 
the initial transient which is negligible. 

In the case of the capacitor-resistor circuit, 
the transient term is e~ /”¢ and the time ¢ for 
the transient to decrease to 0.02 of its initial 
value may be obtained for any particular 
values of Rand C by equating —t/RC=4. 
If ¢ is expressed in cycles on a 60-cycle-per- 
second basis then 


t=0.637R/X, cycles (9) 


Curve D of Figure 8 was plotted from this 
expression and shows the time in cycles that 
the resistance must be in the circuit on the 
closing operation if the overvoltages incident 
to closing the main circuit breaker contacts 
are to be limited to the values shown by 
curve C of the same figure. 

Curve C was obtained from equation 6 
after eliminating the transient term. 


E;,=2 cos wt—sin ¢ sin (wt+ ¢) (10) 


This expression may be expanded and dif- 
ferented with respect to t. 


E,,=2 cos wt — sin ¢ cos ¢ sin wt — 

sin? w cos wt 
dE, : : 
hs = — 2 sin wt— sin g cos gX 


cos w-+sin? ¢ sin wt (11) 


The value of ¢ at which E:, is a maximum is 
found by equating this differential to zero. 


cos wi sin? g¢—2 


sin wt sin ¢ cos ¢ 


sin? ¢ 2 
cot wf= — 1 
sin ¢ cos ¢ 5 sin 2¢ 
sin ¢ 4 
cos ¢ sin 2¢ 


wtmeot (tan g- ee ) (12: 
sin 2¢ 

Equation 12 gives the values of ¢ to substi- 
tute in equation 10 to obtain maximum 
values of E:, for various values of ¢ and 
as the angle ¢ is determined by R and C, 
this procedure gives data for curve C of 
Figure 8. 

The curves of Figure 8 are convenient as 
they enable a quick determination of the 
theoretical limits to the maximum over- 
voltages obtained by using resistors in any 
particular application. 


References 


1. SwitcHtInc OvERVOLTAGE HAZARD ELIMINATED 
in Hicu-Vortace Om Circuit Breakers, Lloyd 
F. Hunt, E. W. Boehne, H. A. Peterson. AIEE 
TRANSACTIONS, volume 62, 1943, February section, 
pages 98-106. : 


2. Tur Cause AND CONTROL OF SOME TYPES OF 
Switcninc Surces, T. W. Schroeder. AIEE 
TRANSACTIONS, volume 62, 1943, November sec- 
tion, pages 696-700. 


3. Tests AND ANALYSIS OF CrrcuIt-BREAKER 
PERFORMANCE WHEN SWITCHING LARGE CAPACITOR 
Banks, T. W. Schroeder, E. W. Boehne, J. W. 
Butler. AIEE TRANSACTIONS, volume 61, 1942, 
November section, pages 821-31. 


4. -Errect OF RESTRIKING ON RECOVERY VOLT- 
ace, C. Concordia, W. F. Skeats. AITEE TRANSAC- 
ACTIONS, volume 58, 1939, August section, pages 
371-5. $ 


5. New 138-Kv CABLE LINES IN Los- ANGELES, 
Carroll G. Mansfield. AIEE TRANSACTIONS, 
volume 63, 1944, pages 1240-9. 


6. DETHERMALIZING ARC QUENCHERS, Lloyd F. 
Hunt, Fred H. Cole. AIEE TRANSACTIONS, volume 
“62, 1943, November section, pages 720-4. 


- 


Discussion 


W. F. Skeats (General Electric Company,’ 


Philadelphia, Pa.): In view of the ad- 
vantages obtained by the use of resistors in 
circuit breakers particularly for the interrup- 
tion of charging currents, when no single 
value of resistance gives the desired control, 
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one naturally may consider a 2-step resistor. 
The authors of this paper have used such a 
resistor and have arranged to operate simul- 
taneously two oscillographs a number of 
miles apart so as to get an indication of 
voltages at a point on the system other than 
that at which the breaker operation takes 
place. 
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These measurements have revealed the 
interesting fact that voltages at remote lo- 
cations may be higher under some cireum- 
stances than at the point at which switching 
takes place. More surprising is the fact, not 


‘commented on by the authors, that these 


remote voltages were higher with both com- 


- binations of 2-step resistors than with the 
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Single 2,000-ohm resistor. According to 
Table I, the maximum value for remote 
voltage was 1.22 with the single 2,000-ohm 
resistor against 1.386 and 1.25 with the 2- 
step resistors. It would be very interesting 
to know whether any explanation of this 
fact has occurred to the authors. 

In attempting to analyze these tests, it 
also would be helpful to know what the con- 
nections were to the rest of the system. 


E. W. Boehne (General Electric Company, 
Philadelphia, Pa.): The authors have pre- 
sented an interesting paper on the art of 
interrupting leading current at high voltage. 
Field tests of the type presented are invalu- 
able in evaluating the effectiveness of the 
various artifices of interruption. Their 
paper presents for the first time, data ob- 
tained on circuits whose capacitance con- 
sisted, in part, of cables. The oscillograms 
show that the high frequency current follow- 
ing a restrike has little tendency to interrupt 
following the first loop of high frequency 
current. This tendency is unusual from the 
writer’s experience and prompts the question 
as to whether, in the opinion of the authors, 
this phenomenon is a characteristic of the 
cable circuits interrupted or a characteristic 
of the interrupter employed? In any event, 
it undoubtedly contributed to the low mag- 
nitude of surges obtained. 

On the basis of lightning surges, arresters 
are initiated in the neighborhood of three 
times normal line to neutral crest. However, 
when the long flat-top voltages accompany- 
ing capacitor switching are encountered the 
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lightning arrester initiates at a lower voltage 
which probably does not exceed 2.3 to 2.5 
times normal. This trend is important to 
the protection engineer and further em- 
phasizes the desirability of keeping high 
energy switching surges below twice normal 
voltage crest. 

The characteristic of any interrupter un- 
questionably plays a part in the final deter- 
mination of the means of accomplishing this 
goal. The authors are to be congratulated 
in achieving this result and presenting it in 
such an able manner. The low values of re- 
sistance used to accomplish their result are 
compatible with the exceedingly low open- 
ing speeds given in the paper. In other 
words, low opening speeds naturally require 
lower ohmic valties of resistance to hold the 
voltage gradient to a safe level across the 
opening gap. It follows that much higher 
opening speeds will allow resistors of much 
larger ohmic value to produce the same 
voltage gradient across the opening break. 
The nominal tested ratio of ohms per pole to 
capactive ohms to neutral of two is based 
upon an opening speed of from 6 to 7 feet 
per second on contact parting. It is reason- 
able to expect that this ratio will drop from 
2 to 0.6 or 0.8 when the contact opening 
speed is between 2 and 3 feet per second. 

These and other variations between vari- 
ous types of interrupters suggest that a 
satisfactory result, established by test, be 
sought for each style of interrupter and that 
no attempt be made to standardize upon a 
specific ohmic value of resistance for all 
field conditions. There is little doubt, how- 
ever, that for a specific interrupter with a 
definite opening speed, that the true crite- 
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rion of the resistance per pole is the capaci- 
tive ohms to neutral of the circuit. 


Earl B. Rietz (General Electric Company, 
Philadelphia, Pa.): I believe that the 
authors should have restated in their intro- 
duction the obvious conclusion that the re- 
quirements for resistors arise only when 
there is restriking during capacitance cur- 
rent interruption. I mention this because 
there is a well-known type of oil breaker 
which from all the evidence available does 
not restrike and where one does not have to 
worry about overvoltages or resistor designs. 
This. is the low oil content impulse breaker 
and 138-kv breakers of this type are operated 
by the Department of Water and Power of 
Los Angeles. Some of these breakers have 
been in service since 1934 and their excellent 
performance on capacitance current inter- 
ruption is unquestioned. Figure 1 of this 
discussion shows a normal interruption of 
200 miles of 230-kv line using the same type 
of breaker, and attention is called to the 
positive current clearing trace. 

But, there were economic reasons which 
prevented the yniversal application of this 
type of breaker and it has been necessary to 
devise a means of limiting overvoltages on 
line switching for the tank type breaker de- 
signs. This problem came to a head in 1941 
on the 230-kv Boulder Dam breakers and a 
description of the solution is included in the 
authors’ references. A similar solution has 
been worked out for the 115- to 161-kv 
breakers. Therefore, for the past several 
years all General Electric breakers, 115 to 
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Table I. Capacitance Switching Tests on a Single 115-161-Ky Multibreak Interrupter With a 
-  1,350-Ohm Resistor 


Number Restrikes 


Test Charging Contact Separation -  Overvoltage by 
Test Voltage, Current, at Resistor Current Through Through Cathode-Ray 
Number Kv Amp Transfer, In. Interrupter Resistor Oscilloscope 
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230 kv, have been equipped so overvoltages interruption of resistor current. As the 


from switching would be limited. It seemed 
impractical to study each application. 
Therefore, a more general approach was 
necessary and a resistor has been developed 
and co-ordinated with the interrupting 
characteristics of the multibreak interrupter 
so that the integral combination will give 
the desired results. This standard resistor 
not only had to limit the overvoltages on 
capacitance switching but had to have ther- 
mal characteristics suitable for instantane- 
ous reclosing involving three applications of 
voltage within the relatively short period of 
20 cycles. It was a further requirement that 
this resistor should not be a factor in deter- 
mining tank size. In other words, it must 
not increase the over-all dimensions of the 
interrupter so that striking distances were 
reduced materially with a corresponding 
tank size increase. The manner in which 
this was accomplished was described before 
the Institute a year ago.! 

The resistor-interrupter combination has 
been subjected to a number of factory 
switching tests. Cathode-ray oscillographs 
were used to measure the transient voltage 
conditions as it is considered that these give 
a much more accurate picture than the 
slower acting magnetic oscillographs. 

Table I is a tabulation of tests made with 
44 ky across a single interrupter equivalent 
to one-half of leg voltage at 154 kv. They 
are of interest because from a voltage and 
capacity standpoint, they represent a more 
severe condition than described by the 
authors where the charging current was only 
80 amperes against the 130 amperes on 
these tests. There was no restriking re- 
corded in the initial circuit interruption 
within the interrupter. Therefore, there 
were no overvoltages. Current transfer al- 
most at the time of main contact separation 
illustrates the inherent ability of multi- 
break interrupters to interrupt light currents 
and avoid restriking. On one of these tests, 
there are two restrikes recorded before the 
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authors state, these have no significance. 
Figure 2 of this discussion shows the record 
of this operation. 

These successful results on what can be 
considered a severe circuit indicate to us 
that the interruption of capacitance current 
is related to the type of interrupting device 
and its characteristics. The improved in- 
terruption under higher opening speed al- 
ready had been mentioned by the authors. 
This is one of the desirable characteristics 
that the multibreak interrupter has. It 
works at a speed of 7 to 8 feet per second 
which automatically developed during the 
design tests to get 11/z-cycle are duration 
even at light currents, a capacity of 3,500 
millivolt-amperes, and a reclosing per- 
formance of less than 20 cycles. Those were 
the goals of “one breaker per voltage 
rating”’. 

There is just one further thought regard- 
ing the use of the resistors for grading the 
voltage across the interrupting units of a 
pole. I-think that this has come to be just 
as important a use for them as the one de- 
scribed in this paper. Minimum interrupt- 
ing times demand that each interrupter be 
used to its fullest efficiency so that the 


voltage to be interrupted is shared equally. 


Why take longer times because of unequal 
distribution? Graded interrupters also 
seem to present the logical approach to 
supervoltages and superratings. Each unit 
can be tested more easily to capacity and 
when connected in series will give reasonable 
assurance of meeting rating. 
Summarizing, 


1. The oil impulse breaker has not evidenced any 
restriking on capacitance current interruption and 
therefore would represent the best answer for ca- 
pacitance switching, 


2. All General Electric high-voltage tank-type oil 


breakers are now furnished with interrupters and, 


built-in resistors to avoid restriking. 


3. The excellent performance of these modern 
breakers on line switching results. from proper 


Figure 2 


co-ordination of the interrupter and resistor designs.. 


4. Resistors also reduce interrupting times by 
grading the voltage across the interrupting elements 
which will aid materially in extending voltage and 
interrupting limits. 
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R. C. Van Sickle (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): E. K. 
Sadler and T. M. Blakeslee have presented 
an important collection and study of data. 
showing the effects of using resistors in cir- 
cuit breakers to reduce the magnitude of 
transient switching overvoltages. Such 
data made during actual switching on sys- 
tems, can be compared with calculated and 
theoretical values to validate the assump- 
tions made in the calculations and the cor- 
rectness or completeness of the theory. 

As mentioned by the authors, the voltages 
obtained were less than the calculated 
maximums, the differences being caused in 
part by the presence of a parallel cable: I 
wish to emphasize these differences in test 
and calculated values. ; 

In Figure 3 of this discussion are plotted 
the test values and. the corresponding cal- 
culated curves of Figure 8 of the paper. 
The points ‘represent the highest voltages 
reached for each condition. Because of the 
large number of tests which were made to 
determine these voltages, we have an addi- 
tional strong confirmation of the argument 
that because of the modifying influences of 
breaker characteristics and circuit damping, 
the actual voltages reached while switching 
capacitive currents are much lower than 
predicted by calculations. 


D. J. Marsden (Westinghouse Electric 
Corporation, San Francisco, Calif.): E. K. 
Sadler and T. M. Blakeslee are to be compli- 
mented for the paper just presented. The 
field test data relative to potential phe- 
nomena substantiates, at least qualitatively, 
the theoretical aspects of the problem, and 
are most interesting from the fundamental 
viewpoint. Inasmuch as electric circuits of 
this nature are difficult if not impossible to 
duplicate on a full scale basis in manufac- 
turer’s laboratories, it becomes essential to 
the industry that field tests such as these be 
made. This applies particularly in regard to 
tests such as those covered by this paper, as 
well as problems involved in switching long 
unfaulted high voltage transmission lines. 

Resistors for voltage control have been 
applied to power circuit breakers for many 
years. The work covered by the paper just 
presented appears to be the first American 
application of the step type resistance 
principle to power circuit breakers of this 
rating. 

In work of this character it should be kept 
in mind that the electrical and mechanical 
design of the resistor assembly must be con- 
sidered very carefully in order to prevent the 
insertion into an otherwise fundamentally — 
good design of a hazard even greater than 
that resulting from switching surges. This 
remark applies particularly in regard to 
shielding, increase in space requirements 
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and the associated- reduction of electrical 
clearances, the mechanical complication of 
auxiliary “snap-action” contacts, and the 
relative location of the two resistor assem- 
blies required in the step type design. 
Specifically in regard to the latter, following 
interruption of the current through the 600- 
ohm resistor, the bottom of this resistor as- 
sumes the same potential as the ‘top, so that 
full potential appears between the bottom of 
the two parallel resistors, which appear from 
Figure 1 to be located quite close together. 
Furthermore, because of space require- 
ments, it may prove quite difficult to apply 
this step type resistor to breakers included 
in the general design trend toward reduction 
of oil content of tank type oil circuit 
breakers. 

Considering the 49 cable switching opera- 
tions that were made without employing 
interrupter shunting resistors in which only 
one test indicated transient voltages more 
than two times normal and that equal to 
approximately 2.2 times normal, it becomes 
difficult to justify the increase in cost and 
complication of the step type resistor as 
compared with a single resistor unit of 
moderate ohmic value. Perhaps the authors 
would comment further on this point. 

Complete information is not available in 
regard to the influence of low ohmic value re- 
sistors employed in circuit breakers applied 
to high speed reclosing duty. In asmuch 
as the mechanical problems relative to 
high speed breaker reclosing are being 
solved gradually, the speed at which the re- 
closing cycle may be adjusted is limited only 
by the deionization time of the temporary 
fault. Furthermore as the relay operating 
times and breaker interrupting times have 
been decreased to values of the order of 3 to 
5 cycles, adding a deionization time of about 
8 cycles of 138-kv service makes possible 
successful reclosing within only 12 cycles 
after the initial tripping impulse. However, 
if complete opening of the circuit is delayed 
several cycles by the use of resistors, the 
minimum reclosing time thereby is affected 
adversely. 

In view of the excellent progress that has 
been made by design engineers in recent 
months toward improvement in the inter- 
rupting and charging current performance 
of oil circuit breakers it appears to me that 
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Figure 4. System con- 
nections for cable 
switching tests 


2875 KV 


SILVER LAKE 
SWITCHING STATION 
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SWITCHING STATION 


we should guard against halting this de- 
velopment work by prematurely accepting 
the low ohmic value resistor as a total and 
complete solution to the charging current 
interrupting problem as contrasted with de- 
velopments in design which offer comparably 
low switching surge overvoltages. Perhaps 
the low ohmic value resistors should be 
applied only in those instances where, either 
because of interrupter design or special 
circuit conditions, transient voltages as high 
as three times normal are likely to occur. 


E. K. Sadler and T. M. Blakeslee: In re- 
sponse to the suggestion of W. F. Skeats, 
Figure 4 is presented with this closing dis- 
cussion to show the main connections for 
these cable-switching tests. In addition to 
the generating units shown there are a few 
small generating sources, both hydro and 
steam, which tie in to the receiving station 
34.5-kv load networks. The number of 
generating units connected at the various 
times the tests were made was subject, of 
course, to the demands of the system at the 
time. The rated capacities of the synchro- 
nous units shown on the diagram are Boulder, 
495 megavolt-amperes; San Francisquito 
plants, 129 megavolt-amperes; Seal Beach, 
81 megavolt-amperes; Harbor, 81 megavolt- 
amperes; frequency changer at RS-C, 60 
megavolt-amperes; synchronous condensers 
at RS-B and RS-E, 60 megavolt-amperes 
each; and synchronous condenser at RS-A, 
30 megavolt-amperes. 

The Boulder 287.5-kv transmission line 
sections are each approximately 90 miles in 
length. The 115-kv San Francisquito cir- 
cuits are about 33 miles long, and the Seal- 
Beach 115-kv circuits are 24 miles long. 
The 115-kv lines between RS-E and RS-A 


BOULDER HYDRO ‘ t ie SCE CO LTD 


LOAD 


I 34.5, Ky 
asd 
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are 11 miles long and those between RS-A 
and RS-F are 4.5 miles long. The 138-kv 
connections between RS-E and RS-D are 


described in the paper; the 138-kv lines 
between RS-F and RS-B are 8 miles long, 
those between RS-B and RS-C are 11 miles 
long, and the 138-kv cable connecting Har- 
bor Steam with RS-C is 2.4 miles long. 
Skeats points out that the maximum 
value of the voltage at the remote station 
was greater in the case of the step-type re- 


. sistor than it was with the single 2,000-ohm 


resistor and he quotes values from Table II 
of the paper. This is explained by the fact 
that the single 2,000-ohm resistor switching 
tests were made at the receiving station D 
terminal of the circuit. When switching 
from this end there was no amplification of 
the transient system voltages. Indeed, the 
voltages at receiving station #, the remote 
station, were less than the corresponding 
system voltages at the point of circuit inter- 
ruption. Furthermore, the magnitude of 
overvoltages produced by restrikes was 
limited by the presence of the other cable 
connected directly to the receiving station 
D bus. Switching from receiving station 
E, however, produced higher system volt- 
ages at receiving station D, the remote sta- 
tion, because, as stated in the paper, of a 
rise resulting from cable charging current 
at transient frequency being drawn through 
the reactance of the 7-mile line. 

E. W. Boehne’s question about the failure 
of the restriking current to interrupt at first 
current zero is an interesting point. It is 
primarily a characteristic of the cable cir- 
cuits interrupted rather than of the inter- 
rupter. It will be observed from a study of 
Figure 4 of the paper, which shows an inter- 
ruption from the receiving station # ter- 
minal, that the frequency of the restriking 
current is in the order of 740 cycles per 
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second, while the frequency superimposed 
upon systein voltage is in the vicinity of 
400-500 cycles per second. This was felt 
unusual and its explanation was suggested 
by Ray Witzke (Westinghouse Electric 
Corporation). 

Referring to Figure 3 of the paper, the 
line and cable circuits viewed from the re- 
ceiving station E 138-kv bus appear as 
shown by Figure 5 (presented with this dis- 
cussion) if the cable sections are represented 
by their equivalent T circuits. The induc- 
tances L represent those of the 7-mile over- 
head sections. It will be observed from this 
figure that an inductance-capacitance cir- 
cuit is formed. The calculated resonant fre- 
quency of this circuit is 715 cycles per second 
which is a good check with the 740 cycles 
per second actually recorded. It is apparent 
from the figure that the 138-kv bus voltage 
does not reflect this resonant frequency and 
therefore does not put zero voltage across 
the breaker contacts at the current-zero 
points of this frequency. This resonant 
frequency is superimposed, of course, upon 
the basic frequency of the restriking current 
which basic frequency is essentially the same 
as appears.on the system voltage. . While 
some of the restriking current pulses are 
extended, many of them are of short dura- 
ation, indicating interruption at first current 
zero of the basic frequency, which is in line 
with the experience of Boehne. 

The criticism of Earl B. Reitz is well 
taken, as overvoltages produced by capaci- 
tor-circuit interruption occur only when 
there is restriking. The impulse type of 
circuit breaker mentioned by Rietz was 
tested on the cable charging current and 
gave an excellent account of itself. The arc 
was cleared at first current zero following 
contact parting and no restrikes occurred. 
It is, however, obvious that a resistor- 
equipped breaker limits any overvoltages 
that may result from circuit energization, 
although resistors probably could not be 
justified on this count alone. 

D. J. Marsden points out the necessity 
for careful design in any resistor installation 
having in mind such factors as shielding, 
reduction of electrical clearances, and the 
mechanical complication of auxiliary re- 
sistor contacts. There is no question that 
all of these factors must be considered care- 
fully. In the particular case covered in the 
paper, shielding of the resistor tubes was not 
necessary because of the oversize tanks of 
the breakers involved. Generally speaking, 
however, shielding of the resistors is worth- 
while in order to allow use of minimum tank 
diameter. 

The auxiliary contacts used were neces- 
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sary in this type of breaker because of the 
horizontal interrupting elements. While 
adding some complication they have the 
advantage that the time the resistor is in 
the circuit may be controlled easily by the 
simple adjustment of these contacts. The 
ability to cut down the time resistors are in 
the circuit to the minimum required to get 
the necessary protection from overvoltages 
gives a distinct advantage from the stand- 
point of factor of safety against burn-out. 
The use of the snap-action contact and the 
flexibility of contact adjustment resulted in 
an over-all time (dead-time basis) the re- 
sistors are in the circuit on a close-open 
operation of 3 cycles for,the 800-ohm step 
and 5 cycles for the 2,000-ohm step. In con- 
trast with this, for example, is the recent 
installation of resistors in» the circuit 
breakers for the 230-kv lines of the Metro- 
politan Water District at Boulder. Although 
no auxiliary resistor contacts were necessary 
because of the vertical interrupting ele- 
ments, the time of normal cross-head opera- 
tion had to be accepted for switching the 
resistors in and out of the circuit. As a-re- 
sult the resistors are in the circuit on a close- 
open operation for an over-all time of 16 
cycles. This means that either there is less 
factor of safety against burn-out or higher 
values of resistance must be used with a 
sacrifice in protection against over-voltages. 

R. C. Van Sickle’s discussion indicates 
some compunction about the use of resistors 
and Marsden finds it difficult to justify the 
increased cost and complication of resistors 
on the basis of the 49 tests made without 
resisters wherein only one test resulted in 
2.2 times normal voltage. Of these 49 tests, 
31 were de-energizations of the circuit from 
the receiving station D terminal, where the 
presence of the other cable limits the theo- 
retical voltage build-up to 2 times normal 
instead of 3 times normal for one restrike. 


Switching from receiving station E is the’ 


most serious situation and the maximum of 
2.2 was obtained out of 18 tests switching 
the circuit from this end. Also it will be re- 


‘called from the paper that a lightning 


arrester failed from overvoltage produced by 
switching out one of these circuits in normal 
operation. The failure of arresters is some- 
thing that could not be tolerated. The 
manufacturer of the arresters stated that 
they could be expected to fail under these 
conditions, so it was apparent that some- 
thing had to be done. As resistors offered a 
satisfactory solution, their installation cer- 
tainly was justified. 

As a further comment along this line, 
papers on switching charging currents have 


mentioned what has come to be known as 
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“randomness of the restriking phenomena.” 
The test work on the 138-kv cables defi- 
nitely showed that restriking is a random 
thing. In addition to this, tests on a self- 
extinction principle circuit breaker without 
resistors at Boulder, interrupting charging 
current at 287.5-kv resulted in the dis- 
charge operation of a line lightning arrester 
once out of 21 tests. Subsequent records of 
normal operation of this line have disclosed 
another arrester discharge out of 21 line 
interruptions. An arrester discharge re- 
quires a voltage between 2.2 and 3 times 
normal and such discharges are likely to be 
damaging to the arresters. 

Automatic reclosing is not in the situation 
covered by the paper. As Marsden points 
out, resistors delay the complete opening of 
the circuit by several cycles and therefore 
may adversely affect minimum reclosing 
time. In this connection the ability, previ- 
ously mentioned in this discussion, of being 
able to adjust resistor time would offer con- 
siderable advantage. Where resistors have 
an adverse effect in fast reclosing applica- 
tions, breakers that do not restrike on charg- 
ing currents must be applied. The discus- 
sion by Rietz, however, indicates successful 
use of resistors in breakers for reclosing 
service. 

As pointed out in the appendix of the 
paper, the application of resistors not only 
limits the overvoltages but also reduces the 
probability of the occurence of restrikes. 
Data presented in the paper indicate the ad- 
vantages of high speed. The results of six 
tests by Rietz gave no restrikes, this per- 
formance being attributed to high speed and 
the use of resistors. Do these six tests 
guarantee that restrikes will never occur? 
Because resistors have to be used, it. would 
seem prudent, in view of the random nature 
of restriking in a self-extinction principle 
circuit breaker, to use the value of resistanec 
which establishes the desired limit to over- 
voltage, should restrikes occur. A guarantee 
of a definite overvoltage limit thus is ob- 
tained in any particular application. 
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Developments in Current Collectors for 
High-Speed Service 


B. F. LANGER 


NONMEMBER AIEE 


HE CURRENT COLLECTORS used 
on most electrified railroads with over- 
head trolleys consist of diamond-shaped 
pantograph frames which support chan- 
nel-shaped collectors, or shoes. Figure 1 


shows a typical pantograph of the type- 


used in high-speed main line service. 
The pantograph opens and closes to 
accommodate major changes in the height 
of the wire such as occur at bridges and 
tunnels. It is held up by means of 
springs. Special cams or linkages in the 
operating mechanism give the shoe a con- 
stant pressure against the wire for a 
range in height of several feet. Panto- 
graphs used in high-speed service also 


. have secondary springs between the frame 


and the shoe in order to cushion the blows 
produced by sudden periodic or incidental 
irregularities, such as hard spots in the 
catenary. The pantograph of Figure 1 
uses two shoes, each of which is supported 
by a pair of shoe levers, which are held up 
by spring action. The action of the shoe 
levers constitutes the secondary springing. 
The shoes are pivoted freely to the ex- 
tremities of the shoe levers and thus can 
rotate about a horizontal axis perpen- 
dicular to the direction of motion. 

A good current collector must not dam- 
age the trolley wire through heavy blows, 
excessive fatigue stresses, or excessive 
wear, and must have long shoe life. In 
order to have these qualities, the shoe 
must follow the wire smoothly at all 


Paper 47-8, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted April 1, 1946; made 
available for printing October 29, 1946. 
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speeds. The pantograph frames now in 
use have been found to operate satisfac- 
torily at all operating speeds as far as 
following the major variations in wire 
height are concerned. At speeds above 
about 70 miles per hour, however, con- 
siderable difficulty has been encountered 
with the behavior of the shoes themselves 
and their secondary springs. Following 
are a few of the phenomena which have 
been observed: 


1. At high speeds it is quite common to see 
a shoe flutter violently against the wire, 
which results in excessive arcing. Close ex- 
amination of this flutter has shown that it is 


- not a vibration of the shoe on its secondary 


springs, but a rotation about a horizontal 
axis perpendicular to the trolley wire. 


2. Itis difficult to obtain equal pressures on 
the two shoes of a double-shoe pantograph. 
In some of the mechanisms used, such as 
that of Figure 1, the wind force and wire 
friction tend to lift the leading shoe and de- 
press the trailing shoe because of the 
arrangement of the supporting levers. 


3. Secondary-spring systems which use 
pins and links have a tendency to bind and 
thus nullify the secondary springing. 


The present paper describes some 
studies recently made by the Westing- 
house Electric Corporation which have 
disclosed some of the causes of erratic 
operation and have resulted in a shoe and 
shoe mounting which give extremely 
smooth operation at the highest operating 
speeds. The engineers who co-operated 
in this development were H. C. Werner, 
formerly of the Westinghouse Research 
Laboratories; J. M. Robinson, section 
engineer in charge of pantographs and 
railway gearing; R. O. Heinemann, who 
designed the apparatus and conducted 
most of the tests; and the author. 


The Collector Shoe as a Cam- 
Follower 


The problem of making a correct collec- 
tor follow irregularities in a wire at high 
speeds immediately suggests the similar 
problem of the cam follower. Suppose 
(see Figure 2) a follower of mass M is 
pressed against a cam by a spring of stiff- 
ness K with an average force P». 

Let the shape of the cam be represented 
by the function 


fi 24x 
Y= COS Shs 


The relative horizontal velocity between 
the cam and its follower is 


V=x/t 

If 

w= (27 V)/1 

the required motion of the follower is 
Y=Yo COS wt 


The acceleration of the follower at any in- 


stant is 
d*y 
dt? 


= — Yow? cos wt 


The spring force at any instant is 
P y— NK cos wt 


The pressure of the follower against the 
cam is 


Po—¥(K— Mw?) cos wt 


and this can be kept continuously positive 
by making Po sufficiently large. This 
means that the follower can be kept in 
continuous contact with the cam by 
making. the spring setup force sufficiently 
large, no matter how soft the spring is. A 
soft spring is better than a stiff spring be- 
cause it results in less fluctuation of con- 
tact pressure. A light follower is also 
advantageous. Damping in the spring is 
detrimental because part of the spring 
force must be used to overcome the 
damping force. 

The essential difference between the 
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cam follower and the pantograph shoe is 
that the pantograph shoe does not follow 
a fixed path. It pushes the trolley wire 
up between its supports and thus the 
amplitude of the oscillation is a function 
of the magnitude of the wire pressure. 
The exact solution of such a system in- 
volves considerable mathematical diffi- 
culty and has not been found necessary. 

One phenomenon connected with this 
system which can be investigated easily, 
however, is the possibility of the collector 
shoe attaining a resonant velocity at 
which the lifting of the wire between sup- 
ports would become excessively large. 
This velocity occurs when the speed of the 
collector equals the speed of propagation 
of a wave along the wire, and is 


Te 
V= y= 
WwW 


where 


V =speed in feet per second 

T =wire tension in pounds 

g=acceleration of gravity (32.2 feet per 
second?) 

w = weight of wire in pounds per foot 


For a 0000 bronze wire under 4,000 
pounds tension (the usual tension at 60 
degrees Fahrenheit) this speed is 312 
miles per hour. Thus the tension would 
have to be reduced to about one-tenth 
normal value to bring the resonant speed 
to 100 miles per hour. 


The Collector Shoe as an Airfoil 


When a collector shoe is carried along. 


at high speed it is subjected to consider- 
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Figure 1. Typical 
pantograph for high- 
speed service 


In the conventional 


able wind force. 
construction, a channel-shaped shoe is 
pivoted about a point below the wire (see 
Figure 3) and wind forces give it appre- 
ciable lift and drag. Because of wire fric- 
tion, the shoe is tilted to an angle of 


attack between 0 and 10 degrees, 
which makes the lift larger than it would 
be if the contact surface remained hori- 
zontal. Wind tunnel tests were made on 
a conventional channel-shaped shoe with 
the results shown in Figure 4, curve A. 
The magnitude of the lift force was found 
to be sufficient to increase the wire pres- 
sure by over 100 per cent under operating 
conditions. This results in increased 
shoe and wire wear. 
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Figure 2. Cam-follower 
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Figure 3. Forces on collector shoe 


Various modifications of the shoe were 
tried, and the best practical construction 
was found to be a channel with a slot cut 
along the top and holes in the flanges. 
The lift coefficient for this shoe is shown 
in curve B of Figure 4: This shows a 
worth-while reduction in ‘lift, but the 
wind tunnel tests disclosed another more 
important advantage which was entirely 
unexpected. The solid shoe had a strong 
tendency to flutter about its pivot support 
when held in the neighborhood of plus 5- 
degree angle of attack, whereas the shoe 
with the slots‘and holes was quite stable. 


. The flutter observed in the wind tunnel 


was identical with the type of oscillation 


- which has been observed in high-speed 


operation. 

The flutter which occurs in channel- 
shaped shoes is an example of a self- 
induced oscillation. Its causes can be 
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Figure 5. Air flow around collector shoe at 
various angles of attack 


understood by reference to Figure 5. 
This shows the channel section in the 
wind stream at various points of the 
oscillation between 0 and 10 degrees 
angle of attack. In Figure 5A the shoe is 
horizontal but has started to rotate in a 
clockwise direction. In Figure 5B, it 
has rotated to an angle of 5 degrees. The 
flow follows the top surface of the channel 
because of the rounded corner. Like an 
airfoil with a positive angle of attack, the 
shoe has a lift force and an aerodynamic 
moment. The moment on the shoe is 
clockwise about the pivot support and 
aids the rotational velocity. In Figure 
5C, the angle has increased to 10 degrees, 
at which point the flow can no longer 
follow the upper surface of the shoe. 
This results in a decrease of aerodynamic 
moment. At this point also, the wire 
pressure has built up to a sufficient value 
on the leading edge of the shoe to stop its 
clockwise rotation and start it back in the 
second half cycle of the oscillation. In 
Figure 5D, the shoe is passing again 
through the 5-degree angle, but in the 
opposite direction. If held in this posi- 
tion for any time, the flow over the top 
surface would re-establish itself as in 
Figure 5B, but this cannot happen instan- 
taneously. Thus the aerodynamic mo- 
ment (which now opposes the rotation) is 
smaller for the condition shown in Figure 
5D than it was in Figure 5B. Therefore, 
over a complete cycle of the oscillation the 
aerodynamic moment has put energy into 
the oscillation because the moment which 
aids the oscillation is larger than the mo- 
sment which opposes the oscillation. This 
_ results in net energy input and instability. 

It can be shown that if the pivot sup- 
port of the shoe is below the trolley wire, 
the wire friction also produces instability. 
The wire friction produces a clockwise 
moment about the pivot all through the 
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Figure 6. Leaf-spring 
shoe mounting 


EFFECTIVE CENTER 
OF ROTATION 


Figure 7. Schematic view of leaf-spring shoe 
mounting 


complete cycle. Because of the different 
flow patterns, however, the aerodynamic 
lift is greater in Figure 5B than in Figure 
5D. “Therefore, the wire friction and the 
moment which it produces are greater 
during the half cycle when the moment 
aids rotation than they are during the 
half cycle when the moment opposes rota- 
tion. If the effective center of rotation of 
the shoe were above the trolley wire, the 
direction of the friction moment would be 
reversed, and the net result of friction 
would be to damp the oscillation. 

The wind tunnel tests showed that the 
shoe with the slots and holes has not only 
a smaller lift coefficient than the solid sec- 
tion but also is aerodynamically stable. 
It is a poor airfoil but a good current 
collector. 


The Leaf-Spring Shoe Mounting 


As a result of the foregoing studies, the 
shoe and shoe-mounting shown in Figure 6 
were designed and built. The shoes con- 
tain the slots and holes which gave the 
lowest lift coefficient and the best stability 
in the wind tunnel tests. The secondary 
spring system contains no pins or levers, 
but is made up entirely of leaf springs. 
Figure 7 shows this spring system sche- 
matically, and Figure 6 in perspective 
view. Its action is based on the well- 
known principle that a body supported on 
two flat springs has an effective center of 
rotation at the point of intersection of the 
springs. The horizontal springs A and 
A’ are parallel to each other and therefore 
give a vertical flexibility to the shoe with- 
out allowing any rotation. Therefore, 
wire friction and wind resistance do not 
lift the leading shoe and depress the trail- 


ing shoe, as occurs in the conventional 
shoe-lever mounting. 

Rotational flexibility is obtained with 
the inclined springs B and B’. The ex- 
tensions of the center lines of these springs 
intersect at a point above the wire. 
Therefore the center of rotation of the 
shoe is above the point of contact with 
the trolley wire, and the wire friction 
force results in stable instead of unstable 
motion, as previously explained. 

Thus the design shown in Figure 6 has 
the following advantages over conven- 
tional constructions: 


1. The shoes contain cutouts which give 
them low lift coefficient and aerodynamic 
stability. 

2. The cutouts in the shoe allow the use of 
thicker material for equal weight, and thus 
give greater wearing depth and longer life. 


3. The vertical flexibility is obtained with 
horizontal springs which act as parallel- 
motion devices. Therefore wire friction and 
wind resistance do not lift the leading shoe 
and depress the trailing shoe, as occurs in 
some double-shoe pantographs. 


4, Elastic pivots have been used in place of 
the usual pin connections to the shoes. 
These improve the stability by placing the 
effective center of rotation above the trolley 
wire. 


5. The new mounting contains no sliding 
surfaces so that all wear is eliminated except 
at the point.of contact -with-the wire. 


6. The springs are practically frictionless 
so that the full spring force is available for 
maintaining contact between the shoe and 
the wire. 


A pantograph of the type shown in 
Figure 6 has been built and tried out in 
service. Observation at all speeds up to 
the highest commonly used showed that it 
justified all expectations. There was no 
evidence of shoe flutter at any speed, the 
only arcing being at switches and cross- 
overs. In fact, the operation appeared to 
be affected only by the condition of the 
wire, and not at all by the speed. Further 
service experience is required to prove its 
mechanical adequacy, but it is believed 
that this model already has proved the 
correctness of the principles on which its 
design is based. 
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Discussion 


R. L. Chapman (General Electric Company, 
Erie, Pa.): The developments of a panto- 
graph design for high-speed service as de- 
scribed by Langer is quite interesting not 
only from the point of view that a needed 
improvement in existing equipment is 
possible but also in that it can be accom- 
plished with a simplification in construction, 
inchiding the elimination of wearing parts 


that previously have been considered es-” 


sential. 

I would like to ask if arcing can be mini- 
mized or largely eliminated by the use of the 
new type shoe with the otherwise old type 
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of pivoted support; or, stated differently, 
can this development be divided into the 
following two parts? 


1. Improvement in existing pantographs with re- 
spect to flutter, by the use of the new type shoe 
only. 


2. Further improvement in over-all performance 
with decreased maintenance by use of the complete 
new development. 


I feel that Langer and his associates are 


to be congratulated on a needed job well 
done. 


B. F. Langer: We have not made sufficient 
tests to answer R. L. Chapman’s question 


positively. We believe that the develop- 
ment can be divided into two parts, but pre- 
fer to reverse the order which Chapman sug- 
gests. In other words, it is believed that the 
change in shoe mounting is more important 
and more effective than the cutouts in the 
shoe itself. For most applications, the new 
mounting with the old shoe should be 
satisfactory. It is only for very high speeds 
that the aerodynamic force becomes large 
enough to justify the cutouts in the shoes. 

At the present time, we are in production 
on 30 pantographs for moderate-speed 
service which have the leaf-spring mounting 
and solid channel-shaped shoes. Further 
high-speed tests on the original model are 
scheduled. 
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Semiconducting Liquids 
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HE ideal and classical conception of a 

dielectric material includes the prop- 
erty of zero loss. Such an ideal material 
has not been realized but its conception 
has been the motivating influence which 
has prompted the continued search for 
dielectrics of the lowest possible loss 
characteristic. Conversely, it frequently 
is concluded that liquids of highly con- 
ducting characteristics are poorly suited 
for dielectric application. 

Added emphasis is given to the argu- 
ments against the use of highly conduct- 
ing liquids as impregnants of cellulosic 
electrical insulation by the dictates of ex- 
perience. When an impregnated insula- 
tion fails under conditions of normal com- 
mercial usage, the failure invariably is 
proceeded by the chemical and dielectric 
deterioration of the insulation. This 
deterioration most frequently can be 
traced to changes in the liquid impregnant 
which are manifested inevitably in a 
lowered resistivity and increased dielec- 
tric loss. But this type of dielectric de- 
terioration in an insulating liquid which 
is normally of low loss must not be 
accepted as indicative that all liquids 
having high loss properties are, ipso facto, 
of equal hazard. The factors which are 
involved in the chemical changes leading 
to higher loss in a liquid normally charac- 
terized by low loss usually present a 
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hazard to continued dielectric use for rea- 
sons entirely aside from the loss charac- 
teristic itself. Mineral oil, for example, 
may deteriorate in commercial use and 
lose its initially low loss quality. The 
complete dielectric failure of the com- 
posite paper-—oil insulation, however, is 
more likely caused by the loss of dielectric 
strength and the consequent formation of 
destructive corona at the normal voltage 
rating of the apparatus than to the in- 
creased conduction in the dielectric itself 
up to the point of accumulated heating. 
Deterioration products in oil which are 
responsible for this loss in dielectric 
strength and drop in corona formation 
voltage include the formation of gases, 
water, and low molecular weight acids. 


The Normal Loss Level 


Liquids suitable for the impregnation 
of cellulosic insulation have a “‘normal 
level” of resistivity or dielectric loss to 
which, in commercial use, they tend to 
revert from the more highly “‘refined”’ 
value obtained in the laboratory or fac- 
tory. This ‘‘normal level’’ value varies 
widely with the chemical type of the 
liquid, being higher for the hydrocarbon 
compositions and lower for liquids com- 
posed of hydrocarbon substituents, such 
as the halogenated, nitrated, or esterified 
compounds. At its normal level of re- 
sistivity or dielectric loss, however, the 
dielectric strength of each class of liquids 
ishigh. In fact, because of a more equi- 
table stress distribution, liquids of the 
lower resistivity or higher loss classi- 
fication may possess even higher break- 
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down value than those of the lower loss 
hydrocarbon group. It is only when a 
liquid changes from its normal level of 
loss classification to one of higher loss 
that serious dielectric hazard is intro- 
duced. This hazard is usually traceable 
to the presence of contamination or prod- 
ucts of deterioration which are reflected 
in an increased dielectric loss, but which 
to a greater degree affect the chemical 
stability of the insulation and lead to de- 
creased ionization value and dielectric 
strength. The increase in dielectric loss, 
per se, is generally only of secondary im- 
portance. The case of ‘mineral oil al- 
ready referred to is an illustration of this 
type of hazard. 

The object of the present paper is to 
illustrate the abnormalities which are met 
when cellulosic insulation is impregnated 
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. Figure 1. The relation between the resistivity 
and 60-cycle power factor of a typical dielec- 
tric liquid 
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with high-loss liquids. These abnormali- 
ties are seized upon in the development of 
a new type of capacitor which is char- 
acterized by a high ratio of electrical 
capacitance per unit of physical volume. 
Such a capacitor offers promise of engi- 
neering application at voltages above 
those at which electrolytic capacitors can 
be used continuously with safety and be- 
low those at which the usual paper-spaced 
oil or askarel-treated capacitor can be 
used with economy. Such voltages in- 
clude continuous alternating voltage ap- 
plication at 110 or 220 volts or intermit- 
tent voltage application up to and includ- 
ing 440 or 550 volts. 


The Relation Between the 
Resistivity and Power Factor 
in Dielectric Liquids 


Liquids may be classified on the basis 
of their resistivity as being of dielectric, 
semiconducting or conducting properties. 
The dielectric liquids may be classified as 
those which possess a resistivity greater 
than 110° ohm-centimeters. The semi- 
conducting liquids are those having a 


Figure 3. The power factor of impregnated kraft paper decreases as 
the resistivity of the impregnant is decreased through the semiconductor 


classification range 
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resistivity lower than 110° but higher 
than 110° ohm-centimeters. Liquids 
having a resistivity lower than 1X10§ 
ohm-centimeters are classed as conduct- 
ing. The present paper deals primarily 
with the semiconducting liquids. 

The resistivity or specific resistance of 
a dielectric liquid is the resistance in ohms 
of a quantity of the liquid one centimeter 
long and having a cross section of one 
square centimeter. The power factor is 
the cosine of the vectorial angle existing 
between the current and voltage applied 
to the insulation. It represents the ratio 
of the dissipated to the apparent power 
input in a circuit (watts/volt-amperes). 
In a circuit containing only resistance, the 
power factor is unity. Ina dielectric, the 


power factor represents the total losses. 


and varies with voltage, temperature, and 
frequency. 

In Figure 1 is represented the normal 
relation between the 60-cycle power fac- 
tor and the resistivity of a typical dielec- 
tric liquid. 

In Figure 2 is illustrated the normally 
expected relation between the resistivity 
of the impregnating liquid and the power 


factor of the treated paper sheet. 

The data of Figure 2 are confined to 
liquid resistivity values contained in the 
classification of “dielectric.” It is this 
type of relationship which has warned 
investigators away from the considera- 
tion of liquids of even lower resistivity 
values (the semiconductors). 


The Power Factor of Insulation as 
Related to the Resistivity of the 
Impregnant in the Semiconducting 
Range > 


Kraft paper, when impregnated witha 
semiconducting liquid having a resistivity 
in the range from 110° to 110° ohm- 
centimeters, shows marked abnormality 
in its dielectric power factor. From an 
extremely high power factor which is 
characteristic of kraft paper impregnated 
with a dielectric liquid having a resistivity 
of about 110° ohm-centimeters, the 
power factor of the treated insulation 
drops with the continued decrease in the 
impregnant resistivity below 1X 10° ohm- 
centimeters. A minimum power factor 
of about three per cent is obtained when 
the kraft paper is impregnated with a 
liquid having a resistivity of about 0.01 
10° ohm-centimeters (10X10*). Further 
decrease in resistivity results in a rapid 
increase in the power factor of the treated 
insulation, a power factor of about 80-to 
100 per cent being obtained when the im- 
pregnant resistivity is 0.001 X10? (1 X 10°) 
ohm-centimeters or lower. 

Figure 3 illustrated the relation be- 
tween the power factor of the impregnated 
kraft paper and the resistivity of the 
liquid impregnant in the semiconducting 
range (110° to 1 X10® ohm-centimeters). 

Figure 4 illustrates the power factor of 
kraft paper as a function of the resistivity 
of the liquid impregnant over the total 


Figure 4. Showing the 60-cycle power factor of 0.0004-inch im- 
pregnated kraft capacitor paper as a function of the resistivity of the 


impregnating compound over the range from 1010 to 1108 
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range of dielectric and semiconducting 
classification. The abnormal power fac- 
tor behavior in the semiconducting range 
of impregnant resistivity is illustrated 
clearly. It is this abnormality which is 
the subject of further analysis in subse- 
quent paragraphs. 


The Test Assembly for Cellulose 
Sheets Impregnated With Highly 
Conducting Liquids 


Kraft paper impregnated with mineral 
oil or askarel is widely used as the solid 
dielectric in high voltage engineering 
practice. Treated with mineral oil, it is 
used as the insulation for high voltage 
cables. It is the most widely used spacer 
employed in capacitor manufacture. In 
this application it is commonly treated 
with askarel, the synthetic noninflam- 
mable type of impregnant. 

In order to illustrate the dielectric be- 
havior of kraft paper when impregnated 
with a liquid, it is most convenient to test 
the treated kraft paper in the form of a 
capacitor. For this purpose, typical ca- 
pacitor windings were prepared. The di- 
electric consisted of two or three sheets of 
0.0004-inch kraft paper which were wound 
between 0.0003-inch aluminum foil arma- 
tures. The capacitor windings were of 
sufficient length to give about 21/2 micro- 
farads capacity when treated with mineral 
oil. The rolls were assembled in a stand- 
ard terne plate capacitor case, the cover 
with its bushings was soldered in place, 
and the capacitor dried and impregnated 
through two holes arranged in the side 
near the top and bottom. After drying 
and impregnation these treating holes 
were soldered to give an hermetically- 
sealed container conveniently suitable for 
the detailed testing to which the dielectric’ 
was to be submitted. Figure 5 illustrates 
a typical test assembly. 
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Tricresyl Phosphate Compositions 


Tricresyl phosphate is a liquid which 
lends itself satisfactorily to the study of 
the highly conducting liquids of the semi- 
conducting classification. It possesses 
the following average properties: 


Specific gravity (15.5 degrees 
centigrade compared with 
water at 15.5 degrees centi- 


grade) 1.182 
Saybolt universal viscosity 

(37.8 degrees centigrade) 107 seconds 
Refractive index (25 degrees 

centigrade) 1.5550 


Tricresyl phosphate is characterized by 
a normal level of resistivity of about 
1X10° ohm-centimeters at 100 degrees 
centigrade. This classifies the liquid in 
the lower dielectric range or the upper 
range of the semiconducting grouping. 


25°C 


hala geese 

fe oo al SS eS 
ESSER PSLSMAS 
Es SE ae Sas 


RESISTIVITY OHM - CM 
De} 
o 
°o 


MRE 
ENE SSSR TES 
BC @aOwis Sa 
O 1 20 30 40 50 60 70 80 90 100 
% CRESOL IN BLEND 


6. The resistivity of tricresyl phos- 
phate-cresol compositions 


Figure 


Figure 5 (left) 


Figure 7 (right). Show- 
ing the 60-cycle power 
factor of 0.0004-inch 
kraft capacitor paper as 
a function of the cresol 
content of the tricresyl 
_ phosphate impregnating 
composition 
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When tricresyl phosphate is heated at 
temperatures above 100 degrees centi- 
grade, it is pyrogenically decomposed 
with the formation of cresol or cresylic 
compounds. Such heat-treated compo- 
sitions have reduced resistivities. Values 
as low as 1108 ohm-centimeters are ob- 
tained when tricresyl phosphate is pyro- 
genically decomposed at 150 degrees 
centigrade. It is necessary in order to 
obtain resistivity values as low as 110° 
ohm-centimeters that the tricresyl phos- 
phate be blended with a semiconducting 
liquid such as cresol. The resistivity of 
such blends is indicated in Figure 6. 


The Power Factor of Kraft Paper 
Impregnated With Tricresyl 
Phosphate Compositions 


The resistivity change illustrated in 
Figure 6 produced by the addition of the 
semiconducting cresol to tricresyl phos- 
phate is reflected in an abnormality in the 
power factor of treated kraft paper. The 
power factor of the capacitor assembly 
described falls rapidly to a minimum of 
about 3.5 per cent when impregnated with 
a blend consisting of 20 to 30 per cent 
cresol in 80 to 70 per cent tricresyl phos- 
phate. This is illustrated in Figure 7. 
The relationship between the resulting 
resistivity of the treating composition and 
the power factor of the treated paper is 
shown in Figure 8. 

The minimum value observed in the 
power factor of kraft paper impregnated 
with the semiconducting compositions 
consisting of tricresyl phosphate and 
cresol is not peculiar to the cresol compo- 
nent. Using tricresyl phosphate as the 
solvent, the addition of a wide variety 
semiconducting solutes in order to de- 
crease the resistivity of the impregnant 
produces similarly low power factor in the 
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Figure 8. The 60- 
cycle power factor of 
capacitor kraft paper 


when impregnated 
with tricresyl phos- 
phate compositions 


decreases to a mini- 
mum as the resistivity 
of the impregnant is 
decreased by the 
addition of cresol 


400 
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treated kraft paper. Such semiconduct- 
ing solutes comprise the phenols, the 
amines, the organic acids, and nitro com- 
pounds. However, the addition of water 
and alcohol compounds (glycerine, gly- 
cols, and so forth) or compounds having 
dielectric properties produces little de- 
crease in the power factor of the impreg- 
nated kraft paper. The power factor of 
kraft paper impregnated with these com- 
pound blends is illustrated by the data of 
Figure 9. The relation existing between 
the power factor of the kraft paper and 
the resistivity of the impregnating com- 
position is illustrated in Figure 10. 


The Power Factor of Kraft Paper 
Impregnated With Compositions 
Not Including Tricresyl Phosphate 


The decrease in the power factor of 


kraft paper impregnated with semicon- . 


ducting liquids is independent of the use 
of tricresyl phosphate. - The important 
factor producing this desirable result is 
the resistivity of the impregnating com- 
position. As the resistivity of the semi- 
conducting impregnant decreases from 
the upper limit 110° to its lower limit 


110°, the power factor of the impreg- * 


nated kraft paper decreases steadily to a 
minimum which invariably, despite wide 
variations in the chemical composition of 
the impregnant, is obtained with a resis- 
tivity of the impregnant in the range from 
1 to 20X10 ohm-centimeters: The 
minimum power factor obtained with the 
impregnated kraft paper, however, varies 
widely with the composition of the im- 
pregnant used. 

The resistivity of a variety of impreg- 
nants as a function of the composition is 
illustrated in Figure 11. The power fac- 
tor of the impregnated kraft paper as 
affected bv the composition of the impreg- 
nant is illustrated in Figure 12. Figure 
13 correlates the resistivity of the impreg- 
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Figure 9. The power factor of the impreg- 
nated kraft paper is decreased by the addition 
of various types of semiconducting compounds 


to tricresyl phosphate used for the impregna- >» 


tion of the paper 


Table | 
Resistivity 
of 
Minimum Impregnant 
Kraft | at Lowest 
Paper Kraft Paper 
Power Power 
Factor, Factor, 
Impregnant and Per-Cent Per hm- 
Composition Cent Centimeters 
Cresol (47)—dibutyl 
phthalate (53). ..5 3s <amiccers BT co petehies 4X 106 
Dibutyl tartrate (85)-—di- 3 
butyl phthalate (15)....... Wicd ai donee 15 X 106 
Cresol (11)—dibutyl tar- 
trate (89) 5. js .55 « savas oye Ce ee ee 20 X 108 
Nitrobenzene (80)-—cable 
Oil! (20)) fave imapey pees lets ticteroteuers Sead groans 2X 108 


nating composition and the power factor 
of the treated kraft paper dielectric. The 
composition of the impregnants used and 
the impregnant resistivity corresponding 
to the lowest power factor obtained for 
the treated kraft paper in each case is 
summarized in Table I. 


The Effect of the Paper Spacer 


The power factor characteristics de- 

scribed in the foregoing paragraphs for 
kraft paper impregnated with a semi- 
conducting liquid are not characteristic of 
allinsulations so treated but are markedly 
affected by the type of cellulosic sheet 
which is studied. Within the type classi- 
fication of kraft paper, wide variations in 
the power factor of the treated sheet are 
produced as the result of physical changes 
in the sheet itself. In Figure 14 is illus- 
trated the change in the power factor of 
the impregnated kraft paper which is 
associated with change in the density of 
the paper sheet. 
’ More remarkable, however, is the effect 
produced by change in the chemical na- 
ture of the dielectric cellulosic sheet. 
Each type of paper, although subject to 
variation in power factor as the result of 
changes in the shéet itself (density and air 
resistance) has nevertheless a minimum 
power factor value which is characteristic 
of the paper used. As illustrated in 
Table II, among all of the sheet insula- 
tions tested, kraft paper sheets are char- 
acterized by the lowest power factor 
values. 
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Figure 10. Although the power factor of the 
impregnated kraft paper is decreased by the 
addition of a wide variety of semiconductor 
compounds to the tricresyl phosphate used 
for the impregnation, the minimum power fac- 
tor obtained for the impregnated paper is 
affected by the type of semiconductor com- 
pound used 
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Equally interesting is the effect pro- 
duced when a ‘‘mixed’’ dielectric pad is 
impregnated with a semiconducting liq- 
uid. Using a cresol tricresyl phosphate 
blend having a resistivity of 15 X 10® ohm- 
centimeters, capacitors containing alter- 
nate sheets of kraft paper and cotton or 
linen paper were prepared. By varying 
the number and thickness of the various 
sheets, the percentage of kraft paper has 
been varied over a wide range of dielectric 
composition. As the percentage of kraft 
paper present in the dielectric pad is in- 
creased in this manner, the high power- 
factor characteristic of the linen and cot- 
ton paper when used alone is reduced 
radically. Figure 15 illustrates the rela- 
tion established. With dielectric pads 
consisting of 50 per cent or more of kraft 
paper, the power factor relation to the de- 
creasing concentration of the second sheet 
is not affected by the chemical nature of 
the latter (cotton or linen). 


The Capacitance Effect 


It is an axiom that to obtain the lowest 
dielectric loss (power factor) in a hetero- 
geneous dielectric such as an impregnated 
paper, a dielectric liquid of relatively low 


dielectric constant must be used. This - 


results in part from purely electrical fac- 
tors involving the molecular effects which 
accompany increase in the dielectric con- 
stant; but from a practical standpoint 
this results largely because of the greater 
solvent action increasingly possessed by 
liquids having dielectric constants of the 
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Figure 11. Showing the resistivity of semi- 
conductor liquid blends as a function of their 
composition ; 
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higher magnitudes. Small increments in 
solvent contamination may seriously 
affect the initially high liquid resistivity 
with resultant increase in the power fac- 
tor of the treated dielectric. 

The high microfarad capacitance values 
obtained with cellulosic insulations im- 
pregnated with the semiconducting li- 
quids belie the low dielectric constant 
characteristic of the individual compo- 
nent or components of the composite di- 
electric. Cellulose is attributed a dielec- 
tric constant value in the range from 5 to 
7. Tricresyl phosphate has a dielectric 
constant of 7. The dielectric constant of 
ortho- and paracresol is about 6. Yet as 
the resistance of the liquid impregnant of 
kraft paper is decreased from 1 X 10° ohm- 
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Figure 12. Showing the 60-cycle power fac- 

tor of the impregnated kraft paper as affected 

by the composition of the semiconductor im- 
pregnant 


centimeters which is characteristic of tri- 
cresyl phosphate to a value in the range 
from 10 to 50X10°, the capacitance in- 
creases to abnormally high values. The 
relation between the microfarad capaci- 
tance of such a capacitor and the resist- 
ance of the liquid impregnant (tricresyl 
phosphate-cresol blends) is illustrated in 
Figure 16. Figure 17 illustrates the in- 
crease in the capacitance of this same 
type of capacitor when the tricresyl phos- 
phate ‘‘solvent”’ liquid is modified by the 
use of a wide variety of chemical types of 
semiconducting solutes. In similar man- 
ner the capacitance of dielectrics consist- 
ing of linen, cotton, or other cellulosic 
sheet materials is changed by the use of 
semiconducting impregnants. 

An explanation of this abnormal capaci- 
tance behavior is obtained from a study 
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Figure 13. Showing the power factor of im- 
pregnated kraft paper as a function of the type 
and resistivity of the impregnating composition 


of the effect produced when the clamping 
pressure applied to the dielectric is 
changed within wide limits, thereby 
changing the relative amounts of liquid 
and solid present in the dielectric pad, as 
well as changing the total distance be- 
tween the electrode armatures. As is 
well known, in a truly dielectric pad, vari- 
ations of this type are expected to be re- 
flected in a changing electrical capacity of 
the dielectric assembly. When the cellu- 
lose sheet is impregnated with a semi- 
conducting liquid having a resistivity in 
the range from 10 to 20X10* ohm-centi- 
meters, substantially no change in the 
electrical capacity of the dielectric is ob- 
served. This is illustrated in Table III 
and in the data of Figure 18. 

It is apparent that the physical changes 
introduced in the modifications of the di- 
electric described in Table III and in 
Figure 18 cannot involve any change in 
the dielectric constant of the assembly 
which would be of sufficient magnitude to 
explain the results obtained. The answer 
lies in the peculiarities of the semiconduct- 
ing liquid. The true capacitance is deter- 
mined solely by the thickness of the kraft 
paper dielectric used which is in all cases 
0.0004 inch. Modifications in the total 
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Consistency of tor After Impregnation With 


Impregnated Semiconducting Liquid, Per 
Sheet Cent 
TREN Papen ce See else simi! sexs 28-40 
Cellate paper. pe was - 16-23 
Cotton eee oor cee 50-60 
Cellophane.......... we Maren ths 30-40 
Creped kratt.2 acess eae 25-35 
Kraft: ocouiveeies Sa ae tein 3-6 
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Table Ill 


Total 
Dielectric 
Thickness 
Between’ Electrical 
Electrodes, Capacity, 
Dielectric Tn. pf 
1 sheet 0.0004-inch kraft 
DADCH SS retiree nite 0) 0004525152 1.0 
0.00044..... 1,0 
OLO00S 55h 5 1/30 
1 sheet of 0.0004-inch kraft 
paper in series with 1 sheet 
of: 
0.004-inch cheese cloth..... 0.0044...... 1.02 
0.005-inch cheese cloth-.... 0,0054......1.04 
0.007-inch cheese cloth..... O200745 55% 1.00 


0.0075-inch cheese cloth....0.0079...... 0.98 


distance between the electrode armatures 
is offset by the high conductivity of the 
liquid impregnant which in effect serves 
as a high-resistant conductor, thereby 
effectively bringing the electrode surfaces 
in close contact with the surface of the di- 
electric kraft paper sheet. Thus, al- 
though the apparent dielectric constant 
of the assembly is increased greatly by 
the modifications listed, the real dielectric 
constant remains unchanged, the ab- 
normal capacitance increase being 
brought about by the introduction of a 
liquid electrode. 


The Dielectric Strength 


It has long been the desire of electrical 
manufacturers of low-voltage equipment 
to use a thin 1-sheet dielectric. This has 
been especially true in the manufacture of 
low-voltage capacitors rated for operation 
at voltages not exceeding 110 or 220 volts. 
The presence of conducting metal or 
carbon particles in the paper has pre- 


Figure 16. Showing the increase in the 60-cycle electrical capacity 
of a kraft paper spaced capacitor which accompanies the decreasing 
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Figure 14. The power factor of kraft paper 
when impregnated with a cresol—tricresyl 
phosphate blend having a resistivity of 20 X 
10° ohm-centimeters is greatly affected by 
changes in the density of the paper sheet 


vented the practical application of such a 
l-sheet dielectric. When tested over 
limited areas, one sheet of 0.0004-inch 
kraft capacitor paper after impregnation 
with mineral oil or similarly good dielec- 
tric liquid will give a breakdown in the 
range from 200 to 400 volts. When 
tested over a larger area, as in a capacitor, 
such insulation invariably shows little or 
no insulating value, because of short cir- 
cuits produced between the electrodes as a 
result of the presence of conducting parti- 
cles. The same insulation (0.0004-inch 
kraft paper) when impregnated with a 
semiconducting liquid and assembled in a 
loose form, as for example, with a total 
distance between the electrodes about 50 
to 100 per cent greater than the paper 


resistivity of the liquid impregnant throughout the semiconductor 


classification range 
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Figure 15. The power factor of the impreg- 

nated cellulosic insulating pad impregnated 

with a semiconductor composition is a func- 

tion of the amount of kraft paper contained in 
its assembly 


Semiconductor impregnant—cresol-tricresy| 


phosphate composition having a resistivity of 
15 X 108 ohm-centimeters 


thickness itself will show the dielectric 
strength characteristic of the small area 
tests as normally carried out in the 
laboratory examination of oil or Pyranol*- 
treated paper. This is illustrated in the 
data of Figure 19. At room temperature 
(25 degrees centigrade), the dielectric 


* Pyranol is the General Electric Company copy- 
righted trade name which is applied to designate a 
dielectric liquid of the asparel type. 


Figure 17. Showing the change in the 60-cycle capacitance of kraft 
paper spaced capacitors as a function of the resistivity of the semi- 
conductor impregnant 
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Figure 18. A change in the total distance be- 

tween the electrodes of a kraft paper capacitor 

impregnated with a semiconducting liquid is 

not reflected in the 60-cycle electrical capaci- 

tance as long as the kraft paper sheet is not 
altered 


Kraft paper dielectric—one sheet 0.0004-inch 
capacitor paper 
Distance between electrodes obtained by 
variations in the clamping pressure and by the 
use of a porous cheesecloth spacer 


strength of the 0.0004-inch kraft paper 
therein illustrated is 360 volts (900 volts 
per mil). This ability of the one sheet of 
0.0004-inch kraft paper dielectric to resist 
breakdown when inipregnated with a 
semiconducting liquid is associated with 
the ability of the liquid to act as a liquid 
conductor while at the same time mani- 
‘festing a dielectric strength of about 150 
to 200 volts per mil under the usual test 
conditions. The effect of the conducting 
particles in the paper sheet thereby is 
masked effectively. 


The Permalytic Capacitor 


In the industrial application of capaci- 
tors, two requirements are inevitably im- 
posed. The capacitor dielectric must be 
electrically stable and the capacitor must 
occupy the smallest possible physical 
space per microfarad of capacitance. Di- 
electric stability is paramount because of 
the severe conditions of electric stress and 
temperature to which the capacitor may 
be exposed in normal service. 


Figure 20. Comparative size of various types 
of 20-microfarad 110-volt 60-cycle capacitors 


A—DMineral oil, 42.8 cubic inches 
B—Pyranol, 27.0 cubic inches 
C—Permalytic, 11.5 cubic inches 


(A) (B) 
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Figure 19. Showing the 60-cycle dielectric 
strength-temperature relation for a kraft paper 
capacitor impregnated with a tricresyl—phos- 
phate-cresol blend having a resistivity of 10 
to 20 X 10° ohm-centimeters 
Dielectric—1-sheet 0.0004-inch kraft capaci- 
tor paper 
Assembly of capacitor—loosely clamped to 
give a liquid film’’ at least equal in thickness 
to the kraft paper sheet 


In the manufacture of capacitors, 
Pyranol and similar impregnants of the 
askarel type possess advantage. The di- 
electric constant of these impregnants is 
about five. Their use gives the smallest 
physical capacitor volume per microfarad 
of any liquid impregnant heretofore used 
commercially in the manufacture of 
paper-spaced capacitors. However, even 
the application of this type of capacitor at 
voltages in the range of 110 to 220 volts 
gives relatively large physical volume per 
microfarad. The physical volumes per 
microfarad for typical capacitors of this 
type are given in the following tabulation 


—=— ————= — 


2. 400-v ratinge<. ss... u~e os 41.3 cubic in. per kva 
STHi Rare kolitas Sao ooo moc 58.4 cubic in. per kva 
BIE FACING «2,6 +:0 hehlerac 117.0 cubic in. per kva 


The large physical volume per kilovolt- 
ampere of electrical capacity is caused 
principally by the limitations imposed by 
the paper spacer. It has been found on 
the basis of experience that the use of a 
laminated dielectric composed of less than 
three sheets of capacitor paper introduces 
a manufacturing hazard because of the 
presence of conducting particles in the 
paper sheet which greatly affect the di- 
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Figure 22. Showing the 60-cycle power- 
factor—temperature relation for the Permalytic 
capacitor 


Dielectric—0.0004-inch kraft capacitor paper 


|mpregnant—Cresol-tricresyl phosphate semi- 
conductor blend 


electric strength. Nevertheless, even a 
2-sheet dielectric of the thinnest type 
gives a capacitor of large bulk. A 
capacitor containing two sheets of 0.0003- 
inch capacitor paper when operated at 230 
volts, operates at a stress of 383 volts per 
mil. Sucha capacitor occupies a physical 
volume of 45.5 cubic inches per kilovolt- 
ampere. When operating at 110 volts 
the dielectric stress is only 183 volts per 
mil. At 110 volts, such a capacitor occu- 
pies a space of 182 cubic inches per kilo- 
volt-ampere.. Such applications are un- 
economical and are usually objectionable 
because of space limitations. The 
Permalytic capacitor, based on the be- 
havior described for the semiconducting 
impregnated paper spacer, presents an 
economical solution to the problem pre- 
sented. The Permalytic capacitor is de- 
fined as a kraft paper spaced capacitor of 
the usual type, the impregnant of which 
consists of a semiconducting liquid. 

The Permalytic capacitor is character- 
ized by a physical volume equal to about 
40 per cent of that of the askarel type of 
capacitor_and about 30 per cent of the 


Figure 21. Comparative size of various types 
of 115-volt 1-kva capacitors 


A—Permalytic, 270 cubic inches 
B—Pyranol, 620 cubic inches 
C—Mineral oil, 847 cubic inches 


(B) (C) 
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Permalytic capacitor 
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Figure 25. Showing the dielectric stability of the Permalytic 
capacitor on 440-volt a-c intermittent duty 


Voltage application—1!/, seconds on, 581/2 seconds off dur- 


40 60 80 100 ©6120 140 160 


Figure 24. Showing the dielectric stability of 
the 165-volt motor type Permalytic capacitor 


physical volume of the oil or wax impreg- 
nated capacitor per kilovolt-ampere. 
Figures 20 and 21 illustrate the relative 
sizes of typical low voltage mineral-oil 
Pyranoland Permalytictypes of capacitors. 

The Permalytic capacitor operates 
with a power factor of about three per 
cent. It is adapted technically and eco- 
nomically for use at continuous voltages 
up to approximately 220 volts and for 
intermittently applied voltages as high as 
440 or 550 volts, applications where the 
dielectric type of capacitor is economically 
handicapped in its operation. Because of 
its small size and relatively high power 
factor, the problems of heat dissipation in 
operation react against the use of the 


Discussion 


T. W. Dakin (nonmember; Westinghouse 
Research Laboratories, East Pittsburgh, 
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Permalytic capacitor on continuous volt- 


_ ages higher than about 220 volts. 


The power factor of the Permalytic 
capacitor is substantially constant over 
the usual temperature range from 25 to 75 
degrees centigrade. This is illustrated in 
the data of Figure 22. The 25-degree- 
centigrade power factor of 3.5 per cent is 
not exceeded by increase in temperature 
up to 100 degrees centigrade. 

The electrical characteristics of the 
Permalytic capacitor are stable during 
operation on continuously applied volt- 
ages. This is illustrated in the data of 
Figure 23 which describes the behavior of 
a 1-kva 110-volt capacitor operating in an 
ambient temperature of 70 degrees centi- 
grade. In Figure 24 the power factor and 
capacity stability of a 165-volt 20-micro- 
farad capacitor is illustrated, 

In Figure 25 is illustrated the capaci- 


Pa.): F. M. Clark’s paper has demonstrated 


“ experimentally a very interesting phenom- 
enon that may occur in heterogeneous : 


dielectrics. The power factor maximum 
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ing each minute 
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Figure 26. Showing the dielectric stability of 
the Permalytic capacitor on 250-volt a-c inter- 
mittent duty 


Voltage application—1/z seconds on, 581/s 
seconds off during each minute 


tance and power factor stability of the 
Permalytic capacitor rated at 440 volts on 
intermittent voltage duty, 440 volts being 
applied 1'/, seconds in each minute. 
Figure 26 illustrates the dielectric stability 
of the Permalytic capacitor rated at 250 
volts, the voltage being applied for 1'/, 
seconds in each minute. 

In view of the characteristics which 
have been described, the Permalytic 
capacitor offers interesting possibilities 
for those applications where a small de- 
pendable low-cost low-voltage capacitor 


is required. 


‘ f 


shown in Figure 4 of the paper, which re- 
sults when the resistivity of an impregnant 
is decreased, has been observed before. An 
analysis of an equivalent circuit for the 
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Figure 2B 


system, where an essentially loss-free 
capacitance is placed in series with a second 
capacitance which is in parallel with a re- 
sistance, as in Figure 1A of this. discussion, 
will show that the dissipation factor of such 
a combination will increase and pass over a 
maximum as the resistance is decreased, as 
in Figure 1B. The analogy of this circuit 
with the impregnated paper is obvious. 
The capacitance C; and resistance R repre- 
sent the impregnant, and the capacitance C2, 
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the solid paper fiber, the power factor of 
which is neglected. 

Clark’s data show that a minimum occurs 
as the resistance is decreased still further. 
This could occur if there is a resistance 
leakage path around the paper fibers. This 
resistance, therefore, should be much 
higher than the equivalent resistance of the 
impregnant R; shown in Figure 1A of this 
discussion, but should be proportional to it. 
Let it be designated as KR, where K is a 
proportionality constant greater than unity. 
This resistance would appear in parallel with 
the paper fiber capacitance (2, Figure 1A 
of this discussion. Our new equivalent 
circuit then is as shown in Figure 2A. An 
analysis of this circuit shows that its dissipa- 
tion factor has both a maximum and a 
minimum as in Figure 2B like those 
demonstrated experimentally by Clark. 
The expression for the dissipation factor of 
equivalent circuit in Figure 2A is 


(14+ K)+ W?R?K(C?2+K C2?) 
WRi(Ci4+ K2C2+ W?Ri?2K2(C,C22+ C2C)?)) 
=tand 


where 
W =2nf 


Sample calculations using reasonable values 
for C; and C, have shown that the propor- 
tionality constant K should be about 50 to 
100 to get the proper separation of minimum 
from maximum shown by Clark’s data. It 
is assumed that C; and C, are of the same 
order of magnitude, and, for purposes of 
calculation, they are taken equal to the 
dielectric constant times the capacitance of 
a centimeter cube in vacuum. This is con- 
sistent with resistance in ohm-centimeters. 
This calculation shows that the minimum 
occurs at a resistivity of impregnant of 
about 108 ohm-centimeters, which is in 
reasonably close agreement with Clark’s 
data considering the crudeness of the as- 
sumptions made in the calculation. 

A more careful examination of the analogy 
between the equivalent circuit and the 
actual dielectric situation may lead to a 
still better agreement with the experimental 
results. No account was taken in these cal- 
culations of the distribution of space in the 
over-all dielectric between the paper fiber 
and the impregnant; it merely being as- 
sumed that there was an equal and uniform 
mixture of liquid impregnant and _ solid 
paper fiber. 

This equivalent circuit analogy gives an 
explanation of why Clark obtained a sur- 
prisingly low power factor with a rather low 
resistivity liquid impregnant in paper. The 
equivalent circuit analogy for the explana- 
tion of the behavior of composite insulation 
was used by H. H. Race,! and the’ present 
discussion extends the analogy to the spe- 


cial conditions existing 1n Clark’s experi- 
ments. 


REFERENCE 


1, CAaPpacITANCE AND Loss VARIATIONS WITH 
FREQUENCY AND TEMPERATURE IN COMPOSITE IN- 
SULATYON, Hubert H. Race. AIEE TRANSAC- 
TIONS, volume 52, 1933, pages 682-92. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The author is to 
be commended for doing the unexpected in 
developing a suitable dielectric using 
semiconducting liquids. It would be of 
interest to know the specific inductive ca- 
pacity for these capacitors. 

According to the paper, the capacitors 
consist of only one layer of paper but the 
clamping is so loose that the liquid film 
layer is at least equal to the paper thickness. 
By this method, it is indicated that the 
breakdown of weak spots in the paper is 
avoided. This raises the question as to 
whether the liquid=film separation can be 
maintained indefinitely, especially in curved 
portions of the wrappings. 


F. M. Clark: T. W. Dakin’s analysis is of 
interest. In accordance with this analysis, 
leakage measurements over the surface of 
the various types of paper fibers may lead to 
an explanation of the power factor values 
obtained as the composition of the spacer is 
changed. Although not clearly indicated in 
the paper, semiconductor impregnants which 
attack the spacer fiber (pulp) invariably 
give high power factor for the impregnated 
sheet. Furthermore, improperly dried 
cellulose spacers yield higher than the 
normally expected power factor. These 
facts appear to be in accord with Dakin’s 
analysis. 

The specific inductive capacity of the vari- 
ous semiconducting liquids varies widely 
with their composition. Tricresyl phos- 
phate has a specific inductive capacity of 
about 7. Most of the compound blends 
have a specific inductive capacity in the 
range from 6 to 14. Despite this wide range 
of the specific inductive capacity of the 
liquid, the final capacitance of the capacitor 
for a given condition can be predicted 
merely from calculations based on the char- 
acteristic of the treated paper without refer- 
ence to the thickness of the liquid film 
(tightness of clamping). 

Experience has shown that the effect of 
weak spots in the paper layer are eliminated 
effectively by insuring the presence of a 
thick layer of the semiconducting liquid as. 
is obtained by having a loosely clamped 
structure or its equivalent. Dielectric fail- 
ure on life test rarely, if ever, has been 
traced to the presence ‘of conducting par- 
ticles in the paper sheet. 
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A Study of the Relative Severity of 
Steep Front Waves and Chopped 


W aves on Transformers 


F. J. WOGEL 


MEMBER AIEE 


HE USE of reinforced turn-to-turn 

insulation on the line coils of trans- 
formers is nearly as old as the art. The 
amount used was a matter of individual 
belief and custom on the part of the de- 
signer. . The same is essentially true of 
the insulation between coils. In the 
effort to remove empirical practices and 
place design work on a sounder basis, it 
was found necessary to find means of 
evaluating the dielectric strength of line 
coil assemblies as well as to find the ac- 
tual voltage stresses which existed. It 
usually is thought that the dielectric 
strength of assemblies under oil is purely 
a question of the separation and the mate- 
rials. One direct result of this latter 
reasoning is the belief that if a given volt- 
age stress is obtained between the line 
coils of a transformer, it is immaterial 
whether it is the result of a sudden volt- 
age rise as from a steep front wave, or the 
sudden voltage drop obtained by a gap 
flashover. 

It is the purpose of this paper to show 
why the actual strength between coils 
cannot be estimated so easily, and why 
the strength between coils is not the same 
with voltage rise or fall. 

More specifically, a typical arrange- 
ment of transformer winding is studied to 
determine its dielectric strength near the 
line terminals under impulse conditions. 


Paper 47-16, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted October 11, 1946; 
made available for printing November 13, 1946. 


F. J. Vocet is a professor in the department of 
electrical engineering, Illinois Institute of Tech- 
nology, Chicago, II1. 
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It is then apparent that it is difficult to 
estimate the strength of such assemblies 
and that an approximate method for es- 
timating the strength is required. The 
shape of the dielectric field for both steep 
rise and steep collapse of voltage is shown, 
and the relative stress in both cases is es- 
timated. These show that the steep rise 
is generally much more to be feared and 
that special precautions, shielding, or 
special winding arrangements are neces- 


sary. 


General Voltage Stress 
Considerations 


A representative transformer is shown 
on Figure 1. The dielectric field be- 
tween the line and second coil is to be 
studied, and Figure 2 shows a secticn of 
these coils, taken from the area outlined 
by dotted lines in Figure 1. Let us 
first assume that the winding is uni- 
formly spaced. The voltage distribu- 
tion of such a winding is shown on Figure 
3 for a steep front wave. Figure 4 shows 
the dielectric field which would be ob- 
tained with the coil arrangement in 
Figure 2, but with an applied 60-cycle 
test to the whole winding. Figure 5 
shows the dielectric field obtained with 
the voltage distribution shown in Figure 3. 

Figure 5 shows clearly that the dielec- 
tric strength between the two first coils is 
affected by the presence of the whole di- 
electric field. The highest stresses are at 
the points A and B. If the insulation at 


both places is the same or in proportion ~ 


to the stresses immediately at the corners, 
failure along the columns of coils starting 


at B will be no more likely under surge 
conditions than failure from the upper 
corner of the static plate to ground. 
However, it also will be seen that the 
distribution of stress in the dielectric 
at the upper corner of tle static plate 
to ground may be different in the cases 
of Figures 4 and 5. This in turn means 
that the dielectric strength is not the same 
under both conditions. Shielding, by 
placing line potential at the outside of the 
second coil, could make the dielectric 
field in the major insulation approach the 
same shape under 60-cycle and impulse 
conditions, at the expense of insulating 
between the shield and the coil. This 
case is not considered here because it is 
not used universally and is not the gen- 
eral case. 

When a transformer has had a surge ap- 
plied to it, the surge appears to travel 
along its winding as shown in Figure 6, 
taken from a recent AIEE paper.! This 
is representative of transformer windings 
without excessive end turn insulation and 
coil spacing and is referred to for this 
reason. It would be possible to have a 
gap flashover with a relatively steep 
collapse of voltage, when coils 1 to 4 were 
at about the same potential. Figure 7 
shows how different the field conditions 
are when the voltage and dielectric field 
collapse than when it is applied. The 
maximum voltage stress is at C instead 
of A and is of lower magnitude even 
though the stress between coils is the 
same, because the voltage to ground is 
so much less. 


Comparison of Stresses, Initial 
Distribution of Entering Wave, 
or Chopped Waves 


In a previous paper, the effect of the 
entering wave, provided it is of steep 
front, was discussed.? A typical insula- 
tion arrangement was shown similar to 
Figure 2 in this paper and Figure 4 in the 
previous paper. For this condition a 
specific example, that of a 138-kv trans- 
former, was taken and it was shown that 
it could have a full wave surge strength 
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Figure 1. Typical arrangement of core and 
coils in circular coil transformer 


of 760 kv based on a 275-ky 60-cycle test 
with a major stress at A or B. However, 
if the voltage surge were to collapse sud- 
denly, it is seen that the maximum stress 
would be no longer at A or B but at C. 
From Figure 7, it is also seen that con- 
ditions are much better than they pre- 
viously were because the gradient at C 
is much less after flashover than it was 
initially at B, as shown in Figure 5. B 
is now at ground potential and C only at 
50 per cent of the surge voltage at the 
line at the time it was chopped. If C 
were equally as well-insulated as B, and 
the proportions were as shown in Figure 
8 of this paper and Figure 6 of the former 
paper, the total voltage at C could be 63 


Figure 2. Section of line coils and static plate 
in dotted section_of Figure 1 
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PERCENT VOLTAGE TO GROUND 


PERCENT OF WINDING 


Figure 3. Typical voltage distribution of steep 
front surge a = 14, 40 coils, with no voltage 
penetration 


This is case where there is a large number of 
turns in the line coils 


per cent of that originally from A to G. 
If the original surge strength at A was 
820 ky, the dielectric strength from C to 
B should then be 518 kv. If because of 
distribution, the voltage at C is only 50 
per cent of the original surge, it would be 
only 380 kv or less. Without going into 
further detail, it is seen that the conditions 
are vastly different. In fact I believe 
that because of distribution of stress, 
many transformers have been built 


| 


Figure 4. Approximate field plot of dielec- 
tric field adjacent to section shown in Figure 2 
during 60-cycle test 


with point C insulated for about two- 
thirds of the strength of B, and have 
withstood both impulse tests of the Ameri- 
can Standards Association type and steep 
fronts in the order of those stated in the 
previous paper.2 Another way of saying 
this is to state that the voltage stress at 
C for the chopped wave, as compared 
to that at B on initial distribution, is 
only about 65 per cent. In a recent dis- 
cussion,’ kilovolt values of 412 for 
chopped waves and 347 for steep front 
Waves were quoted for stresses between 
coils with 2-per-cent turns. If the 412 
kv were derated on the aforementioned 
basis of severity, it would become equiva- 
lent to 4120.65 or 267 kv as compared 
to 347 kv for the steep front, although 
this is still not quite a true picture of the 
actual comparative strengths because 
time factors are not considered. 

Besides the coil edges, the flat area 
between the coils and the turn-to-turn 
insulation is stressed. The field between 
flat coil surfaces is obviously less con- 
centrated than at the coil corners, and 
failure at the corners would be expected 
unless faulty oil impregnation or mate- 
rial were obtained. Likewise, core type 
transformers seldom have more than 50 
volts per turn based on their normal 60- 
cycle rating. If so, a similar transformer 
to the one just discussed would have not 
over 2,760 total turns. Two per cent 
would be 55 turns. If the turn-to-turn 
stress were distributed fairly evenly, we 
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Figure 5. Approximate field plot of dielectric 
field under impulse conditions as shown in 
Figure 3 
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2. STANDARDS AND INSULATION CHARACTERISTICS 
OF O1-INSULATED TRANSFORMERS, F, J. Vogel. 
AITEE Transactions, volume 64, 1945, April sec- 
tion, pages 167-71. 
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J. H. Hagenguth (General Electric Com- 
Pittsfield, 


pany. Mass.): The meat of Pro- 
‘fessor Vogel’s paper seems to be in the first 
paragraph under ‘Comparison of Stresses, 
Initial Distribution of Entering Wave, or 
Chopped Waves.” Unfortunately sabes 
the use of numerical values for several 
different coil stacks is confusing and the 
proof of his statements cannot be verified. 
It is possible that Professor Vogel intends 
to point out that for the steep-front chopped 
waves, the relative stress between coils is 
greater than for the standard chopped 
waves because of the simultaneous existence 
of high coil-to-coil and high coil-to-ground 
stresses. (Figure 5 of paper). The coil-to- 
ground stresses then may initiate a break- 
down of the insulation to ground at B, 
which, in turn, might result in a coil-to-coil 
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failure from B to C because of the high 
stresses existing between these two points. 
For chopped waves (Figure 7 of paper) the 
situation is considerably more favorable in 
his opinion, because at the time of high 
coil-to-coil stress from B to C, point B is at 
ground potential and the failure cannot bé 
initiated at that point. 

However, such an analysis neglects the 
facts that 
1. Coil-to-coil stresses may be higher than those 
obtained by the initial distribution of Figure 3 of 


the paper at times other than those accounting for 
the initial distribution. 


2. Stresses to ground are produced at points B 
oe C by the chopped wave previous to the chop- 


C * 


Professor Vogel, in reference 2 of his 
paper, assumes a ratio of crest voltage of a 
steep-front wave chopped at 1 us to a 
chopped wave chopped at 3 ys of 1.25. This 
implies that the strength of the insulation 
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to ground at B is then equivalent for a steep 
front chopped wave and for a wave chopped 
at 3 us, respectively. Therefore, if the in- 
sulation to ground is insufficient for one, it 
will fail also on application of the other 
type of wave. 

Highest coil-to-coil stresses are not 
necessarily coincident with the initial dis- 
tribution. They may occur either before or 
after the crest of the applied wave is reached. 
Figure 1 shows how coil-to-coil stresses on 
the front of the chopped wave reach their 
maximum peak before crest is reached, while 
after the chop, maximum stress of opposite 
polarity is obtained approximately 0.3 ys 
after the applied wave has decayed to zero. 

I believe the fundamental difficulty in 
arriving at definite conclusions lies in the 
fact that the relative severity of the two 
types of waves varies greatly with different 
types of transformers and depends prin- 
cipally on the following factors: natural 
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} 
frequency of oscillation, turn density per 
inch length of winding, degree of shielding, 
shape of the applied wave and the volt—time 
curve of the insulation and electrode as- 
sembly. 

In general, the relative severity will vary 
from one transformer to another, and it is 
impossible to promulgate general con- 
clusions as Professor Vogel attempts to do. 

Several papers’? have been written in 
the past few years which show that the bus 
voltages in stations protected by lightning 
atresters are held well below the full wave 
test levels of the transformers in the stations 
investigated. Judging from the data col- 
lected in such field investigations, and based 
on service experience and service require- 
ments, a thorough study of the insulation 
test levels might prove valuable. 
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J. R. Meador (General Electric Company, 
Pittsfield, Mass.): F. J. Vogel has pre- 
sented an interesting discussion of the di- 
electric field at the line end of a small un- 
shielded core-type transformer. It is obvi- 
ous, as pointed out by Vogel, that the dielec- 
tric field at the edge of a coil depends not 
only on the voltage to the adjacent coil but 
also on the location of ground. Numerical 
values are used to illustrate the method of 
attacking the problem. The values used, 
however, appear to be taken from such un- 
related sources that the general conclusions 
are questionable. 

The original assumptions are that the 
winding is uniformly spaced (that is, turns 
per coil and coil ducts are the same in the 
body of the winding as at the ends) and has 
the proportions shown in Figure 2 of the 
paper. For such a winding the impulse 
voltage distribution in Figure 3 and the field 
plots in Figure 4 and Figure 5 are un- 
doubtedly correct. The field plots show the 
spacing between coils to be one-half the 
spacing to ground. Surely this is not repre- 
sentative of a 138-kv winding. Such a space 
factor does not appear to be practical, even 
for a high voltage unshielded winding. If 
the proportions are not representative, then 
the conclusions regarding the voltage 
stresses at the coil edges have limited va- 
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wave chopped at 5us is 
applied 
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lidity. Also, there is no reason to believe that 
the voltages across two per cent of winding 
given in reference 3 were froma transformer 
whose proportions were similar to those in 
the field plots. 

The rather broad conclusions concerning 
turn insulation also appear to be drawn from 
meager data. Taking Vogel’s assumptions 
and applying them to a large transformer, 
some radically different conclusions can be 
drawn. Assume a  Y-connected, un- 
shielded 132-kv transformer with 200 volts 
per turn rather than 50, and 60 coils instead 
of 40. With winding uniformly spaced, the 
turns per coil is between six and seven. 

In an unshielded winding of this sort the 
static plate has little effect on the impulse 
voltage distribution, except across the line 
coil. The voltage distribution is, however, 
sensitive to rate of change of voltage. In 
fact, for very steep waves, the turn to turn 
voltages near the line end are, in a rough 
way, proportional to the rate of change of 
voltage. Onthe American Standards Asso- 
ciation chopped wave the voltage drops 
from 750 kv to essentially zero in 0.05 to 
0.2 microsecond. Taking an average value 
of 0.1 microsecond, the average rate of 
change of voltage is 7500 kv per micro- 
second. Contrast this with the usual steep 
wave test which rises at 1000 kv per micro- 
second. The turn to turn voltages on the 
chopped tail actually will not be 7.5 times 
as much as on the steep front. However, a 
ratio of two or three to one would be ex- 
pected. The coil to coil voltages also would 
be higher on the chopped tail but not neces- 
sarily in the same ratio. 

With regard to actual turn stresses, the 
first few coils will have turn to turn voltages 
approximating what is obtained by assum- 
ing a 7500-kv-per-microsecond front pene- 
trating the winding in traveling-wave 
fashion. If the developed length of a turn 
is, say, 14 feet, the turn voltage will approxi- 
mate 14/1,000*7,500=105 kv (where 
1,000 feet per microsecond is the assumed 
rate of propagation). Some 10 per cent to 
20 per cent from line end tests on coils of 
this type have shown the turn voltages are 
one-half or less of those near the line end. 
The coil to coil voltages have a similar 
ratio. 

My conclusions for the large transformer 
are 


1. That the turn to turn voltages at the line end 
are not negligible by any means. 


2. That the turn to turn voltages at the line end 
are at least twice as great as in the main body of 
the winding. 


3. That the turn to turn voltages at the line end 
on the chopped wave tail are at least twice as great 
as on the steep wave front. 


Of course, it should be pointed out that 


the effect of the rapid voltage decay on the 
tail of the steep wave is similar to that of the 
chopped wave. However, Vogel’s con- 
clusions are based entirely on the front of 
the steep wave and the tail of the chopped 
wave. 

This discussion is not an argument for or 
against steep waves or chopped waves but 
merely an attempt to show that the author’s 
conclusions are too broad to be drawn from 
the evidence presented. 


F. J. Vogel: I was very much interested in 
J. H. Hagenguth’s discussion, because in 
previous discussions he brought out the 
opinion that chopped waves led to high 
coil to coil voltages and therefore were about 
as dangerous as stresses on the front of the 
wave which actually resulted in slightly 
higher coil to coil voltages. This was as 
much of a generalization as any I have 
attempted, and one I do not believe to be 
true on the basis of this paper. 

In presenting my paper, I stated that 
there had been many statements made which 
were not generally true, and that in this 
paper one particular case was presented and 
analyzed, and logical conclusions for this 
one case drawn. If this point of view is ad- 
hered to, I do not believe that there is too 
much difficulty in following the first para- 
graph under ‘Comparison of Stresses, 
Initial Distribution of Entering Wave, or 
Chopped Waves.”’ 

However, Hagenguth truly did under- 
stand the point made regarding the severity 
of the stresses between coils as indicated in 
the second paragraph of his discussion. In 
the case shown in Figure 6 of my paper, the 
coil to coil stresses between the line coils are 
clearly higher in the initial distribution than 
at any time later. However, as Hagenguth 
states and later shows, they may be higher 
provided the line turns are heavily rein- 
forced and oscillated with the main body of 
the transformer winding. This is not a 
desirable construction in my opinion; all 
design engineers may not desire to follow it, 
and those that do not should not be forced to 
tse unfiecessary reinforcing for empirical or 
other reasons. Thus, fact number one does 
not apply to the conditions given. 

The second fact cited is true, that stresses 
to ground are produced at edge C by 
chopped waves before chopping, or by full 
waves also. However, the stress at B is 
lower the higher the actual potential is at C, 
so what of it? In spite of what might appear 
to be the general tenor of these remarks, I 
believe that the first steps to agreement have 


been taken in recognizing the fact that what 
“may be true for one design practice may not 


be for another. Also, it is not desirable to 
burden one practice with the requirements 
of another provided a serviceable design that 
can be proven is obtained. The latter part 
of Hagenguth’s discussion leads in this 
direction, and to this I can subscribe com- 
pletely. 

I think J. R. Meador’s discussion, too, 
assumes some statements that were not 
made. I did not state that the field plots 
shown were exactly the same as those en- 
countered in a 138-kv design, but I can 
assure him that the proportions and 
voltages between coils are in the same order 
as many that have been designed and tested. 
How they were obtained can not be de- 
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scribed in detail because I do not feel that I 
am free to do it, but his statement as to 
space factor is his assumption and is not 
true. Meador is entirely correct in one re- 
spect, however. In the case of a very large 
transformer, few turns per coil may require 
more turn insulation than in the transformer 
I described. However, 50 volts per turn 
could correspond to about 15,000 kva for a 
3-phase core-type transformer, which is 
reasonably large. Because the kilovolt- 
amperes vary about as the volts per turn 
squared, 200 volts per turn would be used 
for a whopper, but Meador did not give 
figures for the size that he assumed using 
his design procedure. 

I was very much interested in Meador’s 
statements regarding penetration of voltage 
into the line coils. The methods used are 
questionable and not entirely sound, but 
even so I can agree partly to his conclusions 
and still not seriously invalidate my own 
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reasoning. For example, if we had 50 per 
cent of the voltage on the chopped wave 
across two coils, we would have 750 kv di- 
vided by 24 between turns, or about 30 kv 
between turns instead of 105 ky. In this 
case, the copper would be quite heavy, and 
the space required by the turn insulation 
not great in proportion to Meador’s use of 
1,000 feet per microsecond as a rate of wave 
penetration is far too small, the surge actu- 
ally being transmitted much faster because 
of the capacity between the static plate and 
the adjacent turns as well as the capacity 
between turns. The turn-to-turn-insulation 
should be in proportion to the requirements 
for extemely large units, just the same as the 
coil-to-coil insulation should be in propor- 
tion to the requirements. Incidentally this 
type of winding might not be used, because 
parallel paths or windings could reduce the 
stresses and improve the winding. If 
Meador’s conclusion read that the “turn-to- 


turn stresses at the line end for extremely 
large units or heavy currents are not always 
negligible,” it would not conflict violently 
with the conclusion that turn-to-turn insula- 
tion is not the limiting feature ‘in most 
cases.”’ 

With respect to Meador’s third conclu- 
sion, it might be noted that a steep front 
wave has both a front and tail, as he states, 
and the coil-to-coil insulation still may be 
stressed more severely on the front of the 
wave than on the tail. 

Again, I wish to give my belief that there 
is not a complete difference of opinion be- 
tween these discussions and the content of 
my paper, but a difference in the extent to 
which the conclusions can be applied. I 
think that the study for the revision of 
dielectric tests for transformers is helped by 
the discussion. I hope that in this closure I 
have answered satisfactorily most of the 
important objections raised. 
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The Application of Lead Networks and 
Sinusoidal Analysis to Automatic 


Control Systems 


GEORGE J. SCHWARTZ 


ASSOCIATE AIEE 


Synopsis: Design considerations relating to 
the construction of a high performance 
servomechanism are discussed here. In par- 
ticular, the improvement in performance 
that may be achieved through the use of 
- lead networks* and the valuable guides to 
system synthesis afforded by sinusoidal 
analysis!—* are demonstrated. Direct refer- 
ence to an armature-controlled d-c motor 
- system** designed by the author is made 
and its dynamic characteristics are con- 
sidered in detail in order to show the correla- 
tion between theory and practice as applied 
to a servomechanism design. 


RMATURE-CONTROLLED~ d-c 
motor servomechanisms have been 

built in great quantities during the past 
five years. In such systems a two stage 
d-c generator often serves as the primary 
power source controlling the servomotor. 
The motor, in.turn, is driven by the gen- 
erator output voltage which is roughly 
proportional to the error in the closed- 
cycle system. The simple automatic con- 
troller thus formed suffers the inherent 
limitation of a tendency toward instability 
for any reasonable degree of static 
stiffness. Stabilized operation can be 
attained, however, through the introduc- 
tion of high-pass degenerative output 
feedback, often referred to as antihunt 
control. A servomechanism of this type 
is indicated in Figure 1. Such systems 
provide high positioning and following 


* A lead network is defined as one which introduces 
a positive phase angle which increases with fre- 
quency in the frequency range over which the servo 
system operates. 


** The servo system described in this paper was 
developed while the author was associated with the 
servomechanisms laboratory of the Massachusetts 
Institute of Technology, Cambridge, Mass. 
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accuracy and it is possible to obtain ratios 
of input velocity to positional error or lag, 
commonly called the velocity-error con- 
stant, greater than 600 radians per second 
per radian of error. When still higher 
accuracy is necessary it may be provided 
by cascade circuits in the electronic am- 
plifier, which produce additional error 
compensation or integral control. f 

The use of an anticipatory or lead net- 
work in conjunction with the output feed- 
back can increase the natural frequency 
greatly and hence the transient perform- 
ance of a system. The increased natural 
frequency of the system often can make 
possible such an increase in steady-state 
accuracy that integral control or other 
error-compensation means are unneces- 
sary. 

A detailed consideration of the synthe- 
sis and design processes involved in pre- 
dicting the optimum type and amount of 
control effects to introduce into a high 
performance control system is beyond the 
scope of this paper. This subject already 
has been treated at length in the litera- 
ture.o~ 

The prescribed aim of this paper is to 
demonstrate, with the aid of transfer loci, 
the improvement in a d-c motor control 
system that may be achieved through the 
use of output feedback and one type of 
anticipatory network. Only the mathe- 
matical preliminaries to the synthesis or 
analysis of a control system will be con- 
sidered. 

The system to be considered is indi- 


+ Integral control may be defined as a control ef- 
fect whose magnitude is proportional to the inte- 
grated effect of all previous errors. 


cated in Figure 2. The considerations 
presented in this paper, however, are not 
peculiar to this type of servomechanism 
but may be applied to many control sys- 
tems. The approach offered is particu- 
larly applicable to those systems employ- 
ing dynamoelectric amplification of the 
Ward Leonard or amplidyne variety. 

Although the mathematical analysis 
presented presupposes a linear system, 
the same families of transfer loci and 
resonance curves may be constructed, 
through physical measurements, for non- 
linear systems. Useful guides to nonlin- 
ear system design may be obtained by 
applying the same stability and perform- 
ance criteria to these experimentally de- 
rived curves. 


The D-C Motor Servomechanism 


The lags resulting from energy storage 
in the electromagnetic elements and the 
inertial effect of the power motor and 
controller output member are the prin- 
ciple factors limiting the transient per- 
formance of the simple servo systems 
represented by Figure 1. These basic 
systems also display limited response 
speed and often large transient errors be- 
cause of the relatively large time constant 
unavoidably associated with the feed-back 
and error correction circuits. The system 
accuracy under sinusoidal and random in- 
put conditions improves as the output 
feed-back time constant is reduced. How- 
ever, the oscillatory tendencies of the 
system also are enhanced by shortening 
this time constant. The accuracy of such 
systems under transient conditions there- 
fore is determined to a great extent by the 
degree of stability required. 

The delays inherent in the ampli- 
fier-generator and the antihunt control 
associated with it may be compensated 


Paper 47-7, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter meeting, New York, N. Y., 
January 27-31, 1947. Manuscript submitted 
August 16, 1946; made available for printing 
October 28, 1946. 
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Figure 1. Armature-controlled d-c motor servomechanism 


partially through the introduction of 
anticipation, or derivative action, into 
the amplifier controlling the fields of the 
amplifier-generator. The use of either 
output feedback or lead networks alone 
may produce tolerable results, but the 
combined action of both effects in proper 
proportion can produce excellent opera- 
tion for a properly adjusted system. 


Mathematical Analysis 


A mathematical analysis is valuable in 
predetermining quantitatively a con- 
troller design and in explaining various 
phenomena which appear in the response 
of the completed system. For more com- 
plicated control systems, of which most 
servomechanisms are typical, the use of 
the sinusoidal analysis yields a solution 
which is handled easily and from which 
results are obtained readily. The trans- 
fer functions* provided by the sinusoidal 
approach are particularly potent in the 
consideration of servo systems with com- 
pensating feedback and lead networks. 

The transfer function permits a de- 
tailed study of the dynamic characteris- 
tics of the various elements of a control 
system and the product of all the compo- 
nent transfer functions yields the trans- 
fer function for the over-all system. 

The tranfer function for a physical sys- 
tem will be, in general, of the form 
*0ld0) _ FG) 
€( jo) 

_ K(1+4ijo)(1+arjo) (1 +asje) se rs 

| jo +bi jee) (1+b2ja)A+bsjo) ... (2) 


where K, a, b,, and so forth are physical 
constants of the system, 0,(jw) is the servo 
output or response function, and e(jw) is 
the error function of the complex fre- 
quency vector jw. 0,(jw) and e(jw) are re- 
lated to the input or driving function 
6;(jw) by the relationship 


€( jw) = 04! Joo) — Bol jw) (2) 


* A transfer function is the vector ratio of the out- 
put to input of any physical system specifying the 
performance of that system as a function of the fre- 
quency of its input. 
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The magnitude of many of the physical 
constants determining the factors in this 
expression are at the discretion of the 
servo designer, and it is possible to modify 
certain of these factors and to intro- 
duce others so as to produce a more de- 
sirable transfer function. In regard to 
the d-c motor systems already described, 
both the magnitude and time constant 
of the anticipation and output feedback as 
well as the amplifier-generator gain, in 
general, may be varied at will in order to 
produce optimum performance. 

Sinusoidal analysis is especially valu- 
able because the transfer locus, or com- 
plex vector plot of the transfer function, 
clearly depicts the changes in system per- 
formance accomplished through the in- 
troduction of a wide range of control ef- 
fects and the variation of certain of the 
physical constants involved. 


Formulation of 
System Transfer Function 


The first step in the analysis of an ex- 
isting or proposed servomechanism is the 
formulation of its basic transfer function. 
The transfer function for the system un- 
der consideration will now be derived. 

(a). The control preamplifier contains a 
linear voltage amplifier and a compensat- 
ing or lead network as shown in Figure 3. 
If the voltage amplifier is assumed to be 
ideal—constant amplitude and zero phase 
shift response—the compensated pream- 
plifier can be shown to have a response 
characterized by the equation 


Output voltage er 

Input voltage Pie! 
a Ry 14+-RiG jo 
"Ri+R. RR. (3) 


where K, is the constant d-c gain of the 
voltage amplifier. Other constants are 
designated in Figure 3. 

This expression is simply the transfer 
function for a linear amplifier with antici- 


Figure 2. D-c motor 
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servomechanism with output feedback and 
cascade lead network 


pation or derivative control added. If 
the following quantities are defined: 


7, =lead network time constant 
RR: 
Se, 
Ry + Re 


Ri+R 
Ay=lead network attenuation = aac 


2 
the preamplifier transfer function be- 
comes 
Ey Kz 1+A,Trjw 
ae. Ea @ 


(b). The transfer function for the out- 
put feed-back circuit is easily found to be 


Eor Ye R3 Co jw 


See 
Eo 1+R; Cy jw : (5) 


where K; is the percentage of amplifier- 
generator output voltage fed back. 

If the output feed-back time constant 
is defined as 


Tor = R3C, (6) 
then 


Eq 1+Torjw _ 

(c). The transfer function for the am- 
plifier-generator is merely the ratio of 
armature open-circuit output voltage to 
control field current. If the generator 
first-stage control fields are driven from 
high resistance pentodes the resulting 
control field time constant is negligible. 
The only important time delay in the am- 
plifier-generator, therefore, is that ef- 
fecting the build-up of flux in the fields of 
the second stage. If, as was done in the 
system under consideration, the ampli- 
fier-generator is compensated completely 
for cross-magnetization and armature re- 
action effects, the amplifier-generator- 
time constant T, is simply the ratio of 
armature inductance to resistance. The 
transfer function for the simplified am- 
plifier-generator becomes 


Samat eae xc) 
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Schematic diagram for complete 
servo system 


Figure :3. 


where 


Eo=amplifier-generator open-circuit output 
voltage 

Iy=control field current 

Ks=amplifier-generator gain in volts per 
ampere 

SOTO 


(d). The derivation of the servomotor 
transfer function is simplified if the in- 
ductance of the motor armature circuit 
is neglected. In many practical applica- 
tions this assumption is valid. The fol- 
lowing voltage and torque relationships 
yield the motor transfer function or ratio 
of shaft angular position to applied arma- 
ture voltage. 

Amplifier-generator generated voltage 
=E, 


dO 
=Ky— + (Rat Rw lo (9) 


Motor torque = 


0 xe 
=(Jy+N*Jz) "ai: 


(10) 


where K, is the motor torque per unit 
current, Ky is the motor back electromo- 
tive force per unit speed, and NJ, is the 
effective load inertia reflected to the mo- 
tor shaft. 

From equations 9 and 10 


doy (RatRm)(Jut+N7Jz) 
fe ee 
Oo Laer “te ie < 
dO 4 
— (ll 
a (11) 


For the case of the sinusoidal functions 
to be considered here, we may let jw rep- 
resent differentiation with respect to 
time, hence 
d d? 


no” dt — 
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Equation 11 may be reduced to 


Ou 1/Ky 
Eo: | (RatRu)(Jut Nz) . ] (12) 
jo) 1+ qo 


KrKy 
If we define the output time constant 


~ (Ra tRyu)(Ju+N7Jz) 
KrKy 


To (13) 


then 


Ou 1/Ky 
Eg jw(1+T je) 
and because 


6,=Neu (15) 


Eo jo(1 =e Ty jw) 

In the special case of an unloaded mo- 
tor (J; = 0) driven from a zero impedance 
source (R, = 0) this output time con- 
stant simplifies to the basic motor time 
constant 


_ Rusu 


= 17 
Krky Ce 


M 

(e). If the individual control elements 
of Figure 3, namely, amplifier, feed-back 
circuit, amplifier-generator, and servo- 
motor, are considered now in their proper 
physical relationship, the following ex- 
pression results: 


Ky, 1+AzTy jw 
lec ae 

Tor jeEo 
* 1+Tor je 


|x: (18) 


Combining the expression for servo er- 


Figure 4A. Soave block diagram 


ror, e=K,(6; — 9,), with equations 8, 16, 
and 18, the complete system transfer 
function results 


6 
(jo) 
€ 
os NKiK2K3K4(1/Ky)(1/Ax) 
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Value of Transfer Function 


It should be stressed that the servo- 
analysis thus far has considered only the 
system transfer function or ratio of servo 
output to servo error. No mention has 
been made yet of what would appear to 
be the servo designer’s primary concern, 
namely the ratio of servo output to servo 
input. The emphasis on error rather 
than input was intentional and is based 
on the following points: 


1. Stability, the fundamental requirement 
of a servo, depends solely on output as a 
function of error not of input. 


2. The sinusoidal analysis of a servomecha- 
nism is based on properties of its system 
transfer function. 


3. If the transfer function of a system is 
known, the response or output-input vector 
ratio easily can be derived both graphically 
and analytically. Consider for example the 
servo represented in Figure 44. If this 
system is characterized by a transfer func- 
tion 6o(jw)/e(jw) = F(jw), then the response 
function @(jw) /0:(jw) is related to the trans- 
fer function by the expression 


ye mn 
Plea (jw) 
__ Fie) 
14+ F(je) 


A similar relationship exists for a feed-back 
amplifier having a direct gain or transfer 
function » and a feed-back factor—8. 
Under these conditions the over-all response 
or amplification for the amplifier is expressed 
by 


(20) 


Output voltage a 


Input voltage 148 


The servomechanism is a special case of the 
feed-back amplifier in which B=1. 


Figure 4B. Typical servo transfer locus 
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Consider now the typical transfer locus 
sketched in Figure 4B. The vector OA is 
seen to represent the value of the transfer 
function F (yw:) while the vector JA rep- 
resents 1 + F (zw) at the angular fre- 
quency w;. The system response to that 
frequency therefore is represented by 
equation 20 and is equal to the ratio of the 
vector OA to the vector JA. 


Physical Characteristics 
of Servo System 


Having derived the transfer function 
for the servomechanism, the physical 
constants of the system should be evalu- 
ated next by calculation or measurement. 
The system under discussion was typical 
of many power drives in the 1-horsepower 
class built for military application. The 
servomotor employed was rated at 1/2 
horsepower at a speed of 3,000 rpm and 
was geared to its output or load member 
through a reduction of 432 to 1. The in- 
ertia of the load was 20,000 pound-feet- 
squared. A synchro data transmission 
system operating at 36 times the speed of 
the load was used to measure error in the 
system and supply appropriate electrical 
signals to the electronic control amplifier. 

The time constant for the 500-watt 
amplifier-generator employed was cal- 
culated to be approximately 0.02 second. 
The output voltage was directly propor- 
tional to control field current up to 75 per 
cent of rated output voltage, thus indi- 
cating no excessive magnetic saturation 
in the iron. The generator gain over the 
linear range was approximately 45 volts 
per milliampere. The amplifier-generator 
well represented an ideal generator in 
displaying an internal resistance of only 
20 ohms. 

On the. basis of the expression previ- 
ously derived, the servomotor time con- 
stant Ty = RyJu/KrKy was calculated 
to be 0.024 second. This figure, of course, 
has no practical significance because the 
motor as employed in a servo system is 


Table I. 


Motor to load gear ratio 
Synchro sensitivity (for 36 speed synchro system) 
Voltage amplifier gain 

Power amplifier gain 
Amplifier-generator gain 
Feed-back factor 

Motor torque sensitivity 

Motor voltage sensitivity 

Lead network attenuation 

Lead network time constant 
Output feed-back time constant 


Amplifier-generator time constant 
Load inertia 

Motor inertia 

Motor armature resistance 
Amplifier-generator armature resistance 
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Amplifier-Generator 


Figure 5. Transfer loci 
for complete control 
systems and their indi- 
vidual components 
N 1 
Kv jo +Tojw) 
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coupled to a large inertial load and 
driven from a generator of finite imped- 
ance. The actual output time constant 


_ (Rut+Ra) Sut N*Jz) 


= 1 
0 Krky (13) 


was 0.24 second. The load inertia almost 
quadrupled the original time constant and 
the amplifier-generator armature resist- 
ance of only nine ohms served almost to 
triple this figure. The desirability of low 
load inertia and the importance of design- 
ing for low armature resistance are ap- 
parent. 

The output torque of the servomotor 
was proportional to motor armature am- 
peres up to one-half of rated current; 
motor torque sensitivity Kp over this 


and Control Circuit Constants 


N =1/482 
Ki=2,060 volts per radian 
Kez =7.1 (21.3 for curve C of Figure 9) 

K3=0.002 ampere per volt 

K4=45,000 volts per ampere 

Ks=0.5 

K7=0.47 pound-foot per ampere 

Ky=0.64 volt per radian per second 

AL=11 

TL=0.009 second _ s 
Tor=0.50 second (4.0 seconds for curve D of 

Figures 8 and 9) yk = 

TA=0.021 second 
JL=20,000 pound-feet? 
Jm=0.048 pound-foot? 

Rmu=5.75 ohms 

RA=9.0 ohms 


+90° 


Fp(jw) 


Fe) ae (J) Fp (jw) 


¥ 


range was approximately 0.47 pound-foot 
per ampere. 

The values of pertinent amplifier-gen- 
erator and control circuit constants are 
tabulated in Table I. 


Sinusoidal Analysis 


Having derived the transfer function 
for the system and determined the values 
of the unalterable parameters involved, 
the function should be plotted with the 
ultimate aim of detecting the effect of the 
individyal components and control ef- 
fects on the over-all system response. 

The manner in which the transfer func- 
tions for the individual components com- 
bine to produce the complete system locus 
is indicated graphically in Figure 5. 
Curves a, 6, c, and d are plots of the trans- 
fer functions for the output members 
(equation 16), the amplifier-generator 
(equation 8), the output feedback (equa- 
tion 7), and the lead network (equation 
4), respectively. These curves indicate 
the general shape of the functions but are 
not plotted to scale. The arrowheads on 
the curves indicate the direction of in- 
creasing frequency. 

Curve e is derived from curves b and ¢ 
and represents the amplifier-generator lag 
factor as modified by the re-entrant out- 
put feed-back loop. This factor appears 
in the denominator of the complete sys- 
tem transfer function (equation 19). The 
mathematical relationship between curves 
b,c, and e is indicated also in Figure 5. 

The elimination of both output feed- 
back and anticipation from our complete 
control simplifies the system and modi- 
fies the transfer function to the basic 
form 
6o,. ._ NKiK2KsKa(1/Ky) (1/Az) 


LS er ee) 


The locus for this function is formed 


(21) 
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ANGULAR FREQUENCIES — 
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from curves a and b of Figure 5 and is 
plotted as curve A. 

The addition of output feedback to the 
basic system modifies the transfer func- 
tion to the form 


tF) 
= (jo) 
(3 
4 NK,K2K3Ks(1/Ky)(1/Ar) 
K3Kuksl ori 
fo(1+To ju) (= +1+T sje) 
1+T orjw 


(22) 


The locus for this function is the prod- 
uct of curves a and e and is plotted in 
Figure 5 as curve B. 

The complete system function (equa- 
tion 19) likewise is determined from the 
vector product of curves a, e, and d and is 
sketched in Figure 5 as curve C. Trans- 
fer loci for the complete power drive 
(equation 19) and its two modifications, 
(equations 21 and 22), are plotted to scale 
in Figure 6. 

Equations 21 and 22 show that the ef- 
fect of adding output feedback to the 
uncompensated system is to change the 
amplifier-generator lag factor from (1 + 
T4jw) to 
K;K4K5T orjo 


Tas 
tT ajot tT Apa 


The tendency of the output feedback 
to increase, at low frequencies, the lag 
introduced in the system by the amplifier- 
generator may not be completely appar- 
ent from these expressions; the transfer 
loci for this system, however, show this 
effect with considerable clarity. 

Further analysis of the transfer loci can 
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Figure 6. Transfer loci for d-c motor servo- 
mechanism demonstrating effect of output 
feedback and lead network 


A—Basic d-c motor system 
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B—System with output feedback 
Tor =0.5 second 
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C—System with lead network and output 
feedback 

Tor =0.5 second 

Tz =0.009 second 
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be guided by a few fundamental proper- 
ties of servomechanisms, feed-back ampli- 
fiers, and any closed-loop system. For 
example, a system is unstable if its trans- 
fer function, when plotted from negative 
to positive infinite frequency, embraces 
the point (—1+ 0). It also follows that 
the oscillatory tendencies of a system are 
indicated by the proximity of its trans- 
fer function to the (—1 + 70) point at 
any frequency. The characteristic of 
prime importance for a fast servomecha- 
nism is that the portion of the transfer 
locus which most closely approaches this 
point in the complex plane be of high fre- 
quency and that this portion besufficiently 
remote from the (—1 + j0) point so that 


a preset condition of stability is not ex- 
ceeded. 

With these properties of the transfer 
function in mind, the curves of Figure 6 
clearly display the improvement in sys- 
tem performance made possible through 
the combined action of output feedback 
and a lead network. 

Curve A shows the basic uncompen- 
sated servo system to be violently un- 
stable unless the system gain or static 
stiffness is reduced to a small fraction of 
the value permitted by a well-stabilized 
system. For any practical purpose this 
system is useless. Adding the output 
feedback has a tremendous stabilizing 
effect and produces a very practical sys- 
tem as indicated by curve B. The addi- 
tional degree of stability and increased 
resonant frequency required for a high 
performance system are afforded through 
the use of the anticipation network. 
The transfer function for a d-c motor sys- 
tem modified by both output feedback 
and a lead network is plotted as curve C. 
This transfer locus represents the com- 
plete system already described. 

These loci are plotted to a logarithmic 
amplitude scale in Figure 7 in order to 
describe the transfer functions over a 
more complete frequency spectrum. The 
pronounced effect of the output feedback, 
particularly at low frequencies where it 
tends to introduce an additional 90-degree 
lag in the system, is more obvious from 
these curves. The effect of the lead net- 
work is also shown to be concentrated in 
the relatively narrow band of frequencies 
about resonance (for normal ‘“‘fast’’ sys- 
tems this band is from w = 10 tow = 
100). 

Curves B and C are replotted to an ex- 
panded scale in Figure 8 to emphasize 
further the effect of the lead network in 
the middle or resonant frequency region. 
Curve D of Figure 8 represents a system 
with output feedback whose time constant 
Tor has been increased from 0.5 second 
to 4.0 seconds. As demonstrated by 
curves B and D, increasing Tor improves 
the stability of the system by moving 
the transfer locus away from the point 
(—1 +70). This stabilizing effect may 
only be continued within narrow limits, 
however, because an increase in To, in- 
creases the transient errors in the system, 
and a very large value for Tor introduces 
other undesirable effects into the system. 

A system with long output feéd-back 
time constant (To; = 4.0 seconds) was 
explored in the course of development of 
the finally adopted system which had a 
relatively short output feed-back time 
constant (Tor = 0.5 second) and a lead 
network. Response curves for these two 
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systems are plotted as curves C and D of . 


Figure 9.* The use of the lead network 
permits a much shorter output feed-back 
time constant and hence a much faster 
system with no important reduction in 
stability. These response curves are 
derived from the algebraic manipulation 
of equation C of Figure 6, equation D of 
Figure 8, and equation 20. : 

Also plotted in Figure 9 as curves C’ 
and D’ are measured response curves for 
the actual systems built in the laboratory 
in accordance with the design considera- 
tions already discussed. The correlation 
between the theoretically predicted and 
actually achieved results is indicated. 


Another Approach Afforded 
by Sinusoidal Analysis 


It is interesting and instructive to con- 
sider in more detail the effect of the vari- 
ous control elements on over-all response. 
In particular, to consider the contribu- 
tion of each element to the net amplitude 
and phase response at any given fre- 
quency—this is another approach af- 
forded by sinusoidal analysis. 

The transfer function for the simplified 
system without output feedback or 
anticipation already has been expressed 
in equation 21. The phase characteris- 
tics of this function are plotted as a func- 
tion of the driving frequency in Figure 10. 

Phase characteristics of the d-c motor 
system with output feedback are plotted 
also in Figure 10. This system is 
represented by the transfer function of 
equation 22. The effects of the output 
feedback are demonstrated by these plots. 


* The value of the preamplifier gain K: employed 
in the derivation of curve C has been increased to 
three times the value employed in curve D and in 
Figures 6, 7, and 8. 
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At zero and very low frequencies, the 
effect of the output feedback is negligible 
and the entire system displays the low 
frequency properties of the motor and am- 
plifier-generator alone. As the frequency 
is increased the feed-back term begins to 
introduce an increasing negative angle 
into the transfer locus for the servomecha- 
nism and rotating it in a clockwise direc- 
tion toward the negative real axis (see 


Figure 7). The action of the output feed-" 


back at low frequencies is not unlike that 
of a cascade integral controller. 

At higher frequencies in the vicinity of 
resonance, the phase characteristic, in the 
absence of output feedback, introduces an 
increasing negative phase angle. This 
effect shifts the transfer locus toward the 


Figure 7. Transfer 

loci plotted to loga- 

rithmic scale to dis- 

play low frequency 
region 


Figure 8. Transfer loci off Figure 6 plotted;to 
expanded scale to accentuate characteristics 
of transfer loci in vicinity of resonance 


B and C—See Figure 6 
D—System with output feedback 
Tor =4.0 seconds 
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(—1 + j0) point in the very range of 
frequencies in which resonance should oc- 
cur and such phase shift should be 
avoided. In this range of frequencies, the 
output feedback rapidly and very effec- 
tively decreases the negative phase angle 
associated with the transfer function. 
The feedback also permits the use of in- 
creased gain in the system in this fre- 
quency range. Stability is maintained in 
the presence of increased gain in the 
middle frequency range only because of 
the very material reduction in negative 
phase shift. 

As frequency is increased further into 
the high frequency range, the output 
feedback has a progressively diminishing 
effect; the response of the system once 
again is determined solely by the ampli-- 
fier-generator and motor characteristics. 

Considering the effects of the individ- 
ual parameters of the system, a decrease 
in the output feedback gain Ks increases 
the magnitude of the transfer function in 
the middle range of frequencies and thus 
changes the scale of the transfer locus at 
these frequencies. Decreasing feed-back 
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Figure 9. Theoretical and experimental re- 
sponse curves 


C and D—Calculated response curves corre- 
sponding to transfer loci of curves C and 
D of Figure 8 
C’ and D’—Experimental response curves de- 
rived from measurements on actual equipment 
C’—System with output feedback and lead 

network (Tor =0.5 second) 
D’—System with output feedback 
(Tor = 4.0 seconds) 


alone 


gain also narrows the middle frequency 
band and alters the position of this band 
in the frequency spectrum. 

A change in the output feed-back time 
constant Tox also serves to shift the posi- 
tion of the middle range of frequencies 
but has little effect on the amplitude of 
the transfer function within this band. 
By adjusting K, and To, this middle 
range of frequencies may be moved until 
the resonant point lies within its bounds. 

An increase in the amplifier-generator 
gain K, improves the frequency response 
by widening the middle frequency range. 


PHASE ANGLE — DEGREES 


The results of the introduction of antici- 
pation through the use of lead networks 
is shown also in the curves of Figure 10. 
It may be seen that the lead network has 
the effect both of widerling the middle 
frequency range and of introducing large 
positive angles throughout this entire 
range. The lead network has the bene- 
ficial effect of rotating the transfer locus 
in the middle range of frequencies farther 
away from the negative real axis, so that 
the frequency at which the locus most 
closely approaches the (—1 + j0) point is 
of considerably higher frequency than it 
would be in the absence of this correction. 
To achieve maximum corrective effect in 
the vicinity of resonance, the lead net- 
work time constant 7, and the attenua- 
tion A, should be adjusted so that maxi- 
mum positive lead angle is introduced in 
this region. In the system under consid- 
eration, 7, was approximately 0.009 sec- 
ond and A, was set equal to 11. These 
constants produce a maximum phase ro- 
tation of 58 degrees at a frequency of 4.8 
cycles per second. 

In the improved system the actual 


Figure 10. Servo- 
mechanism phase 
characteristics 
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Figure 11. Servomechanism vector diagram 


amplifier-generator time constant T,4 was 
small enough so that a reasonable in- 
crease in its magnitude would not have 
affected the transfer function appreciably. 
T4, under these conditions, becomes im- 
portant only at frequencies considerably 
higher than those encountered by a servo- 
mechanism. 


The Experimental Approach 


Experimental verification of theoretical 
curves is both desirable for evaluation of 
the theoretical synthesis and design and 
necessary as a guide to recognizing de- 
fects and indicating the course of rede- 
sign. 

Derivation of the transfer locus in- 
volves the measurement of the servo out- 
put, the system error, and the phase angle 
between them; the solution of the tri- 
angle ABO ‘of Figure 11 is therefore nec- 
essary. From an experimental stand- 
point, the triangle ABO is solved most 
easily through the measurement of 
6;, ¢, and 6,. The angle ABO between @, 
and ¢, or the argument of the transfer 
function, may be calculated then by the 
law of cosines. Unless very precise meas- 
urements are made, however, this method 
is highly inaccurate because at low fre- 
quencies € is very small compared to 0; 
and @,. 

The direct measurement of 0,, €, and the 
angle ABO is more accurate but requires 
special measuring equipment. These 
measurements may be made most di- 
rectly with the aid of a 2-element record- 
ing oscillograph giving a simultaneous 
plot of 6, and ¢ and the possibility of 
scaling the phase shift between them. 

Experimental derivation of the re- 
sponse, or |6,/0,|, curve however is readily 
obtainable. The only measuring equip- 
ment necessary is a stop watch for 
determining frequency and an oscillo- 
graph or other amplitude measuring de- 
vice. The construction of the response 
curve simply entails the determination of 
the amplitude of 6, and 6; for a series of 
frequencies over the desired range. As the 
quantity ultimately desired is the ratio 
0,/0; at each frequency, the determination 
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The required sinusoidal inputs may be 
derived mechanically by a simple scotch 
yoke or electrically by driving a rotatable 
transformer at constant speed. 

In general, sufficient experimental 
data may be derived from the response 
curve so that recourse to an experimental 
transfer locus is unnecessary. A typical 
servo development often is based on a de- 
sign dictated by the theoretical study of 
transfer loci and enhanced and verified by 
experimentally derived response curves. 


Conclusions 


Sinusoidal analysis has been applied 
to an armature-controlled d-c motor 
servomechanism in order to suggest a 
method of analyzing such systems and to 
demonstrate the very material improve- 
ment in system performance which may 
be achieved through the introduction of 
lead networks in conjunction with de- 
generative output velocity feedback. 
The transfer loci and resonance curves 
presented evidence this improvement. 

Of the several methods of analyzing 
control systems, the sinusoidal approach 
offered here is considered one of the most 
straightforward and expeditious means 
of predicting the performance of a system 


and of indicating methods for improve- 
ment. Stability considerations based on 
Routh’s criteria! often fail to indicate the 
direction and degree to which system re- 
design should be concentrated in order to 
obtain a higher degree of stability. In 
addition, methods of analysis concerned 
with the transient or indicial response of ‘a 
system, notably the classical application 
of Heaviside operational calculus," often 
prove much more cumbersome and la- 
borious. In regard to the transfer loci 
of Figure 9, a high degree of correlation 
is not necessary in order to substantiate 
theoretical predictions in a control sys- 
tem design. Saturation effects and other 
nonlinearities neglected or overlooked 
generally serve to distort the transfer 
function and reduce calculated resonant 
peaks. Of far more importance and a 
sufficient justification forthe analysis how- 
ever, is a condition as was achieved in 
this paper, in which both theoretical and 
experimental curves demonstrate essen- 
tially the same effect caused by variation 
of a particular physical parameter. 
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Discussion 


Robert E. King (Arma Corporation, 
Brooklyn, N. Y.): The author’s paper de- 
scribes the successful solution of an exacting 
problem in servomechanism design. How- 
ever, one of the conclusions stated by the 
author when applied to servomechanisms 
generally seems to minimize more than is 
warranted the effect of ever present non- 
linearities. 

It is clear that in the case described such 
nonlinearities as were present were not im- 
portant because they did not manifest 
themselves in unwanted resonance peaks. 
However, this implies that considerable care 
was taken to obtain gear trains with small 
back-lash, that coulomb friction was small, 
that the amplidyne selected showed linear 
output over its normal operating range, and 
that the electronic amplifiers likewise were 
linear over their operating ranges. The re- 
sulting assemblage of linear components 
then performed in accordance with the 
author’s discussion of the pertinent theory. 
It should be noted that the lack of agree- 
ment in the theoretical and experimental 
response curves shown in Figure 9 of the 
paper may in part result from nonlinearities. 

In many cases the components used in 
servomechanisms possess linearity for small 
operating ranges or even none at all. The 
problem of obtaining specified performance 
under these conditions may become ex- 
tremely difficult because the behavior of the 
servomechanism is so divergent from that 
expected on the basis of linear theory. It 
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appears, therefore, that all reasonable means 
of eliminating or minimizing nonlinearities 
should be employed in the development of a 
servomechanism in order that the predicted 
performance based on linear theory may be 
obtained. Moreover, as the requirements 
are made more stringent nonlinearities tend 
to become relatively more important, and 
they may become the limiting factors in per- 
formance. 

In the analysis of linear servomecha- 
nisms, as in the present case, the advantages 
of sinusoidal over transient analysis are 
recognized generally. When, however, the 
servomechanism has marked nonlinearities 
the only analytical approach to the stability 
and performance requirements seems to be 
through study of the differential equation 
representing the behavior of the system. In 
the limited number of cases where any 
analysis is practicable it is sometimes possible 
to apply usefully Routh’s criteria for sta- 
bility. Theoretical studies of a few highly 
nonlinear servomechanisms have been given 
in the literature. 

Finally, because the design and develop- 
ment of a servomechanism for a specific 
application is a problem of economics as well 
as engineering, the relative economics of 
solutions obtained by combinations of 
analytical studies and experiment probably 
represents the most important single prob- 
lem for the designer. 
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Robert W. Mayer(General Electric Company 
Schenectady, N. Y.): There are two points 
in this paper which I should like to discuss. 
The first point relates to the requirements 
stated for a high performance system, and 
the second is the mathematical treatment 
of the system with output feedback. 


REQUIREMENTS OF A HIGH PERFORMANCE 
SERVOMECHANISM 


In many instances it has been stated that 
the performance of a servo system is in- 
creased by extending its frequency response 
to the higher frequencies. This is not en- 
tirely true. Instead, the application of the 
particular servomechanism determines 
whether or not its frequency response repre- 
sents high or low performance. That is, 
the performance of a servomechanism should 
be based upon its ability to meet the require- 
ments of its particular application, rather 
than upon its ability to respond to input 
motions at high frequencies. 

Two different applications may serve as 
illustrations. First, if a servomechanism is 
to be used as a portion of the error channel of 
another servo loop, the problem of stabilizing 
the over-all loop can be simplified consider- 
ably by extending the frequency response of 
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the component servomechanism beyond 
that of the other components of the over-all 
loop. This many times requires a frequency 
response having cutoff at high frequencies. 
On the other hand, for applications in which 
the error signal contains a large amount of 
noise and smooth operation with low errors 
is of importance, it is usually desirable to 
cutoff the frequency response at as low a 
frequency as possible. Thus, for the latter 
application a high performance servo- 
mechanism would be one which maintained 
a minimum of error at the lower operating 
frequency and whose frequency response 
cutoff as rapidly as possible thereafter in 
order to minimize the effects of noise. In 
this case, a servomechanism haying a high 
frequency response would not be considered 
a high performance servomechanism. 


ANALYSIS OF OuTPUT FEEDBACK 


In this paper the analysis indicates that 
the amplifier-generator open-circuit voltage 
Eo is applied to the feed-back filter. Such 
a condition can result only if the armature 
resistance Ry of the motor is high compared 
to the internal impedance R, of the gen- 
erator; that is, if the motor does not load 
the generator. This is not the case in this 
servomechanism. A more accurate solution 
may be realized, therefore, by considering 
the effect of this loading on the generator. 

Equation 7 of the paper shows 


Eor _ KsTorjw 
Eo 1+Torjw 
Instead, this should be written as 


Eor _KsTorjw 


ze 1 
Eor 1+Torjw a) 


Where Eo, is now the output of the gener-: 


ator modified by the effect of motor loading. 
The expression for Eo; may be found as 
follows: 
Referring to Figure 3 of the paper and 
using jw=d/di, the amplifier-generator out- 
put voltage under load will be 


Eo, =Kyjo§utRulo (2) 


But from equation 10 of the paper 


_Iu+ Ny 


ff 
0 ia 


(Jw) ?O (3) 


And from equation 11 of the paper 
Kr 


(Rub Ra) Tare Nn) 
[Eo—Kyjwdu)| (4) 


(jw) "Ox = 


From equation 14 of the paper 


1 
K yj = ———_ -E 5 
vjo0u 1+ Tjo 0 (5) 


Substituting equation 5 of this discussion 
into equation 4, and the result into equation 
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3 and then into equation 2 gives 


1 Ru 
= ———— E. pe SS 
Pore Re 


1 
—_——__ 6 
E sera = 


which may be written as 


For 


Ry 
Le (ee WO 
Eon _ (=) eS (7) 
Eo epee 


Substituting this into equation 1 of this 
discussion gives the proper result for equa- 
tion 7 of the paper under load, that is, 


Ru ) . 
: t Sid =e ee 
Eor KsTorje * oe a (8) 


Eo 1+Torje 


The effect of equation 8 is to considerably 
modify the transfer function in the critical 
regions about the point (—1+ j0). The net 
result is a corresponding change in the cal- 
culated frequency response curves. For the 
case with output feedback alone and Tor= 
4 sec (curve D) the calculated curve now 
gives a resonant peak of 


M=1.15 
at frequency 
f=1.11 cycles per second 


This curve agrees quite closely with the 
experimental result of Figure 9. It also 
represents for most applications an im- 
provement in performance over the original 
curve D in as much as the value of is con- 
siderably lower. 

For the case with output feedback and a 
lead network and with K, three times the 
value employed in curve D, the calculated 
curve for Curve C now gives a resonant peak 
of : 


M=t.06 
at frequency 
f=0.8 cycle per second 


The lower value of M, again represents a 
calculated improvement in performance. 
However, the calculated results are in error 
with the experimental results as far as the 
resonant frequency is concerned: Further 
examination of the transfer function with 
the aid of an attenuation phase diagram! 
shows that the experimental curve could not 
cut off as rapidly as it does in the region 
following resonance unless additional time 
constants becomeing effective in that region 
of higher frequencies were present. Such 
time constants would, on the other hand, 
cause very little change in the results of 
curve D since its resonant frequency is much 
lower. ‘This leads to the conclusion that 
possibly there were other smaller time-con- 


starts present in the amplifier or motor 
which should have been included in the 
analysis to gain more accurate results at 
higher frequencies. 
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G. J. Schwartz: R. W. Mayer’s definition of 
a high performance servomechanism intro- 
duces aconsideration of practical importance 
that is too often neglected in theoretical 
study. It is indeed advantageous and often 
necessary for a servomechanism to repro- 
duce faithfully the low frequency com- 
ponents of its input and yet attenuate or 
smooth the higher frequency components 
and random noise. This problem generally 
requires special design consideration and the 
application of different criteria for high per- 
formance. For the system discussed in the 
paper, however, the more common pef- 
formance specifications existed so that a 
servomechanism with high natural fre- 
quency and reasonably low amplification 
was desirable; high performance in this 
general case implied accurate response at 
high frequencies. 

I am indebted to R. W. Mayer for his 
more complete treatment of output feed- 
back from the amplifier-generator armature 
terminals. Mayer’s discussion supplements 
my approximate or simplified treatment be- 
cause, as he clearly points out, the analysis 
presented in the paper is only valid in appli- 
cations in which the motor armature re- 
sistance is large compared to the resistance 
of the amplifier-generator armature. In the 
example cited, Ry is in fact larger than Ru 
so that the loading of the generator by the 
motor must be considered if an acctirate 
representation of the system is to be ob- 
tained. 

In the development of a high performance 
servomechanism every effort should be ex- 
erted to produce linear components, par- 
ticularly if the system is to be adaptable 
to exact mathematical description and 
analysis. R.E. King’s concern over non- 
linearities is accordingly well-founded. As 
indicated in King’s references, reasonable 
linear approximations to pseudo-linear sys- 
tems may be made. In general, however, 
Routh’s criteria and continuous transient 
analysis, as well as the sinusoidal approach, 
break down when applied to highly non- 
linear systems and discontinuous servo- 
mechanisms of the relay or contactor type, 
and recourse must be had to the step by 
step transient solution. 

King’s remarks on the economic aspects of 
system development are particularly perti- 
nent, because the economies to be derived 
from a well-organized combination of ana- 
lytical and experimental study cannot be 
overlooked. 
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Simplified Graphical Method of 


Computing Thermal Transients 


PAUL NARBUTOVSKIH 


MEMBER AIEE 


URING RECENT YEARS the opera- 

tors of electric equipment—power 
transformers in particular—became in- 
creasingly aware of the inherent overload 
capacity which their equipment has on 
transient overloads. This capacity is 
caused by a reservoir for storing up heat 
generated by the power losses, and this 
reservoir is always present in the form of 
conductor copper, iron, and the structural 
and insulating materials. Although the 
operation of equipment making use of the 
transient overload capacity can be done 
by actually keeping track of the equip- 
ment temperature, or by the use of pro- 
tective relays geared in some way to the 
copper temperature!, or both, any plan- 
ning of the system’s loading ahead of 
time requires a method, and preferably a 
simple method, of estimating the avail- 
able overload capacity of the individual 
pieces of equipment. 

A number of simplified methods for 
computing thermal transients have been 
offered in the past, both graphical and 
semigraphical, based on more or less com- 
plex charts and possessing different de- 
grees of generality.2*° Thus, the method 
described in this paper is not a venture in 
a new direction. It is believed, however, 
that the method described herein possesses 
a degree of simplicity and generality which 
makes it worthy of offering in addition to 
the previously suggested procedures. 

Late in 1944 the essential feature of 
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1947. Manuscript submitted August 2, 1946; 
made available for printing November 4, 1946. 
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this method was suggested by the author 
to the AIEE transformer subcommittee, 
and was included in a recently published 
paper.4 This publication, however, did 
not cover the details of the method; nor 
was the author fully aware at that time of 
its convenience and possibilities. 


Fundamentals of Thermal 
Transients 


The method described in this paper, as 
well as any other method, is based on the 
acceptance of a certain specific law of the 
transient temperature: variation under a 
fixed load. Generally, although it is not 
quite accurate, the exponential law, repre- 
senting theoretical solution for thermal 
transients under the condition of simple 
proportionality between the rate of heat 
dissipation by a hot surface and its tem- 
perature rise over the ambient tempera- 
ture, is accepted because of its conven- 
ience. Expressed as a formula for a sys- 
tem consisting of a single thermal reser- 
voir, this law is 


6, =0:+ (04-9) (1—e-/7) (1) 
where 


6,=the transient temperature rise above 
ambient temperature at time ¢ 

6; =the initial temperature rise at time = 0, 
caused by a continuous power loss of 
W;, watts 

6,=the ultimate temperature rise at time 
t= if the given loss W, were 
allowed for an indefinitely long time 

T =the time constant of the apparatus ex- 
pressed in the same units of time 
(minutes or hours) as time #, so that 
the ratio ¢/T is dimensionless 

€=the base of natural logarithms 


Equation 1 applies to both heating and 
cooling transients, depending on whether 
6,>6;, or 0,<6;, respectively. In the 
case of an oil-insulated transformer the 
equation approximately represents either 
the oil or the windings temperature rise 
transients taken separately.® 

Although details of the theory of ther- 
mal transients are outside of the scope of 
this paper, and the reader is referred for 
information to other publications® 7’ a 
few remarks about computation of 6, 0, 
and T from the basic data on the equip- 
ment are considered in order to complete 
the picture. 

If not otherwise known, quantities 0; 
and.0, may be computed from the test or 
design value of the temperature rise at 
continuous normal rated load 4 using 
equations 2 and 3, the second form of 
which applies specifically to transformers 


1+2P,2\" 
= 1th ) (2) 
n 
wna( 
0 
1+kP,2\" 
~of 1+k ) a? 


where 


6) %, % =the ultimate temperature rises, 
corresponding to the continuous 
losses of Wy, W;, and W, watts, 
respectively 

P;, Py =the corresponding per-unit-kilovolt- 
ampere loads 

k=the ratio of copper loss to iron loss at 
rated load 

n=the exponent whose value, with a fair 
degree of accuracy, may be taken as 
0.8 for self-cooled and as 1.0 for 
forced-cooled equipment. 


A convenient chart for computing 0; and 
6, according to equations 2 and 3 was 
given previously in the technical litera- 
tune PN 


The time constant is a composite effect _ 


of the heat storage capacity of the equip- 


ment, losses, and the ultimate tempera- - 
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RATIO Tuy, 


VALUES OF Sus, 


ture rise produced by these losses. Equa- 
tions for computing the time constant for 
transformers have been given and are con- 
servative.?:3:5 

In connection with the time constant, 
it may be mentioned that for self-cooled 
apparatus the actual thermal transient 
deviates from that described by equation 
1 because of a nonlinear relation between 
the losses and the temperature rise of a 
hot surface. It is always possible, how- 
ever, to find a value of the time constant 
for any load condition, which, when used 
with equation 1, will make the approxi- 
mate exponential temperature curue 
match the initial slope and the ultimate 
temperature rise of the actual nonexpo- 
nential transient temperature curve. If 
the time constant satisfying this condition 
is known for some reference load value 
starting with zero temperature rise, 
then, for any other load, and starting at 
any other temperature rise (0;), it may be 
shown (see the appendix) that the time 
constant will be given by the expression 


eu 4 

Berne. (4) 
Wy We 
Wo Wo 


where 


T,, =the corrected value of the time constant 
for applied loss of W,, watts, causing 
an ultimate temperature rise of 6, 

T,=the reference known value of the time 
constant obtained with a loss of Wo 
watts applied to a cold unit (most 
conveniently defined for 100-per-cent 
load starting cold) 

6, 04, 99=the final temperature rises corre- 
sponding to continuous losses of Wy, 
W;, and W, watts, of which 6; is the 
starting temperature for the transient 
under consideration 


An idea of the variation of the time 
constant with load condition as defined 
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Figure 1. Variation 

of time constant with 

load conditions as 

represented by equa- 
tion 4 


by equation 4 for the value of exponent 
n=0.8 may be gained by inspection of 
Figure 1. This graph may be used for 
determining the time constant from a 
reference value in the absence of more 
direct information. 

The use of equation 4 complicates the 
computations of thermal transients. For 
the practical operating range of overloads 
and temperature rises, however, the error 
introduced by using the same value of the 
time constant isnot great. The graphical 
method of computations described herein 
is given primarily for this case. With 
some obvious modifications it will apply 
equally well to the case when a correction 
in the time constant is used. 


Figure 2. Representation of simple heating 
and cooling transients on the transient co- 
ordinate paper 
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The Graphical Method 


The substance of the graphical method 
described in this paper is in the use of a 
special co-ordinate paper, on which any 
exponential transient given by equation 1 
plots as a straight line. To accomplish 
this, the time co-ordinate of this paper is 
marked with the values of dimensionless 
function u = t/T to satisfy the following 
equation of the scale 


x =1(1—e-) (5) 
where 


x = distance in inches from the left-hand end 
of the scale up to the point marked 
with the value of u 

1=total length of the scale in inches up to 
the value of w= © 


Thus, the time co-ordinate is given in 
terms of the ratio t/T. This requires a 
simple multiplication of « by the time 
constant T in order to obtain the actual 
values of time, JT being known. How- 
ever, at the same time it makes the paper 
universally applicable to representing any 
exponential transient, whether thermal or 
electrical (RC or RL circuits), as a 
straight line. The plot will be a straight 
line regardless of whether the temperature 
rise above ambient temperature or the 
actual total temperature including the 
ambient temperature is represented on the 
graph. 

For a complete representation of a sim- 
ple transient it is sufficient to know any 
two points on the time-temperature 
curve. These points, when plotted on the 
transient co-ordinate paper and connected 
by a straight line, will represent a com- 
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plete thermal transient from the beginning 
and to the end of time. Thus, starting 
with a given initial temperature 6, and 
computing the ultimate temperature 6, by 
the use of equation 3, one may conven- 
iently obtain the required two points. 
Referring to Figure 2, curve A, let 0;=50 
degrees centigrade be the starting tem- 
perature and 6,=120 degrees centigrade 
be the ultimate temperature ati=o. A 
straight line connecting these two points 
will be a plot of the complete transient. 
To obtain the temperature at any instant, 
say, t=21/, hours, for a transformer whose 
time constant is 6.5 hours, it is sufficient 
to compute the ratio uw=t/T=2.5/6.5= 
0.385, and read the value of the tempera- 
ture directly from the graph, 06=721/2 
degrees centigrade. 

An inverse problem can be readily 
solved. Thus, to determine how long the 
same load can be maintained without ex- 
ceeding a temperature of 90 degrees 
centigrade, obtain from the graph ¢/T= 
0.85, giving f= (0.85) (6.5) =51/2 hours. 

To visualize more systematically what 
problems may be solved by the use of the 
simple graph, such as curve A, Figure 2, 
one must remember that equation 1, 
which the graph represents, contains five 
variables—#,, 0;, 0,,, #,and 7. If any four 
of these are known in some way, the fifth 
one may be found from the graph. No 
other method can do more. 

The same co-ordinate paper, which we 


Figure 3. Thermal transient caused by a re- 
peated load cycle, represented on the tran- 
sient co-ordinate paper 


eee: 
Pee. | 
feet 
a 
ee 
ae 


oO 
° 
us 80 
a 
Fe FO PREQURTH CYCL = 
< —=—$ —_ se rae 
o — 
co [THIRD CYCLES [| et 
SECOND CYCLE™ | 

50 

Res aa 


uae 

IN 

Bek 
eli 


0. 


80 -  Narbutovskih—Graphical Computation of Thermal Transients 


eee 
Rite 
EC a Ba ea 


eh 
peel 


1.0 1S (2 Saeco 


5 
VALUES OF = 


TEMPERATURE, RISE , °C 


Figure 4. Application of the transient co- 

ordinate paper to the determination of tem- 

perature rise 0, which occurs after the first 

application of load in a load cycle consisting 

of two applications of the same load, with a 
cooling period in between 


may call the ‘‘exponential transient co- 
ordinate paper,” will represent cooling 
curves as straight lines as well. Thus 
curve B, Figure 2, represents a cooling 
transient with all load discontinued after 
reaching a 120-degree-centigrade tempera- 
ture. The ultimate temperature in this 
case is the 25-degree-centigrade ambient 
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temperature. Curve C is a cooling curve 
when the load was reduced to a value 
leading to 75 degrees centigrade ultimate 
temperature after reaching 120 degrees 
centigrade. 


Application to Recurrent 
Load Cycles 


The use of the same co-ordinate paper 
may be extended to more complex prob- 
lems with which either the operator or the 
designer of equipment may be concerned. 
One such case is the computation of tran- 


sient transformer temperature under a © 


complex load cycle. To illustrate the 
method as applied to a somewhat hypo- 
thetical case, consider Figure 3. It repre- 
sents a thermal oil transient under a re- 
peated application-of load cycle given in 
Table I, in a power transformer whose oil 
rise at rated load is 45 degrees centigrade, 
time constant is 61/2 hours and the copper- 
to-iron loss ratio is 2.5 at rated load, 
operated at 25-degree-centigrade ambi- 
ent temperature. The first step in plot- 
ting the graph of the composite thermal 
transient is to compute the ultimate tem- 
perature rises corresponding to each load, 
and the values of ratio £/T for values of 
time at which the load changes. These 
computations are accomplished using 
equations 2 and 3 and the results are 
tabulated in Table I. 

The values of u=0.308, u=0.615, and 


u=1.077 represent the turning points on _ 


the graph at which the loads and slopes of 
the curves change. It will be noted that 
it is not necessary to draw the transient 
curve for each load beginning at#=0. It 
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is, rather, possible and convenient to 
draw the transient curve as one continu- 
ous curve for a complete load cycle, each 
following load period picking up at the 
point where the previous load period left 
off. When the load cycle is repeated, the 
terminal temperature value of the previ- 
ous cycle is taken as the starting point of 
the new cycle. 

After the preliminary computations of 
the ultimate temperatures and the turning 
points are completed, and the data located 
on the transient co-ordinate paper, the 
actual plotting of the thermal transient is 
so simple that any number of successive 
load cycles may be plotted without taking 
the pencil off the paper. When the load 
cycle is long it may have to be subdivided 
into shorter periods, because the accuracy 
of the graph is not good for values of 
YT 3 


Application to More Complex 
Problems 


An example of thermal problem in 
which a designer of equipment may be 
interested, and which can be handled by 
the same method, is illustrated in Figure 
4. In this case the problem consists in 
designing a piece of equipment for the 
following load cycle: 


Full load 11/, minutes 
Cooling with all power dis- 
connected 1 hour 
Full load 11/,. minutes 


At the end of this load cycle the hot-spot 
temperature rise is not to exceed 120 
degrees centigrade. 

The equipment can be designed prop- 
erly if the temperature rise during the 
first period of load application 6; is found. 
The result obviously will depend on the 
time constant of the equipment, which 
must be either computed or estimated and 
is, forthe purpose of illustration, 11/2 hours. 

Although the problem of determining 6; 


locating the turning-point values of the 
ratio t/T on the transient co-ordinate 
paper, and adjusting the slope of the cool- 
ing curve (@,—6,—0) so as to make 6;— 
62=6; (which is a justifiable approxima- 
tion, as the load period is very short com- 
pared to the time constant). The answer 
6,=791/2 degrees centigrade may now be 
read. 


Some Practical Drawbacks 


Although the method of handling com- 
putations of transient temperatures de- 
scribed in this paper is simple and flexible 
and adopts itself to the solution of fairly 
complex problems, it has one drawback. 
It requires the use of a special co-ordinate 
paper which, being new, is not available 
on the market. It may be recalled, how- 
ever, that at one time the engineering pro- 
fession did not have the assistance of the 
logarithmic co-ordinate paper. The 
author’s experience with the transient co- 
ordinate paper in printed form has been so 
gratifying that, in his opinion, the print- 
ing of this paper for general distribution 
would be entirely justifiable. 


Derivation of Equa- 
tion 4 


Appendix. 


The premises on which this formula is 
based are as follows: 
1. The initial rate of temperature change during 


the transient computed by the exponential equation 
1 should be the same as the actual. 


2. The initial and the final temperature rises, as 
obtained from equation 1, should be the same as the 
actual. 


8. The intermediate values of the transient tem- 
perature rise are permitted to deviate from the 
actual. 


To use condition 1 just mentioned, the 
initial rate of temperature change may be 
obtained from equation 1 and equated to 
that obtained from the fundamental equa- 
tion. ; 

The fundamental equation is 


dé 


Wi=Wet C7 (6) 


where 


W,, =the total heating power 

W,=power dissipated by the external sur- 
faces—a variable function of time 

C=thermal capacity 


From equation 6 the initial rate of tem- 
perature rise is 


where 


W,=the power loss which, when supplied 
continuously, caused the initial tem- 
perature rise 6;, with which the ther- 
mal transient started 

The initial rate of increase in temperature 
rise from equation 1 is 


= do (8) 
dt/t=0 Ts 


Equating equations 8 and 7, and solving 
for 7; 


8,0; 
a 9 
u= CTW, (9) 


Eliminating C, from Equation 9 using 
the value of a referenee time constant 7) {j 


It may be noticed that as far as the pre- 
mises are concerned this expression does not 
depend on any assumed law of variation of 
the heat dissipated by a hot surface with its 
temperature rise. 
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Discussion 


L. A. Finzi (Carnegie Institute of Tech- 
nology, Pittsburgh, Pa.): It may be men- 
tioned that the problem of thermal tran- 
sients in a homogeneous body with infinite 
internal conductivity has been solved by 
Newton. During the last 40 years an enor- 
mous number of papers have been published 
in the United States and abroad offering sim- 
ple graphical methods of computation; hence, 
it is very difficult to add anything new on 
the subject. Perhaps engineers could not 
withstand the temptation to work out such 
procedures just for the sake of their inherent 
elegance. I have sinned myself along the 
same line; in a paper published some 15 
years ago, while advocating the introduction 
of two separate time constants for the trans- 
former as a whole and for the windings only, 
I developed also a kind of nomogram which 
I seldom have used since. As a matter of 
fact, the expressions to be computed are not 
so complicated as to require all this; one may 
use the slide rule to advantage or simply 
may refer to a table of exponential functions. 
If one prefers graphical methods, ordinary 
semilogarithmic paper may be good enough. 

Yet the very abundance of such publica- 
tions may indicate something else. It may 
indicate that some need is felt over and over 
again to make the operator in the field more 
conversant with the meaning and practical 
importance of the thermal transient. From 
this point of view we should congratulate 
Paul Narbutovskih for his contribution; his 
special paper has simplicity, and even the 
most unskilled person should be able to 
master its mechanism quite rapidly. 

However, there may be other difficulties 
irking the man in the field in addition to 
those of plain arithmetic; it is possible that 
he may feel uncertain about the value of the 
time constant of his transformer. Of course, 
there are numerous publications giving in- 
structions for its experimental determina- 
tion, such as the ‘“‘American Standards for 
Transformers, Regulators, and Reactors,” 
1945, but it would be much simpler if the 
manufacturers made a practice of giving 
this information along with the other cus- 
tomary specifications; the manufacturers 
are best qualified for the job because they 
have design data, test floor facilities, and 
engineers who are more accustomed to work 
with these concepts. 

The thermal capacity of a piece of appa- 
ratus may have considerable practical im- 
portance when handling variable loads; in 
fact, it may become a deciding factor when 
one has ‘to choose among transformers of 
different design, which otherwise equally 
meet the electrical specifications. A good 


practical knowledge of its meanifig may 
easily result in noticeable savings. 
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P, Narbutovskih: It is the writer’s pleasure 
to acknowledge that, unbeknown to him 
at the time of submitting his paper for publi- 
cation, a co-ordinate paper which would 
plot a thermal transient as a straight line 
was stiggested by L. C. Nichols in 1934, 
reference 9 of the paper. In his paper Nic- 
hols suggests three different co-ordinate 
papers: one for heating transient in trans- 
former oil; one for cooling transient in 
transformer oil; and one for either heating 
or cooling transient in the winding gradient. 
The first of these papers fits a theoretical 
thermal transient for a specific case of zero 
initial temperature rise. The second paper 
fits a specific case of cooling down to a zero 
ultimate temperature rise, both papers based 
on the assumption that the rate of heat 
dissipation from a hot surface is proportional 
to the 0.8 power of its temperature rise. 
The third variety of the co-ordinate paper 
suggested by Nichols is based on the ex- 
ponential solution and is identical with that 
proposed by the writer. 

With due regard for the excellent treat- 
ment of the subject by L. C. Nichols, the 
use of several co-ordinate papers appears 
practically unjustifiable for several reasons. 

First, it may be shown that the general 
case of either heating or cooling transient, 
when the temperature rise is not propor- 
tional to the first power of the heat loss, can- 
not be represented exactly as a straight line 
on the co-ordinate paper of this type. The 
form suggested by Nichols applies exactly 
only to the case in which the initial tempera- 
ture rise is zero. When this condition is not 
satisfied a change of the time scale will be 
required. 

Other reasons against. the use of several 
co-ordinate papers are 


1. It unnecessarily complicates the method which 
is otherwise very simple. 


2. It does not lend itself conveniently to handling 
thermal transients on cyclic loads. 


3. It does not apply to forced-cooled transformers. 


4. It is not adaptable to more complex problems 
involving transient temperatures. 


In order to compare the relative accuracy 
of the different methods, Table I was 
compiled. Each column represents a tran- 
sient temperature rise at the same instant 
of time computed by different methods, 
different columns for different initial and 


Table |. Comparison of Oil Temperature in Self-Cooled Transformer, as Computed by Dif- 
ferent Methods, in Degrees Centigrade 
Final Rise =50 C Final Rise = 100 C 
Initial Rise Initial Rise Initial Rise Initial Rise 
Method of Computation =0C =25C =0C =50C 
7 Wea o> Cle Se AR OAnepon Uo ron OOo hake 25 .. 3871/9 Aoao!) rere. 
B. Exponential, not corrected.......-..---- 231/2 ce amaG pos All/s whe id: 
C. Exponential, corrected. .....--+++-+++: 231/2 37 ....461/2 Rarer: 
D. Co-ordinate paper for heating 
transient, not corrected.........-++-++> 25 ieee Ole oie eh +. -701/2 
E. ..38 nee e000 ais teat 


Same as D, corrected... ......-e0+ee0es: 25 
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ultimate temperature conditions, as indi- 
cated. The methods referred to by letter 
in the first column are as follows: 


A. Exact solution. Because it does not seem pos- 
sible to obtain this in terms of elementary functions 
for the general case when the heat loss is not prg- 
portional to the first power of temperature rise, 
this exact solution is obtained here in the following 
form of an infinite series. 

For a heating transient 


g \kr+ 6; kn41 
[= ae 


or a cooling transient 


y-O1« 


{—Time to reach a variable temperature 0 

To—Time constant for zero initial temperature rise 
and 6p as the final temperature rise (presum- 
ably for 100 per cent load, starting cold) 

64—Ultimate temperature at i= © 

§;—Initial temperature rise at t=0 

n—Exponent in the relation between the heat loss 
and the ultimate temperature rise _ 


Wau_ (*)*. In this case 7 =1.25. 
0 


In the foregoing 


Equations 1 and 2 require no correction in the time 
constant. Outside of this virtue, needless to say, 
they are extremely cumbersome to use. Besides, 
the series converge very slowly except for small 
values of time. 


Other methods used in Table I are 


B. Exponential solution, assuming that the tem- 
perature rise varies as the first power of loss. No 
correction in the time constant. 


C. Same as B, except the time constant is corrected 
as per Figure 1 in the article. 


D. Co-ordinate paper proposed by Nichols for heat- 
ing transients. No correction in time constant. 


E. Same as D, except the time constant is cor-— 
rected as per Figure 1 in the article (which, inci- 
dentally, is the same as that suggested in a different 
form by Nichols). 


In Table I of this closure, a temperature 
rise of 50 degrees centigrade at rated load is 
assumed. 

An interesting conclusion from Table I 
is that all methods give results that are 
not too widely different. The use of methods 
B and D leads to the least accurate result 
and, under high overload conditions, may 
lead to a serious error. Method Z£ is precise 
so long as the initial rise is zero. For all 
practical purposes, methods C and E are 
about equally accurate, giving results very 
close to those obtained by the exact solution 
and erring on opposite sides. 

L. A. Finzi made a very valid point when 
he said that the accuracy of computed re- 
sults depends not only on the method of 
computation, but on the basic data with 
which one starts. In regard to the thermal 
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transients in transformers, these data in- 
clude the following: the top oil temperature 
rise, the winding hot-spot gradient, both at 
rated load, the time constant, and the loss 
ratio. 

These four quantities, with the exception 
of one (namely, the hot-spot winding gradi- 
ent to the top oil) may be determined with 
reasonable accuracy either by direct meas- 
urement or by computation. There is, how- 
ever, no satisfactory and accepted method 
of determining the hot-spot winding gradi- 


ent. The usual test procedure by manu- 
factures does not yield this quantity. The 
AIRE Standards provide an arbitrary hot 
spot allowance of 10 degrees centigrade 
over the average winding temperature, 
measured by resistance. Yet a relatively 
small error in this quantity may cause a 
large error in the computed winding hot- 
spot temperature on high overloads. 

In view of these and other uncertainties, 
the use of the exponential solution for 
thermal transients appears to be entirely 


A Comparison of Two Basic 


Servomechanism Types 


HERBERT HARRIS 


ASSOCIATE AIEE 


N THE DESIGN of electric servo- 

mechanisms for data transmission or for 
torque amplification applications, a choice 
must be made for the best means to sta- 
bilize the system and for minimizing 
static and dynamicerrors. In this paper, 
two methods of stabilization which have 
common application will be compared. 
Both of these servomechanisms have been 
analyzed by others,!~*#® but not on a 
comparative basis and not with the. in- 
troduction of limitations imposed by re- 
sponse delays. 

A block diagram of the first type is 
shown in Figure 1. The servomotor and 
its load is characterized by an inertia J 
and a coulomb or dry friction load F. 
The torque of the servomotor is assumed 
to be proportional to the amplifier signal 
but it is delayed by some electromagnetic 
storage with a time constant Ty. 

Motor torque delays may be caused by 
inductance in the control field of a d-c 
motor or by a resonant circuit in the con- 
trol of an a-c motor. Such delays are of 
the single exponential type in that a sud- 
den change in amplifier signal will produce 
a change in torque proportional to 


(fe (/7m) 

The operational transfer function for this 
type of delay is 

1/(1+T up) 


In order to stabilize the control loop a 
lead network with a- transfer function 


1+T 4p 
1+T pp 


is introduced to transform the error sig- 


This method of stabiliza- 
tion has evolved from the concept of us- 
ing an error derivative, but a true deriva- 
tive cannot be obtained by a network 
without a delay, as represented by the 
denominator (1+T7 3p). 

The second servomechanism system to 
be discussed. is shown in Figure 2. It 
evolved from the principle of feeding back 
a signal proportional to the servomotor 
speed as a means for stabilization. This 
simple type has the disadvantage that 
following a constant speed input neces- 
sitates a steady-state error or speed lag, 
as the speed generator will then feed back 
a constant signal. Introducing the RC 
network prevents the passage of such a 
constant signal, but allows the higher 
frequency stabilizing signals to pass. 


other means. 


Performance Criteria 


Prior to undertaking a design analysis 
of a servomechanism it is well to state 


specifically what. parameters are of in- . 


terest and to set up criteria of good per- 
formance. In the following discussion 
some statements will be made which are 
not immediately evident but will be 
proved later. 

In design, the static sensitivity of the 
system is often of primary importance. 
If a load torque F is placed on the output 
shaft it must be balanced by a motor 
torque proportional to a so-called static 
or positional error. The gain of the 
control loop may be expressed in terms 
of a sensitivity constant K, which is de- 
fined as the motor torque per unit error. 
Therefore the error required to balance 


satisfactory. Of course, for actual compt- 
tations one may prefer to use the available 
formulas directly. I do not believe in con- 
structing elaborate charts and graphs, to 


avoid making a simple multiplication or 


division, a procedure in which many have 
indulged in the past. But if much labor re- 
quired in handling exponential functions 
can be replaced by just a few simple pre- 
liminary calculations and a few straight 
lines drawn on a special co-ordinate paper, 
stich a simplification should be welcomed. 


sis will show that there is a limit to the 
value of K, which depends on the motor 
inertia J and the delay time Ty. This 
limit is of vital interest in determining 
whether a given motor is suitable for a 
particular application. A parameter 7; 
with the dimensions of time is used to 
relate J to K, for convenience in expres- 
sion, but it has little physical meaning. 


t3°?=J/Ks (1) 


If the input is given a constant accelera- 
tion, the error will attain a constant 
value proportional to the acceleration 
after transients have died out. This ac- 
celeration lag is a good measure of the 
dynamic errors of these servomechanisms 
because many common input motions 
vary with sufficient smoothness that the 
error will be approximately equal to the 
sum of the static and acceleration errors. 
As a measure of the acceleration error, a 
second parameter 7, with the dimensions 
of time is introduced by the relation 


Acceleration error = Ta? X acceleration (2) 


Analysis will show that the reduction of 
Tq? also is limited by the motor response 
delay T4,. 

The delay limits the reduction of the 
parameters Tt, and rT, because if T'y is 
relatively: too large, either the servo- 
mechanism will be unstable or the oscilla- 
tions introduced during a transient disturb- 
ance will damp too slowly. Therefore, an- 
other criterion for good performance is the 
specification of a certain maximum num- 
ber of cycles required for an. oscillatory 
“mode to” decay. Alternatively it 1s 
satisfactory to specify a maximum value 
for the resonance peak which measures 
the amplitude of the output steady-state 
oscillations for a unit sinusoidal input, at 
any frequency. As the sinusoidal analy- 
sis is the basis for this discussion, it is de- 


Paper 47-12, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter meeting, New York, N. Y., 
January 27-31, 1947. Manuscript submitted 
August 19, 1946; made available for printing 
November 7, 1946. 


nal. Such a transfer function may be the load F is F/K,, and usually is speci- Hersert Harts is in the research laboratories of 
: é Sperry Gyroscope Company, Inc., Great Neck, 
obtained by the RC network shown or by __ fied to be less than a given value. Analy- ny. 
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ERROR 


MEASURING 
ANBUTs oe TORQUE 
Xj + Xo 
STABILIZING SERVO- 
NETWORK MOTOR 
AND AND 
AMPLIFIER — LOAD INERTIA 
CLOSED LOOP 
TYPICAL LEAD NETWORK 
_&2 é Ro _1+R, Op 
e, RR, +R,C, Re 1, 
Ry +R, 
= |e 1+T,p 
Ty !+Tgp 
Figure 1. Servomechanism stabilized by to occur at which the output amplitude is 


lead network 


sirable to introduce this concept and its 
use more carefully. 

The characterizing feature of a closed 
cycle servomechanism is that an error 
signal e, which is the difference between 
the input (or desired output) x, and the 
actual output x,, is used for controlling 


motor torque. Thus 

and 

tu 4y (4) 
Poy Lr 


If the input motion x; is an oscillation 
of fixed frequency and amplitude for a 
sufficient time to allow transients to die 
out, both x, and e will be oscillations of 
the same frequency but with different 
amplitudes and phases. Under these 
circumstances x;/x, and e/x, may be 
considered as complex numbers or vectors 
of magnitude equal to the ratio of the two 


amplitudes of oscillation, and of an angle - 


with respect to the real axis which is 
equal to the phase difference between the 
two oscillations: These two ratios are 
inverse transfer functions because they 
represent the ratio of input to output 
rather than the usual output to input 
ratio. The use of inverse functions is 
principally a matter of convenience.** 
At very low frequencies the output will 


follow the input quite well and the ratio of . 


the two amplitudes will be near unity. 
At very high frequencies the output will 
be unable to follow the input so that the 
magnitude of the transfer function x,/x; 
will approach zero while |x,/x,| ap- 
proaches infinity. At some intermediate 
frequency range a resonant peak is likely 
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greater than the input amplitude. Thus 
lx,/xl>1- and |x,/x,|<1. If this 
resonant peak is too high then after any 
transient disturbance the output will tend 
to oscillate at a frequency near resonance 
and damp very slowly. The choice of an 
allowable value for the resonant peak is 
partly a matter of experience and partly 
a matter of correlation between the tran- 
sient method of analysis and the frequency 
response method. 

For this paper a maximum value for 
x,/x;| of 1.25 or a minimum value for 
x;/%| of 0.8 has been chosen as a per- 
formance criterion. This value, of course, 
is somewhat arbitrary, but the justifica- 
tion is presented that if higher values are 
chosen, any accidental variation of design 
parameters will produce a rapid deteriora- 
tion of performance, while 1.25 still allows 
appreciable tolerances. ; 

Because e/x, may be interpreted as a 
complex number or vector it may be 


SIGNAL 


ERROR MIXER 


MEASURING 
DEVICE 


INPUT ERROR 


AMPLIFIER 
Ks 


STABILIZING 
SIGNAL 
FEEDBACK 


plotted as a point, for one frequency, on 


the complex plane as shown in Figure 3. 


Then in accordance with equation 4, the 
vector x,/x, may be interpreted as the 
vector to this point from the point 
(—1+j0). As the criterion for satis- 
factory damping is to be that the magni- 
tude of x,/x, should never be less than 
0.8 at any frequency, it is necessary that 
the vectored point should not fall inside 
the circle of radius 0.8. The procedure 
for analysis shall be to draw the locus of 
all these points for e/x, as the frequency 
varies, and to observe whether the locus 
cuts into the circle. The frequency for 
each point may be written along the locus 
for reference purposes. 


Lead Network Stabilization 


The iriverse loop transfer function 
e/x, for the system of Figure 1 is 
e 1+Tsp 1+Tup. JP 


is cone 1 Se (5) 


in which p is the conventional operator 
representing differentiation with respect 
totime. T,and T, have the dimensions 
of time and are network design parame- 
ters. 

For a frequency response analysis the 
complex inverse transfer function e/ Xo 
may be obtained from equation 5 by set- 
ting p=jw. For convenience in obtain- 
ing a general form suitable for many 
other servomechanisms, a time 7, is de- 
fined by the relation 


rime 6) 


Ks 


and a nondimensional measure of angular 


Figure 2. Servomechanism stabilized by 
speed feedback through a high-pass filter 


Xo 
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frequency A is introduced such that 


pie (7) 
=j(d/T0) 

The reasons for the choice of 7, are dis- 

cussed later. With the substitution 

from equation 7, equation 5 becomes 

€_ 4 ,1+H(Ta/t0)¥ 1 +5(Pa/t0) 

Dir ira) Be 

This inverse transfer function now can 
be investigated generally in terms of the 
three nondimensional ratios T/T), T4/To, 
and T/T»). Plots of e/x, for all possible 
values of the three ratios involve many 
curves so that only a few typical ones are 
shown in Figures 4 and 5. The results 
obtained from the general curves may be 
summarized as follows (with a tolerance 
of about = ten per cent). 

Tz/t, and T/T, represent delays of a 
_ similar character, and large values tend 
to produce a high resonant peak. T/T, 
is the stabilizing factor in the system, and 
if it is too small the resonant peak will be 
too high. 

For a criterion of |x;/x,|>0.8, T/T>= 
1.5 is a minimum value even if the delays 
are zero. For T,/t,= 2, which repre- 
sents the often quoted critically damped 
case for a system with negligible delays, 
the sum of 73/7, and Ty,/T, may be as 
high as 0.2, with any division between the 
two for |x,/x|>0.8. For T4/t,= 3, 
the sum of the two delays may be as high 
as 0.25. For higher values of T4/7, the 
allowable delays gradually decrease, so 
that for T,/7,= 6, a single delay of 0.19 
or two equal 0.06-second delays are sat- 
isfactory. 

In design the ratios T4/t, and T/T, 
are subject-to adjustment by the circuit 
element values of the lead network (Fig- 
ure 1). By adjustment of the capacitor, 
T, and Tz may be varied proportionately 
within a range such that T, is not so 
small as to give insufficient damping nor 
T, so large as to make the delay excessive. 


14 &/yQ= Xi/y, 


+j 
POSITIVE 
ANGLES 


REAL AXIS 


- circce FoR |*i/x,|* 55 +08 


Figure 3. Relation of e/x, to x;/Xo 
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T, may be made small relative to 7’, by 
using a large ratio between the resistors 
R, and Ro, but this is limited by the loss 
in gain which must be compensated by 
the amplifier and by the increase in noise 
level as discussed later. 

Ty however, is determined by the 
motor and is more or less fixed. There- 
fore, T,/T, is determined by 7,, and be- 
cause Ty,/7T, is limited in all cases to less 
than 0.25, this implies a limitation on the 
static sensitivity according to equation 6. 

The acceleration lag is also of interest 
and may be determined directly from the 
differential equation 5 by setting x,= 
1/2 at? representing a constant accelera- 
tion and finding the constant error which 
can maintain this acceleration (de/di=0). 
Then 


demas (he 
a ae Z| ruts a 
$s 


d®~ qd? 1 
(Tu+Ts) 7 eG a) (9) 


Jj 
C= (10) 
$ 
so that according to equation 2 
S- 
T= K, (11) 


Therefore, according to equations 1, 6, 
and 11, and the summary of inverse trans- 
fer function plots, Table I may be pre- 
sented. 


Speed Feedback Through a High- 
Pass Filter 


In the stabilization scheme of Figure 2, 
a signal proportional to the output speed 
is fed back through a high-pass filter to 
oppose the error signal. A typical high- 
pass filter is the network shown. 

If the high-pass filter is removed, a 
signal proportional to the speed will be 
fed back and for constant speed output 
this signal will have to be balanced by an 
error signal or speed lag. Therefore, Tg is 
measured in equivalent radians error per 
radian per second output speed and has 
the dimension of time. The high-pass 
filter is introduced to remove this speed 
lag and it has a time constant Ty deter- 
mined by the network circuit constants. 

It is well known that for the simple 
servomechanism_ without the filter, the 


Table I. 


speed feedback as determined by Tg must 
have a certain minimum value for well- 
damped response. In fact, 


T¢/ts= rs | 
=P) 


corresponds to the usually quoted criti- 
cally damped case when no delays are 
present. The following analysis deter- 
mines the effect of the delay Ty, and the 
proper values for Ty and T¢. 

The inverse transfer function e/x, is 


derived from Figure 2 as 
__T yb LS ae 
E —— i+Tup ? Xo 
=torque (12) 
e 
Pest Pe th 2 
I raat wb) ae (13) 


T,* again is defined according to equa- 
tion 1 as J/K, and subject to later jus- 
tification 7, will be defined by 


T° =73°+TeTy (14) 
(13/70)? =1—(Te@/t0)(T w/o) (14a) 
Placing 
p=jw 
=j(d/To) (15) 
in equation 13 there results 
<= =N%(r4/10)* GP) 70) 
5 (Ty/t0) (T/T) (16) 
1+j(Ty/to)d 
or by equation 14a 
Sm =09(r5/r0)*(-+4(Pc/ 70) — 
thes (ts/To)? 
—_———— _ (17 
Ei Gyis one 


Combining certain terms in equation 17 
yields 


“al 
Xo 


The portion of equation 18 in the brackets 
remains even if the delay T/T, is zero, 
and it is analogous in form to equation 8 
without delay Ty/T,. This is a justifica- 
tion for the choice of 7, according to 
equation 14. 


6 1+ j(Ty/to) cele | 
1+j(Tw/t0)d 


p(Lu/t0)(ts/70)? (18) 


Design Values for a Servomechanism Stabilized as a Lead Network 


(a). Ts?=To?=Tq? =J/ Ke 


(Bb) gg aA Zope negligible delays are present, but greater than 2 and preferably near 3 if delays are 


present. 


(c). TB/to+TM/To S 0.25 
leading to 


This is not a critical condition. 


(d). To>4T wy as a delay limitation on the static sensitivity and the reduction of acceleration lag. 
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Figure 4. Inverse transfer functions e/x, for 
servomechanism stabilized by lead network 


T4/to=2 
Se NN Se ee eee 
Curve (a) (b) (c) (d) (e) () (3) (h) 
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By analogy with the preceding dis- 
cussion for a lead network servomecha- 
nism the following summary in round 
numbers may be made, if Ty,/T,—0: 


Ty/t» should be at least 2 
If Ty/to2, (rs/to)? should be less than 


es 
2 

If Ty/ToA3, (rs/To)* should be less than 
O28 40.08 
3 

If Ty/7oR6, (73/79)? should be less than 
0.19 


Because (7,/7,)? should be less than 
0.1, (T¢/t.)(Ty/T.) should be between 
0.9 and 1. 

Before discussing the effect of the de- 
lay T,,/7, it is. well to interpret the above 
relations physically. Assuming that Ty 
and Tg have been set at suitable values 
according to the condition just mentioned, 
consider the effect of a variation in the 
various parameters in conjunction with 
equation 14. 

If the generator voltage Tg is decreased, 
T,2 will decrease also and eventually 
(7,/T,)2 will become too large representing 
too little generator damping and having 
the same effect as too much delay in the 
lead network system. If Tg is increased, 
t, will increase, and although (7,/7,)? 
will become smaller, 7/7, may become 
too small. Again there will be too little 
damping, but in this case it is due to the 
increased generator voltage increasing 
the natural period 7, to such a point that 
the stabilizing signals cannot pass through 
the filter in proper phase. This type of 
resonance often may go unnoticed be- 
cause of its long period. 
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[f Ty is reduced, 7, will decrease but at 
.nost as the square root so that Ty/7, will 
become too small and (r,/7,)? too large. 
If Ty is increased, 7, will increase almost 
as the square root, and no harm will be 
done except to make the system slower 
and increase the acceleration lag. 

If Ty is increased as Tg is decreased 
inversely, T, will remain fixed, and even- 
tually (Ty/7,)(73/T.)? will become too 
large, representing too much delay. Thus 
a large network time constant cannot make 
up for a deficiency in generator voltage. 

In order to determine the effect of a 
motor delay T,/7,, it is possible to take 
plots such as those in Figures 4 and 5 and 
add the last term of equation 18 for vari- 
ous values of Ty,/7,. As an example, 
Tx/t,= 2 and-(7,/7,)7= 0.05 yield’ the 
same plot as curve bin Figure 4. Figure 
6 shows the added effect of various values 
of Ty,/T, for this same case. In this case 
T/T must be less than about 0.25 in 
order to remain outside the circle \se/x9| 
= 0.8. 

The following summary in round figures 
may be made of several sets of such 
curves: 


(a). If (ts/79)?R0.1, Tr/t>o may be | 
as high as 0.18 if Ty/7>=2 
(b). If (rs/79)?2 0.08, Ty¢/7> must be 
zero if Ty/to=3 
(c). If (ts/t9)2t20.067, Tu/to may 
be as high as 0.25 if Ty/7o=2 
(d). If (rs/t9)?=0.05, Ty/to may 
be as high as 0.25 if Ty/7r,=2 
If (75/79)? 0.05, Ty¢/7o may be 
as high as 0.13 if Ty/7T,=3 
(e). If (rs/19)?t20.033, T/To may be 
as high as 0.27 if Ty/rt,=2 
If (rs/79)2XA 0.033, T y/T. may be 
as high as 0.15 if Ty/7>=3 


} (19) 


In general, approximately the same 
limitation applies to the motor delay in 
this type of servomechanism as in the 
lead network type, namely 


Tu/to<0.25 (20) 


Equation 13 shows that the lag for a 
constant acceleration output motion is 
(r,2+T¢Ty) times the acceleration, thus 


T= ts +T¢ Ty 


=To 


(21) 


Therefore Table II for this type of ser- 


_ Figure 5. Inverse transfer functions e/x, for 
servomechanism stabilized by lead network 
(WorSs 
Curve fay (6) IO) Se) AHI a) 
TB/7o. 0 ..40)11..082- OLS 0L 4 ORI ORe 
TMlare: sane O85 Or ee O OF 0 (Ole 9)e) 


vomechanism is equivalent to Table I for 
the lead network type. 

Experimental evidence leads to an eyen 
more detailed analysis of this system. 
If Tg and Ty are increased together, 7,” 
will increase also $0 that T¢/7, and Ty/7, 
will remain almost constant, but (7,/T,)? 
and T,,/tT, will decrease. This leads to 
the supposition that the system will be- 
come slower but no other trouble will 
appear. Experimentally, however, the 
system usually begins to oscillate at a 
high frequency. This led to an investiga- 
tion of the effect of a second delay in 
addition to the motor delay and to the 
interesting discovery that when (7;/7,)? 
is very small the system becomes ex- 
tremely sensitive to these secondary de- 
lays 

With a second delay of cTy seconds in 
cascade with the motor delay, the inverse 
transfer function given by equation 18 


becomes 
al +6 14i(Filrel alee |_ 
Xo 14j(Tw/to0)» 
ge(c+1)(Tu/To) (ts/T9)?2-+ 
Méc(Tu/to)*(ts/To) 2 


In this case, plots similar to those of Fig- 
ure 6 may beused with the last term added. 
Because the first delay acts to bring the 
locus down to intersect the negative real 
axis at some high frequency, and the 
second delay shifts the locus at this fre- 


(22) 


Table Il. Design Values for a Servomechanism Stabilized by Speed Feedback Through a 
High-Pass Filter 


(a). 7.2=JI/ Ks; 72g=192=7,*+TGTy 
(6). Ty/to 
(c). to>4T yy is the delay limitation 


near 2 allows a maximum delay and is satisfactory for zero delay 


(d). (7,/7))? less than about 0.09 if the delay is small, and less than about 0.067 if it is appreciable 
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Table Ill. Allowable Values of Secondary 
Delay in a Servomechanism Stabilized by 
Speed Feedback Through a High-Pass Filter 


San 


Max Value of Max Value of 


Secondary De- Secondary 
lay c7M/ro for Delay crM/rTo 
(r4/T.)? Ty/to 1X;/Xo\ 2 0.8 for Stability 
(Uy spent ae Hed 
ORT ie ec. O.09 eee riences 0.21 
ROG Tc ANOED os. nina oe OOPS Sees ets 0.10 
WF 2 Daye ie saieate (Paci Ste Seacotears Gree 0.08 
On coteat OL OS aries teks «tn 0.16 
ROI Sat OZ, wey. eotshs OO 2M teactcue atetaste = 0.08 
QD Tia ao ah ole De. ee aioe: a cle) 0.05 
OF Ta creak ORO5Ss,, clei ever 0.09 
OR033 Fed) Os 25 ec cates OPOD1EE«, aerereeran- 0.053 
#29) Be ce: OP ee cic Bias shelstets 0.03 
0.02 tee Pavarsia OBOS Tracers ete aie 0.045 
Da iars.6 a.0%e OSOUS Re ee creer ele 0.03 


quency along the real axis in the positive 
direction, there is the possibility that the 
\x,/xo|=0.8 circle may be crossed at 
some high frequency. If the second de- 
lay is sufficiently large, the locus may even 
go through a point to the right of (—1) 
representing instability. 

As an example of this sensitivity to a 
second delay Figure 7 contains a series of 
plots with the following values: 


(13/79)? =0.02 
Ty/To=2 

T y/t9=0.2 
c=0.05, 0.1, 0.15 


With zero secondary delay the char- 
acteristic does not go near the circle 
\x;/2%| = 0.8, but with a second delay of 
only c=0.07 units relative to the first it 
crosses the circle, and with a delay of only 
c=0.15 the system is unstable. Because 
secondary delays of such small value are 
likely to be neglected, it is important to 
recognize this sensitivity. The frequency 
of resonance is so high (A > 10)that in some 
applications higher resonances will be 
allowable, and even systems just on the 
verge of instability may be acceptable. 

Table III is a rough summary of data 
taken from several sets of such curves 
(Ty/To= 2). 

In some cases the second delay will be 
in the generator feed-back portion of the 
loop rather than in the forward part. 
The effects of the two types of delay are 
very similar and the allowable values are 
nearly the same for the smaller values of 


(7,/ To) 

The Effect of Internal Damping 
Some loads have a viscous friction com- 

ponent which requires a torque propor- 


tional to speed, and some motors have a 
torque-speed characteristic with the 
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torque dropping linearly with speed. Both 
of these characteristics may be treated in 
the same way and shown to produce a 
stabilizing or damping action. Some in- 
strument servomechanisms of low per- 
formance make considerable use of this 
type of damping, but it represents a 
secondary effect only for servomecha- 
nisms which are pushed to design limits 
and must deliver appreciable power to a 
load. The latter case will be considered 
here. 

The following relation between motor 
torque and output motion holds: 


Torque = J p°xo+fpxo 


=p J(1+f/Sp)xo (23) 


where f is the torque per unit speed re- 
quired by the load, or the drop in torque 
per unit speed of the motor as measured 
at the load shaft. 

With this new relation, equations 8 and 
16 for e/x, for the lead network stabiliza- 
tion and the speed feed-back stabilization 
become 
€__M+i(Palr)d 14 i(Tu/tor, 
Xo 1+j(T4/t0)® 1 

1—j(f/J)(t0/d) 


i (24) 


and 


<= —M[1—J(f/J) (to/d) + 


0 


t= (r3/t0)? 


j(Tu/t0)®) (76170) IM 
(25) 


Although the exact method for treating 
these equations is to make plots for all 
values of the parameters, it is possible to 
reason the effect of f for certain special 
cases. One way is to look at the factor 
(f/J)r, as a partial compensation for the 
motor delay Ty,/7,. Thus 


(14-j(Tau/to) [1 —G(F/J) (70/0) J 
=[1+(Tm/t0)(f/J)t01+ 


H(Tu/t0)\—(f/J)(t0/®) 1 (26) 


In equation 24 for the lead network 
type, the delay factor acts principally as 
a phase shift which tends to bring the 
plot inside the \x,/x,|=0.8 circle at fre- 
quencies in the region around }=2 for 
T,/T,=3 and around \=1 for T,4/7,=2, 
from Figures 5 and 4. If discussion is 
limited to the cases for which Ty,/7, and 
(f/J)r, are only a few tenths, the angle of 
this phase shift according to equation 26 
isapproximately [(T/t.)A—(f/J) (70/A) ] 
radians. Consequently near A ~*1 a por- 
tion of T'y/7, equivalent to (f/J)7, is com- 
pensated, and near \ 2 a portion equiva- 
lent to 1/4(f/J)r, is compensated. Thus 
the allowable motor delay may be in- 


creased by these amounts. If the motor 
delay is negligible, this damping may be 
looked upon as compensating some of the 
delay T;/7, or allowing a reduction of 
some of the stabilizing lead T4/T,. . 

For the speed feed-back case the effect 
is slightly different. As the motor delay 
causes a resonance at high frequencies 
near \=5 in this case, the term (f/J) 
(r,/X) becomes very small compared to 
(T/T). Consequently there is very 
little delay compensation. However, it 
does allow higher values for (Ty/To) 
(1,/T,)? or lower values for T/T, because 
these are analogous to T;/7, and T india 

Near zero frequency the term (f/J) 
(r,/X) becomes predominant and the 
e/x, plot starts upward along the im- 
aginary axis rather than in the negative . 
direction on the real axis as before. This 
represents a phase slope at zero frequency 
for x,/x, which is equal to (f/J)r,?=f/Ks. 
This slope may be shown to equal the lag 
error per unit velocity for these servo- 
mechanisms and indicates why (f/J)r, is 
small in high performance systems. This 
speed lag constant f/K, will determine the 
necessary value for K, in some cases 
rather than either the static or accelera- 
tion error limit. 


The Transient Response 


The justification for setting up criteria 
for good dynamic response on a frequency 
analysis basis is that solutions on this 
basis take considerably less calculation 
time and give essentially the same results 
as a transient analysis. Nevertheless it 
is of interest to show a few transient re- 
sponses for comparison with corresponding 
frequency responses. 

When the motor delay T/T, is negli- 
gible, the two types under discussion have 
the same transfer function and differen- 


Inverse transfer functions e/x 
servomechanism stabilized by speed feedback 
through a high-pass filter 


Figure 6. 


Tx/To =2, (r3/To)?= 0.05 
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tial equation with the following parame- 
ters analogous: 


D4) tae Ty/to 
Ts romans (Ty/To) (ts/To)? 
T3/ra—> (ts/T0)? 


Consequently they will have the same 
transient responses. 

Figure 8 shows the error as a function 
of time resulting from a suddenly applied 
input velocity of radians per second for 
the case of T,/7,=2 and several values of 
T;/7T,. It will be observed that for 
T;/T,=0.2 the oscillatory character is 
barely distinguishable, but it is definitely 
present for T3/T,=0.4. Inthe frequency 
response, T3/T,=0.2 gives a resonant 
peak |x,/x,| of about 1.25, which has been 
considered good performance, while for 
T;/1T,=0.4 the resonant peak is slightly 
over 1.5. Thus there is general agree- 
ment in the two methods. Sometimes it 
will be found that simple transient re- 
sponses mask some of the oscillatory char- 
acter which is accentuated when several 
similar servomechanisms are interacting 
in a common system and two resonant 
servomechanisms are in cascade. 

It is also to be observed that the error 
peak is roughly 1/2 m7, and that the time 
required for the transient to die out is 
about 47, seconds. Therefore there is a 
dual advantage to making 7, low, and the 
reason for the definition of 7, in this 
particular way is that several different 
servomechanisms may be placed on a 
similar basis for comparison. 7, has 
another interpretation in that it is near 
1/27 times the period of oscillation with 
poor stabilization (T4/7, or Ty/tT, too 
small). 


Figure 7. Inverse transfer functions e/x, for 
servomechanism stabilized by speed feedback, 
with secondary delay 


Ty/to=2 


(rs/t9)?=0.02 
Ty/To —— 0.2 
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Figure 8. Transient re- 
sponse to a suddenly 


applied input velocity 


Servomechanism  stabil- 
ized by lead network, 


with motor delay 


A suddenly applied change in input 
velocity is a fairly severe disturbance 
which is not often met in practice. Usu- 
ally the input motion will be fairly smooth 
in that there will not be any large changes 
of acceleration in less than 47, seconds 
(the transient time), so that the dynamic 
error will be very closely equal to 7,? 
times the acceleration. Therefore, the 
quantity 7,? is a good measure of the 
dynamic performance of the servo- 
mechanism. In the two cases considered 
T, is equal to 7z, but there are other types 
which have quantities analogous to 7, and 
7, but not equal. Therefore, two different 
symbols have been used to maintain the 
distinction. 


Comparison of the Two Types 


The analysis has brought out the fact 
that the dynamic response can be made 
essentially the same for the two types, 
and that improvement in performance is 
limited by the motor delay according to 
the relation 


Tag=T9>41l y 


As a consequence of this there is little 
choice betweert the two if high-speed 
dynamic response is the difficult specifica- 
tion to meet. 

The sensitivity to positional or static 
errors, however, is different for the two 
types. For lead network stabilization 
7; is equal to 7, and limited by the same 
factor, and therefore K,=J/r,%, the 
torque per unit error, is limited by 


Ks<J/16T x7? 


For the speed feed-back type, 7,? must be 
at least about 11 times smaller and could 
be many times less than this, limited only 
by the existence of secondary delays. 
Consequently, if high static sensitivity is 
the difficult specification to satisfy, the 
latter type is preferable. 

Because servomechanisms are essen- 
tially low-pass filters, they will not follow 


disturbances which have frequency com- 
ponents above a certain frequency which 
is proportional to 1/7,, depending upon 
how the band width of response is de- 
fined. Consequently for equivalent static 
sensitivities the speed feed-back type is a 
better filter and has smoother response in 
the presence of high-frequency spurious 
error signals. This is sometimes a de- 
sirable characteristic when the error meas- 
uring device is susceptible to spurious 
signals. 

Some error measuring devices have a 
serious amount of high-frequency elec- 
trical’ noise or unfiltered ripple which 
tends to overload the amplifier or motor 
without producing any average torque. 
The amplification in the servo loop up to 
the amplifier output is a measure of the 
possibility of this type of overloading. 

For the lead network stabilization, the 
high frequency amplification is propor- 
tional to ; 


Dale oh oe ea 
Tent Te 
Tek hts 
ott Bp 


while for generator feed-back stabiliza- 
tion it is 


and consequently, for equivalent static 
sensitivity the latter type has less gain 
and is superior by a factor T;/T4, which 
is less than say 0.09. However, for 
equivalent dynamic response they are 
about equal because T4/T, and (r,/7;)? 
are analogous. 

Another type of spurious signal is a 
low frequency signal which cannot pro- 
duce torque. For example, a signal 90 
degrees out of phase from a true a-c error 
signal cannot produce torque in an induc- 
tion motor. The gain for this type is K, 
in each case so that the two are equivalent 
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Figure 9. Gearing design curves 


on a static sensitivity basis, but the lead 
network type is superior on an equal 
dynamic response basis. : 

Because the error measuring device 
often is geared down considerably from 
the motor shaft, there may be a serious 
amount of backlash between the two 
which tends to promote oscillations. As 
the stabilizing signal in the speed feed- 
back type is usually much more directly 
coupled to the motor, it has less tendency 
to be disturbed by the backlash of the 
error signal. 


Motor-to-Load Gearing 


In the detailed design of a servo- 
mechanism the choice of a suitable servo- 
motor and motor-to-load gear reduction is 
sometimes the source of considerable con- 
fusion. An analysis of this problem 
leads to a means for specifying the appli- 
cability of a servomotor for a particular 
problem and to a procedure for finding the 
proper gear reduction. In addition it 
points out the proper direction for im- 
proved servomotor development. 

The following quantities concerning the 7 
load are considered as specified by the 
application: 


F,=dry friction load including a safety 
factor 

Jz, =Iload inertia 

ny =minimum available load speed 

az=minimum available load acceleration 

és = allowable positional or static error due to 
the dry friction, as measured at the 
load shaft 

@,=allowable error at the load shaft due to 

tS fa 

a, 


the maximum acceleration. 


The servomotor is characterized by 


Fy=available peak motor torque 

Jy=motor inertia 

Fy/Jm=maximum free acceleration of the 
motor, or .torque-to-inertia ratio 
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ny =maximum speed of the motor, which is 
discussed in more detail later 
T™=motor response delay 


The design problem may be stated as 
follows. Can proper gearing between the 
motor and load be found which will allow 
the servomotor to meet the application 
specifications? 

Let g=gear reduction from the motor 
to the load. 

The first requirement of the gearing is 
that the maximum motor speed after gear 
reduction should be not less than the re- 
quired load speed 


nN 
g=k-— kS1 
ny 


(27) 


The second requirement is that the 
possible acceleration of the motor and 
load system be not less than a,. The 
torque available for acceleration, as meas- 
ured at the load shaft, is (jFyu—Fr). 
The effective inertia at the load shaft is 


(g2Jy+J,). Therefore the second condi- 
tion for the gearing is 

Beak Me 

ae 28 
ee i Als oe ne eS) 


By combining equations 27 and 28 and 
atranging factors 


ees eee |- 
(Fu/Ju)/"m 
120,kS1 (29) 


Fyunu | 
(Fy+Jraz) 1) 


The various factors involved in equa- 
tion 29 may be given the following inter- 
pretations and symbols: 


Py=Fu nu 

= peak power output of the motor 
Py =(Fr+Jrar) 1 

= peak power absorbed by the load 


F. 
(A/N)u= wel 


=acceleration-to-speed ratio of the 
motor 

(A/N)p=a1/n1 
=acceleration-to-speed ratio of the 


load 
Fad ttt Oe lt pao (30) 
IPS, (A/N)u mM 


Equation 30 may be interpreted with 
the aid of Figure 9. For each value of 


kX, any motor which has Py/P, and 
(A/N) y/(A/N), values which lie to the 
right and above the curve for the corre- 
sponding k may be used. Thus the use- 
fulness of a motor is determined by both 
Py and (A/N)y while the difficulty of a 
set of specifications is measured by P;, 
and (A/N),. 

Equation 30 may be placed in another 
form which shows up other aspects of 


these relations. Thus 
Puy, (A/N)u Rath k 
Py (A/N)z| (A/N)u | (A/N)u 
(A/N)z (A/N)z 
=i 21 
Equation 31 has a solution only if 
Py (A/N)u 
— x ——__— = 32 
Pr (A/N)t oe 


Figure 10 illustrates these relations. In 
view of equation 32 it appears that 


PyX(A/N)u= Fu?/Iu 


is another measure of the usefulness of a 
motor, and 


P,X(A/N)L=(Fit+-Jian)an 


is a measure of the specification difficulty. 
Thus a high value for Fy?/Jx, appears to 
be more valuable for a motor than a high 
value for the usually specified torque-to- 
inertia ratio Fy/Jy,. 

The justification for placing these equa- 
tions in such a difficult form is that any 
measure of the performance of a motor 
must be independent of any gearing 
placed after the motor. Thus Py= 
Fynm, (A/N)u= Fy/J ym, and Py?/Su 
are all independent of gearing. A motor 
disguised by the addition of a gear box is _ 
still the same motor and has the same 
range of application. This is not true for 
the torque-to-inertia ratio specification. 

In addition to its power and accelera- 
tion-to-speed ratio, the merit of a motor is 
measured also by its response delay Ty. 
For the two types of servomechanism 
under discussion, Ty, must be less than 
about 0.257,, where 7, is determined by 
the specifications according to the follow- 
ing relations: 


Tq? Seq/Or (33) 


Figure 10. Gearing design 
curves 


ree 
Fu/Jm 
(Fytd, OL) Ov 


Pw (AA =e 
Pu (Mn), 
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Figure 11. Torque-speed characteristic 


167? Stq?=7;5? for lead network 
stabilization (34) 

167 y?Stq?= (11 to, say, 40)7s? for speed 
feed-back stabilization 


and 
J JIugt+J, 
tae ee 
RJ yn? t+Jzyny? 
_ hy unu +JimL ay (35) 
Fynyz? 


If the specifications should call for a T,? 
according to equation 33 which is too 
small relative to Ty”, there is no choice 
but to find a new-motor with less delay. 
If, however, it is the specifications accord- 
ing to equations 34 and 35 which are 
difficult to meet, 7,2 may be kept large by 
setting k as near unity as possible. 
Another possibility is to add to the motor 
inertia J,,, provided only that equation 33 
is not violated and that (A/V) y is not 
reduced too far to make gearing impossi- 
ble. . 

A numerical example can illustrate 
these relations more clearly. Consider 
the following set of specifications: 


F,,=5,000 inch-ounces 

Jr, =2,000 inch-ounces per radian per sec- 
ond? 

ay =0.5 radian per second? 

nz=0.5 radian per second 

€,= 0.001 radian 

e;= 0.0005 radian 


These specifications determine 


Py=(Fr+Jriar) "1 
= (5,000+ 2,000 < 0.5) (0.5) 
=3,000 inch-ounce-radians per sec- 
ond 
Jynz?= 2,000 (0.5)? 
= 500 inch-ounce-radians 


=(.002 second? 
(A/N),=4,/"1 
0.5 
“0.5 


=1 per second 


These values determine that the motor 
chosen must have a power at least as 
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large as P, and a delay Ty less than 


0.25-~V en /az, =0.25°/ 0.002 
=0(0.011 second 


Consider a motor with the following 
characteristics: 


Fy = 10 inch-ounces 

Jy =0.002 inch-ounce per 
second? 

ny = 500 radians per second 

Tyw=0.01 second 


radian per 


Then 


Py= Fynu 
=10 500 
=5,000 inch-ounce-radians per sec- 
ond 
10 
FulJu=9 009 
= 5,000 radians per second? 


= 500 inch-ounce-radians 


Therefore 


(A/N)m _10 
(A/N), 1 
nu 500 


-M _ = 1,000 
nL 0.5 


Referring these values to Figure 9 indi- 
cates that k may be between 1 and 0.64, 
so that the gearing may be between 1,000 
and 640. With these values 7,? may be 
calculated according to equation 35 


iy k?500+ 500 50.0005 
~ 5,000 X (0.5)2°> 
= 0.0004 second? for k=1 


Ts 


Thus 7, may be 0.02 second or somewhat 
less. . 

If the lead network type of stabilization 
is used, T2=7T;=T, and each must be 
greater than 47,,=0.04 second. There- 
fore, something must be done about in- 
creasing T, from 0,02 to 0.04. One possi- 
bility which often works is to increase Jy 
by the addition of extra inertia. 

With the power ratio Py,/P,=5/3, the 
acceleration-to-speed ratio may be de- 
creased to 2.4 (from Figure 9) and still 
allow a gearing solution k=1. Then 

1 5,000 
Lone +6500 
0.0005 


Ts 


~ 5,000 (0.5)? 
~0.001 


T; = 0 032, which is still too small, but Jy 


cannot be increased iurther without more 


motor power. 

Consequently, in order to use the lead 
network stabilization, a motor with less 
delay must be found or some of the speci- 
fications relaxed, possibly by allowing the 
slightly higher resonance obtained with 


In this case the resonance peak is still less 
than 1.5. 
For the speed feed-back type of stabi- 


‘lization, T.2=7,2 is limited fairly closely 


to 0.002 second? as it cannot be larger and 
meet the specifications nor can it be much 
smaller and still have t,>47y. There- 
fore, 7,2 must be less than about (1/11)7,? 
(0.00018 second?. 7,2 may be made 
smaller either by reducing the gear ratio 
or by setting the value of e, lower, that is, 
by increasing K,;. If & is set at its mint- 
mum value k=0.64 . 


= (0.64)?500-++ 500 
7" 5,000(0.5)? 
= 0.00028 second? 


0.0005 


T;? is still too large so that the value of e, 
must be decreased, that is, the sensitivity 


K,= F,/es 


must be greater than the static specifica- 
tions require. But this is no disadvan- 
tage except possibly that a less noisy error 
signal is required. 


Motor Torque—-Speed 
Characteristics 


Thus far in the analysis a critical dis- 
cussion of what is meant by peak motor 
speed my has been avoided. The assump- 
tion has been made that the motor torque 
for full excitation is reasonably constant 
up to a limiting speed my. There are 
several motor types for which this 
assumption is good; for instance, certain 
induction motors which have fairly con- 
stant torque up to the region of syn- 
chronous speed. A-c and d-c motors in 
which the field is controlled by vacuum 
tubes and the armature circuit is arranged 
to keep the current fairly constant and 
independent of the back electromotive 
force are also in this class. In the latter 
case there is either a speed above which it 
is not considered mechanically feasible to 
drive the motor or a speed at which the 
torque falls off fairly sharply because of a 
rapid increase in windage and hysteresis 
losses, or a change in circuit conditions. 

Other electric motors such as certain 
induction motors and d-c motors which 
have their armature voltage controlled 
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have a torque characteristic which falls off 
more or less linearly with speed over the 
useable range, as shown in Figure 11. In 
this case the analysis is more complicated 
because there is an error proportional to 
speed in addition to the static and acceler- 
ation errors which must be specified. In 
forming specifications for a system using a 
motor of this type, it is necessary to con- 
sider such things as what proportions of 
maximum speed and maximum accelera- 
tion are likely to occur simultaneously 
and whether or not it is allowable to have 
larger errors at high speed than at low 
speed. 

If the same forward accelerations are 
desired at all speeds, the problem is some- 
what simplified as 7, may be chosen at 
any value which will give 


Py=(Fu— AFu)nu 
and 


Fy — AFy 


(A/N)u= ee 


values which allow a gearing solution. 
As both Py and (A/N) y decrease with 
speed, there is a maximum allowable speed 
ny which falls on the portion of the curve 
of equation 30 for R=1. 

The damping factor f/J used previously 
for the complete system is 


AF AF 
. + fx ) second! 
Jp 


Junu 
where AF, is the increase in load from 
zero speed to speed m,, and AF, is the de- 
crease in motor torque from zero speed to 
speed 2. Both factors have the dimen- 
sion of second~! and may be added 
directly without the introduction of gear 


ratios. AFy/Jyny will be always less 
than 

F 
5 = (4/N)u 

M"M 


and for many cases will be only one-half 
this value, corresponding to maximum 
motor power output at speed my. 

In the absence of a definite application, 
it does not appear worth while to pursue 
this analysis further. There is one im- 
portant class of applications, namely, 
instrument servomechanisms, to which 
the gearing analysis does not completely 
apply as both F, and J; are considered 
negligible, but the same principles should 


apply. 
Other Servomechanism Types 


There are several other types of servo- 
mechanisms with different physical equip- 
ment to which the same basic equations or 
small variations apply. Some of these 
will be described briefly. 
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It has been assumed that the principal 


delay was in the motor, but the analysis 


will apply as well to any other equipment 
with a delay in the same portion of the 
control loop as the motor. 

A form of stabilization similar to lead 
network stabilization may be obtained if 
some speed measuring device is placed on 
both the input and output shafts and the 
difference in speed (px;—px,), which is 
equal to the error derivative pe, added to 
the error signal yielding a signal (1+ 
T,p)e. In this case Tz may be taken 
equal to zero or considered as a secondary 
delay. 

In place of a generator with a high-pass 
filter producing a signal 


ToT yt* 
Xo 
LET ys 


it is possible to use an accelerometer with 
a low-pass filter or a delay network yield- 
ing 

Ta p* 


LET AD. 


The same analysis applies, but variation 
of any of the physical parameters has a 
different effect on the analysis param- 
eters T;, T), Iy/T), and so forth, than 
previously. The extension is fairly 
straightforward. 

If an inertia Jp is coupled to the servo- 
motor by viscous friction with coefficient 
fp, a device known as an inertia damper is 
obtained. Oil often is used for the vis- 
cous coupling so that the torque on the 
damper inertia is proportional to the 
difference in speed of the motor and 


damper. Analysis of this case yields 
Motor torque _ pe E | ee 
Xo al? 
ier age 
Ie Gar 
D D (36) 
1+p =e 
fo 


where all quantities are measured at the 
load shaft, that is, J=J,+27Ju, Jn=2 
(damper inertia), and fp=g (friction 
coefficient). 

This inverse transfer function is similar 
to the square bracket of equation 18 and 
the following analogous relations may be 
set up: 


T;?7 —> J/K; 
J+Jp 


eS 
1 
s 


CHa jie 


Di —> Jpfip 
T¢ ae fo/Ks 


and analogous design relations apply. It 


is interesting that this servomechanism is 
similar to the speed feed-back type when 
Tu=0, and 7,24~7,2. However, all delays 
have an effect similar to that for the lead 
network type, and in particular, the ex- 
treme sensitivity to secondary delays is 
not present. 


Other types have transfer functions 
different in algebraic form from those 
given but closely approaching the same 
form for values of X greater than some 
small value, say, 0.5. For these, some of 
the same design criteria may be used, 
along with additional ones which allow 
the various types to converge for \>0.5. 
Examples of this type are the commonly 
known integral controls which are best 
left to a separate paper. 


Appendix. Nomenclature 


az,=minimum available load acceleration 


Fu/J 
(A/N)u= xe =acceleration-to-speed 
aM 


ratio of the motor 

(A/N),=a,/n,=acceleration-to-speed 
ratio of the load 

c=ratio of secondary-to-primary delay 

€=X;—X, = deviation or error 

€,=allowable error at the load shaft due 
to the maximum acceleration 

é,;=allowable proportional or static error 
due to dry friction, as measured at 
the load shaft 

F=dry friction torque 

f=viscous friction coefficient or torque 
change per unit change of speed 

F,=dry friction load torque including a 
safety factor ; 

Fy,=available peak motor torque 

Fy/Jy=maximum free acceleration of the 
motor, or torque-to-inertia ratio 

g=gear reduction from the motor to the load 

J =effective moment of inertia of motor and 
load 

J;=moment of inertia of the load 

Jy=moment of inertia of the motor 

K;=motor torque per unit error, static 
sensitivity ; 

}=nondimensional measure of angular fre- 
quency 

nz,=minimum available load speed 

ny = maximum motor speed 

p= differential operator 

P,=(Fr+Jzrar)n,=peak power absorbed 
by the load 

Py=Fyny=peak power output of the 
motor 

T,=circuit time constant 

T g=Ccircuit time constant 

Tg=circuit time constant 

Ty=circuit time constant 

Ty =motor response delay time 


acceleration error 
Ta= a ee ar 
acceleration 


, a time constant 


r= VJ J/Ks, a defined time constant 


Harris—Comparison of Two Servomechanism Types 91 


T= /w, servo time constant used as a meas- 
ure for other time constants 

%;=input co-ordinate 

Xo =output co-ordinate 
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Discussion 


H. Chestnut (General Electric Company, 
Schenectady, N. Y.): In the design of servo- 
mechanisms, there are employed two basic 
methods of providing the desired stability 
and accuracy of an over-all system or for 
components within a system. In this paper, 
Herbert Harris points out examples of these 
basic methods as applied to a torque motor 
power element with an associated time con- 
stant. As is indicated so ably by Harris, 
the two methods when properly employed 
produce quite comparable results in many 
respects. I should like to generalize further 
the two basic design methods and point out 
some applications where one or the other 
method is particularly well fitted. The 
basic design methods to which I refer have 
been termed 


1. Series means for providing stability and “ac- 
curacy. 


2. Feedback or parallel! means for providing sta- 
bility and accuracy. 


These are illustrated by the examples shown 
in Figures 1 and 2 respectively of Harris’ 
paper. In many high performance servo- 
mechanisms both of these means are em- 
ployed, each being used to provide their 
desired effect. The automatic control sys- 
tem shown in Figure 3 of George J. 
Schwartz’s paper? is illustrative of a servo- 
mechanism system in which both series 
and feed-back stabilizing means are em- 
ployed. 

When series methods are employed, the 
stabilization is inserted in series with the re- 
mainder of the system, and compensation is 
made for the characteristics of the remainder 
of the system. As long as the characteristics 
of the remainder of the parameters of the 
system are constant and do not vary appre- 
ciably with time or operating conditions, 
the series method may be employed to ad- 
vantage. 

However, if, for example, the gain of the 
motor Ks, were to change, the values of 
Ts=T, and T,/7, would change; as the de- 
sign values listed in Harris’ paper are based 
on a certain T;,/r, ratio, the change in gain 
will alter the performance of the system 
directly. : 

In cases where there are a minimum of 
spurious higher frequency signals present 
in the input, this method is advantageous. 
As pointed out by Harris, these spurious 
signals may overload amplifier and prevent 
proper amplification of desired signals. 
In addition to the use of lead network of the 
type illustrated in the example used by 
Harris, series means may include lag net- 
works which decrease the signal transmitted 
through them at higher frequencies rather 
than increase them as in the case of lead 


92 Harris—Comparison of Two Servomechanism Types 


networks. So-called “integral type’ con- 
trollers fall into this category. Frequently, 
combinations of lead and lag networks are 
used to produce different desired effects in 
the various frequency ranges included in the 
input signal to the servomechanism. 

The use of cheap reliable network ele- 
ments in the amplifier stages of a servo am- 
plifier is particularly attractive in that little 
added equipment or maintenance is required 
when these series means are employed. 
However, changes in the gain of the re- 
mainder of the system, which generally oc- 
cur with time, if not with operating condi- 
tions, are not mitigated at all by the series 
stabilizing means. Hence, in large produc- 
tion jobs, where close manufacturing toler- 
ance can be obtained only at additional ex- 
pense, series stabilization seldom is used 
exclusively. 

Feed-back means are used to provide a 
net signal toa servo element which is a func- 
tion of the input to that element and some 
function of the output of the element. In 
a sense it is a supplementary closed loop and 
its performance and stability must be con- 
sidered in the same careful manner that 
the over-all closed loop is considered. Three 
desirable functions which feed-back means 
can be made to perform are the following: 

1. Feedback can minimize the effect of changing 


gain of an element on the stability and dynamic ac- 
curacy of a system. 


2. Feedback can be used to reduce the time con- 
stant of a servoelement, 


3. Feedback can be used to modify the form of a 
servoelement. 


Harris’ summary of design information 
pertaining to the feed-back type of servo- 


mechanism illustrates the first point. The 
IE In K Eo 
I+ T\e 
‘ | 
[Suet ee Se aes 


Figure 1. Servo element 


Eo 
| 
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Figure 2. Servo element (top) and feed-back 
element (bottom) 


4, PARALLEL CIRCUITS IN SERVOMECHANISMS, 
H. Tyler Marcy. AIEE Transactions, volume 
65, 1946, August-September section, pages 521-9. 


5. FREQUENCY RESPONSE oF AUTOMATIC CONTROL 
Systems, H. Harris. AIEE TRaNsaActions, vol- 
ume 65, 1946, August-September section, pages 
539-46. 


6. THE ANALYSIS AND DESIGN OF SERVOMECHA- 
nisms, H. Harris. Tvansactions, American Society 
of Mechanical Engineers (New York, N. Y.), 
volume 69, April 1947, pages 267-80. 


delay limitation is shown to be imposed by 
the 7/7, ratio where 


Tot? =T3°+ T¢Ty 5 
T2=J/K, 


TgTn is determined by the feed-back 
parameters. 

For good design TgTy is shown to be 
much greater than 7,”, greater than nine to 
one in the- illustrative example. Hence 
changes in rs caused by changes in gain Ks 
represent a smaller percentage change in 
tT) and likewise in T/r, ratio. The feed- 
back parameters TgTy are the dominant 
factors, and they are quantities which are 
selected at the discretion of the designer. 

Noting that the time lag for constant 
acceleration output motion is (rs?-+T¢Ty) 
times the acceleration, it is apparent that 
changes in 7,2 caused by changes in the gain 
K; will not be noticeable because of the high 
ratio of TgTy to7;2. Hence the use of feed- 
back has reduced the change in the over-all 
accuracy for high acceleration signals 
caused by the changes in the gain of the 
servomotor itself. 

Although use has been made of the results 
of Harris’ work on a specific system, a more 
generalized analysis of feedback reveals the 
same beneficial results of feedback. — 

To illustrate the use of feedback in reduc- 


“ing the time constant.of a servo element 


consider Figure 1 of this discussion. A 
servo element with gain K and a time con- 
stant 7; is shown by the solid lines. The 
input to the element is Ej, the output Ep. 
Thus 


Soe K 
En 1+Tip 


If now the output is fed back to the input 
as shown by the dotted line, the following 
equation for the system may be written: 


K(Ein— Eo) _ 


Eo 
IT 


Combining 
KEm=(Tip+1+4)E, 


and finally, 


Thus the time constant 7; has been re- 
lig 
14K 
back. Because, as is pointed out in, Harris 
paper, the limit on servomechanism per- 
formance frequently is caused the value of a 


duced effectively to by the use of feed- 
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particular time constant, feedback provides 
a means for reducing the offender. 
However, it will be noted that there has 


been a loss of gain by the same i = factor 


which must be compensated for elsewhere in 
the system. Generally amplification can be 
obtained at low power levels and this is no 
severe limitation. 

Modification of the form of a servoelement 
is an important application of feedback and 
Figure 2 of this discussion should serve to 
illustrate this point. The servoelement 
shown in solid lines, with input Ej and out- 
put E,, has a transfer function. 


Suppose now the output is fed back 
through a feed-back element shown by the 
dotted connection which has as its trans- 
fer function 


The resultant equation for the system . 


with the feedback connected is 


ee ae ee te 
Ein Sg p 
K 1 
of ee) | 
If KK;>1, then this equation reduces to 
Ey vest 
Ein Ksp 


and the transfer function has been changed 
in form from one in which the output ac- 
celeration is proportional to the input signal 
to one in which the output is proportional 
to the input signal. 

As Harris has pointed out, the feed-back 
signals can be used most effectively when 
they are used with filters which utilize the 
feed-back effect only over a limited portion 
of the frequency range. 

Although the use of feedback presents 
many attractive features, it is important not 
to gloss over some undesirable items asso- 
ciated with its use. In many cases tachome- 
ters or other signal sources are required 
which add cost and weight and increase the 
problems of production and maintenance. 
Frequently, additional wiring is required to 
bring the feed-back quantities into the am- 
plifier stages. Occasionally, cathode fol- 
lowers, isolating amplifiers, or other means 
are required to change impedance levels and 
prevent undesirable interaction of elements. 
These factors, though not appearing explic- 
itly in the technical analysis, nevertheless 
figure very prominently in the complete 
engineering appraisal of a servomechanism 
system. 

Utilizing the concepts of series and feed- 
back methods of stabilization, and using 
the attenuation-phase shift method de- 
scribed by Mac Coll,*one realizes that the use 


can be improved. Likewise, by employing 
two stages of the RC network used in the 
feed-back network and appropriately chang- 
ing the values of Ty, Tg, and Ks, an im- 
proved system utilizing feedback can be ob- 
tained. The complexity in analysis re- 
quired by these added terms would contri- 
bute little to the comparison of the two 
basic servomechanism types performed so 
capably by Harris. I mention them only as 
possible means for overcoming some of the 
design limitations which are dependent on 
the filter characteristics which are assumed. 
In conclusion I should like to take notice 
of the choice of I =1.25 as a design criterion 
for satisfactory performance. This figure 
seems to be somewhat lower than generally 
is considered essential for a system with 
satisfactory performance. In an actual sys- 
tem, the use of a lower M figure than is nec- 
essary means that the speed of response of 
the system may be impaired or a more ele- 
gant and costly design must be employed. 
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H. Tyler Marcy (M. W. Kellogg Company, 
Jersey City, N. J.): Herbert Harris is to 
be congratulated for undertaking a direct 
comparison of two servomechanism types 
often proposed for the same function. 

I should like to indicate another interpre- 
tation of two of Harris’ equations (8 and 
13) which leads more easily to a comparison 
of the two techniques. If a nondimensional 
operator y be defined as Typ then equations 
8 and 13 may be rewritten. 


Tr 
Os ae itn 
= AP 8 ty) 
oy ae ee 
ea 
Tite oe 
CORT 7 
— a yX(14+y) 47-7 
core 12H ) 
Toe 
TyTcKs 


if 
AC fa mae NOT LS RC 
aen(i+72 ”) 
M 


For the two systems to be nearly alike in 
resonant characteristics, which has been 
used as a criterion of similarity, then the 
comparison of the two techniques reduces to 
a comparison of the two functions. 


ead network discussed by Hall.} 


AXIS OF REALS 


— LOCI FOR TACHOMETER NETWORK 
——— LOCUS FOR A LEAD NETWORK 


Figure 3 


ce (Fas )r+(14 2%) 
Tu J 


(2) 


Both these functions are familiar when 
the operator y is replaced by a complex fre- 
quency ju and loci drawn. The first is the 
reciprocal of a lead network and is a semi- 
circle. The second is a form of a matching 
Figure 3° 
of this discussion shows sketches made of 
these loci when J/K Ty? =1 and an attenua- 
tion ratio of five assumed for the lead net- 
work. 

It will be recognized that there is more 
freedom in the design of the tachometer 
feedback as represented by loci for matching 
lead networks. It at once will be obvious 
that the two loci can be made to approxi- 
mate the same phase characteristic over a 
critical frequency range. This can be done 
with an increase of the system K; if an ade- 
quate signal level is available from the 
tachometer as Harris points out. 
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Herbert Harris: The discussions of H. 
Chestnut and H. Tyler Marcy are quite 
constructive, and the author has no real 
disagreement with any of the points pre- 
sented. Personal preferences as to meth- 
ods of analysis and to specifications, such as 
allowable height of resonance peaks, always 
will be present as long as engineers work in 
different organizations and on different 
equipment. 

The author wonders whether Chestnut 
can have any proof of his generalization that 
feed-back means of stabilization is always 
less susceptible to the efforts of parameter 
changes than the series method. These two 
cases do not prove such a generalization, and 
it would seem possible to devise contradic- 
tions. 


of single RC networks has limited somewhat TS The apparent cheapness of network com- 
the performance which can be obtained T ite % ponents is often spurious whenever feed- 
from the servomotor. By employing, on a pee A (1) back means of stabilization can allow the 
series basis, two stages of lead networks or = KsT’ 1 Ta mechanical system to have less rigidity and 
the equivalent and providing added gain, Tr, Y wore backlash: 

the static accuracy and frequency response 
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An Integrated Control System for 
Aircraft D-C Generators . 


A. T. MeCLINTON 


ASSOCIATE AIEE 


Synopsis: This paper describes an electric 
system for d-c generators used: on aircraft 
that allows physical integration of all con- 
trol elements normally associated with the 
control of the generator. The proposed 
system differs from the present system used 
by the Army and Navy primarily in that 
integration has been accomplished in addi- 
tion to offering automatic control of the 
generator without a sacrifice in system 
performance. No attempt has been made 
to compare this system with present sys- 
tems. It is the purpose of this paper to 
describe the individual control elements 
of the proposed system and to discuss their 
characteristics. 


HE OUTPUT of d-c generators in 

use at the present time in aircraft is 
controlled primarily by two elements, 
namely, a regulator and a relay. The 
function of the regulator is to maintain 
the voltage at a predetermined magnitude 
at some particular point on the electric 
system for specific conditions of operation 
of the generator. The principal function 
of the generator control relay is to con- 
nect the generator to the bus whenever 
the generator is capable of furnishing 
power to the bus and to disconnect the 
generator when it is no longer able to 
furnish power. Controlling this relay 
by a switch provides a means for manually 
disconnecting the generator from the bus. 
Other items normally associated with 
these control elements are a voltmeter, 
ammeter, a visual indicator to signal 
when the generator is disconnected from 
the bus, and some provision for con- 
necting the equalizer coil to the equalizer 
bus. 

If proper consideration is given to the 
selection of these control elements and 
to the configuration of the generator 


94 


control system, it should be possible to 
realize the following: 


1. System regulation at the aircraft load 
bus should not be dependent upon the 
regulator characteristic and line drop but 
should be governed simply and effectively 
for any system. 


2. Load division should be controlled 
accurately and readily and should not be 
dependent upon the proper balance of line 
resistances and regulator characteristics. 


8. The operation of each generator, 
whether on a single or multigenerator sys- 
tem, should be automatic, thus requiring 
none of the pilot’s or flight engineer’s at- 
tention. 


4. The design and arrangement of the 
various control elements should permit 
placing all of these elements into one control 
panel (in all present installations these 
generator control elements appear in the 
aircraft as separate units and frequently in 
widely spaced parts of the aircraft), so that 

(a). Servicing of the aircraft would be simplified. 


(b). Possible faults in the control circuit can be 
determined readily and corrected. 


(c). Setting of system voltage would be simplified. 


5. The control system would allow bench 
adjustment of all components. The only 
adjustment necessary after the control unit 
is placed in the aircraft would be to set the 
system voltage. 


This, by means of introduction, defines 
the requirements which the generator 
control system should meet. In order 
to satisfy these requirements for system 
performance, the control elements have 
been set up as follows. 


Voltage Regulator 


In order to accomplish the first two 
requirements for the control system, the 
voltage regulator should he able to main- 
tain the same no-load voltage for all 
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generators as well as to give approxi- 
mately the same regulation for each 
generator comprising the system. If 
it were possible to obtain identical regula- 
tion for all generators, the problem of 
obtaining proper load division would be 
simplified greatly. Experience has 
demonstrated, however, that with present 
carbon pile regulators the regulation is 
dependent upon the setting of the regu- 
lator as well as upon the particular gener- 
ator used. One other factor which must 
be considered is the voltage drop in the 
power leads from the point of regulation 
to the point of paralleling the generators. 

As a means of providing uniform regu- 
lation which is independent of these 
factors, it is proposed that a carbon pile 
regulator, equipped with a line-drop 
compensating coil be used. Such a device 
was used formerly on the industrial Tirrel- 
type regulator. Figure 1 shows a sche- 
matic diagram of this regulator with the 
connections to the generator. The volt- 
age signal for the line-drop compensating 
coil is taken from a potentiometer which 
is connected across the series field of the 
generator. Because the drop across the 
series field is proportional to the generator 
current, the resultant effect of the line- 
drop compensating coil on the regulated 
voltage will be proportional to the gener- 
ator current. The connections to the 
potentiometers will allow for either plus 
or minus compensation; that is, the 
voltage at the load bus can be made to 
increase or to decrease with increase in 
generator current. Thus the regulation 
of the electric system can be made droop- 
ing, flat, or rising; but of greater im- 
portance, it can be controlled. This 
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first system-control  re- 


satisfies the 
quirement. 

The second requirement of the control 
system is met by the equalizer coil. In 
addition to the line-drop compensating 
coil and voltage coil, each regulator is 
provided with an equalizer coil which is 
wound in a direction such as to com- 
pensate for unbalanced loads between 
generators. This coilhas an amplifica- 
tion factor of approximately ten; that 
is, 0.25 volt across the equalizer coil will 
produce a 2.5-volt change in regulated 
voltage. Equalizer potential is obtained 
by using part of the voltage drop across 
the generator series field. An equalizer 
potentiometer, connected as shown in 
Figure 1, is used for this. Through the 
use of this potentiometer it is possible 
to adjust the equalizer potential to the 
same value for all generators. The 
resistance of the grounding circuit (bolts, 
lugs, and contacts) as well as lead re- 
sistance are neutralized through the use 
of the equalizer potentiometer. 

As the regulation of each generator on 
a system can be controlled by means of 
the line-drop compensating coil, the set- 
ting of the equalizer potentiometer is 
independent of voltage regulation and 
thus can be made the same for all regu- 
lators on a system. The potentiometer 
is set to give a potential from tap to 
ground equal to 1.6 volts at full load on 
the generator. A voltage of 1.6 volts 
was chosen rather than some lower voltage 
because of the fact that better load divi- 
sion results. Because this voltage is 
compared with a similar voltage on other 
regulators connected to the equalizer 
bus, the error signal, for a given per- 
centage load unbalance, is going to be 
proportional to the total drop across the 
equalizer potentiometer. It necessarily 
follows then that if the drop across the 
equalizer -potentiometer is set for 1.6 
volts rather than 0.8 volt, the minimum 


load unbalance detected by the regulator © 


in the system using 1.6 volts will be one- 


i EQUALIZER 
POTENTIOMETER 


’ 
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LINE DROP COMPENSATING 
POTENTIOMETER 


aah ts 
= | vourace / 


= | REGULATOR 


LINE CONTACTOR 
TO GENERATOR z 


POSITIVE TO LOAD BUS 


TO PILOT RELAY 


EQUALIZER CONTROL RELAY 
Eau ° 


KK TO EQUALIZER BUS 


TO EQUALIZER 
coil 


Figure 2. Connections for the equalizer con- 
trol relay 


half that of the system using 0.8 volt 
drop. Thus, better load division will 
result from.the system using the higher 
equalizing voltage. The magnitude of 
equalizer potential was limited to 1.6 
volts by the fact that the voltage drop 
across the series field of present standard 
aircraft generators varies from 1.6 volts 
to 5.0 volts, and it is desirable to stand- 
ardize on one voltage setting for all 
generators. 

The selection of an equalizer voltage 
of 1.6 volts coupled with the high ampli- 
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Figure 1. Schematic 
diagram of the voltage 
regulator control unit 
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Figure 3. Schematic diagram of an integrated 
control system for use with single or multi- 
generator system 


1—Reverse current coil 
9—Load differential coil 
3—Voltage differential coil 
4—Double-pole relay 


fication of this equalizer circuit necessi- 
tates the removal of this coil from the 
equalizer bus when the associated gener- 
ator is disconnected from the load bus. 


Equalizer Circuit 


In an effort to illustrate the effect of 
the equalizer coil on bus voltage when 
the associated generator is disconnected 
from the bus, Table I is presented. This 
table, based on an equalizer circuit re- 
sistance of 2.0 ohms does not represent 
the worst possible condition of operation, 
but demonstrates what is found to be the 
case in a typical system. 

From this it becomes evident that the 
equalizer coil must be disconnected from 
its bus when the generator is disconnected 


Table I 


———————————— nn 


Decrease in 


Number of Number of Bus Voltage 
Generators Generators With Full Load 
in the Disconnected on Remaining 
System From_Bus Generators* 
even eee See. Pl 
Dit acters are sort A conor aps 3.3 
1 Ps oh amo 5 nie ae eae iene 1.65 
Zhe. rele coer eee Py US Ain i AOE Sue. 
Aira es Merete Bie tek ieeat aomege vee 4.95 
ee ae a eS ee 


*This is based on the use of equalizer coils in which 
0.25 volt causes a 2.5-volt change in regulated 
voltage; the equalizer potentiometer is set for 1.6 
volts at full generator load; the equalizer circuit 
resistance is considered to be 2.0 ohms (0.4 ohm for 
each equalizer coil plus 1.2 ohms for intercon- 
nections). 
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Figure 4. Closing characteristic of pilot relay 
when used with the integrated control system 


from the load bus. In the proposed 
system this was accomplished by inserting 
a relay in the equalizer circuit and con- 
necting its operating coil between the 
armature of the double-break line con- 
tactor and ground (Figure 2). Thus, 
when the line contactor is open, the 
equalizer control relay is de-energized. 
The reasons for using this circuit in 
preference to several other possibilities 
will be evident as the complete integrated 
control system is developed. 

Figure 2 immediately brings up an- 
other element used for generator control, 
that is the pilot relay which controls the 
line contactor. 


Pilot Relay 


This important item in the control 
system connects the bus to the generator 
when it can carry load, and disconnects 
the generator when it will no longer carry 
load. The pilot relay developed for use 
with the proposed system isa polarized 
device having two identical voltage coils 
and one current coil. -The relay operates 
on a differential voltage principle, the 
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Figure 5. Characteristic of regulator equalizer coils and generator 


control elements on a multigenerator system 


two voltage coils giving the signal for 
closing, and the current coil giving the 
signal for opening the relay on reverse 
currents. Connections for this relay 
are shown in Figure 3.- Referring to 
Figure 3, the line contactor coil is ener- 
gized through the contacts of the pilot 
relay and a manually operated switch. 
Coil 2 or 3 will close the relay when the 
voltage across either coil is at least 0.4 
volt and of the proper polarity, or when 
the algebraic sum of the coil voltages is 
at least 0.4 volt. Coil 1 will open the 
relay when no, less than 0.08 volt of the 
proper polarity is impressed across the 


coil. The generator switch has been: 


inserted to make it possible to remove 
the generator from the load bus. Re- 
ferring to Figure 3, it will be noted that 
one of the voltage coils of the pilot relay 
connects across the contacts of the 
equalizer relay, completing the circuit 
for the equalizer coil to the equalizer 
bus. Because the load differential coil 
has a resistance of 20 ohms, the current 
in the equalizer coil circuit cannot de- 
crease the bus voltage by more than 0.2 
volt. This small change in bus voltage 
resulting from the pilot relay is of neg- 
ligible magnitude. 
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The operation of the pilot relay is as 
follows. (This discussion is based on a 
2-generator system although it can be 
made to apply for any number of gener- 
ators.) Assume that the equalizer 
resistors are adjusted for 1.6-volt drop 
at full load on the generator and that 
one generator is connected to the bus. 
When the system load is zero, the voltage 
from the equalizer bus to ground or across 
the equalizer relay of the generator off 
the bus will be zero. Thus, the pilot 


‘relay can close only when the voltage of 


the oncoming generator is at least 0.4 
volt higher than the bus voltage. If the 
system load is one-fourth rated generator 
load, the voltage from equalizer bus to 
ground is 0.4 volt. Under this condition 
the pilot relay will close as long as the 
generator voltage is at least equal to the 
bus voltage. 

As a further explanation of the opera- 
tion of this relay, its closing characteris- 
tics are plotted in Figure 4. Curve B 
shows the closing characteristic of the 
pilot relay when only coil 3 is employed. 


The relay pickup tolerance is approxi- — 


mately plus or minus 0.1 volt which gives 
the band from 0.3 to 0.5 volt shown on 
the curve. It should be noted that the 
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pickup characteristic of this coil is inde- 
pendent of the load on the aircraft bus. 
When coil 2 is connected also, the charac- 
teristic of the pilot relay is dependent 
upon the system load. The voltage 
across coil 2 is the same as the voltage 
drop from ground to equalizer bus, 
which is shown by curve A. As the flux 
created by the two coils adds algebraically 
to close the pilot relay, and because coils 
2.and 8 are identical, the voltage differen- 
tial between the oncoming generator and 
the bus need not be plus 0.4 volt but can 
be some value less, the amount depending 
upon the busload. Because the algebraic 
sum of the voltages across these coils 
must be plus 0.4 volt, we need only to 
subtract the value of voltage appearing 
across coil 2 from 0.4 volt to get the 
voltage differential between the on- 
coming generator and bus which will allow 
closure of the pilot relay. This is done 
on Figure 4 by subtracting curve A from 
curve B to give the resulting closing 
characteristic, curve C. 

The fact that the oncoming generator 
can have a voltage lower than the bus 


Figure 6A. Load division characteristics of a 
2-generator system 
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voltage at the time it is connected to the 
line brings up the question as to how this 
generator will be able to carry any of the 
system load. This is accomplished 
through the action of the equalizer coils. 
In way of explanation, let it bé assumed 
that the equalizer coil of a generator is 
connected to the equalizer bus, but the 
line contactor of this generator is open. 
If there is a load on the remaining gener- 
ators connected to the bus, the current 
flow in the equalizer circuit will cause an 
increase in voltage of the generator off 
the bus (line contactor open) and will 
cause the voltage of all generators on the 
bus to decrease. This will result in a new 
value of voltage difference between the 
generator off the bus and the bus voltage. 
The magnitude of this voltage differen- 
tial caused by- action of the equalizer 
coils is shown in Figure 5. This voltage 
difference is independent of the number 
of generators making up the system and 
the number of generators disconnected 
from the load bus. As long as the 
equalizer coils are able to produce a 
voltage differential which is numerically 
greater than the values on curve C, 
Figure 4 for corresponding bus load, the 
oncoming generator will take part of the 
bus load. A comparison of these curves 
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will reveal that the slope of curve C can 
be increased greatly and still meet these 
requirements. An increase in the slope 
of this curve might be desirable in view 
of the fact that if the increase were ac- 
complished a generator could be paral- 
leled with the bus at lower system loads 
for a given voltage difference between 
the oncoming generator and the bus. 
This can be accomplished by increasing 
the ampere turns of coil 2, Figure 2; doub- 
ling it would double the slope of this curve. 

The action of coil 1, Figure 3, is to open 
the pilot relay on reverse currents; that 
is, when the generator is no longer capable 
of carrying load. This coil will open the 
pilot relay when the voltage drop from the 
tap on the equalizer to ground is 0.08 volt. 
As the equalizer potentiometers are ad- 
justed for 1.6 volts at full load on the gen- 
erator, the pilotrelay will openon a genera- 
tor reverse current equal to five-per-cent 
rated generator current. 


Control Unit 


The required generator control unit, as 
shown on Figure 3, now consists of the 


Figure 6B, System voltage characteristics of a 
2-generator system 
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aforesaid voltage regulator, pilot relay, 
and equalizer control relay in addition to a 
combination voltmeter and ammeter, a 
generator switch, an indicator lamp for 
signaling when the generator is discon- 
nected from the load bus, and pin jacks. 

These elements are mounted in one box 
which can be mounted in the control 
panel of the aircraft. The ballast lamp is 
inserted in series with the voltage differ- 
ential coil to protect this sensitive coil 
from high reverse voltages. The 50-milli- 
volt shunt and the line contactor are lo- 
cated externally to the control unit to 
avoid the necessity of having to run the 
generator current through the control 
unit. 


Load Division 


To demonstrate the capabilities of the 
proposed system to divide the load prop- 
erly between generators, several tests were 
made involving different values of line re- 


sistance and different size generators. The 
tests showed that good division would re- 
sult from the use of this system of parallel 
operation. Figures 6A and 6B show re- 
sults which are typical of a system em- 
ploying this control unit, where the bus 
voltage has been adjusted to rise with in- 
creaseinload. The positive line resistance 
from each generator to bus was 0.045 ohm 
and 0.07 ohm, respectively. Ground cir- 
cuit ‘resistance was approximately 0.001 
ohm. The regulator voltage coils were 
connected to the positive terminal of the 
generator. 


Conclusions 


In view of the many operational prob- 
lems resulting from the use of several in- 
dividual items of control equipment for 
aircraft generators, it is desirable that an 
integrated control system be adopted. It 
is believed that by the indicated selection 
and arrangement of control items, a uni- 


fied system can be constructed which will 
result in the following: 


1. Simplified maintenance problems be- 
cause of the provision for quick removal of 
the control elements for bench adjustment. 


2. Improved operation arising from a 
system kept in better adjustment. 


3. Reduction in weight and space require- 
ments over that required with decentralized 
location of devices. 


The control system proposed demon- 
strates that it is possible to build a con- 
trol unit for aircraft generators that makes 
the following attainable: ~ 


1. Accurate control of the bus voltage by 
means of control of the system regulation. 
It is not necessary to rely upon proper 
regulator adjustment, use of certain genera- 
tors, or accurately determined line drops. 


2. Connection of the bus to the generator 
when, and only when, it can furnish power 
to the bus. 


3. An automatic system. 


4. Better division of load. 
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- The Calibration of Ignition Crest 
V oltmeters 


W.L. DAVIS 


MEMBER AIEE 


N STUDYING the performance of air- 

craft and automotive types of internal 
combustion engine ignition systems, igni- 
tion crest voltmeters have been used for 
the measurement of peak voltages at 
various points in the systems. Several 
types of meters have been developed for 
this purpose. Field experience with these 
meters has shown a considerable varia- 
tion in reading between the several meters 
when connected to the same point in the 
ignition system. In view of the incon- 
sistent performance of the meters, a 
study was undertaken in which several 
of the factors influencing the performance 
of the various available voltmeters were 
segregated and analyzed separately. 


Fundamental Considerations 


One of the first factors to be considered 
in the study of performance of crest volt- 
meters was the wave shape of the volt- 
ages to be measured. Oscillographic rec- 
ords of voltages encountered in both au- 
tomotive and aircraft engines show that 
the wave shapes encountered are ex- 
tremely complex. Figure 1 shows oscillo- 
grams of voltages occurring in the igni- 
tion system of a typical automotive en- 
gine for the firing of one cylinder. Oscillo- 
grams of voltages on aircraft engines are 
similar in nature and complexity. Be- 
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cause of these complexities, it was thought 
advisable to study the performance of the 
voltmeters under application of a voltage 
of relatively simple wave form whose 
amplitude and shape could be controlled 
easily. In this way the effects of chang- 
ing such variables as wave front, dura- 
tion of peak voltage, and amplitude of 
peak could be studied. It was decided 


that equipment should be devised which 


Typical oscillograms of voltages in 
automotive ignition system 


Figure 1. 


Top and central oscillograms made at spark- 
coil secondary, bottom oscillogram made at 
spark plug 


Figure 2. Simplified 
diagram of surge gen- = 
erator 
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would produce repetitive voltage surges 
of simple shape whose wave front, dura- 
tion of peak voltage, and repetition rate 
would be independently variable over 
suitable ranges. 

Examination of oscillograms of the 
type shown in Figure 1 showed that the 
wave fronts most frequently encountered 
in ignition systems would be included be- 
tween the limits of 0.5 microsecond to 
peak voltage and about 25 microseconds 
to peak. Many of these waves are 
chopped, and many are oscillatory after 
reaching peak value. Hence the voltage 
generating equipment had to be capable 
of producing these variations in wave 
shape and wave front without too much 
change in the equipment. Also, the rate 
of repetition of voltage surges had to be 
adjustable over a range from the lowest 
likely to be encountered in a practical 
system to some value above which further 
increases in repetition rate would have no 
effect on the meter reading. Prelimi- 
nary experimentation showed that the me- 
ters under consideration exhibited no 
change in reading at repetition rates 
above 60 per second. The lower limit 
considered was 7.5 surges per second. A 
third requirement on the voltage-gener- 
ating equipment was that successive 
surges should duplicate each other as to 
amplitude, wave front, and wave shape. 


Description of Apparatus 


A study of the oscillograms of Figure 1 
reveals that the most frequently occur- 
ring wave form is one which rises sharply 
to a peak and then is ‘‘chopped off” as 
the plug gap arcs over. Other wave 
forms consist of unidirectional waves 
which rise to a peak and then decay with 
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or without superposed sinusoidal damped 
oscillations. These wave forms immedi- 
ately suggest that a surge generator of 
the type used for testing power system 
equipment would be a suitable device for 
generating surges to be applied to the 
voltmeters under test. Figure 2 is a 
simplified circuit diagram of the surge 
generator used in this equipment. 

Capacitor C, is charged through R by 
the source of direct potential HE. When 
the main gap is broken down by a trig- 
gering potential, C, discharges through 
R, and the resulting surge of potential 
across R2 is impressed on the meter. The 
wave form of the voltage developed across 
R, can be controlled by adjusting the 
circuit elements Zi, Ri, Re, and C,. In 
general, the time to crest is increased by 
increasing R, and C2. However, it is not 
possible to increase the time to crest in- 
definitely because the voltage dividing 
action of resistors R, and R. tends to de- 
crease the amplitude of the surge applied 
to the meters. The introduction of in- 
ductor L, results in an oscillatory surge 
with a frequency of oscillation deter- 
mined largely by the values of L; and Ci. 
The decrement of the oscillation de- 
pends on the values of R, and Ry. Inde- 
pendent adjustment of any one part of 
the wave form is in general not possible, 
and a surge of desired characteristics 
must be obtained by a trial and error 
process with the aid of a cathode-ray os- 
cillograph or by calculation.’ 

The chopped wave which occurs so 


Figure 3. Concentric air-dielectric potential 
divider for observing surges 
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frequently in ignition systems was ob- 
tained with the aid of an auxiliary gap 
shunted across the otitput resistor Re. 
This gap was adjusted to break down at or 
near the peak voltage developed across 
Rs, resulting in a sudden decrease in volt- 
age similar to that which occurs when a 
spark plug fires. Consistent operation of 
this gap may be obtained by means of a 
“teaser” consisting of a small ball or piece 
of wire placed in the gap and connected to 
ground through a high resistance. 


Calibration Technique 


The accuracy of calibration of the crest 
voltmeters depends on an accurate de- 
termination of the peak output voltage of 
the surge generator. One possible method 
for calibrating the output of the surge 
generator depends on accurate knowledge 
of the oscillograph deflection sensitivity 
and the ratio of the capacitor voltage 
divider (see Figure 3). This method is not 
entirely reliable as it is difficult to make 
accurate measurements of the divider 
ratio because of its low, input capacitance. 
In addition, it has been found that unless 
the divider is designed carefully, its ratio 
will be sensitive to surge magnitude and 
wave shape. Therefore, in view of the 
uncertainties involved in establishing an 
accurate value for the divider ratio, a 
more direct method of calibration was 
used. 

The direct method of calibration is 
based on the fact that the discharge of a 
pure capacitance into a pure resistance 
will produce across the resistance a surge 
voltage of peak value equal to the maxi- 
mum steady voltage across the capacitor 
prior to discharge. If the surge generator 
circuit elements Li, Ri, and C,of Figure 2 
are reduced to zero or to minimum values 
inherent in Ci, Re, and auxiliary appara- 
tus, the peak surge voltage developed 
across Re will be within 95 to 99-per cent 
of the maximum voltage to which C; is 
charged prior to the breakdown of the 
main gap. The maximum voltage across 
C, prior to gap breakdown is measured by 
a calibrated resistance potential divider 
and an electrostatic voltmeter. This 
technique results in an over-all calibration 
of the capacitor divider and oscillograph. 
It has the additional advantage that after 
a calibration has been established for any 
set of surge generator constants, the elec- 
trostatic voltmeter readings are directly 
related to peak surge output, and the 
electrostatic voltmeter readings may be 
used directly for additional calibration 
runs. 

As indicated previously, the perform- 
ance of the potential divider coupling the 
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oscillograph to the surge generator output 
is of considerable importance and must 
be given careful attention if reliable cali- 
brations are to be achieved. Without 
going into the details of the design and ap- 
plication of the several types of dividers? 
it can be stated that the capacitor divider 
is suitable for the range of voltages and 
surge wave forms encountered in this 
problem. — 

Experimentation with several designs 
of capacitor dividers employing solid low- 
loss dielectrics and relatively small elec- 
trode areas showed that their ratios were 
sensitive to surge wave shape and magni- 
tude. An analysis of these designs led 
to the conclusions that their erratic be- 
havior was caused by corona formation 
at the electrode edges and in the air 
spaces between the solid dielectric and 
the electrode surfaces. Therefore, a con- 
centric type divider was constructed in 
which every effort was made to eliminate 
series combinations of air and sclid di- 
electric and to provide large smooth areas 
of electrode surface with air as the princi- 
pal dielectric. The salient features of 
this divider are shown in Figure 3. 

The divider consists of three concentric 
cylindrical electrodes. The center high- 
potential electrode is supported by a 
large rod of polystyrene. The interme- 
diate electrode is centered with respect to 
the outer by six small cylindrical pieces 
of the same material. The cathode-ray 
deflection plates are connected to the 
divider output (intermediate and outer 
electrodes) by a shielded concentric 
cable whose capacitance forms part of the 
low side of the divider. Provision is 
made for connection of mica capacitors 
between the outer two electrodes in order 
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Figure 4. Block diagram illustrating method of 
synchronizing oscilloscope and surge genera- 
tor output 
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to adjust the divider ratio. When this 


divider first was put into operation, erra- 
tic results similar to those obtained with 
previous dividers were observed. How- 
ever, when the concentric cable connect- 
ing the divider to the oscillograph deflec- 
tion plates was changed from a cable with 
beaded insulation to one with flexible 
solid insulation, all evidences of erratic 
behavior disappeared. 


Auxiliary Circuits 


As a cathode-ray oscilloscope was used 
to observe wave shapes and to provide 
means of voltage calibration, it was nec- 
essary to devise auxiliary circuits for 
synchronizing the oscilloscope with the 
surge generator output. The total sweep 
time on some of the shortest duration 
transients was of the order of three micro- 
seconds, so that a rather precise synchro- 
nizing method was necessary in order to 
realize a reasonable percentage of syn- 
chronizations. Two synchronizing meth- 
. ods were developed, both of which will be 
explained by reference to Figure 4. 

In the block diagram of Figure 4, the 
sequence of operation begins with the 
synchronous pulse generator, whose out- 
put is a sequence of positive steep wave- 
front voltage pulses equally. spaced in 
time. In the first method of synchroniz- 
ing the switch S is closed, so that the 
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Figure 5. Detailed diagram of surge genera- 
tor and auxiliaries 


Upper left, surge generator power supply; 

upper right, surge generator; lower left, syn- 

chronous pulse generator; lower right, igni- 
tion coil interrupter 


pulses are fed to the ignition coil inter- 
rupter and to the cathode-ray oscillo- 
scope delay circuit. Two trains of events 
are thus initiated, one leading to the 
breakdown of the main surge generator 
gap G, the other in starting the oscillo- 
scope beam and sweep circuits. The igni- 
tion coil interrupter, which is tripped by 
the synchronous pulse generator, puts out 
voltage of rather steep wave front and 
several thousand volts amplitude. Gap 
G, then breaks down, and gap Gy is trig- 
gered by the steep voltage surge appear- 
ing on its teaser. Capacitor C3 then dis- 
charges rapidly through the primaryof the 
aircore transformer, inducing a high volt- 
age of steep wave front in the secondary 
winding. The sudden voltage surge at 
the teaser of gap G trips the surge gen- 
erator. All gaps were adjusted to break 
down long before their respective tripping 
voltages reached maximum open-circuit 
values. In addition all tripping voltages 
had very steep wave fronts, thereby as- 
suring reliable and consistent gap break- 
downs. In the foregoing train of events 
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the principal time delay between the 
pulse from the synchronous pulse genera- 
tor and the tripping of gap G occurs dur- 
ing the rise in voltage of the ignition coil 
interrupter output circuit. In the mean- 
time the same pulse which tripped the 
ignition coil interrupter has also tripped 
an electronic delay circuit in the oscil- 
loscope. The output of this delay cir- 
cuit is a pulse which turns on the os- 
cilloscope beam and sweep circuits. The 
time delay introduced in the oscillo- 
scope is continuously adjustable over a 
range of the same order of magnitude as 
the fixed delay introduced by the volt- 
age rise of the ignition coil interrupter. 
Thus the time interval between tripping 
of the oscilloscope beam, and sweep and 
discharge of the surge generator is con- 
trolled by adjustment of the oscilloscope 
delay circuit. 

The second method of synchronizing 
is illustrated by Figure 4 with switch S 
open. Here the only change is the addi- 
tion of an auxiliary electronic delay cir- 
cuit between the synchronous pulse 
generator and the ignition coil interrupter. 
The additional delay circuit adds some 
flexibility to the system because adjust- 
able delays are then available in both 
channels. Such an arrangement would 
have great value where no appreciable 
delay is inherent in the system. In at- 
tempting to synchronize with systems of 
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small inherent delay it is difficult to ad- 
_just the oscilloscope delay circuit for very 
short delays and still attain consistent 
synchronization. Hence the additional 
delay circuit in the system tripping chan- 
nel permits the use in both channels of 
longer delays which are more easily pro- 
duced and controlled. 


Details of Auxiliary Circuits 


In the following text reference will be 
made to Figure 5. The high-voltage sup- 
ply for the surge generator is a voltage- 
doubling circuit using two type-GL 8020 
high vacuum diodes. Two 25,000-volt 
0.02-microfarad capacitors in series con- 
stitute the output circuit of the doubler 
and also serve as the main capacitor of 
the surge generator. The surge generator 
is shown in the upper right hand corner 
of Figure 5 and has been discussed al- 
ready. 

The synchronous pulse generator is 
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Figure 6. Oscillograms of surge generator 
output voltages 


a—0O.5-microsecond front, 1-megacycle timing 


wave 
b—9.0-microsecond front, 1-megacycle timing 

wave 
c—4.0-microsecond front, chopped, 0.2- 


megacycle timing wave 
d——93-microsecond front, chopped, 0.2-mega- 
cycle timing wave 


shown in the lower left corner of Figure 5. 
Its power supply is a simple full-wave 
rectified R-C filtered type. The plate 
supply for the 6.V7 is regulated by a VR- 
150 regulator tube. In operation. the 
0.005-microfarad capacitor, connected be- 
tween ground and the plate of the 2050, 
is connected through 6 megohms to the 
plate supply voltage. If a positive pulse 
is applied to the 2050 grids, which are 
biased about 5 volts negative to the ca- 
thode, the 2050 sudderily will discharge 
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the (.005-microfarad capacitor to ground 
through, the 25,000-ohm resistor. In 
this way a pulse of steep and well- 
defined wave front is obtained across 
the 25,000-ohm resistor. The presence 
of the 6-megohms in the 2050 plate cir- 
cuit allows the grids to regain control of 
the tube before the plate voltage can rise 
again to ignition potential. Positive 
pulses for tripping the 2050 are obtained 
from the 6N7, which is connected as a 
flip-flop type trigger circuit. The 6N7 
cathode-biasing 25,000-ohm potentiome- 
ter is adjusted to permit the circuit to 
flip-flop without external signal on either 
erid or cathode. The oscillation fre- 
quency can be varied by means of the 6- 
position selector switch. Frequency sta- 
bility is obtained by adding a small 60- 
cycle synchronizing voltage to the right- 
hand grid of the 6N7. The synchronizing 
voltage is obtained by capacitance cou- 
pling toa 6.3-volt filament winding on the 
power transformer. Thus, the pulse 
generator will put out pulses synchronous 
with the power supply frequency at rates 
from 60 per second to 7.5 per second. 

The ignition coil interrupter is shown 
in the lower right corner of Figure 5. In 
this circuit the 2-microfarad capacitor is 
charged to a direct voltage whose magni- 
tude is controlled by a variable autotrans- 
former. The type #G-17 thyratron is ar- 
ranged to discharge the capacitor through 
the primary coil of an ordinary automo- 
bile ignition coil, thus inducing a high 
voltage in the coil secondary.. The FG-17' 
is tripped by positive voltage pulses sup- 
plied to its grid from the synchronous 
pulse generator. The induction coil out- 
put is used to trip the surge generator as 
previously described. 

The diagram of the auxiliary delay cir- 
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for sphere-gap voltmeter 


AS 
w 16 oy Fe 'Z—|CALIBRATION 
ro} ec / 
= | 
LF 14 x a 
ToL it 
> | x |Z 
12) x Xp 74 
5 Ta 03 7 LEGEND 
E10 aaa” A 
a 19 77] 2. 05 MIGROSEG NON-OSCILLATORY 
8 ) © 20 «OSCILLATORY UNDAMPED 
re alin by 4.01 " ’ 
a eo) x 40 DAMPED 
pe | 7 rx + 40 “CHOPPED 
A ey @ 23 “OSCILLATORY UNDAMPED 
CREA od Py a pampeo §6©=-—s“ Figure ~=8B_ (right). Calibration 
a " iP 
2 dees area for sphere-gap voltmeter 
7 $ 20 “ 
olZ 
° 


2a ate CS 8. NO} [25 14 16. 
METER READING, KV 


cuit is not shown, but it consists of a 1- 
shot multivibrator® utilizing pentodes to 
produce a square negative pulse whose 
width or duration is continuously variable 
over the desired delay range. This pulse 
is differentiated by a simple capacitance- 
resistance circuit, so that the output of 
the delay circuit consists of a negative 
pulse followed by a positive pulse The 
interval between pulses constitutes the 
required delay. 


Results 


Figure 6 shows oscillograms of several 
voltage surges used in crest-voltmeter 
calibrations. Figure 6a shows a 0.5 
microsecond wave front with a slowly de- 
caying exponential tail. It is one surge 
picked at random from a sequence of 
surges repeating at the rate of 15 per sec- 
ond, Figure 6b shows three traces of a 
2-microsecond wave with an oscillatory 
tail. These three waves were also picked 
at random from a sequence of surges and 
are shown here to illustrate the accuracy 
with which the surge generator repeated 
itself. Figure 6c shows a chopped wave 
with a 4-microsecond front, and 6d shows 
chopped waves with 23-microsecond 
fronts. 

Oscillographic records of the type 
shown in Figure 6 were used to calibrate 
several types of crest voltmeters. The 
results for two of the meters are included 
here. The Hooven voltmeter (see ap- 
pendix), whose calibration data are 
given in Figure 7, is an electronic type 
meter. Figure 8 shows calibration data 
for a sphere-gap type meter. In Figures 
7A and 8A are plotted the experimental 
data for the various wave fronts from.0.5 
microsecond to 23 microseconds. The 
symbols used for each wave front are 
tabulated in a legend on each figure. For 


1947, VOLUME 66 


ISieolcenne® 


A—Area of most probable wave 
fronts 


the Hooven meter, whose scale was di- 
vided into 100 parts, a dotted straight line 
was drawn: to represent the mean of the 
data plotted. For the sphere-gap meter 
the dotted line represents the ideal cali- 
bration curve. 

. For most of the meters investigated, the 
data for the various wave fronts were 
quite scattered, so that no single curve 
could be drawn as a calibration curve for 
a range of wave fronts or even for a 
single wave front. Curves for single wave 
fronts would be of little value anyway 
unless the wave form of the voltage being 
measured was known. It was thought 
that greater utility would result from the 
pair of lines enclosing the calibration 
points for the wave fronts most likely to 
be encountered in ignition voltage meas- 
urements. Thus, Figure 7B for the 
Hooven meter has’a pair of lines with the 
area between the lines crosshatched. This 
area encloses the calibration points ob- 
tained for all wave fronts from 2.0 micro- 
seconds to 23 microseconds, inclusive, ex- 
cept some of the 2-, 4-, and 23-microsec- 
ond chopped waves above 18 kv. The 
area between the curved line and the up- 
per line of the crosshatched area encloses 
the points obtained with the 2-, 4-, and 
23-microsecond chopped waves. Hence 
a meter reading of 40 on a wave whose 
front lies between 2.0 and 23 microsec- 
onds would indicate a true peak voltage 
between about 10 and 12 ky. The cali- 
bration area of Figure 8B for the sphere- 


gap type meter is so broad that this meter 


is virtually useless for general use on sys- 
tems where the wave front is unknown. 
With the type of calibration area 
described here a meter reading on a typi- 
cal ignition system can be interpreted to 
mean that the true peak voltage lies be- 
tween the upper and lower limits, speci- 
fied by the crosshatched area of the cali- 
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bration sheet. The value of any meter for 
general use on ignition systems can be 
judged by the interval between the upper 
and lower limits, or by the width of the 
crosshatched calibration area. The most 
suitable meter will have the most narrow 
calibration area. 

In addition to error caused by: sensi- 
tivity to wave form, a second and perhaps 
more important consideration is that in 
most cases met in a practical ignition sys- 
tem the peak voltage being measured is 
determined by the breakdown potential 
of a gap, such as.a spark plug or distribu- 
tor gap. It is well known that such break- 
down potentials vary considerably on 
successive breakdowns, and the best that 
any of the meters investigated can do is to 
give an average indication depending on 
the internal circuit and mechanism. 


— 


Figure 9. Circuit diagram of Hooven volt- 
meter 
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Figure 10. Cross section of part of Hooven 
voltmeter showing concentric shielded con- 
struction 


Of the two possible sources of error, the 
preceding investigation has shown the 
dependence on wave form. The error 
resulting from the averaging mechanisms 
of the meters was not studied. 


Conclusions 


Circuits and techniques have been de- 
scribed which have proved satisfactory 
for the production of consistent and ac- 


curate potential wave forms adjustable 


over a considerable range of peak volt-. 


age, time to crest, wave shape, and repe- 
tition rate. Application of these circuits 
to the calibration of ignition crest volt- 
meters has resulted in a better under- 
standing of the various factors influencing 
meter performance and has indicated the 
useful range of application of each of the 
several meters tested. 

Several other applications of the ap- 
paratus are suggested in the following list: 


1. A study of the design and performance 
characteristics of spark gaps used in various 
control circuits or as voltage measuring 
devices. i 


2. A study of the characteristics of insula- 
tion subject to repetitive transient voltages. 


8. Asa source of transient voltage or cur- , 


rent wave forms for use in electrical analogy 
or electric model computors. 


Appendix 


Figure 9 shows a circuit diagram of the 
Hooven voltmeter, developed by F. J. 
Hooven, Dayton, Ohio and Figure 10 shows 
a drawing which is a combination cross sec- 
tion and circuit diagram of part of the meter. 

The triode J and the diode D are both 
type 955 miniature triodes. The triode T 
has a positive voltage applied to its grid. 
When the plate of T is made negative to the 
cathode, the potential distribution within 
the tube will control the grid current, the 
more negative the plate the smaller the grid 
current. The microammeter is arranged to 
read the drop caused by the grid current in 


the 0.25-megohm resistor, thus providing a 
measure of the negative voltage at the plate 
of, 2; ; 

The unknown voltage is applied at the 
point marked “input” in Figure 9. The 
capacitance C;, which is of the order of two 
or three micro-microfarads, is the capaci- 
tance between the brass rod and brass cup 
at the top of Figure 10. The upper brass 
skirt of Figure 10 has capacitance C2 to the 
long steel tube containing the triodes and 
filament isolating transformer. The ca- 
pacitance between the steel tube and the 
grounded lower skirt is C3, and C, is the 
capacitance between the upper brass skirt 
and the enclosing brass case. The combina- 
tion of Cy, Co, C3, and C;, forms a capacitance 
voltage divider of very low input capaci- 
tance. The diode D is arranged so that with 
either positive or negative voltage pulses 
applied to the input, the point B will always 
be driven negative to ground, and the plate 
of T will float at an average negative voltage 
proportional to the absolute value of peak 
voltage occurring at point A. The magni- 
tude of the voltage at A determines the 
microammeter reading as previously de- 
scribed. 
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Discussion 


S. W. Zimmerman (Cornell University, 
Ithaca, N. Y.): The authors show ingenuity 
in adapting impulse testing technique 
normally used in testing high voltage power 
system components to a problem quite re- 
mote from the power transmission and dis- 
tribution field. 

This consideration of the voltages in 
ignition systems shows that many of the be- 
havior effects studied as system problems in 
the power field are repeated in miniature in 
ignition systems, as, for example, the change 
in wave shapes measured in different parts 
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of the system apparent from the records in 
Figure 1 of the author’s paper. 

While sphere gaps appear to be unsuitable 
for means of making measurements in this 
study because of the wide range of rates of 
voltage change encountered in this problem, 
it should not be inferred that they have lost 
their usefulness as a means of measurement. 
Clean irradiated sphere gaps in the 10-kv 
range, for example, generally will have a 
range of values of impulse spark potential 
that is more nearly five per cent of the 
average value for a given wave front than 
any range that might be implied by reference 
to the data presented in Figure 8B. 

The length and character of the connec- 
tions to the sphere gap will have an effect on 
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the apparent voltage especially where steep 
wave fronts are involved, The construction 
of the voltmeter in Figure 10 establishes a 
means of keeping this lead constant be- 
tween measurements. 

A consideration of the undamped or 
damped 23-microsecond case of Figure 84 
appears to indicate a slight discrepancy in 
the zero setting of the gaps as well as a 
slight shift in the scale factor of the instru- 
ment. The steeper front waves of course will 
appear to have a higher true voltage be- 
cause of the characteristic ‘turn up” of the 
volt—time curve of the sphere gaps in the 
shorter time regions. Clean irradiated gaps 
are expected to be more consistent than 
some of the chopped wave data shown. 
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The Cathode-Ray Spectrograph 


RUDOLF FELDT 


MEMBER AIEE 


T is now 85 years since Kirchhoff and 
Bunsen introduced the spectrograph as 
a tool for analytical research. Despite 
this long existence, it is only during the 
last two decades that the spectrograph 
has developed from a pure research instru- 
ment into a tool of more widespread use. 
Many types of recording spectrographs 
are commercially available, and their 
technical development has paralleled the 
increasing need for finer and faster instru- 
ments. These instruments range from 
the slow, extremely accurate types re- 
quiring tedious photographic procedures 
to the direct recording photoelectric in- 
struments, as exemplified by the Hardy 
spectrograph. This spectrograph, which 
is at present the fastest commercially 
available instrument, produces a complete 
spectrum in the order of minutes. In- 
struments of this kind are rather expen- 
sive and require highly trained personnel. 
This limits their use to a relatively small 
number of well-equipped laboratories. In 
addition to this limitation, even the best 
presently available spectrographic instru- 
ments are deficient when the following 
problems are encountered: 


1. Investigation or control of rapidly 
changing spectra. Examples—rapid chemi- 
cal reactions, half-lives of compounds, 
fluorescence, and light sources of varying 
intensity and color. 


2. Problems which require telemetering or 
simultaneous transmission of spectrographic 
data to several points. Examples—chemical 
process control, pyrometry, and transmis- 
sion from inaccessible locations. 


3. Production control. 


(a). Where continuous monitoring is desired as in 
the cases of dye and textile industries. 


Paper 47-13, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter meeting, New York, N. Y., 
January 27-31, 1947. Manuscript submitted 
October 3, 1946; made available for printing 
December 27, 1946. 


Rupoir FELpDT and CARL BERKLEY are both with 
Allen B. DuMont Laboratories, Inc,, Passaic, N. J. 
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(b). Where the analysis of a large number of 
samples is necessary. 


(c). Where the use of unskilled personnel is de- 
sirable. 


Wherever it is found necessary to make 
such measurements more rapidly and 
economically, electronic methods will 
prove a desirable solution. 

The use of cathode-ray oscillograph 
techniques has come into widespread 
prominence whenever such rapidly ac- 
quired information is to be recorded or 
made visible. Several attempts have been 
made to produce instantaneous spectro- 
grams on cathode-ray tubes, notably a 
mechanical scanner using a vibrating 
prism, by D. Ulrey,! and a rotating slit 
by H. A. Snow (see reference 2). Both of 
the two mentioned instruments have 
serious mechanical limitations, inherent 
in this type of construction. In the in- 
strument to be described the mechanical 


Figure 1. Schematic diagram 
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difficulties have been overcome, and the 
electrical problems greatly simplified by 
the use of a mechanically resonant syn- 
chronous scanning system. 


Problem for Which Developed 


This instrument originally was devel- 
oped to study the color and duration of 
the light emitted from cathode-ray tube 
phosphors when excited with electric 
pulses whose duration was of the order of 
microseconds. Such problems exist in 
connection with the observation of radar 
patterns, the viewing and recording of 
single and repetitive transients, and in 
television. With certain modifications 
this instrument is expected to find, in ad- 
dition to the usual spectrographic prob- 
lems, widespread application in problems 
heretofore difficult to interpret with the 
usual spectrograph. 


General Description of Cathode-Ray 
Spectrograph 


The instrument produces a complete 
spectrogram within a small fraction of a 
second. In the present design this value 
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is 1/240 second, but could be either 
shortened or lengthened if necessary. 
The record is produced in the form of a 
luminous pattern on the face of a cathode- 
ray tube which is used as indicator. 
Figures 7 through 10 are typical. In 
general, the instrument is composed of 
two parts—the analyzer and the indicator 
unit. The analyzer contains conventional 
means for dispersion, that is, condensing 
system, prism, entrance and exit slits. 
The rapid operation of the analyzer is 
obtained by the use of a vibrating mirror 
which scans the image of the spectrum 
with the aid of an exit slit placed in front 
of a photocell. This scanning rate 1s, for 
convenience, a multiple or submultiple of 
the power line frequency, and the mirror 
motion is sinusoidal. The output of the 
photocell is, consequently, directly pro- 
portional to the intensity of any indi- 
vidual part of the spectrum at any given 
instant in the scanning cycle. This out- 
put, after amplification, is applied to the 
indicator unit which consists of a con- 
ventional cathode-ray oscillograph. A 
deflection proportional to light intensity 
therefore is obtained in a vertical direc- 
tion on the cathode-ray tube. A sweep 
synchronized with the mirror motion is 
applied to the horizontal deflecting plates. 
As a result a conventional spectrogram is 
obtained in which ordinates represent 
relative intensity and abscissae wave 
lengths. Because of the high scanning rate 
the spectrogram obtained on the cathode- 
ray tube appears as a continuous pattern 
without flicker. Changes in the spectral 
characteristic of the light source appear to 
be recorded instantaneously. The com- 
parison of changes is facilitated by the use 
of long persistent screens on the cathode- 
ray tube. ‘Continuous and permanent 
records may be obtained by conventional 
photographic procedures. 

Figure 1 shows the schematic layout of 
the essential elements of the cathode-ray 
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mental model of the 
cathode-ray  spectro- 
graph 


Figure 3. Scanning 
mirror and vibrator rest- 
ing on absorption cell 


Figure 4. Analyzer 
unit disassembled. From 
left to  right—light 


source, condensing sys- 
tem, scanning unit 


spectrograph. A developmental model 
of the instrument is shown in Figure 2.1 
The indicator, which in this case is a 
standard DuMont cathode-ray oscillo- 
graph modified for the purpose, is con- 
nected to the analyzer by a multicon- 
ductor cable which can be made of any 
desired length. The analyzer in turn con- 
sists of three interconnected separable 
units. 


1. The source. 
2. The condensing system. 
3. The dispersing and scanning means 


The source is usually a concentrated fila- 
ment projection lamp. The condensing 
system is conventional consisting of two 
plano-convex condensing lenses and a 
cylindrical lens calculated to make all the 
light enter the entrance slit. A 3-element 
prism is used for dispersion. The scan- 
ning means is a vibrating mirror shown in 
Figure 3, which moves the image of the 
spectrum back and forth over the exit 
slit. 

The whole device acts essentially as a 
monochromator in which the wave length 
measured depends upon the angle of the 
vibrating mirror. The mirror consists of 
a mechanical resonant system which is 
tuned to a multiple of the line frequency 
and is energized through a magnetic coil 
from the power line. 

The angular motion of the mirror is 
adjustable by means of a series rheostat 
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Figure 2(left). Develop- . 


and easily covers the dispersion of the 
prism throughout the visible range. The 
photocell used may be any one of the 
series of 9-stage photomultipliers re- 
cently made available. A type Dare 
generally has been used, which, in con- 
junction with a Wratten number 101 
filter, gives an over-all response approxi- 
mating the visibility function. In order 
to be able to use the instrument at a loca- 
tion remote from the photocell, which 
necessarily must be in the proximity of 
the test object, a cathode follower im- 
pedance matching stage is used to feed 
the signal through the cable into the oscil- 
lograph. The oscillograph may be either 
a-c or d-c coupled. It is preferable to use 
d-c coupling in order to obtain a fixed ref- 
erence level. Provision is made for insert- 
ing transmission samples or standard 
absorption cells into the optical path 
through the top of the analyzer unit. 
Controls on the analyzer provide for 
mirror amplitude, entrance slit width, and 
sensitivity. The slit and sensitivity are 
adjusted to give maximum resolution, 
depending on the intensity of the source. 

The three units (light source, condens- 
ing system, and scanner) may be easily 
assembled or disassembled at will without 
tools. Figure 4 shows the three elements 
of the analyzer unit disassembled, which 
is done by turning the knurled screws. 
The ease of separation and replacement 
of the various units is of considerable 
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advantage with regard to flexibility of 
operation. For example, the light source 
may be removed easily, leaving the con- 
densing system attached. Any other 
light source for testing or calibration pur- 
poses, then may be plugged into the open- 
ing of the first light gathering lens in the 
condensing system. Similarly, the con- 
densing system may be removed and any 
other optical system whose light transmis- 
sion characteristics are desired may be 
used to replace it. 


Detailed Description 


Some of the particular design features 
of the previously described parts may be 
of interest. 


LIGHT SOURCE 


This instrument was designed to accept 
light from a cathode-ray tube spot no 
greater than one centimeter in diameter. 
Therefore, it is suitable without modifica- 
tion for all other light sources of similar 
size as arcs, spark gaps, and incandescent 
filaments. For transmission measure- 
ments a concentrated filament projection 
lamp is used as a source. The color tem- 
perature of the lamp may be set by meas- 
uring voltage and current. This source 
may be removed, and a concentrated low 
pressure cadmium mercury arc may be 
inserted for wave length calibration. 
Figure 5 shows the spectral lines of this 
source. 


SCANNING UNIT 


Because the mirror is tuned to mechani- 
cal resonance for the frequency desired, 
it requires only very little energy to pro- 
duce the necessary amplitude, most of 
this energy being expended in overcoming 
air resistance. The actual current 
through the driving coil is of the order of 
one milliampere at 110 volts. The corre- 
sponding angular deviation of the mirror 
is 15 degrees. The entire mirror assembly 
may be rotated about an axis in order 
to scan about any desired portion of the 
spectrum. When this is done the wave 
length scale becomes greatly expanded. 


MECHANICAL CONSIDERATIONS 


It is necessary to isolate very carefully 
the motion of the mirror from the rest of 
the unit in order to avoid mechanical 
vibration ‘effects in other parts of the 
instrument. This isolation is accom- 
plished first by attaching the mirror to a 
mass which acts as an inductance for this 
frequency. The rubber grommets then 


serve to absorb any residual motion at the- 


scanning frequency. 
The design of the resonant reed itself 
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Figure 5. Spectrogram of a cadmium mercury 
arc used as a calibrating light source 


presents some interesting problems. The 
linear sweep, which generally is used with 
this instrument, is synchronized from the 
line frequency. The reed is vibrated by 
the same power source. In order to ob- 
tain the largest amplitude possible with 
the least power dissipated in the magnetic 
coil, it is necessary that the mechanical 
Q be very high. However, this makes a 
limitation on the resolving power that can 
be obtained on the final instrument. If 
the Q is made very high, any line fre- 
quency change will cause a large change in 
the phase of the mirror motion with re- 
spect to the line. This will be represented 
on the oscillograph by an apparent change 
of wave length, as the synchronization of 
the sweep occurs at almost the same phase 
of the sine wave over considerable varia- 
tion in frequency. In the case of line 
voltage variations, the mirror amplitude 
will change resulting in a change of the 
wave length scale. For these reasons it is 
necessary to control the line voltage very 
carefully. The Q of the circuit must be 
made low enough so that phase variations 
are not serious. Obyiously, for power 
sources having different frequencies, it 
must be possible to either tune the mirror 


Figure 6. Calibrated 
wave length and relative 
transmission scale 
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unit or to replace it by other units of 
different frequencies. In locations where 
the line frequency is not sufficiently de- 
pendable these difficulties can be elimi- 
nated entirely by the use of wave length 
markers applied as blanking pulses to the 
grid of the cathode-ray tube. These 
marker signals may be obtained by opti- 
cal means.?* 


PHOTOCELL 


With the present unit, the spectral 
response ranges available are somewhat 
limited. It is desirable for many cases to 
obtain not only the visual response re- 
ferred to by the use of a suitable filter and 
photocell combination, but also a flat 
response characteristic. This can be ob- 
tained by changing the optical design in 
such a way that masks are placed in a 
stationary focal plane of the spectrum to 
accomplish this result, or to obtain any 
arbitrary spectral sensitivity. The masks 
are stiperimposed on the real spectrum 
image so as to reduce the over-all trans- 
mission for those wave lengths where it is 
desired to flatten the peaks caused by the 
photocell and light source characteristics. 
Various other methods have been pro- 
posed for rapid scanning of the spectrum 
and indication of the results on a cathode- 
ray tube. One of these* uses a moving 
prism. The size of the prism required 
obviously precludes the use of high scan- 
ning rates. Another method which has 
been used by Snow (see reference 2) is one 
in which a rotating mirror is used. The 
major disadvantage of this scheme lies in 
the fact that the spectrum is being 
scanned by the photocell during only a 
small portion of the cycle, and this re- 
quires the use of wide band amplifiers. 
Similarly, a mechanical rotating system 
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SENSITIVITY 


It is difficult to state the performance of 
this device in terms of arbitrary light 
sensitivities. However, it has been pos- 
sible to measure the amplitude through- 
out the visible spectrum of the light from 
cathode-ray tube phosphors excited by 
electric pulses as short as one micro- 
second,’ This is done by a procedure 
described in the appendix. 


APPLICATIONS 


The cathode-ray spectrograph is not 
intended to compete with existing spec- 
trographs but rather to make possible 
spectrographic measurement of sources or 
samples subject to variations too rapid to 
be recorded completely by direct photo- 
graphic methods. In general, this device 
will find its greatest use in the measure- 
ment of similar transient phenomena such 
as the forementioned spectral distribu- 
tion of cathode-ray tube pulses, the color 
of intermittently lit lamps, the color of 
arcs such as are used in spectroscopy, and 
the color of flames. Some typical ex- 
amples follow. 


Nonintermittent Light Sources of Vary- 
ing Intensity. The upper curve in 
Figure 7 shows the characteristic of an 
a-c operated tungsten light source oper- 
ated at 3,200 degrees Kelvin as seen by 
the spectrograph. The photocell is a 
type 1P22 whose peak sensitivity ap- 
proximates that of the human eye. This 
curve represents the over-all character- 
istic of the spectrograph when used for 
transmission measurements, because this 
is the lamp used in the instrument. The 
letters B and R represent the blue and red 
ends of the spectrum. 


Transmission Measurements. Trans- 
mission measurements, as percentages, 
may be made directly by using the scale 
of Figure 6. The lower curve in Figure 7 
shows the transmission of a chemical solu- 
tion. Figure 8 shows the characteristic 
of a didymium filter compared with the 
total characteristic. The peaks and val- 
leys of this spectrum can be used for a 
rough wave length calibration. These 
two cases are typical of applications in the 
chemical and textile industry. The vary- 
ing color of a dye bath or the strength of a 
photographic filter may be checked con- 
stantly in production by this method. 


Slowly Changing Light Sources. Fig- 
ure 9 shows four spectrograms obtained 
from a mercury arc light source at differ- 
ent times after starting. It can be seen 
how the light output increases markedly 
as the lamp warms up and the mercury 
vaporizes. 
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Despite the fact that this light source 
is intermittent at a rate of 120 cycles per 
second, a stable picture is obtained be- 
cause of the synchronization of the mirror 
frequency with the line. As most light 
sources are a-c operated, this instrument 
is a convenient tool for their color study. 

Figure 10 shows the spectrogram of the 
color of the Sylvania recording lamp. 
The two traces were recorded at low and 
high currents. ° 


Intermittent Light Sources. Figure 
11 shows a type 5FP11 cathode-ray tube 
pulsed with 100 microsecond flat top 
pulses at a repetition rate of five ke. Each 
pulse causes the light output to reach a 
peak value rapidly corresponding to this 


Figure 13. P7 screen under conditions similar 
to those in Figure 11 with repetition rates 
5 and 10 kc 


portion of the spectrum. This light then 
decays until the next pulse occurs. Be- 
cause the pulse length is short with re- 
spect to the scanning cycle and the decay 
is rapid, the individual decay curves are 
very nearly the decay characteristics for 
each particular part of the spectrum. If 
the repetition rate of the pulses is not 
synchronized with respect to the mirror 
motion, an envelope of the peaks is ob- 
tained, as in Figure 12, which represents 
the maximum fluorescent light output of 
the phosphor. This measurement is of 
importance in the case of the screen ma- 
terials to be used for continuous film re- 
cording. 

It also can be seen in Figure 12 that in 
the center of the spectrum the light energy 
has no time to decay to zero before the 
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arrival of a new pulse. A second envelope 
therefore is formed on the bottom which 
represents the phosphorescence after 
1/120 second according to the scanning 
rate. The amplitude of this second envel- 
ope is very small in this case, because the 
P11 is a short persistent screen material. 
This effect is illustrated much better in 
Figure 13 which shows the characteristic 
of the long persistent P7 screen at dif- 
ferent repetition rates. The illustrations 
show clearly the lower efficiency and 
changed phosphorescent color with in- 
creasing repetition rate. 

In connection with the usual arc spec- 
troscopy, this method will offer a particu- 
lar advantage; for example, when a num- 
ber of compounds are being volatilized in 
the arc, the ‘presence of interfering com- 
pounds may mask a small trace of an 
impurity. Where this impurity exists in 
discrete particles, it is possible to take 
motion pictures during volatilization and 
to study only the frames which show 
the characteristics of the desired com- 
ponent. 

In connection with the studies of the 
optimum combustion conditions for jet 
engines, it is expected that this device 
will prove useful, particularly when it is 
desired to use the instrument in the small 
amount of space available in airborne 
missiles. 


PROCESS CONTROL 


This instrument should have wide 


. application in the many chemical and in- 


dustrial process controls where a continu- 
ous indication is required of the state of 
the product being tested. For example, a 
reaction may be carried to the correct 
point, as shown by the spectrogram, and 
then automatically stopped. This can be 
done whenever the pattern on the screen 
reaches a predetermined shape. The 
indicator, in these cases, may be located 
in the control room of the plant, while the 
analyzer is in a remote location. 


TRANSMISSION FROM REMOTE LOCATIONS 


The possibility of transmitting spectral 
information in a short time should prove 
of considerable advantage. This infor- 
mation, of course, can be sent over wires 
as in the case of the plant, or may be 
modulated upon a carrier and demodu- 
lated at another location, as is desirable 
in the case of aircraft. 


COLORIMETRY 


Analysis. Because this instrument can 
analyze colors which constantly are 
changing, it is expected to prove superior 
in measurements such as the color of 
television screens. Such colorimetry is, 
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at present, quite difficult, because of the 
presence of flicker and the continuous 
change of color, caused by phosphorescent 
decay. 

International Commission on Illwmina- 
tion Co-ordinates. Because the spectro- 
grams already have been converted to 
electrical form by this instrument, it be- 
comes very easy to integrate these elec- 
trical values by known circuit methods in 
order to obtain integrated or proportional 
values, such as are used in the Inter- 
national Commission on Illumination Co- 
ordinates. 


EDUCATIONAL 


Finally, this instrument obviously will 
prove to be a useful tool in the educa- 
tional and industrial fields where actual 
graphical demonstrations of color phe- 
nomena can be produced and shown to 
large groups of people with the aid of a 
projection oscillograph. It has been 
found that the education of color match- 
ers and similar personnel in the rudi- 


ments of color analysis is of considerable 
help in the manufacture of a more uniform 
product.® 

Although the foregoing ‘discussion has 
been concerned mainly with transmission 
measurements, it is possible to use the 
instrument also for reflective measure- 
ments as well. 


Appendix 


In a particular case the energy delivered 
to screen was 


10°VX5xX10-44 =5 watts 


coulombs 
= VOlt >= sare 
second 


if 1/10,000 of total energy enters the slit 
for a band centering about 5,500 angstroms 
and the average energy per photon in this 
band® 


ts 12.4108 
~ 5.5108 
electron volts 


=2.25 
photon 


4 


The entering power was then 


volt coulombs 


510-4 
a second electron volts 
coulombs second 
1.60 X107?9 ; 
electron _ electron volts 
2.25 ‘7 photon 
Ep varh oeuaee 


second 


For a 1078 second pulse this is 1.39 %& 10° 
photons. 
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Dimensionless Analysis of Servo- 


mechanisms by Electrical Analogy—| 


G. D. McCANN 


MEMBER AIEE 


N a previous paper! general solutions 

were presented in dimensionless form, 
giving the transient response character- 
istics of the basic variable-voltage angu- 
lar-position servomechanisms with simple 
error control alone and with error control 
plus optimum anticipation time. This 
paper continues the analysis for error con- 
trol servomechanisms having the three 
most important forms of RC-feedback 
damping; that is, feedback from genera- 
tor field current, feedback from generator 
armature terminals, and feedback propor- 
tional to the velocity of the regulated sys- 
tem, All solutions were obtained with 
the mechanical transients analyzer. The 
actual physical systems together with the 
equations defining their performance are 
presented together with the electrical 
analogies set up on the analyzer. The 
general solutions are given in dimension- 
less curve form for the practical range of 
time constants and damping ratios. 


The Sérvomechanisms and Their 
Analogies 


The dimensionless form used for repre- 
senting the solutions of such servomecha- 
nisms has been treated in detail in refer- 
ences 1, 2, and 3. The basic parameters 
will merely be tabulated here. Referring 
to Figures 1, 2, 3, and 4 


6,=angular position of reference system to 


be followed 
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S. W. HERWALD 


ASSOCIATE AIEE 


6,=angular position of regulated system 

6=6,—0,=error angle 

t,=armature time constant 

ty=field time constant 

K=stifiness constant 

T=total system inertia 

c=actual mechanical damping of armature 
circuit 
c 

2\/KI 
ing 


i =ratio of actual to critical damp- 
K 

@, = 4/—-=undamped natural frequency of 
I 


simple error-control system with no 
time delays 


The latter two constants are the basic 


MOTOR GEN. 


Eqn. for armature circuit__ __© 
Eg= RoitLlaPi +9P 65 

Eqn. for motor torque-__--— ® 
biz [P70 


Combining eqn. | &2 asa 
single torque eqn in terms of Go- — =3 


dimensionless parameters defining the 
simple error-control system.” All time 
constants are put in dimensionless form’~* 
through multiplication by w,. 

Also, the actual solutions are obtained 
for a suddenly applied velocity «; of the 
system to be followed. Referring to the 
illustrative solutions for the error angle 
given on the curves of Figures 5 to 9, the 
solutions are defined in terms of the crest 
overshoot 0,,,, and the time 4. In the 
curves giving the general solutions, 9,,.. 
is put in dimensionless form by dividing 
by 0,, (the steady-state error angle for 
suddenly applied constant velocity). 


2ron 


On 


ss 


The time #, is made dimensionless through 
multiplication by &,. 


RC-FEEDBACK FRoM GENERATOR FIELD 
CURRENT 


Figure 2a shows a schematic diagram 
of the actual system. The complete per- 
formance equation as shown is derived in 
the appendix. Only two parameters (in 
addition to those for the simple error con- 
trol system) are required to define the sys- 
tem completely. These are the dimen- 
sionless constant As, which is the voltage 
gain around the feed-back loop, and the 
RC-feedback time constant fg which is 
put in dimensionless form through multi- 
plication by w,. The electrical analogy 
set up on the transients analyzer for ob- 
taining the solutions is shown in Figure 
2p. Analogy A of Figure 1 was used to 
represent the motor-generator electrical- 


bL Figure 1. Derivation 
URS tor'Zr' of the two electrical 
analogies used to rep- 
Ral if i resent the motor-gen- 
tre €=567°P% erator armature circuit 
and motortorque equa- 

tions 


Combining eqn. 1&2 as a single 
torque eqn. in terms of i 


M,=control torque 
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Figure 3. Basic system and analogy for 

variable-voltage  angular-position — servo- 

mechanism with RC-feedback from generator 
armature terminals 


Assuming equal impedances in motor and 
generator armatures 


mechanical equations. Because of the 
internal impedance of the amplifier, the 
voltage at the output terminals of the 
last stage is not proportional to E= M,. It 
was therefore necessary to use a parallel 
stage to supply the RC-feedback circuit as 
shown. If the RC-feedback circuit has a 
high impedance compared to the amplifier 
impedance, its voltage is proportional to 
the generator field current through the 
relation shown in the caption of Figure 1. 


RC-FEEDBACK From GENERATOR 
ARMATURE TERMINALS 


The actual physical system and its elec- 
trical analogy are shown in Figure 3. 
The performance equation is derived in 
the appendix. The system is defined by 
the same parameters as used for RC-feed- 
back from the generator field current. 
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AptyP[ (I+ tgP) 14P70, +P O0 | 
(+t ¢P) (I +tgP) 


(b) ELECTRICAL ANALOGY 


if 
Exe Ao (6, -8o) Agha taP E, 
cS) UW+t—P) ~ (+t PTF tgh) 


= (I+ tg) IP°0,+ cP, 


The only difference is the form of the 
feed-back damping. In setting up the 
electrical analogy, the most desirable 
circuit was found to be one in which the 
circuit representing the motor-generator 
armature circuit and motor torque equa- 
tions was set up in dual using both analo- 
gies of Figure 1. Analogy A was found 
most convenient for applying the forcing 
function (constant w:) and for obtaining 
the error angle control. However, anal- 


(a) ACTUAL _SERVOMECHANISM 
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Figure 2 (top). Basic system and electrical 

analogy for variable-voltage angular-position 

servomechanism with RC-feedback from gene- 
rator field current 


torque in pound-feet (see 
Figure 1) 

A=factor relating control torque to amplifier 

input voltage in pound-feet per volt 

A: = factor relating control torque to generator 

field current in pound-feet per ampere (see 
Figure 1) 

A,=voltage gain around feed-back loop 


(dimensionless) 


M,=control 


ogy B was required to obtain the proper 
voltage analogous to the generator termi- 
nal voltage in providing the RC-feedback. 


RC-FEEDBACK PROPORTIONAL TO 
Vexociry (p8,) 


This system and its analogy is shown 
in Figure 4. As shown by the equation 
defining performance, the damping com- 
ponent of the control torque can be ex- 
pressed in terms of the stiffness constant 
K, the RC-circuit constant fy, and an ad- 
ditional time constant t,, defined in 
Figure 4 and derived in the appendix. 
In the analogy the RC-feedback is easily 
obtained from analogy A (Figure 1) by 
inserting a resistor in the circuit through 
which the current (4:=p6,) flows. 


Dimensionless Data in Curve Form 


The general solutions in dimensionless 
form giving the optimum damping pa- 
rameters and the system response are pre- 
sented in the curves of Figures 5, 6, 7, and 
8 for the respective damping ratios of r= 
0.2, 0.4, 0.6, 0.8, and 1.0. Each figure 


Figure 4. Basic system and analogy for vari- 

able-voltage angular-position servomechanism 

with RC-feedback proportional to velocity 
P% ; 


Kt, defined as equal to Ans 
ad 


t, is.a time constant (see appendix) 
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Figure 5. Dimensionless performance curves 
and optimum damping parameters for r = 0.2 


A—RC-feedback from generator field current 
B—RC-feedback from generator armature 
terminals 

C—RC-feedback proportional to velocity 


oe 


gives solutions for the three types of feed- 
back. There are four sets of curves for 
each type of feedback and value of damp- 
ing ratio. Two give the system perform- 
ance in terms of the ratio of crest over- 
shoot to the steady-state error angle 
Onax/Oss (for a suddenly applied constant 
velocity) and the dimensionless duration 
of the initial overshoot w,t. The other 
to give the optimum values of the time 
constant of the RC-feedback circuit 
@ntq and the gain around the feedback 
loop A» for feedback from generator field 
current and armature terminals or the 
time constant w,t, for feedback propor- 
tional to velocity. 

For the range of parameters covered, 
damping greater than 85 per cent always 
could be obtained giving solutions as 
illustrated. For this reason the per cent 
damping was not plotted. 


POLARITY OF RC-FEEDBACK 


It was found that for a narrow band of 
parameters, positive feedback gives posi- 
tive damping with RC-feedback from 
generator field current and from the gener- 
ator armature terminals. This band is 
for r less than 0.4 and low values of Wytg 
and w,t, (below about 0.5). A comparison 
of solutions obtained in this range with 
both polarities of feedback is given in 
Figure 10. Positive feedback gives a bet- 
ter solution with much less crest overshoot 
and more rapid decay to the steady- 
state value. However, the required 
amount of feedback is very critical and : Sp 
(as shown by the oscillograms) slightly 
too much feedback will cause the system 
to break into relatively high frequency 
undamped oscillation. For this reason 
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Figure 6. Dimensionless performance curves 
and optimum damping parameters for r = 0.4 


(A) 


A—RC-feedback from generator field current 
B—RC-feedback from generator armature 
terminals 
C—RC-feedback proportional to velocity pA, — 


creases with decreasing r, together with 
the value of wth. 


COMPARISON OF TYPES OF FEEDBACK 


At the lower values of damping ratio, 
feedback proportional to velocity gives 
markedly better solutions than for either 
of the other two types. Referring to Fig- 
ure 11, it is seen that for r=0.2, this type | 
of feedback gives appreciably lower crest i 
overshoot with shorter times /, and mark- 
edly lower error at . Feedback from the 
armature terminals provides somewhat 
better solutions than from generator, 
field current at ‘the lower values of r. 
For 7 greater than 0.8 there is no great 
difference between the performance with 
the three types of damping. Feedback 
from the armature terminals provides a 
better solution than feedback from the 
generator field current because of the 
added delay introduced by the generator 
armature impedance. 


Typical Example 


To illustrate how the data presented in 
Figures 5 to 9 can be used to obtain op- 
timum RC-feedback values for a variable- 
voltage angular-position servomecha- 
nism, the following example is given. The 
values for the basic system parameters are 
the same as used for determining opti- 
mum anticipation time in the previous 
paper,! namely, 


I=107! pound-inches second? 
K=5 inch-pounds per radian 
R,=6 ohms 

L,=0.10 henry 

Ry=100 ohms 

L;=15 henries 

b=4 inch-pounds per ampere 
g=0.6 volt per radian per second 


K 
On = iz 
=7.07 radians per second 
bg 
c=—— 
RG 
=0.4 inch-pound per radian per 
second 
F c 
T= 
2\/KI 
= 0.283 
Wnty =0-12 


For the case of RC-feedback from the 
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Figure 7. Dimensionless performance curves 
and optimum damping parameters for r = 0.6 


A—RC-feedback from generator field current 
B—RC-feedback from generator armature 
terminals 

C—RC-feedback proportional to velocity 


generator field current, interpolating be- 
tween Figure 5A and 6A for r=0.28 


Optimum wpytg=9.6 
As — ao 
Onli =15.9 
Gunes 655 =9.1 


Therefore, if in the actual servomecha- 
nism with the parameters just given the 
feed-back time constant tg is made 9.6+ 
7.07 or 1.35 seconds, and the total gain 
around the feed-back loop is made 5.3 
then time 4, for the undamped half cycle 
that occurs with all RC-feedback is 15.9+ 
7.07 or 2.25 seconds. The maximum an- 
gular error at the motor shaft 9,,,, for a 
suddenly applied constant velocity @, is 


2re, 


oul =0.7250 


On 
The damping after the first overshoot will 
be very high. 

Using RC-feedback from the generator 
terminals for the same servomechanism 
system and interpolating between Figure 
5B and 6B for r=0.28 is 


@nta =4.9 

As =4,8 

Onty = 11.7 
max /Os5= 7.0 


Then if fg is made 4.9/7.07 =0.69 sec- 
ond and the net gain around the feed- 
back loop is 4.8, H=1.65 seconds and 
Omax= 0.5801. The damping after the 
first overshoot is high. 

Again using the same servomechanism 
system but making the RC-feedback 
proportional to the output velocity 6, 
and interpolating between Figures 5C and 
6C for r=0.28 7 


Wnla =4,2 
,1,=1.1 
Only = 8.4 
Omax/Os3 = 5.9 


Then if tz is made equal to 0.59 a second 
and T,=0.15 second, 4: =1.2 seconds and 
Onax= 0.39 w:. Again the damping after 
the first overshoot is high. 

In comparing the merits of anticipa- 
tion! and the various means of RC-feed- 
back in their benefiting the performance 
of this particular servomechanism, they 
should be ranked in this order: 


1. Anticipation. 


2. RC-feedback proportional to output 
velocity p>. : 
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Figure 8. Dimensionless performance curves 
and optimum damping parameters forr = 0.8 


A—RC-feedback from generator field current 
B—RC-feedback from generator armature 
terminals 

C—RC-feedback proportional to velocity 


3. RC-feedback from generator terminals, 


4. RC-feedback from generator field cur- 
rent. 


As anticipation requires a d-c amplifier 
or its equivalent and RC-feedback pro- 


requires a tachometer, the simplest 
method to use where the specifications to 
be met permit is RC-feedback from the 
generator terminals. 

It should be understood clearly that the 
above ranking of performance merit is 
only for the example given and the rank- 
ing for servomechanism systems with 
different basic parameters may be quite 
different. 


Appendix. Derivation of the 
Basic Equations for the Various 
Angular-Position 
Servomechanisms 


RC-Feedback From Generator Field 
Current 


Figure 1 gives the derivation of the two 
analogous electric circuits used to represent 
the combined electrical and mechanical 
equations for the motor and generator arma- 
ture circuit and motor rotation. For this 
particular type of RC-feedback, analogy A 
was used as shown in Figure 2. Referring 
to Figure 2 the motion of the system in 
terms of the controller torque M/, is defined 


i aaa by the equation 
2 || 4 5 6 M,=(1+tap)Ip*0o+ cp6o (3) 


The controller torque -M, is composed of 
two components, ; 


4 M c= M ot M da 
The first term, the error control term de- 
> rived in reference 1, is 
s, _K(-6) 
3 ° (1+42) 
\ 1 Referring to Figure 2 for the derivation of 
the second term, 
O *2 ta f CapRity 
Qq=s 
(1+¢¢P) 
20 
ee Ri tabi 
. a a. 
+4 f _taCaRipiy Ra ‘ 
a= = 
= (1+tab) (+taP) 
Eee ele ; 
Bi a A=factor relating control torque M, to 


amplifier input voltage e (torque+ 

volts) 

Kei A;=constant relating control torque M to 
. generator field current iy (torque+ 

ampere) 
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portional to output velocity p#, usually 


A.=gain around the feed-back loop 


Tq 4 
—AR;, Ret wae 
Ma=———__*—_ a 
(1+typ)(1+taP) oa 
AR 
= peel ta tap M, re ia 
M A, Ra —ArtapM, je 
a= ———— Sa A 
(1+tpp)(1+tab)  (1+tpp)(1+tab) 
R,; has the dimension of volts per ampere 
and thus A> is a dimensionless constant. It 


is actually the voltage gain around the feed- 
back loop. Thus, as 


M,=M,+ Ma=(1+tap)[p*6o+cp6o (3) 


the complete equation becomes 


el +tap)Ip*0o+ cp 
= K(01—90) t Astapl 1 +tap)Ipo+cp9o] 
(1+t;p) (1+t;p)(1+tap) 


RC-Feedback From Generator Armature 
Terminals 


For this type it is assumed that the motor 
and generator armatures have the same im- 
pedances. The terminal voltage is thus 
given by the equation 


Ai = Ey, ae (Ro/24+Lep/2)ta 
= E,—Ra(i+tap)ta/2 


From this a mechanical torque equation 
can be written. 


bE - 
My =" = Me— D+ tab)ia/2 
a 


Expressing 7g in terms of 8 (from equation 
1, Figure 1), 


Vi 

A | 

\ 

\ 
meh 

a 

ale 
Rik 
pa] Sas 


tig =Ip0o/b 


From equation 3, Figure 1, 
M,=M,— (1 +top)Ip0,/2 
=(1+tap)Ip?0,/2+-cpeo 


By analysis identical for the case of RC- 
feedback from generator field current, the 
control torque can be expressed as follows: 


_K@—%) Arta Mi 


M,.= 
(1+tp) (1+typ)(1+ tap) 
reid z3 
aa TTT 
t 
Aatapl(1+tab)1b%o/2+6 p90 | By HEH | 
(1+ typ) (1+tpa) Kia nas oes Zak iy 
This gives the complete equation ee oe ee me Ban a 
1-+tap)Ip% ee el eae SI 
(1+-tap)Ip%o-+cP0 | Beas cone 
_ K(—6.) MN a oan 
> G45). . ae ot eee 
: ene Oe ee 
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Figure 9. Dimensionless performance curves 
and optimum damping parameters forr = 1.0 
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A—RC-feedback from generator field current 
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RC-Feedb ack Proportional to 
Velocity pd, 


For this case the voltage applied from the 
tachometer motor to the feed-back circuit 
is given by the equation 


Ei = £rp00 
‘a 
—t, 26), 
pote Cagib78o Ra Su 
lie © Pees a ; 
(1+tap) (1+taP) 


The torque term resulting from this voltageis 


= aif 7 pO 
4 Ra d&8t 0 


i fete) 


Ma 


r ’ : 
The term ae has the dimensions of 
d 


torque volt-seconds _ torque-seconds 


volt radians radians 
It also can be expressed by the equation 


7 Yd 
Naa = A— gy 
Ra 
where K is the stiffness constant of the sys- 
_ tem, and ¢, an arbitrary time constant. 
Thus 


K-94) Ktytabo 
(1+t-p) (1+t-p)(1+tad) 


M, 


and 
KO — 65) _ Kigtap*Oo J 
(1+t-p) (+t-p)U+tap) 
se (J +t ,p)Ip*6,+cpo, 
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Figure 11. Typical error angle solutions with 
optimum damping 
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Figure 10. Error angle 
solutions _ illustrating 
case where. positive 
RC-feedback gives 
positive damping and 
a better solution than 
negative feedback 
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A 60-Cycle Hysteresis Loop Tracer 
for Small Samples of Low- 
- Permeability Material 


D. E. WIEGAND 


ASSOCIATE AIEE 


Synopsis: The basic components of this 
instrument are 

(a). A large (35-pound) exciting coil with a pickup 
coil at its center. 

(b). An amplifier and integrating circuit. 


(c). A cathode-ray oscillograph. 


The instrument provides a convenient and 
rapid means of determining the magnetic 
properties of samples much smaller than can 
be used conveniently with the ballistic 
method. Absolute calibration provides 
greater accuracy and reliability than has 
been obtained previously in this type of 
apparatus. Phase errors are reduced to low 
values through the use of a compensated 
integrating network with absolute means of 
adjustment. This network provides a much 
higher output voltage than the usual circuit 
and thus makes practicable operation at the 
power line frequency and the consequent use 
of an exciting coil of sufficient size to mini- 
mize end effect errors and to allow operation 
at fields as high as 1,000 oersteds for long 
periods of time. 


Te’ INSTRUMENT was designed 
as a research tool in the development 
of wire for use in magnetic recording and 
will serve also in connection with process 
control in the production of this wire. 
The alloys presently used in the manu- 
facture of recording wire depend on cold 
working for their magnetic properties, 
and by measuring these properties at 
various stages in the drawing process, it is 
possible to predict the properties of the 
wire when drawn to the final size. Mag- 


Paper 47-18, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947, Manuscript submitted May 2, 1946; made 
‘available for printing November 18, 1946. 


D. E. WiecGAnp and W. W. Hansen are with the 
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netic measurements on a particular alloy 
at various diameters in the drawing proc- 
ess, moreover, make possible determining 
the annealing and drawing schedule re- 
quired to produce a wire of given mag- 
netic properties. 

Of the fundamental magnetic proper- 
ties in a magnetic recording wire, the re- 
sidual induction and coercive force seem 
the most important!? and a recently 
formed magnetic recording wire stand- 
ardization committee has set tentative 
values for these quantities. The equip- 
ment for measuring these quantities in 
the development program of magnetic 
wire and in the manufacture of this wire 
must be rugged and simple in operation. 
It should have sufficient sensitivity to 
allow measurements on samples consist- 
ing of a minimum number of strands of 
finished wire (0.004-inch diameter). Mod- 
erate accuracy is sufficient but the cali- 


brating means should be foolproof and. 


reliable. The cathode-ray oscilloscope 
hysteresis loop tracer described meets 


these requirements. 


A tester of this same general type but 
having an operating frequency of ten 
kilocycles has been in use in the magnetic 
wire development program at the Armour 
Research Foundation. Difficulties en- 
countered in the use of this instrument 
have led to various design improvements 
in the new tester. Other hysteresis loop 
tracers of the cathode-ray oscillograph 
type have been described previously.”»* 

Experience with the 10-kilocycle tester 
has shown that, in order to obtain meas- 
urements at the intense fields required 
for saturation of the present magnetic 


_recording wires, a much more generously 
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designed field coil would have to be pro- 
vided. Also, consideration of demagnet- 
izing effects indicated that a much longer 
magnetizing coil should be used. In the 
magnetic wire development program, 
wires as large as 0.040 inch diameter are 
being studied, and it is these large wires 
that set the minimum length of the excit- 
ing coil. 

The size of coil dictated by these two 
requirements requires for its operation a 
larger amount of power than can be ob- 
tained conveniently from an audio oscilla- 
tor, and it was this fact that led to choos- 
ing the power line frequency as the 
operating frequency. 

Other advantages of this frequency 
over some higher one are 


1. Less trouble caused by stray magnetic 
fields because all field components are 60 
cycles per second (or at most harmonics 
thereof). Actually it was found practicable 
to balance out all stray fields with the same 
device used to balance the air flux in the 
pickup coil plus a simple phase corrective 
adjustment. 


2. Low stray capacitance effect at low 
frequency eliminates need’ for elaborate 
shielding system. 


3. Lower eddy loss in exciting coil makes 
coil run cooler. 


4. Lower reactive component of impedance 
reduces operating voltage of coil and elimi- 
nates need for high voltage insulation. This 
aids in heat conduction to the coil surfaces 
and further reduces the temperature rise. 


Low operating frequencies in a tester of 
this type usually impose severe require- 
ments on the amplifier The gain must 
be high because the voltage induced in the 
pickup coil is proportional to the fre- 
quency. To keep phase errors small at the 
operating frequency, the amplifier must 
have good response at much lower fre- 
quencies. The combination of extremely 
low frequency cutoff and high gain will 
cause the image on the oscillograph screen 
to shift up and down with line voltage , 
fluctuations unless special precautions are 
taken in the design of the amplifier and 
its power supply. 

The severity of these requirements is 
reduced in the new tester through the use 
of an improved integrating network which 
provides at its output terminals a much 
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higher voltage than the commonly used 
circuit. 

Experience with the 10-kilocycle tester 
previously used has shown a very definite 
need for a calibrating system independent 
of the use of calibrated samples. Long? 
has pointed out the extreme importance 
of phase errors when an absolute calibra- 
tion system is used. An analysis of phase 
etrors in the vertical and horizontal sys- 
tems, and the use of a phase compensat- 


TEST COILS 


| : CONTRO! 


Ms 


Figure 1. Complete test apparatus 


ing system whose adjustment is made 
without reference to the shape of the hys- 
teresis trace, has made possible the use of 
an independent calibrating system in this 
tester. 


Description 


The assembled apparatus is shown in 
Figure 1 and the circuit diagram and list 
of component parts in Figure 2. The test 
coils, control panel, and oscilloscope 
should be spaced approximately as 
shown in Figure 1 in order to prevent in- 
teraction of magnetic fields between the 
different parts. The oscilloscope is sen- 
sitive to the field of the exciting coil and 
the leakage field of the variable trans- 
former. The effect of the exciting-coil 
field on the vertical deflection is balanced 
out when the balancing mutual inductor is 
adjusted. Perfect compensation of the 
effect of the variable transformer field is 
not practicable as both its magnitude and 
pattern change with the dial setting. 
There is no provision for balancing the 
effect of either field on the horizontal de- 
flection, although such compensation 
could be provided in case space is at a 
premium. With the present design and 
with spacings as shown in Figure 1 or 
greater, the effect of stray fields is small 
enough to have no appreciable effect on 
the accuracy of the measurements. 

In Figure 3, the six coils arranged 
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around the exciting coil are mutual induc- 
tors which serve to measure the peak cur- 
rent and hence the peak magnetizing 
force in the exciting coil, to balance the 
air flux in the pickup coil, and to calibrate 
the B or vertical scale.on the oscilloscope. 
The coils are wound in pairs to aflow mak- 
ing fine adjustment of the mutual induct- 
ances by varying the distance between 
two coils of a pair. Each pair is so con- 
nected that the vertical components of 


CATHODE RAY 
OSCILLOSCOPE 


field are opposite in the two coils. The 
central plane of the mutual inductors 
coincides with the center of the exciting 
coil and their axes are parallel to and at 
equal distances from the axis of the excit- 
ing coil. 

With this symmetrical arrangement, 
the fields of the mutual inductors cancel 
at the midpoint of the exciting coil. and, 
therefore, calculating the magnetizing 
force at the center of the exciting coil 
from its dimensions and ampere turns is 
made possible. Furthermore, the ex- 
ternal field of the exciting coil has no ef- 
fect on the secondary voltage of a pair of 
mutual inductors, thus allowing their ad- 
justment before final assembly. 


Tue EXcirInG Com. 


The exciting coil is designed to operate 
-at a peak magnetizing force of somewhat 
greater than 500 oersteds continuously 
without exceeding a 55-degree-centigrade 
temperature rise. The thermal capacity 
of the winding is sufficient to allow mak- 
ing measurements at 1,000 oersteds pro- 
viding the variable transformer is run to 
zero between tests. Measurements on 
samples at 1,000 oersteds have been made 
for periods of several hours and it was 
found that if this. precaution is observed 
the temperature of the coil does not ex- 
ceed safe limits. 

It is desirable to have the magnetic field 
along the axis of the exciting coil uniform 
for as long a length as possible. Changes 
in field strength cause a distribution of 
magnetic poles along the length of the 
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& 
sample under test, which reduces the in- - : 


duction in the sample because of demag- 
netizing action. 

Figure 4 shows the field distribution in 
the exciting coil. Data for this curve were 
obtained by means of a small exploring 
coil which was connected to a vacuum- 
tube voltmeter. Voltage readings were 
obtained with the exploring coil at vari- 
ous positions along the axis of the exciting 
coil, with the axes of the two coils coin- 
ciding, and with a constant 60-cycle cur- 
rent in the exciting coil. The curve shows 
the field to be constant within 5 per cent 
over a length of 6.8 inches. 


MEASUREMENT OF PEAK MAGNETIZING 
FORCE 


A convenient method of measuring the 
peak current, and therefore the peak mag- 
netizing force, in the exciting coil is the 
use of a mutual inductor with its primary 
winding in series with the exciting coil and 
its secondary connected to a rectifier type 
voltmeter. In addition to giving a true 
reading of peak magnetizing force for all 
wave forms that are likely to be encoun- 
tered, this method gives an H scale that is 
almost linear. 

To determine the value of mutual in- 
ductance giving a convenient scale fac- 
tor on the H reading voltmeter, it is nec- 
essary to know the ratio of instantaneous 
values of current and magnetizing force 
in the exciting coil. Two methods for the 
determination of this ratio are 


1. Take simultaneous readings of alternat- 
ing voltage across an accurately wound 
pickup coil inside the exciting coil and cur- 
rent in the exciting coil. The accuracy of 
this method depends on the accuracy to 
which the dimensions of the pickup coil are 
known and the accuracy of calibration of the 
voltmeter and ammeter. Also, the wave 
form of current, if nonsinusoidal, may affect 
the accuracy of the ratio determination. 


2. Calculate the ratio of magnetizing force 
to current from the dimensions of the excit- 
ing coil. 


Method 2 was chosen in the calibration 
of this tester. The size of the exciting 
coil allows the determination of its dimen- 
sions to a greater percentage accuracy 
than those of the much smaller pickup 
coil in the method 1, Also, the wave 
form errors of method 1 are eliminated. 

The H measuring mutual inductor was 
adjusted to give a scale factor of 10 on a 
standard 10/100-volt rectifier type volt- 
meter. Thus two ranges of magnetizing 
force readings, 100 and 1,000 oersteds full 
scale, are provided- Because of the linear 
relation between peak magnetizing force 
and average voltage, readings are ob- 
tained directly from the voltmeter scale. 
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Calculation of the required value of 
mutual inductance is given in Appendix I. 


COMPENSATION OF AIR FLUX . 


The induced voltage in the pickup coil 
is influenced by the flux through the 


- thickness of its winding and in the space 


inside the coil as well as the flux in the 
sample Because only that part caused 
by the ferromagnetic properties* of the 
sample is of interest, it is necessary to 
balance all other flux linkages. In pre- 
vious testers, this has been done by plac- 
ing a coil similar to the pickup coil near 
the pickup coil, both being inside the ex- 
citing coil. By adjusting the number of 
turns in the balance coil it is possible to 
make its voltage the same as that of the 
pickup coil with no sample init. By con- 
necting the two coils so that their volt- 
ages oppose, the voltage across the two 
is zero and the air flux in the pickup coil is 
effectively balanced out. The balancing 
operation is a very tedious one as it must 
be performed with great accuracy because 
of the large ratio of air flux to sample flux. 

In order to provide for an external bal- 
ance adjustment and to prevent restric- 
tion of air circulation on the inside of the 
exciting coil caused by the presence of an 
extra coil beside the pickup coil, balancing 
on the new tester is accomplished by 
means of an adjustable mutual inductor. 

The behavior of the exciting and pickup 
coils, less sample, is that of a mutual in- 
ductor. To balance the air flux, therefore, 
it is merely necessary to connect a mutual 
inductor with its primary in series with 
the exciting coil and the secondary in 
series-opposing with the pickup coil. If 
the two mutual inductances are of the 
same value, the net secondary ‘voltage 
should be zero. 

The required value of mutual induct- 
ance was calculated from the dimensions 
and number of turns in the exciting and 
pickup coils. The balancing mutual in- 
ductor was designed for a somewhat 
higher value and then trimmed down by 
removing primary turns. The final bal- 
ance adjustment is obtained by varying 
the spacing of the two halves of the mu- 
tual inductor. 

When the final balance was first at- 
tempted, it was found that a residual 
net voltage of 0.025 volt couid not be 
eliminated by adjustment of the mutual 
inductor. This minimum residual volt- 
age was obtained with a magnetizing 
force of 500 oersteds in the exciting coil, 
and at the same field the voltage across 


‘the secondary of the balance coil was only 


* The afore-mentioned committee on wire standards 
has used intrinsic induction By as the basis for the 
proposed values of magnetic properties. 
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Figure 2. Circuit diagram 


HBM—Exciting, induction, and 
mutual resistance coils 

HM—H (field measuring) mu- 
tual inductor 

BM—Balancing mutual inductor 

CM—Calibrating mutual induc- 
tor ig 

Si—H meter range switch 

M—H meter (19/100 rectifier type 
voltmeter, 1,000 ohms 
per v) 

Se—Measure-calibrate switch 

F\—20-amp fuse 

T:—2 kva 115-0/135-volt vari- 
able transformer (type 
100 Q) 

F.—3-amp fuse 

Tz—Power transformer 300—0- 
300 high voltage (Thor- 
darson T-13R17) 


Vi—-0 J 5 

V2—6 J 5 

Vs—5Z4 

Vi—45 

Vs—OF5 

CRO—Cathode-ray oscillograph 
(Dumont type 208B) 


Ri—50-ohm wire-wound rheostat 
R2—50,000-ohm wire-wound re- 


sistor 

R:—750-ohm 10-w adjustable 
resistor 

Rs—10-ohm 10-w adjustable 


resistor 
Rs—3 1-ohm 75-w resistors in 
parallel 
Rs—1/2-megohm volume control 
Rz—2,000-ohm 1/2-w resistor 


eee! 


Rs—50,000-ohm 1/2-w resistor 

Ro—4-megohm 1/2-w resistor 

Rio—5,000-ohm 1/2-w resistor 

Ru—0.15-megohm carbon rheo- 
stat 

Ri—2,500 ohm 1/2-w resistor 

Ris—0.25-megohm  potentiom- 
eter 

Ris—0.5-megohm 1!/2-w resistor 


Ci—0.1-uf paper capacitor 
C2—0.5-uf 600-v paper capacitor 
C:—0.5-uf 600-v paper capacitor 
C1—0.5-nf 600-v paper capacitor 
Cs—0.1-»f 600-v mica capacitor 
Cs—0.4-uf oil—paper capacitor 
Cz—20-uf electrolytic capacitor 
Cs—20-uf electrolytic capacitor 
L—10-henry 60-ma choke 


24.5 volts. The residual voltage was 
found to be a sine wave of 60 cycles per 
second and, therefore, was caused by a 
very slight phase shift (0.058 degree) be- 
tween pickup and balance coil voltages. 
- This phase difference is caused by a 
small amount of mutual resistance which 
is present in different amounts in the two 
sets of coils. Mutual resistances are 
caused by eddy currents in the winding 
conductors and clamping bolts, which set 
up spurious magnetic fields having com- 
ponents out of phase with the primary 
current. These out-of-phase field com- 
ponents induce voltage components in 
the secondary circuit which are in phase 
with the primary current. 

Although the phase difference caused 
by these mutual resistances is extremely 
small, the resulting residual voltage is 
large enough to affect seriously the accu- 
racy of measurement on small samples. 

The residual voltage was eliminated 
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through the use of the mutual resistance 
coils placed near the ends of the pickup 
coil (see Figure 5). These coils, when con- 
nected across a variable resistance, in- 
crease the mutual resistance between the 
exciting coil and the pickup coil. 

When the balancing mutual inductor 
and the variable resistance are adjusted 
properly, no residual voltage is detectable 
with amplifier gain and vertical gain on 
the oscillograph at maximum. Under 
this condition 0.0005 volt or greater 
would be detected. 


INTEGRATING NETWORK 


The net induced voltage in the pickup 
and balance coils is proportional to the 
time rate of change of flux in the sample. 
As it is desired that the vertical deflection 
of the oscilloscope beam be proportional 
to the flux, rather than its derivative, it is 
necessary to integrate the signal before it 
is applied to the oscilloscope. 
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CALIBRATING — 


A series combination of a resistor and 
capacitor with the input across the end 
terminals and the output across the capac- 
itor will integrate satisfactorily providing 
the reactance of the capacitor at the low- 
est frequency of interest is very small com- 
pared to the series resistance. This makes 
the ratio of output to input voltage very 
small. For instance, if the phase error 
of the network is to be held to !/, degree 
at the lowest frequency, the output volt- 
age will be only !/115 of the input voltage 
at this frequency. 

A characteristic of this simple circuit 
is that the phase error will be greatest at 
the lowest (fundamental) frequency and 
will be less for the harmonics. It would 
seem desirable that the reverse be true 
because, in general, phase errors in the 
fundamental frequency are of the greater 
importance. 

The integrating network used in the 
new tester provides a much higher volt- 
age at its output terminals than the sim- 
ple series circuit and gives zero phase er- 
ror at the fundamental frequency with 
slight errors at the harmonic frequencies. 
The magnitude of these errors at harmonic 
frequencies depends on the values of 
capacitances and resistances used in the 


Figure 3. Test coils 
with upper clamping 
plate removed 


network, and becomes less as the ratio of 
output to input voltage is made less. 

The integrating network used in the 
tester is shown schematically in Figure 6. 
R, represents the effective output resist- 
ance of amplifier stage V, in Figure 2. 
Capacitors C2, C3, and C, in Figure 2 are 
shown as C,, Cz, and C, in Figure 6. R, 
replaces Rio and Ry. 

With the constants chosen in the tester, 
the phase error is zero at the fundamental 
frequency (60 cycles per second), 0.3 
degree at the third harmonic, and less 
than this amount for all higher order har- 
monics. The error in relative magnitude 
for the fundamental and all harmonics is 
about 3.5 per cent. The ratio of output 
to input voltage at the fundamental fre- 
quency is 1 to 16.8. An integrating net- 
work of the simple series type providing 
the same voltage ratio would have a 
phase error of 3.4 degrees at the funda- 
mental frequency. 

The steep sides on a hysteresis ra for 
a sample at saturation correspond to 
relatively high voltage peaks of very 
short duration in the pickup coil. There- 
fore, moderate phase errors in the vertical 
deflection system may cause serious er- 
rors in the location and slope of the sides 
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of the loop with corresponding errors in 
the coercive force and residual magnet- 
ism readings. Moderate phase errors 
also may cause the appearance of loops 
at the tips of the pattern on the oscillo- 
scope, but absence of these loops is not an 
indication that the phase relations for 
the fundamental and all harmonics are 
not sufficiently in error to cause serious 
errors in the readings. 

In an instrument having built-in cali- 
bration, therefore, it is important to have 
a phase check other than merely observ- 
ing the trace on the oscilloscope. This 
means is provided in the calibration of 
the instrument (see Appendix III). 

A complete analysis of the integrating 
circuit used in the tester is given in Ap- 
pendix IT. 


PREAMPLIFIER FOR VERTICAL 


DEFLECTION SYSTEM 


The frequency range of the vertical 


and horizontal amplifiers contained in the 
oscilloscope used with the tester is from 2 
to 100,000 cycles per second. Measure- 
ments on the vertical and horizontal sys- 
tems showed the phase characteristics to 
be entirely satisfactory. Using these self- 
contained amplifiers simplifies the design 
of the equipment external to the oscillo- 
scope. 

V; in Figure 2 amplifies the signal from 
the pickup circuit. Its effective output 
impedance serves as the series resistor 
feeding Co, C3, Cs, Rio, and Ruy of the inte- 
grating network. 


V. is connected as a cathode follower. 


and allows the integrating network to 
feed into a high impedance (four meg- 
ohms). This is necessary for proper opera- 
tion of the integrator. This high value 
of grid resistor also minimizes the phase 
error introduced by coupling capacitor 
C;. For the values chosen, the phase er- 
ror is 0.38 degree at 60 cycles per second. 

A coupling capacitor to the input stage 
in the oscilloscope is provided in the os- 
cilloscope so it is possible to feed the volt- 
age across Ry (which includes a d-c com- 
ponent) directly to the input terminals. 

Cathode by-pass capacitors are omit- 
ted in order to eliminate phase errors from 
this source. 

Re serves as an input attenuator for 
the preamplifier. The control is usually 
set at maximum and the vertical calibra- 
tion is obtained by adjusting the gain 
control on the oscilloscope. In testing 
large samples, V; may overload with 
maximum setting on Rs, and in such cases 
the Ry setting should be reduced and the 


oscilloscope gain setting increased. This 
procedure is also necessary in testing 
small samples of relatively high permea- 
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Figure 5. Detail of sample holder 


bility material at beyond saturation ex- 
citation conditions. Because of steep 
sides of the hysteresis loop in such cases, 
the peak voltage applied to the input of 
the preamplifier is much higher than 
would be expected from the height of the 
oscilloscope pattern. 

The extremely low cutoff frequency of 
the vertical deflection «system causes 
slow variations in the plate supply volt- 
age (such as would be caused by line 
voltage variations) to be amplified and 
fed to the vertical deflection plates of the 
oscilloscope. The result is instability of 
the position of the hysteresis trace on the 
screen. The problem is made especially 
severe because of the action of the inte- 
grator which inherently has increasing 
response with decreasing frequency. 

' In order to limit these voltage varia- 
tions to a low value, the self-regulating 
power supply shown in Figure 2 (lower 
center) is used. When first built,-a glow 
tube was used for the reference voltage, 
but the stability of the system was im- 
proved when the glow tube was replaced 
by the 90-volt battery. Since V5 oper- 
ates with a negative grid bias the life of 
this battery‘should be its shelf life. 

There is still some instability of the 
pattern. Attempts to improve the situa- 


tion through the use of a constant voltage , 


transformer supplying the power supply 
of the preamplifier and the oscilloscope 
resulted in no improvement. With the 
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Figure 6. Schematic diagram of integrating 
network 
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-apparatus in its present form, the pat- 


tern is sufficiently stable to allow making 
measurements on small samples with both 
R, and the vertical gain on the oscillo- 
scope set at maximum. Some trouble 
may be encountered, however, in taking 
pictures unless short exposure times are 
used. 


CALIBRATING SYSTEM FOR VERTICAL 
DEFLECTION 


Calibration of the vertical system is 
accomplished by means of the H meter (M 
in Figure 2) and the calibrating mutual 
inductor CM. The measure-calibrate 
switch S, removes the calibrating system 
from the circuit when in the ‘‘measure”’ 
position. Two calibrating ranges are 
provided by means of the 100/1 voltage 
divider (R, R3, and Ry). The capacitor 
C, across R; and R, corrects for a slight 
phase error in the voltage divider. 

The calibrating mutual inductor was 
designed and adjusted to give the calibrat- 
ing formulas 


Hoa=2a"BeaX 107 ts 
for the “low calibration” position, and 
Hen =2a"Bea X 1075 (2) 
for the ‘“‘high calibration’’ position 


Beal is the value of B in gausses to be cali- 
brated 

a” is the area of the sample in circular mils 

Hou is the required reading of the H meter 
in oersteds 


Sinusoidal wave form of the calibrating 
current is not required for accurate cali- 
bration with the method used in the 
tester. This is shown in Appendix III, 
which gives a complete analysis of the 
calibrating system. 


Operation of the Tester 


Sensiriviry or B AND H SCALES 


With the input attenuator in the pre- 
amplifier and the oscilloscope vertical 
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gain control both at maximum, the total 
vertical deflection (up and down) is 2.56 
inches per maxwell. Thus on a single 
strand of 0.004-inch diameter wire having 
a saturated residual magnetism of 2,000 
gausses (typical for the presently used 
magnetic recording wire) the height of the 
hysteresis loop would be about 0.4 inch. 
This deflection is sufficient for rough 
measurements but if the full accuracy of 
the instrument is to be realized, five or 
more strands of the finished wire should 
be used. If characteristics of the wire at 
low inductions are being studied, an even 
greater number of strands should be used. 
The opening in the sample holder is large 
enough to allow the use of 100 strands of 
the 0.004-inch wire. 

With the horizontal gain on the oscillo- 
scope at maximum, the sensitivity of the 
horizontal system is 0.0129 inch (total 
left and right) per oersted. 


BALANCE AND PHASE ADJUSTMENT 


The balance adjustment is made with 
no sample in the tester. With the mag- 
netizing force set at about 500 oersteds, 
and with both vertical gain controls set at 
maximum, the horizontal gain on the 
oscilloscope is adjusted to give a pattern 
about one half of an inch wide. With S; 
in the ‘‘measure’”’ position, the position of 
one of the balancing mutual inductor 
coils is adjusted to give a pattern of mini- 
mum height. If this pattern is an ellipse, 
the mutual resistance adjustment is 
varied until a line pattern is obtained. If 
the line is not horizontal, further simul- 
taneous adjustments of the balance coil 
and the mutual resistance control are 
made until a horizontal line pattern is ob- 
tained. This completes the balance ad- 
justment. 

The phase adjustment is made with the 
magnetizing force set at 500 oersteds and 
with, no sample in the tester, as before. 
With S» in either of the calibrating posi- 
tions, and with the horizontal gain control 
at maximum, the vertical gain controls 
are adjusted to give a 45-degree pattern. 
If the “high calibration” setting is used, 
the B gain control on the control panel 
must be kept at a low setting to prevent 
overloading of the preamplifier. If the 
pattern is an ellipse, the phase adjustment 
is reset so as to make it aline. This com- 
pletes the phase adjustment. 


CALIBRATION OF H AND B SCALES 


The H meter at all times indicates the 
peak magnetizing force in oersteds in the 
exciting coil. The calibration of the H 
scale is accomplished simply by adjusting 
the horizontal gain control to give a total 
horizontal deflection equal to the reading 
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Figure 7. Preamplifier and power supply 


of the H-meter divided by a convenient 
scale factor. This adjustment may be 
made with or without a sample in the 
tester. 

The B scale calibration is made with no 
sample in the tester and after the balance 
and phase adjustments have been made. 
For small samples of low permeability the 
“low calibration’”’ position is used, and for 
larger sample or samples of high permea- 
bility “‘high calibration” is used. Equa- 
tions 1 and 2 give the relation between the 
reading of the H meter and the value of B 
to which the resulting total vertical deflec- 
tion on the oscilloscope corresponds. 

For routine tests on samples whose 
properties are known approximately, the 
instrument is precalibrated by adjusting 
the vertical gain so that a convenient scale 
factor is obtained. This method allows 
obtaining the magnetic properties directly 
from observed deflections on the screen. 

For odd samples of unknown properties 
it is more convenient to calibrate after 
deflections are measured on the hysteresis 
loop. This method requires the use of 
equations 1 or 2 in calculating actual B 
vulues from the deflections. 

In order to prevent excessive errors 
caused by nonlinearity between oscillo- 
scope deflections and applied voltages, 
the B and H scales should be calibrated 
at values near the expected values for the 
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sample. As the residual magnetism and 
coercive force are usually of most interest, 
the B and H calibrations should be per- 
formed near the expected values of these 
quantities. 

The balance, phase, and calibration 
adjustments should be checked at fre- 
quent intervals to guard against errors 
resulting from drift or accidental change 
of adjustment. 


PREPARATION OF SAMPLES 


To prevent errors caused by self-de- 
magnetization and to allow convenient 
insertion in the sample holder, samples are 
cut to a length somewhat greater than the 
length of the exciting coil (about 15 
inches). Samples of finished recording 
wire are “‘fished” into lengths of small 
spaghetti tubing which provide stiffness. 
Larger samples having sufficient stiffness 
are put directly into the sample holder. 


’ If it is desired to study the variations over 


a great length of wire, the wire may be 
threaded through the sample holder. 
Readings from the hysteresis loop may 
then be obtained as the wire is pulled 
through the tester. 


LIMITATIONS OF THE TESTER 


The apparatus was designed specifically 
for use with the stainless steel wires 
presently used in magnetic recorders. 
These alloys have their maximum per- 
meabilities (ranging up to about 15) at 
about 3850 oersteds. The carbon. steel 
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wires used in older machines have maxi- 
mum permeabilities as high as 280 at 
about 50 oersteds. When these high 
permeability wires are tested too far 
above saturation, the hysteresis loop 
shows evidence of distress. The pickup 
coil is set into self oscillation and the pre- 
amplifier may overload even with the pre- 
amplifier gain set at a low value. 

The tendency for self-oscillation was 
reduced by replacing the shielded leads 
originally used in the pickup circuit by a 
low capacity line (see Figure 5). This 
line consists of two number 30 wires 
spaced about one-quarter inch. Of vari- 
ous filter schemes that were tried, several 
were successful in eliminating the oscilla- _ 
tions but unfortunately yielded coercive 
readings that were too high. The effect of 
these filters was to slope off the steep , 
voltage peaks associated with the almost 
vertical sides of a hysteresis loop at be- 
yond saturation. These filter schemes 
therefore were discarded as their use 
would only lead to false confidence in 
beautiful hysteresis loops at intense fields. 

With the apparatus in its present form, 
the high permeability samples may be 
tested at sufficiently intense fields to 
assure saturation, without overloading or 
self-oscillation difficulties. This is evident 
from Figure 13. 

When high permeability samples are ~ 
being tested, the vertical gain control on 
the oscilloscope should be set at maximum 
and calibration achieved by means of the 
preamplifier gain control. This will re- 
duce to a minimum the possibility of over- 
loading the preamplifier. 


ACCURACY 


Four samples of widely different mag- 
netic properties were tested in the 60-cycle 
hysteresis loop tracer and then by means 
of the familiar d-c method employing a 
ballistic galvanometer for the induction 
measurements. Each of the samples con- 
sisted of 100 strands of 0.004-inch diam- 
eter magnetic recording wire about 16 
inches long enclosed in a piece of small 
spaghetti tubing. To eliminate errors 
caused by varying sensitivity of the oscil- 
loscope over different regions of the 
screen, the system of calibrating after the 
measurement was used. The procedure 
was to adjust the vertical and horizontal 
gain controls so that the intercepts of the 
trace on the vertical and horizontal axes 
(corresponding to the residual induction 
and the intrinsic coercive force) were at 
convenient points on the screen. Then 
with the sample removed, and with the 
gain controls undisturbed, the magnetiz- 
ing force was adjusted to a value provid- 
ing a horizontal line trace on the screen 
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whose length was equal to, the distance 
between the intercepts on the horizontal 
axis of the hysteresis loop. This value of 
magnetizing force is the intrinsic coercive 
force for the sample Then, with the 
switch in one of the calibrating positions, 


and with the horizontal gain control at - 


zero, the magnetizing force was adjusted 
to provide on the oscilloscope a vertical 
line trace whose length was equal to the 
distance between the intercepts of the 
hysteresis loop on the vertical axis. The 
value of residual induction for the sample 
was obtained by substituting in equation 
1 or 2 the area of the sample for a”, the 
value of magnetizing force determined for 
H,,,. This value of B,,) is the residual in- 
duction for the sample. Values of maxi- 
mum induction were obtained by reducing 
the horizontal gain control to zero and ad- 
justing the vertical gain to provide a verti- 
cal line pattern of a convenient length. 
Then with the sample removed, with the 
switch in one of the calibrating positions, 
and without disturbing the gain controls, 
the magnetizing force was adjusted to pro- 
vide a vertical line pattern of the same 
length as before. Substitution of this 
value of magnetizing force for H,,, in 
equation 1 or 2 gave the value of maxi- 
mum induction for the sample. 

The coil assembly of the a-c tester was 
used in the d-c ballistic method. The 
balancing mutual inductor was used to 
balance the air flux in the pickup coil just 
as in the a-c method. Calibration of the 
ballistic galvanometer was accomplished 
by means of the calibrating mutual im- 
ductor. The source of power was a bank 
of storage batteries. The usual arrange- 
ment of switches and rheostats for re- 
versing and controlling the currents in the 
measuring and calibrating circuits was 
provided. . 

The currents in the exciting coil and in 


Figure 9. B,-H curve for medium carbon steel 
wire 


Figure 8. Control panel 
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the primary circuit of the calibrating 
mutual inductor were measured by means 
of ammeters with a guaranteed accuracy 
of one-half of one per cent of full scale. 
Valuesof magnetizing force and galvanom- 
eter sensitivity were obtained from 
these ammeter readings. 

With the a-c instrument as described 


‘in this paper the accuracy of both induc- 


tion and magnetizing force calibrations is 
dependent on the accuracy of the rectifier 
type voltmeter on the panel. This in- 
strument had been calibrated and pro- 
vided with a direct reading magnetizing 
force scale several months prior to the 
running of the accuracy test. Immedi- 
ately before running the accuracy test, 
the calibration of this instrument was re- 
checked and was found to be in error by a 
maximum of two per cent of full scale 
value at certain parts of the scale. In the 
lower range of the scale, errors in mag- 
netizing force and in the calibration of the 
induction scale on the oscilloscope could 
be in error by as much as eight per cent 


because of this error in calibration of the 
panel voltmeter. 

In order to separate this voltmeter error 
from other errors, the a-c measurements 
first were made by relying on the panel 
voltmeter for all readings and calibra- 
tions, and then repeating the measure- 
ments with the current in the exciting 
circuit being measured with a current 
transformer and a dynamometer type 
ammeter with a guaranteed accuracy of 
one quarter of one per cent of full scale. 
In this case the calibrations were based on 
the readings of this ammeter. With this 
method, variations in the wave form of 
current from a sine wave may cause 
errors, as the ammeter is sensitive to the 
rms value while the oscilloscope calibra- 
tion depends on the peak value of current. 
The ratio of these values was taken to be 
the square root of two, the value for a sine 
wave. It is believed that errors resulting 


Figure 10. B,-H curve for stainless steel wire 
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Table |. Comparison of A-C and D-C Ballistic Measurements 


— “= 


A-C Measurements 


' A-C Measurements 


(Current Transformer 


D-C Ballistic 


Sample (Panel Voltmeter) and Ammeter) Measurements 

Number Hm Hei Br Bmi Hr Hei Br Bui Hm Hei Br Bmi 
N92 ides snaee 900. .280.. 5,160.. 5,500..... 900. .272.. 4,790... 5,080... ... 900. .276 . 4,830.. 5,030 
DO Ascites 900..120.. 7,040.. 9,280..:..900..107.. 6,740.. 8,950..... 900. . 109 . 6,920.. 8,960 
(Ab Reres tenn 4 900..298.. 1,810.. 2,190..... 900. .286.. 1,800.. 2,140..... 900..290 .. 1,800.. 2,110 
MOB. srteeteue 300... 3882211 800K ERSs00n.. 5: 800.5 36;.105700: . 17,3005... 300... 35.2. . 12,0000 27;7000 

Hm = maximum magnetizing force, oersteds By = residual induction, gausses 

Hey = intrinsic coercive force, oersteds Bmi = maximum intrinsic induction, gausses 


from this assumption are very small, as 
harmonics in the current caused by har- 
monics present in the supply voltage are 
virtually suppressed by the high induc- 
tive component of impedance in the mag- 
netizing circuit. Furthermore, the volt- 
age wave form of the 60-cycle power 
source itself is very nearly sinusoidal. 

Results of the comparative measure- 
ments are given in Table I. 

Samples 192, 219, and 702 are stainless 
steel magnetic recording wire. Sample 
703 is medium carbon steel magnetic re- 
cording wire. 

Comparison of the d-c ballistic meas- 
urements with the a-c measurements 
based on the panel voltmeter show dis- 
crepancies up to nine per cent for induc- 
tion readings and ten per cent for intrinsic 
coercive force readings. The maximum 
discrepancies shown by a comparison of 
the ballistic measurements with the a-c 
measurements based on the current trans- 
former and ammeter are 2.7 per cent for 
induction values and 2.3 per cent for in- 
trinsic coercive force values. 

Some errors are common to both the a-c 
and the ballistic methods and therefore 
would not be detected by the comparison. 


1. Ratio of magnetizing force to current in 
exciting coil. This ratio was assumed to be 
the same for the a-c and the ballistic meas- 
urements and was based on equations 3 and 
4 of Appendix I. For a coil of proportions 
similar to those of the exciting coil, large 
percentage errors in individual values of 


b,c, d, and D have a very small effect on the~ 


calculated value of K in equation 4. The 
accuracy of the determination of the ratio 
of magnetizing force to current is therefore 
essentially dependent on the accuracy with 
which the quantity N/b (turns per unit 
length) is determined. As this value was 
based on the average of the layer lengths, 
each of which was determined to an accuracy 
of at least one-half of one per cent, the prob- 
able error in N//b and, therefore, in the ratio 
of magnetizing force to current is less than 
one-half of one per cent. 


2. Calibration of mutual inductor. The 
sensitivity of the bridge used in adjusting 
the mutual inductors was sufficient to detect 
a change in mutual inductance of less than 
one-tenth of one per cent. The calculated 
value of mutual inductance depends on the 
product of two resistances and one capaci- 
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tance. Calibration of the corresponding com- 
ponents in the bridge is accurate to one- 
tenth of one per cent for each. Calibration 
of the mutual inductor therefore is accurate 
to less than one-half of one per cent. 


3. End effect. Figure 4 shows that the 
magnetizing force in the exciting coil at 
points three inches from the center is about 
four per cent less than the value at the cen- 
ter. Demagnetizing effects were estimated 
on the assumption of a sample six inches 
long in a uniform field. It is quite evident 
that demagnetizing effects in this hypo- 
thetical case are more severe than in the 
actual case in which the sample extended 
beyond the ends of the exciting coil, the 
magnetizing force of which is only four per 
cent low at three inches from the center and 
gradually decreases to about one-half value 
at the ends. Maxwell’s equation for the de- 
magnetization factor for an ellipsoid was 
used in calculating the demagnetizing factor 
for the assumed 6-inch long sample. The 
ratio of length to diameter was taken as 6 
inches divided by 0.040 inches (diameter of 
a solid wire having the same cross-sectional 
area as 100 strands of 0.004-inch diameter 
wire). That this assumption is also a con- 
servative one is evident from the following 
considerations. 


If the 100 pieces of wire comprising the 
sample were placed in and parallel to a 
uniform field with sufficient spacing be- 
tween wires that for every wire the de- 
magnetizing effect due to poles on the 
remaining wires is negligible, then the de- 
magnetizing effect on the group of wires 
would be the same as that on a single 
wire. If the distance between wires then 
were decreased gradually, the demagnetiz- 
ing effect would increase continuously, 
because of the increasing demagnetizing 
action on every wire caused by decreasing 
separation between it and poles on ad- 
jacent wires. The demagnetization effect 
would have for its limiting value that cor- 
responding to the condition in which the 
wires are pressed together to form a single 
solid wire. If the pressing operation were 
performed in such a manner as to keep the 
lengths of the strands unchanged, the 
cross-sectional area of this wire would be 
equal to the sum of the cross-sectional 
areas of the individual wires. Therefore, 
the demagnetizing factor for a sample 
made up of parallel strands is less than 


Wiegand, Hansen—60-Cycle Hysteresis Loop Tracer 


INTRINSIG INDUCTION — KILOGAUSSES 


that for a solid sample of the same cross- 
sectional area and decreases as the dis- 
tance between strands increases. 

The demagnetizing effects are most 
severe in sample 703 because of its higher 
maximum intrinsic induction. On. the 
basis of the. demagnetizing effects cal- 
culated in accordance with the above 
assumptions, the actual magnetizing 
force present at the center of the sample 
is 3.7 oersteds less than the value at the 
same point in the solenoid with the sam- 
ple removed. This amount of change in 
magnetizing force near saturation will 
have an insignificant effect on the intrin- 
sic induction. 

The calculated reverse field caused by 
the residual induction in this sample is 2.5 
oersteds. The hysteresis loop for this 
sample is similar to the one shown in 
Figure 13. Examination of this figure 
shows that a reverse field of 2.5 oersteds 
causes a reduction of 250 gausses from the 
residual induction value and the error in 
the residual induction reading due to the 
demagnetizing effect is about two per 
cent. For a 10-strand sample of this 
material, the number ordinarily used in 
the hysteresis loop tracer, the effect of de- 
magnetization on the residual induction 
reading would be entirely negligible. 

Measurements of intrinsic coercive 
force are unaffected by demagnetization, 
because when the intrinsic induction is 
zero the intensity of magnetization is zero 
and there are no poles in the sample. 

As a check on the various assumptions 
upon which the calculation of demagneti- 
zation effects was based, sample 703 was 
cut into lengths of one to five inches, in- 


clusive. The value of indicated maximunr 


magnetizing force required to produce an 
intrinsic induction of 11,300 gausses (the 
value for maximum susceptibility) was 
determined for:each length by measure- 
ment in the a-c tester. The effective 
magnetizing force was calculated first on 
the basis of an effective diameter of 0.040 
inch, then on the basis of a diameter 1.15 
times this value and finally a diameter 
1/15 of this value by deducting from the 
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Figure 11. Hysteresis loop for stainless steel 
wire intermediate in drawing process 
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Figure 12. Hysteresis loop for finished stain- 
less steel wire 


measured magnetizing forces the corre- 
sponding computed values of demagneti- 
zing forces. Results of these measure- 
ments and calculations appear in Table IT. 

For sample lengths approaching the 
length of the pickup coil, there is an error 
in induction readings caused by fringing 
of flux near the ends of the sample. In- 
complete linkage of the wire flux with the 
pickup coil causes measured values of in- 
duction to be less than actual values at the 
center of the sample. Therefore, while 
the magnetizing force was adjusted for an 
indicated maximum intrinsic induction of 
11,300 gausses for each length, the actual 
induction for the short samples was 
greater than this amount. As no correc- 
tion was made for this error, and as its 
effect is to make magnetizing force read- 
ings too high for the short samples, mag- 
netizing force readings corrected for de- 
magnetization only should increase as the 
length of the sample approaches that of 
the pickup coil. In no case should the 
corrected value decrease as the sample 
length is decreased. - 

In Table II the data corrected on the 
basis of 0.040-inch effective diameter are 
the same for the 5-inch, 4-inch and 3-inch 
samples within the limits of experimental 
error. Data for the 2-inch and 1-inch 
lengths are high because of the linkage 
error discussed before. 

The data based on the 0.046-inch effec- 
tive diameter are low at three and two- 
inches by amounts definitely greater than 
experimental error. The only explanation 
of these low values is incorrectness of the 
assumption of 0.046-inch effective diam- 
eter. 

Although the data based on the 0.0348- 
inch effective diameter show continuously 
increasing values as the sample length is 
decreased, values for the 5-inch, 4-inch, 
and 3-inch lengths differ by amounts less 
than experimental error. 

It therefore cannot be concluded from 
the data whether the 0.040-inch or the 
0.0348-inch diameter is more nearly cor- 
rect. It is definitely shown, however, 
both by experiment and by the previous 
analysis, that actual demagnetizing effects 
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in a bundle of wires are less than or equal 
to the effects as calculated on the basis of 
an area-equivalent solid wire! The ex- 
perimental data further show that the 
true effective diameter for a tight bundle 
of wires is only slightly less than that of 
the area-equivalent solid wire. (If experi- 
mental errors are neglected, an equivalent 
diameter about 0.92 times that of the 
area-equivalent solid wire is indicated.) 

Calculations on this basis show that for 
low permeability materials (for which the 
tester was designed primarily) no correc- 
tion need be made for demagnetizing ef- 
fects. For materials of higher permeabil- 
ity than about 300, demagnetization ef- 
fects may be calculated as described and 
if the effects are appreciable corrections 
may be applied as was done fot sample 
703. 

In Table I discrepancies between the 
a-c measurements with the current trans- 
former and ammeter and the d-c ballistic 
measurements are of the order that would 
be expected in the ballistic method from 
changes in currents subsequent to their 
adjustment, due to heating of the reho- 
stats and voltage regulation in the bat- 
teries. Actually it was found that in re- 
peating tests under identical conditions, 
discrepancies on a percentage basis were 
lower with the a-c method than with the 
ballistic method. 

From these considerations it is evident 
that errors in measurements on the hys- 
teresis loop tracer are almost entirely due 
to errors in reading distances on the oscil- 
lograph screen, and to errors in the instru- 
ment used to measure the peak current in 
the magnetizing circuit. If the gain con- 
trols are adjusted so that the distances be- 
ing measured on the screen are of the 
order of three inches, and if reasonable 
care is taken in measuring the distances, 
they can be determined to an accuracy of 
about two per cent. 

With the tester as described in this 
paper it is sometimes necessary to take 
readings low on the scale of the panel 
voltmeter. In these cases errors as high 
as 20 per cent are possible because of read- 
ing errors and changing characteristics of 


Table Il. 


the rectifier in the instrument. This 
error could be reduced to about ten per 
cent by providing more scales on the in- 
strument. 

It is believed that while the combina- 
tion of a mutual inductor and a rectifier 
type voltmeter provides a measuring de- 
vice sensitive to peak currents, greater 
over-all accuracy would be obtained if 
the magnetizing current were measured 
by means of current transformer and 
ammeter sensitive to rms values (assum- 
ing an essentially sinusoidal supply volt- 
age). Panel instruments of this type are 
available with a guaranteed accuracy of 
one per cent of full scale. If a current 
transformer with taps providing full scale 
ranges of 100, 200, 500, and 1,000 oer- 
steds is used, the maximum error in any 
current reading need be no more than 2.5 
per cent, and magnetic readings to an 
accuracy of about 5.0 per cent are pos- 
sible. It is planned to make this change 
in the instrument. 


Results Obtained With the 
Hysteresis Loop Tracer 


Figures 9 and 10 are two of a series of 
curves that were obtained to compare the 
recording characteristics of stainless steel 
and carbon steel wires. 

In obtaining these data, ten strands of 
0.004-inch diameter\ recording wire were 
used. To facilitate comparison of the 
shapes of the curves, arbitrary gain set- 
tings making the B, deflections the same 
for all samples at the highest magnetizing 
force were used. Deflections in tenths of 
an inch are plotted on the graphs. The 
vertical scale factors, also shown, allow 
calculating actual B, values from the 
curves. 

Photographs of hysteresis loops for 
various samples are shown in figures 
11 to 15 inclusive. Figure 11 shows the 
loop for a sample of stainless steel re- 
cording wire intermediate in the drawing 
process. The remaining loops are for 
finished wires. Figures 13 and 14 are for 
the same sample at different magnetizing 
forces. A state of near saturation at the 
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Measured maximum magnetizing force, in 
oersteds, required for 11,300 gausses maxi- 
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Maximum magnetizing force corrected for de- 
magnetizing effects: 
Assumed effective diameter 
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Figure 13. Hysteresis loop for carbon steel 
wire at 200 oersteds 


lesser field is shown by a comparison of 
the two figures. 

Evidence of oscillation in the pickup 
coil is beginning to appear in the loop for 
the greater field. These hysteresis loops 
were obtained with the vertical gain con- 
trol in the oscilloscope set at maximum, 
and the control at the input to the pre- 
amplifier at a low value. This setting 
tends to prevent overloading of the pre- 
amplifier. 

Figure 16 shows evidence of this over- 
loading. This curve was obtained with 
the same sample and with the same mag- 
netizing force as in figure 14 but with the 
gain setting on the preamplifier increased 
and that on the oscilloscope decreased. 


Conclusions 


The convenience of obtaining measure- 
ments from the hysteresis loop on a 
cathode-ray oscillograph screen has made 
this general type of apparatus a very use- 
ful tool in magnetic measurements when 
large numbers of samples must be tested. 
Use of an absolute calibration system and 
a phase-compensated integrating network 
with positive means of adjustment has 
made possible a degree of accuracy and 
reliability higher than has been possible 
previously with this general type of appa- 
ratus. 

Errors in the tester as described are due 
mainly to inherent errors in the rectifier 
type voltmeter used to calibrate the ver- 
tical and horizontal deflection systems. 
While in some cases the resulting errors 
in magnetic readings may be as high as 20 
per cent, in most cases they are limited to 
about five per cent. 

Replacement of the rectifier type volt- 
meter and its associated mutual inductor 
by a current transformer and ammeter 
will make possible magnetic readings with 
a consistent accuracy of five per cent, pro- 
viding the wave form of the power line 
voltage is essentially sinusoidal. 

In selecting the power line frequency as 
the operating frequency for the tester the 
advantages of this and some higher fre- 
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quency were compared carefully. Some 
of the more important items of compari- 
son are 


A, In favor of a higher frequency 


1. Greater volts per turn in pickup coil. 


2. If the frequency is near the logarithmic mean of 
the audio band, materials for use in audio frequency 
apparatus will be tested more nearly under condi- 
tions of use. 


3. Greater simplicity of amplifiers and their power 
supplies. 


4, Lower spurious voltages induced by fields of the 
power line frequency. 


B. In favor of the power line frequency 


1. Practically unlimited power available without 
the use of oscillators or motor generator sets— 
especially important when intense fields are required. 


2. Conditions of test more nearly approximate 
those of the ballistic method. (The truly basic 
magnetic characteristics of a material are those 
determined by the ballistic or other d-c method.) 


8. Greater number of turns permissible in pickup 
coil because of lesser effect of distributed capaci- 
tance at low frequencies. (A-—1l is balanced, at 
least in part, by this consideration.) 


4. The two sources of spurious voltage—that 
caused by stray fields from transformers in the 
amplifier power supply and from nearby power 
wiring, and that caused by interaction of the dif- 
ferent circuits of the tester at the operating fre- 
quency—are both of the same frequency. This fact 
simplifies the problem of balancing the spurious 
voltages. (In the tester the air flux balance coils 
and the mutual resistance adjustment are sufficient 
in themselves to reduce all residual voltages to 
negligible values.) If the operating frequency were 
other than the power frequency, separate adjust- 
ments would very likely be required for balancing 
the effects of the two sources of spurious voltage. 


5. Conveniently low operating voltage for the 
exciting coil without excessive eddy loss in the 
winding. (If the exciting coil in the tester were 
operated at 500 cycles per second, the terminal 
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Figure 14. Hysteresis loop for carbon steel 
wire at 500 oersteds 


1 
voltage would change from 130 volts to 1,080 volts, 
and the change in eddy loss would be sufficient to 
cause a significant increase in power requirements 
and temperature rise.) 


Appendix |. Calculations for Peak 
Magnetizing Force Measuring 
System 

Integration along the axial direction and 
perpendicular to this direction in turn shows 


the magnetizing force at the center of a 
solenoid to be 


N 
Hoek (> i (3) 
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where 


K,= + sian (2) — sinh @) (4) 


ip = instantaneous current in amperes 


b 

D=outside diameter of the coil 

d=inside diameter 

b=length 

c=thickness 

H= instantaneous value of magnetizing force 
in oersteds at the center of the sole- 
noid 


N 
(3) =turns per centimeter of length 


The ratio of magnetizing force to current 
is therefore 


H N 
—= ote, *) (5) 
t b 


ot with (N/b) in turns per inch equation 5 
becomes 


a =0.495K { *) (6) 


Up 


K; is independent of the dimensions used 
because only ratios are involved in its deter- 
mination. 

Let the henrys mutual inductance of the 
H measuring mutual inductor be Mj. If 
a periodic current having equal positive and 
negative peaks and which never decreases 
in the time from negative peak to positive 
peak nor increases in the time from positive 
peak to negative peak flows in the primary 
winding of the mutual inductor, the sec- 
ondary voltage is given by 


és = MM, — (7) 


where é¢, and 7» are instantaneous values of 
secondary voltage and primary current, and 
t is time in seconds. 

For the time from negative peak to posi- 
tive peak 


ey a 
set fe es dt _(8) 
tJ 0 


* 


where #; is the time from negative peak to 
positive peak, and E,’ is the average second- 
ary voltage over this time. 

Substituting equation 7 in equation 8 and 
remembering that when ¢=0, p= —I» and 
when t=h, ip=Im; where Im is the abso- 
lute value of positive and negative peaks ~ 


ues (9) 


Similarly, for the time from positive peak 
to negative peak the avera gesecondary volt- 
age is ; 


= i (10) 
2 


where f is the time from positive peak to 
negative peak. 
The average of the absolute value of volt- 
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age over a cycle, or any number of complete 
cycles, is 


_ Ey’ +|En"t| 


E,= 
: hth 
- 4MyL 
Pes (11) 
h+h 
1 
or, as =f the frequency in cycles per 
t-te 
second 
Eqg=4Mnflm (12) 


Rectifier type voltmeters are regularly 
calibrated to read the rms value of a sine 
wave, or 7/2 4/2 times the average of a wave 
of any form. Therefore, the reading of 
such a voltmeter connected to the secondary 
of the mutual inductor will be 


=5 75 Mnflm (13) 


For a scale factor of 10 on the H meter 


Em 
(Py See 14 
"=79 (14) 
where H,, is the peak magnetizing force in 
oersteds in the exciting coil. 


Substituting equation 14 in 13 and solving 
for M;, and replacing Hm/Im by H/1p 


_v2(H 
ie, (7) ) 


Substitution of the measured dimensions 
for the exciting coil in equations 4 and 6 
gave 


H 
—=44.2 (16) 
tp 
The required value of M;, therefore is 
V/2 
M,= 44.2 
0 30x60 
=16.57X 10-3 henry (17) 


The H measuring mutual inductor was 
designed for somewhat greater than this 
value and then adjusted to this value by 
removing primary turns and, finally, by 
adjusting the relative position of the two 
parts of the inductor. A modified Carey 
Foster bridge® was used in making this ad- 
justment. 


Appendix Il. Analysis of 
Integrating Network 


In Figure 16, Ca, Cy, and Ry may be 
thought of as a corrective network for the 
simple series integrator, C; and R,, which 
by itself introduces a serious error at the 
fundamental frequency due to its small time 
constant. Actually, however, Cg and Cy 
add to the capacitance of C, and serve to 
increase the time constant as well as serving 
as a corrective network. 

In this network Dg, Cp, and C, are chosen 
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equal so we may write 


CoS S(Co=E (18) 
and 
Vege aie (19) 


If the network is loaded by an impedance 
that is very high compared to the reactance 
of Cq at the lowest frequency, the currents 
may be represented as shown in Figure 16. 


1g = 0, VY (20) 
€2= +OZ 4 i 
=e+e YZ (21) 
1, = 62 We 
=€, Ye Y2Z (22) 


tte =¢é, Y+ea, VY*Z+e Va 
=¢,Y(2+ YZ) (23) 


€3 = 2+ (a +%2)Re 
=€) +e YZ+e Y2+ YZ) R, (24) 


a= 14 YZ+YR(2+ ¥Z) 
=14+VZ+2VYR,+YZYR. (25) 

Substituting 

Y=jwC 

and 


_ Ry(1 —joCRp) 
~ L+0*C?R,? 


es Ry(w2C2Ry+jaC) 
é; 1+.w2C2R5? 
+j2w0CR, 
Ry(—w?C2Re?-+ jw C?RoRe) 
1+w2C2R,? 


(26) 


Separating real and imaginary terms 


3 Ry(Ry — Re) w?C? 
Reqs =| PHU 
fe ey T 1+w?C?R,? ( ) 


: €3 
Imaginary — 
ey 


1+w*C?RpRe 


0) 1+.w?C?R,? +2R. | (28) 


mind] R 


Equations 27 and 28 rearranged in terms.of 
wCR, and R,/R, become 


(wCRy)? (: 9) oo 


&3 
Pei = wae 
aie gar (SCR, ENG as 


Figure 15. Hysteresis loop for carbon steel 
wire showing distortion caused by improper 
adjustment of gain controls 


lip 


Figure 16. - Diagram for analysis of integrating 
network 


: &3 
Imaginary — 
€1 


1+ (wCRy) x! 


io CR | Ro oe} (39) 
= 7) SS = 

4 "L 1+ (@CRy)? Rp 

For perfect integration e3/e, should have 
no real component, and the error angle @ is 


given by 


é 
real = 
e} 
= tae 
an a 
imaginary — > : 
Qj (31) 


Providing @ is not too large 


is given with sufficient accuracy by 


&3 
@1 


é 


é3 1 
= imaginary = = (32) 
éy 


ey 


| 


le 
For perfect integration a should vary 
e 


1 


inversely with w, or 


1 
wCR, 


23 


should be constant . (33) 


ey 
Using equations 32 and 30 
Re 
1 GR 
+ (wCRy») hoe 
1+ (wCR»)? Ry 
should be constant 


(34) 


Using the decibel notation 


1 
20 1 
oa = CRy fal 


—20 log wC Ry 


&3 


] =decibel attenuation 


14+ (wCRy) 


=20 1 fa See (35) 
= IORI Ga ycRt) = ate eee 


should be constant 


The phase error curves in Figure 17 were 
obtained by substituting equations 29 and 
30 in equation 31. 

The attenuation data for the curves in 
Figure 18 were obtained from the left- 
hand member of equation 35. 

Phase error in degrees is given directly in 
Figure 17. The magnitude error in decibels 
is given by the deviation of the curves in 
Figure 18 from horizontal lines. 

In the integrating network used in the 
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Figure 17. Phase 
errors ‘in integrating 
network 


Output voltage leads 
phase of true integra- 
tion for positive errors 
and lags for negative 


PHASE ERROR IN OUTPUT VOLTAGE-DEGREES 


tester, R, is the effective output impedance 
of the amplifier stage feeding the network 
and is therefore fixed, while R, is adjustable. 
In actual operation Ry, is adjusted to make 
the phase error zero at the fundamental 
frequency. The wCR, curves (dotted) are 
shown on Figures 17 and 18 to aid in the 
analysis of a tester with R, adjustable and 
R, fixed. 

Use of the curves will be illustrated by 
using the constants in the tester described 
in this paper. Measurements on the V; 
stage showed its effective output resistance 
to be 24,200 ohms. Cis 0.5 X 10~ farads. 
So, at the fundamental frequency 


wCR, = 2760 X0.5 X 107* X 24,200 
= 4.56 


Assuming that R, was originally set too 
high (R,/R» too low), ab (corresponding to 
wCRy= 4.56) is followed downward in Figure 
17 until this curve intersects the 0 phase 
error line. This point, wCR,=2.04, repre- 
sents the condition of adjustment that gives 
0 phase error at 60 cycles per second. 

Solving for Rp : 


2.04 


= 10,830 


db ATTENUATION -20 LOG WCR}, 
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“4 
: Saal 


=] Gol Se | ESS 


10 20 
and = 
R, 24,200 
Ry 10,830 
=2.93 


bc, therefore, gives the phase error in the 
tester for varying wCR, (or varying fre- 
quency as C and R, are now fixed). 

If there are no even harmonics in the 
supply voltage, the first component fre- 
quency of importance above the funda- 
mental is the third harmonic. This corre- 
sponds to wCR,=2.05X3=6.12. At this 
point bc shows the phase error to be about 
—0.28 degree. For the higher order har- 
monics the error becomes gradually less. 
Note that the phase errors shown are de- 
grees at the particular frequency plotted. 

Thus the time error at the third harmonic 
would be 
: foe 4.32X10-6 

180° 360 : 
second rather than three times this value. 

With the proper adjustment on Ry», the 
network will correct for small phase errors 
in other parts of the B circuit. For in- 
stance, the error due to R-C coupling in 
amplifiers would be corrected by making R, 
less than the value giving zero error in the 
integrator alone, thereby shifting to one of 
the lower R,/R, curves. As the two error 
curves are of different shapes, the net error 


Figure 18. Attenua- 
tion in integrating net- 


work 


will necessarily be zero at the fundamental 
frequency only. For this reason phase errors 
in the remainder of the vertical system 
should be kept as small as possible. ; 

The curve bc in Figure 18 is obtained in a 
similar manner to bc in Figure 17. A dis- 
crepancy of about 0.3 decibel (3.5 per cent) 
for the third and higher harmonics with re- 
spect to the fundamental is shown. 


Appendix Ill. Analysis of 
Calibrating System 


The voltage ey induced in the pickup coil 
and applied to the input of the preamplifier 
is 


d®; 
dt 


ep =10-8Np (36) 


where 


N, =number of turns in pickup coil 
©; =intrinsic flux in sample 
t=time in seconds 


But if B; is the intrinsic induction in the 
sample 


®; =7X2.54°X 10-8a" B; (37) 


where a” is the area of the sample in circular 
mils and 


= 5A2 ya Bi ) 
€p = 10 jee N,a"— (38) 


dt 


Neglecting phase and magnitude errors 
in the preamplifier and integrator, the volt- 
age applied to the cathode-ray oscilloscope 
input terminals, with switch on “‘measure”’ 
is 


en=KaJS epdt 
= 10-7 X2.544Nya"Ky 5p: dB, (39) 


where K, is an adjustable constant depend- _ 


ing on the B gain setting and the charac- 
teristics of the preamplifier and integrator. 

The vertical deflection of the oscilloscope, 
again neglecting errors of phase and mag- 
nitude in the oscilloscope, is by integration 
of equation 39 


dy=K 0 
= 10- - X2.542Npa"KyKeB; (40) 


The constant of integration is necessarily 
0 because of the blocking action of coupling 
capacitors in the amplifiers. AK, depends 
on the vertical gain setting on the oscillo- 
scope. 

Equation 40 shows that the integrator 
makes the vertical deflection proportional to 
B, rather than its time derivative. 


With no sample in the tester and with the ~ 


switch on high calibration the only voltage 
applied to the input of the preamplifier is 
that caused by the calibrating mutual in- 
ductor, as the induced voltage in the pickup 
coil is balanced by that of the balancing 
mutual inductor. : 
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This voltage is 


uf (41) 

é-<=M,— 

c dt 

where /, is the henrys mutual inductance 

of the calibrating mutual inductor, and zp 

is the current in the primary circuit. 
Substituting from equation 16 in Appen- 

dix I 


Belten die, 
44” ds 


ee (42) 


where 7, is the magnetizing force in the H 
coil during the calibration adjustment. 
The vertical deflection on calibrating is | 


eK KS egit 


(43) 


Equation 438 shows that d,, is proportional 
to Hq and therefore the trace on the screen 
should be a straight line during the calibra- 
tion adjustment. This allows obtaining the 
proper phase adjustment in the integrator 
by setting the adjustment so that the trace 
on the screen is a straight line. 
For maximum values in equation 43 
M, 


——- Kp K eH cat 


D => 
peAdD 


(44) 


where D,, is the maximum vertical deflec- 
tion and Hq; the maximum magnetizing 


Discussion 


H. J. McCreary (Automatic Electric Com- 
pany, Chicago, Ill.): In the Automatic 
Electric Laboratories we have done some 
work closely related to this paper. 

In the study of magnetic devices employ- 
ing saturation phenomena, it is sometimes 
desirable to view the wave shape of the flux 
against time. For several years we used an 
exploring coil in series with a high resistance 
connected to a large capacitor to reproduce 
by electrical integration in electrical wave 
form the wave form of the flux through the 
exploring coil. This device became a tool 
of more general use about the laboratory and 
therefore was written up and designated 
LS-2612, 2 LS-2013,.and) ALS-2614: so 
that others in the laboratory might make 
more general use of this test method. 

Because of the extreme simplicity of this 
atrangement, and because of the high im- 
pedance across the exploring coil output 


Figure 1 
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force. Hq. is the value indicated by the H 
meter as it operates as a peak meter. 

It has been stated previously that the 
calibrating system was to be arranged so 
that on the high calibrating position 


Heat = 2a" Beat X 10~* 
Substituting this in equation 44 


M, 
Doe =—— Kp. K-20" Beat X 10-5 


44.2 G5) 


where Bea is the value of B; being calibrated. 
From equation 45 the B; scale factor is 


Beat _ 10° 44.2 
Dye MK pK 20" 


(46) 


Furthermore, this same scale factor is to 
apply in equation 40 for all values of B, and 
d, so that 


Beat _ Bt 
Dre d, 
ee se 
~ #X2.542N a"KyKe 
10° 44.2 
ak ree sap (47) 
M,KyK,20" 
from which 
44.2X10-°X 9X 2.54? N. 
Mpa ee (48) 


4X2 


Substituting 16,000, the number of turns 
in the pickup coil, for Vz, 


M,=1.792 108 henry (49) 


tion of the two parts of the inductor. 


The calibratiiig mutual inductor was de~ 
signed for 4 somewhat higher value and was 
then adjusted to this value by removing 
primary turns and setting the relative posi- 
The 
bridge circuit of reference 6, was used in 
making this adjustment. 

When the switch is in the low calibration 
position, the 100/1 voltage divider is active, 
and for this position the calibrating formula 
is 


eat = 20" Bea Xx 10-5 10? 
=D Denon 
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terminals there is very little reaction of the 
exploring coil on the flux threading it, and 
its terminal electromotive force varies al- 
most directly as d¢/dt 10-8. 

It is believed that the comments of Doc- 
tor Arthur Bessey Smith and myself as given 
in ELS-2612, ELS-2613, and ELS-2614 are 
appropriate additional comments on this 


paper. 
MAGNETIC FLUX ON OSCILLOSCOPE 
Consider one transient, the magnetic flux 


rising from zero to a finite value. In Figure 
1 of this discussion let 


¢=magnetic flux inside the coil of NV turns. 

R is a nonreactive resistor which is large 
enough to dominate the circuit. 

Cisa capacitor large enough to have a re- 
actance which is small compared to R. 

E=electromotive force developed in the 
coil by the rising magnetic flux. 

2=instantaneous current resulting from £. 

eis the electromotive force across C resulting 
from current. 


EXPLORING COIL 


Figure 2 
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The N-turn coil also must have negligible 
reactance compared to R. Hence, the whole 
acts like a noninductive circuit, and the 
current at any instant will be proportional 
to E, the electromotive force being gen- 
erated at that instant by the rising flux @. 

The logical development of equation 7 is 
as follows: 


ext (1) 
q= Jf,’ idt (2) 


Put equation 2 into equation 1. 


1 ft 
e= as idt (3) 
C 0 


= ‘ (4) 


Put equation 4 into equation 3. 


ube bs ay 
Se Eo 
Eek a 
dé 


=10-§N— 6 
E a (6) 


Put equation 6 into equation 5. 


HN (3 
PCR). 
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so that 


10-8N | 
= (7) 
ete [| 


Hence the instantaneous electromotive 
force e across the capacitor is directly pro- 
portional to the magnetic flux ¢ existing at 
the time #. This is valid under the above 
conditions and for this first single transient. 


Macnetic Fiux INTENSITY WAVES ON 
THE CATHODE RAY OSCILLOGRAPH 


In order to get an oscillogram of the mag- 
nitude of flux with respect to time it has 
been customary in the past to cause a part 
of the magnetic field to pass through the 
scope tube and deflect the cathode beam 
directly, in which case 


F=BLli 


However, in the development of electro- 
magnetic apparatus such as relays, stepping 
switches, and so forth, the magnetic field is 
often of such a restricted order that the 
above method of obtaining an oscillogram 
of the flux variation with time is not prac- 
tical. In such a case the following method 
has been found quite practical. 

Place an exploring coil about the place 
in the magnetic circuit where it is desirable 
to obtain the flux variation. 

The voltage generated by the exploring 
coil is 


d 
a? io-s 
t 


€exp = 


€exp dtX 10 +8 =d¢ 


b= f do=10°S eexp dt 


Therefore, it is but necessary to integrate 
the potential éexp electrically with respect to 
time and place the result on the oscillo- 
scope. The most simple circuit for doing 
this is shown in Figure 2 of the discussion. 

It consists of an exploring coil connected 
in series with a very high resistance such as 
20 megohms and a 1-microfarad capacitor. 
This circuit then has a time constant of 20 
seconds or, in other words, is comparable to 
that of the needle of the Grassot Fluxmeter. 

The vertical oscillograph deflection va- 
ries directly as the magnitude of the flux 
traversing the exploring coil. 

Caution: While the time constant of the 
integration circuit given here is 20 seconds, 
only the very best cathode ray oscillographs 
can record accurately frequencies as low as 
a few cycles per second. Therefore, some 
discretion must be shown in the selection of 
an oscillograph which will show accurately 
the potential across the 1-microfarad ca- 
pacitor. 


ELECTRICAL INTEGRATION 


As mentioned, the potential on the ex- 
ploring coil terminals when connected to a 
20-megohm resistor is practically equal to 
the electromotive force generated in the 
coil by the flux change through the coil; 
that is 
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At frequencies of one cycle per second and 
greater the potential on the capacitor can 
never be an appreciable part of the applied 
potential because the time constant is 20 
seconds. 

At frequencies of ten cycles per second the 
potential on the capacitor resulting from ac- 
cumulated charge through the 20-megohm 
resistor is so small that it has no appreciable 
affect on the flow of current caused by the 
exploring coil. The reactance of 1 micro- 
farad on 10 cycles per second is about 159,- 
000 ohms which, compared to 20 megohms, 
can be neglected because the voltage drop in 
the capacitor is about one-half of one per 
cent of the voltage applied to the circuit. 

Therefore, we can conclude that within 
the accuracy of most indicating instruments 
the flow of current through the 20-megohm 
resistor is a direct function of the electro- 
motive force generated by the exploring 
coil and neglecting the capacitor; that is 


Geet 
Corp =e JU LOS 


€exp 


**20X108 


The voltage on the capacitor is 


cD G 
where Q is the quantity of charge in cou- 
lombs, but 


Q=fidt 


Coo pu 


Therefore egp is the integral curve of @exp. 

Although egp varies as the flux almost ex- 
actly, it is as stated before very small; 
therefore, it must be applied to a very good 
amplifier to obtain a voltage large enough 
to give an appreciable deflection of the 
cathode ray oscillograph beam. 


B. M. Smith (General Electric Company, 
Schenectady, N. Y.): This paper should be 
of particular interest to anyone who has 
made similar measurements and experienced 
any of the measuring difficulties. The au- 
thors are to be commended for their excellent 
accomplishments and their valuable con- 
tributions to the art of magnetic measure- 
ments. 

As the authors have demonstrated, mak- 
ing magnetic hysteresis loop measurements 
on a cathode ray oscillograph screen is a 
very convenient method and greatly facili- 
tates the work where a large number of tests 
are to be made. This method, however, is 
not limited to alternating current but has 
been found very useful for making d-c 
loops.! 

One of the errors noted by the authors in 
the tester was described as being caused 
mainly by the rectifier type voltmeter, the 
error being as high as 20 per cent. This is 
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contrary to our experience with this type of 
instrument which we have found to be ac- 
curate within one-half of one per cent at 25 
degrees centigrade. Compensation for 
temperature changes sometimes is incor- 
porated in the instrument. That this ac- 
curacy can be obtained is indicated by the 
recommendations of the American Society 
for Testing Materials in their test procedures 
given in 434 on magnetic test methods. 

The selection of the power line frequency 
by the authors for the measurement de- 
scribed eliminates many of the difficulties 
and gives results which were comparable 
with those obtained by d-c measurements. 
The question arises, however, as to whether 
the measurement represents the property of 
the materials at the higher frequencies at 
which the recorder wire is supposed to re- 
spond. Our experience has been that the 
frequency response curve for magnetic ma- 
terials is not related diréctly to the coercive 
force obtained at 60 cycles. It depends 
among other things upon the surface re- 
sistivity, size of the wire, as well as the mag- 
netic properties. 

The cathode ray oscillograph is also very 
useful in this work for determining the homo- 
geneity of the wire in its final form. 

As a comparator the cathode ray oscillo- 
graph should yield very satisfactory results 
when comparing unknown materials with 
those which have been tested in service, but 
this comparison should be made over the 
frequency range at which the wire is to 
be used; otherwise it may lead to mislead- 
ing results. 
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D. E. Wiegand: Performance of the simple 
R-C integrator described by H. J. McCreary 
and B. M. Smith is perfectly satisfactory 
providing the sample under test is relatively 
large and the voltage to the integrator, 
therefore, is of a conveniently large value. 
However, in the case of small samples such 
as those for which the tester described in the 
paper was designed, the pickup coil voltage 
is sufficiently small as to lend great impor- 
tance to the voltage loss or attenuation in 
the integrator. It is mainly for this reason 
that the integrating network described in the 
paper was used in preference to the simpler 
one. The output voltage of this network is 
about 11 times that of a simple R-C inte- 
grator providing the same maximum phase 
error. 

The value of the integrating resistor in 
the simple R-C network enters directly into 
the calibration of the instrument. Thi& is 
evident from McCreary’s equations. We 
would expect severe difficulties in calibra- 
tion drift caused by changes from the nomi- 
nal 20-megohm value of this resistor. Tem- 
perature and surface conditions as affected 
by the atmosphere may have an important 
effect on the actual resistance of a resistor of 
this order of size. Of course, these errors 
can be minimized by wax coating the re- 
sistor, paying ‘attention to all insulation in 
this high impedance circuit, and possibly 
enclosing the first stage of the amplifier in 
an atmosphere-controlled chamber. 

In order to realize the-20-second time con- 
stant, it is necessary that the resistance across 
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the input of the amplifier, including the leak- 
age resistance of the 1-microfarad capacitor, 
be high compared to 20 megohms. It may 
be difficult to obtain a 1-microfarad capaci- 
tor having a leakage resistance consistently 
this high. 

A simple R-C integrator at the tapat of 
the amplifier first was tried in developing 
our tester. In testing samples at magnetiz- 
ing forces beyond that required for satura- 
tion, it was found that the trace on the os- 
cilloscope screen was wavy at certain parts 
of the hysteresis loop. It was found that 
this effect was caused by phase errors result- 
ing from the self-inductance in the pickup 
circuit. In order to analyze the action of 
the simple integrating circuit with a series 
self-inductance, the curves of Figure 3 of 
the discussion were prepared. In general, 
the voltage of the pickup coil consists of a 
fundamental component plus a series of 
harmonics (usually odd). The véltage re- 
lation for any of the frequencies involved is 
given in equation 1. 


V1 me c 
pitts wt O+iev TERS (1) 


V; is the induced (open circuit) voltage in 
the pickup coil, V, the voltage across the 
integrating capacitor, w the angular velocity 
corresponding to the frequency of the volt- 
age component, L the total self-inductance 
in the pickup circuit (henries), C the ca- 
pacitance of the integrating capacitor (far- 
ads), R the total resistance (ohms) in the 
integrating circuit. In most cases, the in- 
tegrating resistor is large compared to other 
resistances in the circuit so that R may be 
taken as the ohms resistance of the inte- 
grating resistor. The curves of Figure 3 are 
based on equation 1. The tangent of the 
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phase error is the real part of equation 4 di- 
vided by the imaginary part. 

In the tester as described in the paper, in- 
tegration is performed after the first stage 
of the amplifier, and the pickup circuit 
therefore is loaded only by its own distrib- 
uted capacitance and by the volume con- 
trol at the input of amplifier. Even with 
this arrangement, wavy loops are obtained 
sometimes when testing samples far beyond 
saturation. The frequency of these waves 
was found to be about 14,000 cycles per 
second. Under these test conditions, ap- 
parently, the voltage of the pickup coil has 
a 233rd harmonic component of sufficient 
magnitude to excite the pickup circuit at its 
resonant frequency. 

The curves of Figure 3 in this discussion 
can be used to determine the values of R and 
C in a simple integrator preceding the first 
amplifier stage which will perform satisfac- 
torily up to the present limiting frequency 
of 14,000 cycles per second. The curve for 


Ry ; = 1,000 shows an error of 0.5 degree 


at OVEC = 0.1. On this same curve at 


wVLC = 23.3, 233° times the original 
value, the error is about 1.3 degrees. The 
first value corresponds to the fundamental 
frequency and the second to the 233rd har- 
monic, Errors within 0.5degree at the funda- 
mental frequency have been found to pro- 
duce negligible errors, and the higher phase 
error at the 233rd harmonic also will have a 
negligible effect because of the extremely 
small time-error to which this angular error 
corresponds. 

The self-inductance in the pickup circuit 
of the tester is about 1.3 henries. Substi- 
tuting this value for ZL and 377 for w in 


wVLC=0.1 gives C=0.054X10-* farad 
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(0.054 microfarad). Similarly, substituting 


values in Reale =1,000 gives R=4.9X108 


ohms (approximately 5 megohms). 

Placing the integrator ahead of the first 
stage of the amplifier of course would reduce 
greatly the problem of amplifier overloading 
mentioned in the paper. With this location 
of the integrator, the first amplifier stage 
would pass the integrated wave (a flat- 
topped wave) rather than the pip voltage 
wave of the pickup circuit. 

With the integrator at the output of the 
first stage, however, lower resistances and 
larger capacitances may be used in the in- 
tegrating network, and the problem of 
changes in calibration resulting from surface 
variations in the resistors is eliminated. 
With the tester as shown in the paper, pro- 
viding the gain controls are adjusted prop- 
erly, samples may be measured well beyond 
saturation without overloading the ampli- 
fier. 

With reference to Doctor Smith’s com- 
ments regarding the 20-per-cent error caused 
by the rectifier type voltmeter in the tester, 
in the American Standards for Testing Ma- 
terials referred to, voltages of the order of 
100 volts are measured by the rectifier type 
voltmeter. In this range of voltage, tem- 
perature errors in the rectifier are masked by 
the relatively large value of series resistance 
in the voltmeter. In the hysteresis loop 
tracer, however, it is sometimes necessary 
to measure values down to a few volts. In 
this case, the temperature and aging char- 
acteristics of the rectifier become much 
more important, and accurate measure- 
ments are difficult. It is believed that the 
proposed change to a current transformer 
and ammeter will result in considerably 
greater over-all accuracy of measurement 
in the tester. 

Doctor Smith infers that it might be desir- 
able to test magnetic recording media at fre- 
quencies well up in the audio range rather 
than at 60 cycles. It is true that the fre- 
quency response curve depends on other 
factors in addition to the basic magnetic 
properties measured at direct current or a 
low frequency. If resistivity of the medium 
in an important factor, it would be desir- 
able to measure this quantity separately and 
in addition to basic magnetic measurements 
in a d-c or equivalent tester, rather than 
making magnetic measurements at a higher 
frequency, in which case both the resistivity 
and the basic (d-c) magnetic properties 
affect the measurements. In general, in 
studying correlations between basic prop- 
erties and final performance of a material 
in order to draw up a specification which will 
insure satisfactory performance, it is better 
to measure separately each of the basic 
factors involved than to measure some quan- 
tity which depends on a combination of 
basic factors. 
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Shading Coil Calculations 
for Single-Phase Magnets 


C. T. EVANS 


FELLOW AIEE 


N a single-phase a-c electromagnet it is 

customary to provide a shading coil to 
prevent chatter of the armature against 
the stationary pole face. Three impor- 
tant affects are produced by the shading 
coil. 


1. At the pole face, the magnetic flux is 
separated into two parts which are relatively 
out of phase. 


2. The flux density in the “tunshaded”’ 
area of the pole face is increased. 


8. Heating of the magnet is increased be- 
cause of the watts produced by the current 
jn the shading coil. 


Calculation of the watts dissipated in the 
shading coil and of the instantaneous pull 
of the magnet are difficult because of the 
nonlinear relation between the magnetic 
flux in the steel and the magnetomotive 
force. It is the purpose of this paper to 
describe an experimental procedure that 
has been found useful in the study of this 
problem, and to offer experimental evi- 
dence in support of an approximate 
method of calculating the shading coil 
watts. 


Theory 


Conventional analysis! of the shading 
coil is based on the assumption that satu- 
ration of the steel is negligible. In effect 
it is assumed that the reluctance in the 
magnetic circuit is constant and is con- 
centrated in the air gap between the pole 
faces. Experience shows that even with 


- no intentional air gap and with well fitting 


pole faces there is a reluctance across 
these surfaces equivalent to that of an air 
gap approximately 0.001 inch long. Un- 
der this assumption, and with sinusoidal 
flux generated by the exciting coil of the 
magnet, each of the fluxes and the shad- 
ing coil current are evidently sine func- 
tions. 
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Figure 1 is a diagrammatic sketch of a 
single-turn shading coil surrounding ap- 
proximately two-thirds of the pole face 
area. The coil passes through a slot di- 
viding the pole faces into the ‘‘shaded” 
area S; surrounded by the coil and the 
unshaded area S;. Figure 2 is a vector 
diagram of the magnetomotive forces and 
of the fluxes across these areas where @ is 
the phase angle between the fluxes ¢; and 
oo, Ge is the conductivity of the shading 
coil, w is the angular frequency, and the 
total flux @ is the vector sum of ¢; and @». 
If ®, and My, represent the reluctances of 
the two pole areas, and B, and By, th 
flux densities, Figure 2 gives ; 


tan 6=aG2/Re (1) 
cos 0= Rad2/Rid1 (2) 
$= o17+ $2? 2¢1¢2 Cos 8 (3) 


Substituting T=@)/®2=S2/S; in equa- 
tion 2 and then in equation 3 


nee (1+ tan? 6)? 
~ (T+1)2+ tan? 6 
T°? 


Do 
Hate galg oC ELE REY 


(5) 


Watts in the shading coil are evidently 
Ps =0Gohom2/2 (6) 


If the maximum (peak) flux density in 
the steel with the shading coil removed 
(G.=0) is represented by B,,, simple sub- 
stitution and rearrangement of equations 
4 to 6 show that the maximum flux den- 
sity with the shading coil is 


Bim=BoBm 
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and the shading coil watts per square inch 
of total pole area S are 


Ps/S=Po(wlgBm?) 
where 


B,?=[(1+ tan? 0)(T+1)2]+ 
[(T+1)2+ tan? 6] 


B,=Bim/Bm shows the variation of Bi» 
with constant density By, 


and 
P,=(T(L+1) tan 6] /2u[(T-+1)?+ tan? 6] 


P,=watts per square inch with unit air gap, 
flux density, and angular frequency 


uw=The permeability of air, and Jg the 


length of the air gap 


Thus B, and P, depend only on the ratio 
of pole reluctances (or areas) T and the 
phase angle 6. The parameters B, and 
P, are plotted in Figures 3 and 4 as func- 
tions of 6, and for several values of T. 
Watts per square inch total pole area 
reach maximum values at specific phase 
angles, depending on TJ, while the flux 
densities increase with the phase angle. 

On the basis of these simplified assump- 
tions it is usual practice to design a mag- 
net for a phase angle between 60 and 70 
degrees and a ratio T in the neighborhood 
of two. Under thesé conditions reference 
to Figure 3 shows that the flux density 
in the unshaded pole area is from 1.66 to 
2.15 times the density in the core, as a 
whole. Thus, if the maximum density 
Bm is 0.001 weber per square inch, the 
maximum density Bi, indicated for 
the unshaded area is from 0.00166 to 
0.00215 weber (166 to 215 kilomaxwells) 
per square inch, or from 30 to 70 per cent 
above the saturation value in the grade 
of steel ordinarily used for such magnets. 
From these considerations it is clear that 
the reluctance of the steel cannot be ig- 
nored, nor can it be assumed that the 
reluctance is constant. 


Approximate Solution 


Now in dealing with high flux densi- 
ties, frequent use is made of published 
data giving the volt-amperes “‘excita- 
tion” per pound-of metal for the steel. 
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Curves giving these volt-amperes as a 
function of the maximum flux density, 
and at 60 cycles, are available for the 
various standard grades of steel. They 
presuppose sinusoidal flux variations and 
(tacitly )nonsinusoidal magnetizing forces. 
The volt-amperes therefore are the prod- 
uct of the rms values of the magnetizing 
current and induced voltage in a magne- 
tizing coil which would produce the given 
sinusoidal flux density in a pound of steel. 

It would be attractive to work out an 
approximation for the shading coil watts 
based on the known values of excitation 
P,, for the steel, and also based on a vec- 
tor representation of the fluxes and cur- 
rent as shown in Figure 2. In effect this 
means that some equivalent fixed reluc- 
tance must be substituted for the variable 
reluctance of the steel, but that the 
value of this fixed reluctance varies 


with the maximum flux density. In 


order to determine the value of this 
equivalent reluctance it would be con- 
venient to convert the values of volt 


amperes excitation to rms ampere turns” 


per inch-cube per weber for the steel. A 
further convenience results if the ampere 
turns per inch for the steel plus a small 
per-unit length of air gap is used. For 
this purpose assume K inches of air gap 
for each inch of steel. 


w=3.19X10-° for air 

+ = pounds per cubic inch of steel 

o =stacking factor of the laminations 

P,=volt-amperes per pound of steel 

Bm =webers per square inch 

R,=(2yoP,z)/(wBm?) ampere turns 
weber per inch-cube of steel 

@®,’=ampere turns per weber for an inch- 
cube of steel plus K inches air gap 


per 


Ro’ =o +108K/3.19 


R22 


Q? 


Figure 2. Vector diagram of magnetomotive 
force and flux 


olo | | slo | | do} | bo o 


Figure 3. Variation of flux density in un- 


shaded pole area 


The curves of Figure 5 show ®,/B,, as a 
function of B,, for electrical sheet steel. 
Now return to the vector relations of Fig- 
ure 2 and equation 3, noting that 


Rod2m = 1R2' Bam 
with a similar relation for Ridin 


(R1' Bim)* = (@2’ Bom)? + 
(wS2BomGe/1)? 


$2 =r? + G2? + 2¢142R2’ Bom/Bi’ Bim 


(7) 
(8) 


the conductivity G theoretically should 
include a term attributable to the watts- 
per-pound loss in the iron P, thus 


Gz=Gs+ (2yolP;) / (@?S2Bom") (9) 


where G, is the conductivity of the shad- 
ing coil. 

However, the last term usually is small 
compared to G,, the conductivity of the 
shading coil, and may as well be omitted 
considering the degree of approximation 
involved, so that G, may be substituted 
for G2 in equation 7 without appreciable 
error. Likewise the iron loss in the un- 
shaded portion can be disregarded. 

In practice, the dimensions of the 
poles, conductivity of the shading coil, 
and maximum total flux usually are 
given. To find the watts in the shading 
coil, proceed by assuming a trial value 
for Bo, and by the curves in Figure 5 find 
R2!Bo,. Calculate ®i’Bi, by equation 7 
and again by reference to Figure 5, find 
Bim. Now, multiplying Bi, and Bom by 
the areas S; and S, of the respective pole 
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Figure 4. Variation of watts per square inch 
of pole area 


sections, find ¢1m and ¢2,, and then from 
equation 8 calculate ¢,. If this differs 
from the actual value of @,,, adjust the 
trial value of B:,, until there is agreement 
ing@m. The shading coil watts then are 


P= hm?Go/2 (10) 


Measurements made on several com- 
mercial ‘magnets of the difference be- 
tween the watts input with the shading 
coil in place, and with it removed, gave 
values for the additional watts attribut- 
able to the shading coil agreeing closely 
with the calculations just outlined. How- 
ever, it was considered desirable to under- 
take a more comprehensive study of such 
magnets, to include effects resulting from 
variations in physical proportions of the 
magnet, and to measure the instantaneous 
flux densities at the pole faces, especially 
the maximum densities. Although not 
the subject of the present paper, it may 
be mentioned in passing that measure- 
ment of the instantaneous values of the 
flux densities have also been used for a 
general study of the instantaneous mag- 
nitudes of the pull developed at the pole 
faces. The experimental procedure fi- 
nally adopted permits measurement not 
only of the instantaneous values, but 
also of the rms values, as well as direct 
measurement of the watts over a wide 
range of physical proportions. 


Experimental Procedure 


Preliminary tests were made on a large 
experimental magnet slotted at the pole 
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Figure 5. Ampere turns per inch for steel 


with air gap 


face to receive a shading coil as well as 
additional fine wire search coils, by means 
of which the instantaneous voltages im- 
duced by the fluxes in both sections were 
indicated on an oscilloscope and recorded 
photographically. Figure 6 shows a trace 
of the volts per turn in the search coils, 
as well as the magnetic fluxes obtained 
by graphical integration of the flux 
curves. The pertinent data are: 


S:=8 square inches 

5, =1.37 square inches 
1=7/16 inch 

G2=111 mhos 


The low resistance exciting coil had 245 
turns and, for these curves, was energized 
at 300 volts, 60 cycles. 

The technical difficulties attendant on 
the use of the oscilloscope were such as to 
suggest a modified arrangement wherein 
the voltages could be recorded by an os- 
cillograph, particularly as it was desired 
to obtain a large number of curve traces. 
Furthermore, with this magnet the effec- 
tive air gap at the pole faces could not 
be reduced below approximately 0.001 
inch, and could not be controlled easily 
for larger values. 

It was decided to set up an equivalent 
electromagnetic circuit consisting of two 
separate laminated steel rings, having 
separate identical exciting coils connected 
in series across the a-c source. These two 
rings represent the unshaded and shaded 
pole sections, and a resistance shunt, 
connected across the exciting coil of the 
“shaded” ring, represents the shading 
coil. Figure 7 is a diagram of the arrange- 
ment. The rings were made by winding 
electrical strip steel on arbors, with 0.001- 
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Figure 6. Voltages and fluxes for magnet, 
Figure 1 


inch paper separators between the lamina- 
tions. Steel rivets were placed around 
the rings on the center line of the strips 
to hold them in place and the rings were 
finally sawed across their diameters. 
The resulting pole faces were then fin- 
ished in line, coils inserted, and the rings 
reassembled with flat insulating plates 
interposed to control the dength of the 
air gaps. For each ring there are two low- 
resistance coils of 122 turns each, or 244 
turns for the ring. The mean length of 
the strips for each ring is 32.7 inches and 
the cross-sectional areas of the unshaded 
and shaded rings are 1.5 and 3.0 square 
inches respectively. 

A little consideration will show that the 
differential equation connecting the mag- 
netic fluxes and magnetomotive forces 
for these rings is of the same form as for 
the individual sections of the magnet of 
Figure 1. The resistance of the exciting 
coils may be neglected if low-resistance 
coils are used. For the magnet of Figure 
1, as the magnetomotive force, integrated 
over a path from a point in the upper pole 
to a point in the lower pole is the same, 
whether the path of integration passes 
through or outside of the shading coil 


d 
Rudi =Ouds+ Gs (11) 


NO. | RING 
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Figure 7. Connections, for test of steel rings 


Evans—Shading Coil Calculations 


VOLTS PER TURN 
WEBERS 


Voltages and fluxes for rings, 
Figure 7 


Figure 8. 


For the two rings, moreover, the instan- 
taneous currents 


hh =12+1s (12) 


But we have 


Nu = Rigi 
Bae ee (13) 
= NG 
8 > dt 
Substituting equation 13 in 12 gives 
de 
Rigi = Rob2+ N?Go" a (14) 


In these equations R; and R need not 
be constants, so that the equivalence be- 
tween the single magnet and the rings of 
Figure 7 hold regardless of this condition, 
provided that in each case the ®’s are 
similar functions of the ¢’s. Thus, if the 
conductance of the shunt circuit around 
the exciting coil of ring 2 is multiplied by 
N? and the current in this circuit is multi- 
plied by N, the results are respectively 
the conductivity and current in an equiva- 
lent single-turn shading coil around the 
shaded pole section, now represented by 
ring 2. These two rings therefore truly 


represent the shaded and unshaded pole 


sections of a magnet, each having an iron 
path 32.7 inches long, and adjustable air 
gaps which may be made very short com- 
pared to the length of the iron path. 
Incidentally, in setting up the rings 
with an equivalent air gap of K inches 
per inch length, each of the two gaps in a 


-ring should have a length somewhat 


longer than /K/2 as the effect of fringing 
may be appreciable with these longer air 
gaps. The permeance of the fringing 
path may be calculated by any standard 
method! and the actual air gaps should 
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‘be increased by an amount proportional 
to the per-unit permeance of the fringing 
path. This increase may amount to 0.2 
of the equivalent air gap. 


Several advantages accrue from the 
use of these rings, among which are: 


(a). There is no unused iron in the rings 
compared to the return magnetic circuit of 
Figure 1. 

(b). The air-gap length may be adjusted so 
as to study the effect of varying K. 

(c). With low-resistance exciting coils, the 
terminal voltages may be assumed to be 
equal to the induced voltages, and may be 
‘recorded on an oscillograph, or the rms values 
may be measured directly without further 
amplification. 


As an example, Figure 8 shows a trace 
of an oscillogram of the voltages recorded 
while testing these rings, with 326 volts, 
60 cycles, impressed and with 20.1-ohm 
shunt around coil 2. The reluctance of 
the air gaps in ring 1 is 1.16 X10® ampere 
turns per weber, and for the (shunted) 
ring 2, 0.542X10® ampere turns per 
weber. The corresponding values of K 
are 0.0021 and 0.0017 respectively. By 
voltmeter measurement there are 224 
volts across coil 2, giving 2,490 watts dis- 
sipated in the 20.1-ohm shunt. 

If the assumption were made that all of 
the reluctance is concentrated in the air 
gap, equation 2 would give the phase 
angle 


6= tan} (wG2/R2) 
=64 degrees 


Therefore 


T =1.16/0.52 
4=2.14 
tan 6=2.06 
The total flux for the two rings 


bm =3260/2/ (2440) 
=0.00502 weber 


by equation 5 


2.14 0.00502 
2m =" (3 14)2-4 (2.06) 
=().00287 weber 


The rms volts across coil 2 would then be 
wNobom/V2, or 186.5 volts, which would 
produce only 1,650 watts in the 20.1-ohm 
shunt. This is 23 per cent low compared 


with the 2,490 watts actually measured. 

By making use of the approximations of 
equations 7, 8, and 9, with a trial value 
for Bom of 0.00114 weber per square inch, 
and by reference to Figure 5, with K at 
0.0017, Re! Bom is found to be 215. Then 
with 2,960 mhos for G2, equation 7 gives 
245 for Ri’Bim. Reference to Figure 5, 
using 0.0021 for K, then gives 0.0015 for 
Bim. The corresponding fluxes are 


1m = 0.00172 weber 
dam =0.00342 weber 


and, using equation 8, 


om=0.005 weber 


This compares with the actual value 0.00- 
502 weber. For a single-turn shading 
coil having a conductivity, 2,960 mhos, 
the watts 


P,=(120 x 0.00342)? 2,960/2 =2,460 watts 


compared with the test value, 2,490 
watts. A number of similar calculations 
and tests give results, comparable within 
10 per cent or less in all cases. 

With a pair of’ laminated steel rings, 
having an appropriate ratio of cross-sec- 
tional areas, it is possible to measure the 
rms volts or current in the shunt circuit 
by means of ordinary a-c voltmeters or 
ammeters and thus quickly determine the 
shading coil watts for any equivalent mag- 
net over a wide range of shading coil con- 
ductivities, air-gap ratios, and exciting 
voltages or frequencies without having to 
build and test the actual magnet. Other 
studies, covering a similar range of varia- 
tions, concerning flux densities or instan- 
taneous pulls readily will suggest them- 
selves. 


Conclusion 


A procedure has been suggested by 
means of which the watt loss in the shad- 
ing coil of a single-phase magnet may be 
calculated with reasonable accuracy. An 
experimental method has been described 
by means of which the validity of these 


" approximate calculations has been con- 
firmed. This experimental method also 


may be used effectively to study the non- 
linear relationships between the magnetic 


fluxes and magnetomotive forces in single- 
phase shaded-pole magnets over a wide 
range of physical proportions. 


Appendix. Nomenclature 


Bn =peak flux density for magnet 
pole as a whole, or when shad- 
ing coil is removed 


Bim, Bom  =peak flux densities, unshaded 
and shaded poles respectively 

Bo =ratio Bim/Bm 

Gs =conductance of single turn 
shading coil 

G2 =equivalent conductance of 
shading coil plus that of the 
steel in the shaded pole 

G2! =conductance of the shunt 
around the coil of ring 2 

K =ratiol,/] 

=length of pole (see Figure 1) 

bp =length of air gap (see Figure 1) 

Pe =watts dissipated in hading 
coil 

IDG = watts per square inch of total 
pole area with unit air gap, 
flux density, and angular fre- 
quency 

Pe =watts per pound of steel 

Pr =volt-amperes excitation per 
pound of steel 

Gi, Re =reluctances of unshaded and 
shaded poles 

Rr’, Re’ =equivalent reluctance of an 


inch-cube of steel plus K 
inches of air gap, for the un- 
shaded and shaded poles 

Bo =equivalent reluctance of an 
inch-cube of steel, for a given 
peak flux density 


(Gh =equivalent reluctance of an 
inch-cube of steel plus K 
inches of air gap 

S =combined area of shaded and 
unshaded poles 

Si, S2 =areas of unshaded and shaded 
poles 

i =ratio S2/S;=@i/Re2 

Y = pounds per cubic inch of steel 

0 =phase angle between ¢ and 
2 

B = permeability of air 

o =stacking factor 

>, 1, de =total flux, unshaded and 


shaded pole flux 
om b1m ¢2m= peak values of fluxes 


Reference 


1. Evrerro-Macnetic Devices (book), H.C. 
Roters. John Wiley and Sons, New York, N. Y., 
1941. 
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Discussion 


J. E. Ryan (General Electric Company, 
Schenectady, N. Y.): The conventional 
method of analyzing shading coil action, 
neglecting the reluctance of the iron in the 
vicinity of the butting surfaces, is useful 
_ only for visualizing the general effects of the 
parameters involved. For design, methods 
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akin to C. T. Evans’ “approximate solu- 
tion” have had to be employed, and even 
then the prediction of maximum quiet pull 
is not as accurate as that for the shader 
losses. 

The real contribution of this paper is the 
ingenious equivalent circuit of Figure 7. 
Working with controllable air gaps and 
easily measurable quantities, data can be 
obtained which, when plotted in dimension- 
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less form, will be directly usable in design 
It should be noted, however, that the 
equivalent circuit represents none of the 
iron beyond the depth of the shader slot. 
Tacitly it is assumed that the flux density is 
uniform across the section beyond this point. 
Even if one attempts to allow for the ap- 
proaches to the shaded and unshaded re- 
gions by adding some equivalent length of 
iron, this is not strictly accurate as the 
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lutter varies cyclically with time. But such 
refinements are unnecessary because the air 
gap in an actual magnet is rather indeter- 
minate anyway. 

The writer feels that the paper would have 
been easier to follow if a complete notation 
had been given at one place, including some 
subscripts and superscripts not explicitly 
defined. Also, an appendix containing the 
complete proof of the similarity of the actual 
thagnet and the equivalent circuit would 
have been helpful. 

There seem to be two errors in the para- 
graph following equation 14. By inde- 
pendent analysis, the writer has found that 


So'\f Ta 
Gz= N% — }{ — JG.’ 
: e Ne . 


instead of 
_ Ga= N2G2' 


and that 


ip=N his 
(Ps 


instead of 
ts= Ni,’ 


where the notation is that of the paper, and 
primes denote properties of the model. 
A further interesting consequence is that 


IqS2 
P= |= — Ip 
; i) : 


It is hoped that the author subsequently 
will present data on the relations between 
pull, heating, and the various design pa- 
rameters. 


L. A. Doggett (Pennsylvania State College, 
State College, Pa.): The literature on shad- 
ing coil design is not very extensive. A 
brief bibliography of this subject is given on 


page 22 of bulletin number 52 of the Penn-’ 


sylvania State College Engineering Expert- 
ment Station, entitled “Design of Shading 
Coils for A. C. Electromagnets.” To this 
list should be added the work of H. C. 
Roters and now the present paper by C. T. 
Evans. 

In Evans’ paper an equivalent electro- 
magnetic circuit has been devised in which 
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the important variables are dualed in a very 
ingenious manner. The actual magnetic 
circuit corresponding to Figure 1 consists 
of two branches in parallel carrying fluxes 
¢, and ¢:, which in combination yield ¢. 
The ¢: branch contains a reluctance ®1 
properly modified to include some iron re- 
luctance. The ¢2 branch contains a reluc- 
tance ®, plus an opposing magnetomotive 
force caused by the shading coil. Various 
equivalent circuits have been proposed, 
notably by Unger, and now by Evans in 
Figure 7. Figures 6 and 8 substantiate the 
author’s claim as to equivalence. A further 
equivalence might well be pointed out. If 
in Figure 8, é, and e; are added, a very good 
sine wave of impressed electromotive force 
is obtained. In Figure 6, where 


ditg=o 

do. dox dé 
ar Me ion bea 
n=\ 


é2 plus é, also add up to a good sine wave. 

Granting that Figure 7 is a satisfactory 
equivalent, it might be suggested that its 
use be extended to find out the optimum 
values of shading coil resistance S2/S; and 
air gap length for the unshaded part. By 
optimum values are meant those values 
which produce a minimum of vibration. 
To carry out these tests it would be neces- 
sary to fasten the lower semicircular cores 
securely to the laboratory table, whereas 
the upper semicircular cores should be 
fastened firmly together but otherwise be 
free to move. A crystal-type vibration 
pickup and a cathode-ray oscilloscope may 
be used to observe the vibration of the upper 
pair of semicircular cores. The weakness of 
all analytical methods so far presented lies 
in their failure to consider the presence of 
harmonics in the shading coil current. The 
driving electromotive force of this current, 
é, is far from sinusoidal. However, Evans’ 
experimental arrangement of Figure 7 will 
have voltage and current wave shapes very 
similar to those existing in ordinary shading 
coils. 

Finally for the benefit of those investi- 
gating this subject for the first time a brief 
statement of the elementary -theory is 
presented. Using the notation of the present 
paper, a Kirchhoff’s law equation may be 
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set up for the magnetic circuit of Figure 1. 
Thus 


— $2R2— 0.42 Nois + GiGi =0 
If 2 = h2 sin wt, then 


— Rode sin wt — 0.42 N2G2(— Nowd210~8) X 

cos wt +Ridy sin (wt +0) =0 
For wt=0 and wf =7/2, two important rela- 
tionships may be derived. 


0.42 Now No ge 


in @= -——_——_- G. 1 
sin 108 ae (1) 
R 
cos Ae (2) 
Ridi ; 


Equation 2 is the same as that in the paper. ~ 


Equation 1 of the paper may be obtained by 
, the relationship tan @=sin 6/cos @. 


C. T. Evans: As stated in the paragraph 
following equation 14, the differential equa- 
tions 11 to 14 are sufficient to prove the 


equivalence between the ring model and an ‘ 


actual magnet having’the same pole dimen- 
sions. If one wishes to build a ring model 
equivalent to any specific magnet, the com- 
plete equivalence requires that By, o, K, 
and T have the same values in the model as 
for the magnet. Then the following rela- 
tions hold, where primes refer to the model. 


TEES al Ss 
G,' N’2S! /l’ =GsS/1 


Subscripts for S and J are unnecessary in 
view of the required invariance of K and T. 

Several people have referred to the de- 
sirability of developing a criterion for an 
“optimum” design of a shaded pole. This 
optimum design would no doubt be such 
that, given By, 1, and K, and curves for the 
reluctivity of the steel, definite values for 
T and G; could be derived such that either 
(a) the ratio (minimum instantaneous 
force) /(watts in shading coil) is a maximum, 
or (b) for a given required minimum instan- 
taneous force per square inch of pole area, 
the resulting watts in the shading coil per 
square inch of pole area is minimum. Cri- 
terions (a) and (b) are not necessarily the 
same. For reasons stated in the paper, ring 
models would be very helpful in any general 
investigation of this kind. 
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A Thrustor Lowering Control System 
for A-C Crane Hoists 


E. L. SCHWARZ-KAST 


ASSOCIATE AIEE 


HE common interest in a-c lowering 

controls for crane hoists has increased 
steadily in the last few years. This trend 
is very natural because the present power 
plants are generating a-c power almost 
universally and conversion into direct 
voltage is costly and inconvenient. 


The General Problem of 
Lowering Control 


For those who do not work every day in 
this field and are probably not so aware 
of the problem involved, a brief descrip- 
tion of the situation should be given. 
The problems of speed control for crane 
hoists are more involved than those for 
general drives. For speed control of 
electric drives in general we have to con- 
sider load changes ranging from zero to 
full load. In the case of a crane hoist, 
the motor load might change from zero 
to full load during hoisting and from +10 
per cent for lowering the empty hook to 
—64 per cent for lowering the full load. 

Another difference between general 
drives and hoist drives is the fact that in 
the case of general speed control, failure 
of the control merely would stop the 
operation, but usually nothing more 
would happen. In the case of a crane 
hoist, failure of the control might cause 
the abrupt dropping of the load, an ex- 
tremely dangerous situation. Conse- 
quently, in the case of crane hoists the ut- 
most safety in operation is imperative, 
preceding all other requirements. 


Paper 47-19, recommended by the AIEE committee 
on industrial control devices for presentation at the 


AIEE winter meeting, New York, N. Y., January — 


27-31, 1947. Manuscript submitted November 12, 
1946; made available for printing December 16, 
1946. 


E, L. Scuwarz-Kast is a research electrical engi- 
neer with the Armour Research Foundation of 
Illinois Institute of Technology, Chicago, III. 
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The requirements of a_ satisfactory 
hoist control are shown in Figure 1 and 
are as follows: 


1. Safety in operation. Ruggedness and 
simplicity of apparatus are essential. 


2. To hoist all normal loads at slow, me- 
dium and high speed. 


3. To lower all loads at a slow, medium 
and high speed. 


4. To provide accurate positioning of all 
loads, overhauling or non-overhauling (so- 
called inching). 


5. To avoid too high currents to reduce 
heating of motors and apparatus. 


With the passing of time the problem 
of speed control for lowering loads is 
becoming increasingly difficult. For ex- 
ample, for machine shop cranes the 
modern machine tools and methods of 
machining require a greater accuracy of 
positioning and, on the other hand, there 
is a general trend toward increase of the 
full speed for speeding up production to 
the highest possible degree. The result 
is that the range of speed control required 
is increasing steadily. 


The Present A-C Lowering System 
for Crane Hoists 


The various systems which are at pres- 
ent in use for a-c lowering and which are 
known most commonly are 


1. Oversynchronous lowering with squirrel 
cage and wound-rotor motors. 


2. Multispeed motors, squirrel cage, 
wound-rotor or combined wound-rotor, 
squirrel-cage motors. 


3. Mechanical load brake, 
motor and rotor resistors. 


wound-rotor 


4, A-ccommutator motor with shunt char- 
acteristic and brush shifting. 


5. Dynamic braking with wound-rotor or 
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squirrel cage motors and direct voltage ap- 
plied to the stator windings. 


6. Counter-torque (plugging) with wound- 
rotor motor in combination with oversyn- 
chronous lowering. 


7. Wound-rotor motor, rotor resistances, 
and unbalanced voltage, using an auto- 
transformer with multiple taps in one phase. 


8. Variable unbalanced voltage. The un- 
balance is obtained by a saturable reactor 


- in one motor lead. This reactor is saturated 


automatically in proportion to the motor 
speed. The rotor voltage is used as a simple 


and reliable speed indicating means which 


varies inversely proportional to the speed. 
The rotor voltage furnishes, through an am- 
plifier, a d-c output inversely proportional to 
the speed which is used in the reactor for 
obtaining the necessary unbalance of the 
primary voltage. 


9. Motor-generator set, d-c hoist motor, 
and variable voltage control. (Ward- 
Leonard system) 


Table I shows the main properties of 
the various systems and the approximate 
initial cost of the electrical hoist equip- 
ment as compared with the cost of item 1, 
oversynchronous lowering, which is the 
lowest and is assumed as 100 per cent. 
Also, the last column of the table shows 
the inconvenient features of the various 
systems. This table shows very clearly 
that there is a definite demand for an a-c 
lowering system which is simple, safe, has 
low current consumption, assures reason- 


‘able speed reduction and easy inching, 


and is inexpensive. It is believed that 


HOISTING 


LOWERING 


© 20 40 60 80 100 120 
% MOTOR TORQUE 


NON-OVERHAULING LOADS «——* OVERHAULING LOADS 


Figure 1. The ideal speed-load diagram for a 
crane hoist 
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Table |. Comparison of Common Systems of A-C Lowering 


Creeping Speed Approx. 
64% Negative Load Current Initial Safety in 
Item § A-C Lowering System % Full Speed Consumption Cost Operation Inching Notes 

ences Oversynchronous lower-... Approx. 105%.....-.-- WO wievsirde lareasnee otershe 100% eee COOd. . us Malice eanaeite No speed reduction below 105% except 

ing by inching. 

Datars Multi-speed motor........ Approx, 25%. se. sos- 45 TOW iekeeeel eleonstnrelietens 150% . Good... . Goods... s.0-< Squirrel-cage motor characteristics. 

; Abrupt acceleration no gradual speed 
increase, 

Sigeieters Mechanical load brake. ...Approx. 25%.....-.+--- About 50% of rat-... 130% GOOG .. 5 Maite. owe ..,. Assumed best adjustment of the load 

ing brake. Continuous wear requires 
permanent care and adjustment. 

4.....A-C commutator motor... Approx. 25%.......+++ Teoiie.ctous aeticie) eehstiaraieel« 150% we GOOdaia sas GOO! oheeitc es Unconventional, custom-built motor 

type, maintenance of commutator 
and brushes, but extremely simple 
control by brush shifting. 

Discreies Dynamic braking with... Approx. 25%......---. JS OW: asia i ajakedene ett haysice 130-150%....Fair..... Mattes oh For overhauling loads only. The neces- 

direct voltage sary rectifier is an additional device, 
and as such it decreases safety in 
operation. 

Qancdr Counter torque..,........ Approx. 10%........+- LOwistarinerie sister els 125% Good. ...Handicap..... Light loads might be lifted. Recom- 

mended for predetermined loads. 

US0000 Adjustable unbalance...Approx. 40%.....-.--- High, up to 230%... 130% Goud? :3 sGood 7 aeraan The speed reduction at full load is 

voltage of rating limited. A convenient reduction 
only obtainable for loads smaller 
than 50% of full load. 

tO, Variable unbalance volt-... Approx. 20% with all...Line current at... 180% airy ser. Better than...An ingenious system. The character 

age loads and 30% for lowering can be number 7 istics are satisfactory, but the addi- 
light hoist limited to 125% tion of quite a number of apparatus, 
rated ; capacitors, transformers, and recti- 

fiers is not very desirable. ” 

Disiertar Ward-Leonard.........../ Approx. 10% with all...Over-all efficiency... 250% Best. 23., BES jiatteerthers Weight and space requirements of the 
loads, best speed ad- is low. - motor-generator set. Care for com- 
justment, and mutator and brushes. Standby con- 
smooth acceleration sum tion of motor-generator set is 

‘ inconvenient. 
the Thrustor lowering system which will release. An adjustment sleeve valve is operated stop-brake for development of 


be described next has these properties to a 
high degree. The principles of the 
Thrustor Lowering control are protected 
to the General Electric Company, and 
this system has been in use since 1941. 


The Thrustor Lowering System 


As commonly known, wide range speed 
reduction can be obtained with a wound- 
rotor motor and resistors in the rotor cir- 
_ cuit, provided the motor is loaded sub- 
stantially and an appreciable current is 
flowing through the resistors. Further- 
more, it is also commonly known that 
every crane hoist is equipped with a stop- 
brake for holding the load at rest at any 
level. This stop-brake conventionally 
consists of a brake drum and lined brake 
shoes, which are pressed by a compression 
spring on the drum to develop the neces- 
sary brake torque. The brake is released 
electrically by an electromagnetic device 
such as a solenoid, a torque motor, or a 
Thrustor. Thrustor is the trade name of 
an electrohydraulic device developed by 
the General Electric Company for acti- 
vating servomechanisms of any kind"and 
especially for brake release. 

Figure 2 shows an exploded view of a 
Thrustor. This device consists of a 
cylinder in which a piston is traveling. 
The cylinder below the piston is filled 
with oil, and a motor driven impeller pro- 
vides oil pressure in the cylinder to raise 
the plunger, thus activating the brake 
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inserted in the liquid circuit for providing 
a time delay of the up or down stroke, 
whenever desired. The impeller motor is 
a conventional 4-pole 3-phase squirrel- 
cage induction motor. If the motor is 
connected to the line, the piston rises and 
releases the brake; if the motor is dis- 
connected or the power supply should 
fail, the motor stops, the up-force at the 
plunger ceases, the piston returns by its 
own weight supported by the brake spring 
in its original position, and the brake is 
applied. Figure 3 shows a Thrustor- 
operated stop-brake. 

In order to understand the operating 
principles of the Thrustor lowering sys- 
tem, one more fact has to be borne in 
mind. The Thrustor develops its rated 
thrust at full speed of the impeller motor. 
This is the case when the impeller motor 
is supplied with 3-phase alternating cur- 
rent of rated frequency and voltage. If 
this motor is supplied with a lower fre- 
quency and proportional lower voltage, 
its speed decreases practically with the 
frequency. Consequently, the liquid 
pressure developed by the impeller de- 
creases approximately as the square of the 
speed and in turn, the thrust operating 
on the brake lever is reduced very rapidly 
with the speed. After knowing these 
facts the operating principle of the Thrus- 
tor lowering system can be understood 
readily. 

This system uses a wound-rotor hoist 
motor for drive and uses the Thrustor- 
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the temporary motor load which is neces- 
sary for the speed reductions desired. 
This is accomplished in the following way: 
The control device, drum-controller or 
magnetic control, connects the hoist mo- 
tor to the line in the lowering direction 
and on the first lowering point a higher 
ohmic resistor is inserted inthe rotor cir- 
cuit to obtain reduced motor torque 
(about 1/4 of rated torque) and the Thrus- 
tor is not connected in parallel with the 
stator of the motor as usual, but across 
the rotor of the hoist motor. Rotor volt- 
age and frequency are speed responsive. 
At synchronous speed both are zero, and 
at standstill both have the full rated 
value. Between synchronous speed and 
zero speed, rotor voltage and frequency 
vary inversely proportional to the speed. 

Figure 4 shows the thrust on the 
Thrustor TF, the force on the brake shoes 
caused by the brake spring BF, and 
finally, the force available for brake re- 
lease BF-TF in relation to the speed of 
the hoist motor. In the range CD where 
the thrust of the Thrustor exceeds the 
force of the brake spring, the brake is 
released entirely. This is the case as 
shown in Figure 4, from standstill up to 
‘about seven per cent of full speed. With 
rising speed the force on the brake shoes 
‘BF-TF increases gradually with the 
speed. At about 60-per-cent lowering 
speed the full force is applied on the brake 
shoes. At actual lowering, on the first 
lowering point the motor speed increases, 
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‘ driven by the lowering load, until the 
brake torque equals the torque developed 
by the load plus the torque developed by 
the hoist motor and ‘an equilibrium is 
established. 

Figure 4 shows that relatively small 
changes of the motor speed cause a very 
powerful increase of the brake force 
BF-TF. Consequently, the self-adjust- 
ing creeping speed is fairly independent of 
the magnitude of the load. 

A similar Thrustor control readily can 
be provided also at the first hoisting point. 
The secondary resistor at this point is 
laid out for starting the full load safely. 
Figure 5 shows how these self-adjusted 
creeping speeds on the first hoisting and 
the first lowering point change with the 
load from zero to fullload. The creeping 
speed at hoisting changes from 25 per 
cent at empty hook to 10 per cent at full 
load, and the creeping lowering speed 
from 10 per cent at empty hook to 25 per 
cent at full load. In general this rela- 
tively small change in creeping speed is 
not objectionable even for cranes where 
a low creeping speed is imperative, as 
foundry or machine-shop cranes, and 
there might be only very few special cases 
where a more constant speed is absolutely 
necessary. 

A very convenient feature of this 
Thrustor lowering control is that all 
loads, from empty hook to full load, start 
positively with the creeping speed on the 
first point in either direction, lowering 
and hoisting as well. This makes the so- 
important inching particularly simple 
and reliable. 


The Electrical Equipment of 
Thrustor Lowering Control 


Figure 6 shows a wiring diagram for an 
a-c hoist with Thrustor lowering control. 
All details are conventional parts, with 
no special custom-built apparatus neces- 
sary. The hoist motor is a standard 
wound-rotor, crane-duty motor. The 
ohmic values of the secondary resistors 
are comparable to the conventional re- 
sistors, increased in order to provide 
the small motor torque required at the 
first lowering position to keep the burden 
on the Thrustor lowering brake as low as 
possible. Regular resistors for 150-per- 
cent starting torque have approximately 
0.838E/I ohms per phase: in the case of 
Thrustor lowering at least 0.5£/I ohms 
is recommended and a further reduction 
of the motor torque by opening one rotor 
lead. E is the rotor voltage between 
slip rings at standstill: J the rotor current 
per slip ring at full load. 

The diagram provides for lowering only 
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three steps, which is sufficient for satis- 
factory crane operation. At the first 
lowering point the Thrustor brake, con- 
nected tothe rotor of the hoist motor, acts 
as a speed responsive automatic brake, 
and a high ohmic resistor is inserved in the 
rotor circuit. All loads start at this 
point, lowering with creeping speed 10 
to 20 per cent of full speed. At the 
second lowering point the Thrustor brake 
remains rotor connected, but the rotor 
resistor is lessened; thus motor torque in 
the downward direction and ° lowering 
speed increase with all loads to 50 to 60 
per cent. At the third point the Thrus- 
tor, now connected to the line, acts like a 
regular stop-brake; the rotor resistor is 
short circuited and the motor operates as 
an asynchronous generator, regenerating 
the power developed by the lowering load 
back into the lime. In other words, this 
point provides an over-synchronous 
lowering and all loads are lowered with 
100- to 105-per-cent speed. 

Usually the rotor voltage is not identi- 
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cal with the line voltage, and an auxiliary 
transformer, shown in Figure 6, has to be 
provided to supply the proper voltage 
for the Thrustor motor when it is con- 
nected to the rotor of the hoist motor. 
The following refinement of the Thrus- 
tor lowering control is patent protected 
for the Whiting Corporation, Harvey, 
Illinois. For hoists having a mechanical 
efficiency of 80 per cent or higher it can 
be assumed that very light loads and even 
the empty hook overhaul the hoist. In 
this case after releasing the brake all 
loads start in the downward direction 
very positively without any motor torque. 
This system leaves the rotor circuit en- 
tirely open on the first lowering point 
with no resistors in the circuit and only 
the Thrustor connected to the slip rings. 
The hoist motor acts merely as. a fre- 
quency converter for supplying the speed 
responsive variable frequency for the 
Thrustor motor. The advantages are as 
follows: the’ creeping speed is lower; 
the burden on the Thrustor lowering 
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% SYNCHRONOUS SPEED OF HOISTMOTOR 
OR OF FREQUENCY GENERATOR 


Figure 4. Thrustor lowering. Brake force 
versus hoist motor speed 


BF—Force on brake shoes by brake spring 

TF—Thrust of the Thrustor 

BF-TF—Acting force on brake shoes (brake 
torque) 


brake is lessened because there is no addi- 
tional motor torque to take care of; and 
finally, there is no necessity for any in- 
crease of the conventional rotor resistors, 
because of the Thrustor lowering con- 
trol. 
As mentioned previously the use of the 
Thrustor regulating brake is not limited 
merely to lowering; it can be used with- 
out any extra cost or additional appa- 
ratus for hoisting as well. With the con- 
ventional method of using rotor resistors 
it is not possible to lift all loads with 
creeping speed on the first controller 
point, because either the acceleration on 
light loads is too great or heavier loads 
do not start at all. Thrustor control 
allows creeping speed for all loads. As 
shown in Figure 4, on the first hoisting 
point the motor is connected in the up- 
direction, and the resistor is selected so 
that the full load starts positively at the 
first point. The Thrustor at the first 
point is rotor-connected, thus securing a 
creeping speed of all loads. 

Figure 6 shows the wiring diagram us- 
ing a conventional drum controller. The 
same operation also can be accomplished 
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readily by magnetic control and a master 
switch. 

As mentioned previously, with this 
lowering system a creeping speed of ap- 
proximately 20 per cent of the full speed 
is readily obtainable. If this range 1s 
not satisfactory and a wider speed reduc- 
tion is required, this can be achieved by 


arranging a separate small wound-rotor 


induction motor-as a frequency converter 
and using the rotor voltage of this auxil- 
iary motor instead of that of the main 
motor for the Thrustor operation. If 
this auxiliary motor has the same number 
of poles as the hoist motor and the belt 
transmission has a ratio two to one, the 
frequency obtainable at the slip rings of 
the small motor is double that of the rotor 
of the main motor and the obtainable 
creeping speed with Thrustor lowering 
and full load is about ten per cent of full 
speed. 

For obtaining good results with the 
Thrustor lowering there is one require- 
ment which the Thrustor has to satisfy. 
Because of the hydraulic system used the 
Thrustor needs an appreciable time for 
its up or down stroke. Furthermore, 
some Thrustor types are equipped with 
means for an additional time delay. 
Experience shows that the operating time 
of the undelayed normal Thrustor is satis- 
factory for crane hoist operations. For 
Thrustor lowering any additional delay 
beyond the natural time is entirely un- 
desirable and interferes with a satisfactory 
operation. The omission of the addi- 
tional time delay also permits an appre- 
ciable simplification of the Thrustor for 
this special use. 


The Mechanical Equipment 


There are some requirements on the 
mechanical part of the brake which have 
to be satisfied in order to secure a success- 
ful operation. In the first place, for the 
sake of safety in operation a larger size 
brake is necessary. It is customary to 
select a normal hoist brake for a braking 
torque about equal to the full rated torque 
of the hoist motor. In the case of Thrus- 
tor lowering, a brake having a brake 
torque of 150 to 175 per cent of the full 
motor torque is recommended. How- 
ever, as will be discussed later, the burden 
and wear the Thrustor brake is exposed to 
with this lowering system is unexpectedly 
light and not at all excessive. 

As far as the mechanical part of the 
brake is concerned, there are some details 
which are also present in the design of 
any general purpose crane brake but 
which are of even more importance in case 
of Thrustor Lowering. For instance, 


when lifting the brake lever it is desirable — 


to obtain a gradually decreasing force at 
the brake shoes. This means a certain 
proportionality between stroke and brake 
torque, and any toggle action in the brake 
linkage is, for Thrustor lowering, entirely 
undesirable and disturbing. Further- 
more, the clearance of the brake shoes 
should be equalized and kept as small as 
possible, barely securing entire freedom 
for the wheel when the brake lever is in 
the release position. This requirement is 
also true for every ordinary crane stop- 
brake. 

To secure best service of the Thrustor 
lowering, it is particularly important to 
load the Thrustor by the brake springs as 
near as possible to its full capacity and 
to select the Thrustor size adequately; 
only a small safety margin should. be 
allowed. It is clear that the closer the 
Thrustor is loaded to its capacity, the 
better the operation of the lowering con- 
trol. 

It is of interest that at the first per- 
formances transient changes of the rotor 
voltage of the hoist motor were expected 
which might cause disturbing oscillations 
of the Thrustor brake during the creeping 
operation. To prevent these oscillations 
the Thrustor was not rigidly linked with 
the brake iever, but cushion springs were 
inserted to consume the oscillations. 
Actually, such oscillations were not no- 
ticeable and in the future these cushions 
probably will be omitted. 

The specific pressure at the brake lining 
should be about 30 pounds per square 
inch. This pressure is a good compromise 
between excess wear resulting from pres- 
sure and excess brake shoe area which 
would reduce the rate of cooling the drum. 
In addition, it is advisable to arrange a 
few holes in the web and to insert some 
pins to give a better air cooling of the 
drum surface by air radiation and con- 
vection. 


Conclusions 


With every new development, espe- 
cially in a field of such intense activities 
and remarkable achievements such as a-c 
lowering systems, questions have to be 
anticipated. Prior to the final con- 
clusions some questions which probably 
may arise will be discussed. 

The first logical questions are, “How 
badly does the Thrustor lowering affect 
the brake lining? What influence has 
this lowering system on the wear of the 
lining? 
maintenance of the brake and for keeping 
the proper clearance?” Tests and ex- 
perience prove that the burden on the 
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brakes under Thrustor lowering is un- 


expectedly light. For lowering over 
greater distances or the entire height, the 
operator does not use the creeping speed. 
Rather, he will operate longer distances 
with over-synchronous lowering during 
which time the brake is entirely released 
and will use the creeping speed with the 
lowering brake where it is needed and 
this, in general, is only a very short por- 
tion of the total life. The difference be- 
tween the burden on a normal stop-brake 
and a Thrustor lowering brake actually 
amounts to only a slightly extended brak- 


.ing period. Experience shows also that 


there is no appreciable difference in tem- 
perature rise, wear, and maintenance be- 
tween a normal hoist stop-brake and a 


% RATED SPEED 


% RATED HOOK LOAD 


Figure 5. The self-adjusted creeping speeds 
obtainable with Thrustor lowering brake 


properly dimensioned Thrustor lowering 
brake. In this regard it might be in- 
structive to compare the situation of a 
Thrustor lowering brake with a mechani- 
cal load brake. With the mechanical 
load brake the braking torque is perma- 
nently applied during the entire lowering 
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period, regardless ot whether the load is 
lowered with full speed or with creeping 
speed, or whether the load-brake torque 
is needed for speed. reduction or not. 
This results in a permanent wear and 
power loss. On the other hand, with 
Thrustor lowering. the lowering brake is 
applied only temporarily when needed 
for creeping speed. This period is rela- 
tively short compared with the full lift. 

Another question is, ‘What happens if, 
in the case of Thrustor lowering, the 
power supply fails?” 

To ascertain the consequences which a 
failure of the power supply might have 
on the Thrustor lowering, a series of 
tests was performed. To make the in- 
vestigation dependable a 10-ton hoist 
having a high mechanical efficiency, over 
80 per cent, was selected for the test and 
was loaded with its rated capacity. Two 
series of experiments were conducted: 
one with the hoist at rest and attempting 
to operate the hoist with one line phase 
interrupted; in the second series one line 
phase has been interrupted during hoist- 
ing and lowering operations. 

The results are shown. 


Loap at Rest, ONE PHASE INTERRUPTED 


1. Hoisting, on creeping point—Thrustor 
motor | didn’t start and brake remained 
closed. No movement of the load. 


Hoisting, on other points—the same. 
Lowering, creeping points—the same. 


Lowering, over synchronous point —thesame. 


ONE PHASE INTERRUPTED WHILE HoIst- 
ING OR LOWERING 


Hoisting, creeping point — Movement 


stopped immediately. 


Hoisting, other points Movement stopped 
immediately. 


Transformer 
Rotorvall/” 
Line Vol# 


LI} 


=a 
= i= 
i Auxiliary 
Bee 
—) Th ec! If and 
\ ton ah Electrically 


eS" 


Thrustor Motor 


Figure 6. Wiring diagram of a 
Thrustor lowering control 
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Lowering, creeping points — Movement 
stopped immediately. 

Lowering, over-synchronous point—This is 
the case of ordinary lowering and has noth- 
ing to do with Thrustor Lowering. The 
Thrustor motor kept on running but with 
reduced speed, thus applying the brake 
partially. The hoist motor continued lower- 
ing but with a speed far below synchronous. 
In this case the Thrustor brake offered an 
appreciably higher degree of safety than the 
ordinary solenoid, which might remain com- 
pletely lifted, even with one phase inter- 
rupted. 


A third question which might arise is, 
“What is the behavior of the Thrustor 
lowering system as far as the inching 
operation is concerned, a vitally impor- 
tant feature of every hoist control.” In 
this regard this system is especially con- 
venient. As mentioned previously, all 
loads start up or down with the creeping 
speed on the first controller point, which 
facilitates exact inching. 

Now to the question of how far the 
Thrustor lowering satisfies the general 
requirements for crane hoists which have 
been mentioned previously. It can be 
said that the Thrustor lowering meets 
all the requirements remarkably close. 

The table showing the main character- 
istics of the various a-c lowering systems 
can be extended now to item 10 for the 
Thrustor lowering. 


Lowest speed at lowering full load 25 per 
cent without or 10 per cent with frequency 
conversion. . 


Lowest speed at lowering light loads 10 
per cent without or 5 per cent with frequency 
conversion. 

Lowest speed at hoisting full load 10 per 
cent or 5 per cent. 

Lowest speed at hoisting light loads 25 per 
cent or 10 per cent. 

Current consumption—low. 

approxi- 


Initial cost—conveniently low, 


mately 125 per cent. 
Safety in operation—hest. 


Inching—best. 


However, there are certain limitations 
in the use of the Thrustor lowering which 
have to be recognized in order to avoid 
disappointment. - The cases in which the - 
Thrustor lowering does not especially 
qualify are as follows: 


Where a creeping speed in the downward 
direction lower than 10 or 25 per cent is 
essential. This might be the case with some 
high speed hoists. 


Where the variations of creeping speed at 
different loads are objectionable. 


Where more speed steps between creeping 
and full speed are important. 


Where regular inspection and maintenance 
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of the brakes at reasonable intervals cannot 
be expected. 


In general Thrustor lowering is very 
satisfactory because of its reasonable 


Discussion 


G. W. Heumann (General Electric Com- 
pany, Schenectady, N. Y.): The author has 
described for the first time in this country 
a system of a-c crane hoist control which has 
found a considerable number of practical 
applications both here and abroad. To the 
best of our knowledge, the first commercial 
installation of a Thrustor load brake was 
made on a harbor crane near Berlin, Ger- 
many in 1935. Since 1941, several hundred 
boom-type cranes in shipyards and a number 
of cranes of the traveling type equipped 
with Thrustor load brakes have been built 
in this country. 

Thrustor load brake control should be 
considered as a means to decelerate a load 
from full lowering speed to landing speed. 
The slow speed obtainable with the load 
brake should not be used to lower loads over 
a considerable distance on high-lift hoists, 
as this would impose an excessive duty on the 
brake. A certain amount of caution must 
be exercised by the operator when using the 
creeping speed point. 

When considering the Thrustor load brake 
system, it must be borne in mind that ad- 
justment of the motor secondary resistor 
has very little effect on the lowering speed 
with an overhauling load. The amount of 
secondary resistance used has a pronounced 
effect on the kick-off torque which the motor 
is able to develop, but the effect on the lower- 
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speed range, simplicity, safety in opera- 


tion, and low cost. 
Finally, one occasional advantage of 


the Thrustor lowering has to be men- 


ing speed under normal load is of no prac- 
tical consequence. 

All energy absorbed by the brake must be 
dissipated as heat by the brake wheel, and 
its heat-dissipating ability is the limiting 
factor determining the selection of brake size 
for a given application. . The author states 
in his paper that a Thrustor load brake 
should have a rating of 150 to 175 per cent 
of motor full-load torque. It would be inter- 
esting to know on what grounds this con- 
clusion has been reached. It has been our 
experience that [hrustor load brakes should 
be selected for a rating of 200-per cent motor 
full-load torque. 


E. L. Schwarz-Kast: The Thrustor lower- 
ing system as pointed out by G. W. Heu- 
mann, is not new and has been used in 
Europe for several years. This paper was 
written as the result of an installation made 
in this country in 1939. It is believed that 
this was the first of its kind in this country. 
Heumann’s remark, that adjustment “of 
the secondary resistor has very little effect 
on the lowering creeping speed with an 
overhauling load, is correct, but it is like- 
wise true, and this is the more important 
fact which must be kept definitely in mind 
too, that the use of proper secondary resistor 
is of great influence on the burden and wear 
of the Thrustor brake. At lowering over- 
hauling loads with creeping speed the brake 
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tioned. Existing crane hoists can be- 


equipped very readily with this system 
without difficulties and without great 
expense. = 


has to take over the torque of the load and, 
in addition, to develop the necessary load 
for the motor to obtain creeping speed with 
the secondary resistor in the circuit. The 


correct rotor resistor for the minimum pos-_ 


sible burden and wear on the brake is as 
follows: 

For lowering—The motor must safely start the 
empty hook in the lowering direction. If the weight 
of the empty hook is heavy enough to overhaul the 
hoist, the rotor circuit can remain entirely*open 
(rotor resistor infinite). 

For hoisting—The motor must safely start the full 
load in the upward direction. 

It is clear that a too low secondary resist- 
ance at lowering with creeping speed will 
increase the burden and the heat to be dis- 
sipated by the brake appreciably. 

The recommendation made in the paper, 
that a Thrustor lowering brake should have 
a rating of 150 to 175 per cent of full motor 
torqtie, was based on actual tests made with 
a 10-ton hoist. Two series of 200 consecutive 
stops were performed in a row: one series 
of normal stops and the others with pre- 
ceding creeping speed during a generous 
amount of time. It was found that the tem- 
peratures at the brake lining in both cases 
were nearly the same with a normal stop 
brake rated 100 per cent and a Thrustor 
lowering brake rated 150 to 175 per cent of 
full motor torque. The difference in brake 
rating obtained by the author and that ob- 
tained by Heumann may be because of 
differences in the secondary resistors used. 
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Synopsis: This paper describes a method 
for calculating the speed—torque curve of a 
squirrel-cage induction motor when static 
capacitors are used to produce dynamic 
braking. The method is simple yet suffi- 
ciently accurate for the purpose of selecting 
equipment for any normal application. The 
advantages and disadvantages of this 
method of braking control are compared 
with those of other methods in use for 
squirrel-cage motors. 


HE USE of static capacitors to pro- 

duce self-excitation of an induction 
machine is well known. A number of 
engineers have realized that this method 
could be used for dynamic braking, but 
little application of the principle has been 
made. If external resistors are con- 
nected in parallel with the capacitors, a 
very great increase in the braking torque 
can be produced. There are several 
advantages to be gained by this scheme 
of braking. A large part of the kinetic 
energy of the rotating system is dissi- 
pated in the external resistors. Braking 
torque is independent of any power sup- 
ply. Part or all of the capacitors re- 
quired may be used during normal motor 
operation to improve the power factor. 
The maintenance of mechanical brakes is 
reduced to a minimum and complicated 
switching equipment is eliminated. A 
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major disadvantage is the rapid decrease 
of braking torque as the speed of the 
motor decreases. In spite of this fact, 
there are numerous applications of motor 
control where a careful study of capacitor 
braking would seem desirable. 

Several papers have appeared in tech- 
nical publications!’* in which mention is 
made of the capacitor braking scheme. 
So far as the authors are aware, there is no 
information available as to how the brak- 
ing torque of a given motor, capacitor 
and resistor combination may be pre- 
determined. An attempt has been made 
in this paper to devise a method for cal- 
culating the torque-speed characteristic 
with a minimum of experimental data 
concerning the motor. A simple graphical 
scheme is proposed to determine the 
operating conditions at any selected speed 
and an approximate value of braking 
torque is calculated easily. The results 
of experimental tests conducted on a 
standard squirrel-cage motor are shown 
to agree reasonably well with the theo- 
retical calculations. 


Comparison of Braking Methods 


At least four methods for applying a 
braking torque to a squirrel-cage induc- 
tion motor and its load have been dis- 
cussed in technical articles dealing with 
the problem of rapidly bringing the motor 
and its driven load to a stop. 

These methods are 


1. Mechanical brake. 
2. Plugging. 


3. Application of direct current to the 
stator. 


4. Induction generator action by means of 
capacitive excitation. 


A brief description and comparison of 
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these schemes will be desirable to show the 
possible field of application of the method 
to be described in some detail in this 
paper. 

The mechanical brake, applied by a 
spring and released by a solenoid operat- 
ing in parallel with one phase of the 
motor, provides the simplest type of 
braking control. It has the advantage 
that all of the energy absorbed by the 
brake is dissipated external to the motor. 
The motor and load are held in position 
at standstill and this feature makes the 
mechanical brake an indispensable part 
of any braking scheme which must pro- 
vide holding torque at zero or very low 
speeds. Applications requiring frequent 
stopping of loads having considerable 
kinetic energy are likely to result in exces- 
sive wear and: maintenance cost on a 
mechanical braking system. Such appli- 
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Figure 1. Typical speed—torque characteris- 
tics for several types of braking control 


A—Mechanical brake 

B—Plugging 

C—Direct current applied to stator 
D—Capacitive braking 


cations warrant a study of the several 
electric systems to determine if the ad- 
vantage to be gained will justify the addi- 
tional cost and circuit complication of the 
electrical methods. 

Plugging of a 3-phase squirrel-cage 
motor is accomplished by simply inter- 
changing any two of the supply lines. 
The surge of current in stator and rotor is 
somewhat more severe than at starting 
unless a reduced voltage is provided. 
For loads having only a small amount of 
friction torque, the energy which is dissi- 


145 


Figure 2. Equivalent circuit of an induction 
motor 


pated as heat in the rotor in braking the 
load to standstill is nearly three times® the 
kinetic energy of the motor and load. 
This extreme heating of the rotor would 
seem to limit the application of plugging 
of squirrel-cage motors to cases where 
either low inertia or infrequent stops 
would make it practical. An additional 
complication is the necessity of an auto- 
matic switch of some kind to remove 
power at the instant the motor stops, 
otherwise the motor and load will be 
brought quickly to full speed in the oppo- 
site direction. The magnitude of the 
braking torque can be controlled only by 
the application of an adjustable voltage 
during the braking period. 

Application of direct current to one 
phase of the stator of a squirrel-cage 
motor will provide a braking torque which 
can be adjusted quite easily. Heating 
energy equal to the kinetic energy of the 
motor and load will be produced in the 
rotor for applications having a small fric- 
tion torque. The braking torque will 
vaty with the speed of the motor and in 
general will follow a characteristic similar 
to that shown in the diagram of Figure 1. 

The difficulty of dissipating any great 
amount of energy either in a mechanical 
brake or in the rotor of the squirrel-cage 
motor has led several engineers to inves- 
tigate the possibility of operating a mo- 
tor as an induction generator during the 
braking procedure and thereby make pos- 
sible the transfer of power from the ma- 
chine to an external resistor. Consider- 
able study has been made of the operation 
of an induction machine with self-excita- 
tion supplied by static capacitors.* Most 
of the published information, however, 
deals with operation at a constant fre- 
quency and little has been done on the 
varying frequency problem of dynamic 
braking. The self-excitation is known 
to decrease rapidly with decrease in speed 
of the motor. However, if braking can be 
accomplished even to one-half speed, 
three-fourths of the kinetic energy of the 
rotating parts will have been dissipated. 
The application of the method of braking 
has been handicapped by the fact that no 
very simple or reliable method has been 
available for predetermining the speed— 
torque characteristic which will result 
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from a given motor, capacitor, and resis- 
tor combination. The purpose of this 
paper is to describe a method by which 
this speed—-torque characteristic can be 
calculated with fair accuracy and with a 
minimum of test data concerning the 
motor. .Typical speed-torque character- 
istics for the four methods of braking are 
shown in Figure 1. A determination of 
the speed—time characteristic for any 
given load requires the additional knowl- 
edge of only the WR? of the load and 
motor and the load torque. A general 
method for solution of this problem is 
given in several standard textbooks? deal- 
ing with motor applications. 


Conventions and Assumptions 


The conventional equivalent circuit of 
the induction motor as shown in Figure 2 
will be used as the basis of the analysis. 
The copper loss in the rotor circuit, how- 
ever, will be neglected and the current- 
voltage characteristic of the exciting 
suscéptance B will not be assumed a 
constant but must vary in accordance 
with the no-load test data for the motor. 
The particular volt-ampere characteristic 
for any motor will depend upon the satu- 
ration of the iron of that machine. The 
wave form of the voltage is nearly sinu- 
soidal® and little error is introduced by 
such an assumption. The frequency is 
assumed to be that determined by speed 
alone without regard to slip. This -will 
introduce considerable error at low volt- 
ages where the generator action is dis- 
appearing, but does permit a simple 
graphical solution for the operating con- 
ditions. A more exact method based on 
a cut and try solution is available* if 
thought necessary. The voltage drop in 
the primary impedance caused by the in- 
phase component of the current through 
the load resistor is neglected. The very 
considerable tolerance in the capacitance 
of capacitor units makes a simple solu- 
tion sufficiently accurate for the purpose 
of specifying the capacitors for a given 
application. : 

These assumptions reduce the equiva- 
lent circuit to the approximate form 
shown in Figure 3. The symbols have the 
following meaning: 


R,=stator resistance in ohms per phase to 
neutral 

X,=stator leakage reactance in ohms per 
phase to neutral, at normal frequency 

B=exciting susceptance 

C=equivalent capacitance in farads per 
phase to neutral 

R=equivalent resistance of load resistor in 
ohms per phase to neutral 


The actual values of C and R which are 


Thomas—Dynamic Braking of Squirrel-Cage Motors 


connected line to line (and not line to 
neutral) are respectively one-third and 
three times their equivalent values as 
shown in this circuit. 


V=terminal voltage to neutral or by as- 
sumption of balanced sinusoidal con- 
dition is line voltage divided by /3 

E=air gap induced voltage to neutral 

I,=primary current per line assumed posi- 
tive as shown by the arrow 


The curve of Figure 4 shows the volt- 
ampere characteristic of the motor. 
Data for this curve were obtained by 
operating the motor at normal speed and 
without load. A 5-horsepower 850-rpm 
220-volt 3-phase 60-cycle squirrel-cage 
motor was used in the sample calcula- 
tions and the same motor was used for 
the experimental checks. 


Analysis of the Problem 


Consider first the approximate circuit 
of Figure 3 without the braking resistor. 
The current J; will lead the voltage V by 
90 degrees because it is merely the current 
taken by the capacitor C. The current 
taken by the motor when running idle 
with voltage V applied willbe near this 
same current. The voltage E may be ex- 
pressed as 


E= V+h (Ri +jX1) 


as shown in the vector diagram of Figure 
5. 


E=V—-hX, 


because the component 1;R; is at right ~ 


angles to V and contributes little to the 
magnitude of EF. 

In general the air gap induced voltage 
is a function of flux and speed. ; 


E=f(¢, N) 


where ¢ and WN are flux and speed respec- 
tively. Then 


¢=2(E/N) 


The no-load current J, depends on the 
flux and hence 


In=h(E/N) 
Because 


V=E+hX, (numerical addition) 


Figure 3. Approximate equivalent circuits 
for the determination of operating conditions 
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Figure 4. No-load characteristics of induc- 
tion motor 


A—Curve connecting the total no-load watts 
and line-to-line volts 
B—Curve connecting the line current and the 
line-to-line volts 


_ then we may say that 


In=F(V/N) 


Either air gap voltage or terminal voltage 
from test data may be plotted against no- 
load amperes to represent the given rela- 
tion. In Figure 6 is shown the curve 
plotted from data taken on the 5-horse- 
power motor. 

Data taken with capacitive excitation 
at various speeds checked very accurately 
with those taken from the usual no-load 
motor test. The current through the 
capacitor is 


v8 (ae V2nfC 
But 


P 
=— NA—S 
ooo 


In the analysis, if slip S is neglected, 


_ V 2nPN?C 
ae - 120 
where P=number of poles for a given 
value of speed ‘V and capacitor C this is 
an equation of a straight line and may be 
drawn on the plot of Figure 6. The 
intersection of the curve and straight 
line will give the no-load operating con- 
dition of current and voltage for this 
speed. Several lines with different slopes 
representing different speeds or capaci- 
tances may be drawn. The slope of the 
line for a fixed capacitance is seen to vary 
with the square of the speed. 

The power absorbed by the machine 


from the kinetic energy now may be cal- 


culated as the sum of the following three 
parts: 


1. The power to the resistor R is 
Pp=o3 V2PR. 
2. The power to R; is 


P71 =31,?R). 


3. The friction, windage, and core loss P; 
read from the test curve obtained at the 
same time as the no-load saturation curve 
and shown on Figure 4. 


PTotat =P,+Pnrt+P, 


The retarding torque then is obtained 
from the usual equation 


if cal Pee Ae £ xu pound-feet 

N 
The deceleration time is a function of the 
WR? of the motor and driven machines 
and is also dependent on any friction load 
which may be present. 


A Typical Example 


The no-load characteristic of a 5-horse- 
power 8-pole 60-cycle 220-volt 3-phase 
squirrel-cage induction motor as ob- 
tained from tests is given in Figure 4. 
The resistance per phase of this motor is 


0.375 ohms at 65 degrees centigrade. A 


calculation of the torque developed with a 
capacitance of 200 microfarads and a re- 
sistance of 120 ohms per phase connected 
in delta across the lines will be made. 
The equivalent C and R in the line to 
neutral circuit of Figure 3 are 600 micro- 
farads and 40 ohms respectively. The 
current in the capacitor is given by 


: _V 2a P NPC 
a eee Ge: 
= eats 2a X8X 600 X 10 
N 120 


For N=900 rpm, this reduces to 
T,=203(V/N) 

This straight line then is plotted in Figure 
6 and intersects the curve at V/N=0.230 
and Ic=46.5. The voltage to neutral 
then is V=0.230 900 = 206 volts, or 350 


volts line to line. The several power 
components are 


206? 
Verma}. 6 70 =3,190 watts 


P14 =3 X 46.5? X 0.375 = 2,430 watts 


From Figure 4, for a line-to-line voltage 
of 350, 


P,=2,200 watts 
Prota = P;+Pr+P,=7,820 watts 
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The retarding torque 


7.04X 7,820 
(ae 


900 =61.2 pound-feet 


In a similar way, the torques for speeds 
of 800, 700, 600 rpm are obtained. The 
speed at which braking action ceases can 
be determined by drawing the tangent to 
the curve in Figure 6. From the slope of 
the line this speed was found to be 465 
rpm. This is the critical speed for the 
capacitance chosen. The values of 
torque, voltage, and current for the differ- 
ent speeds are plotted in Figure 7. 

An experimental check was made by 
driving the motor at the different speeds 
by means of a d-c dynamometer. At 
speed above the critical speed, the ma- 
chine rapidly built up voltage when con- 
nected to the capacitor-resistor combina- 
tion. Values of torque, voltage, and cur- 
rent were obtained for each speed. The 
experimental values are shown by small 
crosses on the plot of Figure 7; as can be 
seen, the agreement is satisfactory in most 
cases. 


Solution for Speed-Time Relation 


The net friction or overhauling torque 
of the load as a function of speed and the 
total WR? of the rotating system must be 
known. Then with the braking torque 
obtained the net retarding torque 7, will 
be 


P= hete 


where T, is the torque produced at the 
shaft of the motor by the driven machine. 
T, will be represented by a curve and in 
general will be a function of speed alone. 


Vector diagram of induction ma- 
chine at no-load 


Figure 5. 


The usual equation relating T, and time 
is 
WR?*N 


i, 2S 
(Average) T; 307.80) 


where N is the change in speed occurring 
intseconds. In better form 


7 WR aN 
"307.8 dé 


expresses the torque as a function of the 
rate of change of speed. : 
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Figure 6. Graphical construction for oper- 
ating conditions at various speeds 


Solving the foregoing equation for time /, 


WR? eo) 
ees 
307.8] w, Tr 


As outlined in reference 2, the integration 
can be made by a graphic tabular process 
to obtain the time ¢ for speed to change 
from N, to any other value NV. 


Conclusions 


The capacitor braking scheme has 
many desirable features for dynamic 
braking of squirrel-cage induction motors. 
Although the braking action does not per- 
sist till the motor stops, it does dissipate 
the greater part of the kinetic energy of 
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Figure 7. Predetermined characteristics and 
experimental verification 


Firm lines indicate the calculated characteristics 
Dotted lines indicate the region of instability 


®—Test results 
V—Curve of line volts 


T—Curve of torque 
/—Line current 


~ 


the rotating system. The analysis pro- 
posed in this paper will permit satisfac- 
tory prediction of the speed—torque 
characteristic of any proposed motor and 
capacitor combination. From the test 
results it appears that capacitors having 
a kilovolt-ampere rating of about three 
times the exciting kilovolt-amperes of the 
motor will produce an initial retarding 
torque of double the full load torque. The 
current and the voltage developed by self- 
excitation are considerably above the 
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No Discussion 
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. 


rated values for the motor. The speed, 
however, is reduced rapidly by this large 
torque and no damage should result to the 
motor or associated equipment. A part, 
or perhaps all of the capacitors needed, 
can be used for power factor correction 
during normal running of the motor. 
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Dynamic Braking of a Single D-C 
Series Motor 


JOHN D. LEITCH 


MEMBER AIEE 


Synopsis: Various methods employed in 
obtaining dynamic braking with a single d-c 
series motor are discussed. Emphasis is 
placed on the control of the dynamic brak- 
ing contactors where braking is required on 
power failure irrespective of direction of 
rotation of the motor. The use of polarized 
spring-closing contactors offers a simple and 
reliable solution when ruggedness of the 
equipment is important. Methods of 
obtaining graduated dynamic braking auto- 
matically also are considered. 


HE d-c series motor is used widely in 

steel mills particularly on such auxil- 
jaries as roller tables, blooming mill 
screwdowns, manipulators and _ side 
guards, and on overhead traveling cranes. 
Many drives require automatic stopping 
in the event of power failure or the trip- 
ping of the overload relay. Such stop- 


ping may be obtained by the “setting’’ of 


a magnet-operated friction brake, by elec- 
tric braking within the motor itself, or in 
many cases, by a combination of both. 
When electric or dynamic breaking is ob- 
tained automatically on power failure, it 
is referred to as “emergency dynamic 
braking” to distinguish it from “service 
dynamic braking’? where the necessary 
switching is controlled by the operator. 


Dynamic Braking in One 
Direction Only 


It is a simple matter to provide dy- 
namic braking in only one direction with 
a single series motor. Figure 1 shows the 
power circuits of a series motor and a 
typical reversing controller. Two pairs 
_ of reversing contactors, F and 1F and R 
and 1R, a negative line contactor M, and 
an accelerating resistance constitute the 


1947, VoLUME 66 


essential parts of the controller (the ac- 
celeration contactors are omitted from 
the diagram). Two spring-closing con- 
tactors FB1 and FB2 are shown with 
their contacts located between the field 
and armature terminals and including 
within the loop-circuit so formed, a suit- 
able dynamic braking resistor. On power 
failure the reversers and the negative 
line contactor open while the spring clos- 
ers close. 

If the motor is traveling forward (F 
contactors closed) at the instant of power 
interruption, the counter electromotive 
force will be in direction 2-1 and current 
will flow from the armature at 1 through 
the field in direction 3-4, through the dy- 
namic braking resistor, back to the arma- 
ture at 2. Thus the current is reversed in 
the armature and maintained in the same 
direction in the field, a sufficient condi- 
tion for developing a braking torque. It 
can be seen easily that if the motor is 
traveling in the reverse direction at the 
instant of power failure, this circuit does 
not provide dynamic braking as the cur- 
rent is reversed in both the field and the 
armature. 


Dynamic Braking in Both 
Directions 


Obviously a second pair of spring-clos- 
ing contactors is required to provide dy- 
namic braking in both directions. Figure 


Paper 47-21, recommended by the AIEE com- 
mittee on industrial control devices for presenta- 
tion at the AIEE winter meeting, New York, 
N. V., January 27-31, 1947. Manuscript sub- 
mitted November 6, 1946; made available for 
printing December 3, 1946. 


Joun D. Lerrcs is with The Electric Controller 


and Manufacturing Company, Cleveland, Ohio. 
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2 shows the addition of these two con- 
tactors, RB1 and RB2. 

It is necessary that only one pair of 
spring-closing contactors close on power 
failure, the FB1 and FB2 pair when the 
motion is in the forward direction and 
the RB1 and RB2 pair when the motion 
is in the reverse direction. Various 
schemes of control have been employed 
to accomplish this result, the most com- 
mon being some form of a mechanical 
latching-out relay which holds out the 
appropriate pair of spring closers. A 
typical arrangement of a latching-out 
relay with four spring closers is shown 
schematically in Figure 3. 

The four spring closers FB1 and FB2 
and RB1 and RB2 are shown with their 
contacts open (armatures closed). Each 
pair is shown with a tie rod which ties 
the armatures together. The latching- 
out relay has two coils RF and RR and a 
T-shaped armature pivoted at A. When 
the motor is rotating in the forward di- 
rection, the coil RF is energized and the 
T-shaped armature engages the tie rod 
of the contactors RB1 and RB2 through 
the hole Cin the armature. Thus, in the 
event of power failure while the motor 1s 
rotating in the forward direction, FB1 
and FB2 would be allowed to close their 
contacts while RB1 and RB2 would not. 

It is apparent that some additional 
control means must be provided which 
will assure the energization of the appro- 
priate coil RF or RR of the latching-out 
relay according to the direction of rota- 
tion of the motor. The simplest means is 
a directional switch mechanically con- 
nected to the motor shaft. Figure 4 shows 
a portion of the control circuit with a di- 
rectional switch and a latching-out relay. 

This method has been used extensively 
and is free from trouble so long as the di- 
rectional switch and the latching-out 
relay are kept in good order. There are 
some objections to the use of a directional 
switch from a maintenance point of view, 
and the latching-out relay is not without 
mechanical difficulties. 

It might be thought at first glance that 
the directional switch could be elimi- 
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nated by using auxiliary contacts on the 
reversers as in the circuit shown in Figure 
5. As long as the master switch position 
is in agreement with the direction of ro- 
tation of the motor, the proper coil RF 
or RR will be energized. But should the 
operator “‘plug’’ the motor just before 
power failure, no dynamic braking would 
result because of closure of the wrong 
pair of spring closers. In other words, it 
is essential that the latching-out relay be 
controlled by the direction of rotation of 
. the motor irrespective of the position of 
the master switch. 

A voltage relay VR, having its coil 
connected across the motor armature, 
may have its normally closed contacts 
added to the circuit of Figure 5 as shown 
in Figure 6. After VR has picked up at a 
low motor speed, there will be no change 
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Figure 1. Dynamic brak- 
ing in one direction 


Figure 2. Dynamic brak- 
ing in two directions 
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Figure 3. Schematic 
diagram of latching-out 
relay 
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Figure 5. Auxiliary 
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Figure 6. Voltage 

relay and auxiliary 

contacts on reversers 

used with latching- 
ovt relay 


in the position of the armature of the 
latching-our relay as long as the motor 
continues to travel in the same direction 
even though it is plugged. There is one 
disadvantage however in that during 
“‘drifting’’ with the master on the ‘‘off”’ 
point the VR relay will open to close its 
contacts. If the operator then should 
plug the motor, the latching-out relay 
would be reversed and should power fail 
under these conditions, no dynamic brak- 
ing would be obtained. It is therefore nec- 
essary to provide a ‘‘teaser field’’ con- 
nection during drifting. This is done by 
connecting a resistance in series with a 
contactor between the positive line and 
the field on Figure 2. This contactor 
must be energized on the “‘off’’ point of 
the master along with the M contactor 
to provide a current through the field 
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_ gests the use of a polarized relay, with 


_ the directional switch shown in Figure 4. 


‘tion, the other pair only if the motor is 


‘ 


during drifting. This prevents relay VR: = 


from dropping out during drifting and the 
difficulty regarding power failure after or 
during plugging does not arise. The use 
of a voltage relay in conjunction with the 
electric interlocks on the reversers sug- 


its coil connected across the armature. 
The contacts of the polarized relay can be 
considered identical to those provided by 


Sensitive polarized relays are -available 
which will pick up at a low voltage and 
hold closed to a very low voltage. Such 
a relay requires an additional relay to in- 
sert a protective resistor in its coil circuit 
against overheating as the voltage across 
the motor armature increases with speed. 
A teaser field contactor and resistor are 
not necessary with the polarized relay 
because of its low drop-out voltage. 


Polarized Spring Closers 


A polarized relay used in conjunction 
with a latching-out relay is very satis- 
factory from a circuit point of view, but 
available polarized relays are far too 
delicate for use on heavy equipment such 
as that encountered in a steel mill. The 
method still has the disadvantage inher- 
ent in a mechanical device such as the 
latching-out relay. If the spring-closing 
contactors themselves could be polarized, 
the need for the latching-out relay would 
disappear and the control would be en- 
tirely electrical. 

Referring to the circuit in Figure 7, - 
there are four spring closers, FB1 and 
FB2, RB1 and RB2, as shown in Figure 2. 
One pair only must close its contacts to 
provide dynamic braking in one direc- 


rotating in the reverse direction. Each 
of the four spring closers has two identical 
coils referred to as the operating and po- 
larizing coils. The operating coils of all 
four contactors are connected in series 
with each other and with a resistor C 
across the control voltage, while the four 
polarizing coils are connected in parallel 
and the group connected in series with a 
resistor B across the motor armature. 

The system of connecting the two 
groups of coils is that, for the forward 
direction of motion, the polarizing coils of 
the FB pair of contactors will be in op- 
position to the operating coils while both 
coils on each of the RB contactors will be 
connected additively. Thus, on power 
failure, with the motor rotating in the 
forward direction, the FB contactors will 
drop out to clese their contacts while the 
RB contactors will be held open by the 
polarizing coils. In the opposite direc- 
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tion of motion the RB contactors will close 
their contacts while the contacts of the 
FB pair will remain open. 

The spring-closing contactors are some- 
what special in that they have a mag- 
netic circuit of low reluctance, and con- 
sequently very low drop-out ampere- 
turns. The coils are good for about 30 
volts continuously and must be protected 
by resistors, hence the use of resistor C 
in the operating coil circuit and the re- 
sistor B in the polarizing coil circuit. 
Figure 7 shows two voltage relays VR1 
and VR2 and a time-delay relay 7D for 
inserting the protective resistors. 

With the master on the “‘off’”’ point, the 
TD relay is energized through the nor- 
mally closed auxiliary contacts on FBL 
and RB1. The normally open contacts on 
TD close to short-circuit the resistor C 
permitting the operating coils to open the 
contacts of all four spring closers. Relay 
TD is de-energized and after a short time 
delay opens its contacts to insert resistor 
C. The contactors remain closed mag- 
netically with resistor C in the circuit. 
Thus on the “‘off” point the UV relay is 
closed, the contacts of the four spring 
closers are open, and the time-delay relay 
is de-energized. 

When the master is moved to any 
running point, the motor accelerates; 
relay VR2 is the first to pick up inserting 
protective resistor B in series with the 
polarizing coils of the spring closers. 
Resistor B not only protects the polariz- 
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Figure 8. 
dynamic braking, shunt 
coil spring closer 


Figure 9. Graduated 
dynamic braking, spring F6 
closer and voltage relay RB 


ing coils thermally, but also limits the 
ampere-turns to a value somewhat below 
that provided by the operating coils. 
Otherwise one pair of spring closers (that 
with the coils in opposition) would drop 
out when the armature voltage increased 


Dynamic braking in both disections 
with polarized soring closers 


Figure 7. 


ACC- RES. a - 


iF eet ies POLARIZING 
4 Fe) rm COILS 


1947, VOLUME 66 


Leitch—Dynamic Braking 


Graduated DB 


was ete 
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sufficiently. Resistor B will take care 
of a counter voltage as high as 200 volts 
but during plugging when the voltage rises 
above this value, some additional precau- 
tion will be necessary. This will be dis- 
cussed later when a complete controller is 
described. 

Since relay VR2 must pick up at a low 
voltage, it requires an intermittent duty 
coil. This coil is protected by a second 
voltage relay VR1 which picks up at a 
somewhat higher voltage to insert resistor 
A in the VR2 coil circuit. 

On power failure with the motor run- 
ning in either direction, all contactors 
drop out magnetically except the appro- 
priate pair of spring closers whose con- 
tacts are held open by the polarizing 
coils. During the short interval from the 
instant power fails until the dynamic 
braking circuit is established, this pair of 
polarizing coils is energized by the low 
counter voltage obtained from the re- 
sidual magnetism in the motor field to pro- 
duce a flux in the contactors in the same 
direction as their residual flux. The clos- 
ing of one pair of spring closersremoves the 
polarizing coils from the circuit by the 
opening of one of its own interlocks. This 
increases the voltage applied to the re- 
maining pair of polarizing coils since the 
voltage drop across resistor B is reduced. 
As the motor slows down, relay V.R2 drops 
out first (resistor A is in series with the 
coil of VR2 as VR1 does not open until’a 
much lower voltage is reached). Opening 
of VR2 by-passes resistor B, thereby 
again increasing the voltage to the polar- 
izing coils of the two remaining spring 
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Figure 10. Graduated dynamic braking, 
series relay and shunt contactor 


closers and assuring that their contacts 
will be held open until the motor slows 
down to a very low speed. When the 
voltage across the armature reaches the 
drop-out value of VR1, it will open to by- 
pass resistor A in series with the V2 
coil, but VR2 will not pick up again at 
this voltage. 

Obviously a teaser field contactor and 
resistor should be added to Figure 7 to 
assure a voltage across the polarizing 
coils and the protective relays during 
drifting with the master on the “off” 
point. 


Graduated Dynamic Braking 


For a given series motor the dynamic 
braking torque is determined by the 
speed of the motor at the instant of power 
failure and by the resistance of the dy- 
namic braking circuit. For reasons of 
commutation there is a lower limit to the 


value of resistance that may be used, the . 


choice depending on the maximum antici- 
pated speed. The dynamic braking torque 
falls off rapidly with motor speed, and if 
quick positive stopping is desired, it is 
necessary to short-circuit some of the 
dynamic braking resistor as the motor 
slows down. 

Figures 8 to 11 inclusive show a variety 
of methods that have been employed to 
obtain graduated dynamic braking. Fig- 
ure 8 shows the use of a spring-closing 
contactor DB with its coil connected 
across the motor armature and its nor- 
mally closed contacts across a portion R2- 
R3 of the dynamic braking resistor. Such 
a contactor can be designed with a drop- 
out voltage of about 50 volts. Thus 
when the armature voltage falls to this 
value during deceleration, the contacts 
will close to short-circuit resistor section 
R2-R3 and increase the dynamic braking 
torque. Should power fail before the 
voltage across the armature reaches the 
pickup value of DB there would be no 
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harm in braking with the lower value of 
resistance R1-R2. 

On actual test, contactor DB drops out 
at the instant power fails because of loss 
of field, but picks up again as the voltage 
across the armature builds up after the 
closure of the spring-closing contactors 
FB or RB. This momentary closure of 
DB places a definite limit on the value of 
resistor R1-R2 from a commutation 
point of view. 
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Figure 11. Graduated dynamic braking, series coil spring closer 


As the motor slows down and DB closes 
its contacts, the voltage across the arma- 
ture rises and DB may open and close its 
contacts two or three times during the 
interval in which the motor is being 
brought to rest. 


Figure 12. Plug3ing-reversing controller for* 


single series motor with service and emergency 
gradtiated dynamic braking 
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For maximum dynamic braking torque 
at low speed, it is desirable that resistor 
R1-R2 be as low in value as possible. 
It is therefore desirable that the’DB con- 
tactor remain open during the short in- 
terval between loss of power and building 
up of dynamic braking current. This can 
be accomplished by using a low voltage 
coil on DB and protecting it with a resis- 
tor, at the same time making its magnetic 
circuit of low reluctance so that its drop- 
out voltage is but a fraction of a volt. 
This requires a voltage relay VR to insert 
the protective resistor as shown in Figure 
9. 

The pickup voltage of contactor DB 
must be below that of relay VR so that 
DB will open its contacts before VR in- 
serts the protective résistor in series with 
the VB coil. When VR picks up, DB 
must continue to holds its contacts open 
after the protective resistor is inserted. 
This means that the drop-out voltage of 
DB with protective resistor inserted must 
be below the pickup voltage of VR. With 
the pickup voltage of VR about 70 volts 
and the drop-out voltage of DB (with 
protective resistor inserted) about 50 
volts, this condition is met. 

On power failure, the voltage across the 
armature drops for an instant, VR will 
drop out quickly to by-pass the DB pro- 
tective resistor permitting DB to hold its 
contacts open down to a fraction of a volt. 
Because of the sluggishness of DB in 
opening magnetically under these condi- 
tions, it does not close its contacts during 
the short interval of low voltage. This 
permits a lower value of R1-R2. 

The drop-out voltage of DB with pro- 
tective resistor is about 50 volts. Hence 
as the motor decelerates to a speed cor- 
responding to this voltage, DB drops out 
to close its contacts. The pickup of DB 
with protective resistor is of the order of 
200 volts or more. Hence it will not pick 
up again as the voltage across the arma- 

ture increases with increase in dynamic 
braking current. When the voltage across 
the armature falls still lower, VR relay 
will drop out to by-pass the DB protective 
resistor. By choosing the drop-out volt- 
age of VR below the pickup voltage of DB 
witlfout protective resistor, contactor DB 
will not open its contacts again. Thus the 
flutter of contactor DB during decelera- 
tion is eliminated. 

It is not intended to present all the 
possible methods of obtaining graduated 
dynamic braking automatically. Two 
other methods are however of interest. 
The first which has been used for a num- 
ber of years, employs a series relay and a 
normally open shunt contactor with its 
coil connected across the armature .as 
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shown in Figure 10. The coil of contactor 
DB is connected in series with the nor- 
mally closed contacts of relay SR and the 
normally closed auxiliary contacts of the 
spring closers FB or RB. Thus when the 
motor is running the DB coil is de-ener- 
gized. This permits the use of a low volt- 
age coil on the DB contactor without need 
for a thermal protective resistor. The 
series relay SR has its coil connected in 
the dynamic braking loop. 

When power failure occurs, there is a 


race between the DB contactor and the . 


SR relay as the current in the dynamic 
braking loop builds up simultaneously 
with the voltage across the armature. 
The small series relay will respond more 
rapidly than the larger contactor. Con- 
sequently DB cannot close its contacts 
until the dynamie braking current has 
fallen to a value corresponding to the 
drop-out of the SR relay. When the SR 
relay drops out to close its contacts, DB 
will close its contacts to short-circuit part 
of the dynamic braking resistor R2-R3. 
The current will rise to a value depending 
on the ratio of R2-R3 to the total resist- 
ance of the loop circuit. If this ratio is 
high, SR may pick up again and drop out 
DB. This will be repeated until SR finally 
stays out and DB stays closed. Contac- 
tor DB must be provided with a low volt- 
age coil and a low reluctance magnetic 
circuit so that it will stay closed to a low 
value of voltage. 

The pickup voltage of DB must be be- 
low that corresponding to the drop-out 
current of relay SR; otherwise DB would 
never pick up. Therefore the pickup 
voltage of DB must be still lower relative 
to that corresponding to the pickup cur- 
rent of relay SR. This is on the unfavor- 
able side as far as SR winning the race 
with DB is concerned and must be offset 
by quicker response of SR to the rapid 
rise of current and voltage in the loop cir- 
cuit immediately following power failure. 

The second of the two methods is an 
exceedingly simple one in that the series 
relay and shunt contactor of Figure 10 
are replaced by a single series coil spring- 
closing contactor ds illustrated in Figure 
11. The advantage of this circuit is its 
simplicity and its freedom from electrical 
interlocks and protective resistors. The 
series coil spring-closing contactor has a 
heavy strap coil of but a few turns and 
this along with the fact that it is energized 
only during dynamic braking makes the 
circuit exceedingly safe from a loss-of-coil 
point of view. 

The one disadvantage of the circuit 
lies in the possible high inrush of cur- 
rent during dynamic braking just before 
the spring closer opens its contacts. This 
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places a lower limit on the value of re- 
sistor R1-R2. The very rapid response of 
the spring closer to the rapidly rising 
current makes the duration of the peak 
current very short. As the motor slows 
down, DB will close its contacts to short- 
circuit resistor section R2-R3 and, depend- 
ing on the extent of the change in the cir- 
cuit resistance, DB may pick up again 
repeating the operation a number of 
times as the motor comes to rest. A num- 
ber of installations using this means of 
obtaining graduated braking recently 
have been put in service and no difficulty 
has been encountered by the fluttering 
behavior of the contactor during decelera- 
tion of the motor. 


Plugging Reversing Controller 
Providing Graduated Service and 
Emergency Dynamic Braking 


To illustrate the application of some of 
the various schemes set forth, the elemen- 
tary diagram for a complete plugging 
reversing controller is shown in Figure 12. 
This controller provides graduated emer- 
gency and service dynamic braking from 
either direction of motion. The control 
was designed for use on a coal bridge 
trolley where the trolley is driven by 
cables from a motor located on the bridge 
structure. Magnetic brakes cannot be 
used without excessive abuse of the cables, 
and it is desirable that the deceleration 
of the trolley be as smooth as possible. 

The controller is a standard plugging 
reversing controller with the addition of 
four polarized spring closers FB and RB 
for dynamic braking, a teaser field con- 
tactor TF, and current limiting resistor. 
Three voltage relays VR1, VR2, and VR3 
and a time-delay relay TD are included 
for protection of intermittent duty coils. 
Two additional spring closers provide 
graduated dynamic braking and a second 
master switch is used for service dynamic 
braking. 

It is not necessary to describe com- 
pletely the operation of the controller as 
it is a standard controller with additional 
features which just have been described. 

The service braking master provides 
two points of braking. The first point 
opens the reversers and permits the appro- 
priate pair of spring closers to close. The 
dynamic braking resistance is R1-R4 on 
this point. The second point closes DB1 
to by-pass resistor R1-R2 and increases 
the breaking torque. A third step of 
braking is provided automatically by 
contactor DB2 as described earlier. 

The acceleration and plugging of the 
motor are controlled in the usual manner. 
The only special feature occurs during 
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plugging when it is necessary to offset the 
increase in ampere-turns in the polarizing 
coils by short-circuiting resistor D in se- 
ties with the operating coils. This is 
accomplished by employing normally 
closed auxiliary contacts on the plugging 
contactor P in energizing the time-delay 
relay TD. After the motor has been 
plugged to rest and accelerated in the op- 
posite direction, TD will open to again 
insert the protective resistor D. 

Should the main master be moved to 
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“off’’ point with the service-braking mas- 
ter in the ‘‘drift”’ position, the M contac- 
tor remains closed and a teaser field con- 
tactor TF closes to provide current in the 
field. This assures voltage on the volt- 
age relays and the polarizing coils of the 
four spring closers. The M and TF 
contactors remain closed until the motor 
speed drops to a value corresponding to 
the drop-out voltage of relay VR1 at 
which time they open their contacts to re- 
move the teaser field circuit. 


In the event of power failure while run- 
ning or drifting with the master on the 
“off” point all contactors and relays fall 
out except the appropriate pair of spring 
closers and the voltage relays across the 
armature. Contactor DB1 closes its con- 
tacts instantly and two steps of dynamic 


braking are provided automatically by 


contactor DB2. 

All of these control schemes have been 
tested giving results in agreement with 
the foregoing analyses. 


No Discussion 
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Advancements in the Design of Long- 


Scale Indicating Instruments 


R. M. ROWELL 


ASSOCIATE AIEE 


HORTLY before the war the develop- 

ment of new materials! and tech- 
niques made it possible to build long- 
scale instruments for accurate electrical 
measurements over the widely varying 
conditions encountered in practice. A 
complete line of long-scale instruments 
was designed and built incorporating four 
new and different mechanisms.? These 
instruments were standardized by the 
United States Navy for combat vessels 
as well as for many other naval applica- 
tions. 

Experience gained in the past few years 
has pointed the way to certain design im- 
provements which seem desirable and 
which would accomplish the following ob- 
jectives: 

1. Improve the general appearance and 
ease of reading. 


2. Facilitate calibration and adjustments. 
3. Improve accuracy under abnormal con- 
ditions. 

4. Facilitate repairs by making the moving 
systems more readily removable. 


5. Simplify recalibration with existing 
scales. 


The improvements in appearance and 
readability are described in the following 
paragraph, while the engineering and de- 
sign work to accomplish the other objec- 
tives are outlined in the description of the 
individual instruments which follows. 


Scale and Cover Design 


In the design of modern switchboards 
considerable attention now is being given 
to appearance and symmetry as well as to 
their functional features. _The modified 
instruments therefore have been designed 
with this fact in mind. With such 
changes, however, certain features have 
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N. P. MILLAR 
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been incorporated which will aid opera- 
tors in obtaining quick and accurate read- 
ings. Figure 1 shows the appearance of 
the new line of instruments with plastic 
covers, although heavy pressed metal 
covers are available for high-shock appli- 
cations. The window opening has been 
beveled to improve readability at sharp 
angles. The scale numerals have a form 
and arrangement that make them easy to 
read, and confusion in associating these 
numerals with the proper cardinal points 
is eliminated by wedge-shaped accent 
marks at these points. 


D-C Ammeters, Voltmeters, and 
Temperature Meters 


Improvements in long-scale permanent- 
magnet moving-coil instruments for d-c 
use have been directed toward increased 
permanency of calibration under abnor- 
mal conditions and ease of servicing and 
repair. In such instruments it sometimes 
is desired to remove the moving system 
for repair or inspection. This operation 
usually involves removal and replacement 
of the center core. This is not serious in 
the case of conventional 90-degree-scale 


instruments as any increase in the air gap © 


on one side which affects the torque on the 
corresponding side of the moving coil re- 
sults in a decrease im gap on the other side 
with opposite effect on the moving coil, so 
that there is no resultant effect on the 
total torque. On long-scale instruments, 
however, the moving coils are eccentri- 
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cally mounted with only one side of the 
moving coil in the air gap so that any 
change in the gap affects the scale distri- 
bution on both sides. To eliminate the 
possibility of such distribution changes 
the magnetic return path is made in a 
single piece with the center core and the 
outer ring made of powdered iron sintered 
in a single mold (see Figure 2). Obvi- 
ously, this center core must be broken at 
some point to permit removal of the mov- 
ing system. Because the magnetic circuit 
is operated at a high flux density any 
break in the magnetic core must be made 
at a point which will have a minimum 
effect on the total flux density, the sta- 
bility of the magnet, and the distribution 
of the scale. Figure 3 shows the magnetic 
flux paths in this system. It will be noted 
that the core opens at the top center 
where it will give the least possible effect 
because the flux splits at this point to re- 
turn through the magnet and the outside 
ring in opposite directions. A small piece 
of sintered iron is cast onto the frame and 
fits into the core opening when the frame 
and moving system are inserted, thus pre- 
venting any distortion of scale distribu- 
tion at this point. 

As the electrical losses in this instru- 
ment are very low, it has been possible to 
make most voltmeters with the resistance 
internal and thus eliminate the rear ex- 
ternal-resistance cage. A resistor is pro- 
vided on the front of the instrument frame 


Typical improved design of long- 
scale instrument 


Figure 1. 
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Figure 3. Magnetic circuit of d-c instruments 


for adjusting the circuit resistance to com- 
pensate for changes which may be made in 
shunt leads, for example, after the instru- 
ments are calibrated originally. 

It is felt that this design incorporates 
the best possible features to obtain high 
operating torque and torque-to-weight 
ratio, ease of assembly and repair, and, 
above all, the most permanent structure 
possible from the standpoint of mechani- 
cal and electrical stability; and a scale 
distribution that will not change through- 
out the life of the instrument is assured. 


Damping Mechanism for A-C 
Instruments 


All a-c instruments are equipped with 
an eddy-current damping mechanism of 
simple construction. It consists of two 
half-ring Alnico steel magnets with 
grooves cast in the sides as shown in Fig- 
ure 4. These two magnets are assembled 
on the instrument in a circular arrange- 
ment directly over a small segmental 
aluminum disk, which is carried by the 
moving element. The magnetic circuit is 
completed through the disk to a soft-iron 
plate mounted directly below the disk 
and having the same contour as the mag- 
net. This simple arrangement provides 
an adequate damping torque throughout 
360 degrees of disk movement. 

To magnetize these units each mag- 
net is placed in a special magnetizing fix- 
ture so designed that a conductor is looped 
through the grooves in a manner similar to 
’ that shown in Figure 5. When a high im- 
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Figure 2. Mechanism of 
improved d-c_ instru- 
ments 


ONE PIECE SINTERED— 
IRON CORE AND 
MAGNET RING 


pulse direct current is passed through the 
conductor the grooved surface becomes a 
series of alternate north and south poles. 
Were it not for the mounting lugs, which 
are integrally cast with each magnet, the 
poles would have the same flux distribu- 
tion. However, the nonuniformity of flux 
which results does not in any noticeable 
way affect the over-all damping charac- 
teristic. This flux distribution is revealed 
clearly in Figure 6 by means of an iron- 
filings pattern taken on such a magnet. 


A-C Ammeters and Voltmeters 


Theuse of a long-scale attraction—repul- 
sion iron-vane system for several years 
has pointed the way to improvements in 
stability and scale distribution, and bet- 
ter control of the latter. Inasystem com- 
prising four magnetic components, their 
configuration as well as the spacing be- 
tween them determine the flux and torque 


‘characteristic at any scale point and -de- 


fine the scale distribution of the instru- 
ment. Not only is the spacing between 
the various stationary irons an important 
factor, but so, also, is the operating radius 
of the moving vane. To obtain better 
control of vane dimensions, a new method 
of mounting was devised in which the 
mounting bracket was cut from the vane 
itself and bent over to give a single-piece 
construction (see Figure 7). This results 
in better dimensional control radially, 
and also eliminates any soldering or weld- 
ing operations on the vane itself with pos- 
sible introduction of hysteresis effects. 
The new vane system after final forming 
requires only a single anneal to bring out 
its best magnetic characteristics which are 
no longer jeopardized by subsequent oper- 
ations. - 

In the previous attraction-repulsion 
system, a single repulsion member was 
used for both ammeters and voltmeters 
with different attraction irons to obtain 
the two different types of scale distri- 
bution desired. In the new design the two 
different repulsion irons for ammeters and 
voltmeters are so shaped as to give the 
proper scale distribution on the lower half 
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of the scale where their effect is the great- 
est (see Figure 8). It will be noted that on 
the ammeter the slope is steeper at the 
zero end, thus producing a greater torque 
gradient over the low end of the scale and 
making possible readings down to ten per 
cent of full-scale value. On voltmeters, 
however, conditions are usually different 
and voltages rarely will vary more than 
20 per cent above or below normal estab- 
lished line voltages. The repulsion iron 
selected for this instrument, therefore, has 
a straighter slope to produce a gradual 
opening of the scale from about 20 per 
cent to the full-scale value, producing a 
scale which is the most open in the normal 
operating range. Torque curves (shown 
in Figure 9), taken at full-scale voltage, 
indicate the improvement made by the 
use of the new irons in voltmeters. By 
straightening these curves any tendency 
to constriction of the scale distribution 
around center scale is eliminated. 
Improved control of the dimensions and 


Figure 4. Cutaway section of magnetic 
damping system 
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Figure 5. Sketch showing method of mag- 
netizing damping magnets 
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Flux pattern of typical damping 
magnet 


Figure 6. 


position of the stationary attraction sys- 
tem represents another important im- 
provement in this new design. As indi- 
cated by the sketch (Figure 7), the inside 
of each shield that supports the attraction 
irons is drawn down to a short tubular 
section in the center. This results in a 
stiffer shield with little chance of distor- 
tion and at the same time adequately sup- 
ports the inside of the attraction iron and 
thus preserves its circular contour. Also, 
it has been found possible to eliminate 
the slot through the shield previously 
used to prevent eddy currents. Because 
of the high specific resistance of the ma- 
terial used, errors from this source are 
negligible up to 400 cycles. 

To obtain greater control of scale dis- 
tribution, the full scale ends of the attrac- 
tion irons have been given an increased 
slope which gives the instrument greater 
sensitivity in the upper scale region. 
This permits a greater adjustment of scale 
distribution by turning the shields to 
which the attraction irons are attached, 
thus making it possible to secure a dis- 
tribution that is substantially uniform 
over most of the active range. By form- 
ing locating ears which rest against the 
inside of the shield, the spacing between 
the attraction irons is held to closer di- 
mensions and thus the duplication and 
control. of scale distribution are facili- 
tated. 


Wattmeters and Varmeters 


In the design of the new long-scale 
electrodynamic wattmeters and _ var- 
meters of the iron-cored type much 
thought was given to improved mechani- 
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cal features as well as to improved per- 
formance, In this respect consideration 
was given to ease of assembly of parts 
that would greatly facilitate maintenance 
and service in the field, to more pleasing 
appearance both inside and outside the 
instrument, and to better electrical and 
magnetic characteristics. 

The major feature of the redesigned 
electrodynamic instrument is a unique 
field coil and laminated-field structure. 
Figure 10 shows this assembly in detail. 
The laminations are of a 1-piece construc- 
tion punched from a new silicon strip steel 
which permits high flux density and ex- 
hibits superior hysteresis characteristics. 
Care was taken to locate the mounting 
holes so that losses caused by the mount- 
ing rivets would not lessen the efficiency 
of the magnetic circuit. The laminations 
are cemented together with a solventless 
varnish under heat and pressure. This 
results in a rigid stack of adequately in- 
sulated laminations held together with- 
out the use of rivets. The only rivets used 
are the mounting rivets which hold the 
cemented stack to the support plate as 
shown in Figure 10. In addition, the field 
coil after being wound and baked in this 
new varnish is cast securely to the lamina- 
tion stack. 

The advantages of this method of con- 
struction are obvious. Because the sol- 
ventless varnish is a good heat conductor, 
the casting of the coil to the laminations 
permits more efficient heat dissipation and 
a greater overload rating. Mechanically 
the cast coil eliminates the use of clips for 
holding the coil in position and the mold 
finish presents a pleasing appearance. 

Another feature of the mechanical de- 
sign that will aid the servicing of these 
instruments greatly is the ability to with- 
draw the moving system without disturb- 
ing the field and coil assembly. In order 
to realize this objective the die-cast 
frame is designed so that the frame and 
moving element are inserted into the 
hook-shaped section of the lamination 
assembly. Figure 11 shows this draw-out 
feature to advantage. All that needs to 
be done to remove the frame and moving 
system is to unsolder the lead wires to the 
moving-system spirals, unscrew the three 
frame screws, and move the zero regulator 
until it is restricted by the front jewel 
support. This removal can be accom- 
plished also with the instrument mounted 
on a switchboard panel without discon- 
necting any leads to the base terminals. 
The draw-out feature has been applied 
successfully to all instruments that meas- 
sure single- and polyphase watts and vars. 

The moving system and frame assembly 
are equipped with gemovable pivots and 
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spring-supported jewels. The pivots are 
press-fitted into threaded bushings that 
are screwed into the armature shaft. 
This permits easy replacement of the 
pivots if required. 

Previous designs always have used 
external card resistances mounted on the 
base of the instrument. In the redesign 
the 120-volt and lower ratings have resist- 
ances mounted inside the instrument 
case. This has made it possible to locate 
the terminals with increased spacing so 
that connections can be made more easily 
and the voltage breakdown value between 
terminals increased. 

The unit lamination and field coil 
assembly previously described has re- 
sulted in a more efficient magnetic circuit. 
Because of this increased efficiency it has 
been possible to decrease the field-coil 
ampere turns and yet obtain a higher 
torque than that of the previous design. 
Operating characteristics have been im- 
proved thereby, as the ratio of torque-to- 
weight of the moving system has been in- 
creased materially, and the volt-ampere 
burden of the field coil lowered. Figure 12 
gives comparative curves of the field am- 
pere turns versus the torque of the im- 
proved and the previous design of elec- 
trodynamic system. It can be seen that 
the field density of the curve A is well be- 
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Figure 9. Torque curves of typical a-c volt- 
meter 
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low the saturation value for normal oper- 
ating ranges. This fact, coupled with 
better heat dissipation in the cast field 
coil, has permitted a larger overload rat- 
ing without destroying the linearity of the 
dynamic-torque characteristic. 

As is well known in instrument design, 
the use of iron in the magnetic circuit 
causes the current in the potential coil to 
lag slightly behind the applied voltage. 
Because iron losses more than cancel this 
effect, compensation is necessary if the 
instrument is to read correctly on lagging 
power factor. This is done by shunting 
the moving coil and a portion of the series 
resistance with capacitance until such 
compensation is attained. No attempt 
will be made in this paper to discuss the 
theory of this compensation, as it has 
been covered adequately in another 
paper.” 

Inherent in all iron-clad electrodynamic 
systems is a small error caused by voltage 
variation. This may be described as a 
error caused by the solenoid effect be- 
tween the potential coil and the core em- 
braced by the coil. Excitation of the po- 
tential coil alone results in an upscale 
torque that tends to move the coil in the 
direction of maximum flux linkage. The 
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more efficient the magnetic circuit be- 
comes, the more pronounced is this 
“creep” effect. Because of an increased 
potential flux of the moving coil at a 
higher voltage, the indication will be 
slightly high unless this solenoid effect is 
compensated. 

Voltage error can be reduced substan- 
tially 


1. By designing the moving system to 
operate with a minimum potential flux. 


2. By adequate compensation. 


This compensation takes the form of a 
coil of suitable turns wound on the central 
core section and connected in series with 
the moving coil to produce a flux that op- 
poses the extraneous potential flux caus- 
ing upscale torque. Therefore, when such 
an upscale torque increases because of in- 
creased voltage, the opposing compensat- 
ing torque likewise increases for the same 
reason. This substantially eliminates the 
voltage-creep effect. Figure 13 is a sche- 
matic diagram showing the connections 
for both power-factor and voltage-creep 
compensation. This method of compen- 
sation has, been applied successfully to 
each element of polyphase wattmeters and 
varmeters. 


Power-Factor Meters 


Power-factor meters designed for this 
line of long-scale instruments. operate on 
the principle of the rotating magnetic 
vane. The two vanes projecting in oppo- 
site directions from the shaft are coupled 


Rowell, Millar—Design of Long-Scale I; nstruments 


magnetically by a sleeve of nickel-iron 
alloy. This is surrounded by a stationary 
current coil which polarizes the vanes, and 
the coil and vane assembly is mounted in- 
side a motor-type stator with a polyphase 
winding. 

The ideal power-factor meter will indi- 
cate correctly the power factor of the cir- 
cuit regardless of the amount of current 
flowing. For various reasons, however, 
this seldom is achieved in commercial 
instruments. In the conventional 90- 
degree type, current is led to the moving 
coil by means of conducting spirals that 
exert a constant torque proportional to 
As the current in the circuit 
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Figure 11. 
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Figure 13. Schematic diagram of connections 
for power-factor and voltage-creep compensa- 
tion 
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showing new vane configuration 


decreases, this torque becomes a greater 
percentage of the total torque and thus 
influences the indication. 

In the rotating-vane power-factor 
meter there are no conducting spirals, so 
this source of error is eliminated. There 
are other effects, however, which tend to 
produce current errors. Most uncompen- 
sated instruments have an error of ap- 
proximately 0.04 to 0.05 power factor be- 
tween 1- and 5-ampere calibration values. 
The sources of these errors were analyzed 
very carefully and most of these effects 
were found to be of a minor nature. The 
major extraneous torque might be de- 
scribed as a hysteresis-motor action tend- 
ing to cause the moving vanes to rotate 
with potential alone applied. Although 
this torque has been reduced to a mini- 
mum by the use of well-annealed nickel- 
iron alloys, it was still appreciable. The 
hysteretic torque has been measured and 
compared very carefully with the total 


instrument torque at one and five am- 
peres respectively. Calculations showed 
errors approximately of the magnitude of 
the current errors determined experi- 
mentally. 

The method of compensating for this 
hysteretic drag in the new instrument 
consists of modifying the shape of the 
rotating. vanes and changing the stator 
ampere-turns. Figure 14 shows the ap- 
proximate shape of the new moving vanes 
with their relative position inside the cur- 
rent coil and polyphase stator. 

These new vanes saturate at a lower 
value of current flux so that the torque 
curve from one to five amperes is much 
flatter than in the previous design and is 
almost constant from two to five amperes 
(see Figure 15). Thus the effect of the 
hysteretic drag is approximately the same 
over the current range and is eliminated 
largely in calibration. 

It is apparent that a shift in angular 
flux position also occurs because of this 


will be seen that the error was reduced to 
slightly over 2 per cent. By calibrating 
the instruments at some intermediate 
value, such as 2.5 amperes, this error can 
be split so that the total deviation from 
the correct value is approximately 1 per 
cent. Although Figure 15 indicates a 
slight loss of torque at rated current, this 
is compensated for by the decrease in 
moving-element weight so that the same 
torque-to-weight ratio is maintained. It 
also will be noted that the torque at low 
current values is increased so that the 
over-all performance of the instrument is 
improved materially. The operating 
range also is extended to lower current 
values before becoming too sluggish for 
accurate indication. 


Synchroscopes 


The synchroscope has essentially the 
same physical construction as the power- 
factor meter. It uses the same rotating- 
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saturation, because it is possible to over- 
compensate the instrument and produce 
etrors in the opposite direction. The 
stator ampere-turns, therefore, have been 
selected to give a hysteretic torque that 
results in small errors equal in clockwise 
and counterclockwise directions. 

Figure 16 shows how effectively the 
new system has reduced these current 
errors. An instrument of the previous 
design which had a maximum difference 
of 4.5 per cent between 1- and 5-ampere 
readings had its moving vanes replaced 
with the new style vanes and its stator 
currents corrected to the new value. It 
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Figure 15. Power-fac- 
tor meter torque curves 
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vane system, but the polarizing coil is 
wound for potential instead of current and 
is directly connected across the line of the 
running machine. Most synchroscopes 
are designed for single-phase operation. 
Hence it is necessary to provide a phase- 
splitting network in the stator circuit. 
This network is built into the instrument 
case in the new design, which offers dis- 
tinct advantages over the conventional 
external-impedor type. To make this 
possible, inductive reactances were re- 
placed by capacitors and combined with 
resistances in such a manner that quadra- 
ture-phase relation and balanced field 
currents are maintained. Figure 17 is a 
schematic diagram of the new stator cir- 
cuit with a corresponding vector diagram. 
To obtain a lagging current J, in stator 
coil 2 having the same magnitude but 90 
degrees out of phase with Jj, it is neces- 
sary to place a capacitance in circuit 2. 
This causes current J, to lead voltage V, 
but lagging is obtained by reversing the 
connections to stator coil 2. For testing 
and calibrating purposes some means of 
adjustment is necessary. This is pro- 
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STATOR 
Cz ColL #2 


vided by the adjustable resistance Re. 
The capacitor C; serves to insure the 
proper phase angle as well as magnitude 
shift of the current J; in stator coil 1 when 
R, is adjusted in test. This resistance 
adjustment provides a simple and very 
convenient means of control that is supe- 
rior to the inductive-reactance adjustment 
used on previous designs. 

By eliminating the external impedor, 
panel-mounting space has been reduced 
and the external wiring to the instrument 
has been simplified. The number of in- 
strument terminals has been reduced to 
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Figure 17. Schematic 

and vector diagrams of 

new synchroscope stator 
circuit 


V=line volts (incoming) 

/,=current in stator coil 1 
f2=current in stator coil 2 

!=total network current 

Ri=fixed center-tap resistor 

R= adjusting resistor 

Ci, C2=capacitors 

a1 =phase angle in stator coil 1 circuit 


three. Figure 18 shows the external con- 
nections to the new design of self-con- 
tained synchroscope. 


Conclusion 


The development of a complete line of 
long-scale instruments has proved to be a 
considerable advancement in the field of 
electrical measurements. In the newly 
designed instruments all of the desirable 
features of the initial design have been 
maintained. Most of the previous limita- 
tions have been removed by mechanical 
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RUNNING INCOMING 


FUSES yx, xm, FUSES 
RUNNING # 2 INCOMING 


Pi + PT. 


Figure 18. External connections of new 
self-contained synchroscope 


improvements that have resulted in 
greater accessibility and, at the same 
time, improvements in scale distribution, 
permanency of calibration under abnor- 
mal conditions, and other performance 
characteristics. Thus these instruments 
should find even wider fields of useful- 
ness and, in many cases, completely sup- 
plant conventional short-scale types. 
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Measurement of High Q Cavities 
at 10,000 Megacycles 


R. W. LANGE 


NONMEMBER AIEE 


Synopsis: Known methods of measuring Q 
in high Q resonant cavities, together with 
their accuracies and sources of error are dis- 
cussed. For relatively low values of Q and 
of frequency, it is shown that band width 
methods are more accurate than decrement 
methods. For values of Q above 30,000 at 
frequencies above 3,000 megacycles the 
reverse is true. The significant feature of 
the present method, the wide range hetero- 
dyne decrement method, is that the ac- 
curacy is improved by observing the decay 
over a relatively long interval of time. An 
absolute accuracy of plus or minus three 
per cent and a relative accuracy of plus or 
minus two per cent are achieved. Design 
features and performance are discussed and 
constructional details are presented. 


HE quality factor of selectivity, Q, is 

applicable to any form of vibratory or 
oscillatory system. The defining equation 
is 


total energy stored in system 


Tv 
energy dissipated per cycle 


The present discussion will be limited 
to electric systems. When the elements 
are lumped or when the system may be re- 
placed by lumped constants the equation 


Table |. The Errors for Absolute and Relative 
Measurements 
De EE 

Absolute Relative 
Measure- Measure- 
ments, ments, 
Per Cent Per Cent 
Measurement of time... +1.7 max; .. +1.7 max; 
+0.7 min +0.7 min 
Measurement of fre- 

(GLilai te fares Oar SOD +=0.05 .. £0.05 
Change of attenuation. . +1.25 . .cancels 
Observational error of 

SCONE Fe sotecltrw ele ale Sale +=0.25 .. #0.25 

BL otalliy.t.<. stysisicie\eietsls +3.25 max;.. +2.0 max; 

+2,.25 min +1.0 min 
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is simplified. For the simple series reso- 
nant circuit the expression becomes 


where 


X =reactance of either the coil or capacitor 
R=total series resistance 


In any simple resonant system ener- 
gized by a single frequency the phase 
shift becomes 45 degrees and the displace- 
ment is reduced to 0.707 of its maximum 
value at two frequencies nearly symmet- 
rical about the resonant frequency and 
separated by the amount 


where 
f=resonant frequency 


This equation has been used to define 
the Q of certain complex systems. 

The working Q of a system differs from 
the theoretical unloaded Q by a loading 
factor controlled by the associated de- 
vices. All methods measure the loaded 
(working) Q. For fixed couplings to 
electric systems under measurement, the 
loaded Q depends on the standing wave 
ratio of the coupled (or connecting) cir- 
cuits as well as on their nominal imped- 
ances. In the specific case of a resonant 
Paper 47-23, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter meeting, New Wiotka Nis os 
January 27-31, 1947. Manuscript submitted 
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cavity with input and output couplings 
fixed by design, the loading depends on 
the voltage and current relationships 
existing in the input and output trans- 
ducers. It is important that these imped- 
ances be controlled for all methods of 
measurement of Q outlined here. 


Band Width Method 


BASIC PRINCIPLE 


The frequency corresponding to maxi- 
mum transmission is measured together 
with the transmission loss. The two 
frequencies corresponding to a transmis- 
sion loss three decibels greater are suffi- 
cient to give the selectivity from the gen- 
eral equation 


se 
Cay (1) 


PRACTICAL APPLICATIONS 


The method is applicable to all forms 
of four terminal electric networks. It is 
therefore directly applicable to cavity 
resonators having two loops or other 
coupling devices. It is not applied 
readily to cavities having a single coupling 
device. The loss usually is determined 
by means of a heterodyne transmission 
measuring set. In this way an attenua- 
tor operating at the intermediate fre- 
quency and having a relatively accurate 
calibration may be employed. As a 
difference in frequency is required, each 
frequency must be known accurately, or, 
the difference can be measured directly. 

For measurement of resonant cavities 
it is impossible to secure the signal fre- 
quency by beating a fixed centimeter 
oscillator with a calibrated variable fre- 
quency signal generator in the 50-mega- 
cycle region or lower. This greatly sim- 
plifies the problem of determining the fre- 
quency difference.? 

Alternatively a reflex klystron type of 
centimeter oscillator may be frequency 
modulated to furnish the pass band pic- 
ture of the resonant cavity. The fre- 
quency swing can be determined by a fre- 
quency modulation receiver augmented 
by a selective amplifier tuned to the kly- 
stron modulating frequency. 
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ACCURACY 


Consider a case with a value of Q of 
30,000 and a midband frequency f of 3,000 


megacycles. Then 
ee 3,000 ae 1 
i= 30,000 =0.1 megacycle 


f2=3,000.05 megacycles 
fi=2,999.95 megacycles 


If it is necessary to measure Q to plus or 
minus ten per cent then, allowing all the 
error in the denominator, Af must be 
measured to plus or minus ten per cent. 
If the frequencies are measured directly 
then each must be known to plus or 
minus 5 ke. 

Actually the loss cannot be determined 
exactly at either midband or 3-decibel 
points. If an error of plus or minus 0.1 
decibel is allowed for each of these meas- 
urements the uncertainty of the answer is 
increased by about plus or minus six per 
cent. To measure absolute values of Q 
by this method to an accuracy better 
than plus or minus five per cent requires 
extreme care and considerable skill in 
manipulation. 

In systems where the Q is low the fre- 
quency difference may be determined with 
negligible error, and the accuracy is 
limited only by the loss measurements. 


Input Standing Wave 
Ratio Method 


BASIC PRINCIPLE 


The standing wave ratio of the input 
device is measured at three or more fre- 
quencies in the region of the resonance. 
The Q of the cavity then is computed from 
the variation of the standing wave ratio 
with respect to frequency. 


PRACTICAL APPLICATIONS 


The method is applicable to any form 
of cavity having one or more coupling 
devices. The quantities to be measured 
are the same as in the band width 
method—frequency and voltage level. 
Accordingly the same general techniques 
are applicable. Because the standing 
wave ratio is usually high a heterodyne 
method is desirable. 


ACCURACY 


The same errors appear here as in the 
band width method. A small difference 
between two relatively high frequencies 
must be determined, and voltage levels 
must be measured with sufficient accu- 
racy to determine the difference between 
several comparable standing wave ratios. 
The over-all accuracy is not likely to be 
better than that of the band width 
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method and easily may be poorer. The 
principal advantage is that a single 
coupling device is sufficient to permit a 
measurement. 


Video Decrement Method 


BASIC PRINCIPLE 


In this method, shown in a _ block 
schematic drawing in Figure l(a), the 
build-up and decay of ultrahigh frequency 
enery within the resonant cavity is rec- 


tified by a crystal detector producing a 


video signal which is amplified and ob- 
served as the vertical deflection on an 
oscilloscope having a linear time axis. A 
measurement is made on the oscilloscope 
of the rate of decay in terms of amplitude 
in decibels and time in microseconds. 
The Q may be computed from these 
quantities and a calibration of the curva- 
ture of the crystal characteristic by using 
the formula 


Q=27.3(f)(At/ Adb) (2) 


where 


f=frequency in cycles per second 
Adb = decrement in decibels observed in the 
time increment Af seconds 


PRACTICAL APPLICATION 


The pulsed ultrahigh frequency signal 
is applied to the cavity through an input 
coupling and is delivered to the crystal 
through an output coupling connection. 
This method provides a convenient and 
fairly accurate arrangement for observing 
decrements. It is quite satisfactory for 
observing moderately small changes from 
reference decrements for development 
work. The signal source should be ade- 
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Figure 1. Video decrement method for 


measuring the Q of resonant cavities 


(a). Block diagram of the method 

(b). Complete video signal (showing build- 

up and decay of ultrahigh frequency energy in 
resonant cavity) 

(c). Video decay signal (used in measure- 


ment of Q) 


quately decoupled from the cavity to pre- 
vent pulling. The crystal is operated well 
under the overload point and-sufficiently 
above the noise level to permit examina- 
tion of the main mode of the cavity. The 
video system following the crystal_need 
never be overloaded. 

In general, the crystal video output is 
some exponential function of the ultra- 
high frequency input. If absolute meas- 
urements are to be made, it is necessary 
to determine this relationship at the oper- 
ating signal levels. 

The complete video signal observed on 
the oscilloscope is shown in Figure 1(0). 
The signal oscillator is pulsed on at point 
A and continues to oscillate to point B, at 
which time it is pulsed off. The energy 
within the resonator builds up-in the in- 
terval A to B and starts to decay at B. 

In actual measurement the sweep time 
axis is delayed or phased with respect to 
the signal oscillator pulse so the full screen 
may be utilized in measuring the decay 
portion B to C. 

The initial observation, point B in 
Figure 1(c), is made at or slightly after 
the instant the signal oscillators stop 
pulsing. The choice is dependent upon 
the sharpness with which the signal oscil- 
lator is pulsed off. The second observa- 
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tion point C is made at a point before the 
decay curve becomes asymptotic to the 
horizontal reference line. Point C usually 
is selected three decibels below point B. 
The Q is computed by equation 2 where 
the value of db is measured on the ver- 
tical calibrated scale and time along the 
calibrated linear sweep axis. 

The method is not directly applicable 
to cavities having only one coupling de- 
vice. 


ACCURACY 


For conditions which have been found 
most satisfactory in the laboratory the 
error attributed to reading the oscillo- 
scope is plus or minus seven per cent. 
This can be considered the accuracy of 
relative measurements of Q. 

For an absolute measure of Q the errors 
involved in calibrating and using the crys- 
tal must be added to the foregoing factors. 
No attempt has been made to evaluate 
these errors; however it is reasonable to 
state that this method lacks the accuracy 
ultimately desired. Error contributed by 
uncertainty in observation of the fre- 
quency is negligible. 

No decrement method is applicable to 
the measurement of low Q systems be- 
cause of the extremely short timeintervals 
involved and the correspondingly great 
band widths required. 


Heterodyne Decrement Method 


BASIC PRINCIPLE 


A decrement method is employed to 
avoid precise measurements of frequency 
difference. The circuit is shown in block 
schematic form in Figure 2. 

The pulse from the ultrahigh frequency 
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oscillator is applied as a signal to the 
cavity under test. The decay of energy 
within the cavity after the signal pulse 
has ceased is observed through a hetero- 
dyne detector circuit ending in an oscillo- 
scope. Two distinct points are observed 
and compared on the decrement curve. 
Values of level in decibels and of time 
result from this comparison and the Q of 
the cavity is computed from equation 2. 

The method differs from the previous 
one in three important respects. 


1. The crystal is energized by a beating 
oscillator as well as by the signal from the 
resonant cavity under test. The principal 
advantage is that the crystal now serves as a 
linear modulator eliminating the question of 
crystal exponent. 


2. The beating oscillator is pulsed off or 
shifted in frequency during the main pulse 
to avoid overload in the intermediate fre- 
quency and video systems. Moreover by 
pulsing the beating oscillator it is practical 
to employ the method with single-coupling 
as well as 2-coupling cavities. 


3. The range of decrement is increased to 
approximately 20 decibels so observations 
of loss and time increments give improved 
accuracy of Q determination. 


The complete build-up and decay of the 
pulse with the beat oscillator operated 
continuous wave is shown in Figure 
3(a). The signal oscillator pulses on at A 
and the energy within the cavity builds 
up from A to B where the signal oscillator 
is pulsed off. The decay of energy is 
shown as B to C. 

With an ideal beat oscillator pulsed on 
at time f) the decay curve would appear 
as shown in Figure 3(b) with a sharp in- 
crease to full height at #. Actually there 
is a finite build-up time for the beat oscil- 
lator during which the energy within the 
cavity continues to decrease, so that the 


resultant curve has a gradual build-up 
from f% to t; as shown in Figure 3(c) and 
in Figure 4. (Abnormal intensities 
were used to facilitate photography.) 

The fixed timing spot shown as f im 
Figure 3(d) appears as an end to the decay 
trace. This end is sharp and permits an 
exact alignment of the height of the figure 
at ¢, with the horizontal reference line on 
the oscilloscope as shown in Figure 4. 
(Abnormal intensities were used to facili- 
tate photography.) 

The intersection of the fixed timing spot 
on the decay curve with a reference line 
on the oscilloscope is adjusted either by 
changing the precision delay, or the 
intermediate frequency attenuator, or, 
within limits, the video gain of the Y 
axis of the scope. The base line of the 
image is aligned with the horizontal 
reference line by vertical positioning on 
the oscilloscope. The initial observation 
is made with the maximum loss setting of 
the intermediate frequency attenuator 
and the precision delay circuit adjusted 
to an arbitrary reference point near the 
minimum delay. The figure is adjusted 
to a standard height at t by the video 
gain control. The delay time is read from 
the dial of the precision delay circuit. 

For the second observation at a point 
later in the decrement curve as shown in 
Figure 3(e) the intermediate frequency 
attenuation is reduced and the delay cir- 
cuit adjusted to provide the same stand- 
ard figure height at ¢; shown for é in 
Figure 3(d). The delay time is read from 
the dial of the precision delay circuit. 
From the foregoing procedure the change 


Figure 3. Build-up and decay patterns 
observed in heterodyne decrement method 


eefies 
TR 
Ges Site. a 
TIME a im 
CIRCUIT I-F PRE- = S 
| AMPLIFIER = = 
j a a 
| 
igi eS I-F VARIABLE 2 2 
rT a PRECISION = 
BEAT ATTENUATOR 
peer tts OSCILLATOR 
, Tz PULSER I-F AMPLIFIER 
AND 
| DETECTOR 
: DELAY TIME to ‘TIME 
H CIRCUIT VIDEO 
AMPLIFIER 
! ! 
acres (d) (e) 
8 a a 
meas > 2 2 
1 T+a oe & \ 3 
OR md a 1 a 
Ta+ a = 2 : 2 
= < ' < 
~~ 
Figure 2. Heterodyne decrement method for measuring the Q of to t; TIME to t2 TIME TIME 
resonant cavities to t3 
1947, VoLuME 66 Lange—Measurement of High Q Cavities 163 


in attenuation in decibels and the corre- 
sponding time are obtained, and the Q 
computed from equation 2. 


PRACTICAL APPLICATIONS 


The present set is used with cavities 
having . 2-coupling devices but it has 
been modified to operate with cavities 
having a single-coupling device without 
serious loss of performance. 

The free-running multivibrator shown 
in Figure 6 sets the repetition rate and 
pulse length of the signal oscillator and 
triggers the precision delay circuit. The 
multivibrator furnishes a flat top pulse 
with a rise and more particularly a decay 
in 0.3 microsecond or less. 

The signal oscillator uses a velocity 
variation focused beam oscillator tube in 
an adjustable cavity. It is pulsed on by 
a voltage applied to the accelerating 
anode. This pulse is furnished by a video 
driver amplifier, integral with the oscil- 
lator unit, which amplifies and clips the 
pulse supplied by the multivibrator. The 
pulse wave to the accelerator decays in 
less than 0.1 microsecond. 

Excellent frequency and amplitude 
stability of the signal oscillator is re- 
quired during the short intervals of meas- 
urement (one minute or less) for which 
the oscillator must remain tuned to the 
resonant cavity. In the set which was 
constructed, precautions were taken to 
obtain a short time frequency stability 
considerably better than 0.1 megacycle. 
All voltages, except heater supply, were 
furnished by well-regulated and filtered 
power supplies. The heater was operated 
on rectified alternating current, heavily 
filtered, to avoid modulation from the 
heater circuit. All supplies were oper- 
ated from a voltage regulating trans- 
former. Finally, frequency drift caused 
by changes in the ambient temperature 
were eliminated by a draft shield. 


v 
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Figure 4. Photograph of oscilloscope trace 
showing complete decay pattern observed in 
heterodyne decrement method 


Figure 5. Photograph of oscilloscope trace 
showing decay pattern blanked by timing pulse 


Amplitude modulation was controlled 


by the foregoing method and by applying 


a flat top pulse to the accelerating anode 
of the signal oscillator. The signal fre- 
quency is delivered to the input of the 
resonant cavity through wave guide or 
coaxial connections and the output is fed 
through suitable connections to the con- 
verter. It is desirable that the imped- 
ance offered to the resonant cavity be 
that which exists when the cavity is work- 
ing normally. 

The linear converter circuit employs a 
crystal of the JAN 1N23B type in a 


Figure 6. Circuit of multivibrator establishing 
repetition rate of signal oscillator 
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wave guide mounting. The beat oscil- 
lator delivers sufficient power to the con- 
verter through a probe inserted in the 
wave guide or by a directional coupler to 
operate the crystal at optimum signal-to- 
noise ratio. The low level signal from 
the resonant cavity is applied directly to 
the crystal converter through the mini- 
mum loss consistent with obtaining the 
desired impedance at the output of the 
resonant cavity. It is a distinct help to 
adjust the particular crystal in the con- 
verter to obtain a low voltage standing 
waveratio. 

The intermediate frequency output of 
the crystal is fed directly to a low gain 
preintermediate frequency amplifier 
integral with the converter unit and de- 
signed to give a good signal-to-noise 
ratio. The combined unit is a modifica- 
tion of an airborne radar component. 
The output of the last stage is matched to 
work directly into a variable intermediate 
frequency attenuator. The load carrying 
capacity is adequate to insure constant 
gain for all signal levels encountered. 

The main body of the intermediate 
frequency amplifier and detector follows 
the variable intermediate frequency at- 
tenuator. The disposition of the gain 
from the output of the attenuator to the 
oscilloscope is not critical for the signal 
level remains unchanged in this portion of 
the circuit. It is desirable that a good 
signal-to-noise ratio be obtained in the 
intermediate frequency amplifier. 

The complete intermediate frequency 
system should provide a moderate band 
width of two to five megacycles at the 3- 
decibel points, To ease the requirement 
on stability of the beat oscillator the mid- 
band should be flat to a few hundredths 
of a decibel. A flat band width of 0.5 to 
1 megacycle is sufficient. 

The detector following the intermediate 
frequency amplifier normally is back- 
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biased and driven by the signal into a 
square-law region to increase the differ- 
ential sensitivity. - 

The beat oscillator is a velocity-varia- 
tion reflection-type oscillator tube which 
is pulsed on by a voltage applied to the 
repeller. This pulse is furnished by a 
pulse amplifier, associated with the beat 
oscillator, which amplifies and clips the 
pulse supplied by the beat oscillator pulser. 

As an alternative, the beat oscillator 
may be frequency modulated to the ex- 
tent of some ten megacycles by reducing 
the peak value of the pulse applied to the 
repeller and making a compensating 
change in the d-c repeller voltage. The 
frequency of the beat oscillator is fixed 
during the interval of measurement as 
that which produces the required inter- 
mediate frequency signal. The fre- 
quency modulation shifts the beat oscil- 
lator from its off frequency to its on fre- 
quency position and maintains that fre- 
quency throughout the measurement in- 
terval. The operation of the tube in this 
manner in general reduces the transient 
intermediate frequency component gen- 
erated during the build-up of oscillation 
when the tube is pulsed on. This tran- 
sient upon conversion is the equivalent of 
a false signal at the input of the inter- 
mediate amplifier. 

With either type of modulation of the 
beat oscillator it is necessary that the 
frequency remain sufficiently constant to 
keep the intermediate frequency output 
of the converter well within the very flat 
intermediate frequency band. This is 
accomplished by regulation of the oscil- 


Figure 7. Precision delay circuit used for 
timing in heterodyne decrement method 


Ri, Re=precision wire-wound noninductive 
resistors 
C,=precision variable air capacitor 
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lator voltage and the application of a flat 
top pulse. Further, it is necessary to 
maintain a constant ambient temperature 
to eliminate frequency changes. The 
tube is protected by double thermal 
shields. 

The delay circuit is a monovibrator 
circuit triggered by the leading edge of the 
pulse from the precision delay circuit. 
The output pulse of the delay circuit 
furnishes a timing spot which is the refer- 
ence mark on the decay curve appearing 
on the oscilloscope. Actually the pulse 
is used to blank the oscilloscope trace’ pro- 
viding a sharp end mark on the decrement 
curve. It is important that the pulse be 
free of jitter as to time and shape. As 
shown in Figure 2, it is the sharp transi- 
tion from positive to a negative voltage 
that is utilized. Thus the oscilloscope 
trace is brightened immediately before it 
is blanked. 

For a specific test condition the time 
delay furnished by the circuit is fixed; 
however, for general testing it is conven- 
ient to have this delay under manual con- 
trol. The delay may be varied under con- 
trol of a potentiometer from a minimum 
of three-fourths to a maximum of five 
microseconds. 

The precision delay circuit, shown in 
Figure 7, is a monovibrator circuit trig- 
gered by the trailing edge of the pulse 
applied to the signal oscillator. It pro- 
vides a sharp output pulse accurately 
delayed from the triggering pulse. The 
time delay, under manual control of the 
variable air capacitor Ci, is continuously 
variable and calibrated. For testing in 
the 10,000-megacycle range a delay of 1 
to 12 microseconds was used. 

A commercial 5-inch oscilloscope has 
been modified for a sweep of five to ten 
microseconds and for double intensity 
modulation. Both the normal unblanking 
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during the sweep trace and the reference 
pulse are applied to the intensity grid of 
the cathode ray tube. 


A special nonglare hood is attached to 
the oscilloscope to facilitate daylight 
viewing of the trace. Two pairs of hori- 
zontal lines 11/, inches apart are scribed 
on the front and rear surface of an edge- 
lighted plexiglass plate providing refer- 
ence lines free of parallax. 


EXTENSION OF FREQUENCY 


By changing the oscillators and con- 
verter the set has been applied to the 
3,000- and 24,000-megacycle frequency 
bands. A minor change of components in 
the precision delay circuit permits ad- 
justment of time delay to the particular 
frequency and range of Q to be measured. 


Sets operating at these frequencies have 
been constructed and operated over con- 
siderable periods. 


ACCURACY OF MEASUREMENTS 


These figures apply to a practical appli- 
cation at about 10,000 megacycles for a 
range of Q from 45,000 to 150,000. 


Measurement of Time. The maximum 
error in determining the time at one dial 
setting of the precision delay circuit is 
+(),03 microsecond so that the maximum 
error of two time measurements in deter- 
mining Q is = 0.06 microsecond. 

The least time interval expected is 3.5 
microseconds corresponding to a 20- 
decibel change in the decrement curve of 
a relatively poor cavity having a Q of 
45,000. The error in time measurement 
is +0.06/3.5= + 1.7 per cent. The 
maximum time measurement expected 
is 8.1 microseconds for a Q of 100,000. 
The error is +0.06/8.1= +0.7 per cent. 


Observational Error of the Oscilloscope. 


-150V 0 © +30! 
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a change of one decibel at the intermedi- 
ate frequency produces a change in video 
deflection observed on the scope of one- 
half inch. With this differential sensi- 
tivity the spot timing on the decrement 
curve can be adjusted to the reference line 
to an accuracy of +0.05 decibel which is 
+0.25 per cent of the 20-decibel change. 
The adjustment of the base line of the 
figure to the reference line cancels be- 
catse consecutive measurements are made 
with the same adjustment. It is impor- 
tant to note that the oscilloscope is used 


165 


as a comparison tool rather than for direct 
measurements which reduces observa- 
tional errors. 


Frequency Error. The error in fre- 
quency determination is a maximum of 
+(0.05 per cent. 

Change in Attenuation. The error in 
the change in attenuation is within +0.25 
decibel which is + 1.25 per cent. 


OVER-ALL ACCURACY 


The errors for absolute and relative 
measurements are given in Table I. 


Conclusion 


Sets for the measurement of high Q 
resonant cavities at about 3,000 and 
10,000 megacycles have been built and 
satisfactorily operated in both the labora- 
tory and in the factory for production 
testing. A set operating at 24,000 mega- 
cycles has been used in the laboratory. 
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A Polyphase Thermal Ampere- 
Demand Meter 


A. J. PETZINGER 


MEMBER AIEE 


Synopsis: Reduction of the initial and 
maintenance costs of the metering equip- 
ment required for the measurement of kilo- 
volt-ampere demand has been an objective 
of the metering industry for many years. 
The development-of a method of measuring 
polyphase ampere demand has made pos- 
sible a simple and compact meter which 
registers kilowatt-hours and indicates maxi- 
mum ampere demand. A good approxima- 
tion of true kilovolt-amperes demand is 
then obtained by multiplying this maximum 
ampere demand by an assumed base voltage. 


ILOVOLT-AMPERE DEMAND 
long has been one of the quantities 
which often is involved in billing a con- 
sumer for electric service. Undoubtedly 
one of the factors which has discouraged 
more widespread measurement of kilovolt- 
_ ampere demand has been the fact that 
the initial cost and maintenance of the 
metering equipment has been relatively 
expensive. Recording meters and indi- 
cating demand meters are available 
which measure true kilovolt-ampere 
demand, and their use is justifiable on 
large loads. On smaller loads, how- 
ever, their use may be uneconomical. 
For such applications a less expensive 
form of metering is highly desirable. It is 
natural that the possibility of using 


thermal meters should be investigated, as_ 


thermal meters require a minimum of 
maintenance. 

One answer to the problem is the 
thermal kilovolt-ampere demand meter 
employing the displaced voltage princi- 
ple. Taps are provided for metering 
at 100 per cent, 87 per cent, 71 per 
cent, and 50 per cent power factor. 
Accuracy is good if the operating power 
factor is reasonably close to the tap 
on which the meter is set. Besides 
the bimetal springs and the associated 
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heaters and boxes, the required parts 
are two current transformers, two po- 
tential transformers, two phase shifting 
transformers, and facilities for tap chang- 
ing. (In one form the potential and phase 
shifting transformers may be combined. 
For certain capacities the current trans- 
formers may be omitted on 3-wire cir- 
cuits.) 

There is, however, another approach to 
the problem which obtains kilovolt-am- 
pere demand through the indication of a 
thermal ammeter. This paper deals with 
such a meter. 


Single-Phase Meter 


As electric service is supplied at various 
voltages and from various circuits, am- 
pere demand as such is practically mean- 
ingless, unless the voltage is specified. 
For a given circuit and voltage ampere 
demand can be converted to kilovolt- 
ampere demand to provide a common 
basis. The scale of the meter shown in 
Figure 1 is, therefore, marked in kilovolt- 
ampere demand based on the normal 
circuit voltage. 

On 2-wire circuits, the heaters are 
placed directly in series with the current 
winding of the watt-hour meter electro- 
magnet. 

On 3-wire meters, the use of a 3-wire 
transformer is necessary, as the heaters 
must be supplied with a single current 
which is equivalent to the currents in the 
two lines. 

A simple example will illustrate this. 
If one heater were used in each line (Fig- 
ure 2), the total heat generated would be 


Ty?R+12R 
Gi Exo = Ea =120 and Eye = 240, the 
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kilovolt-ampere should be the same for 
tons I,=0 as for iw and 
ij=0; thatisy 2 kva, 

With R=0.012, the first case would give 
heat = (10)?0.012=1.2 watts, whereas 
the second would give (5)? 0.012+ (5)? 
0.012=0.6 watts. However, if the cur- 
rents are combined by a 3-wire trans- 
former, each on a 1/1 basis, for example, 
the result in either event would be a 
secondary current of ten amperes 
(Figure 3). 

If the voltages are balanced and ‘of 
nominal value, the meter will read the 
correct value of kilovolt-amperes. The 
vector kilovolt-amperes also will be cor- 
rect, if the power factors of the currents 
differ, as the transformer secondary 
current is proportional to the vector sum 
of the currents J; and —J,. The minus 
sign indicates that the J, current is re- 
versed or shifted by 180 degrees, the same 
angle as that between Lo; and Epo. 


Theory of Operation— 
Polyphase Meters 


GENERAL 


When an attempt is made to use the 
saine principles on polyphase circuits, the 
problem immediately becomes more com- 
plicated. Even three ammeters on a 3- 
phase circuit do not provide the correct 
readings unless the load is balanced both 
as to magnitude and phase angle. 

For example, suppose ammeters are 
placed in each line of a 240-volt 3-phase, 
3-wire circuit. A 10-ampere load between 
lines causes two ammeters to read 10K 
=100R, or a total or 2.4 for an arbitrary 


_ value of R=0.012. If the load is ten am- 


peres on each line, the reading will be 
3(102X0.012) =3.6. In the first case, the 
readingisthe sameasthe kilovolt-amperes ; 
in the second, the reading is 3.6 while the 
kilovolt-amperes equal 4.16. In this ex- 
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fee nes cae 
obvious that some method must be found 
of properly shifting the individual cur- 
rents by the required amounts and obtain- 
ing the vector sum before the result is 
applied to a thermal unit. It is evident 
that no combination of the sums or differ- 
ences of the currents in a polyphase cir- 
cuit will accomplish this. 


METER FOR THE 3-PHASE 4-WIRE DELTA 

Circuit . 

The desired result, however, can be ob- 
tained by another method. First it may 
be well to define the kilovolt-amperes of 
any circuit. The kilovolt-amperes or vec- 
tor power is defined as the square root of 
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E=oM(jh—jh+v/3ls) 


Though it is not an operating condition, 
a load consisting of resistances between 
lines and neutral with all line currents of 
equal magnitude is helpful in visualizing 
the operation of the circuit. In such a 
case the kilowatts equal the kilovolt- 
amperes. Figure 5 shows the vectors for 
this circuit with the load described. If 
the single-phase 3-wire portion of the 
circuit is considered first, it is seen that 
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the voltage derived from current in line 1 
is rotated 90 degrees counterclockwise by 
the mutual inductance, whereas that de- 
rived from the current in line 2 is rotated 
90 degrees clockwise, with reference to the 
respective currents. These two voltages 
are, therefore, in phase and add just as 
the currents in the case of the single- 
to be of the same magnitude as the other 
two lines, but the voltage, Exo, isy/3 times 
as large as Ey) or Em. The voltage de- 
rived from line current 3 therefore should 
be +/3times as large as each of the others, 
and this voltage also should be in phase 


with the others. A resistance drop of the 


required magnitude fulfills these -con- 
ditions (R= +/3wM). 

ie is apparent (hat ce ree 
nitude of the current in any line will in- 


_ crease the resultant voltage by the proper 
amount. Also, if any line of the currents 
has a reactive ‘component, this reactive 


will produce a component in 
the resultant output voltage which is 90 
degrees out of phase with the active com- 
ponent of the voltage. The resultant 
voltage therefore, will be a measure of the 
circuit kilovolt-amperes if the system 
voltages are assumed to be balanced and 
of normal magnitude. 

The voltage E is the voltage across Ry 
assumed as an open circuit. If this open ~ 


heater in each leg 


Figure 3. Ammeter for 3-wire service with 3- 
wire transformer and single heater 
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a hina 


Figure 4. Basic circuit for a polyphase am- 
meter on 3-phase 4-wire delta service 


Ig 


To I; 


I, 
R= Youu _! 


JwMT, -jw M Ig I3 R 
ee 
E 


Figure 5. Vector diagram for Figure 4 with 
each phase resistance loaded to neutral 


circuit is closed, the current circulating in 
the loop will be 


Iy=E/V (R+Rq)?+0°L? 


where L is the self-inductance of the 
secondary winding of the mutual induct- 
ance, and R, is the resistance of the 
heaters of a thermal ammeter unit. The 
current is, therefore, proportional to the 
vector kilovolt-amperes of the polyphase 
circuit at a given voltage, as the loop im- 
pedance is constant. 


OPERATION OF 3-PHASE 4-WIRE DELTA 
METER ON DIFFERENT LOADS 


Figure 6 shows the vector diagram for 
various other types of single-phase and 
polyphase loads, all of which are correctly 
metered. 

It will be noted that the resultant volt- 
age of all kilowatt loads lies along the 
Ey vector, while that of the lagging var 
load lies along a vector lagging the E30 
vector by 90 degrees. The vector kilo- 
volt-ampere is, therefore, correct, regard- 
less of what the phase angle of the various 
loads may be. 

In Figure 6 the voltage referred to is 
the voltage across Ry in Figure 4, if it is 
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assumed to be an open circuit. In Figure 
6 the conditions are shown for a balanced 
polyphase load. In this case jwMJ, leads 
I; by 90 degrees, —jwMI, lags Iz by 90 
degrees, and J;R is in phase with J;. As 
shown by the voltage vector diagrams, 
the sum of these terms=2,/3 for the 
values assumed, and this is equal to the 
kilovolt-amperes of the load. 

Figure 6 shows the conditions for a 
single-phase load across lines 1 and 2. In 
this case the voltages jwMJ; and —jwMI», 
are in phase and add up to two, which 
again equals the kilovolt-ampere of the 
load. 

Figure 6 shows the conditions for other 
single-phase loads. In each case the re- 
sultant voltage is the sum of a reactance 
and resistance term of magnitudes 1 and 
4/3 respectively, which gives a resultant 
of two. 

Figure 6 shows a combination of a 
unity power factor load of 1 kw and 50 
per cent load factor balanced polyphase 
load of »/3 kva. The vector kilovolt- 
ampere equals 2.4, and the voltage E 
likewise totals 2.4. In determining the 
magnitude of E, the two loads may 
be treated independently to determine 
the voltage contributed by each. These 
voltages, however, must be added vec- 
torially to determine EZ. As mentioned 
before, the resultant voltage on a unity 
power factor load is always along the 


VECTOR 
DIAGRAM 


OF 
CURRENTS 


POLY PHASE 


SINGLE 
PHASE 
LINES |-2 


SINGLE 


SINGLE 
PHASE 


SINGLE 
Figure 6. Vector 


diagram of currents 

and voltage for vari- 

ous loads on circuit 
of Figure 4 
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3-0 direction, whereas that of reactive 
loads is along the 1-2 direction in 
Figure 4. 


OTHER CIRCUITS 


For 3-phase 3-wire circuits, the same 
arrangement can be used, as the neutral 
current was not involved in the 3-phase 
4-wire delta meter. 

For network service from a 3-phase 4- 
wire Y circuit, the diagram in Figure 7 
applies. 

For 3-phase 4-wire Y service, the circuit 
shown in Figure 8 may be used. In this 
case a 3-wire transformer, with polarity as 
shown, is used to achieve the required 
shift. 

The use of transformers permits the 
circuits to be modified. The circuits 
actually used in the various services are 
shown in Figures 9 to 12. The derivation 
of these circuits is given in Appendix I. 


APPLICATION OF SYMMETRICAL 
COMPONENT THEORY 


As stated before, it is assumed that the 
voltage is balanced. This is an assump- 
tion that is common to several forms of 
kilovolt-ampere metering. For example, 
a true kilovolt-ampere meter measures the 
vector sum of the kilowatt and kilovar 
registrations. The kilovar meter usually 
employs phase shifting transformers to 
obtain potentials of the desired magnitude 


NUMERICAL 
ILLUSTRATIONS 
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Figure 7. Polyphase ammeter circuit without 
transformers for network service 


and phase. Whenever phase shifting 
transformers are used, balanced voltages 
are assumed, and errors result from un- 
balanced voltages. 

A common form of phase shifting trans- 
former, for example, used on 3-phase 4- 
wire Y circuits, is shown in Figure 13. 
Ep, is the voltage which should be equal 
to H4y and should lag it by 90 degrees. 
The error is actually twice the negative 
sequence voltage plus the zero sequence 
voltage. (See Appendix II.) Similarly 
for 3-phase 3-wire circuits, the error is 
twice the negative sequence voltage. 

As the meters described measure the 
positive sequence current, only the posi- 
tive sequence volt-amperes are measured. 
The error due to unbalance is, therefore, 
equal to the negative sequence (and 
sometimes the zero sequence) volt-am- 
peres. The unbalance error, therefore, is 
much less than that of conventional var- 
hour meters. The error in measuring 
kilovolt-ampere by this method is thus 
dependent almost completely on the 
relative magnitudes of the assumed and 
actual voltages at the time of maximum 
demand. 


Meter Construction 


The foregoing circuits and vector dia- 
grams illustrate the principles involved 
in metering various circuits. Various 
modifications are possible and desirable 
in designing the meters. All the circuits 
in Figures 4, 7, and 8 show the resistors 
and mutual inductances at line potential. 

It is desirable and convenient, how- 
ever, to use current transformers. Other- 
wise, when the value of current is large, 
the components and their assembly be- 
come difficult to handle and control be- 
cause of the heavy cable size. Also, ina 
thermal meter, if large conductors are 
connected to the heaters, the heat in the 
heaters is drawn away by conduction 
through the cables. This decreases the 
efficiency with a correspondingly greater 
watt loss required for full scale deflection. 
It will be seen that the resistor R, Figure 
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6, is connected to heater Ry. As will be 
shown later, the current in the resistor is 
not the same for equal loads in different 
phases. This is illustrated by Figure 14. 
If the heater and resistor are connected by 
heavy cable, the heat in the resistor will 
affect that in the heater because of the ex- 
cellent conduction between them. If 
current transformers are used, this tend- 
ency can be made insignificant, 

The use of the current transformers also 
makes possible variations of the basic 
circuit as shown in Appendix I. 

Figure 15 shows the meter used for 3- 
phase 3-wire service. The size of the 
meter is the same as that of 3-element 
watt-hour meter. The terminal block and 
trim are the same as the 2-element meter 
for the same service. All watt-hour meter 
parts are essentially the same as those of 
the corresponding watt-hour meter. 

To obtain balance between the phases, 
either the mutual inductance or the re- 
sistance must be adjustable. In the 
meter shown, the iron-cored mutual in- 
ductance is adjustable by means of a 
sliding keeper shunting its air gap. When 
the meter is calibrated for proper balance, 
the simplest way is to check the voltage 
across a heater by means of a vacuum 
tube voltmeter while single-phase current 
is passed through successive phases. 

Another advantage of using current 
transformers is that the components— 
heaters, resistors, and mutual induct- 
ances—for the several circuits can be 
standardized easily. Also various full- 
scale capacities are possible by changing 
current transformer ratios without chang- 
ing the circuit components or the method 
of assembling them. 


The scale of the meter has a basically 


squared distribution, as do those of other 
thermal ammeters. It can be calibrated 
in amperes, or for a given voltage, in 
kilovolt-amperes. ; 


Design Considerations 


The optimum value of the heater re- 
sistance can be determined as outlined in 
Appendix III. 

The curves shown in Figure 14 show 


Figure 8. Polyphase ammeter circuit with one 
transformer for 3-phase 4-wire Y service 
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Figure 9. Polyphase ammeter circuit with 
transformers for 3-phase 4-wire Y service 


the variation in the heater and resistor 
watt loss with variable x. It will be seen 
that the value of the heater resistance 
need not be held within close limits in 
order to keep the deflection within the 
calibrating range of the meter. This is in 
contrast to the usual thermal ammeter in 
which deflection is proportional to heater 
resistance. From the curves it is evident 
that the meter is not sensitive to heater 
resistance. 

Actually, ambient temperature con- 
siderations make it desirable to use a 
heater resistance somewhat below the 
optimum value. The mutual inductance 
does not vary with the temperature, so the 
resistor and the heater likewise should 
have zero temperature coefficient. An 
unheated bimetal spring opposes the 
heated spring, thus canceling most of the 
ambient temperature errors in the springs. 
However, there still remains a tendency 
for the deflection to fall off with increasing 
temperature. It is therefore desirable to 
use heater material with a slightly posi- 
tive temperature coefficient and to keep 
the heater resistance below the optimum 
value, Then, as the temperature rises, 
the heater resistance increases slightly, 
which in turn increases the deflection. 
Conversely, if the bimetal deflection 
characteristics were positive, the heater 
resistance should be kept above the 
optimum value. 

When transformers are used, they may 
employ different ratios in the different 
phases. For the circuit shown in Figure 
12, assume the transformer ratiofor phases 
1 and 2 is N,, and the ratio for phase 3 is 
No. Then 


Also the optimum value of heater resist- 
ance becomes 


is (Mi)? 
yma 3 ait! 


While the efficiency may be decreased, if 
N,/N2A1, there may be compensating 
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advantages in the standardization of 


components and ease of manufacturing - 


them. 

A study of Figure 14, which applies to 
the 3-phase 4-wire delta circuit of Figures 
4 and 12, discloses interesting informa- 
tion. The heat in the resistor at balanced 
load is a minimum when R,/wM=2. 
This is to be expected, as the heat 
in the heater is a maximum at this 
point. It is important, also to note 
that the heat in the resistor on full-scale 
balanced load is much less than the heat 
in the resistor at one-third scale for any 
possible single-phase load. The reason is 
that the current circulated in the heater 
circuit almost completely cancels the 
current which would flow in the resistor if 
the heater circuit were opened. Also, the 
single-phase load which causes the great- 
est resistor loss is a load across lines 1 and 
3 which, normally, is not an operating 
condition. Near R,/wil=2 the heat in 
the resistor is almost the same for a load 
across lines 1-2 as across 2-3. Single- 


phase loads across lines 1-2 or 1-0 and © 


2-0 are normal operating conditions. 

Similar curves can be drawn for other 
circuits. In each case, it is usually best 
to design for the minimum loss in the re- 
sistor on balanced load. 

As might be suspected, there are 
numerous circuits which may be used to 
perform the desired phase shifts on a 
polyphase circuit. For example, a 
simple interchange of the function of re- 
sistance and reactance (multiplying the 
equations by —J), gives circuits which are 
entirely practical: One criterion of the 
relative excellence of different circuits is 
heat loss in the resistor.” On a thermal 
meter the total heat generated must be 
limited in order to prevent excessive tem- 
perature rise, or to permit operation over 
wide ambient temperature ranges. One 
method of controlling this factor is to 
select the most efficient circuit. Another 
factor of practical importance is the size 
of the resistor required, which varies 
directly with the watt loss. The relative 


N 


aio 


Figure 10. Polyphase ammeter circuit with 
transformers for network service 
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heat in the heater and resistor is, there- 
fore, an important design consideration. 


Testing 


The polyphase thermal ampere-demand 
meter is tested like other thermal meters, 
with two exceptions: 

1. Balance between phases is adjusted most 


conveniently by checking the voltage across 
a heater with a. vacuum tube voltmeter 


Polyphase ammeter circuit with 


Figure 11. 
transformers for 3-phase 3-wire service 


when a single-phase load is applied. On the 
meters described, current in phase 1 feeds 
only the mutual inductance which is adjust- 
able. The other phases are affected only 
slightly by the adjustment. 


2. Full-scale calibration should be set on a 
balanced polyphase load. A single-phase 
current can be passed through each phase of 
the meter in series, direct or reversed, but 
this is not an operating condition, and full- 
scale current will not produce full-scale de- 
flection. The use of single-phase current is, 
therefore, undesirable for calibration. 


After a standard has been established 
it is no longer necessary to control the 
magnitude and balance of the current 
exactly, as test meters can be calibrated 
to read the same as the standard. 


« 


Application 


One feature of any squared scale in- 
strument which must be recognized is 
that half of full-scale current corresponds 
to only one-fourth scale deflection, and so 
forth. In the case of a 45-ampere full- 
scale meter, the lowest current marked on 
the dial is 10 amperes. Also, any error 
which is independent of deflection causes 
a relatively high percentage error in terms 
of the full-scale current at low points on 
the scale, and small percentage errors at 
high scale values. An error which at a 
15-ampere load would represent a 1- 
ampere error on the scale would represent 
only a 0.3-ampere error at a 45-ampere 
load, as the linear distance between suc- 
cessive ampere points is three times as 
great at 45 amperes as at 15 amperes. 
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Conclusion 


The meter described in this paper 
should be useful to those who are search- 
ing for more economical means of meter- 
ing kilovolt-ampere demand on loads 
which, heretofore, have been too small to 
justify that type of metering. The use 
of an assumed voltage perhaps will be 
looked upon with disfavor in certain 
quarters. However, it is almost certain 
that the possibility of measuring kilovolt- 
amperes to a good approximation at rela- 
tively low cost will more than offset any 
disadvantages of this type of meter. 


Appendix | 


On a 3-phase 4-wire Y circuit (Figure 9), 
the currents J, and J; must be shifted by 
120 degrees and 240 degrees, respectively, 
with reference to /,. If J; is assumed to feed 
a mutual reactance, it can be seen that the 
required voltage would be 


3 1 3 
am jo +14 a3 


(48) 


When J; is added to and subtracted from 
the quantity in brackets 


vs 


1 
E=—joM| 1,4+1{ =+j-— 
Je E (S+i% 


= ~ioo| (-19 + 
Ig—Isz 
(4 Jariva | 


=o n-mjo+( =) x 


(\/3wM —joM) 


Figure 12. Polyphase ammeter circuit with 
transformers for 3-phase 4-wire delta service 


Figure 13. Sche- 
matic diagram of 
phase shifting trans- 
former for 3-phase 
A-wire Y service 
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Figure 14. Heat in heater and resistor on 
various loads for meter of Figure 4 for different 
ratios of heater resistance to mutual resistance 


Heat generated in resistor for load 
giving one-third’ scale deflection on 
phase indicated 

meen Heat generated in resistor for full- 
scale balanced load 

- — --— Heat generated in heater for one- 
third scale deflection 

—-—- Heat generated in heater for full-scale 

deflection 


Replacing ./3wM by R yields 
Ip—T. 
f= a nyjout (BE lero 


This can be measured by the circuit shown 
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in Figure 9. The turn ratio (primary/- 
secondary) of the transformer in lines 2 
and 3 is half that of the transformer in 
lines 1 and 2. 

On 3-wire network service, a similar cir- 
cuit is shown in Figure 10. The voltage E 
for this circuit is 


if 
E=], joM (R+joM) 


where 


R=1/30M 


or 


fev 
z= joa 1 eas a )| 


On a 3-phase 3-wire service, the same cir- 
cuit can be used as for the network service, 
except that the connections of the trans- 
former in line 3 must be reversed from those 
of the transformer in line 2 of Figure 10 be- 
cause of the different phase relation of the 


voltages. : ; 
The connections are shown in Figure 11 


where 
‘ Ts : 
E=ljoM+, (R+joM) 


where 


R=V/30M 


Figure 15. A poly- 
_ phase thermal am- 
pere-demand watt- 
hour meter with kilo- 
volt-ampere scale 
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Appendix Il 


See Figure 13. For phase A: 


Voltage required =jEy 4 


Voltage obtained = ve (Eyc— Ens) 


/3 : 
Error = = (Eyo— Ens) —jEna 


V/3 3) 3 
roe By a 


3 3 
/3 V/3 3 
ae ie = ea yB2 eave 


—jEya—jEna2—jEn ao 


The sum of the positive (subscript 1) se- 
quence terms=O (first column) 

The sum of the negative (subscript 2) 
sequence terms=—2jEy,42 (second 
column) 

The sum of the zero (subscript 0) sequence 
terms = —JEyao (third column) 


Total error for measurement is therefore 
—2Xnegative sequence power—zero se- 
quence power, as all phases are analyzed the 
same way. 


Appendix Ill 


For the 3-phase 4-wire delta circuit: 


E =joMl, —joMh+ RI; 
R=V/30M 


The heater current, on balanced polyphase 
load 


E 2RI3 


Ing === 


ZN (R+Ry) etl? 


where L is the self-inductance of the second- 
ary winding of the mutual inductance. 


For equal primary and secondary turns 
LM 


20/3I30M 


V (R4+ Ry)? +o?M? 
2n/313 


WV (/3-+x)?-+1 
The watts dissipated in the heater 
12732 Mx 127320 Mx 


W, SS Seo 
HB 42\/Bxt+0?+1 442\/8x+2% 


For a maximum 
OW x 
Ox 
A42y/8x+42 =24/3x+42x? 


=0 


‘Therefore, = tor efficiency 


Ry =20M. 


> 


maximum 
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Discussion 


G. G. Waite (Sangamo Company, Ltd., 
Toronto, Ontario, Canada): In this paper 
the author has called attention to the merits 
of measuring demand in amperes. On 
single-phase circuits this has much to com- 
mend it. On polyphase circuits the wisdom 
is debatable. 

Why shy away from scaling the meter in 
amperes? What is wrong with amperes? 
Almost any customer can comprehend am- 
peres. Is straightforward simplicity con- 
ducive to bad customer relations? 

It would seem also that the author, by 


omitting reference to the V/V. I? type of poly- 
phase demand ammeter, sacrificed unneces- 
sarily the value of his paper. This type of 
ammeter recognizes unbalance, and for this 
reason is used in several parts of the world. 

The author stresses the economy of his 
“‘kilovolt-ampere’’ ampere-demand meter. 
In fairness it should be pointed out that the 


VJ >I? ampere-demand meter is much simpler 
to build and calibrate. s 


Wm. C. Downing, Jr. (Sangamo Electric 
Company, Springfield, Ill.): For the meas- 
urement of kilovolt-amperes in single-phase 
circuits, the use of the thermal demand 
ammeter, scaled in kilovolt-amperes at a 
nominal voltage, offers a means of meas- 
urement, or approximation, at much lower 
cost than any device which actually involves 
the measured voltage. This is due not only 
to the inherent simplicity of the thermal 
ampere demand meter but, in part at least, 
to the difficulty involved in measurement of 
true kilovolt-amperes in single-phase cir- 
cuits. Though a thermal kilovolt-ampere 
demand meter operating upon the displaced 
voltage principle can be, and is, made to 
operate on single-phase, to the writer’s 
knowledge, it is not made except for a 
single power factor condition; as such a 
meter does not have the flexibility afforded 
by the various power factor taps of the cor- 
responding polyphase meter, its use for the 
measurement of single-phase kilovolt-am- 
peres, as such, definitely is restricted. This 
leaves a considerable gap between the 
thermal ampere demand meter, scaled for 
an assumed voltage, and meters which com- 
bine power and reactive power to introduce 
the factor of measured voltage in the meas- 
urement of single-phase kilovolt-amperes. 

In polyphase circuits, however, this situa- 
tion is altered by the availability of the 
displaced voltage type of thermal-kilovolt- 
ampere demand meter, and it may be ques- 
tioned, therefore, whether ampere demand, 
as represented by this very ingenious poly- 
phase meter described by Petzinger, of- 
fers appreciable savings in comparison to 
existing types. 

A comparison of the displaced voltage 
type of thermal kilovolt-ampere demand 
meter, in which the potential transformers 
serve also for phase shifting, with the poly- 
phase ampere demand meter shows, on the 
basis of components: two potential and two 
current transformers and a tap changing de- 
vice for the kilovolt-ampere meter; two 
current transformers, one resistor, and an 
adjustable mutual inductance for the am- 
pere demand meter. This assumes that 
substantially the same thermal element is 
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involved in either design; actually, they 
will differ in detail, as both bimetallic coils 
must be heated in the former type, whereas 
only the driving coil is heated in the latter. 
On the other hand, the problem of thermal 
lagging, to meet the time interval as defined 
for thermal demand meters, becomes more 
difficult for ampere demand, as, due to its 
inherent square scale characteristic, an am- 
pere demand meter shows less than three 
fourths of the time interval obtained from 
a watt demand meter of similar construc- 
tion. It would be of interest to know, 
therefore, whether this ampere demand 
meter can be provided in both 15- and 30- 
minute intervals, as is the displaced voltage 
type of instrument. 

On the basis of testing, the problem is 
essentially the same: a complete test means 
a polyphase test. If, in the manufacture of 
the displaced voltage type meter, the po- 
tential tranformers are tested on polyphase, 
or by an equivalent single-phase test, then 
subsequent calibrative testing or checking 
may be made on single-phase by testing as a 
watt-demand meter on the unity power fac- 
tor tap; as the transformers are not sub- 


ject to change, such a single-phase test is 


generally adequate. It seems likely ‘that 
some stich method can be developed for the 
polyphase ampere demand meter, as well, 
to obviate the necessity of polyphase test. 

If, in the matter of accuracy on unbal- 
anced voltages, we accept Petzinger’s con- 
clusions that the error in the kilovolt- 
ampere meter is greater than that of the 
ampere demand meter, still is it not reason- 
able to expect that, where the regulation of 
the supply is such that appreciable voltage 
unbalance may exist, the departure of the 
actual voltage magnitude from that assumed 
may be even more of a factor? 

As is pointed out in this paper, any am- 
pere demand meter has, inherently, a square 
scale, which results in limiting the lower end 
of the scale to perhaps one fourth or one 
fifth of the maximum scale value. In con- 
trast to this, the displaced voltage kilovolt- 
ampere meter has a substantially linear 
scale and provides, therefore, a useful read- 
ing range four to five times as great as that 
of the ampere demand meter with the same 
degree of reading accuracy. This means 
that more different capacities must be 
available in order to cover adequately a wide 
range of loads; that the load must be esti- 
mated with fair accuracy to permit selection 
of the proper capacity meter; and that more 
frequent meter replacement, due to varia- 
tion of maximum demand, must be expected 
with the ampere demand meter than with 
the longer range instrument. . 

Whether these various factors add up to a 
more economical method of measuring 
polypliase kilovolt-ampere demand than 
with the kilovolt-ampere demand meters 
currently available is a question that will be 
decided by time and the requirements of 
the central station industry. In any event, 
however, Petzinger’s paper presents a new 
and stimulating solution to the problem of 
kilovolt-ampere demand measurement; the 
author is to be congratulated upon it. 


A. J. Petzinger: Waite has questioned the 
desirability of measuring ampere demand 
on polyphase circuits. There seems to be 
no fundamental reason why this type of 
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metering should be confined to single-phase 
circuits. . 

As far as scaling the meter in amperes 1s 
concerned, this is quite possible and, in one 
respect at least, is desirable. That is, if 
the meters are scaled in amperes, they may 
be used on a given circuit regardless of 
whether the nominal voltage is 115 or 120 
volts. On the other hand, present practice, 
in the United States at least, makes kilovolt- 
ampere-demand a familiar billing term, 
whereas, ampere demand is not used so 
widely. Also, kilovolt-ampere marking is 
preferable in another respect; namely it is 
more universal. A demand of a given 
number of amperes represents one quantity 
on a 120-volt 2-wire circuit, another on a 
240-volt 3-wire single-phase circuit, and 
still another on a 240-volt polyphase 3-wire 
circuit. When a kilovolt-ampere scale is 
used, a given number of kilovolt-amperes 
represents just that, regardless of type of 
circuit or voltage. 

The operation of the meter described is 
based on the kilovolt-amperes concept inso- 
far as a given kilovolt-amperes load will 
produce the same deflection regardless of 
the current which produced it. For that 
matter the common single-phase thermal 
ammeter does likewise. A 10-ampere line 
to line load indicates 10 amperes on an am- 
pere scale, whereas a 10-ampere line to 
neutral load indicates 5 amperes. As the 
actual currents are not being indicated any- 
way, and as the ampere reading really re- 
quires definition, it seems simpler and more 
direct to use the kilovolt-ampere scale. 
This, however, is an open question, and the 
ultimate answer probably will be based on 
the relative merits in practical application. 


Waite suggests the use of a a/ =I? me- 
ter and states that this type of meter 
“recognizes” unbalance. The recognition, 
however, is of very dubious value. The 
meter described in this paper recognizes 
unbalance in the sense that the same kilo- 
volt-amperes load gives the same deflection, 
regardless of which phase or phases are 
loaded. The recognition advocated by Mr. 
Waite merely consists of ignoring this prin- 
ciple and assuming that the arbitrary in- 
creased reading on an unbalanced load isa 
proper penalty for unbalance. This idea 
contains the following two questionable as- 
sumptions: 


1. That unbalanced load should be penalized. 


2. That the size of the penalty should be in 
cordance with the reading of a / zl? meter. 


As to the first, it is not clear why unbal- 
anced loads should be considered so objec 
tionable on polyphase circuits but not on 
single-phase circuits. In fact, the 3-phase 
4-wire delta circuit and the 3-wire network 
circuit basically are provided for unbal- 
anced loads. It seems contradictory to 
provide a circuit for combined lighting and 
power and then to penalize a customer for 
using the facilities provided. 

Waite has not made clear just how 
such a meter would be used on these non- 
symmetric services. On a 3-phase 4-wire 
delta circuit, for example, the use of equal 
heaters in each line would encourage loading 
across 208 volts, as it would cost no more 
than 120 volts. If the resistance of the 
heater in this phase were made proportion- 
ally larger, it is evident that a single-phase 
line-to-line load would give different read- 
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ings, depending on which phase was loaded. 

If it were granted that unbalance should 
be penalized, the second assumption—that 
the size of the penalty should be in accord- 
ance, with the reading of a / z/? meter— 
seems to have no basis ether than con- 
venience. It would seem to be a remarkable 
coincidence, if the meter’s reading should 
provide exactly the desired penalty under 
all unbalance conditions. 

A comparison of the cost of the poly- 
phase ammeter type of kilovolt-amperes 
meter versus the displaced-voltage type 
shows, as Downing points out, and as 
the paper also indicates, that the former 
requires a mutual reactor and a resistor, 
while the latter requires two combined 
potential and phase shifting transformers 
and a tap changing device. Both require 
current transformers. However, this enu- 
meration of components does not make ap- 
parent the difference in cost or size of these 
components. The thermal ammeter has a 
pronounced advantage in both respects. 
In a combination watt-hour and thermal 
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-kilovolt-ampere demand meter, 


particu- 
larly, space is important. 

Downing calls attention to the basic 
difference in time interval of an ammeter 
from a wattmeter of a given construction. 
It is possible that development of a .30- 
minute interval device, if required, may be 
somewhat more difficult than that of the 
corresponding wattmeter, but this should 
not prove at all insurmountable. 

As far as the effect of voltage is con- 
cerned, the paper merely attempted to show 
that voltage magnitude was the only factor 
of any consequence. It should be kept in 
mind that electricity is distributed on a 
constant voltage basis and not on a constant 
power factor basis, A displaced voltage 
meter, therefore, requires a certain amount 
of checking to determine the proper tap 
setting and assumes that the power factor 
will be reasonably close to the setting. 

The paper also called attention to the 
scale limitations mentioned by Downing. 
Assuming, as did Downing, that the 
lower end of the scale would be limited to 
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one fourth of full scale, it is difficult to ac- 
cept his conclusion that the useful range of a 
linear scale meter would be four times as 
great. For example, if the full-scale value 
of an ammeter were 30 amperes, the lowest 
reading permissible, on this basis assumed, 
would be 7!/, amperes. A linear scale meter, 
on the equivalent basis, could be read to 2 
amperes. The useful range of the ammeter, 
therefore, would be 221/, amperes, whereas 
that of the displaced voltage meter would be 
28 amperes. The range of the ammeter is, 
therefore, 80 per cent, of that of a linear 
scale meter. It is doubtful that this would 
affect the number of capacities required, the 
estimation of loads, or the frequency of 
meter replacements to any considerable 
extent. 

The discussions should be of value in 
clarifying the field of application for the 
polyphase thermal ammeter. The ultimate 
decision, of course, will rest with the users, 
and this meter has been described as a new 
alternative which undoubtedly will find con- 
siderable application. 
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Electrical Characteristics of the Junction 
in a Simplified Selenium Rectifier Cell 


STEPHEN JAMES ANGELLO 


ASSOCIATE AIEE 


‘Synopsis: The selenium-cadmium contact 
is a simplified version of the commercial 
selenium rectifier and is studied with the 
purpose of understanding the physics of 
contact resistance asymmetry. A theory 
by W. Schottky, which predicts the contact 
resistance at zero voltage and the course of 
this resistance with d-c reverse bias, is not 
adequate to account for the experimental 
data. An attempt is made to extend the 
theory by assuming a fraction of the bromine 
ions in the selenium to be free. Agreement 
with experiment is obtained for low voltages 
at a high temperature, but for high voltages 
at all the temperatures employed there is 
marked disagreement. = The theory de- 
veloped is sufficiently general to conclude 
that the contacts studied have either a 
polarizable layer less than 10~° centimeter 
thick between the cadmium and selenium, 
or there is a mechanism of deactivation of 
bromine ions at higher voltages. The 
experiments do not distinguish between 
the alternatives. 


HE PURPOSE 
twofold. 


of this paper is 


1. To present data on the capacitance 
and resistance of a  selenium-cadmium 
contact which can be compared with the 
theoretical predictions made by W. 
Schottky.! 


2. To extend Schottky’s theory in an 
attempt to obtain quantitative agreement 
between the theory and experimental data. 


Metallic selenium containing 0.01 per 
cent by weight of bromine is a semi- 
conductor? with a conductivity of ap- 
proximately 4 10~? mho per centimeter 
at 25 degrees centigrade. A pure 
cadmium electrode sprayed on the se- 
lenium results in a contact which has a 
resistance of about 4104 ohms for one 
square centimeter at zero volts. The 
contact resistance is dependent on the 
voltage applied to the contact and 
exhibits a remarkable asymmetic varia- 
tion of values depending on the sense 
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of voltage. Details of the preparation 
of samples for this work are given in 
Appendix I. 

The simple selenium-cadmium contact 
should fulfill the conditions on which 
Schottky’s theory is based, but the 
experimental data are in serious disagree- 
ment with predicted results. 


Theory 


DIFFERENTIAL RESISTANCE 

Schottky! has shown that the relation 
between the current 7 through a selenium- 
cadmium contact and the voltage U 
applied is 


af 1—exp(— U/B) 

PS FRET Toxp— (U4 Vo)/BI i” 
where 

TR=NREeD 


np=electron density in the selenium at the 
metal junction 

e=electronic charge 

b=electron mobility (average velocity per 
unit field strength) 

B=kT/e 

k=Boltzmann’s constant 

T =absolute temperature 

Vp=—B In(nq/np) 

ny=electron density in the selenium far 
from the contact 

Ep=the electric field strength at the 
junction 


In this paper interest is centered on the 
high resistance direction for which U= 


+U,. The constant Vp is known to be 
much greater than B. Hence 
in =o pER|1—exp(— Up/B)| (2) 

An important concept is the differential 
resistance R defined by 

dU 

aes 3) 

“5 di |i ; ( 
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For the special case of low voltage 
(U;,<B), equation 2 can be written 


in = opER(Un/B) (4) 


and an application of equation 3 yields 
the resistance at zero volts 


2 & dU 
eo =B/orEp (5) 
di|;=0 
Applying equation 3 to equation 2 
permits evaluation of the differential 
resistance at any voltage in the high re- 
sistance direction. The result is 


_2VpRo _+Un/ Vo)" 
B {1+exp(—Up/B)X 
[((2Vp/B) (1+ Un/ Vo) — 1]} 


(6) 
The differential resistance can be 


measured directly with the a-c bridge 
described in Appendix IT. 


FIELD STRENGTH Ep 


Contemporary theoretical discussions 
of the selenium-cadmium contact agree 
that the cadmium metal causes an elec- 
tron redistribution in the selenium at 
the boundary which results in a thin 
layer of negative space charge in the 
selenium. This charge may be associated 
with ionized bromine which purposely 
was added to the selenium to modify 
the electrical properties. Schottky as- 
sumes that the bromine ions are dis- 
tributed uniformly and fixed in position. 
As there is a space charge density p(x) 
in the boundary layer, the electric field 
E(x) is given by the Poisson relation 


dE(x) 


= — (4a/x)p(x) (7) 
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where x is the dielectric constant of 
selenium. The development is confined 
to the case in which p(x)=eNp, where 
Np is the bromine ion density and is 
constant through the selenium. 

It is convenient to introduce the po- 
tential V(x) defined in the usual way so 
that 


d*V(x) 
dx? 


= (41/x)eNp (8) 


Multiplying both sides of equation 8 by 
dV/dx gives 


(ie Kies )-alale) 


: dV 
=(4r/x)eNp — (9) 
dx 
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Figure 1 (left). Experimental data compared with data com- 
puted from Schottky’s formula, equation 6 


Figure 2 (above). Selenium-cadmium contact capacity varia- 
tion with reverse voltage 


Selenium-cadmium contact F626 


Both sides of equation 9 can be integrated 
to obtain 
dV\? 

(<) = (82/x)eNp V+constant (10) 

At a distance from the contact where 
the cadmium does not affect the electron 
distribution in the selenium, V(x) and 
dV(x)/dx are zero. Hence the constant 


is zero. Finally, 
dV 1 < 
ae = [(81/K)eNp(Vo+ Up) 1 (11) 
oO A 


Using equation 11, the null resistance 
of equation 5 becomes 


Ro 


~  p(8reNp/n)'/? Vp? (12) 
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If the quantities Np and Vp can be 
found, enough data is available to com- 
pute Ry). The theory underlying the 
determination of these quantities is 
described in the next section on capacity. 


CAPACITY 


The boundary layer of a cadmium- 
selenium contact behaves as a parallel 
resistance and capacitor to the alternating 
voltage employed in the bridge. The 
capacitance of the contact is given by 


C=K/4rl, (13) 


Where /, is the thickness of the boundary 
layer, that is, the region influenced by 
the cadmium. Using the Poisson equation 
7 and mathematical manipulation given 
in Appendix III, the following important 
result is obtained: 


day) Br 1 


14) _ 
dU xe Np ( ) 
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ae COMPUTED FROM 
Va =. BF [ExP(v)/B)]|! * Uh /Yo) 
FOR 26.4°C 
Va NEEDED IN RESISTANCE FORMULA 


TO MATCH EXPERIMENTAL CURVE 


1.0 0.5 
VOLTS D-C REVERSE BIAS 


(A) 


- 


Equation 14 discloses that a plot of the 
reciprocal of capacitance squared as a 
function of voltage applied to the contact 
should be a straight line in this case. 
The quantity Np can be computed from 
the slope. The constant Vp is the inter- 
cept of this line on the voltage axis. 
From equation 1 it can be seen that the 
junction resistance disappears when 
—U=YV>. This implies that the boundary 
layer has disappeared and C is infinite. 
With the a-c bridge described in 
Appendix II, both R and C can be 
measured simultaneously for values of d-c 
bias voltage applied across the contact. 


A New ASSUMPTION FOR 
THE SPACE CHARGE 


In equation 8, Np is assumed to be 
constant. If it be supposed that there 
is a fraction F of the Np bromine ions 
free to move in the electric field E(x), 
there will be a distribution of charge 
density eNp(x) which is dependent on 
the applied voltage and Vp. The condi- 
tion may be expressed mathematically 
as follows: 


p(x) =eNp[1+ Fe(V(x)/B)] * (15) 


where ¢ is any continuous function of 
V(x). With this added term the de- 
termination of Zp may be carried out in 
amore general way. Equation 8 becomes 


ae = (4n/n)eNp[l+Fe(V(x)/B)] (16) 
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which may be solved in the previous 
manner, namely, 


(2) 1fav\ 
dx Jdx? — dx\|.2\ dx 


dV fav att 
terjvens] +H )o | (17) 


Integration yields 


(Z)- 8 N. ly 
je) = Bal eNa, VG)+ 


FB oft At) 7) constant | 
(18) 


Under the same boundary conditions as 
before, the constant is 


~f 4545), 


(19) 
so that 
dV EN ; 
eee 1 (in/)@No] V(x) =e 
dx 
V/B (WV VV 
a v vA gitar 


Finally, at x=0 
8reNp \'/? 


R= 


E Vp+ 


siges V V\ 2 
FB = |d\ — (21 
Poole 


An interesting result of this development 
is that the voltage V(0)=(U,+Vp) 
under the radical is increased by a new 
voltage V, given by 


V(0)/B V V 
rare f (z)45) 


Tf there are no free bromine ions, 
that is, F=0, then equation 21 becomes 
equation 11. 

The result is very general; indeed, 
the term eN,Fe(V/B) need not be 
attributed to free bromine ions, but to 
any kind of polarizable layer at. the 
junction. This topic is more appropriate 
under the discussion of results. If the 
assumption of a fraction of free bromine 


(22) 
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ions is followed, it is shown in Appendix 
IV that 


V_=BFlexp(Vp/B)1¢* 2/"P) (23) 
FINAL EXPRESSION FOR THE 
DIFFERENTIAL RESISTANCE 


Thus far, the theory has not taken into 
account the potential of the image force 
between conduction electrons in the 
selenium and the cadmium metal. N. F. 
Mott? has shown that this may be 
included by multiplying og of equation 12 
with the factor 


ek pt? 
oP a | 


where e is the electronic charge. 

If the possibility of an apparent voltage 
being added to Vp is taken into account, 
the final form for Ro is 


(24) 


Ro= 
B 


3/2 1/2] “ 
rate “sj |(See Np/«)*/( Vot+ Vq)/? 


(25) 


Figure 5 (right). Change 
in slope of the contact 
capacity curve caused 
by the forming process 
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where Ez is given by equation 21 and 
R becomes 
Peeler Va) Ro 


B x 


[1+ Un/(Vo+ Va) 


{ 1+exp(= vy/B)| ee mee tay 


Un, 
(renal 


Experimental Results 


DIFFERENTIAL RESISTANCE 
AND: THE VOLTAGE V, 


The discrepancies which exist between 
measured values of differential resistance 
and theoretical predictions are displayed 
clearly by Figure 1. The measured 
resistance at zero voltage is two orders 
of magnitude higher than that predicted, 
and the course of the resistance with 
increasing reverse voltage is different. 

Figure 2 shows that the linear 1/C” 
versus U law of equation 14 is obeyed up 
to 0.5 volt, after which another straight 
line is followed. One may say that the 
slight change in slope indicates a small 
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gradient of bromine ion density. Com- 
putation yields a value of Np equal to 
1.4810! ions per cubic centimeter. 
This agrees well with 2.47X<10'® found 
by W. E. Blackburn (in his thesis pre- 
sented to the department of Physics, Uni- 


versity of Pittsburgh, entitled “Tem-. 


perature Coefficient of Electrical Resistiv- 
ity for Crystalline Selenium Containing 
Various Percentages of Bromine’) using 
an electron mobility of one centimeter/ 
second/volt/centimeter given by Schot- 
tky.! The bromine ions in the boundary 
layer are all ionized, and Schottky’s the- 
ory should apply to this case. 

The failure of equation 12 to predict 
the resistance at zero voltage indicates 
that conditions exist in the contact which 
have not been considered. The marked 
effect of small amounts of bromine vapor 
on the electrical properties of the contact, 
to be discussed later, lead to the supposi- 
tion that there are some free bromine 
ions in the contact. The consequences 
of this were discussed under ‘“Theory— 
A New Assumption for the Space 
Charge.” An important result is that 
Vp is increased by an apparent voltage 
V, as set forth in equation 25. It is 


not at present possible to compute an 


a priori value for Va using equation 23, 
because the value of F, the fraction of 
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ions free, is not known. However, if it 
be assumed that Ry in equation 25 is 
the measured value, then V, can be 
computed for reverse voltages through 
equation 23. As the form of the function 
gy is not certain, it is best to put the 
measured values of R into equations 25 
and 26 to compute V, as a function of 
reverse voltage. 

Such computations have been made and 
the results for oné sample at three 
different temperatures is shown in Figure 
3. The theoretical expression for V, 
is followed up to about 0.2 volt when the 
contact’ is at 47.1 degrees centigrade. 
A rapid deviation occurs at higher volt- 
ages. At lower temperatures the ex- 
ponential law is only approximately 
obeyed below 0.2 volt. This will be 
treated further under ‘‘Discussion.”’ 

The data used in the computations 
described are plotted in Figure 4. The 
shape of the curves as well as the null 
resistance is temperature dependent. It 
is interesting that the curve for —4.5 
degrees centigrade crosses the room tem- 
perature curve at about two volts. This 
phenomenon is probably caused by the 
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image force potential expressed by the 
Mott factor 24 multiplying o, in equa- 
tion 25, 


EFFECT OF FORMING, HEAT TREATMENT, 
AND BROMINE VAPOR ON THE BROMINE 
Ion Density Np 


Forming is an electrical process whereby 
the reverse current of a rectifier at a 
given reverse voltage is caused to decrease 
permanently. The selenium-cadmium 
contact sample was formed by a 3-step 
process. 

1. Areverse voltage of 13 volts was applied 
which gave 2.5 amperes of reverse current 
initially. 

2. The voltage was advanced uniformly to 
32 volts in about 21/2 hours. ~ 

3. The rectifier was operated for one-half 
hour at 32 volts. After this treatment, 
the current at 13 volts was one-half ampere. 

Figure 5 demonstrates clearly that 
bromine ions are lost to the boundary 
layer because of the forming treatment. 
The configuration of signs in the boundary 
layer when a reverse voltage is applied 
is shown in Figure 6. One would expect 
some movement of bromine ions toward 
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the cadmium. Evidently, some bromine 
escapes through pores in the metal. 

That escape is possible, and the process 
is reversible to some extent, is demon- 
strated strikingly by the following ex- 
periment. An unformed disk was heated 
to 205 degrees centigrade for two hours. 
After capacity measurements, the same 
disk was exposed to vapor from a bottle 
containing bromine. The results are 
illustrated in Figure 7. The selenium 
lost bromine through heat treatment, 
but got back more than the initial amount 
after bromine vapor exposure. 


Discussion 


The forming, heat treating, and bro- 
mine vapor tests show conclusively that 
bromine ion movement plays an im- 
portant role in selenium-cadmium contact 
phenomena. It is not clear whether or 
not free ion movement is sufficient to 
explain all the phenomena. The V, 
curves of Figure 3 show that if the free 
ion hypothesis is correct, then a mecha- 
nism for temporarily removing bromine 
from active participation is necessary. 
For example, bromine ions may coalesce 
into inactive bromine atoms at the 
contact because of the high density, or 
clusters of ions might be formed.‘ If 
further work should show that the hy- 
pothesis is untenable, then the required 
voltage V, could be ascribed to a polariz- 
able layer at the contact. It would be 
of especial interest to try to make a 
rectifier in vacuum taking care to have 
no contamination between the cadmium 
and selenium which would be polarizable. 
In this case the data should agree better 
with the Schottky theory, unless free 
bromine ions have an important effect 
on the contact resistance. 


Appendix |. Preparation of 
Selenium-Cadmium Contact 
Samples 


The semiconducting material is prepared 
from pure double-distilled selenium to 
which is added 0.01 per cent by weight of 
bromine. An 0.002-0.003-inch layer of 
this material is spread on a nickel plated 
iron disk at 350 degrees centigrade and 
rapidly cooled. The disk is 1/32 inch thick 
and 2!/s inches in diameter with a 3/8-inch 
center hole. Pure cadmium metal is 
sprayed over 18.7 square centimeters of 
the surface of the selenium at room tem- 


/ 


perature. The vitreous modification which 
results must be converted to the metallic 
form by annealing below the melting point. 

Upon completion of the disk the junction 
between the selenium and nickel plate is 
of low resistance and nonrectifying, so that 
it need not be considered in this paper. 


Appendix Il. A-C Bridge for 
Contact Resistance and Capacity 
Measurements 


The special form of a-c bridge used for 
the experiments is shown in Figure 8. A 
substitution method is used to obtain 
directly the equivalent parallel resistance 
and capacity of the contact. The 1,000- 
cycle signal generator output is adjusted to 
give 40 millivolts rms across the 0.5-ohm 
resistor. Such a low voltage is necessary 
because the rectifier is a nonlinear element. 
For voltages less than kT /e it will appear 
in the bridge as a linear resistance and 
capacity combination. 

In order to obtain an accurate bridge 
balance, a high gain amplifier is employed. 
An unconventional feature is that a 1,000- 
cycle band pass filter is connected across 
the output to reject noise from the amplifier 
and rectifier. Electrical noise is generated 
by the rectifier when reverse voltage is 
applied. This obscures the bridge null for 
reverse voltages on the rectifier larger than 
five volts and impairs the precision of the 
measurements. 

Provision is made for a constant d-c 
bias voltage on the rectifier without affecting 
the a-c performance of the circuit. 


Appendix Ill. Capacitance and 
Bromine lon Density N, 


Integrating equation 7 across the bound- 
ary layer gives 


Ar iff Uk 
Bay SI p(x)dx (27) 


The boundary layer thickness /; is a func- 
tion of the applied voltage. Hence it is 


convenient to change the variable in equa-’ 


Suppose that the integral 
Then 


tion 27 to J,. 
can be found and is L(x). 


E(x) =(—4/x) [LUx) —L (x) ] (28) 
and differentiation with respect to /, give 


dE(x) 4x dL (kx) 


dly SS eiP Cae 
for a change in E(x) at x. Hence 
ela) (30) 
The change in E(x) at x caused by U is 
dE(x) =dU/i ; (31) 


Using equation 30 one obtains 
dU=(—4r/x)p (ly) Ipdly (32) 


Introducing C for J, through equation 13 
results in 


d(1/C?) 8r 1 


dU Cy 


Appendix IV. Derivation of the 
Formula for V, 


If an ion current 7; exists, it will be given 
by 


—ivm eb] mice) 8 | (34) 
dx 
where 


b; =the mobility of the ions 
n4=density of ions free to move 
E;(x) =the appropriate electric field 


In the case of zero voltage, 7;=0 and 


dn; E;(x) 
bile Pa oF 
ny B 


(35) 


The integral of this is 


mH dn, Nin ) Vi(x) 
amt n{ “= - 36 
f Ny jee B (36) 


where iy is the free ion density far from 
the contact. If the function g of equation 
15 be written as 


' (x) 


—— = y=exp[Vi(x)/B] (37) 
Nin 


utilizing equation 36. Then equation 22 
becomes J 


Va= FBS, (V2 + ©)! YDexp( V4/B)d(Vi/B) 
= FB{exp[(Vp+Un)/B]-1} (38) 


Unity can be neglected against exp(Vp/B) 
which results in ‘ 


V,= FB lexp(Vp/B)]*+ 0%/) (39) 


References 


1. A SrweLirreD AND EXTENDED THEORY OF THE 
Bounpary LAyeR Recririer, W. Schottky. 
Zeitschrift fuer Physik (Berlin, Germany), volume 
118, 1942, pages 539-92. 


2. Mopern THEoRY oF Sorips (book), F. Seitz. 
McGraw-Hill Book Company, New York, N. Y., 
1940, pages 62-72. 


3. Tue THEORY OF CRYSTAL RECTIFIERS, Ne oF. 
Mott. Proceedings, Royal Society of London 
(London, England), series A, volume 171, 1939, 
page 34. 


4. Tue EvecrricaL Conpucriviry OF ZINC 
Oxme, P. H. Miller. Physical Review, American 
Institute of Physics (New York. N. Y.). volume 60, 
1941, page 894. Z 


we Se eee 


LSO 


No Discussion 


Angello—Selenium Cell 


ATEE TRANSACTIONS» 


Automatically Controlled Copper-Oxide 
Rectifiers for Electroplating and 


. Anodizing Applications 


JOSEPH J. BUCKLEY 


ASSOCIATE AIEE 


N large electroplating or anodizing in- 
stallations where the tank current is 
of the order of thousands of amperes, con- 
sideration should be given to a d-c power 
supply which is completely automatic in 
its dperation. By eliminating the human 
element, rejects are reduced to a mini- 
mum; this in itself frequently justifies 
the higher initial investment. Moreover, 
a more uniform quality of work is pro- 
duced. This paper describes the copper- 
oxide rectifiers used in applications of this 
type and several of the more common cir- 
cuits whereby the d-c output is con- 
trolled. . 


Components 


The essential components of an auto- 
matically controlled installation are 


1. One or more copper-oxide rectifier 
units. 


2. An induction type control. 
8. An a-c contactor. 


4. An operator’s control box. 


The first two items will be treated in detail 
in subsequent paragraphs following a 
brief résume of rectifier fundamentals. 


Copper-Oxide Rectifier 


A fan-cooled basic 3-phase bridge, con- 
sisting of six copper-oxide cells, has an 
almost universally accepted rating of 6 
volts direct current. This provides an 
ample margin of safety between the in- 
verse voltage impressed across the cell 
when not conducting and the breakdown 
voltage. By a coincidence, this rating 
ties in very well with the majority of still 
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tank plating applications, copper, nickel, 
tin, cadmium, zinc, and so forth, which 
require a voltage generally between three 
and six volts. 

A sufficient number of cells may be con- 
nected in parallel to obtain the desired 
current rating. A series connection also 
may be used if higher voltages are re- 
quired; for example, two cells in series 
are used for barrel plating or electrolytic 
cleaning at 12 volts. 

Figure 1 illustrates a stack consisting 
of 26 copper-oxide cells, 48/3 by 5 inches 
in size, strung on an insulated bolt and 
connected in parallel. For simplicity the 
end brackets are live; thus the stack is 
connected up at the same time that it is 
mounted. Six of these stacks comprising 
a 3-phase bridge, have a fan-cooled rating 
of 6 volts, 500 amperes maximum. A 
stack with 4 cells in series and 7 in parallel 
which is used for anodizing applications at 
24 volts (also 40 volts by connecting 2 
in series) is shown in Figure 2. 


Rectifier Unit 


The rectifier unit is a simple assembly 
of stacks, rectifier transformer, ventilating 
fan, and air switch. The most popular 
model for automatically controlled power 
supplies is shown in Figure 3. It occupies 
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less than seven square feet of floor space, 
stands five feet four inches high, and 
weighs about 1,100 pounds. . A special 
foundation for supporting and anchoring 
the unit is not required. With the excep- 
tion of the fan, there are no moving parts 
such as bearings, brushes, or commutator, 
so that maintenance is reduced to a mint- 
mum. As the air enters at the bottom 
and is discharged at the top, the two 
banks of stacks are located in the lower 
part of the unit in order that the operat- 
ing temperature of the copper-oxide cells 
will be only 2 to 6- degrees centigrade 
above the room temperature. Each bank 
is a complete 3-phase bridge, consisting 
of 12 stacks similar to those shown in 
Figures 1 and 2. The rating of each bank 
is 6 kw direct current. Because the 2 
banks can be connected in series or in 
parallel externally, the unit has a dual 
output rating such as 6 volts, 2,000 am- 
peres and 12 volts, 1,000 amperes. Above 
the stacks is a 20-kva 3-phase trans- 
former with 2 secondary windings, each 
feeding a-c power to a bank. If the fan 
fails, the air switch will drop down, open- 
ing the interlock circuit and disconnecting 
all units of the installation from the 3- 
phase a-c supply. 

The variation in direct voltage with 
load current for this unit with a fixed 
alternating voltage and a load of varying 
resistance is given at the top of Figure 4. 
This is an average curve for a new unit. 
Some units will have a regulation as low 
as 20 per cent and others after aging mav 
run as high as 38 per cent. Ifa particular 
unit is set for 6 volts with a full tank load 
and the operator starts removing work, 
the voltage will rise and, if there is noover- 
voltage relay for protection, the voltage 
may be as high as 7.5 at light load. This 
is a very undesirable condition both from 
the standpoint of the rectifier which has 
a high inverse voltage impressed across 
the cells, and the electroplated coating 
which may be burned or blistered because 
of the excessive current density. Some 
method of reducing the alternating volt- 
age, either manually or automatically, as 
the load is decreased must be employed. 
A suitable circuit has been developed 
whereby a special type of motor driven 
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Figure 1. Plating stack consisting of 26 cop- 
per-oxide cells in parallel 


Figure 2. Anodizing stack consisting of 4 
copper-oxide cells in series, 7 in parallel 


TRANSFORMER 


__UPPER BANK 
OF (2 STACKS. 


__ LOWER SANK 
OF 12 STACKS 


Figure 3. Front view of 12-kw copper-oxide 
rectifier unit with front panels removed 


induction voltage regulator, called an in- 
duction type control, automatically main- 
tains a constant direct voltage within 
limits of 21/2 per cent or better. A number 
of installations of this type are now in 
service and operating very successfully. 
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Induction Type Control 


Induction type controls have been used 
in conjunction with copper-oxide rectifiers 
for installations varying from 6 to 210 
kw capacity. The size of the control 
varies depending on the d-c power and 
also the output range that is maintained; 
for example, a control which maintains 
the voltage between four and six volts is 
relatively small whereas one which holds 
the voltage anywhere between one and 
six volts is nearly twice as large. Figure 5 
shows a typical one which controls three 
12-kw rectifier units. The essential com- 
ponents of the control are the series wind- 
ings which are connected in series with 
the control output, and the shunt wind- 
ings which are connected in Y across the 
3-phase a-c supply lines. The voltage 
induced in each series winding is constant 
in magnitude but varies in its phase rela- 
tion with the corresponding supply volt- 
age as the position of the rotor with re- 
spect to the stator is changed. The out- 
put voltage of the control is the vector 
sum of the supply voltage and the series 
winding voltage. As the vector position 
of the series winding voltage is varied 
from being in phase to 180 degrees out of 
phase with the supply voltage by means 
of the operating motor, the output volt- 
age is decreased continuously from maxi- 
mum to minimum. 

The brain of this type of d-c power sup- 
ply is the contact-making instrument 
which is mounted on the panel inside of 
the control. This consists of a solenoid 
having an iron core suspended from a 
spring, and a pivoted beam incorporating 
a set of single-pole double-throw contacts 
which is caused to rotate by the up and 
down motion of the core. A direct or 
alternating voltage applied to the solenoid 
causes an upward electromagnetic pull 
to be exerted on the core. Hence, with 
normal current through the solenoid, 
the spring force plus the electromagnetic 
force just balance the weight of the core, 
and the beam is horizontal. If the sole- 
noid current deviates from its normal 
value, either the left or the right hand 
beam contacts will close, and the operat- 
ing motor will turn the rotor just enough 
to correct the situation. Basically then, 
the contact-making instrument main- 
tains a constant solenoid current. 


Control Circuits 


By using a solenoid whose voltage drop 
with normal current through it is slightly 
less than the minimum rated voltage of ad-c 


power supply under consideration, andcon-. 


necting inseries with it a variableresistance 
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whose maximum value is such that the 
voltage drop across it with normal sole- 
noid current flowing is slightly more than 
the difference between the maximum and 
minimum rated direct voltages, a constant 
voltage circuit is created which is com- 
pletely independent of load resistance 
variations or line voltage fluctuations. 
Figure 6 illustrates the principle of opera- 
tion of the essential elements of such a 
circuit. For simplicity a single-phase a-c 
supply is shown and a single-phase bridge 
rectifier. The motor control relay is 
added to reduce the current burden of the 
voltmeter contacts so that the life will be 
increased greatly. The coils of this relay 
are energized by the beam contacts and 
through one or the other of its contacts 
the necessary current for the operating 
motor passes. Both the relay and the 
voltmeter are shown in the de-energized 
position. Any voltage between the 
maximum and minimum value is main- 
tained by merely setting the voltage level 
rheostat.. The absolute ratio of maxi- 
mum to minimum voltage is equal to the 
ratio of the sum of solenoid and rheostat 
resistances to solenoid resistance. 


When the a-c power of this basic circuit 
is opened, the “raise” contacts of the 
voltmeter will close, the “‘raise’’ relay coil 
will be energized (if the no-voltage relay 
were not in the circuit, the connection 
between the voltmeter and the “raise” 
coil would be unbroken), and the rotor 
will advance all the way to the maximum - 
voltage position without stopping. The 
next time the a-c power is closed, a high 
voltage will be impressed on the rectifier 
for a few seconds until the operating motor 
drives the rotor back down to the proper 
point. To prevent this undesirable oc- 
currence, a no-voltage relay is connected 
into the circuit. When the a-c power is 
opened, this relay is de-energized, open- 
ing the “raise” coil circuit and applying 
a-c power directly to the ‘lower’ coil. 
Thus the control resets itself in the mini- 
mum voltage position every time the 
operator presses the stop button at the 
conclusion of a work cycle. This con- 
stant voltage circuit is the most common 
one for plating applications. 

If the control output current is plotted 
as a function of the direct current, the 
resulting curve is, for all practical pur- 
poses, a straight line passing through the 
origin. Furthermore, it is independent 
of the direct voltage. Therefore a circuit 
which controls the control output current 
is a constant current circuit. Detail 1 of 
Figure 6 illustrates how the fundamental . 
constant voltage circuit is modified to 
accomplish this. That portion of the 
resistance connected across the current 
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transformer secondary winding is de- 
creased to increase the direct current. 
Any current between 40 per cent and rated 
value is maintained by merely setting 
the rheostat; by using a multiple winding 
current transformer, current ranges of 
5 to 1 and even 15 to 1 can be controlled. 
This type of control is used for sulphuric 
acid anodizing because it is not feasible to 
impress 18 to 24 volts across the load 
initially. There would be a heavy over- 
load in current until the oxide film built 
up sufficiently to increase the load resist- 
ance materially. By maintaining the cur- 
rent, the d-c power supply is always 
within its rating. The circttit also has 
been used for plating where the work con- 
sists of large pieces or a continuous strip. 
The proper current density is maintained 
even though the solution varies or the 
anodes wear down. 

It is customary with the chromic acid 
process to anodize for a definite period of 
time at 40 volts once the anodic film is 
established.. During the initial build-up 
period when the load resistance increases 
many fold, constant current control is 


Figure 4. Voltage of individual unit, over- 
all efficiency and power factor as a function of 


load 


A and C=rated voltage, B and D=one-half 
voltage 


best. This enables the build-up to be ac- 


complished in the shortest possible time 
without overloading the d-c power sup- 
ply. This requires additions to the 
fundamental circuit shown in detail 2 
of Figure 6. For the first five minutes or 
so of the anodizing cycle the voltage relay 
is not energized, and the control circuit is 
identical with that shown in detail 1 of 
Figure 6. But once the voltage is up to 
40 volts, the relay picks up causing the 
time switch motor to start and the trans- 
fer relay to function. The solenoid is now 
in series with the voltage level rheostat 
instead of being in parallel with the cur- 
rent level rheostat, and the contact-making 
instrument is a voltmeter. At the end of 
the preset time interval, the time switch 
shuts off the a-c power, and the control re- 
sets itself for the next cycle. 


Installation 


To obtain the desired tank power, a 
number of units can be connected to- 
gether with their outputs in parallel, in 
series, or by a combination of the first two 
methods. All the units which make up 
the installation invariably are connected 
in parallel on the input side and are sup- 
plied with an automatically varying alter- 
nating voltage from the induction type 
control. Anywhere from 1 to 18 units 
have been used with a single control. 
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The combined efficiency of such an in- 
stallation (stack forward and reverse loss, 
rectifier transformer copper and core loss, 
induction type control copper and core 
loss) as a function of direct current both at 
rated voltage and one-half voltage is 
shown by curves A and B in Figure 4. 
The rectifier fan loss is not included be- 
cause separate voltage circuits are used 
for auxiliaries; it is only 2.4 per cent of 
the rectifier output. The power loss of 
all other auxiliaries is negligible. The 
metallic rectifier maintains a high effi- 
ciency from very light load to rated load 
and even at overload, and is superior to 
all other sources of low voltage d-c power 
in this respect. It is suited ideally to 
electroplating and anodizing because the 
load is likely to vary considerably. 

The over-all power factor versus load 
curves are shown at the bottom of Figure. 
4, The departure from unity is caused in 
part by the displacement between voltage 
and current because of the induction type 
control and the rectifier transformer and 
in part by the harmonic content in the a-c 
line current because of the rectifier. 
For operation between one-half the rated 
current and rated current and one-half 
the rated voltage and rated voltage, the 


Figure 5. Front view of induction type control 
with door open exposing control panel 
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Figure 6. Schematic diagram of funda- 
mental constant voltage circuit 


power factor is between 70 and 90 per 
cent This is considerably higher than 
the corresponding values for a saturable 
reactor type of control. 

Figure 7 is an elementary diagram 
showing how the four components (for 
simplicity only one rectifier unit is de- 
picted) are integrated to make up a com- 
plete d-c power supply. Only the control 
box needs to be located close to the tank 
because normally the operator uses only 


the start and stop push buttons. The rec- 
tifier units and the induction type control 
should be installed in a clean place, pref- 
erably a separate room, where they wiil 
not be subject to corrosive fumes or exces- 
sive moisture and where ventilation is 
adequate. To make sure the units are not 
operated at a voltage in excess of the 
rated value, an overvoltage relay is added 
with its normally-closed contacts in the 
interlock circuit. 
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An Analysis of Motor Selection for 
Brass-Slab Rolling-Mill Service 


L. H. BERKLEY 


ASSOCIATE AIEE 


T is the purpose of this paper to outline 
some of the problems and calculations 
encountered by the author in selecting a 
motor drive for a brass-slab rolling mill. 
It is hoped that some of the information 
given will be useful to other engineers 
faced with similar problems. 


Description of the Rolling Mill 


A description of the mill will aid in 
understanding the problem. (See Fig- 
ure 1.) 

The mill is of an old design but has been 
kept in excellent running condition. It 
consists essentially of a 2-stage speed re- 
duction unit to step down from the speed 
of the motor (600 rpm) to the speed of 
the rolls (12!/2 rpm). The intermediate 
gears rotate at 82 rpm and carry a 14-foot 
flywheel. There are two stands of 2-high 
rolls to permit rolling two slabs simul- 
taneously. 


Present Motor 


The mill is driven at present by a West- 
inghouse squitrel-cage induction motor, 
250 horsepower, 580 rpm, 2,200 volts, 3 
phase, 60 cycles, 57.5 amperes. The 
characteristics of the motor were obtained 
from the manufacturer as fellows: 


Full load power factor = 87 per cent 

Full load efficiency =90 per cent 

Full load input =100 per cent, 191 kw 

Full load current=100 per cent, 
amperes 


57.5 


Paper 47-28, recommended by the AIEE committee 
on industrial power applications for presentation 
at the AIEE winter meeting, New York, N. Y., 
January 27-31, 1947. Manuscript submitted 
May 22, 1946; made available for printing Novem- 
ber 25, 1946. : 


L. H. Berkvey is an electrical engineer with the 
purchasing department of York-Shipley, Inc., 
York, Pa. 
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Full load torque = 100 per cent, 2,260 pound- 
feet 

Starting current =600 per cent, 365 amperes 

Starting torque =110 per cent, 2,490 pound- 
feet 

Pullout torque = 250 per cent, 5,750 pound- 
feet 

Pullout speed =520 rpm 

Pullout power factor =74 per cent 

Pullout efficiency = 63 per cent 

Pullout input =700 kw 

Moment of inertia of rotor=2,300 pound- 
feet 

Weight of rotor =1,600 pounds 


As the effectiveness of the flywheel in- 
creases with the slip of the motor driving 
the mill, the question naturally arises as 
to why a flywheel was used with a motor 
having such a small full load slip (31/3 per 
cent), The reason is that the mill origi- 
nally was driven by a single-stroke 
Corliss steam engine driving the inter- 
mediate shaft at about 80 rpm and the 
flywheel was necessary to smooth out the 
load peaks and to help maintain constant 
speed during the rolling operation. As 
will be shown later, the power generated 
by the flywheel during the rolling peak is 
quite appreciable. The present motor 
replaced the steam engine in 1917, which 
necessitated adding the second set of 
gears, and has been driving the mill at an 
average of 48 hours per week since then. 
The motor is living ‘‘on borrowed time’, 
so to speak, and it was considered ad- 
visable to purchase a replacement to be 
used in case of breakdown. 


Possibilities 


In considering the purchase of a new 
motor, four possibilities were apparent. 


1. Standard squirrel-cage induction motor, 
similar in characteristics to the old motor 
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[NEMA (National Electrical 
turers Association) type 4 ]. 


Manufac- 


2. High-slip squirrel-cage induction motor 
(NEMA type D). 


8. Wound-rotor induction motor. 


4. Synchronous motor. 


Before a decision was reached, the 
torque-speed characteristics of each motor 
had to be considered. From the known 
data of the present motor, its characteris- 
tic was constructed as shown in Figure 2. 

The second possibility is the high-slip 
squirrel-cage motor, whose characteristic 
also is shown in Figure 2. 

The third possibility, the wound-rotor 
motor, offered the advantages of most 
rapid acceleration during the starting 
period and also of variable speed. Be- 
cause neither rapid acceleration nor vari- 
able speed were especially desirable, and 
because the equipment would be more 
expensive in first cost and maintenance, 
the wound-rotor motor was ruled out. 

The last possibility, the synchronous 
motor, looked very favorable as an 80- 
per-cent-power-factor motor and controls 
would cost little more than the standard 
squirrel-cage motor and controls and 
would offer a leading power of about 150 
kva from no load to full load, whereas the 
induction motor would offer about 100 
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Figure 1. Schematic plan view of mill 
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Figure 2. Torque-speed curves of squirrel- 
cage induction motors 


These curves may vary considerably within 
the same NEMA classification 


kva lagging. However, it was decided 
inadvisable to use the synchronous motor 
because of the sustained jogging required 
to remove a slab that may become stuck 
between the rolls when a coupling breaks. 
This jogging would all be done on the 
damper windings of the motor, which 
could not be made to stand such severe 
service. 

The two remaining possibilities were 
that of the standard and the high-slip 
squirrel-cage motors. Before a choice 
could be made between the two, a load 
test had to be run and several calculations 
made. 

Load Test. A load test was run using 
slabs in the hardest condition (just prior 
to annealing) with results as shown in 
Figure 3. It should be noted that the 
maximum input when rolling two slabs 
simultaneously is about 300 kw. This 
represents a peak load of about 325 horse- 
power or about 30 per cent overload on a 
250-horsepower motor. 


Calculation of Effective Inertia 


Of course, in any application involving 
a flywheel, the first question the motor 
manufacturer asks is—‘‘What is the in- 
ertia of the load referred to the motor 
shaft?” This may be determined by two 
methods. 
1. By measuring the dimensions of the fly- 
wheel, gears, and so forth, and calculating 


their effective inertia with respect to the 
motor shaft. 


2. By an experimental method.? 


To check, it was decided to use both 
methods. 


Measurement 


Figure 4 shows a simplified cross-sec- 
tional view of the flywheel. To obtain 
the moment of inertia, it is necessary to 
calculate the weight and the radius of 
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gyration. The rim only will be con- 
sidered in making these calculations be- 
cause therein lies about 95 per cent of its 
inertia. 


Rapius OF GYRATION 


Considering X as the distance from the 
end of the flywheel to the center of gra- 
vity G, the following equation is obtained 
from elementary physical considerations: 


_ (43 X41/,) 24/2) + (10X8)(84/4) 
(13 X41/.) + (10 X8) 
= 5,74 inches 


The radius of gyration Ris then 


R=86—5.74 
= 80.26 inches 


WEIGHT 


Cross sectional area = (13 X 41/4) + (10 X8) 

= 135.2 square inches 
Mean circumference = 2m X 80.26 

= 505 inches 
Volume = 505 X 135.2 

= 68,250 cubic inches 
Density =0.260 pounds per cubic inch (for 
cast iron) 
Weight (W) =68,250 X 0.260 
=17,740 pounds 


MoMENT OF INERTIA 


WR?=17,740X ony 
e 12 
=795,000 pound-feet? 


The effective inertia at the motor shaft 
is inversely proportional to the square of 
the speedratio. Therefore, 


82 \? 
Effective WR? =795,000 X| —— 
600 


= 14,900 pound-feet? 


This is the inertia of the flywheel rim 
only and does not include the flywheel 
spokes or the gears of the system. 


EXPERIMENTAL METHODS 


The following formula was derived by 
the author in reference 1: 


WR*(pound-feet?) =21.65 X 10°X 


Pr(KW) 
RPMXRPM/Sec. 


(1) 


where 


WR2=effective inertia at the motor shaft 
including that of motor rotor 

Py =power required to overcome the friction 
in the motor and load when running 
at a constant speed (rpm) 

RPM=the motor speed at which Pp is 
measured 

RPM/Sec. =the initial rate of retardation of 


the motor when the driving power 185 2 


removed 
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When running the load test, data were 
obtained which, together with informa- 
tion furnished by Westinghouse Electric 
Corporation, enabled us to calculate, by 
means of equation 1 the effective WR? of 
the load as 15,900 pound-feet?. The de- 
tails of this calculation may be found with 
the derivation of equation 1. 

The result obtained by the experi- 
mental method is 1,000 pound-feet* 
larger than that obtained by measure- 
ment. The difference is caused by the 
flywheel spokes and the gears of the sys- 
tem which were not considered in meas- 
urement. In future calculations, the 
effective inertia of the load will be taken 
as 15,900 pound-feet?. Also, the motor 
rotor and flywheel will be considered as 
rigidly coupled; that is, they accelerate 
and decelerate simultaneously. 


Flywheel Effect of the Load 


Before the proper slip of the motor 
could be selected, it was first necessary to 
calculate the effect of the flywheel; that 
is, the power it generates when the motor 
slows down. A formula to calculate 
this power was derived as follows: 

The kinetic energy absorbed or re- 
leased by a flywheel during acceleration 
or deceleration can be calculated by the 
following formula: 


KE='/2.1(Wi?— W:?) (2) 


where 


KE=kinetic energy, foot-pounds 

T=inertia of flywheel, slug feet? 

W, =initial angular velocity of the flywheel, 
radians /second 

W.=final angular velocity of the flywheel, 
radians/second 


The units of inertia and angular veloc- 
ity may be changed as follows. 


1 slug =32.16 pounds 
1 rpm = 27/60 radians/second 
1 radian/second =307 rpm 


INPUT POWER 


Figure 3. Load test of present motor rolling 
two slabs 


Multiplying factor = 400 kw 
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: 
k 


- considerable percentage. 


Applying these changes, 


kaa) 1.706 X 10-4 WR?X 
(RPM\?—RPM,?) (3) 


If the flywheel reaches its minimum 
speed in ¢ seconds, the power generated 
during this period is 


P(foot-pounds/second) = 1.706 X10-4X 
WR?(RPM,?— RP M,?) (4) 
t 
Since 
1 HP =550 foot-pounds/second 
the power generated is 


WR*(RP M2 — 
t 


RPM? 
HP =3.102X10-7 2") 


(S) 


This formula represents the average 
horsepower developed by the flywheel 
during the deceleration period. While 
the instantaneous horsepower will vary 
considerably during the load peak, the 
average value is useful to determine the 
relative effect of the flywheel by com- 
paring with the peak motor load. 

To apply the foregoing formula to the 
rolling mill, the following measurements 
were made: 


Speed of the motor before rolling =600 rpm 

Minimum speed of flywheel during rolling 
operation (two slabs) =570 rpm 

Time interval required to reach the lowest 
speed =approximately 21/, seconds 


The average power generated by the 
flywheel then is calculated from equation 
5 as follows: 


15,900(600?2— 570?) 


=3.102X1077 
HP =3.102X 25 


=70 


From the load curve, it is seen that the 
peak input to the motor when rolling two 
slabs is approximately 300 kw, which 
represents about 325 horsepower. The 
70 horsepower contributed by the fly- 
wheel is 22 per cent of the peak, a very 
However, this 
alone does not tell the complete story. 
It is necessary to compare the relative 
energy contributions of the flywheel and 
the motor. The energy contribution of 
the flywheel is calculated from equation 
3, as follows: 


KE=1.706 X10~4X15.900(600?— 
‘ =95,000 foot-pounds 
=173 horsepower-seconds 


_570% 


The energy contributed by the motor 
may be calculated by measuring the area 
under the motor power curve (Figure 3) 
in kilowatt-seconds and then converting 
it to foot-pounds. This was done with a 
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Figure 4. Schematic cross section of flywheel 


planimeter and the following results ob- 
tained: 
Area under power curve: 


Ap=2.35 square inches (average) 


Area under a chart section 400 kw high 
by 3.75 seconds wide (1,500 kilowatt- 
seconds) : 


A,;=3.45 square inches 


Energy absorbed by motor during the 
load peak: 


eee 500 
2345 ad 


=1,020 kilowatt-seconds 


Assuming 70-per-cent over-all motor 
efficiency, the power contributed by the 
motor is 


P=0.70X1,020 

=714 kilowatt-seconds * 

=0.198 kilowatt-hour 
1 kilowatt-hour = 2.656 X 10° foot-pounds 
P=0.198 X 2.656 X 108 

= 526,000 foot-pounds 


The energy contributed by the fly- 
wheel (95,000 foot-pounds) is then about 
18 per cent of the energy delivered by the 
motor. 


Discussion of Motor Characteristics 


After the described tests and calcula- 
tions had been made, it was felt that some 
consideration of basic principles would 
help in making an intelligent choice be- 
tween the low-slip and the high-slip 
motors. In rolling and punch press ap- 
plications having a flywheel, the high-slip 
motor usually is used for the following 
reasons: 


1. Fuller utilization is made of the flywheel 
since it is given a chance to release more of 
its kinetic energy when the motor speed de- 
creases during the load peak. This reduces 
the peak horsepower required of the motor 
and therefore the rms horsepower and horse- 
power rating (this will be explained more 
fully later). It should be remembered that 
the energy released by the flywheel is re- 
stored to it when the motor speeds up 
again, so that regardless of which type of 
motor is used, the total energy delivered by 
the motor remains unchanged. Also, it 
should be noted that the flywheel has ex- 


pended its usefulness when the torque of the - 


motor becomes equal to that of the load and 
the motor speed becomes constant. 
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2. The gears between the motor and the 
flywheel need not be designed to carry as 
great a peak load since more of the power re- 
quired will be contributed by the flywheel. 
This often results in a considerable saving 
when designing a new piece of equipment. 


3. The peak current will be reduced, thus 
reducing the voltage drop and lamp flicker. 
In new installations, smaller peak currents 
mean a reduction in feeder size. 


Upon measuring the motor speed with 
a hand tachometer, it was found to be 
substantially constant over the middle 
portion of the rolling period. During 
this period, the flywheel has very little 
effect and the motor carries most of the 
load itself. In other words, the motor 
torque is almost equal to the load torque 
and the flywheel contribution is very 
small. From the previously calculated 
percentages of the horsepower and energy 
contributed by the flywheel, it is possible 
to construct the approximate horsepower- 
time curves (Figure 5) for the power re- 
quired to roll two slabs (slab load), the 
power contributed by the motor (motor 
load), and the power contributed by the 
flywheel (flywheel power). The friction 
power is neglected. Upon inspection of 
these curves, the following points should 
be noted: 


1. At every point the slab load is equal to 
the motor load plus the flywheel power. 
Negative values of flywheel power mean 
that the flywheel is absorbing energy and 
accelerating. 


2. The energy contributed by the flywheel 
is equal to the energy absorbed by the fly- 
wheel. This must be true because the 
speed of the flywheel before and after the 
rolling cycle, and therefore its energy con- 
tent, are the same. 


3. The area under the slab load curve 
equals the area under the motor load curve, 
which means that the energy required by 


{SLAB LOAD | 
feel | 
[MOTOR L @ LOAD | 


| Maw 
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CONTRIBUTED 
BY FLYWHEEL 


BY FLYWHEEL 


Figure 5. Horsepower-time curves using low- 
slip motor 


Energy contributed by flywheel is about 18 to 
20 per cent of motor load 
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the slab equals the energy supplied by the 
motor. Neglecting the friction of the sys- 
tem, as we have been doing, this merely 
follows the law of conservation of energy 
since the flywheel neither absorbs or con- 
tributes energy over a complete cycle. 


4. The energy contributed by the flywheel 
is about 18 to 20 per cent of the motor load 
(see the preceding text). 


5. The motor load continues for about a 
second after the slab leaves the rolls. Also 
the peak in this curve lags behind the 
maximum of the slab load. Both of these 
phenomena are effects of the flywheel and 
are caused by the motor trying to restore to 
it the energy lost during deceleration. The 
flexibility of the couplings and the rate at 
which the slab load rises and falls also effect 
the shape of the curve. 


6. From two to three seconds after rolling 
starts, the power contribution of the fly- 
wheel is very small and the motor must 
carry most of the load itself. Therefore, 
with a motor having 3'/; per cent slip at 
full load, the flywheel does very little to- 
ward reducing the load peak. 


In view of this point, the next question 
that comes to mind is—‘‘What will be the 
effect of a high-slip motor on the load 
curve?” 

The effect of the high-slip motor on the 
load curves is shown in Figure 6. This 
motor would have a full load speed of 
about 560 rpm (seven per cent slip). 
Comparing the curves with those obtained 
using a low-slip motor, the following is 
noted: 


1. The maximum horsepower developed by 
the flywheel, as well as its energy contribu- 
tion, is considerably greater. As the high- 
slip motor will slow down at least twice as 
much as the low-slip motor, it will con- 
tribute at least twice as much energy to the 
load and, consequently, the energy con- 
tributed by the flywheel will be about 36 to 
40 per cent of the motor load. ‘The fly- 
wheel, therefore, reduces the peak of the 
motor load and also the pullout horsepower 
required of the motor. 


2. The duration of the motor load is con- 
siderably longer because more energy must 
be restored to the flywheel and a consider- 
able percentage of this energy cannot be 
restored until after the slab leaves the rolls 
and the motor gets a chance to speed up. 


3. The duration of the slab load will be 
slightly longer and its maximum value 
slightly lower because the high-slip motor 
will operate at a slightly slower speed. As 
the difference in each case is only about five 
per cent, this does not represent any serious 
decrease in production. 


4. By asimilar line of reasoning as already 
presented in this paper, the energy con- 
tributed by the flywheel is equal to the 
energy absorbed by the flywheel, and also 
the area under the slab load curve is equal 
to the area under the motor load curve. 
Because the energy required by the slab 
will be the same regardless of the type of 
motor used, the areas under the slab load 
curves and, consequently, the areas under 
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Figure 6. Horsepower-time curves using 


high-slip motor 


Energy contributed by flywheel is about 36 to 
AO per cent of motor load 


the motor load curves will be equal. (That 


is, all four areas are equal.) 


The effect of the high-slip motor cannot 
be fully appreciated until its continuous 
load curve is compared to that obtained 
with the low-slip motor (Figure 3). To 
make this comparison, such a load curve 
is approximated in Figure 7. It is im- 
portant to note that the curve is much 
smoother and that it has a lower peak. 
Also, the areas under both curves for the 
same number of slabs are equal, and, as 
the time will vary but a few per cent, the 
average values will be the same. 


Motor Specifications 


In order to compare the costs of the 
high-slip and low-slip motors, it was 
necessary to determine the complete 
motor specifications for each case, the 
horsepower rating, pullout torque, and 
slip being the most important. The 
other specifications—synchronous speed, 
time rating, voltage, frequency—are 
fixed, while the starting torque is rela- 
tively unimportant. 


INPUT POWER 


Figure 7. Expected load curve of high-slip 
motor 


Compare with Figure 3—note smoother curve 
and lower peaks 
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The motor specifications were deter- 
mined and outlined as follows. 


Low SLIe 


First, the horsepower rating of the 
motor, which is equal to the rms of the 
load curve, must be fixed. Rms horse- 
power can be approximated as follows: 

The rms value is defined briefly as “the 
square root of the average of the squares.” 
To apply this method, divide the load 
curve into eight sections, as shown in 
Figure 3. (Eight sections are chosen for 
convenience. The accuracy of. this 
method, as well as the result obtained, 
increases with the number of sections.) 
To find the rms ordinate of the curve the 
following formula is used: 


(A1)?+(A2)?+... (As)? 
8 


Rms ordinate = 


where Aj, Ao, ...Ag are the average or- 
dinates for each section. Applying this 
formula to Figure 3, 


Rms ordinate = 
(0.07)?+ (0.28)2+ (0.57) ?+ (0.75)?++ 
(0.75)2+ (0.72)2+ (0.64)?+ (0.28)? 
8 
= 0.56 


Assuming 70-per-cent over-all motor ef- 
ficiency, 


Rms horsepower = 0.56 X 400 X 1.341 X0.70 
=210 


It was considered safe to use a 200- 
horsepower motor because the mill is idle 
for short periods of time when the slabs 
are transported from the receiving to the 
feeding end, rolls adjusted, waiting for 
slabs, and so forth. 

Secondly, it is necessary to determine 
the pullout horsepower required of the 
motor. The maximum power required 
was approximately 325 horsepower. 
Since the standard low-slip NEMA class 
A motor usually has a pullout torque of 
about 250 per cent full load torque, the 
pullout horsepower of such a motor will 
be about 425 horsepower (assuming 15 
per cent pullout slip) and will be capable 
of easily carrying the peak load. 

Thirdly, the slip of the motor will be 
specified at approximately 31/3 per cent. 

The complete motor specifications are 
therefore 200 horsepower, 580 rpm, con- 
tinuous duty, open type, 40 degree-cen- 
tigrade temperature rise, pullout torque 
not less than 250 per cent full load torque, 
2,200 volts, 3 phase, 60 cycles. 


HicH SLip 


To determine the horsepower rating of 
the high-slip motor, it was decided to cal- 


a“ 
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culate the rms horsepower of the motor 
load curve of Figure 6. To check the 
accuracy of this method, the rms horse- 
power for the low-slip motor was calcu- 
lated from the motor load curve of Figure 
5 and compared with the value obtained 
_from Figure 3. For this purpose, both 
motor load curves were drawn separately 
and divided into eight sections each 
(Figure 8). The rms ordinates were cal- 
culated as already explained and found to 
be as follows: 


High-slip motor—159 horsepower 
Low-slip motor—211 horsepower 


As the value obtained for the low-slip 
motor (211 horsepower) checked very 
well from that calculated from Figure 3 
(210 horsepower), it was decided that the 
value of 159 horsepower obtained for the 
high-slip motor was sufficiently accurate 
and that the rating of the motor would be 
150 horsepower. 

The next step was to check whether or 
not the pullout torque was sufficient. 
The average power developed by the fly- 
wheel using a low-slip (31/s per cent) motor 
was 70 horsepower and the peak load was 
325 horsepower. Using a high-slip (7 
per cent) motor, it was considered safe to 
assume that this peak would be reduced 
75 to 250 horsepower (see Figure 6). 
The pullout torque of a NEMA class D 
motor is usually 300 to 400 per cent full 
load torque. Assuming a 30-per-cent 
pullout slip, the pullout power at 350 per 
cent pullout torque is 368 horsepower, 
which is quite safe on an expected peak of 
250 horsepower. 

It should be remembered that the 
energy required to roll a certain number 
of slabs is the same, regardless of the type 
of motor used, and that the energy con- 
tributed by the flywheel in the first half 
of each cycle is restored to it during the 
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Figure 8. Calculation of rms horsepower 
from approximate horsepower-time curves 


last half. This means that the areas 
under both motor load curves are the 
same and that the average horsepowers 
developed by both motors are essentially 
the same. Therms horsepower (and there- 
fore the horsepower rating) of the high- 
slip motor is lower only because it reduces 
the magnitude of the load peak. 

The complete motor specifications are 
150 horsepower, 560 rpm, continuous 
duty, open type, 40-degree-centigrade 
temperature rise, pullout torque not less 
than 350 per cent full load torque, 2,200 
volts, 3 phase, 60 cycles. 


Conclusion 


Before making the final selection, it is 
considered advisable to review the three 
main reasons for using a high-slip motor. 
1. Fuller utilization of the flywheel to re- 
duce rms horsepower. 


2. Reduction in size of gears between the 
motor and flywheel. 


Discussion 


Fraser Jeffrey (Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis.): In con- 
sidering power requirements for intermittent 
loading with peak conditions occurring 
at frequent intervals, it is well to work with 
equivalent horsepower corresponding to 
rms values of kilovolt-amperes rather than 
rms values of power directly. This is be- 
cause the power factor and the efficiency of 
both synchronous and induction motors 
vary widely with the load, size, and speed, 
and the current or kilovolt-amperes will 
not be proportional to the load. 

Thus, the equivalent horsepower rating 
of a unity power factor synchronous motor 
necessary to handle a certain highly fluctu- 
ating load will be different from the equiva- 
lent horsepower rating of an 80-per-cent- 
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power-factor synchronous motor necessary 
to handle the same load. The same state- 
ment is true, although the difference may 
be less pronounced, when comparing induc- 
tion motors having different power factor 
and efficiency curves. 

To determine the value of kilovolt-amperes 
which will give the same average heating as 
the actual variable kilovolt-ampere input to 
the motor, the resultant rms kilovolt-am- 
peres will be 


dE, Dp 2 2 2 2 
tt b+ 
cos ¢1m1 COs g2N2 


eee - 
COS On1n 
htbt ..-tn 


0.746 


(1) 
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3. Reduction in peak currents, size of 
feeders, and sometimes, transformers. 


Reduction of rms horsepower may 
mean a reduction in cost and size of the 
motor. Reduction in size of gears, feed- 
ers, and transformers usually is reflected 
in a considerable saving. 

Investigation of the two remaining 
possibilities revealed that a 150-horse- 
power high-slip motor would cost about 
15 per cent more and would be larger 
than a 200-horsepower low-slip motor. 
In a new installation, the explained sav- 
ings would more than offset the additional 
cost of the motor, and the decision un- 
questionably would be in favor of a high- 
slip motor. It can be seen, however, 
that since the gears already were built 
and the feeders and transformers in- 
stalled, neither of the three reasons men- 
tioned are applicable in this case. In 
view of these considerations, and, also, 
the fact that delivery on the high-slip 
motor was quoted as twice that of the 
low-slip motor, it was decided to use a low- 
slip motor. 

It is believed that the methods and 
calculations explained in this paper can 
be adapted to many different types of 
applications involving both new and 
existing installations. It is a fact well 
accepted by engineers that time spent in 
determining, as accurately as possible, 
the motor size required by a given appli- 
cation is well worth while. Excess horse- 
power on any induction motor drive is 
expensive in first cost of motor and con- 
trol and often entails an additional ex- 
pense of power-factor correction. 


Reference 


1. How to Determine WR? By RUNNING 4 
Srmp.e Test, L. H. Berkley. Product Engineering, 
New York, N. Y., December 1942, page 704. 


where 


P;, P2... Pya=average load in horsepower 
for each ordinate section 

fh, tg...t,=time interval of the various 
ordinates in minutes 

COS $1, COS go. . - COS Gp =power factor of 
motor at power loads Pi, P2... Pn 

cos ¢=full load rated power factor of motor 

my 12+ - + Mn =efficiency of motor at power 
loads P;, P2...Pn 

7 =full load efficiency of motor 


The equivalent horsepower rating of a 
motor corresponding to the rms kilovolt- 
amperes input as per equation 1, that is, the 
horsepower rating of a motor which, if 
operated continuously at full load, would 
show the same average heating as it would 
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if operated on the load cycle in question, 
then will be 


Equivalent horsepower = 
rms kilovolts-amperes from equation 1X 
cos ¢Xn (2) 
0.746 


P, 2 P, 2 
hb b+. 
cos $11 COs gone 
( n ) 
by 
COS Onn 


h-hh ... tn 


(3) 


This method of approach may show quite 
large differences in motor capacities re- 
quired when the application of different 
types and different speeds of a-c motors is 
under consideration. 


L. A. Umansky (General Electric Company, 
Schenectady, N. Y.): The problem of di- 
viding the rolling mill load between the mo- 
tors and flywheels has been well covered in 
the literature. The fundamental equations 
were outlined by Gasche in 1910 before this 
Institute. 

Assuming a rectangular load curve (see 
Figure 1 of this discussion), with 7, being 
the total rolling torque (in pound-feet) and 
To the initial value of motor torque (when 
t=0), T, the motor torque at any time ¢ (¢ in 
seconds, after the beginning of rolling, or 
after the beginning of interval between 
passes), may be expressed as 


T,-Ti 
T= (1) 
At 
and 
308T, 
A ee (2) 
Wk?X Ns XSyn 
Where 


T, =motor rated torque, in pound-feet 

S,=motor rated slip, in fractions 

N;=synchronous speed in revolutions per 
minute 

Wk? = total flywheel effect of rotating parts, 
in pound-feet?, referred to motor 
shaft 


If the total load curve is not rectangular 
but trapezoidal in shape, a somewhat more 
involved expression can be written readily. 

The difference between the total load 
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Figure 1 


torque (Z;) and the motor torque (7) is sup- 
plied by the flywheel which slows down dur- 
ing the rolling pass and thereby releases a 
portion of its stored energy. Likewise, dur- 
ing the interval between the passes the ex- 
cess of motor torque (Z’) over the friction 
torque (71’) goes to accelerate the flywheel. 

It is clear that the maximum motor load 
exists at point B, that is, at the end of the 
rolling pass. As soon as the metal leaves the 
rolls, the motor load inevitably goes down. 
In this respect Figures 5 and 6 of Berkley’s 
paper may be questioned; the motor load is 
shown as still increasing after its curved 
crosses the curve of the slab load. 


REFERENCE 


1. InrpRacTION OF FLYWHEELS AND Morors 
WHEN Drivinc Rott Trains sy INDUCTION 
Morors, F. G. Gasche. AIEE TRANSACTIONS, 
volume 29, part 2, 1910, pages 1385-1402. 


J. S. Gault (University of Michigan, Ann 
Arbor, Mich.): In the analysis of motor and 
flywheel behavior shown in Figure 5 of the 
paper, the peak motor load is shown to occur 
after the rolling is practically finished and 
about one-half second after the flywheel 
power has reversed. This is not possible. 
If the flywheel is absorbing energy, the 
speed must be increasing, and the motor in- 
put power will be decreasing. 

The motor peak will come later than the 
peak rolling load, as stated by Berkley but 
cannot occur after the slab has left the rolls. 
The motor peak will be at the point where 
the flywheel power changes sign, at about 2.5 
seconds. 

Similarly, in the predicted curves of Fig- 
ure 6 of the paper, the motor peak should be 
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shown at three seconds instead of 3.7 sec- 
onds approximately. 

Another point on which there is some 
question is his dismissal of possibility num- 
ber 3, the wound rotor induction motor, on 
the grounds that it was too expensive. This 
possibility really deserves more considera- 
tion. It has all the same advantages shown 
for the high slip motor, and furthermore, 
because the rotor losses are not dissipated. 
in the machine, it does not have to be built 
in an oversize frame. It would seem also 
that the ability to change speed might be 
somewhat more valuable in this application 
than the paper would indicate. 


L. H. Berkley: The method of approach, 
outlined by Fraser Jeffrey, is very valuable 
aud undoubtedly will give a more accurate 
result. A slight variation of his formula 
also can be used to advantage in calculating 
the rms horsepower from Figure 3 of the 
paper. 

Gault is correct in stating that the peak 
motor load cannot occur after the flywheel 
power has reversed. As the motor load in- 
creases, the motor speed drops, and the fly- 
wheel power is positive; when the motor 
load decreases, the motor speed increases, 
and the flywheel power becomes negative. 
Thus, the flywheel power will reverse at the 
peak motor load. 

Also, as stated by L. A. Umansky, the 
motor load curve cannot increase after it 
crosses the slab load curve, because the dif- 
ference in the two curves indicates that the 
flywheel is gaining energy and the motor 
speed is increasing. This can occur only 
when the motor load is decreasing. 
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An Extension of Impact Speed- 


Drop Avnalysis 
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we. a sudden load change occurs 
on a d-c motor operating at a given 
flux there is a transient speed change as 
a result. Formulas have been available 
which allow calculation of the transient 
speed change for a number of years. 
These formulas do not, however, give as 
clear a picture of the effect of varying cer- 
tain factors as might be desired. Also 
considerable labor is involved in calculat- 
ing the transient speed change for a given 
set of values of the determining factors. 
It is the object of this study to extend 
the analysis so that the calculations may 
be made easily. It is a further object to 
plot the effect on impact speed drop of 
varying certain determining factors. 


Method of Analysis 


The transient speed change is obtained 
by solution of two differential equations. 
One is a voltage equation and the other a 
- torque equation. The resulting formula 
for speed change has been given in other 
papers but is repeated in the appendix of 
this paper in order to have all of the in- 
formation together. From the appendix 
we take the solution for the case when a 
damped oscillation is encountered, 
Sas, Fal +S e-* cos (a+) | (1) 
S=the speed-at any time after sudden load 
change 

S, =the initial speed 

AT =the suddenly applied torque 

R=the motor-armature-circuit resistance 

_K,=the motor counter electromotive force 
per revolution per minute 

K,=the motor torque per ampere 

«=the angular velocity of oscillation 
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Qa Wie R 
= 60 32.2 ° KK; 
=speed time constant 
a=the damping factor 
1 
Dy 
5=cos ! (—efs) 
t=time in seconds after the load change 


IL 
=> of motor-armature circuit 


The general form of the speed change 
given by equation 1 above is shown in 
Figure 1A. In this illustration are shown 
also the following factors: 


d=the impact speed drop 

s=the steady-state speed drop 

d—s=the undershoot of steady-state speed 
on the first downward swing 

O, =the overshoot of the final speed on the 
first recovery 

tg=the time to reach impact speed drop 

t, =the time to pass through the steady-state 
speed on the first downward swing 

i, =the time to reach the peak of the first 
overswing 


All of these factors can be obtained by 
substituting particular values into equa- 
tion 1 and plotting the speed-time curve. 

The impact speed drop d also can be 
obtained by differentiating equation 1 
and ‘equating ds/dt to zero and solving 
for t;. Substitution of this value of time 
into equation 1 will give d the impact 
speed drop. In this manner we obtain the 
following relationships 


w? 
es gh Sas Z 
cos wg+6= \- m (2) 
AGU [See Rae he 
cos RTST) cos wts (3) 


ig=- - 
@ 
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YZ 


ATR ena (cos 1 cos! ots ) x 


SS atu? 


*D 
atte? 


Let us now confine our attention to 
equation 1 and examine each term so as 
to see of what each is a function. 

Equation 1 can be put in the following 
form 


(4) 


Sa. = ATA ities (cot *6) 
= Yo KK; Sh cos (w 


S—S,= AS the speed change 
AT : : 
—=current in the armature required to 
t 
develop a torque equal to the sud- 
denly applied torque 


R : 
=voltage drop resulting from resist- 

Cy 

ance of armature times current re- 

quired to develop applied torque 


—— =revolutions per minute change re- 
K,Ky 
sulting from voltage drop in resist- 
ance of armature circuit 


This latter factor in per cent of the 
initial speed is the same as the per cent 
IR drop with respect to the armature ap- 
plied voltage. 


t 
=a function of % only 
3 


t : 
at W5y, This is a function of ¢ and t, but if we 
4 

consider the time f in multiples of one 


cycle of oscillation the term becomes 
t 
a function of : only 
& 
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Figure 1A (above). 
General form of impact 
speed drop with sud- 


658 denly applied load 
36 
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32 

Ee 

a Figure 1B (left). Impact 
a! speed drop as a func- 
aed tion of time constant 
a24 ratio 

Soe 

920 
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g 

%16 Figure 1C (below). Im- 
Bia pact speed drop as a 
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i 


b 


FOR SUDDENLY APPLIED LOAD 
= 3 


IMPACT SPEED DROP IN MULTIPLES 


OF PERCENT RES. DROP 


° 
ro) 


5= cos! (—wts) 
tet alee eee ; 
= cos! @/———which is a function 
t, At,? 


ty 
of ; only, 


ty 
wt is a function of h, - re and f, but again as 


$ 
in the case of aé if time is expressed 
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1 a2 0304 0506 070809 10 |. 


function of time constant 
ratio to extended scale 


in terms of multiples of the time for 
one cycle of oscillation the term be- 
; 
comes a function of : only 
‘ s 
From this examination we reach the 
important conclusion that the form of 
the speed change on impact loading is 
a function of ¢,/t, only. 
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The applied torque and the resistance 
determine the magnitude as a simple 
multiplying factor. The values of ¢, and 
t; merely change the time scale and do not 
alter the form so long as their ratio re- 
mains fixed. 

Therefore we can calculate the form 
once for all ratios of t/t; encountered in 
practice and plot the values against t,/t,. 

Now let us concentrate our attention 
in equation 4 on d the impact speed drop. 
We again have the same multiplying fac- 
tor — ATR/K,K,. The remaining factors 
are all functions of t,/t, only, which is 
necessarily so if our conclusions reached 
from examination of equation 1 are cor- 
rect. The factors in terms of the ratio of 
t,/ts are as follows: 


Therefore, din terms of multiples of the 
IR drop is a function of t,/t, only and is 
plotted so in Figures 1B and 1C. 

The angular velocity w, the frequency 
f, and the time for one cycle of oscillation 
are functions of both #,/f; and the value 
of t, as well. 

Therefore, these values are given in 
Figure 2 as nomographs. 

The time ¢, to reach impact speed drop 
is a function of both ¢,/t, and ¢; and is 
given in the form of a nomograph in 
Figures 3A and 3B. wtg is a function of 
t,/ts only and is plotted in Figure 4. 

The time to pass through the steady- 
state speed on the first downward swing 
is a function of both #,/t, and ¢;, but wf, is 
a function of ¢,/t, only and is plotted in 
Figure 5. 

The ratio of successive maximum 
amplitudes of oscillation about the final 


speed on successive half cycles is eo 
and is a function of #,/t; only. It is 
plotted in Figures 6A and 6B. 

The value (d—s) is the underswing of 
the steady-state speed on the first down- 
ward swing and O, is the overshoot on the 
next recovery. These are plotted in 
Figures 7A and 7B as functions of t/ts. 


Explanation of Charts and How to 
Use Them 


To use the charts obtain the following 
motor data: 


Armature-circuit resistance = R ohms 
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Armature-circuit inductance =Z henrys 

Motor WK? in pound-feet?. (Include WK? 
of load if any) 

Motor speed in revolutions per minute 
(operating speed) 

Motor voltage and rated current V; and J, 


Then figure the ratio of t; tot, from the 
following formulas: 


volts 


K,= 5 F 
revolutions per minute 

: L, 

pie 


; Qe WK R 
* 60 32.2 “°7.05 K,? 
WK?R 
t,=0.000461—— 
K,? 


The per cent resistance drop of the motor 
=Ip=RX100/Vz for rated current or 
torque. 


Impact Speed Drop d 


In either Figure 1B or 1C look up d, the 
impact speed drop corresponding to the 
value of t,/t, of the motor. 

Multiply this value by the per cent re- 
sistance drop of the current corresponding 
to the applied torque, namely, 

IR V; A 
V, — X 100 v, Fer cent resistance drop at 
rated load 


where 


V,=operating voltage 
V,=rated voltage 
T,=rated torque 

T =suddenly applied torque 


This gives the impact speed drop in per 
cent of the operating speed before impact 
loading, 


Time to Reach Impact Speed Drop 


The time ¢, to reach the impact speed 
drop may be obtained in either of two 
ways depending upon the accuracy re- 
quired. 

For a quick check, obtain w from Figure 
2 by reading the point of intersection on 
the center scale of a straight line connect- 
ing ¢, and t,/t, on the outer scales. 

(The value of f, the frequency of oscil- 
lation, also may be read from Figure 2.) 
The time for one cycle is 1/f. 

Use the value of w obtained from Figure 
2 on Figures 3A and 3B by laying a 
straight line between the proper values of 
t,/t, and w and read fg in seconds on the 
right-hand scale. 

For higher accuracy look up w in 
Figures 3A and 3B as before and look up 
tain Figure 4. Divide wtg by w to obtain 
ba 
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Figure 2. Nomograph 
of frequency of oscilla- 
tion as a function of time 
constant ratio and value 


To Draw Complete Speed-Time 
Curve 


Complete the calculations and note 
the time for one cycle. Successive over- 
swings of the final steady-state speed 
are in fixed ratio depending upon the 
value of ¢,/f; as plotted in Figures 64 
and 6B. 

Figures 7A and 7B show both (d—s) 
and O,, the first overshoot, in multiples of 
the per cent resistance drop. 

Note that the times of crossing the final 
steady-state speed value are not spaced 
halfway between the times at which maxi- 
mum overswing occurs. 

To obtain ¢, look up the value of wt, 
(Figure 5) that corresponds to the value 
of t,/t; in question. Divide wt, by w to 
obtain f,. Successive time values of cross- 
ing the steady-state speed value are 
obtained by adding the time for one-half 
cycle to t,. 

Successive values of time at the peaks 
of the swings are obtained by adding the 
time for one-half cycle to tg; thus t,=tg 
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plus the time for one-half cycle as shown 
in Figure 14. 


Example of Use of Charts 


Consider a motor with pole-face winding 
rated 8 pole, 1,000 horsepower, 600 volt, 
225/730 rpm with the following constants: 


R=0.0180 ohm 

L=0.0007 henry 

WK? =32,100 pound-feet? 
total WK? =34,300 

load WK?=2,200 pound-feet? 


At 225 rpm 600 volts suddenly apply 
90 per cent full-load torque. 


=2.67 volts per revolution per minute 
0.00072 


+= 00180 
=().040 second 
3s 0.000461 X34,300 X0.0180 
Keer 2.672 
=(0.04 second 
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J, =1,310 amperes 


Nea 1,310 X0.0180 
~— X 100 = 


V;, 600 
=3.93 per cent 


From Figure 1C for t;/ts=1, dis 1.3 times 
the per cent resistance drop. As we are 
applying 90 per cent load d will be 


0.91.3 3.98 =4.59 per 
speed 


cent of initial 


From Figure 2, 


w =21.6 radians per second 
f =8.44 cycles per second 
Time for one cycle =0.29 second 


From Figure 3A, 


tq = 0.097 second 


Siiccessive peaks occur at 


0.097 0.282) 
(0.097 +0.29 =0.387) 
and so forth. From Figure 5 
wt) = 1.05 seconds : 


1.05 
a 21.6 
=().0486 second 
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Successive crossings of the final speed 
value occur at 


0.0486--— =(),1936 


0.29 


(),0486+-0.29 =0.83% 


and so forth. From Figure 6B, the ratio 
of the overswing on successive half cycles 
is 0.164. 


The steady-state speed drop is 
0.93.93 =3.54 per cent 


The value of the first underswing below 
the final speed is 


d—3,.54 =4.59—3,54 
=1,05 per cent 


The overshoot of final speed on the first 
upswing is 1.050.164 or 0.172 per cent. 
The speed at this point will be 3.54—0.17 
= 3.37 per cent below the initial speed. 

If the first overswing is all that is re- 
quired the value could have been ob- 
tained from Figure 7B. 


Conclusions 


1. The charts give a simple and quick 
means of drawing the speed change upon 
impact loading. 


2. They also show that both low resistance 


_ and low inductance are important to obtain 


low impact speed drop. 
3. While it is theoretically necessary to 
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Figure 3B. Nomograph of time to reach 
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impact speed drop 


make t,=4t; giving a ratio of t;/t, of 0.25 
for nonoscillatory response, the curves show 
that the response with ts=3t;, that is, tj/ts 
().833 is so very close to nonoscillatory that 
it is unnecessary to use any greater value of 
W K? at base speed. 

4, The charts should form a basis for a 
definition of a low impact speed-drop motor 
when considered in conjunction with motor 
design data. 


Appendix 


Let 


V =applied armature voltage 

K,=motor counter electromotive force per 
revolutions per minute 

S=motor speed in revolutions per minute 

AS =motor speed change in revolutions per 
minute 

R=motor-armature-circuit resistance 

L=motor-armature-circuit inductance 

4=motor-armature current 

p =differential operator with respect to time 

K,=motor torque per ampere 

T,=initial load torque 

T =applied torque 

1 =unit function 


Assuming the counter electromotive force 
of the motor per revolutions pe: minute to be 
constant, the equations whose simultaneous 
solution give the transient change in motor 
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Figure 4. Chart showing product of natural 

angular velocity and time to reach impact 

speed drop as a function of time constant 
ratio 


speed upon suddenly applied load are as 
follows: 


1, By summation of voltages in motor-armature 
circuit 

V—K,S=R;4+Lpi 

2. By summation of torques on the motor shaft 
Kyi=TotT1+MpS 


In order to simplify the analysis we may 
use A values to indicate changes and then 
superpose these on the initial conditions to 
obtain the complete solution. 

. The equations then become 


—K,AS=(R+Lp) At (5) 
K,Ai=+AT1+Mpas 
From equation 5 
_ —K,AS 
A= 
(R+Lp) 


Substituting this into equation 6 for Az and 
solving for AS we obtain 


M,(R+Lp)+KiKky 


Divide numerator and denominator by R 


Lp 
i () 


~ MLy?+MRp+K.K; 
R ROR 


ee 
- ari(1+ - ) 


BEY MR_ Lp? MR ) 


(6) 


AS 


AS: 


R 
If we let 


: 16 
fe R 
=current time constant 
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Figure 5 (above, right). 

Chart showing product 

of natural angular veloc- 

ity and time to reach 

final speed on first down- 
ward swing 


Figure 6A (right). Ratio 
of successive /-cycle 
peak amplitudes of os- 
cillation about final 
speed as a function of 
time constant ratio 


Figure 6B (below). 
Ratio of successive 1/4- 
cycle peak amplitudes 
of oscillation about final 
speed as a function of 
time constant ratio to 
extended scale 


2 aié 


° 


Crever—Extension of Impact Speed-Drop Analysis 


peel ch Nea ea Te 
ON TI 
PN 
NE 
a a 
SST 
UD ieee 


6) 
iA, 


06 

0s 
g 

04 
; Acca ede GSA OS eT ie TOS) TR 3 ye 
Lo Ane Aha SRA eee 
Nines 
doe 
yet (bon eco tone cl ee ninoaea eel oe 

ap a 


Fy Mtg 


195 


apearees 
eave 
ee 


Figure 7A. Initial un- 
derswing and overshoot 
of final speed as a func- 
tion of time constant 
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The roots of the denominator of the opera- 
tional expression are 


arafae 
2ty At, tits 


P\= 
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a [a i. 
at, Yt? tts 


Pi=—atB 
P,=—a—B 
where 
estas 

Qt, 


ie 1 1 
Van: tits 
Evaluation of the operational expression 


takes on three forms as follows: 


(a). When t,>4t; both roots are real and negative. 


— AT. 
INS ss 
KyKt 
ay 1_4 (-e+s)t 
2 4 tse 
tr 
Lt \)" i 
2 Zia 
1 1 hy 
2 4 ts .e(—a+8)t 
1 ts 


nytt 
4 t,? ti 


. When ts=4t; both roots are equal, 


é al Pe pee 
AS=— 1—_  ** ——e * 
RK 2 


(c). When ts<4t; the roots are complex and the 
solution is 


AS are i+ 1 inat (wt +6) 
SS = cos 
K,yKy tahoe i 2 


In this latter case the equation for AS is a 
damped oscillation, 


The speed S=AS+ Sp 


or 


E iat cos (ita | 


ls 
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~ Cathodic Protection of Steel Water 
Tanks Using Aluminum Anodes 


L. P. SUDRABIN 


NONMEMBER AIEE 


Synopsis: Aluminum alloy anodes have 
been used in approximately 1,000 installa- 
tions of cathodic protection of steel water 
tanks using current from an outside source. 
From fundamental considerations it would 
be expected that the loss in weight per 
ampere hour of current passed from alu- 
minum anodes would be less than one-third 
the weight loss from steel anodes. This 
expectation is confirmed in service. In 
addition, it was found that the aluminum 
anodes developed a more uniform attack 
than did anodes of steel or stainless steel. 
This is desirable because localized attack 
can result in early anode failure. The 
corrosion products from the aluminum 
anodes are white or colorless and adhere 
to the anodes. In the case of anodes of 
many other metals the corrosion products 
are strongly colored and fall off the anodes, 
thus discoloring or otherwise contaminating 
the water. Anodes of several aluminum- 
base alloys all have proved satisfactory in 
field installations. However, anodes of the 
aluminum-copper alloys (such as 17S-T 
or 24S-T) appear to be superior to anodes 
of unalloyed aluminum (2S) or to aluminum- 
zine alloy anodes. 


G... PROTECTION can be 
obtained either by using direct cur- 
rent supplied by some external source, as 
by a motordriven generator, or by means 
of galvanic action resulting from contact 
with metal that is anodic to the metal to 
be protected. In this paper attention will 
be directed mainly to the first, or applied 
current, method of cathodic protection. 
In another paper! by one of the authors 
Paper 47-30, recommended by the AIEE com- 
mittee on electrochemistry and electrometallurgy 
for presentation at the AIEE winter meeting, 
New York, N. Y., January 27-31, 1947. Manu- 


script submitted March 8, 1946; made available 
for printing December 3, 1946. 
L. P. SupRaBIN is a chemical engineer with Electro 
Rust-Proofing Corporation, Newark, N. J.; R. B. 
Mears was formerly with Aluminum Company of 
America, New Kensington, Pa. 
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R. B. MEARS 


NONMEMBER AIEE 


the use of galvanic anodes made of light 
metals for protecting steel structures was 
discussed, and in a series of papers? by the 
other author cathodic protection by ex- 
ternal current using steel, cast iron, or 
carbon anodes has been described. 

Aluminum has certain inherent ad- 
vantages for use as anodes with applied 
current. Its most obvious one is its low 
electrochemical equivalent. This means 
that at 100 per cent anode current effi- 
ciency a smaller weight of aluminum will 
be dissolved per ampere-hour of current 
passed than is the case for any other 
appropriate metal. The metalloid carbon 
has a lower electrochemical equivalent 
than does aluminum. The electrochemi- 
cal equivalents of several of the common 
metals and of carbon are given in Table I. 
From this table it will be noted that one 
pound of aluminum, theoretically, will 
supply over three times as many ampere- 
hours of current as one pound of iron. 
This means that an aluminum anode only 
one-third the weight of an iron anode 
should last longer than an iron anode 
under similar service conditions. 

This lighter weight of equivalent alumi- 
num anodes is important in reducing 
transportation and labor charges in- 
cidental to installation of the anodes. 
Where the anodes are to be used in ele- 
vated water tanks, the ease of handling 
the lighter aluminum anodes is of par- 
ticular value. 

From Table I, the use of anodes of car- 
bon (or graphite) would appear interest- 
ing because of the high electrochemical_ 
equivalent. However, anodes of these 


‘ materials have undesirable physical prop- 


erties for such applications. In addition, 
service tests have indicated that such” 
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anodes disintegrate rapidly in many 
waters, probably as a result of attack of 
the binder followed by sloughing off of 
unattacked particles of carbon or graph- 
ite. 


Other Advantages of Aluminum 
Anodes 


Other desirable properties of anodes are 
that they must not form films of high re- 
sistance which would limit current flow. 
Also, they should corrode uniformly with- 
out the development of deep pits. Local- 
ized pitting attack can result in complete 
penetration of the anode and possibly even 
in corrosion in two before the main mass 
of the anode has been consumed. This re- 
sults in great reduction in anode life. As 
is shown in the examples which are 
described subsequently, aluminum anodes 
have proved very satisfactory in both of 
these respects. 

It is also frequently desirable that cor- 
rosion products from the anodes do not 
discolor the water. The corrosion prod- 
ucts from aluminum anodes are white or 
colorless and are, therefore, not as ob- 
jectionable as are the products from 
anodes of many other metals. 


Application of Cathodic Protection 


Since 1935 cathodic protection has been 
applied as a method of underwater cor- 
rosion control to over 4,000 industrial 
and municipal water storage tanks in the 
United States and Canada. These tanks 
range in capacity from only a few gallons 
to over six million gallons. A typical 
installation in a hemispherical-bottom 
elevated tank is illustrated in Figure 1. 

Each anode is suspended vertically 
from a fixed structure such as the tank 
roof, by means of one-fourth-inch gal- 
vanized cable. A strain insulator is used 
to insulate the anode from the tank struc- 
ture. The positive lead connection is 
made to the upper six inches of the elec- 
trode, which extends above the high 
water line. 

The electrode is assembled into the re- 
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INSULATOR 


LLECTRICAL 
CONNECTION 


quired length by joining 12-foot long 
aluminum rod sections end on end with 


threaded couplings. All couplings are 
protected by rubber and friction tape. 
The electrode can be installed and re- 
placed from the tank roof through a 4- 
or 6-inch-diameter hole cut in the roof 
adjacent to the point of electrode sus- 
pension. The hole cut through the roof is 
covered with a gasketed plate to prevent 
birds and debris from entering the tank. 

In practice there is no pronounced 
attack occurring on the anode at the water 
level. The water level in tanks is rarely 
kept constant and this operational charac- 
teristic probably accounts for the absence 
of marked attack at the water surface. 

However, special care must be given to 
the taping procedure used to protect the 
threaded coupling so as to prevent prema- 
ture local failure of the anode. It has 
been observed that the longer the taped 
section on the anode, the greater is the 
metal wastage immediately adjacent to 
the tape. 

Platinum anodes also have been used to 
some extent. These have the advantage 
that they are not attacked appreciably 
even after prolonged periods of service. 
However, they have several severe limita- 
tions. 


1. Because of the high cost of platinum 
they generally are used in the form of wires 
of small diameter. This means that higher 
anode current densities must be used in 
order to provide equal current to the tank 
being protected. The higher current densi- 
ties cause higher JR drops in the water, 
resulting in higher power costs. 


2. Because the platinum is inert, the main 
anode reaction is the evolution of oxygen. 
When aluminum anodes are used, the main 
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Figure 1. Typical ca- 
thodic installation in 
an elevated tank 


anode reaction is the dissolution of alu- 
minum. The oxygen evolved from the 
platinum anode dissolves in the water and 
increases its corrosiveness. This means, in 
tanks confining water with a low dissolved 
oxygen concentration, that higher current 
densities are required to protect the walls 
of the water tank and also that steel equip- 
ment through which the water from the 
tank passes will have its corrosion acceler- 
ated because of the increased quantities 
of oxygen dissolved in it. 


3. As fine wires of platinum are uséd 
there is a definite hazard that they will be 
broken or bent out of position by ice forma- 
tion during cold weather. 


Beginning in 1939, trial installations 
were started using aluminum anodes. 
The results of these trial installations were 
so promising that early in 1945 the use of 
aluminum anodes was generally adopted. 
At the present time aluminum anodes are 
being used in approximately 1,000 in- 
stallations of cathodic protection. The 
results of some typical applications of 
aluminum anodes are summarized in the 
following paragraphs. 


Table |. Electrochemical Equivalents of 
Various Anode Materials 
e 
Weight of Material 
Consumed Per 26.8 
Ampere-Hours of Ampere-Hours 
Anode Current Passed, Per Pound of 
Material Grams Material 
Aluminuin..).,.).). NON tare! 1,352 . 
Graphite,........ 6.0 0r3.0..... 2,021 or 4,042 
‘Copper. a. fiercieurss 31:8). eee _ 882 
TLOM.%. te aitiee ah PH Go EM orc 436 
[sead|:.o. Vek cetera. LOS) Gi Siren 117 
Magnesium...... 1262, Weaee 997 
Nickel 7h patetectss OSS: Wiextadte 416 
LANG. Sey iate gue eters BOT IE Shanon 372 


EXAMPLE A—Two 75,000-GALLON ELE- 
VATED SPRINKLER TANKS 


In August 1944 cathodic protection 
was applied to two 75,000-gallon hemi- 
spherical-bottom elevated tanks, which 
are used for sprinkler water storage at 
the American Suppliers, Inc. warehouse 
in Louisville, Ky. These tanks, being 
alike, lent themselves to study whereby 
the properties of certain electrode ma- 
terials could be compared. 

Each tank had a single electrode, sup- 
ported from an insulator, along the 
vertical center axis of the tank. In one 
tank the electrode was of seven-eighths- 
inch-diameter hot-rolled SAE-1020 steel 
rod submerged for a distance of 211/2 feet 
below the high water level. In the other 
tank aluminum alloy rod (Alcoa 17S-7*) 
having identical dimensions was used. 

An average current flow of 1.60-1.62 
amperes was projected from each elec- 
trode tothetank. The impressed voltage 
required to maintain this amperage 
ranged from 5.0 to 10.0 volts, depending 
upon variations in conductivity of the 
water. As the voltage requirements were 
alike in both tanks, it appears that 
aluminum does not possess marked elec- 
trical valving properties under the condi- 
tions of the application. 

On February 20, 1945, after the re- 
moval of the degradation product, an 
examination of the aluminum alloy rod 


* Composition and properties given in Table IT. 


Table Il. Composition and Properties of Aluminum Alloys 
Typical 
Mechanical Properties 
Tensile 
Strength, Elongation, 
, Pounds Per Percentage in 
Alloy Composition Temper Square Inch Two Inches 
OM aa ia Me pea Pe ia SD A Ri td, (ais RA Ee 
DS Laas Commercially pure aluminum containing at least..... . QUE See LS: OOO Mtarertnetlatersrs 35 
99 per cent aluminum EE ors: 2SOOO tase 5 
eis Reid Aluminum alloy containing 1 per cent zinc............ Ones LL OOO Sn Feiasals we 35 
‘ D2 rach tor 2OOGO Se resistes, ks 5 
TFSS a auste fone Aluminum alloy containing 4 per cent copper,...... OnSiee s 2G, OOO R aaia. tistersa!s 20 
0.5 per cent manganese, 0.5 per cent magnesium WAR ne. CYANO AEG 5 AGooUG 20 
BA Sites Cisne Aluminum alloy containing 4.5 per cent copper,...... Olaeraicisiane BT OO Gist cota ay terete 19 
0.6 per cent manganese, 1.5 per cent magnesium mT enn SS, 000% a5, s1efs) she's i> 19 
Alelads nic. This is a duplex product with a 2S coating on...... Oe nyetenscar 25,000... 66% hike 
24S both sides of a 24S core D SRE 6 GA GOGE odie agsce rials 18 
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Table Ill. Comparative Anode Performance in Elevated Sprinkler Tanks at Louisville, Ky. 
Over-all 
Anode 
Weight, Service Ampere- Efficiency, 
Tank Anode Pounds Hours Hours Per Cent 
A X ......1/s-by-211/2-inch hot-rolled SAE-1020 steel..... 432900208 5 GLOO maa «2 PA GbOse ne ae c 77 
Beets she's 1/s-by-211/2-inch aluminum alloy 17S- Die tale axe PBMCS iaietes 10, 600 See 17, 050. Ae A KS 81 


revealed fairly uniform wastage. The 
hot-rolled SAE-1020 steel rod was grooved 
badly with three zones along the length 
of the rod where premature failure could 
occur because of localized wastage. This 
characteristic found in most steel elec- 
trodes, including the stainless steels, is 
especially undesirable since such a failure 
will result in improper current distribu- 
tion after the electrode has been shortened. 

A marked variation in amperage ob- 
tained in relation to applied voltage 
indicated the failure of the aluminum 
alloy rod on October 31, 1945. The 
hot-rolled SAE-1020 steel rod had failed 
some two months earlier. A performance 


comparison of 17S-T aluminum alloy 


and hot-rolled SAE-1020 steel rod is 
shown in Table III, while the composition 
of the water is given in Table IV. The 
tanks were kept full by replacing evapora- 
tion and leakage losses with Louisville, 
Ky. water at weekly intervals. Although 
the water used in filling the tank ap- 
proaches saturation with dissolved oxy- 


Table IV. Louisville, Ky. Water Analysis 


——— 


Total dissolved solids........ 221 parts per million 
Total hardness. (Us) ess. 115 parts per million 
Mota Ae ALIMICY oc oie viotek-yancra «= 63 parts per million 
Snes raat ae rn PeLe ries 25 parts per million 

8.1 


Diese oxygen* two feet 
below surface of water. 

Dissolved oxygen* in bowl 
at bottom of tank.......... 


.2.1 parts per million 


1.8 parts per million 


* Measured in tank with aluminum anodes. 


Table V. Analysis of Deep Well Water 


— 


Total dissolved solids........ 414 parts per million 
Total hardness... .......55> 360 parts per million 
PGtal GEAUMGT Aes ails yee 4 se 276 parts per million 
Chords o ait ete ein chaise arteries 20 parts per million 
Dissolved oxygen............ 0.4 parts per million 
EER ieeeret ere ete ore tase aysTt Py yest Wager ehede te wut ae e aDisuend, A 7.3 
Specific resistance at 20 C......... 1,240 ohms/em? 
Dissolved oxygen in water 
from bowl of tank......... 5.1 parts per million 
Table VI. Reservoir Water Analysis 
Total dissolved solids......... 42 parts per million 
POCA NAranNeSS ) 5 5 ccc oo siete 21 parts per million 
Total alkalinity.............18.6 parts per million 
CONNORS te geeraiewte egearksr se ices 1.9 parts per million 
SpA Ree dscns et ceatshe ecko Sita emit cede ACaLE Spe te 6.6 
Specific resistance at 20 C....... 18,600 ohms/cm?* 
Dissolved oxygen............5.8 parts per million 
Dissolved oxygen in water 
from bowl of tank......... 4.2 parts per million 


1947, VOLUME 66 


gen, it is interesting to note the marked 
reduction of dissolved oxygen occurring 
in the water stored in this tank. 

It is interesting to note from Table III 
that the useful life of the aluminum alloy 
anode averaged 1,093 ampere-hours per 
pound of anode weight, whereas the useful 
life of the steel anode was less than 
one-third as great (334 ampere-hours 
per pound of anode weight). The marked 
superiority of aluminum anodes predicted 
from fundamental considerations thus 
actually is obtained in service. 


ExaMpLeE B—100,000-GaLLON GENERAL 
SERVICE TANK 


In 1939 the Dayton Power and Light 
Company found that a 100,000-gallon 
ellipsoidal-bottom elevated steel tank, 
erected in 1931, had developed numerous 
leaks in the bowl. The tank initially 
had been pointed with two coats of red 
lead paint. It was desirable to repair 
the tank with a minimum period during 
which it would be out of service. There- 
fore, the perforations in the tank walls 
were welded shut, and the deep pits were 
filled by welding. Then cathodic pro- 
tection was applied. The anodes. used 
initially were of number 303 stainless 
steel. Protection of the tank was satis- 
factory, but the anodes had a very short 
life because they developed severe local- 
ized attack. After several replacements, 
aluminum (2.S) anodes were installed in 
1943. These anodes were definitely more 
satisfactory because they developed a 
more uniform attack than did the stain- 
less steel anodes used previously. When 
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this tank was last inspected in 1945, it 
still was being adequately protected. 
The water stored in the tank is from a 
deep well and has the composition in- 
dicated in Table V. The marked in- 
crease in dissolved oxygen concentration 
in water taken from the bowl of’the tank 
can be attributed to the frequent fluctua- 
tions in water level which normally occur 
in tanks used for general service operation. 


EXAMPLE C—3,000,000-GALLON 
MuNICIPAL STANDPIPE 


The Pennichuck Water Company of 
Nashua, N. H. in 1940 erected a stand- 
pipe 100 feet in diameter by 50 feet in 
height, having a capacity of nearly 
3,000,000 gallons for water storage. The 
water confined is the typical New Eng- 
land surface water which has low mineral 
content but 1s extremely aggressive be- 
cause of the high dissolved oxygen con- 
centration and the absence of influencing 
amounts of cathodic inhibitors such as 
calcium bicarbonate. The composition 
is given in Table VI. 

In order to overcome the effect of the 
high specific resistance of this water 
upon voltage requirements, 1,400 feet 
of 3/16-by-6-inch Alclad 24S-T sheet 
were used in the electrode configuration 
within the tank. Eleven volts were re- 
quired to project a current flow of 30 
amperes from the electrode configuration 
to the tank surface. 

Pit depth measurements made with a 
dial depth gauge in the summer of 1945 
indicate a maximum pitting rate of 
slightly over 0.001 inch per year on the 
submerged surfaces of the tank. Although 


Figure 2. Photograph of portions of anodes 

of three aluminum alloys (2S, 17S-T, and 

72S from left to right) used for 103 days in 

a 100,000-gallon steel water tank. The 

anode of 17S-T showed the most uniform 

attack and gave the highest over-all anode 
efficiency (89 per cent) 
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Table VII. Comparative Anode Behavior in Water Tank at West Carrollton, Ohio 


= —————— = 


Service Ampere- 
Material Hours Hours 
VS Se em apon ose ya 3 2,460 
WT SATE eae a eterna 2,460 
72'S veoh ist toretatere hei ofosetote 2,460 


Over-all 
Theoretical Actual Anode 
Weight Loss,* Weight Loss, Efficiency, 
Pounds Pounds Per Cent 


* Not corrected for presence of alloying constituents. 


the applied current is not quite adequate 
to stifle the corrosion processes in this 
environment completely, it has reduced 
the rate of penetration of the steel stand- 
pipe to a negligible figure. 

Examination of the aluminum alloy 
sheet electrodes at the end of 14 months 
operation indicated uniform attack with 
reasonable certainty of attaining approxt- 
mately 100 per cent electrochemical 
electrode efficiency. 

It is believed that the use of Alclad 
94S-T as the anode materia! may have 
been a particularly good choice in this 
case. As is indicated in Table II, Alclad 
24S-T is a duplex material consisting of 
a central core of an aluminum-copper 
alloy (24.S-T) with a coating on both sides 
of aluminum. This coating probably 
resulted in even more uniform attack of 
the anode surface than would have been 
the case if plain 17S-T or plain 24S-T 
had been used as the anode. 


ExAMPLE D—100,000-GALLON 
SPRINKLER TANK 


A comparison of the electrode charac- 
teristics of anodes of three aluminum 
alloys, namely, 2S, 17S-T, and 725, 
was made in a 100,000-gallon hemi- 
spherical-bottom elevated tank used for 
sprinkler storage by the Oxford-Miami 
Paper Company, West Carrollton, Ohio. 
Three electrodes—one of each of the types 
previously mentioned—three-fourths inch 
in diameter and 261/, feet in length were 
positioned symmetrically within the tank 
so that identical potential conditions 
occurred on each electrode. The current 
flow from each electrode was controlled 
at one ampere. At the end of 103 days 
the electrodes were removed: and ex- 
amined. The copper bearing aluminum 
alloy (17S-T) electrode was found to be 
covered with an adherent crusty deg- 
radation product, including metallic 
copper particles deposited adjacent to 
the metal core. The 2S and 725 elec- 


ee 


200 


trodes were covered with a less adherent 
and softer degradation product. Except 
for a few localized pits, the 17S-T had 
been consumed more uniformly than the 
2S and 72S and did not have the intensi- 
fied attack at the taped joints (Figure 2). 

The behavior of the various anodes is 
compared in Table VII. It will be noted 
that the 17S-T electrode lost the least 
weight and had an anode efficiency of 
89 per cent. The water confined in the 
tank is deep well water similar in com- 
position to that stored in the tank of 
example B, in Dayton, Ohio. Evapora- 
tion and leakage losses are replaced by 
weekly filling to the overflow line. 

Cathodic protection was applied to this 
tank in June 1945, at which time tubercles 
of red rust were observed oozing through 
breaks in the drying oil type paint film. 

The extreme clarity of the water per- 
mitted visual examination of the hemi- 
spherical bottom of the tank some 30 
feet below the water surface. This was 
also true after the cathodic protection 
system had been in operation three 
months, as all of the aluminum electrode 
degradation product appeared to have 
adhered to the metal anodes. This 
adhesion of corrosion products to the 
aluminum anodes is very desirable. 
With anodes of some other materials the 
products fall off and discolor or otherwise 
contaminate the water. 

An examination of the tank at the end 
of three months of cathodic protection 
revealed the deposition of scale-forming 
salts over corrosion product noted earlier. 
Apparently cathodic _ processes, which 
generally produce a predominance of 
hydroxyl ions, were induced on the areas 
where the anodic processes resulting in 
metal wastage had occurred previously. 
The increase in pH of the rust. tubercles 
caused the precipitation of the calcium 
and magnesium salts from the water in 
the form of a white precipitate consisting 
of CaCO; and Mg(OH):. It was in- 
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teresting to note that none of the scale- 
forming salts were precipitated adjacent 
to the metal under the rust. Areas from 
which tubercles had been removed were 
found later coated with the white deposit 
and no further attack had occurred 
underneath. 


EXAMPLE E—OTHER APPLICATIONS 


In 1941 C. P. Hoover, Columbus, 
Ohio Water Department, began studies 
to establish methods for mitigating the 
corrosion in domestic hot water generat- 
ing tanks. Among the methods investi- 
gated was cathodic protection. A cur- 
rent of 0.35 amperes projected from an 
electrode centered along the vertical 
axis of the 30-gallon hot water generating 
tanks provided complete protection 
against Columbus, Ohio city water. 
Chrome steel anodes we found to be 
less satisfactory than aluminum (2.S)— 
both from the standpoint of electro- 
chetnical efficiency, and the introduction of 
objectionable anode degradation products. 

Many institutional and commercial 
hot water generating tanks now are re- 
ceiving cathodic protection. 

Cathodic protection can be applied 
effectively to intricate structures such 
as Dorr Clarifier mechanisms in munici- 
pal water treatment plants. An in- 
stallation made on a 90-foot Dorr Clarifier 
at the Mahoning Valley Sanitary Dis- 
trict, Youngstown, Ohio, reduced the 
average rate of pitting on the steel - 
members of the rake arms from 0.0009 to 
0.0001 inch per month. | 

Among the other structures submerged 
in water media to which cathodic pro- 
tection is being applied are sewage di- 
gesters, deep well pumps, lock gates, 
Spaulding sludge blanket filtration soften- 
ers, and so forth. In addition to the 
applications mentioned previously, pipe 
line protection against soil corrosion is 
outstanding. 

Cathodic protection provides a de- 
sirable electric load for the public utilities 
as the demand is relatively constant and 
continuous. 
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Electrification of the Cotton Industry 
in the South 


S. A. BOBE 


MEMBER AIEE 


LTHOUGH the South has advanced 

industrially in leaps and bounds in 
the past few years, especially during World 
War II, cotton still is ‘‘king’”’ and remains 
the major industry. It employs’ the 
greatest number of people in manufactur- 
ing, 437,000, with a product value of 11/, 
billion dollars. It further accounts for a 
farm income of 11/2 billion dollars. There 
is a total of 1,248 cotton mills of which 
75 per cent are in the South. 

Cotton accounts for 70 per cent of all 
textile fibers used, with rayon, wool, and 
jute accounting for approximately 12, 10, 
and 8 per cent. 

To the electrical industry it represents 
a*total of four million connected horse- 
power with an annual power consumption 
of nine billion kilowatt-hours. It uses 
all electric products from turbogenera- 
tors, motors, and lighting to recent in- 
stallations of radio frequency heating for 
yarn twist setting. 

These large quantities of power are 
comparatively recent. The industry, 
being one of the world’s oldest, had carried 
development of mechanical drives to such 
a point of perfection that the economic 
necessity for change to electric drives 
was not as great as in other industries. 
As a result, the major share of electrifi- 
cation of the cotton industry has taken 
place in the past 20 or 25 years and still is 
not completed. 

As large quantities of energy were re- 
quired, early cotton mills, both in New 
England and the South, were located 


Paper 47-33, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter meeting, New York, N. Y., 
January 27-31, 1947. Manuscript submitted 
November 12, 1946; made available for printing 
December 9, 1946. 


S. A. Bonz is an industrial engineering supervisor 
with Westinghouse Electric Corporation, Atlanta, 
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along streams or rivers. Dams were built 
and mechanical water wheels installed 
driving by belts or ropes to mill line 
shafts. A common arrangement was to 
have one large grooved rope pulley, driven 
by the water wheel, located in a rope- 


way at the end or center of the mill. , 


Ropes then were run in this ropeway from 
the large pulley to a line-shaft pulley at 
each floor level. All of the mill equipment 
then was driven by belts from these line 
shafts. 

With the development of large recipro- 
cating steam engines, mills ceased being 
dependent on water power and began to 
move to locations having advantages of 
raw material and labor supply. This 


marked the beginning of large scale move- 
ment of the industry from New England 
to the South. The steam engines still 


used the same power distribution arrange- 
ment as the water wheel with usually one 
large engine driving a complete mill. 
Such a drive is illustrated in Figure 1. 

These large slow-speed steam engines 
were a very impressive sight with the 
engine room kept painted and clean and 
all brass oil cups and governor parts 
highly polished. Such engine drives now 
are practically extinct. 

The first introduction of electric energy 
in the cotton mill came as a means to 
secure safer and better lighting. Small 
generators were installed driven from the 
mill line shaft or from small steam 
engines. The output of these generators 
was distributed through open knife switch 
panel boards to drop cords throughout the 
mill. Some of these original installations, 
including the drop cords, still occasionally 
can be found in small mills. 

With generators and motors both avail- 
able, cotton mill operators now found it 
possible to arrange mills for best equip- 
ment location without being limited by a 


Figure 1. Reciprocating steam engine driving 
cotton mill by means of ropes to line shafts at 
different floor levels 
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Figure 2. 


BALE BREAKER 
CLEANER 


Flow sheet of cotton through a textile mill 
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Figure 3 (above). 
Output end of 
variable voltage 
sectional motor 
drive of cloth 
finishing machine 
showing last 
motor and motor- 
generator set with 
control 


common mechanical drive. This re- 
sulted in the water wheels or steam 
engines being used to drive large genera- 
tors which supplied electric energy to 
motors driving short sections of line 
shafts. 

In most cases the early electrified mills 
were those that generated their own 
power. It was not until large power sys- 
tems were organized that mills were able 
to purchase the large quantities of de- 
pendable power required at economical 
rates. These rates have been decreasing 
continually and dependability increasing 
until now most mills can purchase power 
cheaper than they can generate it. 
Average mill power costs in the South 
vary from about one cent per kilowatt- 
hour for the smaller mills to five mills per 
kilowatt-hour for the larger users. 

The next step from a common line- 
shaft drive was to provide individual 
motors on each separate piece of equip- 
ment or process. This was a quite logical 
result as demands were made for higher 
speeds and cleaner mills. Individual 
drives gave closer output control by 
eliminating unpredictable belt slip and 
permitted unlimited flexibility in arrange- 
ment. Machines were arranged for best 
mill arrangement without concern about, 
drives. As a result all new mills, and al- 
most all old mills, now are nearly com- 
pletely individually driven. The trend to 
increase machine speed and output is still 
continuing, however, and resulting in an 
increasing kilowatt-hour consumption and 
investment in machinery per employee. 

In the early electrification of cotton 
mills the question of voltage was given 
serious consideration and 550 volts 
adopted as standard for mill distribution. 
The major reason was saving in copper 
without increasing costs of motors or con- 
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trol over 440-volt cost. The rating of 
550 volts is now standard in approxi- 
mately 95 per cent of the mills in the 
Southeast including both cotton and 
rayon. Although recent efforts have been 
made to change this to 440 volts, the tex- 
tile industry still considers 550 as stand- 
ard and all new construction continues at 
550 volts. 

The kilowatt demand of cotton mills 
will vary from 1,000 for small units to 
approximately 15,000 for the largest 
groups. When power is purchased it is 
brought to the mill at high voltage and 
then transformed to the mill distribution 
voltage. The substations usually are 
owned by a power company. Past prac- 
tice was to supply a single bank for the 
complete mill load. This resulted in 
many transformer banks of 5,000 and 
7,500 kva, or even larger, with resultant 
high currents and high short-circuit ca- 
pacities. Short-circuit interrupting ca- 
pacity was not given sufficient considera- 
tion always and many present installations 
do not have adequate protection in this re- 
spect. The modern trend is to split up 
transformer banks into small units of 
750- or 1,000-kva capacity and feed por- 
tions of the load independently with 
breakers available for emergency tie-in. 

Busses from the transformer secondary 
winding usually carry the power to a 
switch room and main distribution board 
located in the mill. The board includes 
feeders to the various sections of the mill 
with indicating and totalizing meters. 
Past practice was to use manual oil cir- 
cuit breakers with current limit protec- 
tion. Modern boards use drawout type 
air breakers in cubicle construction with 
both instantaneous short circuit and ther- 
mal or inverse time limit feeder protec- 
tion. 

Where modern use of small power 
transformers is made, present practice 
tends towards unit substation construc- 
tion. This includes the transformer, dis- 
tribution feeder breakers, meters, instru- 
ments, and relays all assembled as a fac- 
tory made unit. This has been carried a 
step further in some mills now under con- 
struction with the unit substation trans- 
former being air cooled or noninflam- 
mable liquid cooled, and the complete 
assembly located inside of the mill. 

Power distribution from the switch- 
board to individual motors is made in the 
usual manner by conduit feeders, with air 
breaker or fuse feeder protection. Bus 
duct has been installed recently in a num- 
ber of mills in place of conventional con- 
duit and cable. Line starting now is used 
exclusively for even the largest motors 
except on some applications such as rov- 
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ing frames where a soft start is required. 
In these special applications automatic 
step resistance-type starters now are used. 
The average mill will have a connected 
horsepower of approximately two times 
the maximum kilowatt demand with the 
continuous load being nearly equal to the 
maximum demand. During World War 
II, and at present, most mills operate 24 
hours per day with two full shifts and one 
part shift. This third shift is used to 
balance out bottlenecks as very few mills 
have such a perfect balance of output in 
all divisions that no shortages result. 
Mills having complete individually 
driven equipment usually have an over- 
all power factor of 75 to 80 per cent. 
Those with a large share of line shaft 
drives using higher horsepower motors 
will average 82 to 86 per cent Some 


power companies in the Southeast have 
very attractive power factor rates making 
the installation of capacitors to correct 
power factor a high return investment. 
Most such applications pay for the ca- 


Figure 4 (above), Picking room showing 
cotton lap rolls forming at output end 
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pacitors in one to two years time. Other 
utilities provide an optional penalty which 
they may enforce if the maximum demand 
power factor drops below 85 per cent. 
The majority of capacitor installations 
are of the distributed type with small 
groups of capacitors being connected to 
feeders or at larger individual motors. 


Cotton Processing 


After cotton is picked it is collected 
loose, in wagons, and taken to the local 
cotton gin. Here the seed is separated 
from the fibers by the ginning machine. 
This machine consists essentially of a 
series of saws so spaced that the seeds 
just will pass between the saws. As cot- 
ton is fed to the gin the seed is cut out, 
after which the fibers are carried by suc- 
tion to the baler. The average bale of cot- 
ton weighs 500 pounds but requires 1,500 
pounds of cotton bolls before ginning. 
The other 1,000 pounds are mostly seed 
with attached short fibers and some small 


Figure 5(below). Individual motor driven cotton 
cards using chain drive from motor to cylinder 
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amount of trash. A complete cotton gin, 
including blowers and conveyors, usually 
is operated by a 75-horsepower wound 
rotor motor. 

This 500-pound bale of cotton is the 
standard unit used in records on size of 
crops, surplus, and manufacturing. It 
may be stored almost indefinitely without 
spoiling. The average crop in this coun- 
try is 10 or 12 million bales of which 8 to 9 
million bales are processed. 

In converting this 500-pound bale of 
cotton fiber to cloth there are 45 pounds 
of waste. It requires approximately 850 
kilowatt-hours of electric energy and 100 
man hours of labor. 

Figure 2 shows a typical flow sheet of a 
complete cotton mill. All mills do not 
have all of the operations shown. The 
more common divisions are yarn mills, 
cloth mills, and finishing plants. The 
first group prepares yarn only, starting 
with baled cotton. This yarn ‘is usually 
for specialized use such as electrical in- 
sulation, sewing thread, tire cord, and 
knitting. This group uses 18 per cent of 
the total cotton processed. The second 
group, which includes the greatest per- 
centage, starts with the raw cotton, fol- 
lows through all the processes including 
weaving, but does not dye or print the 
cloth. 

Finishing plants take the woven cloth 
and wash, bleach, dye, print, fill, and 
calender as necessary for the various types 
of cloth called for by the modern market. 
They usually are separate plants and fin- 
ish cloth for groups of mills. Their proc- 
esses involve the use of chemicals, dyes, 
and large quantities of process steam. 
Power sometimes is generated as a by- 
product of this steam but the trend is 
away from this combination with the de- 
creasing cost of utility power. Electric 
drives in finishing plants are principally 
direct current because of the necessity of 
variable speeds for different weight goods 
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Figure 6 (left). Cotton 
drawing frame driven by 
textile gear motor 


Figure 7 (right). Spin- 

ning frame driven by tex- 

tile motor with special 

above-floor mounting 

and variable pitch V- 
belt drive 


and different finishes. 


D-c adjustable 
voltage range drives including several 
sectional motors operating in tandem are 
common as most of the washing, bleach- 
ing, and dyeing processes are now continu- 


ous. 
ure 3. 


Such a range drive is shown in Fig- 


Mill Drives 


As previously mentioned, most all 
equipment in cotton mills now is driven 
by individual motors. The major excep- 
tion has been carding but even this is 
now beginning to be changed. Electric 
equipment with standard enclosures is 
usually satisfactory except in the case of 
motors. Because of the great amount of 
free lint, standard open motors will plug 
up quickly and lose their ability to cool. 
As a result, most manufacturers make a 
special textile motor with large ventilating 
openings and smooth surfaces so that lint 
easily will pass through the motor without 
being caught. In the smaller sizes of two 
horsepower and below, totally enclosed 
nonventilated assemblies are used. A 
recent development has been the use of 
prelubricated sealed ball bearings in tex- 
tile motors. These bearings do not re- 
quire any attention, including lubrication, 
for periods of five years or longer and re- 
sult in a cleaner mill. 

A breakdown of power consumption in 
an average mill shows the largest share, 
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or about 50 per cent of the total, is used in 
spinning. The next largest is 20 per cent 
for weaving. The remaining 30 per cent 
is divided between opening, picking, 
carding, drawing, roving, warping, slash- 
ing, and miscellaneous uses such as light- 
ing, ventilation, pumps, and elevators. 
To show more clearly how horsepower 
is distributed in what might be called an 
average mill, Table I lists the actual in- 
stalled horsepower in one such mill. 


Opening and Picking 


This operation involves taking the 
baled cotton, breaking it loose, fluffing, 
beating, cleaning, and forming a thin 
layer about 40 inches wide which is called 
alap and collectedinaroll. This involves 
the use of .3-, 5-, and 71/2-horsepower 


Table |. Distribution of Horsepower in a 
Typical Cotton Mill 
Demand, 948 Kw 
Percentage 
of 
Connected Connected 
Horsepower Horsepower 
Opening and picking....... DES rotatetete eos 8.0 
Gards sea v S20 oo caee 505 18.7 
Tir awita eek ave suchcteis eles spore WSs alebieietle 0.6 
FROVINT Es a siate e's g00. spas cree SO etciei stele 1.5. 
SPiN were amie telarelvivis sisiels Pe Liaialessetatess 41.5 
Wanpitigct.. crerctsistertne creer ZO sisciiclens axe 0.8 
SSeS; < caw orelc nce gees BOsas owas 1.1 
Weaving (looms).......... LOO Sapareiacte 14.9 
Miscellaneous............- Be ee oA tens so 12.9) 
Dotal ye. curses ts sieereee 2 BGiaue ster 100.0 
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motors of 1,160- and 1,750-rpm speeds. 
The motors are line started and usually 
interlocked in sequence as the process in- 
cludes air and belt conveyors which must 
be protected against overflow. A typical 
picking room is shown in Figure 4. 


Cards 


Cotton cards still usually are driven 
from a line-shaft drive with 30 to 50 
cards tied to a single line shaft driven by 
a single motor. Average 40 or 45 inch 
cards require 11/, horsepower for normal 
running. Two problems complicate the 
use of individual card motors. 

1 The requirement of a high breakaway 
and accelerating torque necessary because 


of the large diameter and weight of the 
cylinder. 


2. The close overload protection which 
must be provided because of frequent card 
packing and quick overload build-up. 


When using a 11/,-horsepower motor, 
which is ample for normal running, the 
starting torque must be at least 300 per 
cent of full load to provide for breakaway 
and acceleration. Overload relays used 
must permit the long accelerating period 
of approximately 30 to 45 seconds and 
still be sensitive to both quick or slow 
overload build-up. A standard thermal 
overload device must be supplemented by 
shunts or a thermostat on the motor it- 
self. 

The average cotton card cylinder with 
its driven pulley operates at a speed of 
165 rpm, and is driven by a 870- or 1,160- 
rpm motor. The required power will vary 
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Figure 8. _ Installation 
of twisting frames driven 
by textile motors 


Figure 9 (below), 

Curves used in esti- 

mating horsepower re- 

quirements of spinning 
frames 


A—9-inch diameter ring 
B—91/2-inch diameter 
ring 
C—3-inch diameter ring 


SPINDLES’ PER HORSEPOWER 


5500 6500 7500 8500 9500 
SPINDLE SPEED — RPM 


as the square of the cylinder operating 
speed. Cotton mills will have from 50 to 
500 cards, depending on the size of the 
mill and the quality of yarn being made. 


The output of the card is in the form of a 
fleecy strand of cotton about one inch in 
diameter and called a sliver. 

Control equipment is commonly a mag- 
netic or manual line starter with some 
reversing device as the card must be re- 
versed for stripping or cleaning. A typi- 
cal individually driven card is shown in 
Figure 5. 


Drawing 


After carding, the cotton fibers may be 
combed to eliminate short fibers, as in the 
case_of fine combed yarns, or go direct to 
drawing frames. At the drawing frames 
the fibers are aligned further and straight- 
ened by means of a series of rolls each of 
which runs faster than the preceding one. 
With the rolls being spaced greater than 
the longest fiber length this results in_a 
further drawing and straightening of fin- 
dividual fibers. 

This operation uses only a small 
amount of power. Floor mounted gear 
motors or low speed textile motors drive 
the frame shafts which operate at 250 
rpm, The average requirement is six sliver 
deliveries per horsepower. Motors are 
usually line-started. Figure 6 shows a 
typical installation using a gear motor. 


Roving 


The next operation. involves roving 
which combines the required number of 
fibers for the weight yarn to be made, fur- 
ther draws the yarn, and slightly twists 
while winding on large bobbins in prepa- 
ration for spinning. Average roving 
frames require 3- and 5-horsepower textile 
motors with speeds of either 870 or 1,160 
rpm. It is necessary that roving frames 
start slowly since the yarn is yet very 
soft with no twist and low strength and 
may be broken easily. This soft starting 


Figure 10. Drum driven warper 
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is accomplished either by using a closely 
applied motor with low starting torque 
and line-starting or a larger motor with 
primary resistance type starter. 


Spinning 


This is the operation wherein the 
greatest percentage of power in a cotton 
mill is consumed. The yarn is pulled by 
a set of rolls which further draw the fibers 
and feed to a spindle rotating at high 
speeds, in the order of 7,000 to 10,000 rpm, 
depending on yarn weight. A small 
traveler which rotates in a ring guide 
around the spindle acts as a guide for the 
yarn. 

Average spinning frames consist of 200 
to 250 spindles. There may be differences 
in the size of bobbins, spindle speeds, and 
amount of twist obtained. Required 
horsepowers for individual motor drives 
range from 71/, to 20 horsepower at 1,750 
rpm with some at 1,160 rpm. Textile- 
type motors must be used since the lint 
content in the air is quite high. Line- 
starting is standard with combination 
starters usually mounted on the end of the 
frame. The horsepower required varies 
about as the 1.5 power of spindle speed. 
Other factors effecting the horsepower are 
‘ring diameter, amount of drawing effect 
of feed rolls, and size of yarn handled. 

There are two general types of spinning 
called filling and warp. Filling spinning 
is for yarn used in the woof or cross 
threads in cloth. It is usually lighter and 
is usually spun onto bobbins used in loom 
shuttles. Warp yarns are usually heavier 
with more twist and wound on larger bob- 
bins. 


Another variation of spinning is twist- . 


ing which combines and twists spun yarns 
together to get greater weight or strength. 
These machines are essentially duplicates 
of spinning frames except that no drawing 
is included in the feed rolls. 

After yarns are twisted they are com- 
pleted except for any treatment that may 
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Figure 11. Output end 

of variable voltage sec- 

tional driven slasher with 
core driven beam 


be required to prepare them for weaving. 
In the case of the filling or woof none is 
usually necessary. Warp yarns, however, 
must be wound on beam rolls of approxi- 
mately the width of the cloth to be woven. 
Further, the individual yarns are sized or 
starched to give them greater strength 
and abrasion resistance. This is neces- 
sary in weaving for the yarn to withstand 
the shuttle friction. 

Figure 7 shows a cotton spinning frame 
and Figure 8 an installation of twisters. 
Figure 9 shows a typical set of curves used 
in applying motors to spinning. These 


are simplified curves for normal applica- 


tions. 


Warpers 


The winding of the yarn from bobbins 
or spools onto beams is done on a warpér. 
This may be either a drum or core type 
warper with the first using a constant 
speed induction motor and the second 
either multispeed squirrel cage or variable- 
speed direct current. The average mill 
will have two to ten warpers. Motors are 


three or five horsepower line-started and 


equipped with brakes for quick stopping. 


Figure 12. Elementary 
diagram of sectional 
driven slasher showing 
arrangement of rotating 
regulator field circuits. 
Series and regulating 

fields are accumulative — 
and tension field dif- © 

ferential 


ROTOTROL 
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Drop wires automatically stop the warper 
whenever a feed thread is broken. Figure 
10 shows a typical warper installation. 


Slashing 


The operation, of yarn starching is 
known in textile terms as slashing and 
the machine as a slasher. Any faulty 
slashing is quite costly in that it results in 
excessive loom stoppages with loss of pro- 
duction and lower grading of cloth. be- 
cause of more warp knots. To provide 
more exacting tension and speed control 
a modern slasher drive uses adjustable 
voltage direct current with sectional mo- 
tors and a tension regulated beam windup. 

The slasher consists of a stand on which . 
unstarched beams are mounted, a size box 
with rolls for depositing wet starch on the 
warp, a set of steam drying cylinders or a 
hot air drying chamber, a delivery roll for 
pulling the yarn and a beam roll for 
winding up the finished warp. Individual 
motors are applied to the size box, de- 
livery roll, and the beam in order to pro- 
vide tension control between these sec- 
tions. Occasionally motors also are 
applied to cylinders. Because of low 
driven speeds required, gear motors usu- 
ally are used with floor mounting and 
driving by chain to their respective rolls 
The starch and delivery rolls are usually 
9 inches in diameter and the beam roll 
starts on a 6-inch core and builds up to 
between 24 and 30 inches when full. 
Usual speeds are four to five yards per 
minute for creeping and threading with 
operating speeds of 20 to 65 yards. Some 
newer slashers are operated as high as 100 
yards per minute. A typical slasher 
would have a 1!/.-horsepower motor on 
the size box or boxes, a 3-horsepower mo- 
tor on the delivery roll, and a 5-horse- 
power motor on the beam windup. 
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The beam windup motor must operate 
over the entire speed range of the slasher 
with either an empty or full beam and 
maintain constant a preset yarn tension. 
It replaces a slip clutch on the old me- 
chanical drives which permitted greater 
slippage as the beam filled up. This re- 
sulted in uneven winding tension with 
soft and hard spots in the finished beam 
and tangles and breaks at the loom. 

A five-to-one speed range motor by field 
control is used with the shunt field, ener- 
gized by a Rototrol (rotating regulator). 
The Rototrol has three fields. 


1. A differential pattern field excited from 
the constant potential exciter and in series 
with a tension adjusting rheostat. 


2. An accumulative field sensitive to beam 
motor armature current. 


3. The usual series field to obtain ampli- 
fication. 


The Rototrol maintains constant arma- 
ture current with changing speed by 
changing the motor field current. This 
results in varying motor output torque as 
necessary to maintain constant yarn ten- 
sion with changing diameter. 

The control includes necessary starting 
equipment for the motor generator set, a 
motor operated rheostat to give smooth 
acceleration and deceleration, tension 
control stations for each motor, a preset 
speed control rheostat, and several “‘start- 
stop-slow”’ pushbuttons. Figure 11 shows 
the output end of a slasher showing the 
beam and control station. Figure 12 is an 
elementary diagram of the electric equip- 
ment. 


Weaving 


All yarn processing as described is 
necessary to prepare cotton so that it 
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Figure 13. Oscillograph of test on 11/2- 

horsepower 6-pole motor driving a loom at 

160 picks per minute with low slip rotor and 
showing regeneration each pick 


finally may be woven into cloth. The 
operation of weaving is still the same as in 
ancient days in that a shuttle must be 
thrown between warp threads alternately 
from one side to the other. Now, how- 
ever, it is done at high speeds by machines 
rather than slowly by hand. 

An average cotton mill will have from 
400 to as high as 3,000 looms. Many still 
are driven by line shafts and flat belts but 
the number is being reduced steadily. 

The present standard motor drive is an 
enclosed nonventilated motor mounted 
on the loom and driving by pinion a 


Figure 14. A modern weave room installa- 
tion with individual motor on each loom 


Bobe—Electrification of the Cotton Industry 


loom main gear. These main gears aver- 
age about 175 teeth. The motor pinion 
will vary as determined by loom and mo- 
tor speeds. For ordinary cloth of weights 
similar to sheeting, looms will operate at 
175 to 210 picks, or shuttle throws, per 
minute, For heavier goods or intricate 
weaves the speed will be reduced to 
possibly as low as 100 picks for heavy 
duck. 

When first individually motorized, the 
majority of looms required 1/2- and 3/4- 
horsepower motors. Since that time loom 
speeds have increased steadily until at 
present the 1-horsepower rating is most 
common with some 1!/2 and 2 horsepower, 
but no new installations are below 1 horse- 
power. 

The atmosphere in a weave room is very 
linty and it is necessary to protect the 
motors. As loom motors are small, 
totally enclosed motors rather than lint- 
free were adopted as'standard. These 
motors, however, are rated at a 40 degrees 
centigrade continuous rise rather than 
the usual 55 degrees centigrade. There 
are two reasons for this rating 


1. The motor must be able to pull the 
loom during the breaking-in period when 
the great number of new tight bearings 
cause extra loading. 


2. A loom load is of pulsating nature and 
the motor losses and heating are higher 
than for an equivalent steady load. 


Early loom motors used standard mo- 
tor parts which were usually of low inertia 
and resulted in the motor passing from 
motoring to regeneration with each loom 
pick. This is illustrated clearly in Figure 
13 which is an oscillograph of such a mo- 
tor in operation. As a result of consider- 
able study and test, present motors have 
a more nearly correct balance of motor 
inertia to match the loom, eliminating the 
regeneration and increasing motor effi- 
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ciency on this type of load. Efficiency is 
an important factor where hundreds of 
motors are operated in a single room. 
Individual loom motors are controlled 
by manual switches at the motor which 
include some thermal device for overload 
protection. Several motors are grouped 
on a common feeder protected by an air cir- 
cuit breaker located ina distribution panel. 
The number of motors tied to one feeder 
is determined by the size of circuit breaker 
permitted by the wire used and thermal 
capacity of the individual motor starter 
thermal overload elements. This feeder 
breaker must hold in when the looms all 
are line-started simultaneously. With 
1-horsepower 550-volt motors, eight usu- 


ally are grouped together on one 25- 
ampere breaker. 1t usually works out for 
a convenient physical arrangement that 
about 50 looms can be handled from oné 
panel board. The feed to this panel 
board is supplied through a magnetic con- 
tactor so as to give undervoltage protec- 
tion and permit starting of the group from 
one push-button station. A modern 
weave room is shown in Figure 14. 


Conclusion 


This has been a brief outline of cotton 
manufacturing with the object of showing 
the importance of the industry as an elec- 
tric power consumer and user of electric 


equipment. All types of electric equip- 
ment are used from central station gener- 
ating equipment through motors and con- 
trol to modern electronic devices. 

The industry is vitally interested in 
new developments such-as new motor in- 
sulation, unit substations, dielectric heat- 
ing, electrostatic air cleaning, air condi- 
tioning, and electronic drives. 
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Discussion 


A. T. Bacheler (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): I first want 
to congratulate Bobe on his fine paper on the 
electrification of the cotton industry in the 
South: 

There are a few items which might be dis- 
cussed in greater detail than was possible in 
his paper. Bobe mentioned the regulation 
of warp tensions at the slasher beam, using 
the armature current of the beam motor as 
the cue to the tension obtained. In some in- 
stances this is not a sufficiently accurate 
indication of the tension from empty to full 
beam to produce the desired results es- 
pecially when regulating for light tension on 
drives designed to permit greater tensions 
to be obtained. One of the factors producing 
error is the no load current of the motor, and 
this is especially true at light tension where 
the tension lead may not be much greater 
than the losses. At full field the no load 
current of the motor is much less than at 
weak field since the windage of the motor, 
friction, and core losses are greater at the 
higher speed. Also, when gearing is used, 
the gearing losses, including churning of oil 
and friction at the oil seals, must be con- 
sidered. These losses also increase at the 
higher speeds of the beam motor. There- 
fore, if the regulator maintains constant 
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armature current, the tension at empty 
beam will be less than at full beam. A 
satisfactory solution to this problem has 
been devised and consists of a circuit which 
reduces automatically the value of regu- 
lated armature current as the beam builds 
up. Thus, the tension is held much closer to 
the desired optimum value from empty to 
full beam without the use of dancer rolls or 
other devices operating on the diameter of 
the beam. 

It might also be desirable to mention 
electronic applications which are being made 
in the textile industry in the South. I shall 
mention two typical applications. 

An all-electronic warper drive has been 
built and installed in one of the southern 
mills. The armature power and field excita- 
tion of the direct current drive motor are 
both provided by grid controlled mercury 
are rectifiers operating from the alternating 
current power supply. This drive is essen- 
tially a standard electronic drive combined 
with an electronic speed regulator to hold 
warp speed constant.’ A pilot generator is 
used to indicate warp speed, and the speed 
range for warp speed and build-up on the 
beam is obtained by a combination of 
armature voltage and field control. Sev- 
eral more of these electronic units are being 
built. 

An electronic relay has been developed 
for use on loom, warper, and knitting ma- 
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chine stop motions involving drop wires or 
other contact making devices which operate 
when a thread is broken. Sometimes,these . 
devices do not make contacts of low enough 
resistance to operate magnetic relays. The 
electronic relay has been designed to over- 
come these difficulties and provides reliable 
operation on contacts of high resistance due 
to dirt and lint. This relay uses a thyratron 
tube whose firing is initiated by the drop 
wires connected in the high impedance grid 
circuit. In the plate circuit of the thyratron 
is a small magnetic relay which handles the 
control circuit which stops the drive. 

A modification of the electronic relay has 
been applied to loom bobbin feeler mecha- 
nisms, where the time of electric contact 
between feeler and bobbin is too short and 
the resistance may be too high for de- 
pendable operation of a magnetic relay. As 
soon as the yarn on the bobbin runs out, 
firing of the thyratron is initiated by the 
feeler which makes contact with the bebbin. 
A high resistance of the order of half a 
megohm is placed in the thyratron grid cir- 
cuit so that the actual contact resistance be- 
comes negligible. The thyratron operates 
on direct current and, once fired, keeps on 
conducting until a magnetic relay in the 
plate circuit has picked up. The magnetic 
relay initiates a change of bobbin and de- 
energizes the thyratron so it will be ready 
for the next operation. 
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EMICONDUCTORS have a number 

of unique properties which make 
them useful in the design of electric cir- 
cuit elements. Their electrical resistivi- 
ties near room temperature fall in the 
range 10-2 to 10~* ohm-centimeters. In 
comparison, the resistivities of typical 
metals in this temperature range are 
around 10-* ohm-centimeters and those 
of insulators between 10° and 10% ohm- 
centimeters or higher. _ The electrical re- 
sistivities of semiconductors and insula- 
tors decrease rapidly with rise in tempera- 
ture, while those of metals increase rela- 
tively slowly. The resistivities of dry 
rectifiers, which consist of a metal in con- 
tact with a semiconductor, may change by 
a factor of 1,000 as the sign of the applied 
potential is reversed.. The purpose of 
this paper is to outline the present the- 
ories relating to semiconductors and to 
correlate these with quantitative experi- 
mental data obtained on some typical 
semiconducting samples. 

Semiconductors may be classified on 
the basis of their current carriers into 
electronic, ionic, and mixed conductors. 
In ionic and mixed conductors, ions are 
transported through the solid, thus chang- 
ing the composition of the material. As 
this leads to unstable characteristics, only 
those substances in which the current is 
carried solely by electrons will be discussed 
heres 

As early as 1900 Drude! suggested that 
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the high electrical conductivity of metals 
(low resistivity) was due to the large 
number of so-called free electrons. These 
electrons are free in the sense that under 
the action of an electric field they move 
through the crystal lattice, thus carrying 
acurrent. Their number is of the order of 
one per atom or approximately 10%? per 
cubic centimeter in most metals, and this 
density does not change appreciably with 
change in temperature. In the modern 
theory of semiconductors and insulators 
as proposed by Wilson? around 1930, it 
is shown that most of the electrons in 
these substances are bound to their re- 
spective atoms, thus leaving only a small 
fraction of the electrons (1 per 10* to 10° 
atoms) free to conduct current. Further- 
more, the number of such electrons in- 
creases rapidly with increase in tempera- 
ture, thus accounting for the high nega- 
tive temperature coefficient of resistance 
in semiconductors and insulators. 

The physical picture of a metal con- 
sists of an electron gas formed by the free 
electrons in which the positive ions float. 
As the ions repel each other, they tend to 
arrange themselves so as to use their 
space to the best advantage, which re- 
quires that they take up some close- 
packed crystal arrangement such as body- 
centered cubic, face-centered cubic, or 
close-packed hexagonal. By means of 
X-ray analysis Grimm? has determined, 
as shown in Figure 1B, the electron charge 
density in the metal magnesium for the 
base plane of the close-packed hexagonal 
lattice. This figure is. drawn to scale, the 
unit being angstroms (1 angstrom=10~* 
centimeter). It is seen that the valence 
electrons give a uniform negative charge 
in which the positive magnesium ions are 
imbedded. The heavy density near the 
lattice points is from the electrons bound 
to the ions. Figure 1A gives the electron 
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density in the insulator diamond as de- 
termined by Grimm for the 110 plane of 
the face-centered cubic lattice. Although 
the positive carbon ions are imbedded in 
the negative charge of the valence elec- 
trons, it is seen that spherical symmetry is 
lacking and the electrons are concen- 
trated along the shortest paths between 
atoms. 


Band Theory of Solids 


If all of the charge in the electron gas 
were free to move through the lattice 
under the influence of an electric field, 
Figures 1A and 1B indicate that diamond 
and magnesium should be equally good 
conductors. Measurements show, how- 
ever, that at room temperature mag- 
nesium is more conducting by a factor of 
10° and therefore we must add some- 
thing to our picture to explain this enor- 
mous difference. This wasoneof the major 
problems of the physics of solids which 
had to wait until the advent of quantum 
mechanics around 1930 for asolution. Al- 
though the problem is now completely 
solved, the solution is so wrapped up in 
mathematical language that it can not be 
presented here. It can be said that 
solids, like free atoms, are pictured as 
having a large number of discrete energy 
states with one and only one electron 
allowed in each individual state. These 
energy states arrange themselves into 
bands, the structure of which determines 
the properties of the solid. Just as auto- 
mobiles in a parking lot are unable to 
move when they are parked bumper to 
bumper, so the electrons in a solid are 
immobile when every energy state in the 
band is filled with an electron. _When 
there are unoccupied states in the band, 
the electrons move under the action of an 
electric field and the material is a con- 
ductor. A semiconductor has only a few 
electrons in a conduction band (a band 
with energy states only partially filled) at 
room temperature, but this number in- 
creases with increase in temperature. 
These ideas are represented graphically in 
Figure 2 where the black areas represent 
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allowed energy levels filled with electrons, 
the white areas represent forbidden re- 
gions where no energy states exist, and 
the shaded areas represent conduction 
bands. Energy is plotted vertically on an 
arbitrary scale. The width of the for- 
bidden region may vary from zero to ten 
electron volts (one electron volt is the 
energy required to move one electron 
through a potential difference of one 
volt). Figure 2A indicates the conditions 
existing in an insulator where all the elec- 
trons are in filled bands and the forbidden 
region is so wide, several electron volts, 
that thermal agitation is incapable of ex- 
citing electrons from the filled band into 
the conduction band. Ina semiconductor 
(Figure 2B) the energy gap between the 
filled and conduction bands is small, one 
electron volt or less, so that electrons from 
the completely filled band may be ther- 
mally excited to the conduction band, 
thus producing a conductivity which in- 
creases with temperature. In some 
metals such as magnesium, the energy gap 
between the filled and unfilled bands is 
zero as shown in Figure 2C, and in others 
such as the alkali metals the lower band 
is only half filled with electrons (Figure 
2D). In either case conduction is good at 
any temperature. 


Semiconductor Classifications 


More detailed representation of the 
electron arrangements in the energy bands 
of chemically pure semiconductors and of 
those containing small amounts of dif- 
ferent types of impurities are shown in 
Figure 3. Figure 3A is for pure semi- 


conductors which have been termed in- 
At any temperature T an average 


trinsic. 


number n of electrons are excited ther- 
mally from the lower filled band to the 
upper band. Conduction then can take 
place both by means of the electrons in 
the upper band and holes in the lower 
band, which is now not quite full. Inthe 
latter mechanism the sign of the carrier 
charge appears to be positive. 

In most semiconductors the conduc- 
tivity is highly dependent on the impuri- 
ties present in the sample. By impurities 
we mean added foreign atoms, physical 
defects in the lattice, or differences from 
stoichiometric composition. It is as- 
sumed that the impurities introduce extra 
energy states in the normally forbidden 
region between the bands as shown in 


Figures 3B and 3C. Electrons in these . 


impurity states are localized in the neigh- 
borhood of the impurity and cannot take 
part in conduction. Two types of im- 
purity are possible. In the donator or N- 
type shown in Figure 3B the impurities 
carry extra electrons with them and usu- 
ally have energies near the conduction 
band. Since the energy gap A; is much 
less than E, electrons are thermally ex- 
cited at lower temperatures than in an 
intrinsic semiconductor. At very low 
temperatures the extra electrons are all 
bound to the impurity atoms; at higher 
temperatures these’ electrons are ther- 
mally excited to the upper band where 
they may conduct. At still higher tem- 
peratures the donator electrons may all 
become excited so that the number of con- 
duction electrons remains constant with 
further increase in temperature until the 
thermal energy becomes great enough to 
excite intrinsic electrons from the lower 
band. An impurity semiconductor turns 
into an intrinsic semiconductor at high 
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Figure 1. Electron 
charge densities in an 
insulator and a metal 


The numerical values 
give the number of 
electrons per atom in the 
space corresponding 
to each intensity of 
shading 


A. Diamond 
B. Magnesium 


Pearson—Electronic Semiconductors 


\\ 
IN 


(A) 
Figure yh, 


(B) 


Energy level diagrams for solids 


e) (D) 


The clear regions are forbidden, the dark 
areas are allowed and full, the shaded areas 
area allowed but empty 


A. An insulator 

B. A semiconductor 

C. A metal with overlapping filled 
conduction band 

D. A metal with half filled band 


and 


temperatures. At low temperatures the 
number of excited impurity states and, 
therefore, the conductivity at a given 
temperature increase with the amount of 
impurity present. 

In the acceptor or P-type impurity 
semiconductor shown in Figure 3C, the 
extra states lie near the filled band. At 
very low temperatures these states are all 
empty, but on heating, electrons from the 
lower band areexcitedintothem. Although 
the excited electrons are bound, hole 
conduction is possible in the lower band. 

In an intrinsic semiconductor the con- 
duction is by an equal number of electrons 
and holes, in an N-type conduction is 
solely by electrons at low temperatures 
and by electrons and holes at high tem- 
perature, and in a P-type solely by holes 
at low temperatures and by electrons and - 
holes at high temperatures. In addition 
to explaining the magnitude of the con- 
ductivity and temperature coefficient, we 
will see that this picture clarifies certain 
anomalies in the Hall and thermoelectric 
effects in semiconductors. 


Electrical Resistivity 


Wilson’s theory shows that for intrinsic 
semi-conductors the specific resistance 
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where A is a factor which varies rela- 
tively slowly with temperature, 7 is 
the temperature in degrees Kelvin, k 
is Boltzman’s constant (8.69. X 107° 
electron volts per degree), and E is the 
energy gap between the two bands in 
electron volts. From equation 1 it can 
be seen that a plot of log p versus 1/T for 
an intrinsic semiconductor should give a 
straight line the slope of which is equal to 
E/2k or 5,750 times £ in electron volts. 
Figure 4 is such a plot for silicon contain- 
ing different amounts of impurity. Curve 
A was obtained from measurements made 
on a block of silicon prepared from a melt 
of high purity material obtained from du 
Pont. Curve D is from a block of the 
same material to which 0.03 atomic per 
cent of boron had been added. Curves B 
and C were obtained from silicon samples 
containing intermediate amounts of un- 
known impurities. At the higher tem- 
peratures the resistivities of all the sam- 
ples fall on the same straight line in ac- 
cordance with our picture of semiconduc- 
tors in the intrinsic range. The slope of 
this line indicates that the energy gap be- 
tween the filled and unfilled bands in 
silicon is 1.2 electron volts. At lower 
temperatures the resistivities do not con- 
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Figure 6. Schematic circuit arrangement for 
the measurement of Hall coefficient in semi- 
conductors 


Sign conventions are as shown 


tinue to follow the intrinsic line, but 
branch off at increasingly higher tempera- 
tures with increase in impurity. In the 
branch curves, the number of intrinsic 
electrons and holes becomes small com- 
pared with the number excited from im- 
purity states and the fesistivity is de- 
termined by the amount of impurity 
present. The decrease in resistivity just 
beyond the branch point is not associated 
with a change in the number of excited 
impurity states, but rather arises from a 
decrease in mobility resulting from the 
heat motion of the ions in the lattice. 
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Figure 5 


A. Photo transmission in a thin silicon film 
as a function of wave length 

B. Photo conductivity in a thin silicon film 
as a function of wave length 


This is a complicated story and will not 
be discussed here. On going to still lower 
temperatures the impurity resistivity in- 
creases and an estimate of the energy 
gaps £; or E, can be made from the slopes. 

Although sample A is the purest silicon 
we know how to prepare, even this ma- 
terial must contain some impurity, as de- 
fined above. At room temperature the 
addition of three boron atoms for each 
10,000 atoms of silicon in sample D re- 
duced the resistivity by a factor of 500 as 
compared with sample A. This indicates 
that A is pure to about one atom in five 
million so far as conductivity is concerned. 
If absolutely pure silicon, which followed 
the intrinsic line to room temperature, 
could be obtained its resistance would be 
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Figure 7. Schematic circuit arrangement 
for the measurement of thermoelectric power 
in semiconductors 
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other insulators, has a high negative tem- 
perature coefficient of resistance and 
shows intrinsic characteristics at very 
high temperatures. 

The values of the energy gaps E; and E, 
due to impurities can be deduced in like 
manner from measurements made at low 
temperatures. As these vary both with 
the variety and amount of impurity, no 
quantitative values will be given, al- 
though in general they lie between 0.001 
and 0.3 electron volt. 


Photo Effect 


In addition to an increase in conduc- 
tivity with rise in temperature, many 
semiconductors show increased conduc- 
tivity on exposure to light of the proper 
wave length. This arises from the fact 
that just as electrons can acquire enough 
energy thermally to excite them from the 
filled band to the conduction band, so 
they may acquire sufficient energy op- 
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tically to produce the same result. The 
fundamental equation giving the energy of 
a quantum of light is 


Be (2) 
x 


where E is the energy in electron volts, h 
is Planck’s constant (4.1X10~- electron 
volt per second), ¢ is the velocity of light 
(3X101° centimeters per second), and d 
is the wave length of the optical radiation 
in centimeters. The energy of a light 
quantum in electron volts according to 
equation 2 is 1.236 divided by the wave 
length of the radiation expressed in mi- 
crons (1 micron =10~‘ centimeter). The 
wave length of the sodium D line in the 
yellow part of the visible is 0.589 micron 
and the quantum energy is 2.1 electron 
volts, which is sufficient to excite electrons 
from the filled to the conduction band in 
germanium, silicon, cuprous oxide, and 
boron, but is insufficient to excite elec- 
trons in diamond. Radiation of 1.5 
microns, situated in the infrared, has a 
quantum energy of 0.82 volt and cannot 
excite any of the semiconductors shown in 
Table I excepting germanium. By equa- 
tion 2 only wave lengths shorter than 1.05 
microns have energy equal to or greater 
than the 1.2 electron volt energy gap in 
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intrinsic silicon. Light longer than this 
wave length should pass through silicon 
without absorption but shorter. wave 
lengths should be absorbed and cause 
photoconductivity. Figure 5A is a plot 
of the ratio of the light transmitted to 
the light incident on a thin film of 
silicon as a function of the wave length 
expressed in microns. At wave lengths 
longer than 1.2 microns the transmission 
is about 67 per cent, the remainder being 
reflected. At some wave length between 
1.0 and 1.2 microns, absorption sets in and 
the transmission falls off with decrease in 
wave length. Figure 5B, which was ob- 
tained by Teal’ and his collaborators, gives 
the ratio of the change in resistance to the 
dark resistance when light of constant 
energy per square centimeter but varying 
wave length falls on a film of high purity 
silicon. It is seen that the resistivity is 
little affected by long wave-length radia- 
tion, but photoconductivity sets in around 
1.2 microns and increases sharply below 
1.0 microns. The decrease in photocon- 
duction below 0.8 microns is not com- 
pletely understood, but it is thought the 
large absorption in this wave-length region 
keeps the excited electrons near thesurface 
where they recombine with the ions be- 
fore producing photoconduction. 
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The Hall Effect 


Fundamental information about the 
mechanism of conduction in semiconduc- 
tors can be obtained from studies of the 
Hall effect. In 1879 Hall’ discovered that 
a potential difference may be produced 
across a strip of metal which is carrying a 
current by placing the strip in a magnetic 
field. Consider a rectangular plate in the 
plane Z=zero, with edges parallel to the 
X and Y axes as shown in Figure 6. Ifa 
current J from an external battery flows 
in the X direction and the sample is 
placed in a magnetic field H in the Z 
direction, a transverse electric potential 
V is produced between the terminals A 
and B. The magnitude of this potential 
in volts is given by the equation 


10-8RIH 
Ve——— 


; (3) 


where J is the current in amperes, H the 
magnetic field in gausses, ¢ the thickness 
of the sample in centimeters, and R the 
Hall coefficient in centimeters cubed per 
coulomb. 

The Hall effect occurs because the mag- 
netic field causes the electrons in the sam- 
ple to travel in curved paths, thus charg- 


ing up the sides of the conductor until a 


transverse electric field exists of just the 
right magnitude to cancel the effect of the 
magnetic field and make the electrons 
travel through the solid undeviated. Un- 
der the conditions shown in the figyre, the 
terminal A should be negative with 
respect to terminal B. In many metals 
and semiconductors this is the case, but in 
others the sign is reversed. The so-called 
anomolous Hall effect (reversal of sign in 
some materials) was not understood until 
the advent of Wilson’s band theory of 
solids and semiconductors. In the light 
of this theory, N-type samples give the 
correct sign since conduction is by free 
electrons in the upper band but P-type 
samples give the reverse sign as conduc- 
tion is by holes (equivalent to an electron 
with a positive charge) in the lower filled 
band. 

The number 7 of free electrons or holes 
per cubic centimeter in semiconductors 
can be deduced from Hall measurements 
because the theory shows that 


n= +87/8eR (4) 


where R is the Hall constant in centi- 
meters cubed per coulomb, e is the elec- 
tronic charge (1.59107! coulomb), the 
minus sign is for electrons, and the plus 
sign for holes. Putting in the values of 
the constants we find that is equal to 
7.4X10+8 divided by R. Hall measure- 
ments on the silicon samples C and D of 
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Figure 4 at room temperature gave R 
values of +6.5 and +0.5 centimeter 
cubed per coulomb respectively, which 
indicates 1.110% and 1.5101 holes 
per cubic centimeter. Although the im- 
purity of sample C is unknown, that in 
sample D is 3 boron atoms for each 10,000 
silicon atoms. As there are 5.210” 
silicon atoms per cubic centimeter, this 
means that 1.710!* atoms of boron are 
present in this sample and that each boron 
produces approximately one hole. 

The conductivity o of an electrical con- 
ductor is given by 


o=nev ‘B3)) 


where nis the number of current carriers 
per cubic centimeter, e is their charge, 
and »v their mobility in centimeters per 
second per volt per centimeter. Combin- 
ing equations 4 and 5 we see that the 


mobility of the holes or electrons in a 


semiconductor is 


=0.85R/p (6) 


The mobilities of the holes in silicon 
samples Cand D at room temperature are, 
respectively, 55 and 33 centimeters per 
second per volt per centimeter. In in- 
trinsic semiconductors where electrons 
and holes are both present at the same 
time, the Hall coefficient is? 


Asie _ 3x(mC?—m) 


8e(miC+ m2)? ") 


where 1 is the electron density, mz the 
hole density, and C the ratio of the elec- 
tron mobility to the hole mobility. As 
C is generally greater than one, intrinsic 
semiconductors show the negative sign. 

The value of the mean free path of the 
current carriers is shown from the theory 
to be 


; 2X10-7R(2amkT)'/? 


wep 


(8) 


where | is the mean free path in centi- 
meters, M is the mass of the carrier 
(m=9X10~-* grams for electrons and is 
assumed to be the same for holes), and 
the remainder of the constants are as pre- 
viously defined. Substituting in these 
values we see that 


1=3.5X10-T'/2R/p (9) 


At room temperature the mean free paths 
of silicon samples C and D are, respec- 
tively, 41077 and 2.3X10~ centimeter. 
These are approximately 10 times greater 
than the lattice constant of silicon which 
is 5.410 centimeter. 
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The Thermoelectric Effect 


When a semiconductor is connected be- 
tween two metal wires as shown in Fig- 
ure 7, a thermoelectric voltage is produced 
when the junctions are at different tem- 
peratures. The sign of the potential is de- 
pendent on whether the semiconductor is 
N- or P-type, the polarity being as shown 
in the figure. Intrinsic semiconductors 
give the same sign as N-type. The ther- 
moelectric power for some semiconductors 
may be as high as one millivolt per de- 
gree centigrade, which is greater than that 
obtained from most metal thermo-junc- 
tions by a factor of 200. For pure hole or 
pure electron conduction the magnitude 
of the thermoelectric power Q in volts per 
degree centigrade difference in tempera- 
ture between the junctions is” 
log. 2G) 

h8 


Q= tos ye (10) 


Putting in the appropriate values for the 
constants we see that 


0=6.3X10-4—8.6 X10-* log, RT'/* (11) 


Reference to the original paper should be 
made for a treatment of simultaneous elec- 
tron and hole conduction. Experi- 
mental determinations of the thermo- 
electric powers in silicon samples C and D 
at room temperature gave 0.92 and 0.44 
millivolt per degree centigrade, respec- 
tively. 


Rectification 


When a metal point is placed against an 
impurity semiconductor as shown in 
Figure 8, the combination has a non- 
linear current versus voltage character- 
istic and acts as a rectifier. For a P-type 
sample the'current is large when the semi- 
conductor is made positive and the metal 
point is negative, but is small when these 
polarities are reversed. For an N-type 
sample the sign of the effect is reversed so 
that the current is large when the semi- 
conductor is negative. The plot in Figure 
8 was obtained with a tungsten point 
pressed against silicon sample D which, 
according to the Hall measurements de- 
scribed, is P-type. 

It is impractical within the scope of 
this paper fo give a thorough exposition 
of rectifying action; however, the follow- 
ing simplified description will convey some 
of the general features of the theory." 
Electrons which are thermally excited 
from the filled band to the acceptor im- 
purity levels produce positive holes in the 
filled band and charge the acceptor cen- 
ters negatively. The positive holes in the 
contact area drift away, thus leaving next 
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to the metal a negatively charged barrier 
layer from 10-* to 10-4 centimeter in 
thickness. This barrier layer is a region 
of high resistivity so that when an external 
voltage is applied between the metal point 
and the back electrode, almost the entire 
drop is across the layer. If the external 
voltage is poled to make the semiconduc- 
tor negative, the barrier layer increases in 
thickness and the resistance goes up. If 
the semiconductor is made positive the 
barrier layer becomes thinner and dis- 
appears entirely for a sufficiently high 
applied voltage. This is the direction of 
low resistance and high current. The 
case of an N-type semiconductor in con- 
tact with a metal is analogous. When 
electrons are thermally excited from dona- 
tor levels to the conduction band, the 
donator levels are left positively charged. 
Electrons are depleted from the boundary 
layer, leaving an excess of positively 
charged donators. A positive external 
voltage applied to the semiconductor in- 
creases the thickness of the barrier and a 
negative voltage decreases the thickness, 
thereby permitting a large flow of current. 


Thermistors 


Thermistors, or thermally sensitive 
resistors, are circuit elements made of 
semiconducting materials whose electrical 
resistances vary rapidly with tempera- 
ture.12 The semiconducting materials 
used in the construction of thermistors 
include sintered mixtures of nickel oxide 
(NiO), manganese oxide (Mn,O;), and 
cobalt oxide (Co,03). Figure 9 isa plot of 
log p versus 1/T for two compositions 
which have been extensively used to date. 
Curve A is for a binary mixture of man- 
ganese and nickel oxides and curve B is 
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for a ternary mixture of manganese, 
nickel and cobalt oxides. These semi- 
conducting materials are unique in that 
small changes in their composition and 
impurity content have relatively little 
effect on their electrical characteristics. 
This is a particularly useful property as it 
permits the large scale manufacture of a 
reproducible product. 


The specific resistances at room tem- 
perature of the materials A and B are 250 
and 2,000 ohm-centimeters respectively, 
and the corresponding values of E as cal- 
culated by equation 1 are 0.68 and 0.60 
electron volts. It must be pointed out, 
however, that the energy band picture of 
solids is not applicable to these thermistor 
materials as each of the ingredient oxides 
have partially filled conduction bands like 
the metals of Figure 2D and therefore, 
according to the band theory, should be 
metallic conductors. This fundamental 
discrepancy was first pointed out by De- 
Boer and Verwey.!* Although these 
authors have derived a theory different 
from that of Wilson to explain the 
electrical properties of this class of ma- 
terials, it will not be discussed here. 


Conclusion 


The band theory of solids is capable of 
explaining such fundamental properties of 
electronic semiconductors as 


(1). The dependency of specific resistance 
on impurity content. 


(2). The negative temperature coefficient of 
resistance. 


(3). The sign of the Hall and thermoelectric 
effects. 


(4)..The direction of rectification. 


No Discussion 
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Measurements of the specific resistance 
and the Hall constant enable one to calcu- 
late the density, mobility, and mean free 
path of the electric carriers as a function of 
temperature and impurity. 
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A 3,000 Horsepower Diesel-Electric 


Locomotive for the Seaboard 


Air Line Railway 


D. R. STAPLES 


NONMEMBER AIEE 


3,000-horsepower Diesel-electric loco- 
motive has been built recently by the 
Baldwin Locomotive Works and Westing- 
house Electric Corporation for the Sea- 
board Air Line Railway. This locomotive 
is the largest and most powerful Diesel- 


electric locomotive which has ever been 


built in a single unit. 

The purpose of this paper is to describe 
certain features of this locomotive and 
discuss their advantages over existing 
types of locomotives. 


General Description 


The locomotive is of the articulated 
truck type, having two main trucks and 
two swivel trucks, one at each end. Each 
of the main trucks has four axles, each 
equipped with a traction motor. The 
main-truck frame castings extend to the 
ends of the locomotive and carry the cou- 
plers for pulling the train. The two main 
truck frames are connected at the center 
of the locomotive by means of a flexible 
hinge. The two swivel trucks have two 
axles each and are located at the ends of 
the locomotive. They are connected to 
the main truck frames by center pins. 

_ The locomotive cab structure is of 
welded construction, made of welded 
plates and structural members. It in- 
cludes a truss at each side of the locomo- 
tive, built up of welded structural shapes. 


Paper 47-36, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 13, 1946; 
made available for printing December 9, 1946. 
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T. L. WEYBREW 


NONMEMBER AIEE 


C. A. ATWELL 


MEMBER AIEE 


It contains the operating compartment 
and the equipment compartments sepa- 
rated by partitions. It is supported by 
the main trucks on center pins and spring 
plunger-type side bearings. 

The power plant consists of two 1,500- 
horsepower Diesel engines. The engine is 
the 4-cycle type having eight cylinders in 
line and is equipped with an exhaust gas- 
type Buchi supercharger. The rated 
speed is 625 rpm. Each engine drives a 
direct-connected generator. Each gen- 
erator furnishes power to the four traction 
motors mounted in the truck directly be- 
low each power unit. 


Features of Locomotive 


A locomotive of this type has many ad- 
vantages which are not available in other 
types of Diesel-electric locomotives. 

As mentioned above, the main truck 
frames carry the couplers for hauling the 
train. Also, these main truck frames are 
connected at the cénter of the locomotive. 
Because of this arrangement, the stresses 
resulting from pulling and bumping the 
train are absorbed by the main trucks and 
are not transmitted to the cab structure. 
The truck frames are very heavy cast 
steel structures and the stresses do 
not produce high deflections. The cab 
structure, however is of light construction 
relAtive to the truck frames, and in loco- 
motives in which the pulling and bumping 
stresses are transmitted to the cab there 
will be much greater deflection. 

The tracking qualities of this type of 
locomotive are recognized to be of the 
best. Many of the electric locomotives 
operating in this country have a similar 
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truck arrangement. These electric loco- 
motives have been recognized as having 
superior riding and tracking qualities. 
Good tracking reduces the blows and 
stresses on the rails and the maintenance 
required on the road bed. 

Resulting from the large number of 
axles, the weight per axle is extremely low. 
On this locomotive, the weight per axle is 
approximately 50,000 pounds, which is 
very low for a locomotive of this size and 
capacity. Low weight per axle is very de- 
sirable in order to reduce stresses on the 
rails particularly at high speeds. Low 
weight per axle also reduces track main- 
tenance. 

The large number of axles also permits 
the application of eight traction motors. 
This results in a universal locomotive 
which can be used either in high-speed 
passenger service or heavy freight service 
in mountainous territory, by simply 
changing the traction motor gearing. For 
example, when this locomotive is equipped 
with gearing for heavy freight service, the 
tractive effort at the continuous rating of 
the electrical equipment is 85,600 pounds 
with a maximum locomotive speed of 65 
miles per hour. Gearing also can be sup- 
plied which will result in a maximum 
speed of 120 miles per hour and a continu- 
ous rating of 44,000 pounds. Intermedi- 
ate gearing between the above limits can 
be supplied also. The foregoing indicates 
the wide range of service for which this 
locomotive is suitable. 

In this type of running gear, there is 
practically no transfer of weight from one 
axle to other axles when starting a heavy 
train. This permits each axle to develop 
its full adhesive tractive effort and results 
in the locomotive’s developing the maxi- 
mum tractive effort for starting the train. 
On some types of locomotives particu- 
larly those having short 2-axle trucks and 
short over-all length there is a consider- 
able tendency to shift weight from one 
axle to the next axle. This is mainly be- 
cause of the moment set up by the pull of 
the train.at the coupler. This reduction 
in weight on some axles will decrease the 
tractive effort which these axles can exert 
and thus decrease the total tractive effort 
of the locomotive. 
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Figure 1. The 


3,000-horsepower Diesel-electric locomotive built for Seaboard Air Line 


Railway by Baldwin- Westinghouse 


Figure 2. The 1,500-horsepower Cone plant undergoing load test 


The water and fuel oil tanks are located 
in the base of the cab structure. This 
permits the application of very large 
capacity tanks. This locomotive is pro- 
vided with fuel tank capacity of 3,500 gal- 
lons and water capacity of 2,500 gallons. 
These are very large capacities and fulfill 
the requirements of practically any rail- 
road. However, if the need should arise, 
this type of design permits the application 
of larger tanks. The fuel oil tanks, being 
located in the cab frame, are protected 
from the roadbed by the main trucks. 
This protects the fuel oil tanks from dam- 
age resulting from minor accidents and 
articles thrown up from the roadbed. In 
several cases, where the fuel oil tanks have 
been located underneath the locomotive, 
minor accidents have punctured the fuel 
oil tanks with resultant serious damage 
from fire. 

This type of locomotive permits arrang- 
ing the equipment in the cab so that the 
train heating boiler can be located ad- 
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jacent to the operating compartment. In 
this location, the fireman can control and 
observe the operation of the train heating 
boiler without leaving his operating 
position. 

The arrangement of the locomotive per- 
mits connecting two 3,000-horsepower 
locomotive units to obtain a single unit 
6,000-horsepower locomotive. The run- 
ning gears of the two 3,000-horsepower 
units can be connected with a permanent 
drawbar. The cabs of the two units can 
be connected with any of the usual type 
of flexible connections. 

This locomotive is the shortest 3,000- 
horsepower unit yet available. Expressed 
in other words, the ratio of horsepower to 
unit length of locomotive is the highest of 
any locomotive yet built. A locomotive 
of minimum length has many advantages 
to a railroad, for example, ability to use 
existing turn tables and shop facilities, 
and to occupy a minimum length of sta- 
tion platforms. 
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Generating Unit 


The generator is mounted on the 
Diesel engine bed which, in turn, is sup- 
ported resiliently on the locomotive 
frame. The rotor is bolted to the flanged 
end of the engine crankshaft and is sup- 
ported by the engine main bearing and the 
single generator bearing at the commuta- 
tor end. The generator shaft extends be- 
yond the bearing and is fitted with a 
pulley and Vee-belt drive for the exciter- 
generator unit mounted on top of the 
main generator. The air compressor. is 
driven also by the generator shaft exten- 
sion through a flexible coupling. The en- 
gine turbocharger is mounted on top of 
the main generator to the left of the ex- 
citer-generator unit. 

The generator frame is rolled from 
plate and butt-welded to form the barrel. 
The bearing and brush holder support is 
formed by a plate welded into the barrel. 
This method of construction is simple and 
produces a strong rigid frame. It is 
lighter than the more common type with 
a bolted-on bearing support. The roller 
bearing is carried in a cartridge bolted to _ 
the end plate. This cartridge need not be 
disassembled to remove the rotor from the 
frame. The cartridge is opened only when 
necessary to inspect and repair the bear- 
ing itself. The bearing is of the double 
spherical self-aligning type. Ample laby- 
rinths are provided in the inner and outer 
caps to prevent the escape of grease from 
the bearing. 

In contrast to the usual side-supported 
brush holders, on the generator they are 
supported at the end of the brush box. 
The space around the commutator is less 
obstructed, and the brushes are more ac- 
cessible for inspection and maintenance. 
Double brush holders are used, having 
two narrow brushes side by side. Each 
brush has its own pressure finger. This 
design results in better contact between 
the brushes and the commutator than ob- 
tained with single wider brushes and re- 
duces commutator maintenance. 

The generator operates as a separately 
excited motor using power from the stor- 
age battery to start the Diesel engine. 
During this time, most Diesel locomotive 
generators are excited by a series winding 
on the main poles, which is used only for 
this purpose. No such series winding is 
needed on this generator. The main field 
winding is used instead for excitation dur- 
ing engine starting. The generator is 
smaller in diameter and lighter because 
the series field is omitted. 

The exciter-generator unit operates at 
3.6 times the engine speed and consists of 
two machines mounted in a single frame 
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assembly. The shaft with the two rotors 
is carried on two roller bearings, one of 
which is a thrust type. A dual fan 
mounted on the shaft between the two 
rotors draws air through the two machines 
and exhausts it radially through openings 
in the frame at the center of the unit. 
The exciter portion of the unit is a 6-pole 
machine, four poles of which have a single 
winding separately excited from the stor- 
age battery. The other two poles have 
double windings. One of these is self- 
excited, being connected across the exciter 
armature. The other is excited separately 
being connected in series with the main- 
generator armature. The exciter supplies 
excitation power to the main generator 
field. This combination of fields and a 
careful design of the magnetic section of 
the exciter produce a generator output 
voltage which varies inversely with cur- 
rent. Such an output characteristic 
closely matches the Diesel engine loading 
requirements. This is known as the West- 
inghouse differential exciter system. Be- 
cause the desired voltage characteristics 
are produced by the exciter, the main 
generator needs no differential series 
winding. The space which would be re- 
quired for this winding and its insulation 
from the separately excited winding is not 
needed, and the generator is small and 
light for its rating when its relatively low 
speed is considered. 

The generator portion of the exciter- 
generator unit has a capacity of 9 kw and 
supplies power at 75 volts for lighting, 
battery charging, and locomotive control 
circuits. It is a separately excited 4-pole 
machine. The voltage of this machine is 
held constant by a voltage regulator for 
engine speed varying between 250 and 
625 rpm. 


Traction Motor 


The locomotive has eight axle-hung 
traction inotors, four of which are on each 
locomotive truck. The motor is of the 
series six-pole type and is ventilated 


separately. Its power is transmitted by a 
spur pinion on the motor shaft to the gear 
on the axle. The motor has a rolled steel 
barrel with a cast-steel commutator end- 
housing welded to the barrel to form an 
integral rigid assembly. The pinion end- 
housing is fitted to the barrel and bolted 
in place. This latter housing is removed 
when disassembling the motor. Access 
to the commutator and brushes is afforded 
by two large openings, one on the top and 
one at the bottom. 

The brush holders are the usual railway- 
motor type except that the brushes are 
split to form two narrow brushes operat- 
ing under:a single pressure finger. This 
construction has lengthened the brush life 
and reduced commutator maintenance. 

The bare motor weighs 7,380 pounds 
complete with gearing and has a rating of 
650 horsepower output. On this basis, a 
very favorable ratio of less than 11.5 
pounds per horsepower is obtained. This 
figure is reduced to less than 10 pounds per 
horsepower when gearing is eliminated 
from this comparison. Approximately 
one-half this horsepower output per motor 
is required on this locomotive. Hence, 
long life and low maintenance are ex- 
pected. 

This design of locomotive is intended 
for slow-speed freight service as well as on 
higher speed passenger trains. In freight 
service, high tractive effort is important. 
The maximum reduction gear ratio in- 
cludes a 15-tooth pinion which is of con- 
ventional design. The pinion is shrunk 
on the motor shaft and replaced readily 
when worn. With this gear ratio the 
motor produces a tractive effort at con- 
tinuous rating of 10,700 pounds or 85,600 
pounds for the locomotive. This is un- 
usually high for a lightweight motor using 
conventional gearing. 


Engine Load Control 


The cumulative and opposing fields of 
the exciter cause the voltage curve pro- 
duced by the generator to take the shape 
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engine load control at 
full engine speed 
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Cin Figure 3. This curve is at full speed 
but only at a definite temperature of the 
generating units and at a particular set- 
ting of the exciter field resistor. Lower 
equipment temperature causes a higher 
curve and loads the engine beyond its 
capacity and pulls down its speed. For 
any equipment temperature the generator 
output characteristic is fixed at a certain 
horsepower. The engine speed may be 
pulled down by its inability to develop 
this horsepower for several reasons such as 
valve or ring leakage, defective injectors, 
or high intake air temperature. It is de- 
sirable to regulate automatically the load 
on the engine to match closely its powér 
output as shown by curve B. This re- 
sult is obtained by 


1. A carbon pile type rheostat called a 
carbonstat, electrically connected in series 
with the exciter battery field. 


2. A pilot valve mounted on and operated 
by the governor. 


3. A metering valve: 


CARBONSTAT 


a4 


Figure 4. Schematic diagram of engine load 
control system 


EONNECTIONS 


MAIN GENERATOR 


TRACTION MOTOR BLOWERS 


Blower motors and radiator-fan 
motor circuits 


Figure 5. 
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Figure 6. Engine-speed control system 


This system is shown in Figure 4. At 
light loads, indicated by less than full fuel 
input demanded by the engine governor, 
the carbonstat is compressed to its mini- 
mum resistance by a spring. When the 
governor load tends to demand more 
horsepower than the engine can develop 
at its full fuel input, an arm on the gover- 
nor lifts the pilot valve piston, allowing 
oil under pressure to pass through the 
metering valve to the carbonstat oil 
cylinder. The oil pressure compresses the 
carbonstat spring and reduces the pres- 
sure on the carbonpile rheostat, increas- 
ing its resistance, decreasing the exciter 
voltage and the load demand. This 
sequence continues until the demand 
matches the engine output. If the loco- 
motive and, hence, the generator load de- 
creases, the governor drops the pilot 
valve piston, relieving the oil pressure in 
the carbonstat cylinder, reducing the car- 
bonstat resistance until demand and en- 
gine output match again. 


The metering valve determines the rate 
at which the oil can flow into or out of the 
carbonstat cylinder, and, hence, the rate 
of loading or unloading of the engine. A 
rotary type valve gives the desired timing 
without the use of small passages or 
chokes. 


Curve B, Figure 3, was obtained by 
actual test of one of the power plants on 
this locomotive and represents the results 
obtained in service by this engine load 
control system. The corresponding en- 
gine horsepower is shown by curve E, 
plotted on an exaggerating scale. The 
variation of load in the working range is 
less than 0.75 per cent, which is beyond 
the accuracy of the test equipment used. 

Curves A and D indicate, respectively, 


218 


CARBON PILE RESISTOR 


ee or IN EXCITER FIELD 


RESISTANCE 


ENGINE GOVERNOR 
ACTUATOR 
21TO 60LB. 


ENGINE GOVERNOR 
VOLUME RESERVOIR 


EXCITER 
DIFFERENTIAL FIELD 


TER 
GENERATOR 


MOTOR 


FLOS. 
TRACTION MOTORS 
QO merc 


REVERSER | 


MOTOR 3 &4 


FLDS. Ea 
SY =e 


REVERSER 2 


TRACTION MOTORS 


Figure 7. Connections of main generator and 
traction motors 


the upper and lower limits of the loading 
system. Wide variation in engine power 
is permitted, therefore, without overload- 
ing or underloading the engine. 


Auxiliary Motors. 


The fans which draw air through the 
engine-cooling radiators. are driven by 
four vertical series d-c motors, each 
rating 33 horsepower. The fan is mounted 
on the armature shaft. The two centrifu- 
gal blowers which furnish ventilating 
air to the traction motors are mounted on 
the floor at the center of the locomotive. 
Air is forced through ducts in the under- 
frame and sliding joints to openings in the 
traction motors. The blowers are also 
driven by series d-c motors. 

Motor drive generally is accepted as 
preferable to a belt drive from the engine 
for such auxiliaries, but several types of 
power supply are favored by various loco- 
motive builders. Most of these systems 
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require an extra generator to supply 
power to the auxiliary motors. On this 
locomotive, this power is supplied by the 
main generator. This arrangement elimi- 
nates the extra generator on each power 
plant, which reduces cost and mainte- 
nance. The system efficiency is improved 
also, because the main generator efficiency 
is better than that of a smaller machine. 
The motors are designed to operate two in 
series so that the windings are more 
rugged and less likely to break. 

The traction motor blowers operate 
whenever the engines are running so that 
the motors are ventilated during locomo- 
tive coasting and idling periods. The fan 
motors operate in three different com-' 
binations depending on the amount of 
radiator cooling required. The proper 
combination is selected automatically by 
thermostat switches actuated by the 
temperature of the engine-cooling water. 
For slow speed operation, the four mo- 
tors are connected in series. The medium 
speed is obtained with two motors con- 
nected in series, and high speed is obtained 
by shunting the series field sets one half of 
full strength. 

Figure 3 shows the wide range of gen- 
erator voltage depending on locomotive 
speed. The auxiliary motors are designed 
for full speed operation at 600 generator 
volts which is the continuous rating 
point. To prevent motor overload, the 
field shunt is removed automatically 
above, 600 volts by a relay controlling the 
F4 and F5 contactors. This system in 
conjunction with automatic shutter con- 
trol regulates the temperature of the en- 
gine-cooling water very closely under all 
conditions of load and ambient tempera- 
ture and without attention from the en- 
gineman. 


Engine Speed Control 


The control of application of power, 
more commonly termed, the throttle, is 
entirely pneumatic. When the locomo- 
tive is standing still, the Diesel engines are 
operating at the idling speed. When the 
throttle is moved from the idle position to 
the first running position, the traction 
motors are connected to the generator and 
the exciter field is energized with a low 
value of excitation. At this time, the 
Diesel engines are operating at the idling 
speed. 

The throttle valve is a pneumatic valve 
designed so that the pressure in the outlet 
pipe is directly proportional to the move- 
ment of the handle. In the idle position, 
the outlet pressure is zero. In the first 
power position, the outlet pressure is 
seven pounds. 
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Movement of the throttle valve beyond 
the first power position operates the ex- 
citer field actuator as indicated on Figure 
6. Operation of the exciter field actuator 
increases the pressure on the exciter field 
carbonstat, thereby increasing the excita- 
tion of the exciter. At 21 pounds the ex- 
citer receives full excitation, and further 
movement of the throttle valve operates 
the engine governor actuator to increase 
the Diesel engine speed. 

This system results in a smooth even 
rate of power application without jerks 
or sudden changes. It permits the loco- 
motive to exert full tractive effort for 
starting the train because it is possible to 
approach more closely the slipping point 
of the wheels by applying the power at a 
uniform rate than is the case when the 
power is applied in large steps It will be 
noted from Figure 6 that check valves 
with chokes and volume reservoirs are 
supplied in the air line to the actuators. 
These devices prevent a too rapid increase 
in rate of applying power which could 
occur if the operator moved the throttle 
handle too fast. Such operation tends to 
produce slipping of the wheels and re- 
duces the tractive effort which the loco- 
motive can develop. 

It will be noted also that electric valves 
are supplied in the air lines. The purpose 
of these valves is to control wheel slippage. 
It may be, when starting a heavy train on 
a slippery rail, that the wheels slip in spite 
of the best care of the operator to prevent 
this condition. When wheel slippage 
occurs, the voltage of the motor geared to 
these wheels increases rapidly. Electric 
relays are provided which detect this in- 
crease in voltage and operate to close a 
control circuit. This control circuit ener- 
gizes the electric valve, thereby shutting 
off the supply of air and exhausting the air 
line to the governor actuator. This re- 
duces the engine speed, thereby reducing 
the amount of power supplied to the trac- 
tion motors. When the slipping ceases, 
the electric valve is de-energized, air pres- 
sure is applied to the engine governor 


actuator, and the engine speed builds up 
to that corresponding to the setting of 
the throttle valve. 

The system of wheel slip control is en- 
tirely automatic and requires on action by 
the operator. When wheel slippage occurs, 
the power is reduced automatically on the 
slipping motors. When the slippage 
ceases, power is reapplied automatically 
to these motors. With this system, the 
reduction in power is under control of the 
Diesel engine governor. This prevents 
any tendency of the Diesel engine to over- 
speed, which would be the case if the load 
were removed quickly by such means as 
opening the electric circuits. Overspeed- 
ing of the Diesel engine is likely to trip the 
engine overspeed governor, thereby stop- 
ping the Diesel engine. 

This system of wheel slip control re- 
duces jerks and bumps in the train, ordi- 
narily caused by wheel slippage. The rate 
at which power is reduced to the traction 
motors is controlled by limiting the rate 
at which air is exhausted from the gover- 
nor actuator. The rate at which power is 
reapplied to the traction motors is con- 
trolled also by the rate at which air is al- 
lowed to flow into the governor actuator. 
The control of air flow results in a smooth 
even reduction in power followed by a 
smooth even reapplication of power. 


No Transition 


The main electric circuits of this loco- 
motive are extremely simple. See Figure 
7. Each generator furnishes power to four 
traction motors. The four traction 
motors are connected permanently in a 
series-parallel arrangement. One of the 
important features of the permanent 
motor connections is that a perfectly 
smooth acceleration of the train is ob- 
tained. Ona locomotive which includes a 
change from one motor combination to 
another, it is always necessary to reduce 
the power when making the transition. 
This reduction in power coupled with 
the subsequent reapplication of power 


results in a jerk throughout the train. 

The permanent motor connections 
make it easier for the engineman to oper- 
ate the locomotive. Only one lever, the 
throttle lever, is required for complete 
control of the power of the locomotive. It 
is not necessary to reduce power and 
operate a transition lever at the proper 
operating point while accelerating the 
train. On locomotives which require a 
transition, the engineman must observe 
the ammeter to determine when operating 
conditions are correct to make the transi- 
tion. A transition must be made when 
the train is accelerating from standstill 
and when the train is decelerating be- 
cause of ascending a grade. Failure to 
make the transition at the correct oper- 
ating point may result in damage to the 
electric equipment. 

Another benefit of the permanent motor 
connections is that the electric circuits are 
much simpler and more easily understood. 
Also, fewer pieces of electric equipment 
are required , which results in reduced 
maintenance expense. 

The series—parallel connection of trac- 
tion motors also stabilizes the electrical 
transmission when starting a heavy 
trajn.. If the wheels geared to one trac- 
tion motor start to slip, the current 
through the two motors in this circuit de- 
creases. Due to the constant horsepower 
characteristics of the generator, a reduc- 
tion in current is accompanied by a rise in 
voltage. A rise in generator voltage, how- 
ever, causes a rise in current in the re- 
maining two motors in the parallel cir- 
cuit. This rise in current limits the rise in 
generator voltage and stabilizes the 
electrical conditions. 

This locomotive has been in both pas- 
senger and freight service for several 
months and has demonstrated its practt- 
cal advantages. Its performance has been 
observed by many railroad men, and their 
satisfaction has resulted in orders for 
similar units from several railroads. The 
Seaboard Air Line Railway also has 
ordered a number of duplicate units. 
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Staples, Weybrew, Atwell—Diesel-Electric Locomotive 
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Higher Voltage Copper-Oxide 


Rectifiers 


I. R. SMITH 


ASSOCIATE AIEE 


HE FIRST metallic rectifier to be ac- 
] one generally in the United States 
for industrial and power uses was the 
copper-oxide rectifier. Such applications 
for this rectifier began to be made in 1927, 
and since that time literally millions of 
these rectifiers have been put in service. 
The story of the remarkable development 
of the copper-oxide rectifier has been told 
many times. Suffice it to say here that 
the original optimism as to its long life, 
dependability and suitability forindustrial 
use has long since been justified. So far as 
life is concerned, it may still truly be said 
that its life is indefinitely long—there is 
still no indication that there is any limit 
to the life of a copper-oxide rectifier that 
has been properly designed, applied, and 
used. Figure 1 shows a typical life test 
curve, covering a period of 15 years of 
operations. In this curve a preliminary 
aging period can be observed, followed by 
a great reduction in the rate of aging so 
that output remains practically constant 
for many years. 

The earliest examples of these rectifiers 
were simple stacks of 1'/, inch diameter 
cells, sometimes with small radiating fins, 
which were generally rated at about 3 
volts, 1/4 ampere direct current per basic 
rectifier (single phase bridge). As time 
went on some increase in these ratings 
was obtained by means of improving the 
cooling. Large diameter fins, coupled with 
metal spacers to get proper fin spacing for 
maximum cooling effect, brought the rat- 
ing in a single phase bridge up to 4,.5-volt 
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1/2-ampere d-c output per cell. An ad- 
ditional increase resulted from the use of 
forced cooling, using small propellor type 
fans, which permitted outputs of 5 volts, 
1 ampere per cell, again from a single 
phase bridge. At this point, however, a 
limit was reached. Unless one were will- 
ing to go to the impracticable expense of 


Figure 1. Performance 
on life test of standard 
copper-oxide rectifiers 
on resistance load with 
fixed a-c input voltage 


PER CENT OF RATING 


OUTPUT VOLTAGE - 


Figure 2. Special double stack type Q cop- 
per-oxide unit, designed for forced cooling 


Smith —High Voltage Copper-Oxide Rectifiers 


refrigeration, there was nothing more that 
could be done to increase the output rat- 
ings. 

Rectifier ratings are based on the losses 
which have to be dissipated and the 
ability of the rectifier structure to get rid 
of them without reaching a temperature 
at which the rectifier may become un- 
stable or suffer excessive deterioration in 
characteristics. So when the structure of 
the rectifier has been developed to its 
maximum heat dissipation capability, 
further improvement can only come by re- 
duction in losses, or in other words, by 
improvement in rectifier characteristics. 

Research into the problem of improving 
the quality of the copper-oxide rectifier 
has been going on ever since its discovery 


PERFORMANCE OF RECTOX RECTIFIERS 
ON CONTINUOUS LIFE TEST- RESISTANCE LOAD 
CONSTANT A.C, VOLTAGE APPLIED. 


YEARS OPERATION 


in 1921. It is fairly general knowledge by 
now that the process of making a copper- 
oxide rectifier involves the use of a par- 
ticular type of high purity copper, which 
is oxidized at a temperature not far from 
its melting point, subsequently annealed 
at an intermediate temperature, and then 
quenched in water, The process is rela- 
tively simple on the surface, although the 
most careful control is required at all 
points to get consistently good results, 


’ When carried out properly, the process re- 


sults in a cell with a thin coating of 
cuprous oxide, tightly adherent to the 
copper base. The copper-cuprous oxide 
combination made in this way is, inher- 
ently a réctifier, requiring no additional 
operation, such as forming, to enhance its 
rectifying characteristics. 
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Figure 3. Rear view of power cubicle, radio 
station KDKA, showing forced-cooled copper- 
oxide stacks at rear ; 


The research programs that were laid 
out embraced all phases of the problem. 
Most effort however was directed toward 
the process itself, with the chief aim being 
to produce improvement in the reverse 
resistance which would allow higher volt- 
age ratings, since this was felt to be the 
most fruitful field in which to work. 

The first tangible result of this work 
then was a new process of manufacture 
known as the vacuum-preanneal process. 
In this process the copper blanks, after 
the initial cleaning step, were placed in a 
vacuum furnace and maintained at a high 
temperature and a relatively high vac- 
uum for a considerable period. Then they 
were put through the normal oxidation, 
annealing and quenching steps, as before. 

This process produced cells having 
roughly four times the reverse resistance 
of the standard cells, with forward re- 
sistance approximately twice that of the 
standard cell. This was the sort of change 
needed to permit operation at higher cell 
voltages. It was found by appropriate 
life tests, that these cells could be safely 
operated at the same current as the 
standard cells, and at twice the voltage. 
Maximum ratings were obtained with 
forced draft, for which condition an 
operating rating of 20 volts direct current 
per basic rectifier (three phase bridge) 
was reached. 

Production of these cells began on a 
small scale in 1939. The first installation 
in the field was made at radio station 
KDKA, at Saxonburg, Pa., in June 1939. 
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This was a fan-cooled rectifier designed to 
deliver continuously 3,000 volts, 1.4 am- 
peres direct current. It was a 3-phase 
bridge-connected rectifier, in which the 
cells were operated at 20 volts, 0.7 am- 
pere direct current each. 

Performance of the rectifier was so 
satisfactory that in the new KDKA sta- 
tion then being built at Allison Park, Pa., 
all of the rectifiers up to 3,000 volts direct 
current were of the new higher voltage 
copper oxide cells. Figure 2 shows the 
type of unit construction developed for 
this installation and others like it, while 


Figure 4. Rear view of type TBM-10 Navy 
power pack, with forced-cooled copper-oxide 
stacks 


Figure 3 shows an inside view of a power 
cubicle at KDKA, in which two 3,000- 
volt rectifiers can be seen mounted in an 
air duct in the floor. Air is blown up 
through the stacks and exhausted at the 
top of the cubicle. 

Because all of the equipment at this 
station was forced-air cooled, the require- 
ment of forced air cooling for the copper- 
oxide rectifiers did not add to the ven- 
tilating expense, in view of the relatively 
small amount of air required and the low 
pressure drop through the units. 


The satisfactory performance of these’ 


Smith—High Voltage Copper-Oxide Rectifiers 


Legs 
Pre gt ic 


Figure 5. Volt-ampere curves, type S and 
type Q copper-oxide rectifier cells 


rectifiers resulted in their being adopted 
as standard in all Westinghouse commer- 
cial transmitters above 5 kw. The volume 
of production of these transmitters was 
such that it absorbed the entire available 
production of the vacuum-preannealed or 
type H cells, up to the time when the war 
put an end temporarily to the manufac- 
ture of commercial radio equipment. 

The war however brought on a great 
demand for all types of radio equipment 
among the more important of which were 
the Navy shore and ship transmitters of 
all types. These were normally powered 
by multiple voltage motor-generator sets, 
in which a serious production bottleneck 
quickly developed. Fortunately the type 
H Rectox units in the various commercial 
transmitters had by this time piled up a 
very successful performance record, so 
that it was felt to be proper to suggest the 
copper-oxide rectifier to the navy as an 
alternate source of power. A sample 
power pack was submitted and approved, 
and a program adopted of using rectifier 
power packs for shore stations, thus free- 
ing the motor-generator set production for 
ship use. Nearly 40,000 stacks containing 
some 3!/, million cells were supplied for 
this program, requiring a shop set-up with 
eight vacuum furnaces at the peak of pro- 
duction. 

Figure 4 shows a rear view of one of the 
power packs developed for Navy use. 
This was known as the type TBM-10, 
and contained four copper-oxide rectifiers 
with outputs of 3,000 volts, 0.35 ampere, 
2,000 volts, 0.75 ampere, 1,000 volts, 0.1 
ampere and 275 volts, 0.6 ampere, all as- 
sembled in the same block of stacks and 
cooled by a single fan. 

During this time continued research 
was going on, spurred by the fact that the 
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vacuum process was proving rather diffi- 
cult to control for shop use. This cul- 
minated in a new, far simpler process, in 
which the vacuum step was eliminated. 
This process, known as the type Q proc- 
ess, produced cells with initial quality 
equal to the type H cell, but with greater 
uniformity of product and superior aging 
characteristics. 

This process is now the standard for 
producing the higher voltage type of Rec- 
tox cells. 

The type Q cell has a forward volt-am- 
pere curve as shown in Figure 5, where 
also is shown a typical curve for the stand- 
ard or type S cell for comparison. It 
will be observed that at 0.5 ampere, for 
example the type Q cell has about twice 
the voltage drop as does the type S stand- 
ard cell. 

In the reverse direction, typical curves 
also are shown in Figure 5. Here the 
type Q cell may be seen to have about 
four times the resistance of the type S ata 
given voltage, say 15 volts. 

The same output voltage ratings then 
were adopted for the type Q cell as for the 
type H, namely double the ratings of the 
standard cells for any given constructions, 
with the current ratings being the same as 
for the type S. The over-all voltage regu- 
lation of the type S and Q rectifiers is 
about the same, since the higher resistance 
of the type Q cell is offset by the smaller 
number of cells required for a given volt- 
age output. 

Typical efficiency curves are shown in 
Figure 6, again comparing the standard 
to the higher voltage type. There will be 
observed a slight improvement in effi- 
ciency resulting from the improved re- 
verse characteristic. 

The forward aging of the two types is 
identical. Aging in the forward direction 
for the copper-oxide rectifier, it will be 
remembered, is strictly a function of the 
temperature of the stack. At any normal 
temperature, then, the change in resist- 
ance for both types will follow the same 
curve. 

Applications of these higher voltage 
cells have so far been largely in the radio- 
broadcasting field, where large numbers of 
stacks are operating at voltages up to 
3,000 volts direct current. In this field 
they have shown outstanding advantages, 
such as simplicity of control, instant 
starting, elimination of any warm-up 
period, elimination of filament windings, 
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Figure 7. A totally en- 

closed 75-kv 0.25-am- 
pere d-c forced-cooled 
copper-oxide rectifier 


EFFICIENCY 
PER CENT 
COMPARATIVE EFFICIENCY 
SINGLE PHASE RESISTANCE LOAD 
TYPE S AND TYPE Q RECTOX 


- Figure 6. Comparative efficiencies, type S and 


type Q copper-oxide rectifiers, stacks only 


and particularly freedom from mainte- 
nance and unpredictable failures. The 
original rectifiers which were installed in 
November 1939 at KDKA, for example, 
have completed seven years of service at 
18 hours per day, without failure. In 


No Discussion 
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fact the forward aging so far has been so 
slight as not to have been noticed by the 
station operators. 

Another interesting application for the 
higher voltage cells was a 70-kv 1/4- 
ampere d-c totally enclosed rectifier, 
used in fly ash precipitation, This unit, 
shown in Figure 7, with covers removed, 
was also a forced-cooled rectifier, a 
recirculating system with heat exchanger 
being used. 

The type Q cell can of course be used in 
nearly all ordinary rectifier applications. 
The tendency has been to use it for the’ 
higher voltage work, where the greatest 
savings can be shown, so that it is in these 
applications that the bulk of the produc- 
tion so far has been used. 

This development is another indication 
that the metallic rectifier, copper-oxide 
type, is still expanding its field of useful- 
ness. Each increase in output rating 
widens the range of application. What 
the future may bring it is still too early to 
say, as there is no indication that the 
copper-oxide rectifier has reached a limit 


‘in output ratings beyond which there can 


be no further increase. 
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Traction-Generator Excitation 


Control Systems 
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Synopsis: The introductory review covers 
the major inherent and external regulating 
excitation systems which have been ‘ de- 
veloped for use on Diesel-electric locomo- 
tives. A recently developed amplidyne ex- 
citation system using saturable core reac- 
tors and selenium rectifiers to obtain definite 
generator field and armature current limits 
is described in detail. Used in conjunction 
with a speed sensitive power plant regulator 
it provides complete and flexible engine con- 
trol over its entire operating range of speed 
and power. Maximum flexibility of motive 
power is provided by safe and complete re- 
mote control which permits operating 
several locomotive units in multiple. 


EVERAL different excitation systems 

have been used during the past 
35 to 40 years on gas and Diesel- 
electric cars and locomotives. Most of 
these have been of the inherent regulating 
type, depending upon built-in generator 
or exciter characteristics. Very few have 
been externally controlled, and most of 
these have been limited to applications 
using relatively large power plants. 


Inherent Regulating Systems 


The earliest excitation system, as used 
on the first gas-electric rail cars, consisted 
of a shunt wound generator with a self- 
excited exciter. Output was controlled 


Paper 47-37, recommended by the AIEE committee 
on land transportation for presentation at the 
AIEE winter meeting, New York, N. Y., January 
27-31, 
12, 1946; made available for printing December 9, 
1946. 


C. A. BRANCKE is with General Electric Company, 
Erie, Pa., and G. M. Apams, formerly of the same 
company, is now with Boeing Aircraft Company, 
Seattle, Wash. 


The authors acknowledge the assistance of O. A. 
Keep and J. Cc. Aydelott. 


1947, VoLuME 66 


1947. Manuscript submitted November | 


G. M. ADAMS 


ASSOCIATE AIEE 


by manually changing engine speed and 
generator field resistance independently. 
This system was used with apparent 
success over a period of approximately 
ten years when this activity was inter- 
rupted by World War I. 

The next system used on gas-electric 
rail cars consisted of a generator with two 
shunt field windings, both of which were 
energized from a separately (battery) ex- 
cited exciter. One generator field winding 
was connected directly across the exciter 
and the other was connected in series with 
the control battery, and thus furnished 
excitation only when the exciter voltage 
was above battery voltage. The exciter 
also had a series differential field winding 
which carried generator armature cur- 
rent, thus producing a drooping generator 
characteristic. This resulted in a system 
which was very sensitive to engine speed. 
It would reduce load rapidly with slight 
reductions in speed, thus always balancing 
near rated engine speed regardless of 
temperature or engine changes. 

The excitation system used on the 
earliest Diesel-electric switching locomo- 
tives was similar to this, differing only by 
elimination of the battery field and by 
winding the series differential field on the 
traction generator instead of the exciter. 
These changes both were made because of 
battery charging considerations, as con- 
siderably more operation at reduced en- 
gine speeds is obtained inherently on a 
switching locomotive. The battery was 
charged through a carbon pile regulator 
from the exciter. 

The auxiliary requirements on Diesel- 
electric switchers soon led to the adoption 
of a constant voltage supply for battery 
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charging, air compressor, traction blowers, 
and radiator fan motors, at which time the 
exciter was eliminated. The traction 
generator then was changed to a combina- 
tion of self and separate excitation, still 
retaining the series differential field. 
While the speed-loading characteristic 
was not quite as good as that obtained 
by using a separate exciter, it proved to be 
satisfactory for this type of service. 

Still another arrangement was intro- 
duced at about this same time for use on 
lightweight low-powered locomotives, 
which is still used extensively today. This 
consisted of a self-excited shunt generator 
with an auxiliary (battery excited) “teaser” 
field winding (which was used only during 
starting at low generator voltages). This 
system depends upon an appreciable 
amount of engine stalling to obtain suit- 
able generator characteristics and engine 
utilization. In the present-day applica- 
tions the teaser field has been eliminated 
and equivalent results obtained by inter- 
connecting the battery in the self-excited 
field circuit through suitable resistors. 

One of the most popular inherent regu- 
lating excitation systems is that using the 
“split-pole” exciter. This consists of a 
conventional shunt generator but the 
main poles of the exciter are ‘‘split” so 
that the series differential field can be 
wound on a part of each pole. The shunt 
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Figure 1. Generator output curves obtained 
with speed sensitive control 
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MAXIMUM 
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Figure 2. Generator output curve determined 
by various limitations 


LAMINATED 
IRON CORE 


SSS 
() 
Figure 3. Saturable core reactor showing flux 

produced by a-c and d-c windings 


winding encircles the complete pole, the 
same as in a conventional machine, and is 
primarily battery excited although it 
usually has, in addition, a self-excited con- 
nection through relatively high resistance. 
This results in a generator characteristic 
which has practically constant kilowatt 
output over a two to one range in current. 
It is also highly speed-sensitive and is 
thus ideally suited for use on Diesel- 
electric applications. 


External Regulating Systems 


Although all of the inherent regulating 
systems have proved very satisfactory 
they all are limited economically in their 
application to relatively small power 
plants. The need for an external load 
regulating system appears to be in direct 
proportion to the size of the power plant 
because this permits using the minimum 
size generator and still results in maxi- 
mum permissible output under all con- 
ditions, thus reducing initial cost and pro- 
viding optimum performance. All of our 
studies along these lines indicated that 
engine speed was the basic function upon 
which such a system should be based as 
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this always would result in maximum 
power output, regardless of variations in 
temperature, altitude, fuel, or engine 
ability. 

Our first application of this type was on 
a rail car powered by a 535-ho~sepower 
950-rpm gasoline engine and consisted of a 
conventional shunt generator which was 
separately excited from a constant 
voltage source through a _ face-plate 
rheostat. The rheostat arm was driven 
by a governor actuated servo motor, thus 
regulating the excitation as a function of 
engine speed. These controls were effec- 
tive over the entire engine speed range 
and included a variable fuel limit, thereby 
limiting engine torque to safe values at al] 
speeds. 

Shortly after this we made a similar 
application on a 115-ton switching loco- 
motive with an 825-horsepower 500-rpm 
Diesel engine. Generator characteristics 
for this locomotive are shown in Figure 1. 
This locomotive also used a separately 
excited shunt generator and a face-plate 
rheostat. The rheostat arm, however, was 
electrically controlled by a contacting 
mechanism or switch attached to the engine 
governor output shaft so as to respond to 
very minute changes in engine speed. 


This “‘speed”’ switch controlled the mag- . 


net valves of a balanced air engine which 
operated the rheostat arm. Quick re- 
sponse was obtained when increasing ex- 
citation by momentarily connecting an 
auxiliary contact brush on the rheostat 
arm, which was positioned several bars in 
advance of the main contact brush. Sta- 
bility was obtained by means of an an- 
ticipating solenoid on the speed switch, 
which was energized only when the high 
speed contact was closed. This solenoid 
opposed the governor spindle movement 
and temporarily displaced it sufficiently 
to cause premature opening of the high 
speed contact. This permitted rapid 
movement of the rheostat arm while 
approaching its ultimate position after 
which a notching effect was obtained until 
the final balancing point was reached. 
Variable fuel limit was obtained by re- 
positioning the stationary contacts for 
each engine operating speed, thus forcing 
the electric controls to operate at proper 
fuel setting for each operating speed. 
Automatic traction motor transition was 
provided, the forward transitions being 
made whenever maximum generator ex- 
citation was obtained, as indicated by the 
rheostat arm position. Because no differ- 
ential field was used, the generator volt- 
ampere characteristics for all field settings 
were very flat, with the voltage decreasing 
very slightly with increasing current, 
governed entirely by internal resistance 
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and armature reaction. There was there- 
fore no inherent limitation in generator 
current. Wheel slipping provided the) 
necessary protection against excessive 
generator current when the motors were 
in series and a current relay was 
provided to initiate backward motor 
transitions whenever maximum generator 
current was obtained with the traction 
motors in parallel. 


Amplidyne Excitation System 


A recently developed system uses a 
shunt generator and an amplidyne exciter. 
The exciter, together with its associated 
control equipment, always furnishes the 
proper current for the shunt field of the 
traction generator. This system, in con- 
junction with the power plant regulator, 
automatically regulates the excitation to 
provide optimum locomotive performance 
without exceeding 


1. Maximum available engine power. 


2. Maximum traction generator load cur- 
rent, 


3. Maximum traction generator field cur- 
rent, 


The limitations imposed by the engine 
are obvious. Generator armature current 
must be limited to prevent overheating or 
excessive sparking. Several load current 
limit settings are desirable to provide the 
operator with controlled tractive effort for 
proper locomotive operation. The gen- 
erator field current is limited to permit 
using minimum field structure and to limit 
the maximum generator voltage. Figure 
2 shows the resulting generator character- 
istics at rated engine speed when observ- 
ing these limitations. 


Saturable Core Reactors 


A brief review of the characteristics of 
a saturable core reactor probably will be 
helpful before attempting to describe the 
complete system. 

The reactors used in this system have a 
3-legged iron core with series connected 
a-c windings on the two outer legs, and 
one or more d-c windings on the center leg 
as illustrated by the upper portion of 
Figure 3. The a-c windings create al- 
ternating flux in the outer part of the core 
only, whereas the d-c windings create flux 
in all parts of the core, including the cen- 
ter leg, as shown in the lower portion of 
Figure 3. The d-c windings are used to 
saturate the core to varying degrees. Any 
saturation of the core reduces the amount 
of a-c flux produced by a given alter- 
nating current. As the alternating volt- 
age across the reactor will be proportional 
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to the a-c flux, the voltage across the a-c 
winding will decrease as the d-c flux in- 
creases, assuming constant alternating 
current in the windings. 


Basic Regulating Circuit 


The basic regulating circuit is shown in 
Figure 4 and consists of two saturable core 
reactors XA and XB, with their a-c wind- 
ings connected in series across a constant 
alternating voltage supply. The d-c 
winding of reactor XB is connected in 
series with a calibrating resistor across a 
constant direct voltage supply. The cur- 
rent to be controlled, J, is fed through the 
d-c winding of reactor XA. When J is 
zero, there is no d-c flux in reactor XA, 
whereas reactor XB has a definite preset 
d-c flux: Because the sum of the alter- 
nating voltages-is constant, we then will 
have more alternating voltage on XA than 
on XB As current J increases, the alter- 
nating voltage on XA decreases, whereas 
the alternating voltage on XB increases. 
When current J increases to the point 
where the d-c flux in reactor XA equals 
that in X B, the alternating voltages will be 
equal. As J increases beyond this point, 
the alternating voltage across XA con- 
tinues to decrease and the alternating 
voltage across XB continues to increase. 
Thus for any given setting of the cali- 
brating resistor, the alternating voltage 
across reactor XB is always proportional 
to direct current J in reactor XA. This 
voltage is rectified by means of a full wave 
selenium rectifier and fed into the exciter 
field control circuit to regulate excitation 
as a function of any desired current /. 

It also should be noted that this ar- 
rangement permits control of the excita- 
tion circuit without any electric con- 
nection between it and the controlling 
function. It is thus possible to obtain a 
regulating force for use in the relatively 
low voltage excitation system which is 
proportional to any desired current J, re- 
gardless of its voltage, merely by provid- 
ing suitable insulation on the d-c winding 
of reactor XA. 


Basic Excitation System 


~ 


Figure 5 shows the basic excitation 
system for a typical locomotive applica- 
tion with the approximate voltages indi- 
cated for various parts of the circuit. A 
400-cycle 115-volt alternator, driven by a 
74-volt d-c motor, is used to energize the 
primary winding of transformer 77. This 
transformer has three secondary wind- 
ings; one is wound for 25 volts and the 
others for 55 volts each. The 25-volt 
winding is connected to full wave selenium 
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rectifier R1, which furnishes 20-volt d-c 
power supply to load control potenti- 
ometer 125 and its series connected re- 
sistor 120. Filter reactor 164 is inserted 
in the d-c feed circuit to reduce the a-c 
ripple. The output of potentiometer 125 
is connected to amplidyne field F1-F2 and 
its series connected resistor 152. This re- 
sistor has approximately four times the 
ohmic value of field F1-F2. Thus the 
maximum field voltage that ever can be 
obtained is only 20 per cent of the d-c 
supply, or 4 volts. Under this condition 
the voltage drop across resistor 152 is 80 
per cent of the d-c supply, or 16 volts. 

The amplidyne exciter field resistor 
circuit was designed to obtain a maximum 
exciter field current equivalent to twice 
that normally required for any steady 
state full output condition, thereby pro- 
viding rapid generator response whenever 
increased excitation is required. This 
“forcing” action is even greater at all 
other points of operation on the generator 
characteristic where lesser excitation 
is normally required. The field current 
therefore always is limited under full out- 
put steady state conditions to 50 per cent 
or less of the maximum obtainable. Thus 
the field voltage is never more than two 
volts under any steady state full load 
condition, and the voltage across resistor 
152 is never less than 18 volts. With this 
field circuit arrangement it can be seen 
that if the voltage drop across resistor 152 
could be increased by some external 
means to 20 volts, the exciter field voltage 
would be reduced to zero. It is therefore 
only necessary to increase the voltage 
across resistor 152 approximately 10 per 
cent to obtain 100 per cent reduction in 
excitation. 

Such a high rate of response was made 
possible by the use of the amplidyne ex- 
citer and its previously developed stabil- 
izing circuit. This consists of an ad- 
ditional winding (not shown in Figure 5) 
connected in series with a capacitor across 
its output circuit, and is thus only effec- 
tive during a change in exciter voltage. 
Its polarity is such as always to oppose 
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any change in exciter voltage, whether it 
be increasing or decreasing. The opposing 
action is also proportional to the rate of 
change and thus always provides proper 
stabilizing action. 

Because the input to amplidyne field 
F1-F2 is but one watt for steady state full 
output conditions, very low energy control 
devices, inherently small and lightweight, 
can be used. All of the static devices, 
consisting of a transformer, reactors, 
rectifiers, and resistors, are assembled in 
one group on the panel shown in Figure 6, 


Generator Load Current Limit 


The a-c windings of saturable core re- 
actors X/ and X2 are connected in series 
across one of the 55-volt secondary wind- 
ings of transformer T71/. The d-c winding 
of reactor X2 is connected in series with 
its calibrating resistor 156 across the 74- 
volt locomotive battery, thus establishing 
its amount of saturation. The d-c wind- 
ing of reactor X1 is connected in series 
with resistor 116 across the commutating 
pole field of the main generator. Resistor 
116 provides temperature compensation. 
It is designed to heat up and increase its 
resistance at approximately the same rate 
as the generator commutating pole field. 
The current flowing through the d-c wind- 
ing of reactor X/ is therefore proportional 
to generator armature current. With no 
current flowing in the generator, there 
will be no current in the d-c winding of 
reactor X/ and hence minimum satura- 
tion. Having previously set the satura- 
tion in reactor X2 we then obtain mini- 
mum voltage across the a-c windings of 
reactor X2 and connected rectifier R3. 
The output voltage of rectifier R3, if dis- 
connected from the system, would be far 
below that being obtained across resistor 
152, to which it is normally connected. 
Rectifier R3, however, blocks any reversal 
of current; hence this connection has no 
effect on the amplidyne field circuit under 
these conditions. As generator load cur- 
rent builds up, the alternating voltage 
across X2 increases and finally reaches a 
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point where the d-c output voltage of 
rectifier R3 is just equal to the drop across 
resistor 152. Any further increase in 
generator load current’ then will increase 
the d-c output voltage of rectifier R3, thus 
forcing additional current flow through 
resistor 152 and increasing its voltage. 
This increase in voltage reduces the volt- 
age across amplidyne field F/-F2. This 
action continues until the amplidyne ex- 
citation has been reduced to the point 
where it is just sufficient to maintain the 
current flowing in the generator armature. 
A very sharp cutoff is obtained for, as 
previously pointed out, only a 10 per cent 
increase in voltage is required across re- 
sistor 152 to reduce amplidyne excitation 
to zero. Thus, when sufficient current 
flow is obtained to increase the voltage 
drop across resistor 152 by one-half volt 
(less than three per cent), the amplidyne 
excitation will be reduced to 75 per cent of 
the maximum ever required for any steady 
state full output condition. As the a-c 


voltage across reactor X2 is proportional 
to generator load current, it can be seen 
that less than three per cent increase in 
load current will be required to obtain 25 
per cent reduction in amplidyne excita- 
Because the traction generator 
normally is being operated quite low on 


tion. 
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its saturation curve whenever load current 
limit is effective, this slight change in load 
current will produce approximately the 
same high percentage change in generator 
voltage. Thus the generator volt—ampere 
characteristics are very steep at the high 
current ends of the curves. This is of 
particular value on locomotive applica- 
tions because this always will permit the 


‘operator to work very close to the ad- 


hesion point without danger of slipping 
the drivers, regardless of rail condition. 


Generator Field Current Limit 


The a-c windings of saturable core re- 
actors X3 and X4 are connected in series 
across the other 55-volt secondary wind- 
ing of transformer T1. This pair of re- 
actors, together with rectifier R2, regu- 
late the amplidyne excitation as a func- 
tion of generator field current in exactly 
the same way as reactors X/ and X2, to- 
gether with rectifier R3, regulate the 
amplidyne excitation as a function of 
generator load current. When the gen- 
erator field current reaches its limit set- 
ting, rectifier R2 starts “‘spilling”’ and regu- 
lates the amplidyne excitation, thereby 
providing a ceiling on generator field 
current. Reactors X2 and X4 are exact 


Figure 6. —_ Excitation 
control panel 
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duplicates. Reactors X3 is identical with 
X1 except that its d-c winding is designed 
to carry full generator field current but 
the d-c winding on X1 only carries a 
small percentage of the generator load 
current, 

These two limit circuits are entirely in- 
dependent and have no effect on each 
other. Therefore, when operating at high 
load currents, the generator field current 
is relatively low so that the alternating 
voltage across reactor X2 is high (and 
regulating), whereas that across 4 is low. 
This low voltage on X4 has no effect on 
the excitation because blocking rectifier 
R2 prevents any reversal of current in this 
circuit. Likewise, when operating at high 
generator field current, the load current is 
relatively low and the alternating voltage 
across X4 is high (and regulating), and 
that across X2 is low. Blocking rectifier 
R3 then prevents any reversal of current 
because of low alternating voltage on X2. 


Load Control 


If only load current and field current 
limits were provided, we would obtain 
maximum generator characteristics which 
would be very flat at the high voltage end, 
and very steep at the high current end. 
Under these conditions it would only be 
possible to utilize full engine output at 
some one point, without seriously over- 
loading the engine at other points. These 
two limits therefore are designed to pro- 
duce generator characteristics which at 
rated speed over an appreciable range of 
current, demand more power than the en- 
gine can develop. The power plant regu- 
lator (which is described in detail in a sepa- 
rate paper!) then reduces the excitation as 
necessary over this range as a function of 
engine speed. This is accomplished by 
potentiometer 125, which reduces the d-c 
supply voltage to the amplidyne field cir- 
cuit whenever the generator load demand 
exceeds engine ability. The composite 
curve shown in Figure 2 is the result of all 
three of these “‘limit”’ circuits. 


Locomotive Application 


Almost all Diesel engines can operate 
successfully over a 3-to-1 speed range. 
Advantage is taken of this variable speed 
characteristic to obtain variable power 
output easily and economically. Stand- 
ard practice for several years by most 
manufacturers of Diesel-electric road 
locomotives has established the use of 
eight throttle handle notches for obtaining 
eight different engine operating speeds on 
units which are operated in multiple. The 
amplidyne excitation control circuits 
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therefore were designed on this same basis 
in anticipation of probable requests by 
ultimate customers to operate in multiple 
with existing locomotives. Thus, while 
we use but one fixed generator field cur- 
rent limit setting, we have a total of eight 
different load current limit settings. 
This, in conjunction with the different en- 
gine speeds and fuel limit settings, results 
in eight different generator output curves 
as shown in Figure 7. Resistor 156 shown 
in Figure 5 is commutated to obtain a 
different current limit setting on each 
throttle handle notch, by remotely con- 
trolled relays which also commutate re- 
sistors for simultaneously changing the 
engine speed and fuel limit settings. 

The advantages of the load current 
limit feature can be seen by comparing 
these curves with those shown in Figure 1. 
When starting from rest, the generator 
load consists of the resistance of the trac- 
tion motors together with connecting 
cables, and can be represented by the 
straight line extending from the origin, 
which is marked “(0 mph.”’ When starting 
the locomotive, the throttle handle is 
notched out until sufficient current is ob- 
tained to develop the tractive effort neces- 
sary to start moving the train. As soon 
as the train starts moving, the equivalent 
resistance of the generator load increases 
rapidly because of the counter electromo- 
tive force being developed by the traction 
motors. Thus, with the generator char- 
acteristics shown in Figure 1 the load 
current drops off rapidly as the locomo- 
tive starts moving with resultant immedi- 
ate reduction in tractive effort whereas 
the load current and tractive effort are 
maintained nearly constant with genera- 
tor characteristics shown in Figure 7. 


A-C Excitation Source 


The alternating voltage developed by 
the 400-cycle alternator will be affected by 
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variations in locomotive control battery 
voltage as well as its own temperature and 
Icading. Variations in this a-c supply 
voltage will cause corresponding varia- 
tions in the alternating voltage across the 
saturable reactors, These variations are 
nullified by providing a d-c supply to 
the exciter field resistor circuit which 
varies in exactly the same way. This 
is the reason for using rectified alternating 
current fed from the same transformer 
that supplies the reactors, rather than 
battery supply for the excitation circuit. 
With this arrangement the limit settings 
are changed only slightly by all the varia- 
tions in a-c supply voltage normally ob- 
tained in service, and are not of sufficient 
magnitude to be of any consequence. 


Dynamic Braking 


During dynamic braking, all traction 
motor fields are connected in series across 
the traction generator and their armatures 
are connected to the braking resistors 
which dissipate the energy developed by 
the motors.’ 

Under this condition the generator out- 
put is very low, being practically negligi- 
ble at top locomotive speed where mini- 
mum motor excitation is required, and but 
15 to 20 kw at lower speeds where maxi- 
mum motor excitation is needed. The 
maximum generator current ever required 
is approximately one-fourth of that used 
during motoring, while the maximum 
voltage is but four to five per cent of maxi- 
mum motoring voltage. The Diesel en- 
gine therefore is operated at idling speed 
and the traction generator series cranking 
winding is inserted into the circuit to ob- 
tain as much inherent stability as pos- 


sible. It also must be possible to change 


the traction motor excitation very gradu- 
ally to permit obtaining any desired 
braking rate, up to the maximum, at any 
locomotive speed. The same rectifiers 
and reactors are used to control the gen- 
erator current output during braking as 
are used during motoring, but the con- 
trolling circuits are rearranged because of 
the lower range in generator armature 
currents and the necessity of providing 
fine graduations in current limit settings. 
This is accomplished by adding a modu- 
lating d-c winding to reactor X/ and con- 
necting it, as well as the d-c winding on 
reactor X2, to a resistor network so ar- 
ranged that the current limit setting can 
be changed by varying the potential 
applied at one point of this circuit. The 
operator then can adjust the excitation to 
suit any requirement by varying the po- 
tential at this point. This is done by a 
controlling potentiometer which is 
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operated by the braking control handle. 
The variable voltage appeariag at the 
brush arm of this potentiometer is applied 
to one of the control train wires. Simul- 
taneous recalibration of the current limit 
settings on any number of locomotive 
units operating in multiple thus is ob- 
tained by merely varying the voltage ap- 
plied to this one train wire. The energy 
involved is so low that a relatively small 
potentiometer is only slightly affected by 
the number of units operating in multiple. 
Because the amplidyne field current isregu- 
lated automatically to maintain a definite 
generator armature current for each 
setting of the braking handle, the system 
is not affected by changes in engine speed 
or changes in temperature, both of which 
would seriously upset any Ward-Leonard 
system. 


Conclusions 


This latest excitation control system 
contains several new features which result 
in improved performance as well as re- 
duced maintenance and higher locomotive 
availability. These consist of 


1. Engine Protection. All engine limita- 
tions are observed, thus providing reduced 
torque at reduced speeds and controlling the 
loading to maintain proper speed on each 
notch, regardless of changes in temperature, 
altitude, fuel, or changes in engine ability. 
It is flexible and readily conformed to suit 
any reasonable engine speed-torque charac- 
teristic. Additional functions can also be 
readily incorporated; for example, reduc- 
tion in loading in event of high engine 
temperatures.° These protective features 
should result in long life and low engine 
maintenance, together with improved 
performance. 


2. Generator Protection. Limiting the 
maximum load current and the maximum 
field current greatly reduces the possibility 
of overheating the generator. The load 
current limit also limits the commutation 
duty for which the generator must be de- 
signed. 


3. Controlled Tractive Effort. By provid- 
ing several different generator load current 
limit settings, the operator always can ob- 
tain the desired tractive effort. This should 
improve locomotive performance, especially 
when starting a heavy train. As the excita- 
tion is regulated as a function of generator 
output, this automatically eliminates any 
variations in this output because of varia- 
tions in excitation voltage supply, machine 
temperature, or individual generator charac- 
teristics. 


4. Minimum Size and Weight Control 
Devices. The amplidyne exciter requires 
very low energy input, thereby permitting 
the use of high safety factors in designing 
and still obtaining unusually small and light- 
weight devices. 


5. Low Maintenance. The transformers, 
reactors, rectifiers, and resistors used in the 
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limit circuits have no moving parts and thus 
require minimum maintenance. Being sta- 
tic, the possibility of trouble is reduced 
greatly, and should result in increased loco- 
motive availability. 
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Discussion 


Lanier Greer (General Electric Company, 
Erie, Pa.): Since the days of the first gas- 
electric rail cars and locomotives, the de- 
sirability of a power unit control and gen- 
erator excitation system which would ac- 
curately control engine speed and loading re- 
gardless of variations in temperature, fuel, 
altitude and engine ability has been ac- 
knowledged. This has become more im- 
portant with the advent of the Diesel engine 
and with the increased speed and power of 
these engines. Inherent regulating sys- 
tems, although rugged and simple, have been 
proven to be inadequate for the modern 
high-speed high-power Diesel engine. This 
has made it necessary to find an external 
regulating system which accurately will con- 
trol and impart the desired characteristics 
to the engine generator combination. Such 
a system is described in the paper under dis- 
cussion and has advantages for each major 
piece of rotating apparatus. These accrue as 
simplicity of design, lighter weight, lower 
initial cost, better performance, and lower 
maintenance. 

The source of power for the Diesel-elec- 
tric locomotive is the Diesel engine and if it 
is not properly regulated and protected the 
maximum amount of work cannot be per- 
formed. If the control system of the power 
unit as a whole is such as to allow the engine 
to operate under optimum conditions at all 
times, the best possible performance will be 
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obtained. By accurately controlling speed, 
loading, and temperature of the engine 
under all conditions of operation, as is done 
by the system under discussion, engine 
maintenance will be kept low, time between 
overhauls will be increased and engine per- 


~ formance will be improved. 


Mechanical power produced by the engine 
is delivered to the generator which converts 
it into electric energy. The generator is 
simplified by accurately controlling the 
maximum load current to a value which 
gives adequate starting tractive effort, when 
applied to the traction motors, and by limit- 
ing this current to a definite maximum. 
This reduces the possibility of excessive 
sparking due to overload current. 

By externally controlling and limiting the 
field current (maximum voltage on the high 
voltage end of the engine generator volt 
ampere curve) the size of the generator field 
structure is kept to a minimum because a 
simple single exciting winding can be used 
on the main poles. This reduces the amount 
of insulation in the coils and increases the 
heat transfer coefficient. By keeping the 
field current constant, from maximum full 
utilization to maximum locomotive speed, 
field heating is controlled and damage to the 
fields from this cause is minimized. Con- 
trolled field current (maximum voltage) 
keeps the peak volts per bar within reason- 
able limits and reduces generator flashing. 

Accurate control of load and field current 
makes possible the use of a simple salient 
pole single armature generator over a wider 
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range of power and speed than would be 
possible otherwise. This simplifies the gen- 
erator manufacture and reduces the initial 
cost. A generator without compensating 
windings is also an advantage to the oper- 
ator because it is easy to maintain and re- 
pair. 

The voltage and load current of the gen- 
erator are supplied to the motors which 
drive the locomotive. Controlled load cur- 
rent applied to the traction motors protects 
them from sparking due to overloads. Also 
controlled field current on the generator 
gives controlled voltage on the motors and 
limits the peak volts per bar to a reasonable 
value which keeps flashing on the motor ata 
minimum, This reduction in flashing and 
sparking reduces heating, gives longer life 
and helps to keep motor maintenance low. 

Therefore, a system of power plant regu- 
lation used in conjunction with a generator 
excitation system such as described in the 
paper by C. A. Brancke and G. M, Adams 
does these three things for the major pieces 
of rotating apparatus. 


1. Gives better prime mover performance, 


2. Makes possible a simpler lighter-weight and 
smaller traction generator. 


3. Keeps the maximum that is demanded from the 
traction motors to a reasonable value, 


These things combined give lower initial 
cost, better locomotive performance, longer 
life, lower maintenance and better avail- 
ability. 
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Braking Resistors and Control for 


Diesel-Electric Locomotives 


E. F. WEISER 


NONMEMBER AIEE 


Synopsis: This paper covers the general 
scheme and performance of a new dynamic 
braking system for heavy Diesel-electric 
road locomotives and a description of design 
features of the newly developed braking 
resistor unit. 


‘ 


ANY of the new Diesel-electric road 
locomotives appearing on American 
railroads are being equipped with dynamic 
braking. This enables the locomotive to 
hold back or to stop as well as to ac- 
celerate the train. Attractive savings 
appear in lowered wheel and brake shoe 
maintenance and faster schedules. 


“Grinding to a stop” is a hackneyed 
literary phrase, but unfortunately it is a 
correct technical description of conven- 
tional railway brakes in action. Replac- 
ing brake shoes and worn and cracked 
wheels represents a major item in car 
maintenance. The danger of a train run- 
ning away on long mountain grades be- 
cause of overheated brakes losing their 
effectiveness often dictates speed limits 
as low as 15 miles per hour with frequent 
stops to cool the brakes. Faster schedules 
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are possible when the locomotive can ab- 
sorb all or part of the power generated by 
the descending train. 

Generating 1,490 kw of power in the 
crowded interior of a modern locomotive 
presents a number of engineering prob- 
lems, and getting rid of a like amount 
presents another, fora Diesel-electric loco- 
motive cannot return power to an over- 
head system as an electric locomotive can, 


Braking Scheme and Circuits 


The general scheme of dynamic braking 
employs the traction motors as generators 
with their fields separately excited to pro- 
vide control (see Figure 1) and a resistor 
to dissipate the power generated. Excita- 
tion of the motors during braking is ac- 
complished by connecting all motor fields 
in series with the propulsion generator 
which is capable of supplying the low- 
voltage, high-current excitation required 
by the series traction motor fields. , The 
braking can then be controlled by varying 
a rheostat in the main generator excita- 
tion system. Switching equipment is re- 
quired in the main power circuits to make 
up the excitation circuit of the motors and 
connect the traction motor armatures to 
the braking resistors. Additional switch- 
ing in the control circuits sets up the main 
generator excitation and engine speed con- 
trol circuits. 

Interlocked separate controller handles 
for motoring and braking require the 
operator only to return the motoring 
handle to the “‘off position” and notch up 
on the brake handle to brake, being care- 
ful not to exceed the motor rated current 
as registered on his instrument panel am- 
meter. 

Figure 1 shows a simplified circuit dia- 
gram of the connections during braking. 


Weiser—Braking Resistors 


The generator field control system regu- 
lates a constant selected output current to 
the traction motor fields, independent of 
minor variations in engine speed, motor 
field coil temperatures and other vari- 
ables, using the voltage drop through the 
generator commutating field coils as an 
indication of current, 

Since the adhesion of the locomotive to 
the rails is sufficient to generate full motor 
rated current, and therefore torque, the 
maximum braking rate is determined by 
the traction motor ratings, On a 3-cab 
6,000-horsepower locomotive this fixes the 
braking horsepower per cab at slightly 
over 2,000 horsepower, 1,490 kw, due to 
the transmission losses which aid during 
braking. 

The tractive effort available for braking 
is shown in Figure 2 for various speeds. 
Since, during braking the transmission 
losses are aiding the braking, the braking 
tractive effort available is actually higher 
than the motoring effort at the same 
speed. With dynamic braking, the loco- 
motive with the assistance of the train’s 
rolling friction can brake the train down a 
grade without assistance from the air 
brakes at a higher speed than it can pull 
the train up the same grade, 

The requirements for a braking re- 
sistor are that it dissipate 1,490 kw of 
power in as small as possible space in the 
already crowded cab and that weight 
and cost be kept to a minimum. 


Resistor Design’ 


The functions of the resistor are 


1. To convert electric energy into heat. 


2. To take the heat away from the loco- 
motive. 


An air-cooled, forced-ventilated design 
was selected for development because of 
the unavailability of other cooling me- 
diums on Diesel-electric locomotives and 
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Figure 2. Tractive effort versus speed during 
dynamic braking in a 2,000 horsepower 
locomotive 


because space limitations demanded oper- 
ation of the resistor elements at an inten- 
sity of heat transfer unobtainable with 
natural convection. 

The problems which emerged during 
development were primarily those of a 
heat exchanger rather than a resistor. 
The final design consists of a double 
ended, axial flow fan and motor unit, dif- 
fusers, tunnel type resistor grids, and dis- 
charge elbows. Figure 3 shows the com- 
ponents installed in their mounting frame 
which forms part of the locomotive cab 
roof. The discharge elbows, not shown, 
are incorporated in the locomotive cab 
roof. The assembly pictured is removable 
asaunit. Its length is 11 feet 2 inches. 

Primary consideration was given to 
maintaining an air path through the sys- 
tem of constant cross section without 
turns to reduce eddys and velocity head 
losses in the air stream. The elimination 


Figure 3. Assembly of blower, diffusers, and 
resistors in their mounting frame 
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of eddys and unequal air velocities 
through the bank of resistors is vital to 
elimination of hot spots in the resistor 
bank which would limit the intensity at 
which resistor grids could be operated. 

Two factors determine the quantity of 
air required: the amount of heat to be 
carried away and the temperature to 
which the air may be raised. For stand- 
ard air conditions the following equation 
gives the approximate relationship of 
cubic feet per minute, kilowatts, and al- 
lowable temperature rise C in degrees 
eentietoge. 


_ 1750 (KW) 
CFM 


The permissible temperature rise is 
limited by the temperature that the dis- 
charge elbow and the paint on the ad- 
jacent cab roof can withstand. Limiting 


*C RIBBON AND AIR RISE 
OVER AMBIENT AIR 
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KW. INPUT TO RESISTOR 
Figure 4. Temperature rise of ribbon and air 
versus kw input for 2,000 horsepower loco- 
motive resistor 


this rise to 100 degrees centigrade fixes 
the air requirements at approximately 
26,000 cubic feet per minute to remove 
the 1,500 kw of power from the locomo- 
tive. 

The use of such a volume of air made it 
inadvisable to draw the resistor cooling 
air from inside the cab, its inlet louvers 
and filters being already taxed by the re- 
quirements of the engine and the genera- 
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tor and motor ventilation. The location 
of the resistor over one side aisle between 
the engine and the outside wall enables it 
to draw its air directly from the outside, 
to pass it through the resistors and to dis- 
charge it vertically through the cab roof, 

The fans require 74 horsepower but by 
connecting the series-wound fan motor in 
parallel with a section of the resistor it 
uses part of the power being dissipated. 
The motor can thus be connected per- 
manently in parallel with its section of re- 
sistor eliminating all danger of control 
failure. This means that the voltage sup- 
plied to the blower motor is proportional 
to the current in the resistor. However, 
the combined characteristics of the fan 
loaded series motor, resistor heat transfer 
and fan discharge result in a temperature 
verstis power curve for the resistor of the 
type shown in Figure 4 from which it can 
be seen that the highest kw input region 
of the curve results in the highest resistor 
temperature in spite of ‘the resulting 
higher fan motor voltage and speed in 
that region. 

The terminus of the curve is the point 
at which the fan motor reaches its maxi- 
mum permissible speed, limiting the input 
to the resistor to the kw which produces 
this speed. Operation of the resistor at 
altitudes of 7,500 feet in some mountain 
passes would result in higher fan motor 
speed than at sea level due to reduced fan 
load in the rarified atmosphere. Allow- 
ance has been made in selecting the fan 
speed at normal resistor input, 1,490 kw, 
to insure against overspeed under adverse 
conditions. To protect the motor against 
overspeed, a voltage relay is connected 
across the motor terminals and is set to 
operate at maximum permissible motor 
voltage, flashing a warning light near the 
operator who must correct the condition 
by reducing the excessive braking rate. 

The motor fan unit, shown in Figure 5, 
is rated at 26,000 cubic feet per minute at 
11 inches of water static pressure at 3,500 
rpm. Originally developed as a traction 


Fan and motor unit showing fans 
and contravanes 


Figure 5. 
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motor blower, the unit is extremely com- 
pact and light in weight for its output. 
Its small size makes possible an equally 
important weight saving in the supporting 
cab structure. The fans are of axial flow 
type and use curved stationary entry 
vanes which direct the entering air at the 
correct angle for efficiency at the high out- 
put pressure. 

The conversion of the toroidal section 
of the air stream from the fan into a 
square section suitable for the resistor is 
accomplished in a diffuser pictured in 
Figure 6. Concentric baffles divide the 
air from the fan and distribute it over the 
square outgoing section assuring an equal 
air velocity to all resistor ribbons and 
elimination of eddys which would recir- 
culate air through portions of the resistors 
resulting in hot spots. 


Grid Units 


Sixteen resistor grids, eight at each end 
of the fan unit, make up the resistor 
proper. Figure 7 shows a single grid. The 
frame of the grid, which is of insulating 
material, encloses the resistor element and 
forms the duct which confines the cooling 
air stream when stacked with succeeding 
units. The mounting lugs form both the 
electrical and mechanical connections. 
Removal of any unit can be accomplished 
by removing two bolts and sliding the 
unit out without disturbing adjacent 
units. 

Parallel strips of a chromium-alumi- 
num-iron alloy resistance material, con- 
nected in series, form the resistor ele- 
ment. Conventional supporting tie rods 
with their mica insulation were eliminated 
when tests showed ribbon temperature in 
in the lee of thetie rod ran just twice that 
in areas not blanketed by tie rods. This 
single innovation resulted in a 50 per cent 
reduction in the ribbon area and resistor 
cubic volume required at no increase in 
maximum ribbon temperature. By form- 
ing each resistance strip into a shallow V 
cross section which nests with adjacent 
strips, sufficient mechanical rigidity was 
obtained and the increased turbulence in 
the air stream materially increases the 
heat transfer from the ribbon to the air 
stream. 

The resistance element is fastened in its 
frame at only two points, the outgoing 
terminals. Guide pins at the ends of each 
strip project into clearance holes in the 
insulation, frame supporting the resistance 
strips without restricting their endwise 
expansion, which amounts to 0.1 inch at 
375 degrees centigrade rise. All ribbon 
buckling forces are thus effectively elimt- 
nated and it is possible to space the re- 
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Figure 6. Two views of diffuser showing inlet 
and outlet ends 


sistance strips closely, effecting a saving 
in the cubic space required for the 
resistors. 

The use of rolled strip provides grids 
far superior to castings in durability and 
resistance to cracking from vibration. 
Thin rolled sections also provide greatly 
increased heat radiating surfaces over that 
of cast section grids. Each of the 16 
units contain 42 strips of resistance ma- 
terial presenting 5,855 square inches of 
radiating surface to the air stream. Each 
square inch of surface radiates approxi- 
mately 17.5 watts per square inch. The 
connectors brazed between ribbons are of 
heavy section which conduct heat away 
from the joint and assure joint tempera- 
tures substantially lower than that of the 
ribbon proper. 

The air stream passing through the re- 
sistor increases progressively in tempera- 
ture, volume, and velocity. Each suc- 
cessive grid is thus subjected to a higher 
ambient air temperature, however, the 
temperature rise of each grid over that of 
the air emerging from it is substantially 
the same for all layers. The maximum 
temperature is experienced by the last 
erid and is the sum of the outgoing air 
temperature and the rise of the ribbon 
over the air passing it. The temperature 
difference between the ribbon and the air 
passing it may be viewed as the potential 
required to force the heat from the ribbon 
into the air stream. Thus the more heat 
being transferred per unit area, the higher 
the required temperature differential. 
However, the two major factors reducing 
this differential are air turbulence and 
velocity. The use of the nesting V cross 
section ribbons forces the passing air to 
change direction and assures turbulence. 
The effect of velocity is illustrated in 
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Figure 8, the higher the air velocity the 
lower is the necessary temperature differ- 
ential. 

With a given air flow the velocity can 
be increased by reducing the cross-sec- 
tional area of the resistor tunnel. In- 
creasing the velocity, however, increases 
the fan pressure required to force the air 
through the resistor and limits the prac- 
tical velocity to that corresponding to the 
available fan pressure. In the resistor de- 
signed, the air enters the resistor bank at 
4,400 feet per minute and leaves at ap- 
proximately 6,600 feet per minute after 
heating and expanding. This exit ve- 
locity, which is 75 miles per hour in a 
vertical direction, effectively removes the 
heat from the vicinity of the locomotive 
and all trailing cabs and cars, fulfilling 


Figure 7. Tunnel type grid unit 


231 


ou wt 
woOwad 
oooo°o 


*C TEMP. RISE OF RIBBON 
OVER PASSING AIR 


te) 1000 2 
AIR VELOCITY- FEET PER MINUTE 


000 3000 4000 5000 


Figure 8. Temperature differential required 
between ribbon and air for one grid unit at 
100 kw input 
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the second major requirement of the re- . 


sistor, that of getting rid of the heat. 


Conclusions 


The design can be summarized as a 
high-velocity air-colled resistor in which 
major attention has been given to air flow, 
heat transfer, and the removal of the 
heated air from the locomotive. ; 

Incidental features include air intake 
screens, air velocity actuated shutters to 
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protect the exit end of the resistor from 
the weather while the resistor is not in 
use, and drains in the exit elbows. The 
shutters and drains permit the use of air 
exits which do not project from the cab 
roof and thus greatly improve the appear- 
ance of the locomotive. Some installa- 
tions incorporate connections to the re- 
sistor which makes it possible to load the 
engine, for test purposes, through the 
main generator, which is an invaluable » 
aid to the maintenance shops. 
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Developments in Control Systems for 


Diesel-Electric Locomotives 
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Synopsis: In the years 1945 and 1946 we 
have seen the completed development of 
new and larger Diesel engines designed 
specifically for use in main line Diesel-elec- 
tric locomotives. Application of the larger 
electric transmission systems required for 
converting the engine power into tractive 
effort at the rail has presented new control 
problems, in the solution of which many 
new developments in circuits, apparatus, 
and manufacture have been made. 


WO TYPES of main line locomotives 

were in manufacture prior to World 
War II. One of these was a 2,000-horse- 
power unit frequently used in pairs in 
passenger service. Each cab included 
two separate 1,000-horsepower power 
plants with the generators independently 
connected to pairs of traction motors on 
three axle trucks, the center axle being an 
idler. Duplicate installations were re- 
quired of mechanically driven air com- 
pressors, of the engine water and oil cool- 
ing systems, and of the electric auxiliaries 
and control. Only the master controller, 
the storage battery, and the air brake 
system served both power plants in com- 
mon. No dynamic brake installations 
had been developed for these units. 

A second type appeared in 1940 which 
utilized a single 1,350-horespower power 
plant in each cab. The generator sup- 
plied power to four traction motors, of 
which there were two each on the two 
axle trucks. No idler axles were used. 
Dynamic braking was available as a hold- 
ing brake on long grades. This size loco- 
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motive found wide application in freight 
service in spite of the low power rating 
which, required from three to four coupled 
cabs to handle the service. 

The arrival of new Diesel engines of 
1,500- and 2,000-horsepower ratings in 
1945 and 1946 greatly broadened the field 
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Figure 1. Power connections—motoring 


Contactors Closed 
S1 P1 P2 S21 P21 P22 M1 M2 M3 M4 
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of application of single power plant per 
cab locomotives. Improvements in trac- 
tion motors and generators for these loco- 
motives have produced higher ratings so 
that in some cases three 1,500-horsepower 
cabs will perform the same service former- 
ly done by four 1,350-horsepower cabs. 
In high speed passenger service on most 
eastern railroads, two 2,000-horsepower 
cabs sttffice and the two power plants in- 
volved constitute a distinct saving in fuel, 
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lubrication, and maintenance costs in 
contrast with the four smaller power 
plants used on the older type of 2,000- 
horsepower locomotives. 

Although some of the new engines 
operate at higher speeds than have been 
used before in main line locomotives of 
comparable power, the design emphasis 
was placed on long life with minimum re- 
placement of wearing parts. This in turn 
has constituted a challenge to the control 
engineer to produce new standards in 
handling of these larger power units. 

As far as possible, circuits and appara- 
tus have been designed to fit both the 
1,500- and 2,000-horsepower units. This 
is of benefit not only in reducing the first 
cost, but also in simplifying the mainte- 
nance, servicing, and renewal parts prob- 
lems. 


Power Circuits—Motoring 


The new single power plant 1,500- and 
2,000-horsepower units both employ four 
series wound traction motors, powered 
from a single main generator. 

Conventional series-parallel and paral- 
lel motor connections are used (see Fig- 
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Figure 2. Typical speed-tractive-effort curve 
for 2,000-horsepewer unit showing relation of 
generator current to speed 
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Figure 3. Typical generator characteristic for 
2,000-horsepower unit 


ure 1) with a single step of resistor shun- 
ting of the motor fields. 

Field shunting is analagous to the over- 
drive commonly used on some types of 
automotive vehicles. It extends the 
range in locomotive speed over which full 
power can be obtained from the generator 
within its current and voltage limits. 

Formerly applied only in the high 
speed (parallel) motor connection, field 
shunting now also is used in the low speed 
(series-parallel) connection as shown in 
Figure 2. The locomotive is operated up 
to a higher speed before transfer to 
parallel is required, and the parallel con- 
nection is established at a lower value of 
generator current as indicated by the 
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Figure 4. Elementary connections for excita- 
tion system 


EF—Exciter field relay 

GF—Generator field contact 

GFR—Field discharge resistor 

BR—Braking relay 

SWB—Braking switch 

A, 8, C, D—Sequence telays 

147—Breaking potentiometer 

116—Temperature compensating resistor 

SH, B—Contact on controller, closed when 
selector handle is in braking zone 
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dotted lines. As the limiting current 


rating in parallel is that of the generator ‘ 


and not that of the motors, the use of the 
field shunting step in series parallel re- 
sults in a reduction in generator rating, 
with resultant savings in weight and size. 


Excitation System 


One of the chief problems in control for 
Diesel locomotives is the matching of the 
generator demand to the load the Diesel 
engine can carry over the required volt- 
ampere range. 

On early units this was attempted by 
giving the generator output a hyperbolic 
pattern, obtained by various schemes of 
self and separate excitation or in conjunc- 
tion with special exciters. 

The pattern obtained usually was sub- 
ject to variation from temperature 
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Figure 5. Power connections—braking 


changes in the equipment itself, from 
battery voltage change, or from misad- 
justment. None of the schemes recog- 
nized any change in engine ability, such 
as might be caused by faculty fuel injec- 
tion equipment. When such faults oc- 
curred, or when the electric equipment 
was cold, the engine became overloaded 
and stalled in speed. This in turn fre- 
quently aggravated the condition and 
contributed to early failures. 

As the art advanced, external regulating 
schemes began to demonstrate their su- 
periority over those using inherent gen- 
erator patters. Out of the wealth of ideas 


advanced and tried, two distinct trends’ 


became evident. 


1. The Diesel engine designer showed will- 
ingness to operate his engine at a fixed speed 
with fixed fuel injection and to accept what- 
ever loading could be applied within these 
limits. 
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2. Asacorollary to the first, the control de- 
signer became conscious that engine speed 
with fixed fuel injection is the best measure 
by which to adjust the generator demand. 


It is with these elements in mind that 
the new excitation system for these loco- 
motives has been designed. 

The solid line curves in Figure 3 show 
the nominal generator output, with 
recognition of desired field current and 
armature current limits corresponding to 
the generator load demand which can be 
carried by a 2,000-horsepower engine 
operating at top speed. 

No attempt is made to develop this as 
an inherent pattern, but instead the gen- 
erator and exciter are arranged for an out- 
put shown by the top dotted curve, con- 
siderably in excess of all three limits. 
The setting is made high enough so that 
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Figure 7. Auxiliary power circuits 


A1—Auxiliary generator for battery charging 
A2—Auxiliary generator for blowers 
B—Battery charging contactor 

RC—Reverse current relay 

X—Voltage regulator 

SWB—Interlock on braking switch 

TB1, TB2—Traction motor blower 
BLR—Blower warning relay 

100—Battery switch 

(J—Circuit breaker 
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all variations with temperature and with 
commercial tolerances between machines 
still will exceed the three limits. 

Dependence ther is placed on the power 
plant regulator to reduce the exciter ex- 
citation to the point where the generator 
demand will not stall the engine or to ad- 
just it upward to the point where full fuel 
injection is obtained. In this manner the 
proper load limitation, shown by the solid 
hyperbolic curve in Figure 3, is obtained. 
The actual loading obtained will depend 
on the engine condition and other factors 
such as fuel and air temperature, but in 
any event the engine speed and fuel in- 
jection will be obtained at proper levels. 

Further dependence is placed on the 
saturable reactor equipment to control the 
exciter excitation so that the desired 
limits of generator field and load current 
are not exceeded. 


Exciter 


An amplidyne exciter is used in the new 
excitation system. This is its first appli- 
cation in the railway locomotive field. 

Full advantage is taken of the amplifi- 
cation factor in that all control devices are 
of small size and thus can be suitably lo- 
cated. For instance, the load control 
potentiometer is mounted directly on, and 
is operated by, the engine servo unit. 
Conventional capacitors are used for 
stabilizing purposes. 


Excitation Circuits 


The elementary connections are shown 
in Figure 4. The amplidyne exciter is 
connected to the generator shunt field 
through a contactor, with discharge re- 
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Figure 8. Typical connections and characteris- 
tic curve for tuned frequency relay equipment 


1947, VoLUME 66 


Figure 9. Locomotive overspeed relay equip- 
ment 


sistor across it, and through one element 
of the saturable reactor equipment. This 
is for signaling excessive field current. 

Antihunt field F7-F8 is connected 
across the exciter armature through a 
stabilizing capacitor. During dynamic 
braking, an additional capacitor is added 
by contacts of the braking relay. 

Suicide field F3-F4 is used in conjunc- 
tion with the exciter field relay to reduce 
quickly the generator field current to zero 
when the throttle is closed. 

The control field F1-F2 is energized 
from the locomotive battery through the 
load potentiometer on the power plant 
regulator and through resistor 152. 

To signal excessive generator current, 
the voltage drop across the generator 
commutating field is fed through resistors 
116 and 116A to an element of the satu- 
rable reactor equipment. 

When the saturable reactor equipment 
receives a signal of excessive current 
either in the generator field or load cir- 
cuit, a counter voltage is applied to re- 
sistor 152, thereby reducing the F1-F2 
excitation to a value needed to observe 
the required limit. 

During motoring, sequence relays A, 
B, C, or D operate to change the battery 
circuit bias on the saturable reactors to 
establish the desired generator load cur- 
rent limit for each throttle position. 

During dynamic braking, an interlock 
on the braking switch cuts out resistor 
116 to establish the lower current limit 
required. The braking relay connects the 
saturable reactor bias circuit to potenti- 
ometer 147. This potentiometer is oper- 
ated by the controller selector handle, and 
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the voltage established on train wire 22 
modifies the braking current limit simul- 
taneously on all connected locomotive 
units. 

The saturable reactor windings are in- 
sulated suitably so that the generator and 
battery circuits are not connected elec- 
trically. 

The load potentiometer in the power 
plant regulator operates to control F1-F2 
field excitation so as to maintain whatever 
load the engine can carry at the specified 
speed. 

When the traction motor demand is less 
than the engine can carry, the power plant 
regulator reduces the engine fuel to main- 
tain the desired engine speed. Under this 
condition the load potentiometer is at the 
maximum voltage position. 

As the motor load increases, more fuel 
is admitted to the engine up to the maxi- 
mum value permitted. Load demands 
beyond this. point produce an internal 
overtravel of the servo unit, which in 
turn operates the load potentiometer 
towards the reduced voltage position to 
lower the F1-F2 excitation as required. 

A feature of this system is the capacitor 
feedback from the generator shunt field 
amplidyne exciter circuit to the power 
plant regulator. Any large voltage 


Figure 10. Axle generator for tuned fre- 
quency relay systems 


change appearing in this circuit, such as 
occurs when the field contactor is opened 
momentarily during motor transitions 
from series parallel to parallel, signals the 
regulator in advance of the actual load 
change on the engine. Anticipatory 
regulator action thus is initiated, and any 
transient engine speed increase is pre- 
vented during the transitions. This ~ 
feature is an improvement over older sys- 
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Figure 11. Water temperature relay 


tems where the engine sometimes tripped 
out on overspeed during motor transitions. 

Further details of the operation of both 
the saturable reactor equipment and of 
the power plant regulator will be found in 
other papers. 


Dynamic Braking 


With the development of a new air- 
cooled braking resistor of high capacity, 
dynamic braking is now available for the 
new locomotives of a rating limited only 
by the capacity of the traction motors 
themselves. 

Power braking circuits are shown in 
Figure 5. An air-operated braking switch 
establishes the power braking circuits. 
This switch is interlocked suitably to in- 
sure its operation only when there is no 
power in the circuits. Each pair of motors 
is connected across half of the braking re- 
sistor. A blower motor with dual fans re- 
ceives its energy from taps on one of the 
resistor halves. The blower speed is pro- 
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portional to the energy being dissipated 
in the resistor. 

The series fields of all four traction 
motors are connected across the generator 
through its starting field. This field acts 
differentially and allows the generator to 
be operated well up on its saturation char- 
acteristic, thereby providing maximum in- 
herent stability. 

Control of dynamic braking is obtained 
by operation of the selector handle on the 
master controller. This handle operates 
potentiometer 147 in Figure 4. to obtain 
any definite braking effort required. This 
voltage, appearing on the saturable re- 
actor equipments on all connected cabs, 
establishes identical current limits on all 
the generators, and thus sets duplicate 
excitation levels on all traction motors. 

The loadmeter, in front of the operator, 
is his guide as to the amount of dynamic 
braking. This meter, connected to a 
shunt in series with the Number 1 motor, 
indicates the actual braking current. 

The amount of braking effort obtained 
at a fixed current depends on the locomo- 
tive speed as shown in Figure 6. A fixed 
selector handle position gives a braking 


Figure 12 (left). 
Figure 13 (below). 
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characteristic as designated by the 
several curves for various percentages of 
field strength. , 

The system is stable. Any tendency 
for the locomotive to speed up is counter- 
acted by increased braking effort, without 
movement of the selector handle. This 
is true up to the point where maximum 
motor armature current is reached and is 
indicated by a red band on the loadmeter. 
Further speed increase beyond this point 
must be met by a handle movement to re- 
duce the dynamic braking, or by an appli- 
cation of the air brake, or by both. 


Auxiliary Power Circuits 


Although conventional battery charg- 
ing circuits are used, new connections and 
equipment are involved in the air-cooling 
of the traction motors (see Figure 7). 

The exciter, battery charging, and 
blower generator machines are gear 
driven from the end of the main genera- 
tor. This eliminates difficulties and fail- 
ures encountered with the V-belt drive 
formerly used. It also permits location 
of the blowers to best advantage. 

A d-c system is used for the blowers be- 
cause of its simplicity and for the impor- 
tant reason that its voltage level, and 
hence the blower speed and motor cooling 
can be raised during dynamic braking for 
a higher rating. 

During motoring, the blower generator 
voltage varies with engine speed. * During 
dynamic braking, with the engine at 
idling speed, an interlock on the braking 
switch commutates the blower generator 
field resistor so as to obtain approximately 
three-fourths of maximum air-cooling in 
the traction motors. 


Tuned Frequency Equipment 


The wartime development of tuned fre - 
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quency systems and of low energy relays 
have produced equipments suitable for 
handling a variety of tasks not attempted 
before on Diesel locomotives. 

Prewar 2,000-horsepower passenger 
locomotives were equipped with voltage 
biased current relays for automatically 
transferring from series to parallel motor 
eonnections. These relays were not 
suited to handle backward transitions 
from parallel to series. It was the opera- 
tor’s responsibility to retard the throttle 
handle and to drop the relay back to the 
lower connection. 

The 1,350-horsepower freight unit de- 
pended solely on manual operation of the 
selector handle for initiating the tran- 
sitions. Results were satisfactory as long 
as the operator moved the handle at the 
correct locomotive speed. - When he 
erred, the results in terms of shock on the 
train, and in the electric equipment, were 
most undesirable. 

Figure 8 shows the connections and 


Motor cutout switch 


Figure 15. 
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Figure 14. Dust-tight 
equipment box 


Figure 16. Circuit breakers 


characteristics of a typical element of the 
new tuned frequency equipment. An 
axle driven permanent-magnet-rotor a-c 
generator supplies power with voltage and 
frequency proportional to speed. 


A combination of reactors and capaci- 
tors, tuned to peak sharply at the desired 
speed and to maintain approximately the 
maximum output for frequencies above 
the peak value, operate a low energy relay 
through a rectifier. The sharpness of the 
curve is such that the pickup and dropout 
of the relay are within five per cent, in 
terms of locomotive speed. This means 
that transitions from series parallel to 
parallel can be set for 33 miles per hour 
and the reverse at 31.5 miles per hour. 
The low energy relay action is relayed 
to the locomotive control circuits. 

By using similar equipments, each 
tuned to operate at the proper speed, 
completely automatic forward and back- 
ward transfers including field shunting 
can be had. On locomotives so equipped, 
the selector handle then is used as a re- 
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strictive lever to hold the connections ata 
lower level, if desired. 

Similar equipments have been de- 
veloped for locomotive overspeed pro- 
tection. The circuit at the top of Figure 
8 shows a double relay equipment LS4 
being arranged to operate a warning light 
at a speed just below that where LOS 
operates to cut off the engine power and 
to apply the air brakes. 

Figure 9 shows a single stage locomo- 
tive overspeed relay equipment. 

Figure 10 shows the axle generator de- 
veloped to operate tuned frequency 
equipments. This is a permanent mag- 
net 14-pole rotor with a 3-phase Y-con- 
nected stator, rated 50 volt-amperes for 
speeds from 15 to 120 miles per hour, with 
wheels from 36 to 42 inches in diameter. 
The unit is self-contained with its own 
shaft and bearings and mounts on the 
locomotive journal-box cover. The drive 
is by a double spline shaft, removable 
from the outside through the generator 
hollow shaft which enables the unit to be 
tested without moving the locomotive. 

The application of tuned frequency 
equipments is not limited to that of motor 
transitions and locomotive overspeed. 
Similar equipments can be applied to 
modulate the locomotive and train air 
brakes for constant rate deceleration. 
The generator has sufficient capacity to 
operate a variety of these equipments, 
plus a speedmeter of the frequency re- 
sponsive type. 


Water Temperature Control 


The new engines require a precise con- 
trol of cooling water temperature. One 
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Figure 17. Typical circuit-breaker inverse 
time trip characteristic 
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Figure 18. Engine control panel 


type of locomotive utilizes a radiator fan 
mechanically driven from the engine 
through an eddy current clutch. Modula- 
tion of the clutch excitation varies the de- 
gree of slip and affords a simple method of 
controlling water temperature. 

Figure 11 shows a relay developed for 
this purpose. A vapor filled bulb and bel- 
lows system operates a set of contacts to 
advance or retard a motor driven rheostat 


Figure 19. Engine control panel with doors 
opened 
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for changing the clutch excitation. A 
suitable bias arrangement minimizes 
overtravel and undertravel, and means 
are provided for manual operation of the 
rheostat in the event of motor failure. 


Traction Motor Reverser 


A new butt-type silver-contact air- 
operated reverser was developed to ob- 
tain a small unit for handling four motors. 


It occupies the same space as formerly was 


required by the 2-motor drum-type re- 
verser (See Figure 12). 

Each layer is, in effect, a double-pole 
double-throw switch with a common 
contact and occupies a 31/,-inch vertical 
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space. The contact pressure of 40 pounds 
is sufficient for the 1,000-ampere rating. 
An ingenious arrangement of the operat- 
ing mechanism holds the unit in either of 
its two closed positions should the air 
pressure fail. 


Control Relay 


A new medium energy control relay was 
developed to match the rating of the 
amplidyne control circuits as shown in 
Figure 13. 

This standard relay has four double- 
throw contacts, each with 10 amperes con- 
tinuous rating and 0.5 ampere inductive 
interrupting capacity at 75 volts direct 
current. Space is provided in the base for 
one or more capacitors which, when con- 
nected across a contact, increases induc- 
tive interrupting capacity to 5.0 amperes 
at 75 volts direct current. 

The operating coil rating is 7.5 watts. 
A variety of special forms were developed 
from the standard form including one with 
a latch to hold the armature in the ener- 
gized position, another with less contacts 
for low energy operation. 

Because of the type of contact used. 
these relays usually are mounted in a dust- 
tight enclosure. 


Relay Box 


Typical of the new practice of grouping 
related devices in a unit assembly is the 
relay box shown in Figure 14. This en- 
closure, with a glass inspection panel in 
the cover, houses all traction control re- 
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Figure 20. Laminated plastic indicators 


lays with associated resistors, capacitors, 
and rectifiers. 

All circuits enter the box through quick 
removable connectors. Replacement of 
the complete box involves only discon- 
necting the connectors and the removal of 
the four mounting bolts. 

This arrangement facilitates a quick 
changeout of the complete box in the 
event of trouble and a more leisurely cor- 
rection of the fault at a central servicing 
point. 


Motor Cutout Switch 


An interesting adoption of the wartime- 
developed small switch unit for low energy 
control circuits (see Figure 15) incor- 
porates eight single-pole double-throw 
units in a cam operated device for cutting 
out the individual traction motors, 

A multipoint connector connects all 
circuits to the unit and facilitates a quick 
disconnect in case of trouble. 

Previous locomotives have used rela- 
tively large open-front knife-blade 
switches for this purpose, requiring an ex- 
cessive amount of panel space. 


Circuit Breakers 


Until the present time, circuit protec- 
tion on Diesel locomotives has been by 
fuses. Although these fuses have served 
their purpose well, there have been many 
cases of road delays and failures because 
of blown fuses which the crew could not 
locate or for which there was no replace- 
ment on board. 

The arrival of the wartime-developed 
low-voltage circuit breaker has made it 
possible to eliminate completely all fuses 
on the new locomotives (see Figure 16). 
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These breakers are indicating, tripfree, 
and have sufficient shock resistance for 
They are available 
amperes, 75 
inverse trip 


locomotive service. 
in ratings from 15 to 200 
volts direct current. The 
time current characteristic of a typical 
unit is shown in Figure 17. Tests have 
shown an ability to interrupt the maxi- 
mum short circuit to be expected on the 
locomotive battery circuits. 

Most types use a thermal trip, and be- 
cause of the effect of ambient tempera- 
tures care must be taken not to locate the 


Figure 21. Operators 
view of control stand 
and of instruments on 


the dashboard 


Figure 22 (below). 
Fixture for ultraviolet 
lamps 


units too close to any local heat; for ex- 
ample, the steam heat generator. 


Engine Control Panel 


A further example of co-ordinated 
grouping of related devices in a unit as- 
sembly is the engine control panel shown 
in Figures 18 and 19. 

Included are gauges and switches for- 
merly mounted in an unsightly manner on 
the side walls of the engine room. The 
new panel mounts all gauges, switches, 
and indicating devices needed for check- 
ing the engine operation, together with 
electric controls for the power plant regu- 
lator. The rotary switch on the front 
center is used for starting and stopping 
the engine. Intermediate positions are 
provided whereby the engine can be 
operated at partial speed and load, as 
when wearing in a new part. 

A multipoint connector is used for all 
electric circuits into the panel and facili- 
tates panel changeout in event of trouble. 


: 


Lighting 


A number of lighting developments 
have been applied to the new locomotives. 
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Figure 23. Section through cowl showing in- 
stallation of fixture for ultraviolet lamps 


Laminated plastics are used for control 
and position indicators (see Figure 20). 
This material has a black face on a white 
translucent back. Letters are engraved 
through the black layer and show as white 
in the daytime. They may be rear il- 
luminated at night, as at the operator’s 
position (see Figure 21). 

Ultraviolet lighting (black lighting) has 
been applied to the electric instruments 
and air gauges on the dashboard in front 
of the operator. 
RP-12 fluorescent bulb was found satis- 
factory for the 75-volt d-c circuits when 
used with proper resistor control. A fix- 
ture (Figure 22) was arranged with suit- 
able reflectors and filter glasses for mount- 
ing under the cowl (see Figure 23). 


Instrument and gauge scales were 
finished in black with letters and figures 
engraved into the surface. Fluorescent 
paints in various colors were applied to 
the engraved markings and to the 
pointers. The ultraviolet illumination at 
night is not only pleasing to the operators, 
but is a real aid to the dark adaptation of 
the eyes to the low level illumination of 


The wartime-developed - 


the distant track, particularly at high 
speeds on a rainy night. 

An experimental installation of fluores- 
cent lighting of the engine rooms has been 
made on a few units. Standard 14-watt 
T-12 bulbs are operated on direct current 
from the locomotive battery through a 
lamp regulator. A new fixture (Figure 
24) was designed for mounting the lamp 
in rubber sockets. Mounts for the ther- 
mal starter and ballast lamp also are in- 
cluded. If no unusual troubles develop 
from the d-c operation, further applica- 
tions may be made-as the improved il- 
lumination and lower energy consumption 
are attractive features. 


Apparatus Installation 


Complete co-operation between the 


Figure 25... Contactor 
compartment frame 


Figure 24, 
fluorescent lamp 
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Fixture for 


locomotive builders and the control en- 
gineers made possible a layout of appara- 
tus superior to previous arrangements. 
All traction control items are mounted 
in the contactor compartment. The com- 
partment frame forms the rear wall of the 
operating cab. The design details were 
worked out in such a fashion that the as- 
sembly and wiring is done on the factory 
floor (see Figures 25 and 26). The finished 
assembly then is lowered into place in the 
cab, cables and wiring are connected. 
This method has produced a real saving 
in labor and time over previous methods. 
The entire locomotive cable and wiring 
arrangement was designed according to 
the plans shown in Figure 27. Emphasis 
was placed on apparatus location that 
would give the shortest possible runs, con- 
sistant with location of devices entirely in 


Cc 


three control centers. These are the con- 
trol stand, the contactor compartment, 
and the engine control panel. The actual 
conduit locations follow closely the de- 
tails shown on the plan. 

New developments in solderless ter- 
minals were applied to all sizes of wire and 
cable (see Figure 28). These include 
swedge-on terminals for 750,000-circular- 
mil wire and indented terminals on num- 
ber 16 wire. The labor saving inherent in 
this development is large and a better 
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quality job results. This is especially true 
of the large cables because the terminal 
application must be made after the piece 
has been pulled through its conduit. 
Often the cable ends are hard to reach and 
present real gymnastic problems to the 
workman with a solder pot. The portable 
press die presents no such problem. 


Conclusions 


The arrival of new and larger Diesel 
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power units for locomotive service has 
required that new standards be created in 
precision of control of engine speed, en- 
gine loading, and in such associated mat- 
ters as control of temperature of engine 
cooling water. Generator and motor im- 
provements likewise have required more 
precise handling of the rotating electric 
equipment. 

To meet these new requirements there 
have been many new developments. 
These consist of new excitation circuits, 


Figure 26. Contactor 
compartment with appa- 
ratus installed and wired 


Figure 28 (below). 
Solderless terminals 


a new power plant regulator, an improved 


dynamic braking control, an automatic 
transition control, a new water tempera- 
ture control, together with new apparatus 
and applications in the locomotive itself. 


MAIN POWER CIRCUITS 


Figure 27. Wiring plan 


1, 2, 3, 4—Traction motors 
5—Main generator 
6—Exciter, auxiliary generators 
7—Engine 

8—A\ir compressor 

9—Clutch and gear box for radiator fan 
10—Steam generator 
11—Traction motor blowers 
12—Contactor compartment 
13—Control stand 

14—Engine control panel 
15—Battery 

16—Train line receptacles 


No Discussion 
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A Power Plant Regulating System for 


Diesel-Electric Locomotives 


C. B. LEWIS 


MEMBER AIEE 


Synopsis: This paper describes a new power 
plant regulating system which incorporates 
speed and load control, recognizes the ability 
of the engine, permits maximum utilization 
of the engine’s power, and protects the en- 
gine from harmful overloads. The ability 
of the regulator to schedule permissible en- 
gine fuel as a function of engine speed al- 
lows it to be used with the latest type en- 
gines employing supercharger. The system 
permits remote and multiple-unit operation 
and provides a high degree of plant protec- 
tion against damage because of failures. 


N the adaptation of Diesel-electric 
power plants to locomotives, the prob- 
lem of remote semiautomatic control is 
primordial. With few exceptions the 
present-day Diesel-electric locomotive 
consists of a number of power plants 
operating in multiple and under the con- 
trol of a single operator who must be suf- 
ficiently free from mechanical chores to 
be able to devote maximum attention to 
the rail ahead and the speed of his train. 
The control of locomotive speed is ac- 


\e— ENGINE CHARACTERISTIC 
; 100% SPEED & FUEL 
100% POWER 


ee) 


GENERATOR 


fee CHARACTERISTIC 
‘CHARACTERISTIC aetna ah 
Y 


% GENERATOR VOLTS 


=) 
a\-- 
-- 


% GENERATOR AMPS. 


Power plant volt-ampere character- 
istics 


Figure 1. 
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complished best by the control of locomo- 
tive power and this done by manual 
movement of a master controller handle 
which will modulate simultaneously the 
power of all units. 

The individual power plants neces- 
sarily must be under the jurisdiction of 
some sort of regulator which will enable 
the unit to maintain a power level in cor- 
respondence with the setting of the master 
controller. The configuration of this 
regulating system is the chief concern of 
this paper. 


Summary of 
Regulator Functions 


The regulator controls power plant 
output by 


1. Controlling engine speed. 


2. Controlling load by matching generator 
demand with engine ability. 


3. Controlling engine torque as a function 
of engine speed (fuel limit). 

The regulator also allows multiple unit 
operation and remote control. Finally, it 
protects the power plant by 
1. Providing automatic shutdown against 
(a). Overspeed. 

(6). Low lubricating oil. 


(c). Control failures, 


2. Reducing power during unusual condi- 
tions as 


(a). 
(b). 


Overtemperature. 
During motor cutout, 


Description of 
Regulator Functions 


SPEED CONTROL 


In the design of a regulator, the charac- 
teristics of the engine and electric trans- 
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mission must be considered objectively. 
The characteristic of a Diesel engine at a 
constant speed is one of constant power 
or, in terms of the generator input, con- 
stant volt-amperes. The volt-ampere 
characteristics of a shunt generator with 
constant speed is shown in Figure 1 along 
with the engine characteristic. The power 
delivered by the power plant is controlled 
readily by controlling engine speed. 


LoAp CONTROL 


In order to provide for full utilization 
of engine power over as wide a range of 
locomotive speed as possible, the genera- 
tor characteristic must be altered to coin- 
cide with the engine characteristic over as 
wide a range in generator voltage as is 
possible. This can be accomplished be- 
tween points B and C by a reduction in 
the generator field using engine speed as 
a reference. It should be pointed out 
that, if the generator characteristic is 
above that of the engine, the engine would 
be forced to run in a bogged condition or 
at a speed lower than that called for, 
which is harmful to the engine and re- 
sults in decreased power. However, if the 
generator characteristic is lower than the 
engine characteristic, the full power 
ability of the engine would not be utilized. 
It is possible by means of the proper con- 
nection of the traction motors and their 
associated control to remain on the con- 
stant horsepower portion of the engine- 
generator curve (between B and C Figure 
1) over an appreciable range in locomo- 
tive speed. The speed range which can 
be covered depends upon the gearing, the 
design of the electric machines, and 
the proper motor switching, and is beyond 
the scope of this paper. 

Further consideration of the power 
plant characteristics, reveal that the out- 
put of a Diesel is not always the same at a 
given speed but is dependent on engine 
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Figure 2. Tachometer-generator and over 
speed switch (typical engine mounting) 


wear, ambient temperature, and calorific 
yield of the fuel. The generator charac- 
teristic is also variable and is influenced 
by the temperature of the copper in both 
generator and exciter. This is further 
evidence that the regulator should per- 
form the function of load control which 
will match the generator and engine 
characteristics at all times while operating 
in the region of constant power. 

Engine wear is a primary factor and it 
is desirable to run the engine at the lowest 
possible engine speed commensurate with 
the power requirements set by the master 
controller. 


Fue. LIMIT 


This brisgs into consideration another 
item which is particularly important with 
the use of the larger more powerful super- 
charged or mechanically aspirated engines 
of the type now being used in locomotives 
and that is the reduction in fuel necessary 
with reduced engine speeds. The air 
density of the cylinder charge and the 
amount of excess air for cooling valves and 
pistons decreases with speed as well as the 
amount of cooling water and oil. There- 
fore the permissible maximum fuel charge 
must be decreased in order to maintain 
safe mean-cycle temperatures. This 
makes it very desirable to schedule the 
engine fuel (torque) as a function of engine 
speed. The same considerations apply to 
a “bogged” or overloaded engine. Be- 
cause the engine is running at a speed be- 
low that called for, the engine tempera- 
tures are certain to increase. A “bogged” 
engine not only means lowered perform- 
ance but is one of the principal causes of 
engine failure. It is important, therefore, 
that the regulator does not allow the en- 


gine speed to fall off. 
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MULTIPLE-UNIT OPERATION AND REMOTE 
CONTROL 


In multiple-unit operation each power 
plant must be operated up to the limit of 
its individual abilities and the division 
of load should be made on that basis. In- 
asmuch as all of the plants are operated 
remotely, the same operating signal from 
the master controller must be provided to 
all engines. 


AUTOMATIC SHUTDOWN 


A very necessary consideration in a re- 
motely controlled plant is automatic pro- 
tection of important apparatus. Protec- 
tion against overspeeding of the power 
plant, loss of lubrication, and loss of en- 
gine control should be provided as simply 
and reliably as possible and should shut 
down the power plant. As the electric 
drive is freewheeling, this can be done 
only at the expense of the complete loss of 
tractive power and the addition of the 
rolling resistance of the dead unit. 


REDUCTION OF POWER BECAUSE OF 
UNUSUAL CONDITIONS 


Other conditions which may not war- 
rant the complete shutdown of a unit but 
for which protection must be provided are 
high engine temperature and the loss of 
a traction motor. The modern Diesel- 
electric locomotive is equipped with auto- 
matic temperature control of a very re- 
liable nature; however, should the engine 
temperature rise above the safe operating 
range, a reduction in the permissible 
torque (fuel) of the engine should be made 
without affecting the engine speed.’ By 
so doing, the heat rejection of the engine 
may be reduced sufficiently to return the 
temperature to a safe value and the unit 
left in operation. A cab warning also 
should be provided and if the high tem- 
perature persists the operator can shut 
down the unit before serious damage may 
be caused. 

During operation with a traction motor 


Figure A. Engine con- 
trol panel 
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Figure 3. Power plant regulator (back view) 


cutout, the remaining motors and the 
generator should be protected from over- 
currents by reducing the engine torque 
(fuel) without affecting the speed. The 
reduction in power resulting should be 
sufficiently large so that the remaining 
motors operate at normal power. 


Description of 
the Regulating System 


The regulating system consists of the 
following devices: 


ENGINE DRIVEN TACHOMETER- 
GENERATOR AND CENTRIFUGAL 
OVERSPEED SWITCH 


The tachometer-generator (see Figure 
2) provides the speed signal to the regu- 
lator by producing a voltage proportional 
to speed. A 3-phase a-c machine with a 
permanent magnet rotor has been chosen 
because the output characteristics can be 
maintained uniformly among machines. 
Because the machine is engine mounted, 
the absence of brushes is an advantage. 
A visual indication of engine speed 
readily is provided at the engine panel by 
using a frequency-sensitive drag-type 
indicator driven by the tachometer- 


generator. 


The centrifugally operated switch is 
used to interrupt the holding coil on the 
regulator clutch and remove the engine 
fuel whenever the engine overspeeds, In 
case of an overspeed trip, the switch must 
be reset manually before the engine can 
be restarted. 


Army-Navy connectors are used to 
facilitate the electrical connection and 
minimized ‘wiring errors’? by mainte- 
nance personnel. 


AN ENGINE MOUNTED REGULATOR OR 
GOVERNOR 


This device (see Figure 3) incorporates 


1. A speed responsive servo unit which 
controls engine fuel and generator excita- 
tion. 


2. A positioning mechanism which serves 
as a fuel limit. 


3. A magnetically latched spring restored 
clutch which overrides the speed servo unit 
and will remove the engine fuel whenever 
the holding coil current is interrupted. 


4. A hydraulic pressure regulator which 
maintains the pressure on the hydraulic 
source for the speed servo unit and fuel 
limit. As this device is separate from the 
tachometer-generator, it can be located on 
the engine wherever it is most convenient 
to the fuel control system. 


The use of an amplidyne exciter makes 
possible the control of generator excita- 
tion and load control by a small commu- 
tator type rheostat driven directly by the 
speed servo unit. This arrangement 
provides a very fast acting load control 
using little power and occupying a rela- 
tively small space. 

The hydraulic supply to the regulator 
is provided readily by a d-c driven auxil- 
iary motor pump set which has two 
pumps, one for use as a fuel transfer pump 
to supply fuel to the engine injection 
pumps and the other for pumping a good 
grade of light lubricating oil from a small 
reservoir to the regulator. This insures 
an ample supply of oil to provide proper 
regulation during transients regardless of 
engine speed. 

The pump set is mounted off the engine 
and if desired also may incorporate a 400- 
cycle alternator for main generator cur- 
rent and field limits and furnish the ig- 
nition for the train heating boiler. 

The electric connections to the regu- 
lator also are made in an Army-Navy 
connector for maximum convenience. 


ENGINE CONTROL PANEL 


This panel (see Figures 4 and 5) incor- 
porates the necessary control components 
for the engine regulator, remote control, 
engine protection, and engine cranking. 
It is mounted on the locomotive cab wall 
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as near to the regulator as possible to 
minimize the lengths of the connections, 
particularly those for pressure and tem- 
perature, so the operator may observe the 
action of the regulator during engine 
starting. 

A plug connector is used for the con- 
nection of electric circuits. In detail the 
panel contains the following: 


1. The engine control switch used for 
starting the engine, for controlling engine 
speed for testing purposes, and for switching 
the control to the master controller for 
actual locomotive operation. 


2. The combined speed and fuel limit set- 
ting resistors and commutating relays. 
Four relays are used to commutate resist- 
ance in the regulator circuits to set the speed 
and the fuel limit in a manner to give eight 
steps of engine power. While it is possible 
to provide the regulator with the proper sig- 
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i 
Figure 5. Engine control panel (covers re- 
moved and showing apparatus) 


nal for either a step or a modulated control 
in a variety of ways, the relay scheme is the 
one that was first used on Diesel-electric 
locomotives and must be adhered to as 
standard if the newer locomotives are to be 
trained with the older ones without duplica- 
tion in systems. 


3. Tachometer-generater rectifier and 
safety relay. The a-c output of the ta- 
chometer-generator is rectified to provide a 
d-c signal to the solenoid operated pilot 
valve in the regulator. The safety relay 
de-energizes the clutch holding coil in case 
of circuit failure to shut down the engine. 


4. Stabilizing capacitors for the speed con- 
trol element of the fegulator. 


~ 


5. Indicating and signal devices for indica- 
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Figure 6. Schematic 
sketch of regulating 
system 
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Figure 7. Power plant regulator (covers re- 
moved to show details of safety clutch) 


tion of power plant condition in the form 
of 
(a). Engine speed indicator. 


(6). Lubricating oil pressure gauge and low lubri 
eating oil pressure switch with warning light. 


(c). Pressure gauge for fuel oil header pressure. 


(d). Engine temperature gauge and temperature 
limit switch with warning light and the relay neces- 
sary for fuel limit reduction. 


{e). A boiler flame outlight also is included in the 
panel because of convenience of location. 


(f). signal relay to sound a warning gong in 
case of failure and an engine stop relay which pro- 
vides shutdown of all units at once from a push but- 
ton located on the master control stand. 


Description of Operation 


The operation of the system can be 
explained best by referring to Figure 6 
which is a schematic sketch of the system. 


SPEED CONTROL 


The tachometer-generator produces a 
d-c signal in the solenoid which operates 
the pilot valve of the speed servo unit. 
The solenoid force is compared with the 
force of a reference spring and during 
balance conditions the pilot valve is 
lapped and the power piston is stationary. 
Because the force level for equilibrium is a 
constant, the speed circuit current is con- 
stant and the engine speed is determined 
by the circuit resistance and is propor- 
tional to it. 


Loap CONTROL 


A speed change will cause a corrective 
movement of the power piston and de- 
pending on the generator demand will 
regulate either the engine fuel or the 
generator field. Regulation of engine 
fuel will take place until the motion of the 
fuel control shaft is arrested by the fuel 
limit stop, after which the power piston 
can continue to move through the over- 
travel spring and reduce generator excita- 
tion by means of the load control potenti- 
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ometer, The potentiometer is provided 
with blank sections so the generator has 
full field until the fuel limit is reached. 
When the plant is operating on the con- 
stant power characteristic, the engine 
speed is maintained by regulating on the 
generator field; the speed control servo 
unit is working in the overtravel region 
and the generator demand is made equal 
to the engine ability. 

Because the power piston of the servo 
unit has no restoring force, the governor is 
isochronous and has no speed droop with 
load. 

Inasmuch as the regulator is isochro- 
nous some stabilizing means is necessary, 
and this is accomplished by an antihunt 
winding in the control solenoid to which 
stabilizing signals are fed 


1. Asa rate of change of engine torque by 
the capacitor tie from the stabilizing poten- 
tiometer. 


2. Asa rate of change of speed by the ca- 
pacitor tie from the tachometer-generator. 


A blocking rectifier is provided to make 
the rate of response in the turn-on direc- 
tion slower than in the turn-off direction. 

A load anticipation signal is provided 
by the capacitor tie from the positive side 
of the exciter which is particularly helpful 
during motor switching in minimizing 
transient regulation. 


Fue. Limir 


The fuel limit mechanism, for mechani- 
cal expediency, consists of a power cylin- 
der and solenoid valve, which is a dupli- 
cate of the ones in the speed servo unit. 
This system functions as a positioning sys- 
tem for the fuel stop which schedules en- 
gine torque as a function of speed. In- 
serting resistance in the speed circuit to 
increase the called for speed effectively 
removes resistance from the fuel limit 
circuit and the resultant increase in so- 
lenoid current causes the power piston to 
drive the fuel limit rheostat and insert 
resistance to rebalance the system, 
Schematically the stop is shown on the 
power piston of the fuel limit servo unit. 
In the actual regulator, however, the fuel 
stop takes the form of a cam, which to- 


Figure 8. General view 

of typical installation of 

regulator and tachom- 

eter-generator on en- 
gine 
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gether with a matching rheostat gives the 
desired torque schedule for the particular 
engine, 


MULTIPLE-UNIT OPERATION AND REMOTE 

CONTROL 

For multiple-unit operation, four train 
wires for the speed setting relays are re- 
quired to each unit and the engine con- 
trol switch HC must be switched to the 
run position, 

If a new engine port must be run in at 
reduced speed and power, leaving the 4C 
on position 6, this will cause the engine to 
follow the master controller up to the 
sixth notch but will hold the unit at sixth 
notch speed and power when the master 
controller is in the seventh and eighth 
positions, 


ENG'NE PROTECTION 


Interruption of the clutch holding coil 
circuit will remove the fuel from the en- 
gine by releasing an overriding spring and 
shut down the plant. 

Figure 7 shows a view of the regulator 
with covers removed, showing the clutch, 
overtravel spring, and regulator interlock, 

Power plant shutdown protection spe- 
cifically provided for is 


1. Engine overspeed (HOT contacts). 
2. Low lubricating oil (OPS contacts). 
3, Control failures. 


(a), Loss of speed circuit (SAR contacts), 
(b). Loss of regulator oil (GOP contacts), 


UNUSUAL OPERATING CONDITIONS 


During high temperature operation, the 
engine temperature relay LTO (actuated 
by a temperature bulb) commutates re- 
sistance in the maximum fuel limit trim- 
mer circuit and reduces the fuel to a value 
corresponding to 75 per cent torque, 

During motor cutout, the motor cutout 
switch MCO commutates resistance in the 
maximum fuel limit trimmer circuit and 
reduces the power to 75 per cent (for a 
4-motor system), 

The engine must be started by the 
operator from the engine control panel. 
After energizing the control circuit and 
starting the fuel transfer regulator oil 
pump set, the engine switch is turned to 
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the idle position. This energizes the 
stabilizing coil and causes the power pis- 
ton to close the clutch and the regulator 
“off” interlock and energize the clutch 
coil circuit. By pulling the EC switch 
handle away from the panel, the generator 
starting contactor energizes the auxiliary 
starting field and motors the generator. 
At the same time the stabilizing forcing 
circuit is removed and the power piston 
goes to the full ‘‘on”’ position. While the 
handle is in this position, the oil pressure 
switch OP.S and the safety relay contact 
in the clutch circuit is by-passed by an LC 
switch contact and as the fuel turns on 
the regulator “off” interlock is opened 
(its sole purpose being to provide overlap 


Discussion 


T. H. Murphy (American Locomotive 
Company, Schenectady, N. Y.): The power 
plant regulating system outlined by Lewis’ 
paper has been used in a considerable num- 
ber of American Locomotive-General Elec- 
tric Diesel locomotives. The equipment has 
been used on two sizes of engines, the larger 
being rated at 2,000 horsepower. The regu- 
lating and control system and rotating 
equipment had to be made as light and 
effective as possible, because the large en- 
gine was used in a single cab locomotive 
unit of 2,000-horsepower capacity with two 
8-axle swivel trucks. 

The regulating equipment outlined by the 
paper permitted minimum size generator as 
all special regulating fields were omitted 
from this unit. Also, the equipment does 
not include an inherently regulated exciter. 
but only the amplidyne exciter which is con- 
trolled through the regulator. Therefore, 
the rotating equipment is of minimum 
weight, assisting materially in the design of 
the complete locomotive to maintain a low 
weight per axle. 

Previous control and governing systems 
have been completely separated with one 
set of equipment to provide proper generator 
regulation or loading and the other set to 
provide correct governing of the engine. 
The system in question combines both so 
that the governing of the engine and regula- 
tion of the generator is performed by what 
might be called the governing unit for the 
whole power plant. The governor functions 
without speed droop. Combined with the 
generator regulation to prevent engine over- 
loading, are such added features as a current 
limiting device, a voltage limiting device, 
and an engine fuel limit, together with the 
so-called throttle and engine alarm systems 
integrated with the regulator. 

The system is very quick acting and the 
control of power very uniform. This is 
difficult to explain by use of any circuits, 
diagrams or description other than to state 
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in switching the coil circuit), After the 
engine fires and runs at idle speed, the oil 
pressure switch and the safety relay close, 
which permit the HC handle to be re- 
leased, thereby disconnecting the gen- 
erator from the battery and the engine 
left running at idle. 

During cranking the engine starting 
contactor interlock GS short-circuits the 
minimum fuel limit trimmer so the engine 
can be started more quickly than would 
be possible on the normal fuel allowed for 
low speed operation. 

To operate the power plant from the 
master controller, the EC switch is turned 
to “run” and the plant is ready for 
locomotive operation. 

When it is desirable to test the engine, 


that the system works to maintain a uniform 
tractive effort on the locomotive during 
acceleration once the operator has selected 
the desired operating point. The constant 
tractive effort related as it is to wheel slip- 
page and other factors, tends to give very 
uniform performance of the locomotive and 
enables the operator, with a minimum of 
skill, to get the maximum at starting. This 
condition has been very noticeable on actual 
locomotives in service with maximum ton- 
nage trains started without any difficulty on 
severe grades. 


ixtreme care has been used in applying 
the regulator to the engine to avoid install- 
ing it where it would be subjected to the 
greatest heat or to either lubricating or fuel 
oil. The locations of both the tachometer- 
generator and governor are shown clearly by 
the photographs. The structure of the 
units has been made so that the insulation is 
particularly impervious to the action of heat 
and oil such as might be obtained on an en- 
gine application. The current limit feature 
has given added safety against false operation 
such as with locked brakes and, of course, it 
is set above the wheel slippage point of the 
locomotive. This feature is inherently re- 
lated to the constant tractive effort or con- 
stant accelerating current feature which 
gives the uniform accelerating character- 
istics to the locomotive. 


The earliest schemes of regulating de- 
vices were with straight generator field 
control, and later developments include 
control systems of the differential regulation 
type. These two schemes had independent 
engine governors. Following the generator 
field and differential control schemes, came 
the so-Called speed controls. This power 
plant regulating system is based inherently 
on speed regulation which seems established 
through the locomotive industry as the best 
established means for this purpose. 


T. R. Rhea (General Electric Company, . 
Schenectady, N. Y.): Iam not familiar with 
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the speed can be controlled from the panel 
with five steps including idle and full 
speed being available. 

Applications of the regulating system 
have been made to a number of power 
plants, both military and commercial, 
gas-electric and Diesel-electric, and oper- 
ating experience indicates high reliability 
and improved performance. 

Figure 8 shows application of the regu- 
lator and tachometer to a large new type 
Diesel engine for locomotive use. 

The flexibility of arrangement possible 
because the regulator is separate from 
the speed measuring means will facili- 
tate future application to a wide variety 
of power plants. 


. 


locomotive power plants, but these regula- 
tors or electro-hydraulic governors have been 
applied to Diesel-electric oil-well-drilling 
rigs. Perhaps a discussion of the operation 
of this Diesel-electric drilling rig with its 
governing system will assist in emphasizing 
some of the points made in Lewis’ paper. 

This drilling rig consists of three 700- 
horsepower Diesel engines, each driving a 
400-kw d-c generator and each provided 
with the electro-hydraulic governor de- 
scribed by Lewis. These engines are run 
over a speed range of 450-900 rpm, de- 
pending upon the desired output. For 
hoisting, all three generators are paralleled 
and supply a 1,000-horsepower motor; 
while for drilling, they are separated and 
supply individual mud pumps and rotary 
table motors. 

Since the driller does not have time in his 
normal operations to attend to the parallel- 
ing of the engines, the governor attends to 
this function automatically and insures that 


_ all of the engines carry the proper shares of 


the load. 

The second great advantage is the load- 
limit feature of the governor that prevents 
the engines from being overloaded no 
matter how heavy a pull or lift the driller is 
trying to make on the engines. The third 
advantage of this governing system on the 
drilling rig is that it permits the engines to 
run at half speed a great part of the time. 

The governor or regulator on the drilling 
rig described does not have such features as 
engine overspeed and engine temperature 
since these are taken care of by other devices 
and are not considered necessary. 

The governors have been in successful 
operation on the drilling rig now for a num- 
ber of months and it is expected that they 
will show considerable advantage in engine 
maintenance and fuel savings over previ- © 
ously used unregulated systems. 
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Modern Car Equipment for New York 
City’s Subway System 
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O meet the increasing need for addi- 
tional car equipment, the Board of 
Transportation has placed orders for 400 
subway cars to be operated on the BMT 
and IND divisions, and for 100 subway 
cars to be operated on the IRT division 
of the New York City Transit System. 
These cars when put into operation 
should provide the traveling public with 


Better lighting. 

Better riding qualities. 

Smoother acceleration and deceleration. 
Reduction in noise. 

Other items for passenger comfort. 


or 0 bo 


Each of the five items will be discussed 
in detail after a few remarks about the 
cars in general. 

The arrangement of the floor plan of the 
new cars remains essentially the same, 
that is, the 60-foot car for the BMT and 
IND divisions will have a floor plan simt- 
lar to the present IND cars. This floor 
plan was selected by a committee of ex- 
perts after an exhaustive study back in 
1927. The investigation involved pas- 
senger movements through various sized 
openings, door spacing at the platforms, 
and the arrangement of seats in the car. 

Comparative estimates were made for 
line capacity and operating efficiency for 
most of the 75 or more different arrange- 
ments considered. Their sound judg- 
ment in the selection made has been 
justified amply by actual performance in 
service over the past 14 years. The dimen- 
sions and arrangement of the new IRT 
car also follow the latest type built in 
ay eg RO Se 
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on land transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947, Manuscript submitted November 13, 1946; 
made available for printing December 13, 1946. 
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1939. These cannot be changed in 
width, height, or length because of limi- 
tations of the present subway structure. 

Wherever possible the body structure 
and equipment of both types of cars have 
been made standard to take advantage of 
the full benefits of such standardization. 
An artist’s sketch of the exterior of this 
car is shown ‘in Figure 1. 


Lighting 


The need for better car lighting has 
been recognized by car designers and, as 
more efficient lamps were developed, 
higher light intensities became possible 
without increasing the number of lamps. 
The improvement from the 5 circuits of 
36-watt 5-in-series lighting to the 22-in- 
series 1.6-ampere lamps was a long step 
in the right direction. Based on their 
respective nominal ratings, the lumen out- 
put was increased from 9,125 to 15,455. 
This represented an increase of 69 per 
cent for approximately the same wattage. 

With the introduction of fluorescent 
lamps, a new source of light, ideally adap- 


An artist's idea of the general per- 
spective of the new car 


Figure 1. 
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table to car lighting, presented itself. 
Tubes of fluorescent light placed end to 
end for the length of the car provided a 
distribution of light impossible to obtain 
by any other means. 

The problem then became one of se- 
lecting the type best suited to the specific 
requirements of subway service. The 
two types of fluorescent lamps are classi- 
fied as hot cathode and cold cathode, each 
having several desirable and undesirable 
characteristics. Without going into the 
details of the investigation and tests con- 
ducted to determine which type would be 
better, the cold cathode lamp was selected 
for the following reasons: 


1. Long life. 


2. Life 
starting. 


independent of frequency of 


38. Instant starting. 


These characteristics are most impor- 
tant in subway operation, particularly 
items 2 and 3, as the number of third rail 
gaps caused by section breaks and cross- 
overs is very high. For example, on the 
IND division between 207th Street, Man- 
hattan, and Rockaway Avenue, Brook- 
lyn, 27 interruptions were recorded. 
This is a run of 19 miles. Based on 
60,000 miles per year and the same rate of 
interruptions, the lamp would be started 
85,000 times. This is far above the num- 
ber of starts any of the present hot cath- 
ode lamps could withstand. 

The new car will have 24 72-inch cold 
cathode lamps operating on 600 volts 
direct current. These lamps have a 
lumen output of 1,600 when operating at 
110 milliamperes and with their ballasts 
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have an over-all wattage of 66. Com- 
pared to the old IND car using 22 1.6- 
ampere lamps in series, an increase of 


148 per cent in lumen output is obtained - 


for an increase of 65 per cent in power 
consumption. 

Resistances were used in the circuit in 
place of two small ballast lamps as we felt 
that the variation in light output, shown 
on curves in Figure 2, caused by voltage 
variation was not sufficient to warrant the 
added maintenance that would be entailed 
by the use of the small ballast lamps and 
sockets. Voltage fluctuations are of rela- 
tively short duration, although the swing 
may be large, ranging from 400 to as high 
as 750 volts. 

The circuit for the cold cathode lamp 
on 600 volts is shown in Figure 3. 


Riding Qualities 


The subject of riding qualities always 
has been a problem to the designer. For 
many years good or bad riding qualities 
were a matter of personal opinion, and. 
there was no instrumentation available 
for measuring these factors. This was 
the first difficulty Professor C. F. Hirsh- 
feld encountered when he undertook the 
work for the Presidents’ Conference Com- 
mittee which led to the now well-known 
PCC trolley car. By placing various 
types of people, young, old, thin, fat, and 
so forth, on a vibrating table controlled 
insofar as amplitude, frequency, and di- 
rection of movement are concerned, he 
was able to establish what he termed an 
“average comfort zone.’ This zone was 
determined by curves of amplitudes and 
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frequencies in vertical, horizontal, and 
longitudinal directions. Instruments 
were developed to measure and record the 
various factors. 

Many tests were conducted on subway 


cars and the records analyzed to see what - 


the effects of various changes made in the 
truck had upon the riding qualities of our 
own cars. From these tests certain fac- 
tors were found to be desirable and were 
incorporated in the new design. 

Without going into the details of each 
item, the following changes from present 
construction were made: 


——— 


New Cars Old Cars 
ee eS 
Truck frame....... Cast steely ons came Built-up 
Lye Aeitin GOOD Ago Boaquilizer acai = Arch 
SPLNIGS se state elon Colle ae caterers ie Elliptic 
Center plate....... Gonicalls dcicioce os eae Flat 
Shock absorbers. ... Vertical and lateral. . .None 
Bearings’ sic 0. sess Rollers wk eos wameeterots Plain 
Insulation......... Rubber*) «2 sscpiceanr Rubber 


* Increased over old cars. 


Add them all together and they “‘spell”’ 
better riding. 


Acceleration and Deceleration 


Considerable thought and study were 
given to the question of acceleration and 
deceleration—first to determine the de- 
sirable rates and then to methods of ob- 
taining and controlling them. Rates: of 
2.5 miles per hour per second acceleration 
and 3 miles per hour per second decel- 
eration were selected. 

The extreme rate used for the PCC car, 


Figure 2. Comparison 
of light output with vari- 
ation of line voltage 
using different types of 


ballast 

A—Incandescent lamp 
ballast 

B—Fixed resistor ballast 

$00. p20 C—Typical _ incandes- 
cent lamp 
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principally on account of the desirability 
of maintaining its position in street traffic, 
was not deemed necessary for subway 
operation for the following reasons: 


1. Increased Power Required. Power peaks 
would be increased materially if higher ac- 
celeration rates were used. This high de- 
mand on power generating stations during 
morning and evening rush hours would af- 
fect their operation, and in the case of pur- 
chased power would raise the total rate. 
The power rate is computed thonthly from 
two factors—the maximum kilowatt demand 
for one hour and the total energy furnished 
in kilowatt-hours. Roughly, the proportion 
of each factor is 50 per cent of the total. 


2. Complete Change of Type of Control. 
Rheostatic control with a large number of 
steps would be necessary for the higher rates 
of acceleration to provide the small current 
increments required to keep it smooth, and 
also to avoid the difficulties encountered in 
transition from series to parallel at the high 
rates. A saving of approximately four to 
five per cent in power can be made by using 
series-parallel control. In addition, a 
switching notch for short movements of 
cars, such as are necessary for coupling cars, 
is provided, and a slow speed running notch 
at the full series position is also available. 
Facilities in the shops for maintaining unit 
switch type control and the familiarity of 
maintainers with this type of control also 
were considered in making our decision. 


3. Comfort of Passengers. 
passengers, of course, is of prime importance 
in the sale of transportation. With large 
numbers of standing passengers, and with 
others on longitudinal seats and on seats 
facing in the opposite direction of travel, we 
felt that accelerating rates in excess of 2.5 
miles per hour per second were too high. 


4, Relatively Small Increase Obtained. 
Analysis of typical speed time curves indi- 
cated that in changing the acceleration rate 
from 2 miles per hour per second to 2.5, the 
average increase in schedule speed is 1.3 
per cent. From 2.5 to 3, the increase is less 
than 1 per cent. Applying this figure to 
average schedule speeds of say 20 miles 
per hour for local service, the result is 20.2 
miles per hour, or a saving of 36 seconds in 
one hour of running. This certainly is not 
worth the added cost and possible discom- 
fort to passengers. From three miles per 
hour per second up, the law of diminishing 
returns goes to work with increasingly poor 
results, insofar as scheduled speeds are con- 
cerned. 


Deceleration received the same con- 
sideration and a dynamic rate of three 
miles per hour per second for seated load 
conditions was selected for the following 
reasons: 


1. Increased Size of Motors Required. Since 
the required capacity of the motors is deter- 
mined by the combined accelerating and 
dynamic braking duty, higher braking rates 
would necessitate larger motors, involving 
additional costs and weights. 


2. Change of Control. Dynamic braking 
was not carried to zero resistance on the new 


ATEE TRANSACTIONS 


The comfort of 


=e 


equipment on account of the large number of 
steps required in the lower speed ranges. It 
starts to fade at about ten miles per hour at 
which time air is applied and used to the 
final stop. Combining the dynamic and air 
at this point permits time enough so that 
the blending is perfectly smooth. The 
amount of work left for the air brake is a 
very small percentage of the total. As- 
suming a stop were made from 40 miles per 
hour and that air did all the work below ten 
miles per hour, only a little over six per cent 
of the kinetic energy would be dissipated by 
the brake shoes. 


3. Comfort of Passengers. The same com- 
ments apply here as in the case of accelera- 
tion. A maximum rate of three miles per 
hour per second is maintained on account of 
the signal control and, where full load condi- 


BALLAST 


SOLID END 
SOCKET 


tions reduce the dynamic rate, sufficient air 
is used to supplement the dynamic braking 
so that the rate of the operator is calling 
for is maintained. 


4. Relatively Small Increase in Schedule 
Speeds. Here also the law of diminishing 
returns applies. Because of the short inter- 
val involved in braking, any increase above 
the three miles per hour per second rate 
would be even less. effective than a corre- 
sponding increase in acceleration. 


Reduction of Noise 


Certainly the desirability of noise re- 
duction in subway operation is not con- 
troversial, though some of the previous 
items may be. It is a difficult job to do 
effectively on account of the enclosed 
structure which permits sound waves to 
reverberate with very little absorption, 
but every effort was made to obtain the 
best results possible. Without develop- 
ing new features, the specific details of our 
efforts toward noise reduction in these 
cars are as follows: 


1. Use of Rubber. Rubber is used at im- 
portant points of contact such as between the 
equalizer and the journal box, the truck 
frame and the equalizer spring, the bolster 
and the bolster spring, and the bolster and 
bolster guides. This should insulate the car 
body from the high frequency vibrations 
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effectively and materially reduce impact 
forces, 


2. Motors and Gears. Motors are truck 
mounted, being hung on the transom and 
connected to a separate gear unit through 
aflexible coupling. Thisreducestheunsprung 
weight and prevents the transmission of 
road shocks from the wheels and axle to the 
motors. 

High angle helical gears running in oil were 
selected for quietness and low tooth loading. 
They are single reduction for simplicity and 
low cost. Motors and gear units are 
equipped with antifriction bearings through- 
out, so that accurate clearances can be main- 
tained. This is very important on account 
of the high rotor speeds and small air gaps. i 


3. Lateral Shock Absorbers. The older sub- 


Figure 3. Circuit dia- 

gram of cold cathode 

lamp with fixed resistor 
ballast 


BALLASTING 
RESISTANCE 


SPRING END 


SOCKET 


way cars had a tendency to nose, causing 
lateral motion of the car body when certain 
factors reached a resonant stage. A long 
series of tests lasting over several years de- 
veloped information which led to changes in 
basic truck design and to the adoption of a 
lateral shock absorber between the truck 
bolster and the side frame. On tests con- 
ducted with this application the striking of 
the bolster against the side frame was 
eliminated. 


4. Center Plates. Conical center plates on 
bronze bearings and in an oil bath will re- 
duce the slap between the body and the 
truck center plates. This construction also 
will reduce the force required to turn trucks 
on curves, resulting in lower flange presstires 
of the wheel against the rail, thereby reduc- 
ing squealing and increasing the life of both 
the wheel flanges and rail heads. 


5. Dynamic Braking. The use of dynamic 
braking will reduce the number of shoe ap- 
plications to the wheels, and also the shoe 
pressures. As explained under deceleration, 
only about six per cent of the total work re- 
quired to be done in stopping the train will 
be done by the brake shoes, thus eliminating 
most of the frictional noises between shoes 
and wheels. 


6. Brake Cylinders Mounted on Trucks. 
Brake cylinders have been mounted on the 
trucks, thus avoiding the use of foundation 
brake rigging on the body. 


The noise level of operation within the 
subway structure with present equipment 
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averages 89 decibels. The elimination or 
reduction in magnitude of the foregoing 
factors will have a noticeable effect in 
lowering the noise level. 


Other Features of the New Cars 


In the first part of this paper the four 
major changes in the newest cars were 
discussed in detail. This section will 
cover a summary of the smaller items 
which will add to the comfort of pas- 
sengers. 

Four motors per car, one per axle, were 
selected so that accelerating and braking 
loads would be distributed evenly and 
kept within the normal adhesion factor of 
wheels and rail. 

Thermostatic control of heat will pro- 
vide more uniform temperatures and uti- 
lize the body heat of passengers during 
crowded periods. Tests indicate that 
heaters are “‘off’’ 75 per cent of the rush 
hour period. This will reduce power 
costs through the reduction of the ‘‘maxi- 
mum demand” peak. 

Eight 10-inch horizontal fans will pro- 
vide a much better distribution of air than 
the five fans blowing vertically in the old 
cars. With fans blowing vertically about 
30 per cent of the car area is in ahighveloc- 
ity downward air stream and the balance 
of the car has very little air movement. 
The horizontal fans will move air over 
every passenger location, seated or stand- 
ing. 

An effort was made to improve the 
cleanliness of both the car and the subway 
proper. The car interior is designed for 
easy cleaning. All surfaces were kept as 
smooth as possible, and corners were 
coved and rounded. Exhaust ventilation 
will improve cleanliness of the ceiling. 
Dynamic braking will reduce the amount 
of iron dust from brake shoes and wheels. 
Completely sealed gear cases will elimi- 
nate the grease drip which is so objection- 
able. 

Plastic seat coverings, impervious to all 
common acids and alkalies, will be used in 
the upholstery of the cushions and backs. 
It is colorful, easily cleaned, and well able 
to take the daily wear and tear without 
becoming shabby. 

Additional space for passengers was ob- 
tained by changes in car body construc- 
tion. Narrower side posts and recessing 
interior finish under window sills provided 
wider aisles as well as longer seat cushions. 
Wider door openings will facilitate the 
interchange of passengers. 

The color scheme for the interior has 
not been decided definitely, but it is antici- 
pated that the scheme selected will be 
pleasing to the passengers. 
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Discussion 


G. M. Woods (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
use of four high-speed spring-borne motors, 
instead of two axle-hung motors, on the 
New York, N. Y., subway cars is of great 
interest to electrical engineers engaged in 
transportation work. The conditions of 
operation are extremely severe and the 
effects of any apparatus failure in this 
service are so far-reaching that the greatest 
care in the selection of equipment must be 
exercised. 

The application of high-speed motors was 
initiated on light-weight surface cars some 
20 years ago. Today, all modern street cars 
have high-speed spring-borne motors. The 
25 multisection cars of the New York city 
transit system employ high-speed motors 
with gear unit drives. These cars represent 
the only commercial application of this type 
of equipment to rapid transit service. On 
the new cars for the BMT and IND di- 
visions, the load per axle will be 25 per cent 
greater than on the multisection cars and the 
motors will have one-third more capacity. 

The application of motors to all axles 
gives traction on all wheels. This makes 
dynamic breaking and the higher rates of 
acceleration discussed by Cordts practicable. 
The motors are designed for 800 volts and 
are connected two in series for 600 volt 
* operation. The 300-volt motor compared to 
the 600-volt motor is more stable, has better 
commutating characteristics, and its com- 
mutator and windings are mechanically 
stronger. Peak voltages in dynamic braking 
are much lower, 
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The motor has a 1-hour rating of 100 
horsepower and 800 volts at 1,175 rpm. 
The motor alone weighs 1,770 pounds and 
the gear unit with suspension bolt and 
coupling weighs 1,010 pounds. The maxi- 
mum safe speed with worn wheels is 55 miles 
per hour. 


Single reduction gear units are used. The 
gear case is of cast steel and the gears and 
tapered roller bearings are oil lubricated. 
The gears have a 4-inch face, 5.25 diametral 
pitch and 21-degree helix angle. 


The couplings are of the internal-external 
gear type. The internal teeth are in a pair 
of cylindrical sleeves bolted together through 
flanges at their inner ends. The external 
teeth are on a pair of pinions, one on the 
motor shaft and one on the pinion shaft of 
the gear unit. The external teeth are so 
shaped that the pinions can swivel freely 
with respect to the internal teeth throughout 
the required angle. " 


L. G. Riley (Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa.): From the stand- 
point of the motor control equipment, the 
discussions in this paper covering the 
characteristics of acceleration and decelera- 
tion are very interesting. 


Riding comfort is influenced by the rates 
of change of speed, and also by the total 
number of notches or steps in the controlling 
system. In going to a 2.5 miles per hour per 
second starting rate, as compared to the 1.75 
rate used on the present IND system, the 
number of notches will be more than 
doubled. This is probably more than would 
be required for the increase in rate alone, but 
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is justified to obtain increased riding com- 
fort and to limit the power peaks. 

Dynamic braking will be controlled by the 
same switching apparatus as is used for 
acceleration and with the equivalent number 
of notches. 

In developing the detail characteristics for 
new cars, the board of transportation en- 
gineers have very properly taken into ac- 
count the shop and operating problems in- 
volved in adding new equipment to the ex- 
isting system. 

One of these features is the use of prac- 
tically identical arrangements for the 
operating cabs, including the location and 
functioning of the power and brake levers. 

This makes it necessary to combine the 
control of the dynamic and air brake sys- 
tems on a single brake lever in a manner to 
insure that each will automatically do its 
allotted share of the braking duty. 

During the initial application and build- 
up, air will be locked out of the brake cylin- 
ders by dynamic load current, except for the 
small amount required to maintain the full 
rate on cars having more than the average 
seated passenger load. 

The lock-out feature will be nullified when 
the speed drops below 10 miles per hour and 
brake cylinder air will be admitted to make 


up for the gradual loss of dynamic retarda- 


tion and to complete the stop. Full use of 
the self-lapping air brake system will thus be 
made available for graduation and for 
spotting the train at the station markers. 
Control of power application, with run- 
ning positions for switching, series and 
parallel, will also be identical, so that there 


will be only minor changes in the training of ° 


operators. 


AIEE TRANSACTIONS 


Special 10-Car Train for the New York 


City Transit System 


J. J. SINCLAIR 


NONMEMBER AIEE 


N AN EFFORT to obtain for the sub- 

ways of New York, N. Y., a most mod- 
ern type of car, the Board of Transporta- 
tion has designed a car for use in an experi- 
mental 10-car train, embodying many 
special features not heretofore used in one 
application in a transit vehicle. Figures 
1A and 1B show artist’s rendering of side 
elevation and interior, and Figure 2 shows 
plan, side, and end elevation of this pro- 
posed subway car. 

It is proposed to make their per- 
formance and appearance as attractive as 
possible to the traveling public. 

The motor control has been designed so 
as to give smooth acceleration of 2'/, miles 
per hour per second; higher rates would 
not seem desirable for rapid transit service 
where comparatively infrequent stops are 
concerned. 

Dynamic braking has been provided, 
supplemented by air brakes. All axles are 
driving axles which permit an even 
distribution of tractive effort and the 
elimination of wheel slippage. 

The motors are of 100-horsepower 
capacity, full spring supported and capa- 
ble of producing a maximum dynamic rate 
of 3 miles per hour per second with a full 
seated load and interlocked to provide a 
maximum available dynamic brake with a 
minimum, amount of air required. 

The dynamic brake interlock with 
electropneumatic and pneumatic brakes 
provides sufficient air brake to produce a 
retardation rate of 3 miles per hour per 
second on a fully loaded car for maximum 
normal service rate. 


Paper 47-44, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 13, 1946; 
made available for printing December 13, 1946. 


J. J. Stncrarr is with the New York City Transit 
System. 
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An automatic emergency pneumatic 
and electropneumatic brake is available 
at any time through the emergency /posi- 
tion of the brake valve handle, the dead- 
man controller, conductor’s valve, track 
trip or parting of the brake pipe or brake 
pipe hose. 

There are many features included in the 
design of the car body and trucks which 
are of special interest where the complete 


performance of the car is involved, and 
these are as follows: 


Body Construction 


Body construction is of aluminum 
high-tensile low-alloy steel, or stainless 
steel, or combinations thereof, to obtain 
a light weight body of strength compar- 
able with the present IND division sub- 
way cars. 


General Dimensions 


The general dimensions of these cars 
will remain the same as those on the IND 
division, which are governed by tunnel 
and subway construction clearances. The 
roofs will be of turtleback design and, as 
far as practical, have a streamline appear- 


Figure 1A (above). Artist's rendering of 
side elevation of proposed new special car 
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Figure 1B (below). Artist's rendering of in- 
terior of proposed new special car 
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ance. Anodized aluminum or stainless 
steel mouldings on the exterior of the cars 
add to the general exterior appearance. 

The general floor plan remains prac- 
tically the same as in present cars. Past 
experience leads us to believe the present 
arrangement of seating is the most prac- 
tical for quick loading and unloading of 
cars in New York subway service. 

Such a floor plan, in combination with 
the doorways which have been increased 
from 46 inches to 50 inches, provides for a 
uniform distribution of passengers. 

Changes in seat frame construction 
were found desirable to provide for the in- 
stallation of outlets required in combina- 
tion with the ducts for forced ventilation. 

Seat upholstering is of the most modern 
material and color selected to obtain a 
most pleasing effect in combination with 
the general scheme of interior decoration. 

Three wide windows on each side of 
the car, each having an upper half as a 
drop sash and the lower half stationary, 
will give standing passengers, as well as 
seated passengers, a better view of sta- 
tions along the route. Two circular win- 
dows in each door add to the general 
appearance of the car. 

The flooring is of magnesite on truss 
plate construction. Parting strips and 
special treatment of color in combination 
with the interior color scheme of the car 
has been given considerable thought in 
order to obtain a most pleasing effect. 


Forced Ventilation and Heating 
Forced ventilation is one of the out- 


standing features of these cars. By the 
use of blowers concealed in the ceiling at 
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Figure 2. Plan, side, and end elevation of 
proposed new special car 


each end of the car, air is taken from the 
car interior through a large grill, passed 
over four 36-inch 25-watt sterilizing lamps 
and then into a plenum chamber between 
the ceiling and the roof sheets, thence out 
into the car as recirculated air, distributed 
uniformly throughout the length of the car 
by means of specially designed distribu- 
tors. The blower motors are of 300-volt 
type, connected two in series on the 600- 
volt d-c line. When operated at 1,750 
rpm on full field, each will deliver 2,660 
cubic feet per minute. Provision has been 
made, however, for tapping the fields of 
these motors by the use of a contactor 
under thermostatic control. This pro- 
vision contemplates the requirement of 
more air delivery by the blowers on ex- 
cessively hot days and crowded car con- 
ditions. It is believed that by setting the 
thermostats at 85 degrees Fahrenheit, the 
motor fields will be tapped and the air 
delivery of each blower will be increased 
from 2,660 cubic feet per minute to 3,320 
cubic feet per minute, and the speed from 
1,750 to.2,200 rpm with 600 direct volts on 
the line. The fields are tapped automati- 
cally by the thermostatic control, gov- 
erned by temperature in the respective 
cars. 

It will be noted that the capacity of this 
recirculated air system with blower mo- 
tors in full field is calculated at-5,320 cubic 
feet per minute total per car, which is in- 
creased to 6,640 cubic feet per minute on 


tapped field. Since a certain amount of 


fresh air will enter the car at station stops 
and through windows when open, a large 
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proportion of this recirculated air will”be 
fresh air. 

In addition to the air movement ob- 
tained by this recirculating system, fresh 
air is drawn into a plenum chamber near 
the roof at each end of the car by 
two 1,500-cubic-feet-per-minute blowers 
mounted on the car underframe. This 
fresh air intake which is controlled by a 
system of dampers and thermostats, is 
passed through precleaning tubes which 
take out dust particles down to 10 microns; 
then over Precipitron units where fine par- 
ticles are ionized and deposited on plates 
of opposite polarity, and finally over steri- 
lizing lamps before entering ducts for dis- 
tribution to air distributors mounted un- 
derneath the longitudinal seats of the car. 

There are a total of 14 such outlets, and 
back of them in the air ducts are located 
strip heaters for heating this air during the 
heating season. This heating system is 
under thermostatic control and the total 
output is 18.2 kw per car with the heater 
elements connected in four circuits of 
seven elements in series on each circuit. 

The outlets for this fresh air system 
have been designed so as to direct the air 
toward the floor fanned out to 180 de- 
grees to be effective in producing a warm 
floor in the heating season and supply 
heated air at low velocity to the maximum 
number of passengers. The calculated 
velocity of this air on leaving the dis- 
tributor will be not more than 210 feet per 
minute. Actual tests in a mockup car 
section indicate that this air velocity will 
not be disturbing to passengers, and will 
be comforting at their feet level in in- 
clement weather. ja 

The fresh air system will add a maxi- 
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mum of 3,000 cubic feet per minute of 
fresh filtered and sterilized air to the car, 


making a total of 9,600 cubic feet per 


minute maximum of recirculated and fresh 
air turbulence within the car. See 
schematic diagram shown in Figure 3. 


Lighting 


Cars are illuminated by means of 
fluorescent lighting. Two rows of fixtures 
extend for the full length of car on either 
side of the centerline of the ceiling, and 
two crosswise fixtures are placed one at 
each end, providing 17-foot candles on the 
reading plane throughout the car. 

Each row of lighting fixtures in the 
ceiling contain eight 72-inch hot-cathode 
tubes of 38-watt rating at 118 volts alter- 
nating current, two lamps per ballast with 
instant starting. Two 42-inch lamps are 
mounted cross-wise at the ends of the car, 
each with a rating of 25 watts, 118 volts, 
alternating current, with a starter for 
each lamp. These lamps are so distributed 
in each phase of a 3-phase, 118 volt circuit 
as to reduce to a minimum any strobo- 
scopic effect. 


Station Announcing System 


A station announcing system is pro- 
vided, having reproducers mounted in the 
ventilating air distributors along the 
centerline of the ceiling, with one micro- 
phone mounted on each end of the car at 
corner posts at the cab side on the out- 
side, which is a convenient location for 
trainmen in announcing station stops be- 
fore doors are opened and after they have 
closed. All microphones in the train will 
be dead except the operating microphones 
at the time of announcement. This is ac- 
complished by a foot switch mounted in 
the trainman’s step, and an interlock in 
the door control drum switch. 

Only one train-line wire is used through- 
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Figure 3. Schematic diagram of ventilation, 
air filtering, and sterilization in proposed new 
special car 


out the train, connected to an amplifier in 
each car. These amplifiers operate from 
the 32-volt car battery. There is a semi- 
fixed volume control provided in the am- 
plifiers to be adjusted to suit the service. 


Electric Door Operators 


Electric door operators are included in- 
stead of air-operated equipment originally 
considered for these cars. They operate 
the doors at the same over-all speed for 
both opening and closing as the air 
operators. The motors are wound with 
Class B insulation, and will not be 
damaged by interruption of door move- 
ment throughout the door operating 
cycle. 


Motor Alternators 


All power for fluorescent lighting, in- 
cluding exterior car lighting, side sign 
lights, illuminated maps, sterilizing lamps, 
Precipitrons, and car battery charging, is 
obtained from a motor alternator. The 
motor alternator has a full load rating of 
4.2 kva at 90 per cent power factor, and 
118 volts, 60 cycles, 3 phase. The 32-volt 
car battery obtains its charge through a 
3-phase full wave rectifier using selenium 
rectifier units and having a two-step 
charging rate. A regulator automatically 
chooses the charging rate depending on 
the condition of the battery. The motor 
alternator maintains an alternating volt- 
age at 60 cycles plus or minus 2 cycles 
under all conditions of load with a d-c 
supply voltage of 450 to 650 volts maxi- 
mum. With unusual supply voltage 
swings of 400 to 750 volts direct current, 
the frequency is maintained at 60 cycles 
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plus or minus 4 cycles. In order to main- 
tain the frequency and voltage, expecially 
for interior lighting in passing over gaps 
in the third rail with a maximum inter- 
ruption in d-c supply of 10 seconds, a fly- 
wheel is included on the shaft of this mo- 
tor alternator. 


Trucks 


Two types of light weight trucks of 
special design are being considered for 
these cars. (See Figures 4 and 5). They 
embody new features for rapid transit 
service, such as the elimination of the full 
elliptic bolster springs, spring planks, and 
swing links. The bolsters are supported 
at each end by helical springs with lateral 
and vertical movement controlled by 
lateral and vertical shock absorbers as 
well as by rubber pads between the tran- 
som and bolster. 

Hypoid gearing with right angle drive 
through flexible shafts, and couplings will 
apply power to each of the car axles from 
the 100-horsepower motors mounted on 
the truck frames. 

All journal bearings are of the roller 
type. All wheels are 34 inches in diame- 
ter, and are of the resilient type, de- 
signed for a maximum wheel load of 
14,500 pounds. 

It is believed that with the generous 
amount of rubber included in these 
trucks in combination with resilient 
wheels and flexible drive, stresses in truck 
frames will be minimized, nosing reduced, 
and much quieter performance obtained. 

With completely sealed gear cases and 
roller bearings, oil or grease drip to the 
trainways will be eliminated. 

Noise reduction is one of the outstand- 
ing features of these trucks. With the 
elimination of practically all brake rigging 
and simplified truck ‘construction, com- 
paratively quiet performance is expected. 

All axles are driving axles, and each 
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axle will be equipped with an air- 
operated drum brake which supplements 
the dynamic brake obtained from the 
driving motors. Provisions have been 
made for obtaining full braking rates in 
the event of failure of the dynamic brak- 


Discussion 


G. M. Woods (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): The 
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ing, which normally will do all the braking 
down to a speed of 10 miles per hour when 
the drum brake will engage to make the 
stop. Under heavily loaded conditions 
the drum brakes in combination with the 
dynamic brake will maintain the three 


motors of the cars described by Sinclair 
will be similar to those of the cars covered by 
Cordts except they will be mounted at 
right angles to the axles and will drive 
through hypoid gears. The accelerating 
and braking rates will be the same on all cars 


Sinclair—Special Train for New York Transit System 


weight trucks proposed for special car 


Croix Seaton Thre Ashe 
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miles per hour per second braking rate as a 
maximum service rate. Any degree of 
service braking below the maximum rate 
is available as determined by the brake 
valve handle position in the normal 
service quadrant zone. 


but the balancing speed of the experimental 
cars will be slightly higher than the others 
because of the lower weight. The rates of 
acceleration and braking selected are be- 
lieved to be as high as practicable for the 
conditions of operation. 


Figures 4 (above) and 5. Two types of light- 
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An Improved Automatic Circuit 


Recloser 


J. M. WALLACE 


ASSOCIATE AIEE 


Synopsis: Several years of field experience 
with automatic circuit reclosers indicated 
room for worth-while improvements in the 
existing design. This earlier recloser in- 
corporated time-lag tripping characteristics 
to allow co-ordination with other reclosers 
and with fuse links. The improved design 
helps reduce outage time by extending the 
range of co-ordination with fuses by means 
of high speed tripping and reclosing. This 
paper describes the new recloser and points 
out the application of its new features. 


Recloser Operating Characteristics 


EARLY RECLOSER 


N 1941 an automatic recloser with in- 

verse-time-lag tripping was described 
to the Institute! This paper proposed 
several methods of using the recloser 
described to sectionalize radial distribu- 
tion systems. One method was the ex- 
tension of the reclosing function to the 
fuse cutouts which are located on the load 
side of the recloser. To obtain this opera- 
tion, the fuse link and recloser combina- 
tion is selected so that for a fault on the 
load side of the fuse the recloser will in- 
terrupt the circuit before the fuse link is 
damaged. If the fault is temporary, the 
line is re-energized on reclosure without a 
needless fuse operation. If the fault is 
permanent, the fuse is blown on the 
second or third successive reclosure be- 
cause of the heat stored in the fuse link by 
the fault current on the previous opera- 
tions. The fuse cutout then isolates the 
fault in the conventional manner, and the 
recloser can re-energize the rest of the 
Paper 47-50, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 


1947. Manuscript submitted October 23, 1946; 
made available for printing November 25, 1946. 

J. M. Watvracz is section engineer in the switch- 
gear and control engineering department of West- 
inghouse Electric Corporation, East Pittsburgh, 
Pa. 
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ireclosers with fuses 


distribution system which it controls. 

The recloser described at that time has 
been in successful operation for more than 
six years. Co-ordination of reclosers with 
each other is foolproof provided they are 
located in descending order of ampere rat- 
ing proceeding away from the power 
source. However, the co-ordination of 
in the manner 
described is sometimes difficult to achieve 
over a sufficiently wide range of fault 
currents. 


IMPROVED CHARACTERISTICS NEEDED 


To improve co-ordination of reclosers 
and fuse links, the tripping character- 
istics of the recloser should be changed 
fromalltime-lag to high-speed (instantane- 
ous) tripping on the first and second 
operations followed by time-lag tripping 
operations until lockout. In this fashion, 
fuses may be protected by the recloser 
over a wider range of fault currents. How- 
ever, the reclosers forming the main line 
of the distribution system should utilize 
time-lag tripping on all operations. These 
are the reclosers located at the first two or 
three points proceeding outwardly from 
the power source. In this fashion, the 
backbone of the distribution system is 
kept stiff and the entire system will not 
suffer power interruptions from troubles 
which should be confined to the branches. 
Smaller sizes of reclosers protecting 
branches can use the high speed tripping 
as power interruptions, thereby, are con- 
fined to the branches and are not ;com- 
municated to the entire system. 

The co-ordination of fuse links and re- 
closers must be planned adequately by 
the use of proper time-current curves. 
Because of the fast-blowing character- 
istics of small fuse links, it is impossible to 
protect them with the larger sizes of re- 
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closers as fault currents on branches near 
the power source are likely to blow the 
fuse link in the first half cycle. Thus, 
even though the substation recloser is set 
for instantaneous tripping, it cannot pro- 
tect the small branch fuse and the only 
result is to cause many needless interrup- 
tions affecting the entire systems. 


Characteristics Required of 
Instantaneous Recloser 


A study of the literature applying to 
the reclosing of transmission and dis- 
tribution lines after faults shows the fol- 
lowing cycle to be ideal for the small 
automatic recloser when using instantane- 
ous tripping: 


1. Instantaneous first trip followed by 
high speed reclosure. 


2. Instantaneous second trip followed by 
time delay reclosure. 


3. Time-lag third trip followed by time 
delay reclosure. 


4, Time-lag fourth trip followed by lockout. 


5. Time-lag on first trip followed by lock- 
out on manual reclosure. 


FirST OPERATION 


The instantaneous tripping character- 
istic on the first operation is desirable be- 
cause it insures the protection of small 
fuse links over a wide range of fault cur- 
rents. This is the problem involved in 
extending the reclosing feature to the fuse 
cutout.! To enhance the value of the 
high-speed first trip, it should be made 
extremely fast in order to limit the dam- 
age to conductors by power arcs. In 
G. A. Matthews’ paper on the “‘burn- 
down” characteristics of conductors, he 
stated that “to prevent burn-down of 
covered wire and to hold the are damage 
within admissible limits, power arcs must 
be limited to one-half to two cycles (60- 
cycle basis) over-all time, depending upon 
the size of conductors and are current. 
Bare conductors are less liable to serious 
arc damage owing to the phenomenon of 
are travel and to the self-extinguishing 
characteristic of arcs on such conduc- 
tors.”’? 

The desirability of high speed reclosure 
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after the circuit is cleared was shown 
many years ago. Experience over a con- 
siderable period of time has proved the 
usefulness of rapid reclosure in minimiz- 
ing system disturbances and in reducing 
inrush currents after the outage. The re- 
closing time on circuits where the small 
automatic recloser may be used can be 
made as short as ten cycles with expecta- 
tion of complete deionization of the flash- 
over region.‘ It is obvious that a 10- 
cycle outage on lighting loads is so short 
as to be considered a “‘flicker’” rather 
than an outage. Most motors will operate 
through such an interruption with only 
a small change in speed. Consequently, 
if the reclosing time is made very short, 
the line inrush current will be small com- 
pared to that which would result for a 
longer outage period.’ In addition it is 
felt that if reclosure after the first opera- 
tion is not high speed, there is a good 
probability of retripping an instantaneous 
recloser because of inrush currents. 


SECOND OPERATION 


The characteristic on the second opera- 
tion also should be instantaneous as some 
of the faults will not be cleared on the 
first operation, and others will be repeti- 
tive lightning strokes.* Field tests over a 
number of years have shown that about 
80 per cent of all faults are cleared on the 
first operation and about ten per cent are 
cleared on the second operation of the 
protective device. Consequently, if the 
instantaneous tripping characteristic is 
maintained for the second operation, an 
additional ten per cent of the fuse cutout 
operations can be prevented. The re- 
closing time after the second operation 


Improved recloser mounted on 
4-by-5-inch crossarm 


Figure 1. 
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Figure 2, Cross section of recloser 
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should be long, however, in order to in- 
sure clearing of the fault in the case where 
the necessary deionization time exceeds 
that allowed on the first reclosure. Also, 
if the next tripping operation is to be 
time delay, a slower reclosing time and 
larger inrush currents will not interfere 
with re-energizing the system. 


THIRD OPERATION 


On the third operation the time-lag 
tripping characteristic is essential to allow 
sufficient time to blow the fuse link in the 
protected fuse cutout and isolate a fault 
beyond it.’ In addition, it is desirable to 
insure pickup of the load.’ In some in- 
stances it may allow enough time for burn- 
ing the fault clear, and in these cases an 
interruption of the power arc is required 
before the line can be re-energized suc- 
cessfully. For this reason, the third 
operation should be followed by time de- 
lay reclosure to allow time for mechanical 


Wallace—Improved Automatic Cireuit Recloser 


aca ed Ee a. N 
CL LLL 


MOVING CONTACT 


LINE TERMINAL 


LINE BUSHING 


LOCKOUT SPRING 
LOCKOUT ARM 


OIL LEVEL 


MOUNTING BRACKET 


INSULATING SUPPORT 
LIFT ROD 


os MT A ] 
a ea is 
Ee LP 
m 
13 
g = 
m 


wn 


\elela 


are 


i 


OPERATING SPRING 


ni 


inn 


S 
SL: 


laa 


x 


/ Ih ss ARMATURE 
JAY INTERRUPTERS 
SEAMLESS TANK 
STATIONARY CONTACTS 
<a TANK LINER 


separation of foreign agents such as tree 
? 
branches. 


Lockout AND MANUAL RECLOSURE 


The last operation before lockout 
should be time lag to insure pickup of the 
load after the fuse link has blown or tree 
branch dropped clear. Similar reasoning 
applies to the tripping characteristics on 
manual reclosure after lockout. If the 
fault has been cleared, the time-lag trip- 
ping will allow the line to be re-energized. 
If, however, the fault is still on the line, 
the recloser should lock out after the first 
operation to prevent needless contact and 
oil deterioration. 


New Recloser 


A new recloser has been developed to 
meet the foregoing requirements. Its 
general appearance is shown in Figure 1. 
In order to meet safety requirements of 
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direct pole mounting, the recloser is en- 
cased in a metal tank which may be 
grounded. The operating coil is pro- 
tected by an internal lightning protective 
gap connected directly across the coil thus 
eliminating the necessity for external 
gaps. The mounting brackets are welded 
to the drawn steel tank and allow use of 
various types of hangers. The operation 
counter is mounted in an extension of the 
top casting in order that it may be seen 
easily even from the ground. The top 
cover is held in place by clamps which al- 
low it to be rotated to the most conven- 
ient position for manual operation. 

Figure 2, a sectional drawing of the re- 
closer, shows the mechanism in its normal 
current carrying position. The circuit is 
from the upper line terminal through the 
coil to one stationary contact, through the 
moving contact to the other stationary 
contact, and back to the other line ter- 
minal. The armature of the coil furnishes 
the entire work required for operation of 
the recloser. On overload it is drawn up- 
ward by the coil and compresses the 
operating spring. As it reaches the end of 
its stroke, the thrust tube connects 
solidly with the shoulder on the operating 
rod and starts the contacts traveling up- 
ward, Because of the arrangement of the 
mechanical linkage of the contact pres- 
sure spring, the contact force decreases 
rapidly as the contacts move upward 
and drops to zero in about 5/8-inch 
travel. Consequently, the operating 
spring will force the moving ‘contact to 
travel to the end of its stroke as there is no 
opposing force from the contact pressure 
spring. This arrangement of the contact 
pressure spring reduces the work required 
from the coil to a minimum and helps to 
attain high speed on tripping. In addi- 
tion, it helps to insure positive operation 
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Figure 3. View of integrator and timer 
assembly 
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Figure 4. Oscillogram 
showing timing of op- 
eration to lockout. Sec- 
tions of  oscillogram 
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Figure 5. Oszcillogram showing interruption 
on first operation at 1,200 amperes, 8 per cent 
power factor, 7,200 volts 


when only a relatively small operating 
force is available as is the case with this 
class of equipment. 

On each operation of the recloser the 
integrating piston is advanced one notch 
by its mechanism, being held in position 
by oil trapped by the check valve. After 
a successful reclosure of the circuit, the 
integrator will settle slowly to its starting 
position as the trapped oil leaks away. 
However, four successive openings will 
cause it to advance continuously until it 
breaks the lockout toggle, thus moving 
the operating level downward to indicate 
lockout and to hold the contacts in their 
open position. It is seen that the re- 
closure is tripfree as it is impossible to hold 
it closed by means of the operating lever. 

As may be seen in Figure 3, the in- 
tegrator performs the additional function 
of controlling the timing cycle of the re- 
closer. 
armature is.a relatively close fit in its 
guiding tube and consequently must 
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As with the earlier model, the. 
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force oil in and out of the dashpot thus 
formed. When the integrator is in its 
initial position, this dashpot is freely 
vented through the timing port, as shown 
by the arrows, thus allowing instantane- 
ous tripping. As there is nothing to pre- 
vent immediate flow of oil back into the 
dashpot, the recloser immediately resets. 
On the second operation, the timing port 
is not closed until the last half inch of 
armature travel, thus again allowing an 
instantaneous tripping operation. On re- 
closure, as the timing port has been 
closed by the integrator, the armature is 
restrained in its downward motion. Con- 
sequently, the contacts will move towards 
their closed position at a slow rate along 
with the armature until the contact pres- 
sure spring starts to leave its “dead 
center” position. The rapidly increasing 
force characteristic of the contact pressure 
spring causes it to accelerate the contacts 
rapidly, slightly compressing the operat- 
ing springs, and gives snap action on re- 
closing. On the third and fourth opera- 
tions the vent remains closed so that 
time lag is afforded on both tripping and 
reclosing. 

To meet the requirements for a recloser 
utilizing time lag on all operations, the 
recloser is supplied with a plug in the tim- 
ing port so that no dashpot venting can 
take place and all operations both opening 
and reclosing are time delay. This meets 
the requirements for substation and main 
line installations as described previously. 
In order to change to the instantaneous 
cycle described in the paper, it is necessary 
only to remove and discard the plug, an 
operation readily done in the field at in- 
stallation. 

The recloser utilizes a modified De- 
ion grid to insure interruption at the end 
of the first half-cycle of arcing. This 
minimizes oil consumption and reduces 
wear on the silver tungsten contacts. The 
contact structure is arranged to give self- 
aligning action. 

Standard current ratings for the re- 
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grounded gap. Because of the low. break- 
down of the protective gap, very little 
stress is placed on the coil insulation. As 
the protective gap is in shunt relationship 
with the coil, surge currents are by-passed 
by the coil through the gap and power 
follow current is interrupted e by the 
protective gap and shunted back into the 
coil. This direct connection of coil and 
protective gap allows each to help the 
other efficiently. 


Recloser Performance 


A complete cycle of recloser operation 
to lockout is illustrated by Figure 4. Al- 
though the current shown is but twice the 
minimum tripping current of the recloser, 


258 Wallace—Improved Automatic Circuit Recloser 


gag Ticennent PL cam naib 


soniye ane 


the high speed tripping time is only six 


cycles. Note that reclosure takes place in 


18 cycles after the first interruption. 
Figure 5 shows an oscillogram of an inter- 
ruption at 1,200 amperes, and it will be 


noted that total clearing takes place in 
two cycles. Note that the contacts 


separate in one cycle and that two half- 
cycles of arcing takes place. The test cir- 
cuit has a high rate of rise-of-recovery 
voltage and the test power factor was 
eight per cent lagging. On a circuit hav- 
ing a lower rate of rise-of-recovery voltage 
or with a higher power factor, such as 
would be encountered on most distribu- 
tion systems, arcing time limited is usually 
limited to one-half cycle giving a total 
clearing time of 0.024 seconds at maxi- 
mum fault current. Figure 6 shows a 
time-current curve for the 5-ampere re- 
closer and includes curves for standard 
fuse links. This shows that they can be 
protected on the first and second opera- 
tions of the recloser and blown by the 
third operation throughout a wide range 
of current. Thus the co-ordination 


; described in the beginning of the paper is 
achieved 


Field experience for more than six 
years shows the advantages to be gained 
by the use of a small automatic circuit - 
recloser on a-c distribution systems. Co- 
ordination to extend the reclosing feature 
to the fuse cutout has proved itself quite 
valuable. The revised recloser still in- 
cludes the time-lag of the previous model 
for co-ordination of reclosers with each 
other. In addition, by simple field adjust- 
ment, the new recloser can be made to co- 
ordinate with fuses under wider ranges of 
a8 currents than were previously pos- 
s 

With the instantaneous tripping charac- 
teristic followed by instantaneous reclos- 
ing, 80 per cent of the temporary service 


interruptions now experienced with con- 


ventional automatic circuit reclosers will 
be eliminated effectively. Further ad- 
vantage of the instantaneous tripping is 
the reduction of damage to the conductors 
and the system on temporary faults. 
These new factors will aid in the co-or- 
dination of radial distribution systems 
and will -increase the benefits obtained 
from, this type of protective device. 
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Discussion 


C. E. Asbury (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
It is encouraging that further progress is 
being made in oil circuit recloser develop- 
ment. In some of the earlier designs, trip- 
ping operations were either all instantaneous 
or all time delayed. Either of these arrange- 
ments usually could be worked in a system to 
co-ordinate with backup protection but could 
not be made to select properly when the 
recloser was used as a backup device or a 
protected device. That is, it was very diffi- 
cult to obtain proper selectivity with fuses 
on the load side of the recloser. In this 
paper Wallace has pointed out that this 
type of co-ordination often depended on 
heat storage in the fuse elements during suc- 
cessive operations of the recloser. The 
amount of heat stored between successive 
operations of the recloser may be very small 
and unreliable for co-ordination purposes, as 
there is a cooling period of the fuseable ele- 
ment while the recloser is open and as most 
of the heat dissipation of the fuseable ele- 
ment is due to conduction, which may be 
quite rapid, depending on the mass and 
temperature differential of the surrounding 
metallic parts of the cutout. The necessity 
for improving the design of the recloser to 
permit proper co-ordination of fuses has been 
recognized, and successful application has 
been made of a number of reclosers having 
the first one or two tripping operations high 
speed followed by one or more time-de- 
layed tripping operations. It is encouraging* 
to find another manufacturer of reclosers 
changing design to incorporate this desirable 
feature. 

As the main purpose of making the first 
two tripping operations fast is to allow more 
time between the fast and time-delayed 
tripping operations for proper fuse co- 
ordination, why should not the fast tripping 
operations be designed for 1 or 2 cycles in- 
stead of from 2 to 15 cycles as shown in 
Figure 6? Referring further to Figure 6, a 
band is shown for the time—current charac- 
teristic. Are these bands intended to allow 
for manufacturing tolerances or for per- 
formance variation due to temperature 
changes or some other cause? 

What is meant by the “‘net time to lock- 
out”? time—current characteristic in Figure 
6, and how is this characteristic established? 

The cycle of operations listed as 1-5 in 
Wallace’s paper are all important, and 
for most applications are desirable features 
to incorporate in a recloser. Wallace 
points out that in certain applications it 
may be desirable to modify these character- 
istics to make all tripping operations time 
delayed to prevent undesirable tripping of a 
recloser on the first instantaneous operation 
due to faults on branches that have small 
fuses. Item 5, which provides one time lag 
tripping operation when reclosed manually 
following a lockout, appears to be a new 
feature in this recloser that is not available 
in most other designs, and this likewise is a 
very desirable characteristic. Even though 
there have been many improvements in the 
design of reclosers during the few years of 
their development, there are still a number 
of quite important characteristics that 
should be given consideration in their design 
for additional improvement. These addi- 
tional desirable characteristics may be listed 
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as follows: 

1. The original designs were intended for 
application on rural lines having relatively 
low short-circuit capacity. The interrupting 
rating for this class of recloser is too low for 
very general application on distribution cir- 
cuits. With growing demands which will re- 
quire larger supply banks and heavier power 
sources, the short-circuit capacities for dis- 
tribution as well as for rural service are quite 
likely to increase considerably in the next 
few years. This will limit further the ap- 
plication of reclosers, unless their interrupt- 
ing ratings are increased. It would be inter- 
esting if Wallace could point out how 
much the interrupting capacity could be in- 
creased, if any, by permitting the recloser 
to trip one time on an instantaneous opera- 
tion, reclose at the end of a time delay of 
approximately 30 cycles, and then, if the 
fault is persistent, trip on one time delay 
operation and lockout., A recloser adjusted 
for this type of operation might be used in 
a number of applications where the inter- 
rupting rating is somewhat higher than those 
stated in the paper. 

2. Thecontinuous current ratings for the 
class of recloser described in the paper are 


‘ too low, especially for application of the 


lower voltage distribution systems such as 
7,200 volts and less. 

83. The time delay used for tripping has 
not always been found consistent and re- 
liable enough in reclosers in general. As 
these reclosers must select with relays and 
fuses, they should have a time—current char- 
acteristic at least as accurate as a fuse, and 
preferably approaching that of an overcur- 
rent relay. The recloser described by 
Wallace uses an oil dashpot for timing, 
which undoubtedly will be affected appreci- 
ably by variations in temperature. In addi- 
tion to using oil dashpots, some manufac- 
turers have used timing escapements, which 
are in general inconsistent and unreliable 
when produced on a mass basis and usually 
are subject to hanging and binding, which 
may cause failures to reclose or trip. Oil 
dashpots, air bellows, and escapement 
methods of timing were attempted in the 
earlier design of protective relays and 
found to be unreliable and were superseded 
by more accurate timing arrangements. It 
would be very desirable if a more accurate 
and reliable timing principle could be se- 
lected for the tripping function of oil circuit 


reclosers. It would be interesting if 
Wallace could point out what variation due 
to wide ranges in temperature (100 


to 0 degrees Fahrenheit) he has found 
in the time-current characteristic of the 
recloser. Oil circuit reclosers could be ap- 
plied more intelligently by the users if the 
manufacturers: would publish time—current 
characteristics showing the effect of tempera- 
ture on their timers used for tripping. This 
could be represented by a band on the time- 
current curves, so that proper allowance 
could be made by the user when the device is 
co-ordinated with the time-current char- 
acteristics of fuses and relays. 

4, The application of reclosers would be 
simplified, and probably increased, if a more 
flexible arrangement could be provided for 
their settings. A reliable external pickup 
adjustment and time lever setting for shift- 
ing the time-current characteristic is desir- 
able to provide more flexibility in the co- 
ordination of various makes of reclosers with 
various makes of fuses and relays. 
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5. Most reclosers are designed with 
solenoids connected in series with the line, 
so that overcurrent in the solenoid operates 
the plunger. As the plunger moves into the 
coil, the impedance of the coil changes 
which makes it impractical in most in- 
stances for testing on a low voltage test 
source. It is quite difficult to check the 
pickup or time-—current characteristics of 
these devices on high voltage test sources, 
and it would be very desirable if the design 
of the timing device could be such as to per- 
mit testing in the field with a low voltage 
test source using ordinary relay testing 
equipment, such as a load box and cycle 
counter, 

It is hoped that these desirable character- 
istics can be incorporated in the design as 
a result of advancement in the art and, with 
the aid of increased production, that they 
will not necessarily result in any appreci- 
able increase in price. 

Figure 5 of Wallace’s paper shows one 
interruption of 1,200 amperes at 7,200 volts 
which occurred in about 2 cycles. Have 
any tests been made on the recloser at 1,200 
amperes on 15 kv where it was required to 
produce its complete sequence of two fast 
and two time-delayed tripping operations to 
lock out? 


G. Fred Lincks (General Electric Com- 
pany, Pittsfield, Mass.): Wallace’s paper 
points out the benefits that will be ob- 
tainable when reclosers and fuses can be 
co-ordinated, so that the reclosers clear all 
nonpersistent faults on the entire circuit 
and so that the main line sectionalizing fuses, 
the branch fuses, and in some cases even the 
transformer fuses operate only on persistent 
faults to isolate a small section of the circuit. 
This will be spoken of hereafter as the 
“modern concept” of distribution overcur- 
rent protection. In addition to the improved 
service continuity attainable, he stresses the 
value of the initial instantaneous opening 
in the prevention of line burn-down. How- 
ever, in his recommendations on the appli- 
cation of reclosers, he would apply reclosers 
so that the benefits of the modern concept 
are obtained only at the outer end of the 
circuit and on the small percentage of the 
branches which are long enough to justify 
the use of reclosers. 

Wallace recommends the use of time 
delay opening oft all operations on the first 
two or three reclosers from the power source 
on the main feeder and, we assume, the use 
of fuses on all of the many short branches 
connected directly to the main feeder, with 
these fuses co-ordinated to clear both non- 
persistent and persistent faults before opera- 
tion of the recloser. He premises these 
recommendations on a desire to avoid power 
interruptions to a majority of the consumers 
on the circuit resulting from faults occurring 
on short single-phase branches. He does 
not mention, and may have overlooked, 
that with the modern concept of fuse- 
recloser co-ordination, a fault on these 
single-phase branches causes only one, or 
possibly a succession of two or three, 
momentary power interruptions before the 
fault clears itself or the branch fuse blows 
and also that these momentary outages af- 
fect about one third of the consumers on a 
rural 4-wire circuit. One third of the con- 
sumers are affected only by faults on 
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branches connected between the first and 
second reclosers, and the number of con- 
sumers subjected to momentary power inter- 
ruptions is much less for faults on branches 
beyond the second or the third recloser. 
He indicates that possibly an influencing 
factor in guiding his proposal is the inability 
of higher rated reclosers, when used close 
to the power source; to protect associated 
lower rated fuses used at the branch junc- 
tions. Such protection of the branch fuses 
is necessary on the initial two instantaneous 
openings with the modern fuse-recloser co- 
ordinated setup. But, why use small fuses, 
unless this is a limitation of Wallace’s 
recloser. 

It has been shown! that automatic reclos- 
ing equipment for protecting short branches 
affords very little benefit to the over-all 
service continuity of the whole system be- 
cause of the few consumers on the branch 
who are affected by the prolonged outages 
caused by nonpersistent faults on the 
branch. However, the individual consumers 
on these branches benefit from automatic re- 
closing on the branches, and relatively large 
savings can be effected in the expense for 
restoring service and in the automotive 
miles traveled.? 

Generally, application limitations or re- 
quirements make it necessary to locate re- 
closers from 10 to 15 to 25 miles apart on 
the main feeder. Thus the first two or three 
reclosers from the power source control long 
sections of the 3-phase feeder plus the 
numerous short single-phase branches con- 
nected thereto. The combined mileage of 
the feeder and these branches represents at 
least 20 to 25 per cent of the total mileage 
on the circuit and an equal percentage of 
the consumers. Thus, with Wallace’s 
scheme, at least 20 to 25 per cent of the 
consumers would get an inferior grade of 
service continuity, and the restoration ex- 
pense would be increased in order that the 
other consumers need not be subjected to the 
additional momentary power interruptions 
from faults occurring on only one third or 
less of all the short single-phase branches 
connected to the main feeder. 

With reclosers spaced 15 to 25 miles apart, 
the problem of locating faults quickly makes 
it imperative to sectionalize further the 
main feeder. With the modern concept, 
fuse-recloser co-ordination will permit this 
additional sectionalizing of the main feeder 
between reclosers, using fuses which melt 
only to clear persistent faults in the section 
they protect. Wallace’s scheme does not 
permit such advantageous sectionalizing 
and, thus, would impair further the service 
continuity to a majority of consumers on the 
circuit below that possible under the modern 
concept. 

Fuse-recloser co-ordination studies made 
on four or five rural circuits with different 
types and makes of reclosers operating on 
the modern concept make very understand- 
able the limitations Wallace faced in 
applying his recloser. However, these 
studies indicate that the co-ordination of 
the reclosers with branch fuses, either close 
to the source of power or out on the line, is 
entirely practical if the reclosers have the 
right characteristics. Also, with the right 
characteristics it is practical to fuse section- 
alizing points between reclosers and to 
connect these section fuses in series with 
branch fuses, both of which are protected 
properly by the reclosers. In addition it is 
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possible to co-ordinate with internal fuses 
found in both early and recent vintages of 
distribution transformers.* 


Another apparent oversight in Wal- 
lace’s recommendation that the first two or 
three reclosers from the power source on 
the main feeder should have all time-delay 
openings is that the advantage of preventing 
line burn-down on'the backbone of the feeder 
was not considered. Initial instantaneous 
opening, in preventing some burn-downs of 
the main line, avoids long outages to a 
majority of the consumers. 


Thus, while the elimination of a few 
momentary power interruptions to a number 
of consumers is advantageous, as suggested 
by Wallace, it appears that the sacri- 
fices in impaired service continuity, in in- 
creased restoration expense, and in the possi- 
bility of more line burn-downs on the back- 
bone of the system are too high a price to 
pay for just preventing a few clocks from 
showing the red flag. Thousands of reclosers 
which operate instantaneously have been 
performing successfully for years in clearing 
nonpersistent faults at all locations on rural 
lines. A few may have locked open by in- 
rush currents from motor starting after pro- 
longed outages, but not following a momen- 
tary opening as is suggested by Wallace. 
Therefore, the best distribution overcurrent 
protection practice appears to be that of 
applying all fuses and reclosers on the circuit 
in accordance with the modern concept and 
making certain that the characteristics of the 
recloser permit the full advantages to be 
obtained with such an application. 
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Leonard M. Olmsted (Duquesne Light 
Company, Pittsburgh, Pa.): The recloser 
described in this paper has characteristics 
far better suited to the requirements of dis- 
tribution circuit protection than its prede- 
cessor described in the 1941 paper.! It 
shows recognition of certain difficulties en- 
countered by distribution engineers and 
marked improvement in several respects. 
Though small self-contained devices of this 
sort can not be expected to satisfy all the 
requirements of all possible applications, it 
seems probable that further consideration of 
application problems may encourage the 
development of reclosers suitable for use in 
many places where this recloser would not 
be satisfactory. 

In the first place, the paper discusses the 
desirability of characteristics such that the 
recloser will operate initially fast enough to 
protect small fuse links and to prevent the 
burning down of covered wire. Before lock- 
out, however, the accumulated effect of suc- 
cessive operations must be sufficient to oper-. 
ate the largest fuses on the load side of the 
recloser, as otherwise a faulted transformer 


or branch line could hold a large portion of 
the circuit out of service. Distribution en- 
gineers frequently select a minimum fuse 
size determined as a compromise between 
transformer protection and wumnnecessary 
operations caused by lightning surges or 
customers’ trouble, and use this size on the 
two or three smallest sizes of transformers. 
For somewhat larger transformers, the fuse 
size is increased more or less as a function of 
the transformer current rating. In planning 
the application of reclosers to a specific 
distribution circuit, it is not unusual to 
find transformers ranging in size from 1!/, to 
15 kva with several sizes of primary fuses, 
possibly also line fuses, with which the re- 
closer is expected to co-ordinate successfully. 

At distribution voltages of 7,200 or higher, 
it may be that only a small range of fuse 
ratings is encountered and that such re- 
closer characteristics as those of Figure 6 
in the paper are satisfactory. On 2,400— 
4,160-volt circuits, however, it is not uncom- 
mon to find fuses ranging from 5 or 10 am- 
peres up to 25 or 30 with which the recloser 
must co-ordinate on the basis of protecting 
the smallest fuse on its initial operation and 
clearing the largest fuse before lockout. 
Assuming that its time-current character- 
istics are proportional to Figure 6, then 
co-ordination with a 10-ampere fuse would 
require a recloser not larger than about 40- 
ampere rating, and such a recloser could not 
clear reliably a larger fuse than perhaps 20 
amperes. The ratio between maximum and 
minimum fuse sizes appears to be two to one, 
where the application requirements are more 
on the order of four toone. From this view- 
point, it would seem that the new recloser, 
though it is superior to its predecessor, still is 
imperfectly suited to the requirements for 
extensive use on the lower voltage distri- 
bution circuits, where a larger recloser 
with greater spread between initial opera- 
tion and lockout is desired. This problem 
was recognized several years ago by at least 
one industry association which urged the 
development of larger reclosers' for such ap- 
plications. 

Another problem encountered in the ap- 
plication ‘of reclosers to lower voltage cir- 
cuits is safety to operating personnel. It is 
customary to work on lines and pole- 


mounted equipment energized at voltages 


up to 5,000 without interrupting service, by 
applying protective covering to all “live” 
conductors and equipment. In this respect, 
the new recloser shows a marked improve- 
ment over the earlier design, in that the top 
casting is insulated from line potential. 
The lineman still has limited access to 
operate the device by hand, however, and 
must climb close to the top casting to read 
the operation counter. Under these condi- 
tions, interrupting capacity is an important 
factor in safety to personnel; the present 
maximum of 1,200 amperes greatly impedes 
the application of reclosers to 2,400—4,160- 
volt circuits. 

After extensive investigations, one large 
power company has concluded that the 
length of rural 2,400—4,160-volt circuits 
must be restricted to approximately 20 
miles, if the desired degree of service con- 
tinuity is to be attained. Because of 
sparse loading, many circuits must exceed 
this length and can be expected to provide 
satisfactory service continuity only if 
automatically sectionalized in such a man- 
ner that no fault can involve more than 20 
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miles of circuit. Many reclosers could be 
applied advantageously in such a program, 
provided they can be designed with a suit- 
able time—current characteristic and suffi- 
cient interrupting capacity. 
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R. F. Quinn (General Electric Company, 
Schenectady, N. Y.): Wallace’s paper, 
and particularly the characteristics claimed 
fer the recloser, have been studied with 
regard to the actual problem of co-ordinating 
protective devices on a rural distribution 
feeder. Asa result of this study, the follow- 
ing questions have arisen: 


1. What does the shaded area shown on the re- 
closer time—current curves in Figure 6 indicate? 


2. What is the effect on the instantaneous opening 
time—current curve and on the time delay opening 
time—current curve of ambient temperatures rang- 
ing down to —10 degrees Fahrenheit and up to 120 
degrees Fahrenheit? 


3. If the shaded area referred to in question 1 does 
not include over-all service temperature effects, 
how should the user factor these effects to obtain 
proper co-ordination of fuses with reclosers as dis- 
cussed by Wallace under the heading, ‘Im- 
proved Characteristics Needed’’? 


4. What is the resetting time of the mechanism 
after the first opening, if it is assumed that the 
fault is cleared by the one operation? What is the 
resetting time after the second and third openings, 
assuming successful reclosure in either case? 


It is believed that Wallace will rec- 
ognize that the answers to these questions 
are very pertinent to any sound engineering 
application of reclosers for rural line sec- 
tionalizing. It is better for the user to evalu- 
ate these factors with full knowledge of their 
effect on the ultimate co-ordination that will 
be realized, than to overlook these effects 
and run the risk of malfunction of the in- 
tended scheme of operation. d 


Max W. Rothpletz (Rural Electrification 
Administration, Washington D. C.): It 
is gratifying to note the operating char- 
acteristics which are incorporated in the oil 
circuit recloser described by Wallace. 
The sequence of two fast and two time-de- 
layed openings, together with the time-lag 
tripping on manual reclosure, should make 
this a very desirable recloser for sectionaliz- 
ing rural power lines. 

The problem of co-ordinating fuses with 
oil circuit reclosers has been a serious one 
on rural circuits; co-ordination of distri- 
bution transformer weak links with reclosers 
has been particularly difficult to obtain. 
For example, the weak link in one make of 
3-kva tranisformer has a time—current char- 
acteristic such that the 5-ampere recloser 
described in the paper will trip on time delay 
before the link will blow on currents less 
than about 21 amperes, or the recloser would 
lockout,,.in .accordance with the curves 
shown, before the link fails on currents 
less than about l5amperes. If the timedelay 
were increased, so that the recloser would 
open in about 10 seconds at minimum trip- 
ping current, this co-ordination problem 
would be largely solved. 
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Our data on inrush currents are not com- 
plete enough to warrant drawing any definite 
conclusions; however, it appears that a time 
of at least two seconds at minimum tripping 
current is required to permit the recloser to 
pick up loads. 


W. J. Rudge (General Electric Company, 
Pittsfield, Mass.): Under the paragraph 
headed ‘‘New Recloser’’ the author states, 
“Tn order to meet safety requirements of 
direct pole mounting, the recloser is encased 
in a metal tank which may be grounded. 
The operating oil is protected by an internal 
lightning protective gap connected directly 
across the coil, thus eliminating the neces- 
sity for external gaps.” 

I would like to ask the author to explain 
how a protective gap which is placed directly 
across the series coil, and can only limit the 
impulse voltage across the coil, eliminates 
the necessity for lightning protection of the 
major insulation of the recloser, particularly 
since the author points out that the tank 
may be grounded. 

If flashover takes place on the load 
side bushing of the recloser, the recloser 
itself would be expected to clear the fault. 
However, if flashover takes place on the 
source side bushing of the recloser, it would 
be necessary to depend on some other re- 
closer or fuse nearer the power source to 
clear the fault. This latter case would 
cause an interruption to a part of the system 
which could be avoided by proper lightning 
protection of the recloser. 


Roy M. Smith (Railway and Industrial 
Engineering Company, Greensburg, Pa.) : 
The operating characteristics of the new 
automatic circuit recloser are most interest- 
ing. However, we cannot agree that the 
cycle of two instantaneous trips followed by 
two time lag trips to lockout is by any 
means “ideal.” 

While everyone will agree that an in- 
stantaneous trip followed by a fast reclosure 
is desirable to prevent the unnecessary blow- 
ing of fuses, there seems to be little justi- 
fication for the second instantaneous trip. 
An inspection of Figure 6 of the author’s 
paper indicates some margin for fuse co- 
ordination between the first instantaneous 
trip and the third time lag trip, although 
apparently only one or two fuse ratings 
could be accommodated—and then for 
only a portion of the current range. As the 
first trip is not particularly fast, as compared 
with the damaging time for a fuse, it is 
difficult to see how the second instantaneous 
trip can be made to co-ordinate, for it will 
be faster than the fuses for small currents, 
and slower for larger currents. 

It would appear that an improvement 
in operating duty cycle might be the fol- 
lowing: 


1. Instantaneous first trip followed by high speed 
reclosure; 


2. Time-lag trip followed by time-delay reclosure; 
3. Time-lag trip followed by lockout. 


With such a duty cycle, it would be pos- 
sible to protect one or two fuses for transient 
faults and to blow. them on permanent 
faults without an unnecessary lockout. At 
the same time, permanent faults on an un- 
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fused portion of the circuit would be given 
two opportunities to burn clear. With such 
a duty cycle the system would be subjected 
to less shock, and yet full protection would 
be obtained. 

We note that the timing characteristics of 
the new recloser appear to be somewhat 
erratic. While the time curves in Figure 6 
are shown as a band, similar to fuse curves, 
they apparently should be considerably 
wider to accommodate the variations nor- 
mally expected with a dashpot timer. 

For example, the paper indicates that 
the oscillogram in Figure 4 was taken on a 
5-ampere recloser at 20 amperes, but the 
times shown do not fall within the bands of 
Figure 6. The time for the first two instan- 
taneous trips are shown as ().1 second, but 
the curve in Figure 6 shows a.time between 
0.06 second and 0.073 second, or an average 
of 0.067 second. This is an error of 50 per 
cent. 

Likewise, Figure 4 shows a time lag of 
0.3 second for the third trip and 0.4 second 
for the fourth, although Figure 6 gives an 
average time of 0.52 second or an error of 
42 per cent in the worst case. Perhaps the 
inconsistency is due merely to temperature 
error, but some explanation would be de- 
sirable, as it would be difficult to co-ordinate 
the recloser with a fuse from the data 
given. 


A. Van Ryan (Kyle Corporation, South 
Milwaukee, Wis.): The development of 
automatic circuit reclosers came about 
through the knowledge that by far the 
greatest majority of faults occurring on 
rural distribution systems are of a transient 
nature. These faults, once cleared, permit 
automatic restoration of service. 

Fuses do not have the ability to inter- 
rupt automatically and restore service 
indefinitely, and, as pointed out by 
Wallace, cannot be depended on to co- 
ordinate with automatic circuit reclosers 
having single time—current characteristics. 

However, low revenue does not warrant 
the cost of automatic reclosers on small 
branches extending from the main lines 
as well as from the main branch lines, and 
thus inexpensive fuse cutouts are used at 
these points on the system. 

To permit the use of fuses and yet provide 
complete protection, the automatic circuit 
recloser having dual time—current character- 
istics was developed. A recloser of this 
type was described to the Institute in 1945.1 
Such reclosers have been in use for somewhat 
more than two years and have proved their 
ability to interrupt and restore service upon 
the occurrence of transient faults and to 
isolate permanent faults to a small locality. 
In a distribution system so arranged, the 
transient faults are cleared, and service is 
restored, by the automatic recloser; the 
permanent faults are cleared and isolated 
by the recloser or the fuse, depending upon 
which one of these protects the faulted sec- 
tion. 

Thus, although it may seem desirable to 
protect. the main lines with-automatic re- 
closers having delayed time—current char- 
acteristics to prevent short interruptions of 
service and thus give the main lines so- 
called “backbone,” it appears that this will 
cause unnecessary blowing of fuses on the 
small branches of the main lines. 
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The reason for this, as pointed out, is that 
fuses and single time-current characteristic 
reclosers will not co-ordinate with one an- 
other over a wide enough range of fault cur- 
rents. It is, in fact, the reason why dual 
time—current characteristic reclosers were 
developed. In other words, what is good for 
the branch lines is good for the main lines. 
Thus, it appears that dual time-current 
characteristic atttomatic reclosers must be 
used throughout, if fuses are to be used in 
conjunction with them. That part of the 
system protected for its transient faults by 
an atitomatic circuit recloser by necessity 
will have an outage of very short duration 
when a transient fault occurs. 

Automatic circuit reclosers are used in 
series on distribution systems. For this 
reason they must co-ordinate with one an- 
other as well as with the fuses they protect 
against transient faults. 

If, after a permanent outage, a recloser 
has only one retarded time opening charac- 
teristic, all related reclosers having sub- 
stantially instantaneous time-current char- 
acteristics will operate until they too fall 
into retarded time characteristics. Ifa dual 
time—current recloser not so arranged for its 
first operation after manual reclosure is sub- 
stituted, it often will reduce the current, 
during the time of the first two reclosures, to 
such a value that it is below the value which 
will cause the backup recloser to operate. 
Besides this, it has in reserve another re- 
tarded characteristic opening, should the 
first one fail to pick up the starting load. 
It is, therefore, not clear that this feature of 
the described recloser is desirable. 

Wallace is to be congratulated on 
the work he has done on his recloser, ‘so 
that it too has satisfactory tripping char- 
acteristics for co-ordination with fuse 
cutouts. 


REFERENCE 


1. ImPpROVED FAULT PROTECTION FOR RURAL DIs- 
TRIBUTION Systems, A. Van Ryan. AIEE TRANS- 
ACTIONS, volume 64, 1945, May section, pages 
261-3. 


J. M. Wallace: Asbury suggests that 
the speed of the first tripping operation be 
increased. It should be pointed out that in 
small automatic reclosers, all of the energy 
to operate the recloser is taken from the cir- 
cuit by means of a series coil. On low cur- 
rents, there just is not sufficient energy avail- 
able to operate the recloser in the short time 
that Asbury suggests. Of course, by 
going to additional complications, high speed 
tripping might be realized, but this in turn 
probably would result in a higher cost for 
this type of device. It is believed that in 
general the operation of the device is satis- 
factory for most locations and, that the in- 
creased cost would not be welcomed by the 
user, even though it did result in somewhat 
better characteristics. In some locations 
the increased cost would be justified, and 
perhaps a new device will be developed to 
meet these requirements. 

The second question asked by As- 
bury is the reason for the bands on the 
time—-current characteristics curves. These 
bands are intended to show manufacturing 
tolerances. : 

The third question is about the “net 
time to lockout’ characteristic. The net 
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time to lockout consists of the sum of the 
tripping time at any current for all four 
operations. In other words, it represents the 
total time of flow of fault current to lock out 
the recloser. Contrary to Asbury’s state- 
ment that the heat loss from a fuse link 
is extremely variable, experiments have 
shown that on larger sizes of fuse links, above 
5 amperes, with interruptions of less than 
two seconds on each flow of fault current, 
there will be less than 5 per cent of the heat 
lost. Consequently, in considering this 
problem, it is possible to co-ordinate over a 
somewhat wider range of current by con- 
sidering the heat that is stored in the fuse 
link. 

Asbury asked whether the interrupt- 
ing rating of the recloser could be increased 
by limiting its operation to two interrup- 
tions. For the recloser described in the 
paper, no increase could be realized, and it 
is the author’s belief that the same is true of 
other reclosers. In order to build a recloser 
which will operate satisfactorily, it is meces- 
sary that the interruptor be cleaned com- 
pletely or flushed after each interruption, 
and, consequently, the duty on the inter- 
ruptor is not reduced greatly by limiting 
the number of interruptions. 

Asbury asks whether tests have been 
made at 1,200 amperes and 15 kv. In 
reply we would state that the recloser has 
been tested successfully at 1,200 amperes, 
20 per cent power factor, and with 13,800 
volts across the single pole. 

Lincks discusses the so-called modern 
concept of distribution overcurrent protec- 
tion. It should be noted that the modern 
concept was introduced first by H. L. 
Rawlins and the author of the present paper 
in 1941 when a recloser using all time lag 
characteristics was described to the Insti- 
tute. At that time it was shown how 
a fuse link could be protected on its first 
operation and blown before lockout of the 
recloser by means of stored heat in the fuse. 
This method of co-ordination is satisfactory 
over a range of current which admittedly is 
somewhat limited when compared with the 
combination of instantaneous and time lag 
trips shown in the present paper. However, 
the range of current is satisfactory for 
many locations and will take care of many 
of the short branches, which Lincks 
states will not be protected adequately. 

Also, Lincks’ discussion overlooks the 
number of short branches which require no 
fusing and the number of short branches 
which can be co-ordinated with the time lag 
reclosers. He concludes with a statement 
that at least 20 to 25 per cent of the con- 
sumers would get an inferior grade of 
service continuity. Perhaps this should be 
restated that 5 to 10 per cent of the con- 
sumers would get an inferior grade of service 
continuity rather than the 25 per cent, as 
he has overlooked the afore-mentioned con- 
ditions. The author still believes that, in 
order to prevent an inferior grade of service 
continuity of the whole system by having 
momentary outages experienced by simul- 
taneous tripping of reclosers and by addi- 
tional operation and lockout of reclosers, 
it is worth having a somewhat inferior grade 
for the 5,to 10 per cent of the consumers men- 
tioned. After all, this so-called inferior 
grade of service is still as good as that 
which these customers have been getting 
for the last several years. Consequently, 
it is hard to believe that very many com- 
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plaints would be heard from these particular 
customers, especially as more than half of 
the system would have an increased class of 
service at the expense of this 5 per cent. It 
still is believed that the ‘‘backbone” of the 
system should be kept stiff. 

Olmsted practically confines his dis- 
cussion to 2,400—4,160-volt circuits. Ad- 
mittedly, circuits of this nature are higher 
current circuits than the 7,200-volt circuits 
on which this recloser is expected to operate. 
For these lower voltages, the current rating 
should be increased somewhat and the 
interrupting requirements probably should 
be increased also. Whereas we agree that it 
is desirable to develop reclosers for this 
service, so far it has not been proved that 
their application would result in a rather 
wide market. It should be realized that, 
with devices of this type, the development 
and tooling is necessarily quite expensive, 
and in order to produce any reasonable cost 
it is necessary that the number of units 
produced be high. Perhaps, as more users 
become familiar with the problem set forth 
by Olmsted and begin to accept his 
viewpoint, the market for such a device will 
grow to a point where a manufacturer will 
become interested in developing a device 
specifically for these voltages. 

Quinn questions the effect of ambient 
temperature on the recloser. The tempera- 
ture effects are not critical over a range from 
40 degrees Fahrenheit to 100 degrees 
Fahrenheit. Most of the operations of the 
recloser will take place in these temperatures 
as found in the United States. These are tem- 
peratures experienced during the lightning 
season. If sufficient margin is allowed be- 
tween the fuse links and recloser, proper 
operation will take place over a wider tem- 
perature range. Although it is realized that 
the recloser will change time characteristics 
with temperature change, it also should be 
realized that there will be corresponding 
change in the fuse link characteristic. This 
will help to offset the difficulties pointed 
out by Quinn. 

: Quinn questions the resetting time of 
the mechanism after a successful reclosure. 
This time is approximately 15 seconds per 
step, which means that after one reclosure, 
15 seconds is required to reset, and after 
three interruptions, 45 seconds is required. 

Rothpletz has pointed out the difh- 
culty of co-ordinating the reclosers with the 
so-called ‘weak link” in the transformers. 
This co-ordination problem is serious, and 
it is agreed that attention must be given to 
the subject. However, an immediate solu- 
tion is readily available to the operators by 
use of a larger size of recloser. If the 3-kva 
transformer will not co-ordinate with a 5- 
ampere recloser, it is possible to use a larger 
rating of recloser where this problem must 
be solved. 

‘Rothpletz mentions the data on in- 
rush current and states that for the recloser 
to pick up load it ought to take at least two 
seconds at minimum tripping current. 
The earlier recloser which preceded the one 
in the present discussion had time—current 
curves which met this requirement, and to 
the best of our knowledge there never has 
been any operating trouble experienced in 
picking up load. The present recloser meets 
Rothpletz’s requirements in that it has 
exactly two seconds at its minimum trip- 
ping current for load pickup. 

The discussion by Rudge is correct 
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‘in that the protective gap across the coil 
does not eliminate the necessity for light- 
ning protection of the distribution circuit 
or of the recloser. However, the paper did 
not infer that such protection was un- 
necessary but stated that the coil itself is 
furnished protection, which is superior to 
that supplied by external lightning gaps. 
External gaps or arresters must meet the 
basic insulation level of the system, and so 
they permit far higher surge voltages to 
appear across the coil than are experienced 
when the internal coil protective gap de- 
scribed in the paper is used. However, this 
internal gap is purely for the purpose of pre- 
venting surge voltages on the coil: itself 
and obviously has no effect on the over-all 
system, 

The discussion presented by Smith 
contained two principal points. The first 
is a question of the need for the second in- 
stantaneous trip. The need for this second 
trip is occasioned by repetitive lightning 
strokes. Operating experience and light- 
ning studies both have indicated occasions 
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when lightning strokes will take place in 
the same area in fairly rapid succession. 
Because of the length of the time required 
for a.recloser to recycle to its initial position, 
about 10 seconds, it is desirable to have two 
chances of rapid clearing of the temporary 
fault. Smith’s second point is that the 
recloser is inconsistent in its time-current 
characteristics. He refers to the oscillo- 
gram, Figure 4, where there is a variation 
between the operating time of the recloser 
on its first and second and its third and 
fourth operations. However, when varia- 
tionsinasymmetry of the different operations 
shown on the oscillogram are taken into ac- 
count, the actual variations fall within those 
shown in Figure 6. 

The discussion by Van Ryan is similar 
to that of Lincks in that he argues that 
instantaneous tripping should be used on all 


‘reclosers rather than as stiggested by the 


author. However, Van Ryan does not 
present any new evidence which has not 
been taken into consideration. 


Van Ryan states that the recloser 
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ought not to have a time-lag operation when 
it is being closed after a lockout. He makes 
this statement on the basis that it is meces- 
sary to get co-ordination between main line 
reclosers, and he adds that the two instan- 
taneous reclosures may be sufficient to re- 
duce the line inrush current to a point at 
which it can be handled without the neces- 
sity of using time lag on the recloser. Ex- 
perience with tests in the field have shown 
that this is not the case. In one test, after 
a 1/2-hour outage, an instantaneous recloser 
tripped or “chattered” approximately 15 
times before the line was re-energized. This 
certainly indicates the need for time lag on 
re-energization of the line. In turn, if time 
lag is used, the recloser will cause an in- 
stantaneous recloser preceding it to trip out. 
In fact, a 5-ampere time-lag recloser can 
cause a 25-ampere instantaneous recloser to 
trip. This is one more reason why it is de- 
sirable to use time-lag tripping for the back- 
bone of the system in order to prevent such 
useless operations when re-energizing the 
system. 
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Can the Trolley Coach Compete 
Economically With the Gas or Diesel 
Bus Where No Overhead Facilities Exist? 


J. H. GAUSS 


NONMEMBER AIEE 


Synopsis: Each type of local transit vehicle 
has its proper place in the picture of modern 
transit. This position is determined by 
sound economics, including complete de- 
preciation on all equipment and facilities. 
The attractiveness of trolley coach service 
and its corresponding low operating cost 
enable this type vehicle to compete favor- 
ably with either the gas or Diesel bus even 
though new power and distribution facilities 
are required. 


ANY factors affect the location 

of the nerve center of our modern 
city, one of the most important of which 
is its urban transit system. Without 
adequate local transit service, the flow 
within the city stops. The congestion of 
cars and more cars clogging streets, park- 
ing lots, and garages is one of the first 
reasons business men shift to new loca- 
tions. A business ceases to be one, if 
people cannot get to it. You have seen 
business districts shift within a city. 
What once was the heart of a growing 
city now may have comparatively little 
value. The heart has shifted to a more 
desirable location. 

Superhighways and freeways have been 
built and expanded to improve approaches 
to the city. Actually, streets within the 
city are fixed basically and do not lend to 
this improvement. The result is that the 
external highway improvement adds to 
the downtown traffic congestion. 

Of late, people have become more aware 
that the problem is basically one of mov- 
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ing people, not vehicles. The search has 
been for transit equipment that will move 
people with an economic utilization of 
available street space. 


Selection of Proper Vehicle 


In selecting the proper transit vehicle, 
many widely different factors must be 
considered, ranging from public preference 
to fundamental economics. The public’s 
interest in this problem is that they have a 
short wait for a transit vehicle and that it 
takes them safely, quickly and quietly 
to their destination. . Public officials and 
local business men are interested in that 
the transit system takes them and their 
workers to their stores and factories and 
then maintains a rapid turnover of shop- 
pers to the business districts. The transit 
operators are interested in supplying the 
above service at a reasonable profit to 
themselves. 

Combining all of these varied require- 
ments of a transit service, there remains 


Figure 1. A _ trolley 
coach operating in 
Kansas City, Mo. 
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the problem of selecting a vehicle that 
best will suit the desires of all people con- 
cerned. Our present consideration is the 
economics of this operation. 

Each of the standard existing types of 
urban transit ‘vehicles, namely the me- 
chanical bus, trolley coach, Presidents’ 
Conference Committee cars, and rapid 
transit trains, has its proper economical 
application. Primarily this application 
depends upon the density of traffic to be 
handled. Those familiar with New York 
City have seen or have been a part of the 
terrific crowds handled by the subway 
system. It is difficult to imagine any 
other vehicle that would move this vel- 
ume of people adequately. It would re- 
quire 20 4lane highways to handle 
this crowd were they to move by private 
automobile. This is based on the national 
average of 1.7 people per car. Those 
familiar with Washington, D.C., Boston, 
Mass., or Pittsburgh, Pa., know what 
a PCC car can do and how many 
people can be. crammed into it dur- 
ing the rush hour. Again, it is hard 
to imagine smaller vehicles doing that 
job. If these people all traveled by 
private automobile, it would require a 9- 
lane highway to handle the raffic that is 
now handled by carline. 


The Trolley Coach 


The trolley coach’s economic field of 
service is those trunk lines that do not 
justify PCC car operation but do justify a 
large size vehicle (37-44 passengers). 
There is another way of expressing this 
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Where a rush 


traffic density bracket. 
hour headway of from two to ten minutes 
is required, the trolley coach is the most 


economical transit vehicle. There is still 
another yardstick. Where a traffic den- 
sity of from 400 to 2,0C0 passengers per 
hour is to be handled, the trolley coach is 
the most economical vehicle. One trolley 
coach line can handle the people that a 7- 
lane highway normally handles by private 
automobile. For lines of lighter service 
than those listed above, the mechanical 
bus is best suited. 

With the foregoing background as a 
general installation guide, one gets a rough 
idea as to which vehicle to consider most 
seriously when studying vehicle applica- 
tion to various lines. Under no circum- 
stances can any guide or rough yardstick 
of this sort be applied to a specific line for 
the final and definite vehicle selection. A 
very complete traffic study followed by a 
simple economical analysis of the pro- 
posed vehicle applied to each line is the 
only sure way of assuring economy of 
service. 

As a means of illustration, we can as- 
sume a line in an average American city, 
ten miles long round trip. A traffic study 
has indicated that this line requires 44- 
passenger vehicles operating on a 4- 
minute rush hour headway, The problem 
is ‘Which vehicle can serve this line most 
economically ?”’ 


Number of Vehicles Required 


The first step is to determine the num- 
ber of vehicles required for the line. Table 
I indicates that 14 44-passenger trolley 
coaches are required to handle the traffic. 
To do the same job, 16 44-passenger 
mechanical busses would be necessary. 
Because of normal maintenance, wrecks, 
reconditioning, and so forth, two spare 
trolley coaches, or three mechanical busses 
should be purchased, making the total 
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Figure 2. A trolley 
coach operating in 
Denver, Colo. 


number of vehicles required 16 trolley 
coaches or 19 busses. Table II indicates 
the annual number of miles, hours, and 
passengers handled by each type of ve- 
hicle. 

The basis of comparison used in Tables 
I and II bears explanation. All trolley 
coach data for this entire study were taken 
from a report published in Bulletin 707 by 
the American Transit Association in July 
1946, covering the operation of large size 
trolley coaches by 24 transit companies in 
1945. This bulletin gives a very accurate 
set of figures for up-to-date trolley-coach 
operation. : 

No such comprehensive data are avail- 
able for large size mechanical busses. 
However, the figures used in this study are 
all based on those of actual operation of 


Table |. Number of Vehicles, Miles, and Hours 


large busses. You will note that where it 
requires but 14 trolley coaches for revenue 
service, it requires 16 busses. The trolley 
coach is able to maintain a faster schedule 
speed in similar service than that of a 
large size bus because of its almost un- 
limited power availability for accelera- 
tion. The electric motor in the trolley 
coach operates at between 150 and 200 
per cent load for a short period of time 
during acceleration, making possible a 
faster and smoother coach pickup and en- 
abling operation at a faster schedule 
speed. On the other hand, a 44-passenger 


_ mechanical bus with seated load is slug- 


gish getting under way, especially if 
operating on a slight up-grade and does 
not have the reserve power required to 
hold its place with other traffic. 

In addition to the fact that the trolley 
coach is inherently a faster accelerating 
vehicle, other features of its construction 
assist it in maintaining a faster schedule 
speed. For’ example, the trolley coach 
generally has a 30 per cent wider aisle and 
wider doors than mechanical busses, en- 
abling the movement of passengers on and 
off the coach to be speeded up consider- 
ably, thereby reducing stop time and in- 
creasing schedule speeds. 


For these reasons, the schedule speed of 
the bus in this report is assumed to be ten 
per cent less than that of the trolley coach. 
This has the effect of requiring more 
busses to do a given service than trolley 
coaches, which has been borne out on 
many properties. 


Trolley 


Head- Vehicle Vehicle Vehicle Vehicle 
Hours way Coaches Miles Hours Busses Miles Hours 

Weekdays 
AM peak-\irr a= .2> eee Sanya ace TAD ast ebsites SOO! Aisi ten DR raster vers Give curser BOOT re acters 32 
Beis Deak rake eiiclate leis Aon tea Gee Ae RABE SOO eames 2B) ects sche VBS ecprucsive BOO Mreeye aris 32 
Basevange datte «!« WA or ders Gidiieeacere NO), Cesta tev aets 4.00). artaare LAO ee ation Di Nee reiare ANA OO aston cremhs 154 
ING gE, ¢ sieges LOMP Sete WG isenay-ver- Bh detanakere PPI Sle ae Oe atures eed 4 ded ae Pereira (0 24 

D220. eta civ pi 220i Ha cetera eahpes ofa s 6 As 25223); sist ws 242 
Sundays and Holidays 
Basentyivteres ses UGH aes. (ene SRritatin, B T Sena WeZOO te ruacuer yi Peer oti, « BP sisehoes 1.200) eer 128 
Nie hity panera (ie bad LO ie armins sre AX Svihircdee 225 aaveoceeieas 28 28 esis Ai cakes neh iss 225) neat 24 

WAQG ye chaee LAO Saw auaterahe pes patina coe 1,425 152 
Average schedule speed: trolley coach—10.6 miles per hour; bus—9.5 miles per hour. 

Table Il. Annual Vehicle Miles and Hours 
Miles Hours Passengers 
Trolley Trolley Trolley 
Days Coach Bus Coach Bus Coach Bus 
Weekdays.........308...:685,000....685,000....... GY AeA UE ly AUC At P Scon C 5,110,000... .4,600,000 
Sundays; - acne a. 52... iT A000). eet tO OU mesa (Ua ny Ah ORAS Oo 552,000.... 497,000 
Holidays.a<. 4.0% Bice a Uy LOOu den! Te OO iE nate OO tarittcty OHCBO scaltae ests 53,000..., 48,000 
Totalaras soanels art B65. han GOV 00 s2 niet OO MOO spe o rei csats 76,680)... < 835260). o.- 1a. 5,715,000... .5,145,000 


Trolley coach—7.46 passengers per mile; bus (ten per cent less than trolley coach) —6.71 passengers per mile. 
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Most trolley coach operators maintain 
2.5 to7 per cent spare trolley coaches. In 
this study we have used two spare 
coaches, or 14 per cent, which is high. As 
more vehicles were applied to other lines 
this percentage would reduce in favor of a 
reduced first cost. -We have included 
three spare busses, or 18 per cent, which is 
also high by about the same ratio. Fifteen 
per cent spares for bus operation is normal. 


A recent study made of 11 properties 
disclosed that these properties maintained 
an average of 2.4 per cent spare trolley 
coaches and 15.3 per cent spare busses. 
Seattle, operating 307 trolley coaches, 
maintain only 2.6 per cent spares. 
Similarly, they operate approximately 300 
busses and maintain 12 per cent spares. 
For our small operation, two spare trolley 
coaches and three spare busses seem 
reasonable. 


The miles and hours figures of Table II 
were obtained from Table I. The ATA 
bulletin, previously referred to, stated an 
average passenger loading of 7.46 passen- 
gers per mile which results in 5,715,000 
annual trolley coach passengers. 


Time and again on properties where 
trolley coaches have replaced busses, 
passenger revenue has increased materi- 
ally. Where trolley coaches have re- 
placed street cars and busses have re- 
placed street cars on similar lines, the in- 
creased riding on the trolley coach lines 
has been greater than that on the bus 
lines. Because of the long life and 
constant operating characteristics of the 
trolley coach, it is able to hold its in- 
creased revenue through its entire life 
which is not the case with a bus. Further, 
the trolley coach, having wider aisles and 
being a more roomy vehicle over-all, is 
able to carry approximately ten per cent 
more people during rush hour than a 
similar seating capacity bus. These com- 
bined characteristics enable us to justify 
a ten per cent minimum revenue differ- 
ential in the favor of the trolley coach; 
consequently there is a difference in an- 
nual passengers’ carried between the two 
vehicles. 

As a summary of the study thus far, we 
find that to handle this 10-mile route, it 
requires 16 trolley coaches operating 
766,100 miles and carrying 5,715,000 pas- 
sengers per year. To do the same job, it 
requires 19 busses operating 766,100 miles 
and carrying 5,145,000 passengers per 
year. 


Investment 
The next factor to consider is the in- 


vestment required for each type of opera- 
tion. Table III covers the trolley coach 
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investment and Table IV the bus invest- 
ment. All costs are as of September 1946; 
so they are comparable to each other. 
The bus and trolley coach cost are aver- 
ages of bids of seven and four builders, 
respectively, on an actual installation. 


Table Ill. 


Trolley Coach Investment 


Capital Investment 


16 trolley coaches at $16,300.00 (14 
revenue service + 2 spares)...... .$261,000.00 


5 miles 2-way overhead............. 89,000.00 
5 miles 2'way feeder....f. cs cue 14,440.00 
11/; 500-kv substations,........... 56,000.00 
1 garage and facilities.............. 40,000.00 


"Totals o..se2htie te caters natn Re ee $460,440.00 


Table IV. Bus Investment 


Capital investment 
19 busses at $15,300.00 (16 revenue 
service + 3 spares)................8290,500.00 


1 garage and facilities. J....5.¢..... 60,000.00 
1 bus storage garage and maneuver- 

TT ALOR hid. oooks) omic bie heer aac 60,000 .00 

‘ eS. SS 

Totals ascedus nun iting hee nek $410,500.00 


The trolley coach substation cost is 
wortha comment. The capacity required 
for this one operation is a 500-kw station 
located near the center of the line. The 
reliability record of a modern rectifier 
station is 99+ per cent; . however, 
sufficient stand by capacity must be avail- 
able in case of a fault. Consequently, 11/3 
500-kw units are included. We can as- 
sume safely that one stand-by station 
could serve three similar lines. In actual 
practice where a large network is electri- 
cally connected together, this cost might 
be further reduced. Similarly, were this a 
single self-supporting line, two 500-kw 
stations would need to be installed, in- 
creasing the substation cost to $76,000.00. 

You will note that the garage facilities 
for the trolley coach are considerably less 
than for the bus. This is justified for sev- 
eral reasons. Maintenance of trolley 
coaches is a relatively small portion of 
their operating cost. The absence of an 
engine is a great factor in this cost reduc- 
tion. Further, an average trolley coach is 
approximately 2,000 pounds heavier than 
a bus. This weight is in axles and con- 
struction in general, giving a sturdier and 
more dependable vehicle. These factors 
combine to require less maintenance work 
and hence less maintenance facilities. This 
is further borne out by the number of 
spare vehicles required fot service as ex- 
plained above. 


For operation in colder climates, this 
differential is further increased. Trolley 
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coaches can be stored out of doors with 
absolutely no serious effect on starting or 
performance. On the other hand, most 
properties arrange for heated storage 
facilities for busses to enable reasonable 
starting characteristics. In southern 
climates where this storage is not neces- 
sary, the investment for bus garage would 
be approximately $60,000.00 Therefore, 
to summarize the investment needed to 
put either type of vehicle in operation, 
trolley coaches can be put into ‘service 
for an investment of $460,440, and busses 
can be put into the same service for an in- 
vestment of $410,500. 


Operating Costs 


Now that we have our investment 
figures for the two proposed vehicles, 
there remains the comparison of actual 
operating cost versus income. Operating 
costs consist of two major items, namely, 
fixed charges and operating expenses. 
First, we will consider fixed charges. 


Tables V and VI show the fixed charges 
for each of the proposed systems. De- 
preciation is figured by dividing the first 
cost by the number of years of expected 
life. You will note that the expected life 
of the trolley coach is 12 years, while the 
expected life of the mechanical bus is only 
% years. This is based on actual practice 
of the transit industry at large. The rate 
of depreciation varies from 12-8 to a 20- 
10 ratio. For example, Boston, Mass., 
and Baltimore, Md., depreciate trolley 
coaches in 12 years and busses in 8 
years. Des Moines, Iowa, depreciates 
trolley coaches in 20 years and busses 
in 10 years. Cleveland, Ohio, depreciates 
trolley coaches in 15 years and busses in 
10 years. Our choice of 12 years for 
trolley coaches and 8 years for busses 1s 
reasonable. 


Table V. Trolley Coach Fixed Charges 


Depreciation ' 
Coaches (12 years)!-a.-\. tee wee ee $21,750.00 
Overhead (20" years)! ij. ot rediasie aie 4,450.00 
Feeder (20) years)ion chu. wietems series 720.00 
Substations (20’years)..........-.-- 2,800.00 
Garage (50 VCATS) cies oa ates eer 800.00 
POLE] | Saye wieder nec aie ote teaets Leann aaa $30,5200.00 

Interest (average two percent per year) 9,2000.00 
Total annual fixed charges.......... $39,720.00 


Table VI. Bus Fixed Charges 

Depreciation 

Busses (8) years)'hs.a.,2 vPossee emer sree $36,400.00 

Garage and facilities (50 years)...... 1,200.00 

Garage storage (50 years)......-.-.- 1,200.00 

fol a) een crypto cot ant Ot cu or te Oar $38,800.00 
Interest (average two per cent per year) 8,200.00 

Total annual fixed charges........ ‘$47,000.00 


ATEE TRANSACTIONS 


Table VII. Trolley Coach Operating 
Expenses 
| ARSRRU Dok ET eee 8 


Cents Per Vehicle 
Mile 


Maintenance expense 


Ways and structures........ 1.29 
EQUipMent 5 65 io15 0. bree oye 4,12 
Ween. en ei een le lod cine's.* 09 

POCA RON ME Re ore een didieiee omer 0100) 


Operating costs 


MOWER ohia hicks ie Tike se SL 
Conducting transportation 
(drivers, and soforth)..... 13.9 
General and miscellaneous 
(claims, general office, 
salaries, and expenses, 
and Soforth)...0 ss. sense. Owe 
PUSAEIC cus aie oe saye se ieee .06 


ROTA sh Pays eiaiavenaelegele ss eve cle eyoeicistes 23.33 


Total operating expense...........-++ 28.83 cents 
(Not including taxes) per mile 


Table VIII. Bus Operating Expenses 


Cents Per Vehicle 
Mile 


Maintenance expense 


Bodies and chassis........-- 4.65 
Tires and tubes, «i. c.eiweees Led 
Miscellaneous. 2. i... 06.5 «000s 2.4 


PU COU AR eater ig) tdae sages dase 4, MAA aeene = 8.15 


Operating costs 


Muyeland Ove dngk wesw OO 
Conducting transportation 
(drivers, and soforth)..... 14.6 
General and miscellaneous 
(claims, general office, 
salaries, and expenses, 
Aaclao Forti) jects selcims cere Oe 


Total operating expense.......--..--- 33.01 cents 
(Not including taxes) per mile 


The depreciation rate for the remainder 
of the electric equipment and garages 
needs little explanation except that they 
represent a fair cross section of the in- 
dustry in general. 

Interest: is assumed at an average of 
two per cent per.year of the original in- 
vestment. Obviously the interest rate is 
larger; however, .as the investment is de- 
preciated the payment becomes con- 
siderably less, and consequently, this is a 
simple way of expressing an average in- 
terest charge. 

Totaling the fixed charges, we find that 
the trolley coach operation will cost 
$39,720 per year against $47,000 per year 
for the busses in fixed charges. This 
means that in spite of the higher first 
cost, because of the longer life of the trol- 
ley coach they actually cost $7,280.00 less 
per year than do the busses in fixed 
charges. 

The next step in total operating cost is 
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the operating expense. This includes the 
actual day-by-day expenses such as main- 
tenance, fuel, drivers, and so forth. 
Tables VII and VIII list these items for 
the trolley coach and bus, respectively. 
Again the trolley coach figures were ob- 
tained from the ATA bulletin and repre- 
sent a fair average of 24 operating com- 
panies operating large trolley coaches. 
The maintenance cost for ways and struc- 
tures is 1.29 cents per mile. This cost is 
considerably higher than one would ex- 
pect for new overhead as used for this 
illustration. The figure, 1.29, wun- 
doubtedly includes repairs to converted 
street car overhead and general rehabilita- 
tion. New modern overhead would not 
exceed $0.75 mile maintenance; however, 
the published figure is used herein. 

Bus expense data were obtained by 
averaging a number of bus operating re- 
ports. In comparing figures of this sort, 
care must be taken to obtain data per- 
taining to vehicles of the same seating 
capacity operating on lines of similar 
traffic density, (both passenger and other 
vehicles), and operating over streets of 
the same general width, profile, and state 
of repair. Each of these factors seriously 
affects both operating expenses and 
schedule speed ability. It is obviously un- 
fair to compare a 44-passenger vehicle 
with 36-passenger vehicle. It is also 
obviously unfair to compare two vehicles 
of the same size, one operating in con- 
gested areas and the other operating over 
wide free streets with few stops. 

The foregoing figures are comparable as 
they represent data taken from lines 
operated under similar conditions. 

By comparing Tables VII and VIII we 
find that the trolley coach costs 28.83 
cents per mile to operate excluding taxes, 
while the bus costs 33.01 cents per mile ex- 
cluding taxes. Basically the difference is 
found in maintenance and operators’ 
wages. 

You will recall in the first part of this 
paper we included additional garage and 
maintenance facilities for the busses. 
These added facilities are justified by the 
above maintenance costs. Because of the 
simplicity of the electric drive, the more 
sturdy construction of the trolley coach 
itself, and, further, the absence of engine 
vibration affecting vehicles, bodies, and 
chassis, the maintenance costs are con- 
siderably less for the trolley coach than 
for the mechanical bus operating as out- 
lined above. 

Summarizing thus far, we find that to 
operate trolley coaches on this line we 
must make a considerably larger initial 
investment than is required for busses. 
For this larger investment we will receive 
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Table IX. Trolley Coach Annual Statement. 


—EEE——— 


Cents Per 
Mile Annual 
Passenger revenue..... Metioats 50.9 . .$390,000.00 
Expenses 
Operating expenses... .28.83 
Fixed charges.....:.. BLE 
PUOLAN  ecush Myok ection 34.00 34.00 
IVEE TOVERUGE «te crore oc ss wia ciocnyeue 16.90 
PARES checks eattte, arene 8.09 8.09 
Operating expense...... AD 00h tee 322,500.00 
Operating income...........- 8.81 $ 67,500.00 


Per cent return on investment. . 14.6 per cent 


Table X. Bus Annual! Statement 


a, 


Cents Per 
Mile Annual 

Passenger revenue........--- 45.8 ..$351,000.00 
Expenses 

Operating expenses. ..33.01 

Fixed charges......- 6.14 

Total merce dicleleiee 39.15 39.15 

Net revenue. fade ces ee ses 6.65 
MAKES). cae sete owas eierets 3.20 3.20 
Operating expenses..... BD) Beye tejarapaters 325,500.00 
Operating income.........--- 3.35 $ 25,500.00 


Per cent return on investment. .6.2 per cent 


greater revenue. We also find that be- 
cause of the longer life of the trolley 
coaches, annual fixed charge cost for the 
trolley coach operation will be consider- 
ably less than that for the bus operation. 
Further, we find that the actual operating 
expenses for the trolley coaches will be 
considerably less per year than those for 
the busses. 


Annual Statement 


The final analysis for our economic 
study is the annual statement. In the 
annual statement, Tables [X and X, the 
operating income is balanced against the 
total operating costs. After deducting 
operating expenses, fixed charges and 
taxes, the trolley coach operation leaves 
an operating income of 8.81 cents per 
mile or $67,500.00 per year. Expressed as 
a per cent of the initial investment, this is 
a return of 14.60 per cent. 

The bus annual statement indicates an 
operating income of 3.35 cents per mile or 
$25,500 per year which in turn represents 
a return of 6.2 per cent on the original 
investment. 

It is interesting to note that the trolley 
coach net revenue before deducting taxes 
is approximately two and one-half times 


‘the corresponding bus figure. This is obvi- 


ously because of a combination of higher 

income and less operating expense. 
Taxes used in this analysis represent 

the total of vehicles, facilities, and revenue 
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taxes, the basic figure of 8.09 cents per 
mile for the trolley coach being obtained 
from the ATA bulletin. As there is no 
ready means of computing bus operation 
taxes, the ratio of taxes to net revenue was 
maintained in both annual reports; hence 


total bus taxes are reduced considerably as 
a result of a reduced net revenue. 


Conclusion 


In conclusion, to answer the question 


asked by the title of this paper, the trolley 
coaches not only can compete with the 
bus under the conditions where no over- 
head or substation equipment exists, but 
they offer the most economical and satis- 
factory service. 


Discussion 


L. W. Birch (Ohio Brass Company, Mans- 
field, Ohio): Following a hearing before the 
Public Utilities Commission of New Jersey 
in June 1938, concerning the possible fire 
hazard introduced by 2-wire trolley coach 
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overhead systems, the commission’s subse- 
quent ruling was rendered negatively. The 
overhead wires were not considered a 
hazard. Testimony was given during this 
hearing that indicated aerial ladders could 
be raised along the route and that there 
would be no impediment to fire fighting. It 
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was also stated by several witnesses from 
operating companies that only in very rare 
cases have wires been cut to facilitate fire 
fighting. The negative wire located on the 
building side is usually 13 feet from the curb 
line, thus providing 20 to 25 feet between 
this wire and the building walls. 


AIEE TRANSACTIONS 


’ - 


Radar Technique in an Industrial Control 


W. D. COCKRELL 


MEMBER AIEE 


OR a long time, industrial electronic 

engineers and communication en- 
gineers have felt that their circuits and 
techniques had little in common, that the 
one dealt with low frequencies and high 
power, whereas the other dealt with high 
frequencies and often with signals of ex- 
tremely small power. However, with the 
- development of such special communica- 
tion fields as radar and loran, it has been 
found that many new circuits have been 
adopted in the communication field which 
are also quite useful in the industrial field. 
Therefore, it is highly desirable that the 
progressive electronic engineer in either 
field keep close contact with develop- 
ments in the other so that he may take ad- 
vantage of those which he may use best. 
Circuits such as square-wave circuits, 
clippers, blocking timing, and counting 
circuits normally associated with radar 
have an equally important place in indus- 
trial electronic circuits. In fact, the cir- 
cuit to be described was designed before 
the war and before the present radar cir- 
cuits were made available to the indus- 
trial engineer. 


Typical Industrial Application— 
Photoelectric Side-Register 
Control 


In the paper and printing industry, on 
slitting and processing machines where an 
accurate alignment of a web or strip is re- 
quired, it is very desirable that the strip 
be wound or unwound so that its edge ora 
line of printing on it shall follow an exact 
path. Such a machine is shown in Figure 
1, The basic mechanical operation will 


Paper 47-47, recommended by the AIEE committee 
on industrial control devices for presentation at the 
AIEE winter meeting, New York, N. Y., January 
27-31, 1947. Manuscript submitted November 13, 
1946; made available for printing December 19, 
1946, 


W. D. Cockrett is in the industrial engineering divi- 
sion of General Electric Company, Schenectady, 
N. Y. 
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be seen more clearly from the simplified 
sketch of Figure 2. A photoelectric scan- 
ning head, shown in the center above the 
strip, views the strip edge or a printed 
line. Any deviation from the correct path 
is signaled to the electronic control panel 
at the right to excite an amplidyne gen- 
erator. The amplidyne drives a correct- 
ing motor which moves the feed roll side- 
wise to correct the position or register of 
the strip. 


Photoelectric Scanning Method 


The photoelectric means developed to 
accomplish this result operates as follows: 
Because the most sensitive phototubes 
change their characteristics slowly over a 
period of time, it is desirable to operate on 
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a sudden change of light, rather than ona 
continuous amount of light. To obtain a 
sudden change of light reaching the photo- 
tube, as reflected from the printing or edge 
of web, an optical system is used. It con- 
sists of four lenses mounted on a disk 
which is turned by a synchronous motor. 
The image of a lamp filament is projected 
through the lens onto the paper, and as 
the lens moves this small spot of light 
describes a quarter circle. Figure 3 shows 
a typical unit with cover removed, As 
the rotor of the small synchronous motor 
turns in accord with the electric voltage 
wave form, the position of the spot at any 
instant is’ related directly to the instan- 
taneous value of the voltage driving the 
motor. Therefore, as the spot sweeps 
past the change in color corresponding to 
the register point, the change of phototube 
signal may be matched in time with the 
instantaneous value of the a-c voltage. In 
this way, a corrective action may be set 
up if the register point is not in its correct 


Figure 1. A side-register control installation 
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position. The photoelectric scanning 
head including the optical system and 
phototube is set up so that the correct 
register position corresponds approxi- 
mately to the midpoint of the light arc. 

The principle of determining accurately 
the arrival of an electric pulse is funda- 
mental in radar. Although here such ex- 
treme accuracy is not needed, we must 
determine times before, as well as after, 
the reference instants. 

The use of the rotating-lens optical 
system to operate a reversing motor on 
an on-off basis is not new, but the circuits 
developed to provide a signal proportional 
to the direction and amount of misregister 
do involve a number of radar-like circuit 
elements and should be of interest. A 
previous system provided only that if the 
light spot occurred earlier or later than a 
critical phase angle that the correcting 
motor would be driven in a forward or re- 
verse direction. However, inherent hunt- 
ing action caused an excessive wear on the 
correcting mechanism and was not com- 
pletely satisfactory. A circuit was needed 
which could apply a correction nearly pro- 
portional to the distance away from regis- 
ter so that the corrective action might be 
smooth and the motor might remain at 
standstill when no,correction was needed. 


Circuit Requirements 


As outlined briefly, we must compare 


1. An amplified phototube signal which 
has a comparatively steep wave front at the 
instant the light spot crosses the edge of the 
material or the printed line which will be 
used for register. Because the width of the 
line is indeterminate, and the surface over 
which the light passes afterwards cannot be 
controlled, it is desired to eliminate the 
phototube signal for the rest of the cycle as 
soon as the register signal has been obtained. 


2. The instantaneous value of the sine 
. . . . . .« Ft 

wave alternating voltage which is indicative 

of the position of the moving light spot. 


Our first step is to change the photo- 
tube signal into a uniform pulse and to 
eliminate all of the undesirable signals 
which the phototube may pick up. 


Input ‘and Pulse-Forming Circuit 


In order to transform the somewhat 
indefinite signals coming from the photo- 
tube amplifier into a consistent signal, our 
first step is to use them to trigger a square- 
wave or gate circuit. Referring to Figure 
4, we see that the circuit consists of a 
twin triode tube 3 V with common cathode 
resistor 11R, and with the grid of the 
second triode driven from the anode of the 
first by a voltage divider, 13R and 14R, to 
provide snap action from full current to 


270 


cutoff whenever the first grid passes a 
critical voltage. Switches are provided in 
the phototube amplifier so that the trig- 
gering signal is always in a positive direc- 
tion. 

The small circles at the top of the fig- 
ures enclose oscilloscope traces of typical 
wave forms at the points indicated. 


The Circuit Action—The Signal 
Trips 


Before the circuit is tripped, the first 
triode 3aV is normally nonconducting 
while the second 3bV is conducting with 
zero grid voltage. When a positive pulse 
is applied by the phototube amplifier to 
the grid of the first tube through the 
capacitor 4C, the first tube 3aV begins to 
conduct, its anode potential drops to that 
of the cathode, and the grid of the second 
tube, through the voltage divider 13K and 
14R, is driven sharply negative cutting off 
the second triode. The cathodes fall in 
potential permitting full current to flow 
through the first triode 3aV. This instant 
in the operating cycle is shown at point A 
in the oscillograph traces above the dia- 
gram. 

The grid of tube 3b Vis driven well nega- 
tive below the 3aV grid return point, 40, 
so that no further action of the phototube 
amplifier will be effective to cut off the 
first tube. If the signal from the photo- 
tube amplifier should go very negative as 
shown in the oscillograph trace, the recti- 
fier element of 4aV limits the voltage to 
nearly that of point 40 and prevents any 
further negative swing. » 

Thus, we have accomplished the first 
requirement of obtaining a definite signal 
from the phototube and preventing any 


Figure 2. The fundamental parts of a side- 
register control system 
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further signals from causing operation. 
We have developed a triggered gate cir- 
cuit with rectifier blocking of reverse 
action. 


Circuit Resetting Means 


However, in order to make the circuit 
alive for the next cycle, we must reset it. 
This is done by means of an a-e voltage 
obtained from the transformer 2T and the 
phase-shift circuit 13C and 44R which 
provides a sine wave of the proper magni- 
tude and phase. 

Rectifier 4bV is so connected that dur- 
ing the positive part of this sine wave 
4bV is not conducting and the reset circuit 
is disconnected. However, as this reset 
voltage swings negative (as it does near 
the end of the light-beam sweep) 40 V con- 
ducts and so makes the grid of 3aV very 
negative. This stops 3aV from conduct- 
ing and resets the circuit. Furthermore, 
so long as the reset voltage is negative, 
3aV cannot conduct and signals from the 
phototube remain ineffective until the re- 
set voltage again swings positive and re- - 
leases the 3aV grid. Point B on the os- 
cillograph traces indicates the beginning 
of the reset time. 


The Pulse or Pip Circuit 


The signal which we wish to use as the 
indication of the instant of tripping is a 
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very sharp pulse of positive voltage. This 
is obtained by coupling a very small 
capacitor to the anode of the second tube 
3bV so that the output plate of the ca- 
pacitor will be drawn quickly positive 
when the tube 3)V stops conducting but 
will recharge rapidly to its original con- 
dition. The voltage appearing at the out- 
put of this portion of the circuit is shown 
in the right-hand oscillograph trace. 

The output signal from this portion of 
the circuit consists of a single uniform 
pulse, accurately timed to the passage of 
the light spot past the paper edge or regis- 
ter line. This occurs once each electric 
cycle. 


Error Detection Circuit 


In this circuit (Figure 5), we compare 
the instant of passage of the light spot 
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Figure 3. A photo- 
electric scanner with 
rotating lens system 


A Cleft). Unit 
cover removed 
B (right). Sketch of 


optical system 


with 


past the register line, as indicated by the 
uniform pulse which we have produced 
and thé relative position of the light spot 
in its sweep, as determined by the instan- 
taneous value of the voltage driving the 
synchronous motor. Because this voltage 
is a sine wave, which we may change in 
magnitude or reverse in phase easily by 
means of transformers, it provides a very 
desirable signal for our purpose. The rela- 
tion between the voltage wave and light 
spot may be preset by the location of the 
lens disk on the motor shaft. 

In practice, we confine ourselves to a 


Input and pulse-forming cir- 
cuits 


Figure 4 (left). 


Figure 5 (right). Error-detection circuit, for 
polarity and magnitude 
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90-degree arc of movement. Because the 
scanner motor operates at 1,800 rpm, this 
allows 1/2 cycle (at 60 cycles) for opera- 
tion. Ina properly phased sine wave, the 
voltage swings from a positive maximum 
through zero to a negative maximum. If 
we apply this sine wave to the anode of a 
tube and use the pulse on the grid to per- 
mit conduction at the proper instant, we 
will release a brief surge or current corre- 
sponding to the instantaneous voltage ap- 
plied. Thus, if we should phase our opti- 
cal system so that the correct register 
point corresponds to the zero voltage of 
the sine wave, we can obtain a current 
flow proportional both to direction and 
distance from register. 

Because an electronic tube is a rectifier 
and cannot pass current in both direc- 
tions, we use two tubes: one which is 
supplied with voltage from one phase, and 
the other from the opposite phase of the 


ACTION FOR 
3 POSITIONS OF A 


OLTMETER 


aye 


transformer. These are shown as 5aV and 
5bV in Figure 5. If the positive pulses 
are applied to the grids of both tubes each 
cycle only that tube which responds to 
the direction of error will conduct current. 

At this point, we have obtained a 
definite signal corresponding to the direc- 
tion and amount of misregister, but it 
appears only as short pulse of current 
ineffective for operating a motor drive. 

This circuit element employs a principle 
somewhat like that used to match a PPI 
sweep to the antenna position by ener- 
gizing a selsyn with a pulse and obtaining 
an output pulse depending on the sine 
function of the rotor position. 


The Pulse-Smoothing Circuit 


In order to obtain a useful signal from 
the current pulses, they are used to charge 
two capacitors, 6C and 7C, of Figure 5. 

The capacitor charges are’drained off 
by shunt resistors, and as the current 
pulses arrive each cycle, each capacitor 
assumes a fairly constant voltage propor- 
tional to the charge received. The output 
from this part of the circuit is taken from 
the positive plates of the capacitors. The 
voltage between these leads is a compara- 
tively smooth direct voltage indicating 
both by magnitude and polarity the 
amount of misregister. 

The oscilloscope traces and voltmeters 
at the right in Figure 5 indicate three 
possible actions of this circuit. At the 
top, X, the pip has occurred before the 
zero point of the a-c cycle so that the left- 
hand tube 5aV has conducted, charging 
6C. We will assume that the pointer of a 
zero-center voltmeter applied across the 
output leads would swing to the left. 

For condition Y, the register is correct. 
The pip cuts the a-c wave at the zero- 
voltage point, and small equal charges 
appear on both 6C and 7C. The volt- 
meter indicates zero. 

Finally, at Z the pip occurs late. Tube 
5bV charges 7C and the voltmeter pointer 
swings to the right. 


Output and Power Circuit 


Once the misregister has been converted 
into a direct voltage, several means are 


Figure 6. Output cir- 
cuits and mechanical 
system 


available to provide power for the correct- 
ing motor. These include power electronic 
circuits, electromagnetic means, and the 
usual rotating exciters, and d-c generators. 
In this particular application, we will 
assume a fast-response generator, requir- 
ing low excitation power, known as the 
amplidyne. 

The two balanced control fields which 
excite the amplidyne are supplied by a 
pair of output pentode tubes. These, in 
turn, are fed by a balanced voltage ampli- 
fier whose grids are responsive to the 
capacitor potential indicating the mis- 
register. This voltage-amplifier stage 
consists of a balanced cathode-follower 
circuit sometimes given the descriptive 
name long-tailed pair. This circuit is 
coming into widespread use to provide 
symmetrical deflection for the plates of 


the cathode-ray-oscilloscope tube em-- 


ployed in radar, television, and many 
other fields. 


Circuit Refinement 


In an article devoted to the funda- 
mental features of a circuit it is always de- 
sirable to eliminate those subordinate 
circuits which, while necessary in a prac- 
tical design, tend to confuse a newcomer 
who wishes to trace the fundamental cir- 
cuits. In the commercial equipment, 
there are rectifiers to supply direct voltage 
and filters for obtaining good wave form. 
Stabilizing or anti-hunt circuits are pro- 
vided to obtain fast response with maxi- 
mum circuit stability. Motor switches 
and protection are needed as well as push- 
button stations to permit manual opera- 
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tion of the correcting motor while setting 
up the equipment. 


Conclusion 


In this description of a typical indus- 
trial electronic application, we have tried 
to show that the elementary electronic 
tube circuits familiar to the radar man are 
not limited to one field only, but can be 
combined and arranged to serve many 
functional requirements. In industrial 
electronics, as in other fields, we obtain 
the most satisfactory results by breaking 
the problem down to its basic functions so 
that each tube circuit has but one job to 
do. These basic elements then may be 
combined to obtain the final results. Of- 
ten in adding together the components, we 
are able to combine one or more functions 
without loss of operating efficiency. 
However, this can be done safely only if 
the essential functions for each circuit are 
kept clearly in mind. 
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A Balanced Amplifier Using Biased 


Saturable Core Reactors 


H. S. KIRSCHBAUM 


ASSOCIATE AIEE 


HE balanced amplifier using biased 

saturable core reactors was developed 
in the course of development of an im- 
pedance type regulator. Vacuum tubes 
were excluded from the latter device be- 
cause of shock involved in the particular 
application, and it was essential that the 
amplifier also be nonelectronic. 
ever, in addition to its shockproof charac- 
teristics, the resulting amplifier has un- 
limited life and a number of other features 
which suggest its use for a variety of other 
applications. It therefore was felt de- 
sirable to present the engineering features 
of this amplifier to the Institute. 

The amplifier was required to amplify 
a small d-c signal of the order of 0 to 
0.0004 watt to approximately 100 times 
this value. It also should handle 10 to 
100 times this power with about the same 
amplification. It should be duodirec- 
tional, reversing the output for a reversal 
of input. The time delay was required to 
be not greater than two cycles (60-cycle 
basis) for certain applications but was 
permitted to be as great as one second in 
others. 

A study first was made of the conven- 
tional saturable core reactorin a minia- 
ture size and it was found that 0.0004 
watt was insufficient d-c excitation on the 
d-c leg of the reactor to produce enough 
flux density to have any material effect on 
the a-c legs. 

Figure 1 shows the characteristic of a 
typical saturable core reactor. When 
used in the circuit shown, the power am- 
plification is of the order of 20 to 40 times 
greater in region 2 of moderate d-c ex- 
citation than in region 1 of low d-c excita- 
tion. 

The possibility of biasing the reactor to 
operate in the high amplification region 
was considered. However, with the ex- 
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tremely small signal power of 0 to 0.0004 
watt superposed on the comparatively 
large bias power of a few watts, the signal 
of course, would be indistinguishable from 
small variations of the bias power supply. 
Bias by permanent magnet provided 
some interesting possibilities. However, 
the real answer to the problem was found 
in the form of a balanced amplifier design. 


Balanced Amplifier 


The amplifying element of the ampli- 
fier circuit consists of a 3-legged reactor as 


‘described by Aggers and Pakala.! This 


reactor is illustrated in Figure 2(a) and 
consists of a 3-legged core with one coil 
on each of the outer legs and two (or 
more) coils on the inside leg. The reactor 
coils (those on the outside legs) are con- 
nected so that the a-c flux ®, passes 
around the outside iron path as shown in 
Figure 2(a). None of this flux enters the 
center leg. The coils on the center leg 
carry direct current which sets up a flux 
®,, which has a path through both out- 
side legs thus permitting control of the 
degree of saturation of the iron of the a-c 
flux path. By controlling the saturation 
of the core, the permeability of the iron, 
and, as a consequence, the reactance of 
the reactor are under control. By varying 
the ampere turns on the center leg, the 
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reactance of the reactor can be varied over 
a 30- or 40-to-1 range. The foregoing 
description is qualitative to the extent 
that the ac and dc magnetomotive 
forces are not superposable. Figure 2(5) 
illustrates the schematic equivalent cir- 
cuit of the saturable core reactor, and it 
will be used to represent the reactor in the 
work which follows. 

If the reactor is connected to a sine- 
wave voltage source as shown in Figure 3, 
and the alternating voltage across the 
reactor and the d-c amperes in one of the 
coils on the center leg are varied over wide 
limits, a family of curves as shown in 
Figure 4 will be obtained. The reactor 
current I, will contain odd harmonics be- 
cause of the saturation of the iron core. 
However, there will be no even harmonics 
because of the parallel connection of the 
a-c coils. The harmonic content will de- 
pend upon the extent of ac and dc 
saturations in the core. 

The push-pull arrangement which is to 
be analyzed is illustrated in Figure 5. 
This amplifier consists of two biased 
saturable core reactors supplied by a 3- 
winding transformer which is used to 
isolate the reactor circuits. The bias is 
introduced in order to have an initial d-c 
saturation of the core, this being necessary 
for the successful operation of a push-pull 
amplifier and to obtain high amplification 
of small signals. The reactor currents are 
rectified before being passed through the 
load resistance, and, as a consequence, the 
abscissa and ordinates of Figure 4 are ex- 
pressed in average instead of effective 
quantities. The rectified current of one 
of the reactors is passed through half the 
load resistance, and the rectified current 
of the other reactor is passed through the 
other half of the load resistance in such a 
way that the net voltage across the re- 
sistance is zero, when the control current 
Ig is zero. 

As there is inherent unbalance in the 
amplifier, caused by slight differences in 
the reactors and so forth, initial balancing 
action is obtained by means of the re- 
sistor Rp. This refinement may be dis- 
pensed with where the amplifier output is 
not required to be zero at zero input. 

When current is passed through the 
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Figure 1. Characteristics 
of a typical saturable 
core reactor 
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Power amplification in 
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Figure 2 (right). Satu- 
rable reactor 
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control coil circuit, the bias ampere turns 
on one reactor are aided by the control 
coil ampere turns, and those on the other 
reactor are bucked by the control coil am- 
pere turns. Thus one of the reactances 
decreases and the other increases. This 
unbalance in reactance causes a net volt- 
age to appear across the load resistance. 
Because this load resistance generally will 
be a coil, the net average ampere turns of 
which will perform some useful function, 
the useful power input to the coil will be 
VR?/2R. 

This device is a true d-c amplifier hav- 
ing no lower frequency limit and yet 
having complete isolation of output and 
input circuits, a feature much sought 
after in certain electronic amplifiers. It, 
of course, does have limitations for signals 
of more than a few cycles per second, as 
will be outlined later. 

In Appendix I, the amplification of the 
amplifier is determined analytically in 
terms of constants of the reactor obtained 
from the characteristic curves shown in 
Figure 4. The voltage across the total 
load resistor 2R as a function of the con- 
trol current J¢ is 


NeX oZ. 
qn 2R| net oee z (1) 
Nz(R?+X 0X po) 
and the power amplification is 
R INS oie 2 
a= AL Setetue | @ 
ReL Np(R?+X0Xpo) 


The symbols used are defined in Ap- 
pendix IV. 

From equation 2 it is obvious that if R 
were either zero or infinite, the ampli- 
fication of the amplifier would be zero. 
There must be some value of R between 
zero and infinity which will give the maxi- 
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Figure 3 (below). Test 
circuit for determination 
of reactor characteristics 
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mum amplification. This optimum re- 
sistance is found by differentiating equa- 
tion 2 with respect to R and setting the 
differential equal to zero. Solving for R 
yields 


|XoXDo 


en 


(3) 


It is a well-known characteristic of 
saturable core reactor amplifiers that if 
the d-c excitation is low, the center core 
is unsaturated and the time constant is 
long. The bias windings, therefore, not 
only greatly increase the amplification, 
but also reduce time constant, or increase 
the speed of action. Of course, a limit is 
reached, above region 2 in Figure 1, where 
a further increase in bias would improve 
the speed only at the expense of a decrease 
in amplification. 

The time constant of the d-c input con- 
trol circuit is the principal time delay in- 
volved in the device. Note that net 
coupling with the bias winding is sub- 
stantially zero because of the equal and 
opposite coupling on the two cores. The 
time constant of the amplifier can be re- 
duced by inclusion of resistance in the in- 
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(b) SATURABLE REACTOR EQUIVALENT CIRCUIT 


put circuit at the expense of reduction of 
over-all gain. In Appendix II, the follow- 
ing equation is developed for the time con- 
stant of the control circuit: 


_ Xo tet 
- QanfRe Na} 


By the addition of another coil on the 
center leg of the reactor, positive (or nega- 
tive) feedback can be introduced as shown 
in Figure 6. The output voltage sends a 
current J, through the feed-back coils on 
the center leg in a direction to aid the 
control coil. Thus the amplifier will sup- 
ply a portion of the energy necessary to 
sustain its output. This connection is 
stable up to the point where the amplifier 
supplies 100 per cent of this energy. Neg- 
ative feedback can be secured by reversing 
the connections at the feed-back input as 
shown by the dotted lines in Figure 6. 

The power amplification and time con- 
stant with feedback as developed in Ap- 
pendix III are 


(4) 


Cc 


(5) 


(6) 
where 
Ag and Tego are the amplification and time 
constant without feed-back 
Ry and Ny are the resistance and turns of 
the feed-back coil per reactor 
_- 2RNcX oZmo ir 
Np(R?+X 0X po) 
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Table |. Amplifier Power Amplification 


Power 
Method Amplification 
Calculated (equation 2).........+.+-55: 187 
Test (without filters).........-0++++40+ 169 
Test (with filters). ........00-+sereeees 266 


For positive feedback the negative sign 
is used in equations 5 and 6, and the posi- 
tive sign for negative feedback. The use 
of feedback permits wide control of the 
amplification and time constant of the 
amplifier. However, it must be borne in 
mind that the use of positive feedback 
gives greater amplification with the sacri- 
fice of greater time constant and negative 
feedback gives a smaller time constant 
with a smaller amplification. 


Experimental Confirmation of 
Analytical Results 


Two reactors as described in the pre- 
ceding section were built and tested to 
check the foregoing analysis. Ilus- 
trated in Figure 7 are the reactor core and 
coil data, the coils being wound as shown 
in Figure 2(a). The resistance of each 
a-c coil is 6.0 ohms, or 3 ohms for both coils 
in parallel, which is negligible when com- 
pared with the load resistance generally 
used with these reactors. Because the 
two reactors are duplicates, only one of 
them was tested in accordance with Fig- 
ure 3. The current 7, was measured with 
a rectifier type ammeter, the current being 
expressed in average amperes, whereas 
the voltage Vy was measured with an iron 
vane type of voltmeter, the average volt- 
age being determined by dividing the 
measured voltage by 1.11. The reactor 
characteristics as obtained are plotted in 
Figure 8. These data cover a range of 
reactance of over 30 to 1. 

Using the two reactors, the circuit of 
Figure 5 was tested with the reactors oper- 


ating initially at the point marked 0 bal 


Figure 8. The voltage across the 210- 
ohm load resistance is plotted, as curve A 
in Figure 9, as a function of the control 
coil current I>. The calculated curve, 
using equation 1, agrees within five per 
cent of the test up to a load voltage of 35 
volts. At this point, the reactors cease to 
operate on the straight line portions of 
their characteristics, and the output volt- 
age is no longer a linear function of the 
input current. The theoretical curve is 
above the test curve because of the re- 
sistance of the a-c coils and the selenium 
rectifier and also because of the leakage 
reactance of the transformer. These tend 
to reduce AI,/I¢ at the operating point. 
By placing second and fourth harmonic 
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filters across the total load resistance, as 
shown in Figure 5, the load voltage can 
be increased by approximately 25.5 per 
cent with a consequent increase of 58 per 
cent in power amplification. Table I 
lists the power amplifications on the 
linear portions of curves A, B, and C of 
Figure 9. 

The amplifier circuit with the filters is 
not amenable to analysis; however, ex- 
perience has shown that a gain of roughly 
50 per cent can be expected in power am- 
plification when they are used. 

The reactors were operated at the 
point Vyo=71.0 volts, Z49=0.338 am- 
pere, Z,)=50 milliamperes, and the load 
resistance varied. Figure 10 illustrates 
the variation in amplification with load 
resistance, the optimum resistance being 
230 ohms. At the point of operation, Xo 


Vy-AVERAGE VOLTAGE 


is 210 ohms and Xp, is 360 ohms, which 
give an optimum resistance by equation 3 
of 160 ohms. From the results of this test, 
equation 3 should be rewritten 


Ropt- == 0.76 NI Kiki 


This discrepancy between theory and 
test is not important because, near the 
peak of the amplification curve, it takes 
a wide variation in resistance to cause an 
appreciable change in amplification. The 
difference in amplification between the 
true optimum and calculated optimum 
resistances is only nine per cent. 

Figure 11 illustrates the response of the 
amplifier to a suddenly applied direct 
voltage at the input terminals (for three 
different operating points) plotted as a 
deviation of output voltage from the ulti- 
mate output voltage on semi-log paper. 
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Figure 4. Reactor characteristics 
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Figure 5 (below). Amplifier circuit 
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From these curves, the amplifier time 
constants can be obtained. There is a 
slight subtransient effect at the beginning 
of the transient which probably is caused 
by eddy currents set up in the core of the 
reactor. The time constants so obtained 
are plotted in Figure 12 as a function of 
Xo. There is good agreement between 
test and theory, the maximum deviation 
being about 15 per cent. 


Conclusions 


The performance of the typical ampli- 
fier described may be summarized as an 
amplification of 150 to 250 for input sig- 
nals as low as 0 to 0.0004 watts, with a 
time constant of 60 to 90 cycles. The 
amplification and time constant can be 
reduced proportionately by introduction 
of resistance; for example, to 15 to 25 
with a 6- to 9-cycle time constant. Other 
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Figure 6. Feed-back amplifier 


Figure 7. Core and coil data of reactor 


N4—366 turns per coil 
Nz—1,200 turns (150 ohms) per coil 
Ne—3,200 turns (79 ohms) per coil 


Figure 8 (right). Reactor characteristics 
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sizes are, of course, feasible. By using 
two or more stages the over-all time delay 
can be reduced without reducing the 
power amplification. 

The amplifier described should find its 
principle field of application where one 
or more of the following features are 
needed, and where the time delay involved 
can be tolerated: 


1. True d-c amplifier, with no lower fre- 
quency limitations. 


2. Complete conductive isolation of input 
and output circuits. 


3. Operation to low input signals 0 to 
0.0004 watt. 


4. Amplification almost independent of 
variation of a-c supply; 


5. Amplification almost independent of 
variation of bias supply. 


6. Shockproof. 


7. Unlimited life, no vacuum tubes. 


Vr 


A possible application is the regulating 
circuit shown in Figure 13. In this ap- 
plication the output of an impedance type 
regulator of low output is amplified to 
supply the field of a main exciter Roto- 
trol. This requires reduction of ampli- 
fication to improve the time constant. 
In another system, quick compounding is 


. used to provide the major correction and 


slow accurate follow-up uses the full avail- 
able amplification of the saturable core 
amplifier. The authors believe, however, 
that there are numerous other applications 
where the characteristics enumerated 
will be of value. 


Appendix |. Amplification 

In Figure 5 the total voltage at the 
secondary winding of the power supply 
transformer divides between the saturable 
reactor and the load resistor R. This voltage 
E will be assumed to remain constant for 
small variations of the current I 4. 

Referring to Figure 14, the (average) 
voltage vector diagram of the circuit, the 
following equation can be written: 


142R?+ Vx2=B? (8) 


which when differentiated with respect to 
I4 gives 


dVx_ 


21 ,R?+2V. 9 
I4R?+ xa, 7 (9) 
Rearranging, 
ax R3 

ae (10) 
Bm ae VE) 


Referring to Figure 4, the characteristic 
curves of the reactor, the initial operating 
point (no signal input to the control wind- 
ing) is indicated by the point 0. Using the 
subscript 0 for all reactor quantities at this 
point, equation 10 can be rewritten 


(11) 


Vy-AVERAGE REACTOR VOLTS 


6 08 


WZ 


Kirschbaum, Harder—A Balanced Amplifier 


1.0 l. 
Iy,-AVERAGE REACTOR AMPERES 


AIEE TRANSACTIONS 


(12) 


The expression for a small deviation in the 
voltage across the reactor can be derived 
from equation 11. It is 


dV: R? 
avr =| = XAI4=——XALa4 
0 x 


13 
ds Xi; (13) 


The center-leg excitation of the reactor 
is contributed by two windings, the bias 
winding which contributes Jgo and the 
control winding which contributes AJz. 
Because, in general, the control coil turns 
will not equal the bias coil turns, 


(14) 


where 


Ne are the control coil turns 
Nz are the bias coil turns 


Over a considerable portion of the family 
of curves of Figure 4, the curves are very 
nearly parallel straight lines, and they can 
be represented by the following equations: 


Ig=IgotAla 
Ip=Ipot Alp (15) 
Vx=VxotAVx 
AVxy+ZmuoX Al 
= ooo (16) 
Xpo 
where 
OVx 
Bol ee 17 
MoO Ee ere (17) 
OVy 
363) —— 18 
+e ia oo) 


Equation 16 is the equation of a family of 
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Figure 9. Amplifier output versus input 


Xpo is the dynamic reactance of the reactor 
at the operating point. Substituting equa- 
tions 13 and 14 into equation 16, and solving 
for the ratio of AJ, to Jc at the operating 
point yields 


(19) 


From equation 19, the power amplification 
A can be derived as follows: 


preeta 
2Rc Ll Le Jo 
4 | NeXoZuo 736) 
ReLNp(R?+X 0X po) 
where 


Reis the control coil resistance of one reactor. 


Equation 19 also may be used to find the 
voltage across the total load resistance: 


Appendix Il. Time Delay 


Because the control coil circuit of the 
amplifier has inductance, the control coil 


- current will lag behind the signal voltage 


applied to the input terminals. The 
amount of this lag is the time constant of 
the amplifier and is the ratio of the control 
coil inductance to its resistance. The pres- 
ence of both d-c and a-c fluxes in the core 
of the reactor makes the calculation of the 
d-c flux extremely tedious.2 However, an 
approximate method for calculating the in- 
ductance of the control coil can be developed 
by determining the average permeance of 
the iron path which is traversed by the a-c 
flux. The average reactance of the reactor 
is a measure of this permeance. Solving for 
this permeance, 


(22) 


Po is the average permeance of the a-c flux 
path 

N,4 are the reactor turns effective through- 
out the path 


In saturable reactors of normal proportions, 
the physical length of the a-c flux path is 
very close to 1.5 times the length of the d-c 
flux path. In addition, the cross-sectional 
area through which the d-c flux passes is 
twice that through which the a-c flux passes. 
However, the permeance of the center leg is 
higher (because of lower average flux density 
in this leg) than that of the remainder of the 
core. If the permeance of the center leg 
were very much greater, the average perme- 
ance of the d-c flux path would be 4Po: 


(23) 


where 


Po is the average permeance of the d-c 
flux path 


Power amplification versus load resistance 


Figure 11. Load voltage versus time for suddenly applied signal 
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From equation 23 the inductance of the con- 
trol coil is 


4X o| Ne |? 
Le = No?Pe = al A 


nf Ni (24) 


And the time constant of the control coil is 


Lo 4Xo[ Ne} 
eA 


(25) 
Re 2rfRe Na 


The coupling of the control coil with the 
bias coil in one reactor is cancelled out by 
the coupling in the other reactor, because the 
control coils are wound in aid of the bias 
coil on one reactor and in opposition on the 
other. 


Appendix Ill. Feedback 


From Figure 6, which shows the equiva- 
lent circuit of the amplifier with positive 
feedback, the power amplification and time 
constant can be determined by solving for 
the output voltage of the amplifier as an 
operational function of the input voltage. 

The voltage equations in the control and 
feed-back circuits for a suddenly applied 
voltage Ve are 


Vo=2Relc+2Leplo+2Mply (26) 
Ve=2Rplp+2Lpplpt+2Mplo 2) 
where 

p=d/dt 

From equation 1, 


2RNGxX 0oZ. N. 
ee 7 au [tot 2 1 | 
Np(R?+X oXpo) Ne 
Letting 


2RNcX oZmo 
Np(R?+X 9X po) 


(28) 


(29) 


_ (30) 


Assuming 100 per cent coupling between 
the control and feed-back coils, 


Np |? 
jig: 
4 Re 
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(31) 


Figure 12 (left). Time . 
constant versus X, 
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voltage regulating sys- 
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Equations 26 and 27 now can be rewritten 
by substituting equations 30, 31, and 32 
into them. ; 


2Le 
Vo=2Rele+ ra PVR (33) 
2Nrle 
Vp=2Rel. V. 34 
R rlpt KNo PVR (34) 


The currents Zg and Jy can be eliminated 
between equations 33 and 34 with the aid of 
equation 30. Solving for Vp, 
Vr = 
K/2Ro 
KNp RoNr? t 
1-— Th 1--——— 

tL at vol RN |? 


Ve 


(35) 


G ss a 
Too=F> the control coil time constant 
Cc 


without feedback 


The power amplification can be found from 
equation 35 by setting p equal to zero and 
solving for the ratio of power output to 
power input 


[7 ?2Ro _ Ao 
SEL Peco cf KNy } 


(36) 
2RrNo 
where 
as 4 
Ao — GRR, the power amplification without 
feedback 
Ro NF 
ana 
FNC 

Te 37 
Cc KN co (37) 

2RrNeo 


In a similar manner the amplification and 
time constant with negative feedback can be 
developed. They will differ from equations 
36 and 37 only in that the negative sign in 
the denominators of these equations will be 
positive. 
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Figure 14. Vector diagram of amplifier 
circuit 


All voltages and currents are average 


Appendix IV. Nomenclature 


N=turns 

7=current 

V=voltage 

E=supply transformer secondary voltage 

X =reactance 

R=resistance (when used without subscript 
it is the load resistance) 

Zy =mutual transimpedance of the reactor 

X p=dynamic reactance of the reactor 

A =power amplification 


Subseripts have the following significance: 


O=at the operating point 
C=control coil 
X =reactor a-c coil 


F=feedback 
A =reactor a-c and load circuit 
B=bias oil 


R=load resistor 
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Burning of Wood Structures by 
Leakage Currents 


PAUL M. ROSS 
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Synopsis: Wood pole or structure fires of 
leakage-current origin have caused serious 
wood-member damage and service interrup- 
tion. These fires often occur at the end of 
prolonged dry periods. Operating experi- 
ence indicates surface tree carbonization 
on crossarms and pocket burning at the 
crossarm-pole junction to be the two gen- 
eral types of burn damage. Pocket burning 
on some properties has been responsible 
for the larger part of the cases that re- 
quired wood-member replacement. Labo- 
ratory tests conducted on approximately 
200 specimens indicate that a coincident oc- 
currence of dry wood and selective wetting 
of pole and crossarm surfaces by a light rain 
or fog, wind directed, which leaves a dry 
wood area in series with the leakage path, 
ean result in a fire of a pocket type. This 
dry area, being high in resistance in compari- 
son with adjacent series wetted-wood sur- 
faces, results in a voltage concentration 
across the dry zone. If the dry zone is suf- 
ficiently short for a given circuit voltage, 
electrical breakdown occurs across the dry 
zone. This electrical breakdown being lo- 
cated favorably in dry wood and encouraged 
by a breeze may result in a pocket burn. 
Shunting devices which by-pass leakage cur- 
rents around dry high resistance areas have 
proven successful in laboratory tests in 
eliminating pocket fires within the by- 
passed zone. 


RACTICAL and prime objectives in 

the operation of power lines are con- 
tinuity of service and the prolonged life 
of physical equipment. One of the several 
causes that may prevent the realization of 
these objectives is the burning of wood 
structures by leakage currents. Because 
the majority of the medium voltage lines 


Paper 47-49, recommended by the AIEE commit- 
tee on power transmission and distribution for pres- 
entation at the AIEE winter meeting, New 
York, N. Y., January 27-31, 1947. Manuscript 
submitted November 13, 1946; made available for 
printing December 5, 1946. 


Paut M. Ross is superintendent of the high-volt- 
age laboratory of the Ohio Brass Company, Bar- 
berton, Ohio. 
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on this continent are constructed on wood 
poles, this constitutes a considerable 
problem. 

Pole or structure fires may be caused by 
power-frequency leakage currents which 
flow over the surface of contaminated in- 
sulators and through supporting wood 
members. In some localities these fires 
may occur at infrequent intervals and 
are only an incidental nuisance. In others 
they may occur frequently and may be 
of such a character as to result in the 
complete loss of the crossarm and pole 
and cause a prolonged service outage. 


Field Operating Conditions 


Pole fires usually are preceded by three 
general conditions. 


1. They are preceded by a prolonged dry 
period in which the wood members dry out. 


2. During this dry period contamination 
accumulates on the insulator surface. The 
accumulated contamination layer reduces 
the surface leakage resistance of the insula- 


Figure 1. Typical cases of carbonized tree 
burns shown on crossarms which have been re- 
moved from service installations 
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tor, particularly when it becomes dampened. 
The contamination may be salt deposits in 
coastal areas, dust on the plains, or smoke 
and other air-borne by-products from in- 
dustrial establishments. 


8. ‘The dry period is followed by a fog, 
misty rain, or even snow. 


Any fires that result may become evi- 
dent shortly after precipitation has oc- 
curred, or they may not break out into 
the open until a later time or even until 
after precipitation has stopped. : 

Figure 1 shows carbonized surface 
burns on crossarms which were caused by 
leakage currents. The tree-like appear- 
ance of the burn patterns suggests that 
this be called tree burning. This type of 
burning is quite common. It usually does 
not result in burn damage sufficiently ex- 
tensive to require replacement of the 
wood members. 

Figure 2 illustrates burn damage on a 
pole and on a crossarm, which occurred at 
the gain areas. The burns are pocket- 
shaped and extend into the body of the 
members; they are not confined primarily 
to the surface as are tree burns. The 


Figure 2. Typical carbonized pocket burns 
on a pole and crossarm removed from a 
service installation 
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Figure 3. A schematic circuit diagram il- 

lustrating the series-circuit relation of insulator- 

surface leakage resistance with supporting 
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burn damage in these cases occurred pre- 
dominately on one side of the through- 
bolt. Pocket burning does not occur as 
often as tree burning, but when it does 
it is more likely to result in the need for 
replacement of the wood members. One 
property has estimated that approxi- 
mately three-fourths of their cases of burn 
damage which required wood member re- 
placement have been of the pocket-burn 
type. The specimens in Figures 1 and 2 
were removed from service installations. 
The foregoing are the general conditions 
that are the setting for wood burning of 
leakage current origin. The number of 
pole fires is small relative to the total 
number of circuit-pole-years of operation. 
This suggests that because the probability 
of a fire is small, a coincidence of unfavor- 
able conditions is required to produce the 
event. Therefore, there is a need for 
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finding the combination of conditions 
which may result in a fire. 


Laboratory Approach to the 
Problem of Pocket Burning 


The magnitude of leakage currents that 
flow through a porcelain-wood combina- 
tion is controlled principally by the total 
resistance of the wood plus the surface 
leakage resistance of the insulator. It is 
controlled largely under the lesser con- 
tamination conditions by the insulator. 
The insulator and the supporting wood 
members therefore comprise a series cir- 
cuit. This is illustrated in Figure 3. Any 
leakage current that might flow from 
phase A conductor to ground, for ex- 
ample, must flow through the surface 
leakage resistance of the insulator and 


Figure 4. The test ar- 
rangement used to in- 
vestigate the influence of 
surface moisture on 
wood resistance 


4. Voltagecontrol vari- 

able-voltage transformer 

9. Test transformer 

3. Transformer voltage 

4. Series impedance 

5. Wood test speci- 
men, one foot long 

6. A-c milliammeter 


then through the crossarm and pole re- 
sistance. 

Leakage currents have been found by 
measurement to be surges.1 Magnetic 
oscillogram records of leakage current 
surges taken in our laboratory show that 
the surges vary in magnitude of maximum 
current, frequency of occurrence, and 
time duration of individual surges. This 
investigation was started by the use of 
surges that were controlled in these three 
variables. It was found that the burn 
damage obtained with these surges could 
be duplicated in a shorter time by the 
use of a continuous-power frequency 
leakage current. Therefore, for the pur- 
pose of speeding up the investigation, a 
constant leakage alternating current of 
ten milliamperes was used. This is a typi- 
cal value that may be expected in service. 

In order to cause the leakage current to 
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be controlled principally by a circuit ele- 
ment other than that of the wood resist- 
ance (thereby simulating the presence of 
an insulator with a constant leakage re- 
sistance) an impedance was inserted in 
series between the test transformer and 
the wood specimen. This test arrange- 
ment is shown in Figure 4. With, the 
wood specimen in Figure 4 jumpered out, 
the test transformer voltage was adjusted 
so as to cause ten milliamperes to flow 
through the series impedance. It was 
found when the jumper was removed and 
the previously established transformer 
voltage reapplied that if the wood speci- 
mens were dry, the wood resistance was 
exceedingly high? and by itself limited the 
current through the series circuit to values 
less than one-half milliampere. If only 
one longitudinal surface of the same wood 
specimen were dampened the leakage cur- 
rent through the circuit would rise im- 
mediately to approximately ten milli- 
amperes, thereby indicating the wood re- 
sistance had decreased through a wide 
range. 

Figure 5 illustrates the nature of the in- 
fluence of moisture content on the elec- 
trical resistance of wood. These data 
were obtained from reference 3 which 
states, “‘A surface film of moisture caused 
by condensation or rainfall will lower the 
resistance of the surface of a dry piece to 
that of a piece with a moisture content of 
25 per cent or more.” The ordinates in 
Figure 5 are relative resistance ratios 
based on the resistance at 25 per cent 
moisture content as unity. Depending 
upon the length of the drying period and 
the surrounding atmospheric conditions, 
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Figure 5. The influence of moisture content 
on the electrical resistance of wood 
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Figure 6. A schematic series-circuit diagram 

illustrating the reduction in surface resistance 

of dampened wood and the relative lack of 
reduction in dry shadow or gain area 


the moisture content of the wood may 
reach values as low as ten per cent. If 
this were assumed to be the case, the 
wetting of one surface of a piece of wood 
would reduce that surface’s resistance in 
the order of 1,200 or 1,400 to 1. 

Figure 6 shows a portion of a wood 
structure consisting of a wood pole, a 
wood crossarm, and a porcelain pin type 
insulator mounted on a steel pin. The 
direction of a light wind is assumed rela- 
tive to the structure. With this air 
movement direction the surfaces indicated 
by the cross marks will become dampened 
selectively. A schematic series circuit of 
this physical arrangement is shown to 
the right. The insulator surface leakage 
resistance is indicated between the con- 
ductor and the metal pin. That portion 
of the crossarm which is dampened is 
represented as a low resistance. Simi- 
larly, the dampened portion of the pole 
surface extending either to another phase 
or to ground is represented as a low re- 
sistance. 

There remains, however, a connecting 
area between the end of the wetted por- 
tion of the crossarm surface, point C, and 
the nearest electrode which is the cross- 
arm and pole through-bolt D. This area 
has not been dampened because of the 
particular air movement direction and 
therefore has a high resistance. This 
high resistance area consists of the pole 
shadow on the crossarm with respect to 
the air movement direction and the dry 
gain area between the crossarm and pole. 
The flow of leakage current through this 
series circuit causes a large IR voltage 


1947, VOLUME 66 
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GROUND 


drop to appear across the dry high 
resistance area. 

To verify, experimentally, the ex- 
istence of a voltage concentration across 
the dry zone, equipotential lines in the 
electrostatic field surrounding a specimen 
were located and plotted. Figure 7 was 
obtained by these measurements. This 
is the top view of an untreated dry pine 
pole which was gained and fitted with a 
section of dry Douglas-fir crossarm. The 
flat steel plate was the voltage application 
electrode. Twelve kv was applied at this 
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point. A circumferential copper braid 
band, located one foot below the through- 
bolt, was the ground electrode. The 25 
per cent (3 kv), 50 per cent (6 kv), 75 
per cent (9 kv) equipotential lines first 
were determined for the dry condition. 
The same specimen then was wetted 
selectively as it might occur with the as- 
sumed air movement and moisture direc- 
tion of Figure 6. The pole surface was 
dampened from the through-bolt to the 
ground band. About six inches of the 
face of the crossarm extending from the 
voltage application electrode was wetted. 
There remained the dry wind-shadow of 
the pole on the crossarm and the dry arm- 
to-pole-gain area. The equipotential line 
locations for this wetted condition are 
plotted in solid lines. A large change in 
the electrostatic field is indicated by com- 
paring the dotted line map with the solid 
line map. The wetted pole surface being 
low in resistance has placed the through- 
bolt at near ground potential. In effect, 
the wetted crossarm surface has extended 
the voltage application electrode to the 
edge of the wetted area. As a result, a 
voltagé concentration zone as shown in 


Figure 7. The influence of dampened pole 
and crossarm surfaces in forming a voltage 
concentration zone at the gain 
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Figure 8. These selectively dampened pole 
and crossarm surfaces cause a voltage con- 
centration to occur across the dry series zone 


Figure 8 appears between the end of the 
wetted crossarm surface and the through- 
bolt. 

Figure 9 shows the crossarm and pole 
arrangement used in the equipotential 
line-mapping tests. The pole surface and 
crossarm were wetted by a light finely 
divided mist applied from an air-operated 
spray gun. The wind direction was 
simulated by afan. The front of the pole 
was dampened between the through-bolt 
and the grounded band, and it therefore 
had a low resistance. The arm also had 
been dampened from the steel electrode to 
the edge of the pole shadow. The pole 
shadow and gain were dry. As the light 
water spray was continued the dampened 
arm surface encroached on the pole 
shadow until an electrical breakdown took 
place between the nearest edge of the 
wetted surface and the through-bolt. 
The outer end of the breakdown path is 
indicated by arrow. 

The crossarm was removed from the 
pole in Figure 10. A carbonized path was 
found to have developed from the 


- 


through-bolt across the gain. The mating 
crossarm burn, indicated by arrow in 
Figure 11, extended from the through-bolt 
out to the wetted portion of the arm. 
Drying of the arm surface occurred at the 
outer end of the crossarm burn. 

In Figure 12 the structure was, re- 
assembled and the test continued. The 
current flowing was ten milliamperes, 60 
cycles per second, as controlled by the 
series impedance. Encouraged by the 
breeze, open flames appeared in about ten 
minutes. 

Figure 13 was taken by looking along 
the crossarm toward the pole. A pocket 
was burning into the crossarm and into 
the pole at the original carbonized path 
locations. The fire continued without the 
help of leakage current at this stage. 

Figure 14 shows the pocket burn that 
formed to the left of the through-bolt in 
the pole and to the right of the through- 
bolt hole in the crossarm. These pockets 
are similar in appearance and location to 
those found on the field burned specimens 
shown in Figure 2. 

If the direction of the air movement is 
changed so that the crossarm and pole 
become dampened as shown in Figure 15, 
a voltage concentration zone occurs across 
the lower side of the crossarm and from 
the through-bolt toward the wetted pole 
surface below. A fire that resulted from 
these conditions is shown in Figure 16. 
Figure 17 shows the pocket burn damage 
that resulted on the crossarm and pole. 
This fire was initiated by a tree burn 
across the lower surface of the crossarm. 
The lower surface of the crossarm was 
turned upward in Figure 17, and part of 
the original tree burn indicated by arrows 
is still present. 

Throughout weathered 


these tests, 


Figure 9. Electrical 
breakdown took place 
between the through- 
bolt and the near edge 
of the wetted crossarm 
surface. This is the 
start of a pocket burn 
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The resulting carbonized path 
across the pole gain 


Figure 10. 


The mating carbonized path on 
the crossarm surface 


Figure 11. 


crossarm and pole sections were used. 
The large hole at the right end of the 
crossarm in Figure 17 was used previously 
for a wood pin when the arm was installed 
in service. The through-bolt hole used in 
these tests is indicated by asterisk. 

The preceding examples of burn damage 
are typical of the many obtained during 
the investigation. Controlled leakage 
current surges produced the same type of 
damage. 


Remedial Devices 
for Pocket Burning 


Voltage concentration across high re- 
sistance sections may be avoided if a low 
resistance shunt is placed in parallel with 
them. Figures 18 through 21 show four 
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possible shunting arrangements. The as- 
sumed air movement direction and the re- 
sulting selective wetting are the same as 
in Figures 15 and 16. The shunting de- 
vices are also effective on other air move- 
ment directions such as Figures 8 and 9. 
In Figure 18 leakage currents originat- 
ing on the crossarm leave the wet and con- 
ducting surface at A and enter the cir- 
cumferential arm band B, flow through 
crossarm jumper C to the through-bolt 
D, flow the length of the through-bolt and 
enter the pole jumper E, flow through 
pole jumper E to pole band F, then flow 
around pole band F to the wet and con- 
ducting pole surface at G. These inter- 


Figure 14. The pocket burn that formed in 


the pole and crossarm 
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Figure 12 (left). Open flames appeared in 
about ten minutes 


Figure 13 (right). A pocket burn developed 
on the pole and crossarm at the location of 
the original carbonized paths 


connected bands thereby present a low 
resistance path which shunts the leakage 
currents past the dry high resistance 
shadow and gain area. 

The completeness of the previous band- 
ing arrangement might be simplified as 
shown in Figures 19 through 21. These 
devices are connected to the through-bolt 
and extend beyond shadow areas onto 
the pole and crossarm. 

Pocket burns have not occurred within 
the shunted area while using these de- 
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Figure 15. This assumed wind and rain di- 

rection casts a relatively dry crossarm shadow 

on the pole. In addition to the shadow the 

gain is dry. A voltage concentration occurs 
across these dry zones 


Figure 16. A pocket burn developing from 
the conditions assumed in Figure 15 
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Figure 18. A banding arrangement that 
shunts leakage currents past dry high resistance 
shadow and gain areas 


vices during laboratory tests. To obtain 
this result it is necessary that the leakage 
current collecting edges of the devices be 
located outside of all wind shadows of 
either crossarm or pole and be terminated 
snugly against the wood’s wetted surfaces. 

Shunting devices possess certain dis- 
advantages. 


1. They may reduce in small degree the 
impulse insulation contributed by the wood 
structure. 


2. The elimination of high resistance areas 
may tend to increase the magnitude of leak- 
age current because this magnitude is con- 
trolled partially by the wood structure re- 
sistance. 


3. If improperly designed and applied, the 
shunting devices may cause an aggravated 
tree-burning condition at the current collec- 
tion edges of the shunting electrodes. 


4. The shunts, being metallic, are subject 
to corrosion, and therefore the life of the de- 
vice should be questioned in relation to the 
structure it is protecting. 
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Figure 17. The pocket 
burn that resulted in 
the pole and crossarm 
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Figure 19. A metal gain-plate shunt 


Experience gained from actual installa- 
tions will be required in order to evaluate 
the relative merits and demerits of these 
devices. 

A second approach to the elimination of 
a voltage concentration zone is through 
the use of wood treatments which would 
increase dry wood conductivity. Various 
other forms of remedial devices undoubt- 
edly will suggest themselves to the practi- 
cal operator. The final forms will be dic- 
tated by cost and expected life. 


Conclusions 


1. Operating experience indicates the con- 
sequences of pocket burns to be more ex- 
pensive than tree burns. 


2. Laboratory tests indicate that a coinci- 
dent occurrence of the following conditions 
may result in pocket burn. 5 


(a). Dry low-conductivity wood. © 


(6). The selective wetting of the pole and crossarm 
surface by a precipitation which leaves dry high 
resistance zones in series with low resistance wet 
sections of the leakage path. 


(c). A dry zone which is sufficiently short so that 
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Figure 20. A pair of wires with leakage- 
current collection loops at the ends may be 
used as shunts 


JUMPER PREFORMED 
FROM RING METAL RING 

TO SHUNT 
THROUGH- HAT FITS 
BOLT POLE AND 
CROSSARM 
SURFACES 

4 
me HN 


s 
SRE 

BOOK ca 
QOS Oe 


BOLT AND 


COLLECTION WASHER 
EDGES KH 
IN CLOSE pote 
CONTACT SP 
WITH woop Popo 
SURFACES fon 
Steg 


Figure 21. A preformed ring may be used 
as a shunt ; 


the circuit voltage will cause electrical breakdown 
to occur across it. : 


3. Laboratory tests show that metallic 
shunting devices which by-pass leakage cur- 
rents around high resistance dry zones are 
effective in preventing pocket burns within 
the shunted zone. 


4. The selection of a final form of remedial 
device will be dictated by the initial and in- 
stallation cost of the device itself and its 
expected life in relation to the structure it is 
protecting. 
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Discussion 


L. D. Cronin (Ebasco Services, Inc., New 
York, N. Y.): A short time ago I inspected 
several poles where burning by leakage cur- 
rents has occurred and I can assure Ross 
that the types of wood burning which he 
has produced in the laboratory are very 
similar to those actually occurring in the 
field at least in so far as the pole is con- 
cerned. The arms had been replaced in 
the locations which I inspected. Ross has 
provided a very logical explanation of the 
occurrence of pocket burns at or near the 
junction of the pole and the crossarms. 
His paper represents a real contribution to 
the knowledge of the subject. 

It would have been very helpful if the 
metal braces ordinarily-used on distribution 
circuits had been included in the test setup 
so that their effect could have been deter- 
mined. It may be noted that the braces 
provide a metallic path for the leakage 
current around the high resistance “shadow” 
area in the same manner as the shunting 
devices described in the paper. Perhaps 
the reason that the braces do not prevent 
burning in the shadow area is that there is 
insufficient contact area on the arms and on 
the pole at the end of the braces. The use 
of bands around the arm and around the 
pole at the ends of the braces and electrically 
connected thereto, might make it possible 
to accomplish the desired shunting of the 
danger area in a simpler and easier manner. 


W. H. Wickham (Commonwealth Edison 
Company, Chicago, Ill.): Ross’ paper sug- 
gests two points which merit further con- 
sideration. 


1. The importance of the resistance of the junction 
between pole and crossarm in limiting the current 
in the porcelain—wood circuit. 


2. The importance of selective wetting as a factor 
in producing burning of the wood members. 


In selecting a value of series impedance 
to be used in the test circuit Ross has as- 
sumed that the resistance of the wet wood 
circuit is of no importance in controlling 
the leakage current and, with the test ar- 


rangement shown in Figure 4 of the paper, 
this is the case. However, for the test 
arrangement of Figure 9, this may not be 
the case. In fog or misty rain the gain 
surface on the pole and the surface of the 
crossarm in contact with the pole remain 
relatively dry. Furthermore, at this junc- 
tion some of the current must take a path 
across the grain of the wood in passing from 
the crossarm to the pole. So, even though 
wetting reduces the resistance of the individ- 
ual wood members to a low value, the re- 
sistance at the junction between the two 
may remain relatively high. These con- 
ditions would suggest that a much lower 
series impedance would more nearly repre- 
sent field conditions and would change the 
behavior of the wood portion of the circuit. 

The higher resistance of the wood circuit 
in the gain area gives the voltage concentra- 
tion necessary to produce burning without 
selective wetting. This accounts for the 
occurrence of wood burning in fog condi- 
tions, with practically no wind, where selec- 
tive wetting can hardly take place. 


F. E. Andrews and R. W. Caswell (Public 
Service Company of Northern Illinois, 
Chicago, Ill.): The paper by Ross is a 
valuable contribution to the knowledge and 
information on a very troublesome operat- 
ing problem which heretofore has had in- 
adequate investigation as a general tech- 
nical subject. 

During the past ten years we have ex- 
perienced about 60 cases of pole fires on 
33-kv lines due to leakage currents under 
the field conditions referred to by Ross. 
About two-thirds of the cases occurred dur- 
ing 1944 and 1945. This concentration of 
troubles probably resulted from a combina- 
tion of weather conditions: especially con- 
ducive to creating the necessary leakage 
and an acceleration of dirt deposits under 
wartime industrial conditions. This illus- 
trates the erratic expectancy of this type of 
trouble. Several years may pass with very 
little of it, to be followed by an epidemic 
within a few months to one or two years 
following. 

In addition to the burning at junction of 
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pole and crossarm, we have had vertical 
corner poles burned at the bolt used for 
attachment of the dead end insulators to 
the pole. Approximately one-third of our 
fires have been on vertical- corner poles. 

Our experience indicates that the use of 
more porcelain insulation than normal does 
not prevent pole fires. Fires have occurred 
on poles in 33-kv lines using 35-, 45-, and 55- 
ky pin-type insulators, and at strain insula- 
tor dead ends on vertical corner poles with 
widely varying’ amounts of insulation. 
This insulation has varied from a minimum 
of two 6!/s-inch spaced units to a maximum 
of 5. Three units are normal either with 
53/,- or 6'/.-inch spacing. Fires due to 
leakage have occurred with both types of 
insulators. 

Many of these fires have been in areas 
that are not considered as excessively dirty. 
We have not been able to determine that 
the presence or absence of creosote treat- 
ment of poles and arms has any important 
influence on their susceptibility to fires, as 
fires have occurred on both treated and un- 
treated poles and arms. 

We have found that the presence of a 
static wire ground lead on a pole does not 
prevent fires at junction of the arm and pole. 
In addition to burning at junction of pole 
and arm, we have experienced burning off 
of the crossarm about midway between the 
insulator and the pole. 

During the past two years we have in- 
stalled some band arrangements following 
the same principle as shown by the author’s 
Figure 18. However, we wrapped the pole 
and arm with small soft drawn copper 
wire, usually Number 18. The small wire 
is used in preference to a strap because it is 
believed that the wire will provide a more 
intimate contact with the wood surface over 
a longer period of time than straps which 
may not so closely follow the contour of the 
wood surface. We have also used this wire 
method to connect the pole to the insulator 
hardware at vertical corners. So far we 
have had no fires on poles protected in this 
manner, but we consider that our operating 
experience is insufficient to assume that 
this remedial measure is fully effective. 


H. E. Weaver (Public Service Company of 
Northern Illinois, Maywood, Ill.): Ross 
should be commended for his paper and this 
discussion is in the nature of a corroboration 
rather than a criticism of the paper. 

Ross used ten milliamperes of leakage 
current in order to get results quickly, but, 
in independent laboratory studies that we 
have made, we got fires with eight milliam- 
peres, found that with three milliamperes 
burning would continue slowly and quietly, 
and that with one milliampere of leakage 
current the carbon in the charred spots 
would continue to glow. 

Apparently leakage currents of ten mil- 
liamperes frequently occur in practice. 
After periods of dry weather, the surface 
resistance of line (37 kv) insulators, when 
sprayed with distilled water, was found to 
be the order of 0.2 to 20 or more megohms 
with an appreciable percentage falling in 
the one half to one megohm class. The 
appearance of the insulators is often un- 
reliable as a means of estimating its wet sur- 
face resistance. 

For convenience, Ross used an imped- 
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ance, between the testing transformer and 
the wood circuit, to simulate an insulator. 
On some of our tests, we used a regular line 
insulator in series with the wood circuit. 
Burning could be established and main- 
tained, after spraying water on insulators 
that had accumulated storeroom dust for a 
period of two months, and burning could 
easily be started when using insulators that 
had been removed from service near a chemi- 
cal plant, even after they had been flushed 
off with water. 

Of the methods of mitigating burning, 
which were mentioned in the paper, our 
tests tended to show that banding the pole 
and arm would be the most effective for it 
’ seemed easier to maintain good contact with 
the wet surfaces. 


M. S. Oldacre (Commonwealth Edison 
Company, Chicago, Ill.): It is obvious to 
anyone who has seen the demonstration of 
the work described by Ross that a real con- 
tribution has been made to our knowledge 
of the pole burning problem. This dis- 
cussion is to suggest some of the other 
phases of the problem that exist. 

The insulator is a very important part of 
the leakage circuit under ordinary condi- 
tions, but under wood burning conditions 
seems to become a negligible factor. Thus 
there is a field for insulator development 
for specially contaminated areas. The 
requirements seem to be that a reasonable 
portion of the surface remains dry under all 
conditions or that there be enough leakage 
surface so that the current will be less than 
enough to cause burning. 

It would seem that the surface conduc- 
tivity of the pole and cross arm is of vastly 
more importance than the conductivity of 
the mass of the wood. That is, there should 
be no great difference in the burning char- 
acteristics of so-called dry or wet wood if 
the surface conditions were suitable to 
cause burning. If this statement is not 
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correct, there would undoubtedly be many 
cases where the shunting devices across the 
joints would be ineffective. Actually the 
shunting devices perform as expected if 
their condition remains as good as when in- 
stalled. 

More knowledge is still needed on this 
subject and it is suggested that some of the 
factors to be considered are: 


1. Effects of different surface treatments or im- 
pregnations of poles and arms. 


2. Shunting devices of low cost and easy applica- 
tion that will remain effective during the life of the 
poles and arms. 


3. Consideration of insulator design to secure an 
effective dry area under all conditions. 


4. Selection of insulators that will give enough 
leakage surface to prevent burning under con- 
taminated conditions. This would assume that 
insulators could be washed or otherwise cleaned 
prior to the period of the year when contamination 
is likely to contribute toward burning of the wood. 


5. On double circuit lines the location of the 
corresponding phases of the two circuits should be 
selected to avoid concentration of leakage current 
at any one connection. 


The ultimate solution to the problem 
may be a combination of results from the 
above items as the cost of making the 
changes must not be overlooked. 


Paul M. Ross: The nature of the questions 
and character of the comments given by 
the various discussers of this paper indicate 
that they have given careful consideration 
to the various phases of the problem of pole 
and crossarm burning. 

Cronin has requested an explanation of 
the shunting action afforded by metal 
braces. Figure 1 of the discussion presents a 
typical pole and arm construction including 
the use of metal braces. An air movement 
direction has been assumed which is parallel 
with the conductors. If the air movement 
carries with it a form of precipitation, the 
indicated areas of the structures will become 
dampened and these wetted wood portions 
will therefore have relatively low resistance. 
Assuming that leakage current flows from 
the right-hand insulator, it would flow in 
direction A, through the conducting surface 
of the wetted arm to the brace, then down 
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the brace in direction B and leave the brace 
on the wetted and conducting pole surface 
in direction C in order to reach another 
phase or grounded point below. 

If the leakage current path is from phase- 
to-phase between theright-hand insulatorand 
the left-hand insulator, the leakage currents 
would flow from A down'the brace in direc- 
tion B, up the left-hand brace in direction 
F and through the wetted arm surface in 
direction G to the left-hand insulator. This 
latter path is in parallel with the low resist- 
ance wetted arm surface joining the two 
insulators. In these two cases the braces 
do provide a shunting action. 

If, however, the leakage current flows 
between the right-hand insulator and either 
some other phase or a grounded point higher 
on the pole, the leakage current would flow 
in direction A and D through the wetted 
surface of the arm and then must leave the 
arm surface and flow thru the wet conduct- 
ing surface of the pole E. : Unless the arm 
fits snugly into the pole gain, a gap may 
exist between the top of the arm and the 
pole surface as shown in section M-M, If 
there is such a discontinuity in the wetted , 
conducting surfaces between the arm and 
the pole, a voltage concentration zone will 
appear at that point and this zone is, there- 
fore, a possible pocket burn location. The 
braces in this case do not provide a shunt 
for the leakage current around this voltage 
concentration zone because the wet surface 
of the pole above and below the arm is inter- 
rupted by the dry shadow of the arm and the 
gain, 

In Figure 2 of the discussion, the assumed 
air-motion direction causes the pole struc- 
ture to be wetted on the opposite surface 
from that in Figure 1. In this case the 
metal braces provide a shunt path by-pass- 
ing the high resistance shadow zone between 
the arm and the pole for leakage currents 
flowing from the right-hand insulator to the 
left-hand insulator. The braces do not, 
however, provide a low resistance shunt if 
the leakage current flow is either to another 


Figure 3. Leakage current density is greatest 

at edges of metal parts. Drying proceeds 

faster in wood areas A adjacent to metal 
parts. Tree burning develops across A 
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phase or to ground at a location above or 
below the crossarm. i 

There are two surface paths available by 
means of which the leakage current starting 
from the right-hand insulator in direction 
A may reach the wet conducting surface 
D of the pole. The current may flow down- 
ward through the metal brace in direction B 
to lag screw C. In order to reach the low- 
resistance wetted surface of the pole D, as 
shown in section N-—JN, the currents must 
flow through the dry, high resistance areas 
on the back of the pole. 

The second path jis indicated in the top 
view of the structure. The leakage currents 
might flow from the right-hand insulator in 
direction A to the edge of the wetted con- 
ducting surface of the arm at point H. They 
must then flow thru the dry, high resistance, 
shadow zone in order to reach the thru bolt, 
the outer end of which is terminated in the 
wet conducting surface D of the pole. 

Voltage concentration zones, therefore, 
exist between point E and the through bolt 
and on both sides of lag screw C in section 
N-N. These voltage concentration zones 
are subject to burning tendencies. 

Laboratory tests on an arrangement 
electrically similar to Figure 2 have indi- 
cated that electrical breakdown will occur in 
the direction of the grain from point £ to the 
through-bolt in preference to the circum- 
ferential direction from the lag screw C to 
the edge of the wetted pole surface. 

The grain structure of the wood in the arm 
is usually continuous while in the case of the 
circumferential direction around the pole 
from lag screw C the surface may not be 
continuous. It is usually interrupted by 


checks or cracks in the pole surface. The 
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Figure 4. Suggested 

method for reducing 

tree burning at metal 
attachment points 
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presence of cracks in the pole surface re- 
quires a higher voltage to cause electrical 
breakdown across a given circumferential 
distance in comparison with an equal dis- 
tance along the grain of the crossarm. 
Pocket burning may develop at both loca- 
tions. However, I would expect a greater 
number of cases to develop at the dry 
shadow area of the pole on the crossarm in 
comparison with the lag screw C location. 

Under light precipitation conditions in 
which evaporation from the wood surfaces, 
due tothe 7?R loss of the leakage current 
flow in these surfaces, exceeds the precipita- 
tion rate, localized drying will take place at 
these areas and tree burning may develop 
across the dry sections. Figure 3 of the dis- 
cussion illustrates this condition at the con- 
tact between metal attachment parts of 
steel pins or braces on arms or poles. 

Remedial banding methods similar to 
those suggested by Cronin are presented in 
Figure 4 of the discussion. Bands have been 
located at all metal attachment points. 
These bands when applied snugly to the wood 
surfaces decrease the leakage current density 
at the current collection edges of the bands 
and thereby tend to avoid localized drying 
and subsequent tree burning at these loca- 
tions. To accomplish this result it is neces- 
sary that the current collection edges of the 
bands make good contact with the wood 
surfaces. In addition, the pole bands pro- 
vide low resistance shunt paths around the 
dry high resistance voltage concentration 
zones in Figures 1 and 2. 

The presence of the pole and arm bands 
do not detract from the impulse insulation 
strength of the structure in an important 
degree. If wood braces are used in place of 
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the metal braces in order to increase the im- 
pulse insulation of the structure, it is sug- 
gested that the banding procedure shown in 
Figure 4 be used at the insulator and brace 
attachment points on the pole and the cross- 
arm. In addition, a shunting arrangement 
similar to that shown in Figures 18 to 21 of 
the paper, be included at the pole to arm 
junction. 

In reply to Wickham’s question concern- 
ing the series impedance used in Figures 4 
and 9 of the paper, we varied the magnitude 
of this impedance during part of our nonre- 
ported tests. During these particular tests 
we maintained the applied voltage constant 
from the test transformer and varied the 
magnitude of the impedance. Once elec- 
trical breakdown had taken place across the 
dry, high resistance, voltage concentration 
zones, the current: magnitude that flowed 
thru the combination of series impedance 
and wood structure was controlled prin- 
cipally by the series impedance. The cur- 
rent magnitude that flowed after electrical 
breakdown were 2, 5, 10, and 20 milliam- 
peres depending upon the magnitude of the 
series impedance. The general location of 
the burn damage in all cases was the same. 
The higher current magnitudes produced a 
given amount of burn damage in a shorter 
time than did the lower current magnitudes. 

I believe Wickham has suggested the 
proper explanation for wood burning under 
fog conditions in which no particular part of 
the structure may become more wetted than 
others due to the absence of air movement, 
vertical convection or otherwise. Under 
these light wetting conditions the junction 
between the pole and the crossarm would be 
expected to remain dry and, therefore, have 
high resistance. If this high resistance sec- 
tion occurs as a part of a series leakage cur- 
rent circuit, a voltage concentration will 
appear across it, possibly accompanied with 
electrical breakdown and pocket burn 
damage. This situation would be aggra- 
vated by the presence of.a gap between the 
arm and the pole due to either loose hard- 
ware or a loose fit similar to the condition 
illustrated in section M-M, Figure 1. I 
would not expect the fog to penetrate into 
these confined spaces without the aid of air 
movement. 

I wish to thank Andrew, Caswell, and 
Weaver for the description of their labora- 
tory tests and their field experiences includ- 
ing the use of banding arrangements. Our 
research efforts closely parallel their labora- 
tory work and the general test findings are in 
good agreement. 

Oldacre has made several valuable sug- 
gestions as to desirable future research work 
on this subject. These points also constitute 
a good criterion to follow in selecting mate- 
rials for transmission line use from present 
designs when it is desired to avoid wood pole 
burning. 
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Some Recent Developments 


in the PCC Car 


S. B. COOPER 


NONMEMBER 


Synopsis; The PCC (Presidents’ Confer- 
ence Committee) car was developed about 
ten years ago as a result of a co-operative 
research program by the major transit opera- 
ting companies and manufacturers. This 
paper briefly reviews the history and ex- 
perience with the car and outlines the re- 
cent changes and improvements. New 
performance curves are included. 


HE PCC car is the result of a co-op- 

erative research program started in 
1929 under the name of the ‘Electric 
Railway Presidents’ Conference Com- 
mittee.” Rising costs and declining 
revenues indicated the urgent need of 
improvement over existing cars and of 
some degree of standardization of design 
so that cars and their equipment could be 
produced in manufacturing quantities 
instead of in small individual lots. 

The committee was formed by a group 
of the presidents of the larger city transit 
systems, and the activity was financed by 
contributions from these operating com- 
panies and from the principal manufac- 
turers interested in the car and equipment 
business, 

Professor Clarence F. Hirshfeld was 
selected as chief engineer. Under his 
direction the program began with a care- 
ful study of the characteristics of then 
existing cars, their shortcomings, and the 
specific need for improvement that would 
make the streetcar more efficient and 
appealing to the riding public and would 
put its design and construction on a manu- 
facturing basis. 

The work of the committee and the 


Paper 47-41, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 13, 1946; 
made available for printing December 6, 1946. 
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resulting car have been described in pre- 
vious Institute papers. It is the purpose 
of this paper to review the progress and 
developments since the last papers were 
presented and to indicate the trends which 
further developments may be expected to 
follow. 

The first PCC cars were ordered early 
in 1935, and during the years from then 
until 1944 about 2,500 cars were placed 
in service on 16 properties in the United 
States and Canada. This period covered 
the latter years of the depression and the 
early years of the war. It was recognized 
that following the war there would be an 
increased demand for equipment to re- 
place older rolling stock worn out by in- 
tensive use during the war period. A pro- 
gram was started to review and evaluate 
the experience with the cars up to that 
time and to establish the objectives of 
further developments and improvements 
to be incorporated in the postwar de- 
signs. This program resulted in the pro- 
duction of a sample 1945 model car which 
was placed in service on the lines of the 
Pittsburgh Railways Company in Octo- 
ber 1945. The principal improvements 
may be outlined as follows. — 

Body changes were made to improve 
passenger comfort and aisle width by 


Figure 1. Car 1600 of 

Pittsburgh Railways 

Company, the first post- — 
war model 
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making seat spacing and post spacing 
thesame. This makes it possible to move 
the seat cushion closer to the side wall of 
the car and to obtain a greater effective 
aisle width. Standee windows now have 
been adopted as a standard feature, mak- 
ing it possible for the standing passengers 
to see out without stooping. 

The slope of the windshield has been 
increased and this, together with improve- 
ments in the ‘‘shadow apron’’ over the 
operator’s desk, greatly reduce windshield 
reflections and improve the operator’s 
view of the street at night. The shape 
and location of the front corner posts have 
been altered so as to minimize the ‘“‘blind 
spots’ and increase safety. The opera- 
tor’s position has been raised and moved 
forward somewhat to give him a better 
view of the area immediately in front of 
the dash. Detail improvements in doors, 
door mechanisms, and so forth, tend to- 
ward easier entrance and exit. 

In spite of the fact that the original 
PCC car had a system of ventilation that 
took 1,200 to 1,500 cubic feet per minute 
of air out of the car, it has been recognized 
for some time that further improvement 
in car ventilation was desirable. It was 
felt that a definite circulation of additional 
fresh air would add materially to pas- 
senger comfort. 

As the result of a considerable amount 
of experimental development, a system of 
ceiling ventilation is now available as an 
optional feature. A longitudinal roof 
monitor with louvered sides extends al- 
most the entire length of the car roof. 
This is divided by cross barriers into al- 
ternate intake and exhaust sections. 
Three or four vertical motor. driven fans, 
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spaced along the ceiling of the car, draw 
their, air from the intake sections of the 
roof monitor and discharge it directly into 


the car through diffusion grilles. These 
grilles are so arranged so as to direct the 
air flow out along the ceiling line, down- 
wards diagonally, and along the sides of the 
car to givea definite feeling of air movement 
but without direct blast or draft effect. 
The roof monitor and fan intakes are ar- 
ranged to trap and drain moisture. The 
space between the ceiling and the car roof 
is used as an exhaust duct communicating 
with the outlet sections of the monitor. 
The fan motors are connected in series 
across the line and are arranged for ther- 
mostatic control of fan speed—the speed 
being increased with higher outdoor tem- 
peratures. At top speeds these fans in- 
troduce a total of 12,000 to 14,000 cubic 
feet of fresh air per minute into the car. 
Experience with this system to date in- 
dicates that it may be entirely possible to 
operate with permanently closed windows. 

This ventilation system has brought 
with it a change in the motor-generator- 
blower system of equipment’ ventilation 
and car heating. The air exhausted from 
the car by the motor-generator blower 
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now is drawn partly through air intake 
grilles in the side lining of the car in the 
area opposite the center doors and im- 
mediately above the motor-generator- 
blower compartment, and partly from 
the center door step-well through the 
space between the car floor and the accel- 
erator support plate. The motor-genera- 
tor set now has a blower on each end. 
Each of these two blowers has its runner 
and housing partitioned by a divider 
plate, giving in effect two sections to each 
blower. In each one, the outer section 


farthest from the motor-generator set _ 


draws its air through louvered openings 
in the outside of the car and discharges it 
into a duct under the car floor leading to 
the two traction motors on the adjacent 
truck. 

The inner section of each blower draws 
its air from the car body through the 
paths described and discharges it directly 
into the equipment compartment over the 
accelerating and braking resistors. From 
this space it is blown into cross ducts just 
ahead and back of the step-well section, 
and then directed by the thermostati- 
cally controlled dampers either to outside 
air in nonheating season or to the longi- 
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Figure 2 (above, left). 


Figure 3 (above, right). 


Type 1432-J motor showing drum brake 
mounted 


Accelerator viewed from below 


Figure 4 (left). Combined master and brake controller 


tudinal sill ducts on both sides of the car 
in the heating season. 

Because in summer weather the car 
body is under pressure ventilation from 
the ceiling fans, the side sill heater ducts 
also serve as air outlets from the car, fur- 
ther improving body ventilation and 
avoiding any possibility of damper leak- 
age permitting warm air entering the car 
from the equipment. 

Auxiliary heaters are mounted in the 
air stream on the outlet side of the blowers 
so that in case of a blockade or in case of 
infrequent stop service, where accelera- 
tion or braking resistor losses are insuf- 
ficient to maintain comfortable car tem- 
perature, these auxiliary heaters are cut 
in automatically. 

The heating and ventilating control is 
arranged to provide a definite sequence of 
operation of auxiliary heat, damper con- 
trol, and steps of ceiling fan speed so as 
to provide for proper heating, cooling, 
and ventilation of the car throughout the 
range of operating temperatures. 

Important improvements have been 
made in braking. The cost, complica- 
tion, and maintenance of compressor, res- 
ervoirs, valves, piping, and cylinders of 
the air brake system seemed out of line 
with the small amount of work required 
for completion of the stop below the speed. 
of dynamic fade-out and for holdingthecar 
at stops. In addition, it had proved 
quite difficult to keep the brake levers 
and shoes of the air operated wheel brakes 
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from accumulating clearances caused by 
wear and consequent noise and rattles. 
These reasons led to investigation of other 
forms of supplementary mechanical 
brakes. In 1939 the St. Louis Public 
Service Company purchased 100 cars of 
the all-electric type. The performance 
of these and of the second hundred pur- 
chased in 1941 was so successful that the 
initial skepticism of the industry was over- 
come and all-electric operation now has 
been adopted as standard. 

On this type of car the air operated 
shoe brakes bearing on the wheel tread 
have been replaced by drum brakes car- 
ried on the coupling at the motor end of 
the drive shaft. Two forms of brakes are 
in current production and use—an inter- 
nal expanding and an external contract- 
ing. In either case, either of two forms 
of operating mechanism can be used— 
spring application and solenoid release or 
solenoid application and spring release, 
with special means provided for spring 
application in case of failure of control 
power. This makes it possible to do away 
with the former hand brake for parking 
the car in sidings or yards as, with either 
form of brake or operating mechanism, 
opening the brake solenoid control circuit 
gives a spring applied brake without 
battery drain. 

The necessity for finding room for the 
brake drum at the drive end of the motor 
was what first brought forced motor ven- 


Figure 5. Speed, time, and distance curves 


tilation into consideration. The traction 
motor was shortened by omitting its in- 
ternal ventilating fan. Since that time 
the obvious advantages of forced motor 
ventilation have become more generally 
recognized, and no doubt it would be con- 
tinued today for its own merits entirely 
aside from the question of brake drum 
space. Forced ventilation keeps the 
motor under pressure, thus tending to 
keep dirt and water out rather than suck- 
ing them in as under ‘“‘natural’’ ventila- 
tion. Also, the uniform continuous flow 
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Table |. PCC Cars in North America as of November 1946 

Total On In 
Transit Company Number Order Operation 
Baltimore Transit Company, Baltimore, Md...... ......2-..+-++-200% 225) iore tere Olaeacterers 275 
Birmingham Electric Company, Birmingham, Ala..................... ASasaitelers AB aca syake 0 
Boston’ Elevated Railway. Boston, Mass... sic/joe cistelen veils ie) chalet ie tans OT Laan 5 ee eee 250 
Chicago Surface Lines, Chicago, Tll4.-22 ai. acmans ooh eine «eae aiaiene iene Lit. © Bees Se BOOS ic sea 83 
Cincinnati Street Railway Company, Cincinnati, Ohio................. SOlereysress eas Be atvarel aug 28 
Cleveland Transit:System,, Cleveland; ©1005 ois sc. 51ers) cl sieisi'oitiel © cies ole etelstiers SO Fi, ctenees GO eietetets 0 
City of Shaker Heights, Department of Transportation, Cleve- 

1 Eo 0 i @ ) 0) (2 ae CPN eo AE ecu neue termites 25 iif te 25... 0 
Dallas Railway and Terminal Company, Dallas, Tex................... Drexel ORS erorete 25 
Department of Street Railways, Detroit, Mich...................-+00. BO her osske he it Aine 2 
Johnstown Traction Company, Johnstown, Pa..............-.-+--e+e+5- WW Ascites UT osietardte 0 
Kansas City Public Service Company, Kansas City, Mo..>............ QO te. <08 3 BU Sin sue ave 58 

\ Los Angeles Railway Corporation, Los Angeles, Calif.................. TGS. aete 40 G85 ares 125 
Louisville Railway Company, Louisville, Ky............00:esceeseeees OG ceteiie POR oracen 0 
Twin City Rapid Transit Company, Minneapolis, Minn..............-. ON hatch DOT wtscoiate 1 
Mexico City Tramways, Mexico City, Mexico...............--.+-..s- ete ecciere Treo rasteays 0 
Montreal Tramways, Ltd., Montreal, Canada..............:+-eeeee0e- B.S eactess Oercreraterods 18 
New York City Transit System, Brooklyn, N. Y..........-...-2+eeee8 LOO), estechate Qeeaistcvsdie 100 
Pacific Electric Railway, Los Angeles, Calif,..........0..0000.sceeseee CLARA S AG 0.. 30 
Philadelphia Transportation Company, Philadelphia, Pa................ ad O)ntcenetereha Ze aie 260 
Pittsburgh Railways System, Pittsburgh, Pa.............0...sssseeaee BG Grilastere« OR Sete 566 
St. Louis Public Service Company, St. Louis, Mo.............0+000e%. BOO sircersene LOO est cyars 200 
San Diego Electric Railway Company, San Diego, Calif...........2.... 28....... Onarteveteve 28 
San Francisco Municipal Railways, San Francisco, Calif................ AD Sacaes VO} igre 5 
Capital Transit Company, Washington, D. C..........-.--eseeeeeee ABD). crete os Oe creases 489 
Toronto Transportation Commission, Toronto, Canada................ S90 eats HOO. aie sien 290 
British Columbia Electric Railway Company, Vancouver, Canada.,...... CURD Rat On eriaaie 36 

4 ho) «| ROSE MC se DO LCD OOS DOU GaUCO OS UL OSS be daotnc BSS sialon VA SU iiwtcess 2,869 


should have sufficient thermal capacity 
for making the stop in case of failure of 
the dynamic brake. It seemed obvious 
that the drum brake would have the best 
chance of success in general application if 
its normal duty were reduced to the low- 
est possible level. 

This led to the development o 
tended dynamic’ braking, wherein the 
dynamic brake is carried down almost to 
standstill, actually to about one mile per 
hour. This development was carried out 
with the co-operation of the engineers. and 
staff of the Pittsburgh Railways Com- 
pany and has proved remarkably suc- 
cessful. This limits the normal duty on 
the drum brake almost entirely to holding 
at stops and therefore reduces the wear-on 
shoes and drums to a point within the 
practical limits of a short travel device 
like a solenoid. 

Improvement also has been made in the 
“easy shut-off’ by introducing resistance 
into the circuit before opening the line 
switch, This feature adds materially to 
passenger comfort during “‘on and off” 
operation behind slow traffic or with the 
nervous type of operator who, in spite of 
training and instruction to the contrary, 
will start and shut off two or three times 
while waiting for the traffic light to sig- 
nal “‘go.”’ 

A combined master and braking con- 
troller simplifies installation and main-: 
tenance by providing permanent line up 
between the limit relay and the cams on 
the power and brake controllers. 

The trend at present is toward the use 
of deion type circuit breakers in place of 
fuses for both 32- and 600-volt circuits. 

, 
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Figure 6. Balancing speeds on grades 
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Figure 7. Surface car operating characteristic 
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A trip is indicated by the position of the 
handle, making it easier for the operator 
to locate quickly the circuit in trouble. 
Pushing the handle to “‘off” and then to 
“on” is easier and quicker than hunting 
_ for and replacing fuses. 

Detail improvements have been made 
in the motor—a longer commutator per- 
mits larger brush area and increased brush 
life. Greater protection over the front 
commutator V-ring minimizes the damage 
resulting in case of motor flashing. Bet- 
ter insulation on both armature and field 
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coils has lengthened coil life and reduced 
chances of breakdown. 

Many control details have been im- 
proved as a result of the accumulated ex- 
perience with the earlier cars. Silver 
faced wiping type control fingers and in- 
terlocks, improved type limit relay con- 
tacts and similar developments have 
increased reliability further. 

Improvements in wiring and layout 
worked out in co-operation with the wir- 
ing committee and the engineers of the 
car builders have resulted in better equip- 
ment arrangement and installation and 
reduction in the number of pieces to be 
housed, mounted, and wired. 

A new design of truck has been com- 
pleted so there are now two sources of 


supply. 
Car Performance 


With the various modifications, car 
weights have tended to increase. At the 
present time standard single-end single- 
unit cars are coming through at about 
36,000 pounds empty weight. Also, the 
equivalent weight addition for rotational 
or flywheel effect has been increased by 
the addition of the drum brake on the 
drive shaft and by some increase in the 
weight of the resilient wheels. Car per- 
formance based on these current weights 
and on the corresponding rates of accelera- 
tion and braking are shown on the ac- 
companying curves. 

Figure 5 shows the speed time and dis- 
tance curves for a 36,000-pound car with 
an average load of 6,000 pounds up to 
balancing speed on level track. 

The balancing speeds on grades up to 
12 per cent are shown in Figure 6. 

Schedule speeds and propulsion power 
consumption for varying stops per mile 
from 4 to 12 are shownin Figure 7, These 
are based on an acceleration rate of 3.5 
miles per hour per second, dynamic brak- 
ing at 3.15 miles per hour per second, 
coasting for 25 per cent of moving time 
and 7-second stops. 

All curves are based on train resistance 
curve shown in Figure 8 plus six pounds 
per ton for resilient wheel resistance. 

The number of cars in service and on 
order is the best possible testimonial to 
their success. Table I shows the cars 
now in service and on order by properties. 
This seems quite an impressive showing 
when it is recalled that the period covered 
included the latter years of the depression 
and the war years with material and pro- 
duction restrictions. 

There is still much transit rehabilita- 
tion work to be done. No doubt many 
existing car lines in smaller cities or sec- 
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ondary and cross-town lines in the larger 
cities will be changed over to trolley coach 
or motor coach operation. The modern 
street car, however, remains a most effi- 
cient vehicle for heavy trunk route serv- 
ice in the large cities, in the field where 
density of riding is too high for a 40- or 
44-passenger vehicle and not high enough 
to justify real rapid transit subways. 
There is growing recognition of the fact 
that street congestion is largely a function 
of the number of vehicles, and attempting 
to handle large numbers of people in pri- 
vate automobiles or in small capacity 
transit vehicles is neither efficient nor 
economical. City planners now recog- 
nize the prime importance of mass trans- 
portation in our cities. Along with plans 
for freeways and super highways, con- 
sideration is being given to the needs of 
the great number of people who neces- 
sarily will continue to depend on public 
transit. In a number of instances, plans 
are being studied for rail rapid transit, in 
conjunction with the freeways, where 
stations are arranged for convenient in- 
terchange with feeder lines for local dis- 
tribution. 

The PCC car equipment already has 
been developed for multiple unit opera- 
tion, first for Pacific Electric Railway in 
Los Angeles and later for Boston Ele- 
vated Railway. The 50 cars recently 
placed in service on Cleveland Transit 
System all are equipped for multiple 
operation. Couplers can be added when- 
ever the contemplated plans for rapid 
transit are completed. The city of Sha- 
ker Heights has just ordered 25 PCC cars 
arranged for operation in trains on their 
system operating from Cleveland terminal 
over private right of way out into Shaker 
Heights. 

Chicago Rapid Transit has on order 
four experimental articulated cars of PCC 
type modified for their type of service and 
other developments are under way toward 
the development of larger capacity trucks 
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and equipment to apply the basic ideas of 
the PCC to heavy service. 

Foreign cities are showing considerable 
interest in this type of car, and it con- 
fidently may be expected that many cars 
of this type will be used abroad. 

Future developments probably will 


trend toward weight reduction by the use - 


of lighter metals, continuing effort for 
greater passenger comfort and appeal, and 
also for the simplification and the fur- 


Discussion 


John C. Aydelott (General Electric Com- 
pany, Erie, Pa.): Cooper has mentioned the 
reason why forced ventilation was adopted 
for the traction motors of the Presidents’ 
Conference Committee car and some of the 
good points of this system. It may be in 
order to say a few words in general in favor 
of self-ventilation, that is ventilation by a 
fan mounted on the shaft of each motor 
armature. 

It is interesting to compare the amount 
of dirt which accumulates in two different 
types of motors in the subway in New 
York, apparently as a result of the system 
of ventilation. In both cases the motors 
referred to are modern high speed motors, 
those which are force ventilated are, in fact, 
an adaptation of the Presidents’ Conference 
Committee car equipment and have been 
observed to be much dirtier than those on 
other equipments which are self-ventilated. 
Cooper speaks of the “‘widely fluctu- 
ating amount of air resulting from the in- 
ternal fan at varying speeds’. Apparently, 
the occasional high velocity blast of air 
which passes through the self-ventilated 
motors at high speed scavenges the dirt from 
the motors much more effectively than does 
the relatively slow steady stream of air 
passing through the forced ventilated mo- 
tors. The effectiveness of both systems of 
ventilation as far as cooling is concerned is 
attested by the fact that there have been 
very few insulation failures in either applica- 
tion. 

The provision of clean ventilating air is 
not an exclusive feature of the forced ventila- 
tion system. When the motors on the Presi- 
dents’ Conference Committee cars were self- 
ventilated, ducts were provided to bring 
relatively clean ventilating air to the motors 
and this is always a possibility if considered 
worthwhile when self-ventilated motors 
are used. Cooper’s point that pressure in 
these ducts insures greater cleanliness than 
suction is well taken but the use of ducts 
even under vacuum has been shown to be 
far superior to drawing in the air directly at 
the motor inlet when the motors are in a 
dirty location. 

Self-ventilation of traction motors will 
probably find many applications for many 
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ther reduction of maintenance and in- 
spection work. 

The results obtained certainly bear out 
the hopes and expectation at the start of 
the committee’s program. The cars have 
shown great passenger appeal and have 
met with almost unanimous public ap- 
proval. The advantages of standardized 
design of body trucks and equipment, 
permitting minor modifications without 
too great change in major tooling, have 


years to come. High speed motors in 
particular lend themselves to the use of self- 
ventilation. Certain double reduction mo- 
tors recently developed for use on industrial 
diesel locomotives are self-ventilated and 
have proved to be very successful with this 
type of ventilation. The fact that the mo- 
tors are used with double reduction gearing 
is important as it means that even at very 
low locomotive speed the motors are re- 
volving rather rapidly and ventilating them- 
selves very effectively. In many cases these 
motors are used one to a locomotive and the 
simplicity of the self-ventilation system as 
compared to the use of a separate blower and 
the necessary ducts is obvious. In addition 
to simplicity the self-ventilation system also 
has an element of certainty to recommend it. 
There are fewer places where the system can 
go wrong. Whenever the motor is turning 
over it is providing its own ventilation. 

Forced ventilation has its uses but con- 
sideration should also be given to the lower 
cost and simplicity of the self-ventilation 
system where it can be used. 

Cooper’s paper is concerned primarily. 
with Presidents’ Conference Committee cars 
and Presidents’ Conference Committee car 
equipment and in this connection he men- 
tions several applications of this equipment 
to rapid transit service. It might be well to 
point out that the traction equipment now 
being developed for the new subway cars 
described in the papers presented by B. F. 
Cordts and J. J. Sinclair at another session 
of this meeting should also find wide use on 
other rapid transit properties in this country. 
This equipment developed for rapid transit 
use is more powerful than the Presidents’ 
Conference Committee ‘equipment and is 
capable of handling the somewhat larger cars 
and high speeds usually associated with 
rapid transit operation. 


S. B. Cooper: Our experience with forced 
ventilation on the Presidents’ Conference 
Committee cars is quite definitely contrary 
to that indicated in Aydelott’s interesting 
discussion. Direct comparison of natural 
and forced ventilated motors, duplicates in 
all respects except ventilation, on similar 
cars in the same service in the same city 
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been obvious. To be sure costs have 
risen sharply, but so have all costs, and it 
is certain that even at today’s costs the 
industry is obtaining cars at much lower 
prices than would have prevailed under 
the old system of small individual lots. 

The PCC car has justified fully the 
time, effort, and money spent on its de- 
velopment and has established itself as an 
efficient and attractive vehicle for the 
transit industry. 


shows a definite advantage of forced 
ventilation in 


1. Cleaner motor interior. 


2. Fewer motor failures due to moisture in bad 
weather, 


3. Materially lower temperature rise. 


There can be no question of the value of 
the duct arrangement used on the older 
Presidents’ Conference Committee cars to 
supply ‘“‘clean dry air” to the naturally 
ventilated motors. This drew air for motor 
ventilation from outside the skirt line at the 
ends of the body bolsters. This was a great 
improvement over the older method of draw- 
ing motor air from the under-floor area. We 
believe the present forced ventilation 
scheme provides an even greater step of im- 
provement. 

It should also be remembered that the 
forced motor ventilation on the Presidents’ 
Conference Committee car required no ad- 
ditional blower motor as the motor gen- 
erator set was already there with part of its 
mechanical load removed by the elimination 
of the air compressor. The only net ad- 
dition, then, was a small increase in blower 
size and some additional duct work—surely 
a small price to pay for the marked benefits 
obtained. 

So far as ‘‘certainty” is concerned, if the 
motor generator set should fail, the car 
should not be run in any case because of 
absence of resistor ventilation. Such failures 
have been quite rare and it is difficult to see 
how any other failure could interfere with 
motor ventilation. 

Admittedly, many successful applications 
of self-ventilated traction motors have been 
and will, no doubt, continue to be made, 
especially where cost and simplicity are 
paramount considerations. However, where 
a driving means for the blower is already 
available, the net added cost and complica- 
tion for forced ventilation seems very small 
in proportion to the obvious benefits. 

I had no intention of implying that the 
Presidents’ Conference Committee equip- 
ment could take over the whole rapid transit 
field. There are, however, some types of 
rapid transit or semi private right-of-way 
running where weights and service require- 
ments are within the capacities of PCC 
equipment where advantage can be taken » 
of this very interesting development. 
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Automatic Control of Air Switches for 


Line Sectionalizing and Load Transfer 


F. W. RICH 


ASSOCIATE AIEE 


Synopsis: The considerations involved in 
the design and application of automatic 
control of air switches are discussed in this 
paper with the thought that they might be 
used to guide designers and engineers who 
encounter similar problems. Three air 
break switch control schemes are described 
and the diagrams involved are shown. 
These control schemes were designed to 
provide automatic switching as follows: 


1. Load transfer with synchronism check interlock, 
using direct current for operation and control. 


2. Line sectionalizing and subsequent load trans- 
fer, using direct current for operation and control. 


8. Load transfer, using alternating current for 
operation and control, 


The description outlines the operation of the 
various control devices for manual switching 
and for automatic switching which occurs 
during fault conditions. 


N the application of automatic switches 

for transferring load, consideration 
should be given to the relative costs of 
air break switches versus oil circuit 
breakers. This is especially true when 
the circuit or circuits under consideration, 
at some future date, might become the 
source for important load centers. It is 
not the intent of the authors to discuss 
the costs nor to outline the relative ad- 
vantages of one type of switching scheme 
over another. It might be pointed out, 
however, that automatic air break 
switches can be installed readily in such a 
manner that, when the circuit conditions 
warrant, oil circuit breakers can be added 
and the original air break switches used 
for by-pass switching. 


Paper 47-51, recommended by the AIEE committee 
on automatic stations for presentation at the AIEKE 
winter meeting, New York, N. Y., January 27-31, 
1947, Manuscript submitted October 31, 1946; 
made available for printing November 25, 1946, 


F. W. Rrew and M. S. Krrwen are both with The 
Commonwealth and Southern Corporation, Jack- 
son, Mich, 
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The principal function of an automatic 
load transfer scheme is to transfer a load 
from a preferred source, upon failure of 
voltage on the preferred line, to an emer- 
gency source, thus restoring service to the 
station. The second function is to trans- 
fer the load back to the preferred source 
upon restoration of voltage on the pre- 
ferred line. This latter transfer should 
be made without interruption to service 
which necessitates paralleling the two 
lines for a short time during the transfer. 

The principal function of an automatic 
line sectionalizing and load transfer 
scheme is to first sectionalize the line by 
opening both line switches upon failure of 
voltage on the bus, followed by the clos- 
ing of one of the switches when voltage is 
restored on one section of the line, thus 
restoring service to the station. If de- 
sired, normal service can be restored by 
additional provisions in the control 
scheme for closing the second line switch 
when voltage is restored on its section of 
the line. 


In the design of automatic air break 
switch control schemes, the first consid- 
eration is the potential source to be used 
for operation and control. Some schemes 
require a source of potential independent 
of the lines being switched while others 
can be operated with duplicate sources, 
one connected to each of the two main 
transmission lines. Another important 
consideration is the completion of a trans- 
fer, once it is started, or to set up the 
control so that a transfer will take place 
when one of the lines is energized. An- 
other consideration is flexibility. Power 
circuit conditions change rapidly and it 
becomes necessary to change the auto- 
matic control to meet the new require- 
ments of the power circuits. The control 
scheme should be such that the new re- 
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quirements can be met with the minimum 
number of changes. 

In the installations which willbe de- 
scribed the main power sources are pro- 
tected by oil circuit breakers which are 
equipped with reclosing relays and the 
normal circuit protective relays. 

Time delay features are incorporated 
in the air break switch control schemes 
to prevent unnecessary switching caused 
by transient faults and to co-ordinate the 
timing of the transfer switching with that 
of the source oil circuit breakers. 


Automatic Control of Air Switches 
for Load Transfer With Synchro- 
nism CheckInterlock—D-C Opera- 
tion and Control 


This cdntrol scheme (see Figures 1 and 
2) includes the general requirements pre- 
viously outlined for automatic load trans- 
fer schemes. There also is provided a 
synchronism check interlock to block an 
attempt to parallel the two sources during 
switching operations unless they are in 
synchronism. 


NORMAL CONDITIONS 


Station L normally is served from sta- 
tion OC which in turn is served from a 
69,000-volt transmission line connecting 
stations OR and P. Oil circuit breakers 
488 at station OR and 588 at station P 
normally are closed and are reclosed 
manually after automatic tripping. Oil 
circuit breakers 177 at station OC and 
188 at station OR normally are closed 
with control arranged for one immediate 
reclosure after automatic tripping and 
two time delay reclosures. The total 
reclosing cycle is approximately 21/2 
minutes. At station L motor operated 
air break switch 152 normally is closed 
and 252 normally open with their con. 
trols arranged for automatic switching 


AUTOMATIC SWITCHING FOR FAULT 
CONDITIONS : 


1. Failure of Line Potential, Failure 
of voltage on the incoming line from sta- 
tion OC causes, after a time delay of ap- 
proximately three minutes, the opening 
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of switch 152 followed by the closing of 
switch 252. This switching is initiated 
by the de-energized contact of auxiliary 
line voltage relay UV-X which is normally 
energized through energized contracts of 
line voltage relays UV-1 and UV-2. 


2. Return of Line Potential, Return 
of potential on the line from station OC 
causes, after a short time delay, switch 
152 to close, which for a few seconds 
parallels the two sources, followed by the 
opening of switch 252, thus restoring 
normal service. This operation is initi- 
ated by the energized contacts of relays 
UV-1 and UV-2 and is interlocked with 
synchronism check relay SCR. 


Failure of voltage on the incoming line 
from station OC, which caused the original 
switching operation, might have resulted 
from the tripping of breaker 177 at sta- 
tion OC or from the tripping of breakers 
488 and 588 at stations OR and P. The 
instructions for switching on the 69,000- 
volt line after a trip-out call for first 
closing breaker 488 at station OR followed 
by synchronizing and closing breaker 588 
at station P. Because of the possibility 
of the reverse switching operations, that 
is, closing switch 588 before 488, thus 
energizing station ZL from a different 
generating source, and in order to serve 
stations OC and L from station P in an 
emergency with switch 488 open at sta- 


Generetien 
STATION 
‘p" 


69,000 Vo/t 


STATION 
“OR” 


Generation 


294 


tion OR, the automatic control at station 
L is provided with a synchronism check 
relay. This relay blocks an attempt to 
parallel the twosources during this switch- 
ing operation unless they are in synchro- 
nism. One coil of the synchronism check 
relay is connected to the bus potential 
transformer and the other to one phase 
of the line potential transformers. 


3. Failure of Bus Potential Following 
Line Potential Failure. Failure of volt- 
age on the incoming line from station OR 
after switching operation 1 has taken 
place causes no further switching. If 
this conditions still exists when voltage 
is restored on the line from station OC, 
switch 252 will open and 152 will close. 
This operation is initiated by auxiliary 


line voltage relay UV-X and bus*voltage, 


relay UV-3. 


4. Failure or Restoration of Potential 
During Switching Operations. In the 
foregoing three switching operations, it is 
assumed that the initiating voltage con- 
ditions continue until a switching opera- 
tion is completed. In switching opera- 
tion 1, if line potential is restored on the 
line from station OC before relay TD 
completes its timing cycle, no switching 
will take place. If line potential is re- 
stored after TD contact closes but before 
152-b contact is closed, switch 152 will 
open, 252 remains open and 152 will re- 
close by the operation of relay CX-14 as 
in switching operation 3. In switching 


operation 2, if voltage again fails on the 


incoming line from station OC before the 
contact of the synchronism check relay 
SCR closes, no switching takes place. If 


34,500 Vo/t 


Figure 1. A 1-line 
diagram of station L and 
connected system 
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voltage fails on this line after relay CX-1 
has closed its contacts, switch 152 will 
close and 252 will open. Under this con- 
dition switching operation 1 will be re- 
peated. 


In switching operation 3, if voltage 
fails on the incoming line from sta- 
tion OC after relay TX-2A contact 
closes but before 252-a closes, switch 252 
will open but will reclose by the operation 
of relay CX-2 asin switching operation 1. 


CONTROL SCHEDULE 


In the operation of the switch mecha- 
nism, the motor circuit is held closed me- 
chanically and the brake is held in the re- 
leased position until the mechanism has 
reached its full angular travel. It is, 
therefore, unnecessary for the control 
switch or control contacts to remain closed 
in order to complete a closing or opening 
operation. 


Manual. ‘Turn the “atttomatic-man- 
ual” switch 43 to the ‘‘manual”’ position. 
Since the manual operation of each switch 
is identical, the following description will 
be confined to the operation of switch 
152. 


To close or open switch 152, energize 
relay CC-152 or TC-152 by operating 
control switch C-101 or T-101. This 
operation closes contact CC-152 or TC- 
152, energizes the motor M and mechani- 
cally releases the motor brake. At the 
end of the closing or opening operation 
a cam unlatches contact CC-152 or TC- 
152. Contact CC-152 or TC-152 there- 
fore opens and the motor brake is ap- 
plied. Relay CC-152 or TC-152 is de- 
energized when control switch C-101 or 
T-101 is released or by the operation of 
contact 152-bb or 152-aa. 


The air break switch also may be op- 
erated by means of a hand crank. For 
hand operation an interlock is provided 
in the motor and brake circuit which 
serves as a safety feature in the event 
manual operation of the switch is neces- 
sary. This interlock is attached to the 
emergency hand crank guard. The 
guard must be moved aside before the 
hand crank can be attached. This opera- 
tion opens the motor circuit and releases 
the brake. A mid position of the guard 
is the locked-out position. In this posi- 
tion, the brake is engaged but the motor 
switch is open. The guard may be pad- 
locked in this position so that it can be 
used as a lockout while working on the 
motor mechanism or on the line. 


Automatic. \ With air break switch 152 
closed, 252 open, turn the “automatic- 
manual’ switch to the ‘automatic’ 
position. Relay UV-X is energized 
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through an energized contact of relays’ 
UV-1 and UV-2 in series. 


Failure of Line Potential. Failure of 
potential on relay UV-1 or UV-2, or on 
both relays simultaneously, allows the 
de-energized relay or relays to open their 
energized contact, after a time delay, to 
de-energize relay UV-X. A contact of 
UV-X closes to energize relay TX-1 
through contact 252-b. A contact of T7-X-1 
energizes relay TD. After a time de- 
lay of approximately three minutes, 7D 
contact closes to energize TC-152 to open 
. switch 152. When contact 152-6 closes, 
relay CX-2 is energized through the de- 
energized contact of UV-X. CX-2 con- 
tact closes to energize CC-252 to close 
switch 252. When switch 252 closes, 
relay CL is energized through contact 
252-aa. An energized contact of CL 
energizes relay SCR. 


Return of Line Potential. If, after 
switch 152 is open and 252 is closed, re- 
lays UV-1 and UV-2 close their energized 
contacts, voltage relay UV-X will be 
energized. If line potential and bus po- 
tential are approximately equal in magni- 
tude and in phase, relay SCR contact 
will close to energize relay CX-1 through 
252-a, UV-1, and UV-2 contacts. CX-1 
seals in through one of its contacts. The 
purpose of this seal-in is to allow the 
transfer to be completed if line voltage 
fails during the transfer. Another con- 
tact of CX-1 energizes CC-152 to close 
switch 152. After switch 152 closes, re- 
lay TX-2 is energized through CX-1, 
152-a and 252-a contacts. T-X-2 con- 
tact closes to energize TC-252 to open 
switch 252. 
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Figure 2. Schematic diagram of station L. 

Load transfer scheme with synchronism check 

interlock using direct potential for operation 
and control 


Failure of Bus Potential. i, after 
switch 152 is open and 252 is closed, 
voltage fails on the bus and relay UV-3 
closes its de-energized contact, no switch- 
ing takes place. Subsequently, if voltage 
is restored on the line, relay UV-X is 
energized after a time delay through en- 
ergized contacts of UV-1 and UV-2. 
Relay T-X-2 is energized through contacts 
UV-3, UV-X and 152-b. TX-2A contact 
closes to energize TC-252 to open switch 
252. After switch 252 opens, relay CX- 
1A is energized through contacts 152-5, 
252-b and UV-X. CX-1A_ contact 
energizes CC-152 to close switch 152. 


Automatic Control of Air Switches 
for Line Sectionalizing and 
Subsequent Load Transfer—D-C 
Operation and Control 


This control scheme (see Figures 3 and 
4) was designed for a station connected to 
a normally closed transmission loop and 
provides for first sectionalizing the line 
upon failure of voltage on the bus and 
subsequently transferring the load to one 
section of the line. One potential trans- 
former on the preferred section of the line 
and one potential transformer on the bus 
are used for this scheme. If voltage re- 
turns on the station OR section of the 
line, the load will be transferred to this 
source. If potential fails to return on 
this section of the line within the time 
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required for the line voltage relay to 
close its de-energized contact, the load 
will be transferred to the section served 
by station W. This control scheme is not 
fully automatic under all conditions. If 
transfer is first made to station W, res- 
toration of voltage on station OR section 
of the line will close the loop automati- 
cally for normal operation. If, however, 
transfer first is made to station OR, the 
loop will not be closed automatically. 


NORMAL CONDITIONS 


Station FB normally is served from a 
34,500-volt closed transmission loop fed 
from station OR. This loop has auto- 
matic sectionalizing oil circuit breakers 
at station W. Oil circuit breaker 288 at 
station OR normally is closed with con- 
trol arranged for one immediate reclosure 
after automatic tripping and one time 
delay reclosure. Oil circuit breaker 277 
at station W normally is closed with 
control arranged the same as breaker 288. 
At station FB motor operated air break 
switches 152 and 252 normally are closed 
with control arranged for automatic 
switching for voltage failure and for volt- 
age restoration. 


AUTOMATIC SWITCHING FOR FAULT 
CONDITIONS 


Fault at A 


1. Breakers 288 and 277 open and im- 
mediately reclose. If the fault is cleared, 
no further switching occurs. 


2. If the fault is sustained, breakers 288 
and 277 again are tripped. 


3. After a time delay, air break switches 
152 and 252 open. This switching is 
initiated by bus voltage relay UV-2. 
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4. Breakers 288 and 277 have a time delay 
second reclosure. (The elapsed time be- 
tween the first and second reclosure is 
sufficient for air break switches 152 and 252 
to open.) Breaker 288 trips and remains 
open and its recloser locks out. Breaker 277 
remains closed and its recloser resets. 


5. After a time delay, air break switch 252 
closes (152 remains open) to restore service 
to station FB. This switching is initiated 
by the de-energized contact of relay UV-1. 
6. When the fault is cleared at A and 
breaker 288 again is closed, air break switch 
152 aloses to restore normal service. This 
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A 1-line diagram of station FB and 
connected system 


Figure 3. 


switching is initiated by the energized con- 
tact of relay UV-1. 


Fault at B 

1, 2, and 3. Same as for fault at A. 

4. Breakers 288 and 277 have a time delay 
second reclosure. Breaker 277 trips and 
remains open and its recloser locks out. 
Breaker 288 recloses and its recloser resets. 
5. After a time delay, air break switch 152 
closes (252 remains open) to restore service 
to station FB. This switching is initiated 
by the energized contact of relay UV-1. 

6. When the fault at B is cleared and 
breaker 277 again is closed, no automatic 
switching occurs. Manual switching at 


station FB is required to restore normal 
service. 


Fault at C—Bus Fault 
1,2,and 3. Same as for fault at A. 


4. Breakers 288 and 277 close on the time 
delay second reclosure and remain closed. 


5. Relay UV-1 closes its energized contact 
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to close air break switch 152. Breaker 288 
trips and its recloser locks out. Switch 152 
remains closed. Breaker 277 remains closed 
and its recloser resets. The station is de- 
energized. 


Simultaneous Faults at A and B 

1, 2, and 3. Same as for fault at A. 

4, Breakers 288 and 277 have a time delay 
second reclosure. They immediately trip 
and their reclosers lock out. 

5. After a time delay, relay UV-1 closes its 
de-energized contact to close switch 252. 

6. When the faults at A and B have been 
cleared and both breakers 288 and 277 close 
to energize the line, air break switch 152 
will close to restore normal service. Closing 


either 277 or 288, but not both, will cause 
no automatic switching. 


Simultaneous Faults at A and C 


1, 2, and 3. 


4, Breakers 288 and 277 have a time delay 
second reclosure. Breaker 288 trips and its 
recloser locks out. Breaker 277 remains 
closed and its recloser resets. 


Same as for fault at A. 


5. After a time delay, relay UV-1 closes 
its de-energized contact to close switch 252. 
Breaker 277 trips and its recloser locks out. 
Subsequent closing of breaker 288 causes no 
further automatic switching. 


Fault at B or C Subsequent to a Fault at A 


1. Breaker 277 trips and recloses twice if 
the fault does not clear and its recloser locks 
out. No automatic switching occurs at 
station FB. 


Fault at A and C Subsequent to a Fault at B 


1. Breaker 288 trips and recloses twice if 
the fault does not clear and its recloser locks 
out. No automatic switching occurs at 
station FB. 


Failure of Voltage on Line Voltage Relay 
UV-1 When Switches 152 and 252 Are 
Closed 


1. No automatic switching occurs. 


Failure of Voltage on Bus Voltage Relay 
UV-2 When 152 and 252 Are Closed 
1. After a time delay relay UV-2 closes its 
de-energized contact to open switches 152 
and 252. Switch 152 immediately recloses. 
Switch 252 remains open. No other switch- 
ing occurs. 


CONTROL SCHEDULE 


The operation of the switch mechanism 
is the same as previously outlined for the 
control scheme shown in Figure 1. 


Manual. The manual operation of 
switches 152 and 252 is the same as pre- 
viously outlined for the control scheme 
shown in Figure 1. 


Automatic. With air break switches 
152 and 252 closed, turn the ‘“‘automatic- 
manual” switch 43 to the ‘‘automatic”’ 
position. Relay CX-1A will be energized 
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through energized contact UV-2 and 
contact 252-a. 


Failure of potential on relay UV-2 will 
allow the relay to close its de-energized 
contact after a time delay. Relay TX-1 
will be energized through contacts 152-a, 
252-a, and UV-2. One contact of TX-1 
closes to energize opening relay coil TC- 
152 to open switch 152. 


Another contact of TX-1 in series with 
contacts UV-2 and 252-a energizes relay 
TX-2 which seals in through one of its 
contacts and energizes relay TD. After 
switch 152 has had time to start opening, 
TD closes its contact to energize relay 
TC-252 to open switch 252. When 
switch 152 opens, relay T-X-1 is de-en- 
ergized by the opening of 152-a. Like- 
wise, when switch 252 opens, relays TX -2 
and TD are de-energized by opening of 
252-a. : 


If, after switches 152 and 252 are 
opened, relay UV-1 has its energized con- 
tact closed, or again closes it before it has 
time to close its de-energized contact, re- 
lay CX-1 will be energized through en- 
ergized contacts UV-1 and 152-b. CX-1 
contact in series with 252-b energizes 
CC-152 to close switch 152. 

If, after switches 152 and 252 are 
opened, relay UV-1 does not close its en- 
ergized contact but after a time delay 
closes its de-energized contact, relay CX-2 
will be energized through contacts 152-b 
and 252-b in series with UV-1 de-ener- 
gized contact. A contact of- CX-2 com- 
pletes CC-252 closing relay circuit to close 
switch 252. 

Tf, after switch 252 has closed automati- 
cally, voltage is restored to relay UV-2, 
the relay will close its energized con- 
tact to energize relay CX-1A. . Subse- 
quently, if relay UV-1 again is energized 
to pick up relay CX-1, CC-152 will be 
energized’ through contacts CX-1 and 
CX-1A to close switch 152. However, if 
closing of switch 252 does not re-energize 
UV-2 and consequently CX-1A, the en- 
ergizing of relay UV-1 will cause no 
switch operation because of the fact that 
relay CX-1A is de-energized and its con- 
tact in switch 152 closing circuit is open. 


Automatic Control of Air Switches 
for Load Transfer—A-C 
Operation and Control 


This control scheme (see Figures 5 and 
6) is designed to include the general re- 
quirements previously outlined for auto- 
matic load transfer. In addition, con- 
trol devices are provided so that either 
one of the sources of power supply may 
be selected as the preferred source. The 
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emergency line must be energized in order 
to perform an automatic transfer of load. 

The operating and control potential is 
obtained from the line potential trans- 
formers. The complete control and 
operating equipment for each switch is 
located in the switch mechanism housing. 
Certain interlock wiring is provided be- 
tween the switches in order to obtain 
proper sequence of control potential dur 
ing switching operations, 


NORMAL CONDITIONS 


Oil circuit breakers 188 and 288 nor- 
mally are closed with controls arranged 
for one immediate reclosure after auto- 
matic tripping and two time delay re- 
closures. Line A, the preference line, 
has its motor operated air break switch 
152 closed with control arranged for auto- 
matic switching to line B in the event of a 
voltage failure on line A. When normal 
voltage is returned to line A, switch 152 
will close and switch 252 will open. 


AUTOMATIC SWITCHING FOR FAULT CONDI- 
TIONS 


Fault at A 


1. Breaker 188 opens and immediately re- 
closes. If the fault is cleared, no further 
switching occurs. 

2. If the fault is sustained, breaker 188 
again opens and after a time delay recloses, 
If the fault still persists, the opening and 
reclosing cycle is repeated and the auto- 
matic recloser locks out. 


3. During the previous switching, relays 
UV-1A and UV-1B closed their de-energized 
contacts. This operation energizes relay 
TD-202. The timing cycle of relay 7D-202 
is such that its contact will not close until 
after the automatic reclosing relay on 
breaker 188 has locked out. After the fore- 
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Figure 4, Schematic diagram of station FB, 

Line sectionalizing and subsequent 

transfer scheme using direct potential for opera- 
tion and control 


going timing cycle is completed, the ener- 
gized contact of relay 7D-202 closes and 
energizes relay 7'C-152. Switch 152 will 
open and the closing circuit for switch 252 
is made through 152-b. Switch 252 there- 
fore will close. During this operation, it is 
assumed that line B has normal voltage. 


4. When the fault is cleared at A and 
breaker 188 is closed, relays UV-1A and 
UV-1B close their energized contacts to 
close switch 152. Closing potential is ob- 
tained from line A potential transformer. 


5. Immediately after switch 152 is closed, 


a circuit is set up through 152-a to open 
switch 252. 


Fault at B 


With emergency line B serving station 
X and line A out of service because of 
fault conditions, switch operations are as 
follows: 


1. Same as fault at 
breaker 288. 


2. Same as fault at A, except refers to 
breaker 288 and station Y is de-energized 
because line A is out of service. 


A, except refers to 


8. In the meantime, if the fault has been 
removed from line A and breaker 188 again 
is closed, switch 252 will open and switch 
152 will close, thereby energizing station X. 


Fault at C 


1, 2, and 8. 


4, The fault at C has not been removed; 
therefore, during the previous operation, 
switch 252 closed into the fault and breaker 


Same as for fault at A. 
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Breaker 288 immediately re- 
5. Same as fault at 4, item 2, except refers 
to breaker 288 and station YX is de-energized 
because line 4 is out of service. 

6. When the fault is cleared, breakers 188 
and 288 are closed by the operators at the 
terminal station. Switch 152 will close and 
switch 252 will open thereby restoring 
normal conditions. 


Simultaneous Faults at A and B 

1. Breakers 188 and 288 immediately trip 
and reclose automatically. 

2. If the faults are sustained, the breakers 
again open and reclose after a time delay. 
If the faults still persist, the opening and 
closing cycle is repeated and the automatic 
reclosers lock out and prevent further auto- 
matie switching. During this time no atuto- 
matic switching has occurred at station Y. 
Station VY therefore is de-energized. 


CONTROL SCHEDULE 


The operation of the switch mechanism 
is the same as previously outlined for the 
control scheme shown in Figure 1. 


Manual. The manual operation of 
switches 152 and 252 is the same as pre- 
viously outlined for the control scheme 
shown in Figure 1 except that each switch 
is provided with an “automatic-manual” 
switch 143 and 243, 


Automatic—With Line A_ Preferred. 
With switch 152 closed, turn the “‘auto- 
matic-manual” switches to the “automa- 
tic’ position. The ‘“‘line preference”’ 
selector switch 95, located in 252 switch 
mechanism housing, should be turned to 


the “preference”’ position, 


Failure of Line A Potential, Failure 
of potential on line A causes relays UV- 
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Figure 5. A 1-line diagram of station X 


14 and UV-1B to close their de-ener- 
gized contacts. Relay TD-202 is en- 
ergized through de-energized contact 
UV-1B and energized contact UV-2A. 
After a time delay, contact TD-202 
closes. Relay TC-152 is energized 
through energized contact 7D-202 and 
de-energized contact UV-1A. This 
operation energizes motor M-152 and the 
switch starts to open. After the switch 
opens completely, relay TC-152 is de- 
energized by the opening of 152-aa. 
Immediately following the opening of 
switch 152, a circuit is set up for closing 
switch 252. Relay TD-202 still is en- 
ergized and its contact is closed. Relay 
CC-252 is energized through 152-b in 
series with contacts TD-202, UV-1B, 


152 


and UV-2A. After switch 252 is closed 


completely, relay CC-252 is de-energized 


by the opening of 252-bb. 


Return of Line A Potential. Relays 
UV-1A and UV-1B again are energized. 
Relay TD-102 is energized through con- 
tacts UV-1A and SS-X (of the line pref- 
erence relay 83). After a time delay, 
contact TD-102 closes and sets up a cir- 
cuit through contacts UV-2B and SS-X to 
energize CC-152 to close switch 152. 
Relay CC-152 will be de-energized at the 
completion of the closing operation by 
the opening of 152-bb. 


Immediately following the closing of 
switch 152, a circuit is set up for opening 
switch 252. Relay TD-102 still is en- 
ergized and its contact is closed. Relay 
CC-252 is energized through contact 
152-a in series with contacts TD-102, 
SS-X and UV-1A. At the completion 
of the opening operation CC-252 is de- 
energized by the opening of 252-aa. 


Automatic—With Line B_ Preferred. 
With normal conditions existing, turn 
the ‘‘line preference” selector switch 95 
to the ‘emergency’’ position. Relay 
TD-202 is energized through contacts 
SS2-95 and UV-2A. After a time delay, 
contact TD-202 closes and sets up a cir- 
cuit through contacts UV-1B and SS2-95 


Figure 6. Schematic diagram of station X.. 


Load transfer scheme using a-c potential for 
operation and control 


to energize CC-252 and close switch 252. 
Immediately following the closing of 
switch 252, a circuit is set up for 
opening switch 152. Relay TC-152 is 
energized through contacts 252-a, TD-202, 
SS2-95 and UV-2A. At the completion 
of the opening operation, CC-152 is de- 
energized by the opening of 152-aa. 


Failure of Line B Potential. Failure 
of potential on line B potential trans- 
former causes relays UV-2A and UV-2B 
to close their de-energized contacts. Re- 
lay TD-102 is energized through de-en- 
érgized contact UV-2B and energized 
contact UV-1A. After a time delay, 
contact TD-102 closes. Relay TC-252 is 
energized through energized contact TD- 
102 and de-energized contact UV-2A. 
This operation energizes motor M-252 
and the switch starts to open. After the 
switch opens completely, relay TC-252 is 
de-energized by the opening of 252-aa. 

Immediately following the opening of 


the switch 252, a circuit is set up for clos- . 


ing switch 152. Relay TD-102 still is 
energized and its contact is closed. Re- 
lay CC-152 is energized through 252-b in 
series with contacts TD-102, UV-2B and 
UV-1A. After switch 152 is closed com- 
pletely, relay CC-152 is de-energized by 
the opening of 152-bb. 


Return of Line B Potential. Switch 
and relay operations are the same as out- 
lined in the two paragraphs following 
‘“Automatic—With Line B Preferred.’ 
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Conclusions 


The three control schemes described 
were designed to meet specific system 
operating requirements. However, other 
system requirements can be met readily 
with a minimum number of changes in 
the control wiring. It is advisable to 
keep the design of an air break switch 
transfer scheme simple and inexpensive 
as the load center might develop beyond 
the limits of air break switches. In this 
event it would be necessary to replace the 
air break switches with more adequate 
and more costly equipment such as oil 
circuit breakers. 


Appendix. Nomenclature of 
Schematic Diagrams 


a=auxiliary switch contact—closed when 
device is in energized or operated 
position 

aa=auxiliary switch contact-—closed when 
operating mechanism of main device 
is in energized or operated position 

b=auxiliary switch contact—closed when 


device is in de-energized or non- 
operated position 

bb=auxiliary switch contact—closed when 
operating mechanism of main device 
is in de-energized or non-operated 
position 

AM-1=automatic manual switch—contact 
closed in manual position 

AM-2=automatic manual switch—contact 
closed in automatic position 

C=close contact of control switch 

CC=air break switch closing relay 

CL=auxiliary relay used to energize syn- 
chronism check relay 

CX-1, CX-1A =auxiliary relays for closing 
switch 152 

CX-2=auxiliary relay for closing switch 252 

G=green indicating lamp 

LC=lamp cutoff contact on control switch 

M=air break switch operating motor 

R=red indicating lamp 

SCR=synchronism check relay 

SS-1=line preference selector switch con- 
tact—closed when line A is preferred 
(“preference”’ position) 

SS-2=line preference selector switch con- 
tact—closed when line B is preferred 
(“emergency”’ position) 

SS-X =line preference selective 
auxiliary relay 


control 


T =trip or open contact on control switch 

TC=air break switch opening relay 

TD=timing relay with time delay closing 
contacts, instantaneous reset 

TX-1=auxiliary relay for opening switch 
152 ; 

7 X-2, TX-2A =auxiliary relays for opening 
switch 252 

UV-1, UV-2, UV-3=line or bus voltage 
relays 

UV-1A, UV-2A=line undervoltage relays 
for line A 

UV-1B, UV-2B=line undervoltage relays 
for line B 

UV-X =line voltage auxiliary relay 

25=synchronism check relay 

43 =control transfer switch 

83 =selective control relay 

95=line preference control transfer switch 

101, 201 =control switches 

201, 202=time delay closing relays 

108, 208=control power switches 

111, 211=control power transformers 

127, 227 =undervoltage relays 

127-X = undervoltage auxiliary relay 

143, 243 =control transfer switches 

152, 252 =air break switches 

169, 269=interlock switches—open only 
when crank is inserted to operate 
mechanism by hand 


Discussion 


G. E. Heberlein (Railway and Industrial 
Engineering Company, Jeannette, Pa.): 
F. W. Rich and M. S. Kirwen’s paper is 
particularly valuable in illustrating solu- 
tions to very common operating problems, 
providing improved service reliability on 
low voltage transmission lines. Little has 
been published on the extent of automatic 
switching and sectionalizing schemes and 
few engineers appreciate how widely used 
are such automatic air break switching 
installations. In general terms, most of 
the larger eastern utilities, having a large 
number of 33-ky or equivalent transmis- 
sion lines, have from a few to dozens of these 
installations. K. Reardan of the West 
Penn Power Company stated that his com- 
pany has 43 automatic switching installa- 
tions. Iam informed that one of the south- 
ern utilities has made over 200 installations 
during the past 20 years. I would like to 
comment, summarizing the experience gained 
from various operating engineers as to 
their preferences and needs, regarding auto- 
matic switching equipment of this type. 

The application of such equipment is, of 
course, to improve service for the least capi- 
tal investment, commensurate with the 
value of service rendered. Such installa- 
tions involve air break switches, voltage 
sources, and the automatic relay equipment. 
For the lower voltage distribution lines, po- 
tential transformers are relatively inex- 
pensive and can be used to provide both 
voltage indication and operating source for 
motor operation, For the usual transfer 
installation, the operation is only required 
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when one or the other line is energized and 
as such, the operating source is available. 
In many cases, sectionalizing has been ac- 
complished by means of spring operated 
switches with motor reclosing after the 
line again becomes energized. 

In addition to the transfer and sectional- 
izing equipment described in the paper, 
many utilities are using special forms of 
automatic switching equipment. These 
schemes include: 


1. Sectionalizing on overloads, where an air break 
switch is used to open a live line on overload. 
Equipment used is usually post-type current trans- 
formers with induction-type overcurrent relays, 
with conventional motor operated switches. Such 
switches may be of a special type for air break load 
interruption. 


2. Sectionalizing of a line after a predetermined 
number of overloads, such operation is a dead line 
switching, usually after one, two, or three trippings 
of the associated feeder breaker. Equipment used 
includes special relays to record the number of over- 
loads and timing the resetting. 


Other automatic switching schemes com- 
bining features of the above have also been 
used. 

While operating requirements vary widely 
and sometimes complicated schemes must 
be used, engineers tend toward greatest 
reliability through the use of simpler re- 
laying equipment. By using a motor 
mechanism with a clutch which disconnects 
the air break switch drive from the’ mecha- 
nism, including the limit and auxiliary switch, 
testing of the automatic installation can be 
done without requiring operation of the air 
break switch. This permits going through 
a complete sequence without disturbing the 
position of the air break switch or requiring 
the switching of any lines. 
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The authors show the use of switch 169 
as well as some auxiliary relays to insure 
completion of certain sequencing. By us- 
ing motor mechanisms with contactors 
equipped with sealing-in contacts, which 
become de-energized by the motor limit 
switch at the end of the operating travel 
and the use of electrically operated brakes, 
simplification can be attained. 

In general, Rich and Kirwen’s schemes 
have been used by the majority with some 
simplification attained through the use of 
some of the features outlined. More spe- 
cifically, in these change-over and section- 
alizing schemes potential transformers are 
connected to the incoming lines ahead of 
the air break switches and only two under- 
voltage relays are used. The change-over 
schemes are usually arranged that the back 
transfer from the emergency to the pre- 
ferred line takes place by paralleling the 
lines in case the emergency line is energized. 
Otherwise, the emergency line air break 
switch opens up before the preferred line 
switch closes. Naturally, a synchronism- 
verifier, connected directly to the potential 
transformers on the two lines, is required 
when there is a possibility of the lines not 
being in synchronism. 

These schemes have varied in timing 
from 20 cycles to 60 minutes, depending 
upon the system conditions. This re- 
quires specific relays for these timing pur- 
poses. When the time delay for the change- 
over is not over 80 seconds, a long-time, 
geared induction type undervoltage relay 
is used for timing. If the required time is 
over 80 seconds, or a predetermined accurate 
time is required for back transfer switching, 
instantaneous undervoltage relays in con- 
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nection with long range mechanical timers 
are used. For accuracy ‘purposes, the 
timers are driven by synchronous motors 
and are supplied with a vibrator type rec- 
tifier in case an alternating current supply 
is not available. Wherever possible, ' the 
operating mechanism contactor coils are 
energized directly by the voltage relay 
contacts. 

The general preference seems to be to 
forego the use of indicating lamps on the 
relay-equipments as they are only valuable 
during the time of testing of the equipments. 
Most engineers seem to prefer the seal-in 
type of control so that manual operation is 
completed without the need for holding the 
control switch in the operated position. 

The general acceptance of this form of 
automatic control indicates satisfactory and 
reliable operating performance. With such 
widespread usage of automatic equipments 
and the diversity of conditions and schemes 
used, a symposium of the existing practices 
and experiences would be desirable. 


R. S. Smithley (nonmember; Duquesne 
Light Company, Pittsburgh, Pa.): The 
automatic control of air switches or non- 
automatic breakers for line sectionalizing or 
load transfer on the system of the Duquesne 
Light Company is based upon the procedure 
which would be followed by an operator in 
restoring service. The schemes ordinarily 
do not check line potential before a transfer 
is made. In general, 3-phase potential 
from the low voltage side of the nonauto- 
matic station bank is employed for the 
supply to the undervoltage relays. An 
arbitrary sequence of sectionalizing is set 
up based upon the probability of a per- 
manent fault occurring in the longer line 
section. 

Two schemes performing the same func- 
tions as the schemes used by the authors for 
automatic control of air switches for line 
sectionalizing and subsequent load transfer, 
and automatic control of air switches for 
load transfer only, will be contrasted with 
those of the authors. 

Referring to Figure 3 of the paper, and 
using the authors’ designation of stations 
and switches, the sequence of operations 


used by the Duquesne Light Company to 
restore service is as shown in Table I of the 
discussion. 

The sequence at station FB is controlled 
by two undervoltage relays making their 
de-energized contacts at 15 seconds and 
45 seconds. Should the station become 
energized before either of these timers 
close their de-energized contacts, the se- 
quence of operation at station FB is dis- 
continued. The air break switches or the 
nonautomatic breakers at station FB are 
operated from a battery. 

The scheme used by the Duquesne Light 
Company for automatic control of air 
switches for load transfer accomplishes the 
same result as the authors’ scheme illustrated 
in Figure 5. Referring to this figure, and 
again using the authors’ designation of 
stations and switches, the sequence of 
operation to restore service is as shown in 
Table II. 

The scheme of load transfer when the 
station is fed as a double tap normally oper- 
ated from one of two lines, consists funda- 
mentally of transferring the station to the 
reserve line after it is shown that the fault 
on the regular line is permanent. The 
transfer is made by means of undervoltage 
relays at the station X. Should the regular 
line be returned to service on the instanta- 
neous reclosure, the undervoltage relays at 
station X will not have closed their de- 
energized contacts, and therefore station X 
will continue to be served from the regular 


Automatic Control of Air Switches 
for Load Transfer* 


Table Il. 


eS 


Station W Station X 


(Normal Running Order 
is with breakers 188 
and 288 closed) 

Breaker 188 trips 


Reclose 188 
taneously 


Breaker 188 trips if 
fault is permanent 


is with air break 152 
closed, 252 open) 


instan- 


Open 152 in 15 seconds 
Close 252 after 152 opens 


* The two lines to which the taps are made are not 
necessarily from the same station. 


Table |. Automatic Control of Air Switches tor Line Sectionalizing 


 . 


Station OR 


Station FB 


Station W s 


Breaker 288 trips 


Breaker 277 trips 
Reclose 277 instantaneously 
Breaker 277 trips if fault is perma- 


nent in either line section 


Open 252 in 15 seconds 


Reclose 288 in 30 seconds 


If permanent fault is between sta- 
tions W and F B, service is now 
restored to station FB - 


If fault is permanent be- 
tween stations OR and 
FB, breaker 288 trips 


Close 252 in 45 seconds 


Open 152 in 45 seconds 


Close 277 in 60 seconds 


If permanent fault is between sta- 
tions OR and FB, service is 
now restored to station F B 


oe a ee ae 
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(Normal Running Order 


line. The air break switches or nonauto- 
matic breakers at station X are operated 
from a battery. 

Normal running order is not restored 
after damage has been repaired for either of 
the schemes described above. It is felt 
that travelling operators will have to per- 
form the necessary switching to block the 
equipment out of service before repairs to 
the damaged lines can be made. Therefore, 
these same operators will restore the lines 
or stations to their normal running order 
after the damage has been repaired. 


S. C. Killian and M. Stene (Delta-Star 
Electric Company, Chicago, Ill.): Rich 
and Kirwen have made a worthwhile con- 
tribution to the literature by discussing in 
detail, line sectionalizing and transferring 
by air switches. Since this method otf 
switching came into general use only a few 
years ago, there has not been a completely 
detailed sequence of operations for any 
particular scheme available for reference. 
Only manufacturers had literature avail- 
able and that covered more generalized 
cases than those the authors have analyzed 
Sectionalizing and transferring by this 
means presents an economy as compared to 
oil circuit breakers and more use of this 
method will doubtlessly be made, especially 
when lines are pulled into lightly loaded 
areas and where revenue does not justify 
the use of more expensive oil breakers. 
Other combinations of switching are being 
devised regularly, all based somewhat on 
the theory outlined by the authors. As an 
example, in a ring system, the scheme can 
be used to isolate a faulted section by pro- 
gressive reclosing and then locking out. 

With specific reference to each of the 
autorfiatic switching sequences described in 
this paper, the following may be of particu- 
lar interest. In the event of a bus fault at 
station L, Figures 1 and 2, breakers 177 and 
188 will lock out. If either or both of the 
34.5-kv lines have other load taps, the addi- 
tion of a sequence lockout may be desirable 
to prevent complete outages at these load 
taps. The sequence lockout provides for 
automatic opening and lockout of both 
switches in the event of immediate voltage 
failure when either switch closes automati- 
cally. With the potential transformers 
located as shown in Figure 1 of the paper, 
this sequence lockout would apply only on 
closing switch 152. However, both switches 
would be locked out, so that service 
could be restored to other load taps on both 
34.5-kv lines. This sequence lockout is 
automatically reset when either switch is 
manually closed to alive line. 

Referring to Figures 3 and 4 of the paper, it 
is presumed that the potential transformer 
is located on the low side of a transformer 
connected to the bus and that this was dic- 
tated by cost considerations. The authors 
state that this scheme is not fully automatic 
under all conditions but it is obvious that 
if both potential transformers were also lo- 
cated on the line side of the switches, fully 
automatic operation could be obtained. 

It should be noted that the a-c load trans- 
fer scheme, Figures 5 and 6 of the paper, 
with the addition of a synchronism check 
relay will accomplish the same switching 
sequences as shown in Figures 1 and 2 with- 
out the need for a d-c source. This scheme 
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Figure 1 


using alternating potential for opera- 
tion and control has been used by our 
company. Moter mechanisms for this 
application have been built with oversize 
housings with space available for relays 
and control switches. Two such mecha- 
nisms are used for an alternating transfer 
scheme, or with slight modifications, for the 
load transfer scheme shown in Figure 6 of 
this paper. 

The automatic switching schemes de- 
scribed by the authors are for single-phase 
control only—that is, one potential trans- 
former for each line. The use of two po- 
tential transformers for ungrounded systems 
or three for grounded systems should be 
given consideration. We have had several 
instances in which single-phase control was 
chosen and failure to operate and conse- 
quent outage has resulted when line wires 
have broken. Additional potential trans- 
formers and relays have then been installed 
to prevent such failures. 

The authors have made no mention of 
switching schemes using fault current through 
current transformers as a means of locating 
and clearing faulted line sections. A typi- 
cal method using three motor-operated air 
switches is shown in Figure 1 of the dis- 
cussion. The tap in this case is on a tie 
line with all switches normally closed. One 
potential transformer is used on each line 
and a current transformer on the load tap. 
Switches 1 and 2 open on loss of voltage 
after time delay providing fault current has 
not flowed through the tap. Restoration of 
voltage to either line causes reclosure of one 
switch. A synchronizing check relay allows 
the second line switch to close only when 
line 1 and 2 are in synchronism. The 
switch on the tap opens only on loss of volt- 
age after fault current has flowed through 
the tap current transformers. With fault 
current through the tap, subsequent loss of 
voltage within a predetermined interval of 
time causes switch 3 to open and lock out; 
switches 1 and 2 are locked in and remain 
closed for sufficient time to allow the break- 
ers to reclose and restore service through 
the tie line. 

The use of air switches and motor operat- 
ing mechanisms for this type of service re- 
flects the faith that has grown up in the utility 
field in these two devices. The air switch, 
expected to stand out in all varieties of 
weather year after year with little or no 
maintenance, has become a highly reliable 
piece of apparatus, as has the motor mecha- 
nism. 


K. N. Reardon (West Penn Power Company, 
Pittsburgh, Pa.): The very splendid paper 
written by Rich and Kirwen concerning the 
automatic control of air switches brings to 
attention the automatic air switch as a de- 
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vice of efficiency and economy in the main- 
tenance of power supply and in the location 
of faults on line sections. The authors have 
well covered three types of applications by 
incorporating in their control schemes actions 
and safeguards required by their system 
operating procedure. It is natural and cus- 
tomary for control engineers to design cir- 
cuits .to duplicate automatically the func- 
tions that would be performed manually by 
an operator. At first judgment, it seems 
that too many provisions have been included 
in the schemes to take care of reasonable 
eventualities. However, as stated in the 
authors’ conclusions, the three control 
schemes were designed to meet specific 
system operating requirements. Simplicity 
of control scheme is recommended by them 
and with that recommendation everyone 
will concur. Sometimes an operating de- 
partment tends to burden control specifica- 
tions by demanding that the circuits cope 
with more unusual than usual situations. 
A reasonable balance of probability will 
often result in circuit simplification without 
sacrificing reliability: and essential require- 
ments. 

The West Penn Power Company has been 
applying automatic switches steadily since 
1925 when the first installation of a direc- 
tionally controlled: spring operated type 
was made. There are now in active service 
43 automatic air switch installations of 
which 19 are of the sectionalizing type, 16 
of the transfer type, 7 of the isolating type, 
and 1 of the by-pass type. Two are in 
182-kv service, one in 4,000-volt service, 
one in 33-kv service, and 39 in 25-kv service. 

The transfer type and the sectionalizing 
type have become definitely standardized 
by us. The transfer type is operated by an 
alternating current supplied from small 
transformers on the incoming line. The 
sectionalizing type is operated by a 48- 
volt battery supply. Relay and control 
equipment has been reduced to a minimum. 
Fortunately we have not found it necessary 
to use synchronism check relays nor have 
we, except in one instance, found it neces- 
sary to return a transferred customer auto- 
matically to a preferred source as soon as 
that preferred source became available. 
The customer remains on the source to 
which he is transferred until an operator 
manually restores him (without interrup- 
tion) to the preferred source. 

Upon loss of power the automatic transfer 
type station will always transfer itself to its 
second available source of power provided 
that that second source is energized. The 
automatic sectionalizing type station will 
always pick itself up upon whichever line 
becomes energized and will close the sections 
together if both become energized. If a 
fault occurs on the bus between the auto- 
matic air switches of either transfer type or 
sectionalizing type, both air switches will, 
after unsuccessful attempt to re-energize 
the bus, open and remain open until manual 
switching is performed, With both switches 
thus locked open it is evident that all sec- 
tions of the line can be energized from their 
respective sources of power. 

Our method of-operation differs in an out- 
standing point from that of Rich and Kir- 
wen. There is no need of co-ordination of 
timing between the operation of the breakers 
and the feed points in the operation of the 
automatic air switches, except that the 
breaker should not close until the air break 
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switches have opened, that is, the first re- 
closure should not be less than about three 
seconds. We do not delay the operation of 
our air-switches until tests are made by the 
automatic breakers at the source stations. 
Instead, the transfer type installation at 
once transfers its load to the second source; 
the sectionalizing type at once opens both 
of its air-switches. The action in both cases 
is initiated by an undervoltage time delay 
relay set to close its contacts in one second 
at zero volts. The load of the transfer type 
installation is thus re-energized within 
three seconds; the load of the sectionalizing 
installation is energized after an interrup- 
tion not exceeding about nine seconds. 
If both line sections become energized, the 
two air-switches will close restoring the 
entire line to service in the case of the sec- 
tionalizing type of installation. 


F. W. Rich and M. S. Kirwen: The au- 
thors wish to express their appreciation to 
G. E. Heberlein, R. S. Smithley, S. C. Kil- 
lian, M. Stene, and K. N. Reardon for their 
discussions of this paper and for their valu- 
able contribution to the information avail 
able on the general subject of automatic 
control of air switches. 

As emphasized by Reardon, the control 
schemes presented in the paper were de- 
signed to meet specific system operating 
requirements. No reference was made to 
the more general types of control schemes in 
use. The outline of the general control 
schemes presented by the discussers to- 
gether with the operating experiences given 
is valuable data. Also the special automa-~ 
tic control features such as sectionalizing 
on overload, sectionalizing after a predeter- 
mined number of overloads, and the use of 
the fault current through current trans- 
formers as a means of locating and clearing 
a fault, should prove of interest to control 
engineers. 

‘Conditions frequently arise which might 
justify the use of current transformers in 
the tap line to locate a fault on that line. 
In a transfer control scheme such a fault 
would cause an unnecessary trip-out on the 
emergency line. In cases where there is 
considerable exposure on the tap line and 
where fuses in the tap cannot be co-ordi- 
nated with protective relays on the main 
line breakers it would seem that this addi- 
tional feature should be given consideration. 
Whether or not the additional motor opera- 
ted air break switch suggested by Killian 
and Stene for this purpose can be justified 
is questionable. The control of the two 
motor-operated air break switches could be 
arranged to lock out in the open position, 
on overcurrent, for faults on the tap line. 

Reardon indicates that, in the control 
schemes used by the West Penn Power Com- 
pany, the operation of the automatic air 
switches is not delayed until tests are made 
on the line by the automatic breakers at 
the source stations. It would seem ‘that 
the probability of a fault being cleared on 
the first reclosure of a source breaker would 
justify testing the line before an automatic 
transfer could take place. 

The authors wish to clear up some points 
in the control schemes presented by them 
which have apparently been misunderstood. 
Killian and Stene stated that these control 
schemes were for single phase control only, 
that is, one potential transformer for each 
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line. The control scheme shown in Figures 
3 and 4 of the paper uses 3-phase line po- 
tential. Loss of potential, either single 
phase or 3-phase, will initiate a transfer to 
the emergency source. The transfer back 
to the preferred source will not be made un- 
less 3-phase potential is available on the pre- 
ferred line. The nature of the load at this 
station justified this additional protection. 
Heberlein, in commenting on the methods 


described by the authors for the completion 
of certain sequencing, has apparently over- 
looked the fact that motor mechanisms with 
contactors equipped with sealing-in con- 
tacts which become energized by the 
motor limit switch at the end of the operat- 
ing travel are employed in these control 
schemes. Also Heberlein overlooks the 
fact that 169 and 269 are interlock switches 
which are open only when the crank is in- 


Recent Developments in Track Brakes 


and Drum Brakes for PCC Cars 


S. J. WOUCH 


NONMEMBER AIEE 


O%:; of the factors which has made 
the President’s Conference Com- 
mittee car so successful is the effective 
braking system which has been incor- 
porated into its design. This paper ex- 
plains details of construction and charac- 
teristics of two component parts of the 
braking system—the magnetic track 
brake and drum brake, which recently 
have undergone extensive design changes. 

The braking system often is taken as a 
matter of course while actually it is of 
great importance in that it permits the 
operator to use the accelerating and speed 
characteristics of the equipment to their 
fullest extent with confidence that he can 
stop as fast as any vehicle in his path. 
Without this confidence the operator 
would proceed in a timid fashion acceler- 
ating at a lower rate and running at re- 
duced speed so as not to be taken un- 
aware by some unexpected change in 
traffic conditions requiring a quick stop. 
As a consequence schedule speed would be 
reduced because the operator would not 
be able to use with safety the schedule 
ability provided by the motive equip- 
ment. 

The major portion of the braking duty 
is performed by the motors acting as 
generators to produce a dynamic brake 
down to a car speed of about one mile per 
hour at which point the drum brakes auto- 
matically take over as the dynamic brake 
fades out. These two forms of braking de- 
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pend upon the adhesion between the 
wheels and rails for their effectiveness, 
but the track brake presents an entirely 
separate friction surface to the rail, mak- 
ing it an important emergency brake 
particularly under slippery rail conditions. 
It is brought into play whenever the 
operator depresses the brake pedal be- 
yond the maximum dynamic brake posi- 
tion, and thus can be applied any time 
operating conditions warrant its use. 


Magnetic Track Brake 


The track brake system includes four 
electromagnetic brake shoes, a controller, 
and resistances for varying the excitation 
from the car battery. Each shoe nor- 
mally is held in equilibrium by a pair of 
springs so the bottom of the shoe is about 
three-eighths inch above the rail surface, 
the shoe being suspended between the 
wheels on one side of the truck, as shown 
in Figure 1. In effect the shoe is a long 
narrow electromagnet consisting of a coil 
held between fixed steel side plates to 
which are bolted renewable steel wearing 
strips as indicated in Figure 2. When the 
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serted to operate a mechanism by hand. 

The discussions indicate that automatic 
air switches are used extensively to improve 
service with a nominal capital expenditure: 
They also indicate ‘that for many applica- 
tions the control schemes have been stand- 
ardized by some operating companies and 
that for other applications the control 
schemes must be designed to meet the 
specific operating requirements. 


coil is energized from the 32-volt car bat- 
tery it is pulled down to the rail by its own 
magnetism, gripping the rail with a force 
proportional to the ‘current flowing in the 
coil. 

The two shoes on each truck are tied 
together mechanically by a steel frame- 
work which holds the shoes in alignment 
along the rail and also provides a rigid . 
surface so the drag exerted by the track 
brakes can be transmitted to the truck 
structure. 

Because of the exposed location of the 
track brake shoes, the coil is subjected to 
direct wheel wash and in the winter 
months this may include salt water splash, 
slush, snow, mud, and so forth. During 
inclement weather the coil receives a con- 
stant barrage of these elements, any one 
of which may be detrimental to its con- 
tinued functioning. 

Previous construction included a steel 
spool body on which the coil was wound, 
with a copper strip encircling the wind- 
ing; the whole assembly being put 
through a vacuum varnish treatment for 
waterproofing. In order to provide a 
better protection against failure from the 
causes mentioned a new method of coil 
construction has been developed wherein 
the coil is encased in a nonmagnetic 
stainless steel shell hermetically sealed to 
prevent the entrance of foreign matter. 


Figure 1. Truck for PCC car showing track 
brake shoe suspended from springs and actua- 
tor for drum brake 
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Figure 2. Cross section of track brake shoe 


Accelerated life tests on coils of this con- 
struction indicate this improvement will 
result in greatly increased reliability in 
service. Figure 3 shows a cross section 
cut from a completed coil with the wind- 
ing and method of sealing the edges of the 
case visible. Among other problems en- 
countered in working out this construction 
was a suitable means of bringing the 
power lead through the case (the negative 
lead is grounded internally), This was 


} 
! 
L 


Figure 3. Section cut from completed track 
brake coil to show method of sealing edges of 
case 


accomplished by building a female re- 
ceptacle in one end of the case so a plug 
connection could be used on the end of the 
cable. A gland nut and tapered rubber 
bushing provide a seal at this point. 
This construction is of value in that it 
also permits easy replacement of dam- 
aged leads. 

Figure 4 shows a typical pull character- 
istic, measuring the force required to pull 
the shoe from a machined surface on a 
130-pound rail as the coil excitation is 


Ke 


‘ 1947, VoLUME 66 


VERTICAL PULL THOUSAND POUNDS 


THOUSAND AMPERE TURNS 


Figure 4. Typical pull curve for track brake 
shoe 


Figure 5 (right). Retardation curve, track 
brakes alone 


Maximum rate, brake applied at zero time, 17 
miles per hour car speed 
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varied. While this type curve forms a 
useful basis for comparing characteristics 
of various designs under static condi- 
tions, it does not give a true picture of 
performance under service conditions, 
mainly because of two variables, rail con- 
dition and car speed. 

It has been found that the surface of the 
shoe soon conforms to the contour of the 
rail head after it has been in service for a 
while, which results in greater retardation 
because of the reduction in air gap when 
the shoe is in contact with the rail. How- 
ever variations in rail condition over the 
system will produce some variation in re- 


RETARDATION 
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TIME - SECONDS 


A) 


Solenoid Operating 
Coil 


Main Frame 


Figure 6. Diagram- 
matic sketch of brake 
actuator positions 


A. Brake released— 

holding coil energized, 

operating coil de-ener- 
gized 


B. Normal brake appli- 
cation—both coils ener- 
gized, operating coil 
current determines 
amount of braking 


(C) 


C. Emergency or park- 
application—both 


ing 
coils de-energized 
(spring applied), full 
brake 
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Figure 7. Typical pull curves for brake actua- 
tor 


Plunger gap A—-One-fourth inch B—One- 
half inch 
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sults. The speed at which the shoe slides 
over the rail also affects the rate of re- 
tardation because of the change in co- 
efficient of friction with speed. A better 
picture of operation under actual service 
conditions may be obtained by referring 
to Figure 5. This shows a chart made 
with a recording accelerometer on a car 
and therefore takes into account the 
variables mentioned. The pattern is 
typical of the track brake, the decelera- 
tion increasing rapidly as the car speed is 
reduced and coefficient of friction in- 
creased. 


Drum Brake on Propeller Shaft 


Final stopping and holding of the car is 
accomplished by a drum brake mounted 
on each drive shaft, controlled by a brake 


actuator shown just above the track 


brake in Figure 1. 
Previous designs included no means of 
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DRUM BRAKE 


OF TRUCK 


Figure 8. Relative position drum brake and 
actuator in truck 


Figure 9. Retardation 
curves, drum _ brakes 
alone 


A—Low rate, brake applied 
at zero time, 10 miles per 
- hour car speed 
B—Intermediate rate, brake 
at zero time, 13 miles per 
hour car speed 


graduation; that is, the brake was all on 
or all off. Consequently the maximum 
brake application was limited to a value 
that would not result in rough operation. 
This was satisfactory on properties where 
grade operation was not encountered, but 
with the general acceptance of the all- 
electric car it was necessary to provide 
increased braking ability with graduated 
application to permit operation on any 
street railway system in the country. 
General requirements to be met were 


1. Graduation without excessive variation 
in results over the range of brake lining 
wear. 


2. Smooth build-up for normal stopping to 
provide good blending as the dynamic brake 
faded out. 


8. Delayed release to prevent roll-back 
when starting on grades. 


4. Fast application in emergency. 


5. Automatic application on loss of low 
voltage power. 


Vouch—Track and Drum Brakes for PCC Cars 
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These requirements were met as fol- 
lows: 


1. A magnetic circuit design generally as 
indicated in Figure 6 produces pull charac- 
teristics as shown in Figure 7. 


2. The inductance of the solenoid operat- 
ing coil inherently results in a smooth build- 
up for normal operation. 


3. By arranging the control to short-cir- 
cuit the solenoid coils in the pedal release 
position, the flux decays slowly resulting in 
a gradual release of braking effort. 


4, A separate holding coil when -de-ener- 
gized causes emergency springs to apply the 
brakes in 0.02 second as compared to normal 
application time of one second. 


Although the drum brake normally is 
used only for the final stop and for park- 
ing, the control is afranged to apply it 
automatically if the dynamic brake should 
fail. The accelerometer charts show this 
condition and it is interesting to note the 
brake block material used has a nearly 
constant coefficient of friction with change 
in speed. This characteristic can be 
varied readily by changing the composi- 
tion of the brake lining material to pro- 
duce a rising coefficient of friction as car 
speed decreases. 


Conclusions 


The variety of braking means provided 
on the modern street car permits the 
operator to use the full capacity of the 
motive equipment with safety under 
present-day traffic conditions. 

Des.gn of an electric brake actuator has 
replaced the air brake used on street cars 
for many years. Automatic application 
of the drum brakes on failure of low volt- 
age power has made it possible to elimi- 
nate the hand brake for parking. A 
total of 1,703 all-electric PCC cars are in 
service or on order. 
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Synopsis: Thermal aging and humidifica- 
tion tests are reported on a silicone insulated 
railway motor. This included 1,675 hours 
at a temperature of 285 degrees centigrade 
with 46 cycles of severe humidification. 
Lose of initial moisture resistance was ob- 
served but no operating failure occurred. 
No change occurred in the heat dissipating 
characteristics of the machine. Finally, 
the motor was dismantled and the insulation 
examined in detail. Thermal aging data 
are interpreted. 


comprehensive test program was 
begun in November 1943 to deter- 
mine behavior of silicone insulating ma- 
terials in electric motors. The program 
had as its main objectives to determine 
the relation between operating tempera- 
ture and service life for silicone insulated 
motors and to obtain a comparison be- 
tween the behavior of class A, class B, 
and’ silicone insulated motors when sub- 
jected to the same type of test cycle. 
Most of the equipment used consisted of 
induction motors, which have been 
operated at temperatures ranging from 
200 to 310 degrees centigrade; this por- 
tion of the test program is not complete 
because’ of insufficient motor failures. 
One piece of equipment used. however, 
consisted of a silicone insulated street 
railway motor, and this motor has had 
over two years of accelerated testing. 
The accelerated testing method used 


Paper 47-53, recommended by the AIEE committee 
on land transportation for presentation at the 
AIK winter meeting, New York, N. Y., January 
27-31 1947. Manuscript submitted November 13, 
1946; made available for printing December 5, 
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was based on the belief that moisture or 
humidification could be used to detect in- 
sulation faults. The testing cycle, then, 
consisted of periods of high-temperature 
operation of the motor, alternated with 
periods of severe humidification during 
which the condition of the insulation 
could be determined. In order to obtain 
test results in a reasonable length of time, 
the relatively high operating temperature 
of 285 degrees centigrade was selected. 
This temperature, chosen on the basis of 
laboratory tests and previous motor 
tests, proved to be sufficiently high to 
produce changes in insulation character- 


Table |. Temperature Test Results 
Test Before Test After 
Aging, Aging, 
October 29, May 31, 
1943 1946 
Line ctirrent 5 01)< ccie ss 21 UB I0 ME eatac 135 
IPT OA) A a a on oioimons o 3029 sn. 294 
Main field current.......... LUS,- race. 118 
Speed (rpm)... ......5.-.%: TS2ZOM Seren 1,822 
Rise by resistance, C 
Main field... ease eile te 154) jase 142 
Commutating field....... ESSe aie c tee 149 
Armature cisicieilets|ajetetste lair OZ Oyeuve« 83.5 


Figure 1. Silicone-insu- 
lated railway motor on 
life test in laboratory 


Grant, Kauppi, M oses—Silicone Insulation 


istics within 400 hours of aging. It was 
low enough, however, so that factors other 
than electrical insulation, such as com- 
mutation and bearings, did not interfere 
with the test. 

Figure 1 shows the physical arrange- 
ment used to test the motor, loading it 
during the high-temperature run by a belt- 
connected generator. 


Description of Apparatus 


The railway motor chosen for the test 
was the one used at that time on stand- 
ardized Presidents’ Conference Commit- 
tee street cars. The motor has a normal 
continuous rating of 46 horsepower on 300 
volts at 1,820 rpm in accordance with 
AIEE Standard 11. Under these condi- 
tions, the armature and commutating 
field currents are 135 amperes and the 
main field current is 118 amperes. 

The mechanical design of the motor was 
unchanged including the copper sections 
and insulation thicknesses. The only 
changes made were to utilize silicone 
treated and bonded materials (mica, 
fiber glass, and asbestos) wherever pos- 
sible. Full details are given in Ap- 
pendix I. 


Test Results 


The test cycle consisted of a heat run at 
285 degrees centigrade by resistance to 
age the insulation, followed, after cooling, 
by a severe humidification to facilitate 
the detection of possible insulation faults. 
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Figure 2. Insulation resistance data for various 


conditions of humidification plotted as a func- 
tion of aging at 285 degrees centigrade 


The humidification was followed by a 
drying run at relatively low temperature 
to eliminate the possibility of steam 
pockets causing faults which later might 
be interpreted as the result of aging. A 
full description of the procedure may be 
found in Appendix II. 

The complete data are shown in the 
curves of Figures 2 through 7. 

Figure 2 shows how the insulation re- 
sistance, both dry and humidified, varied 
with aging. It will be noted that the dry 
values tend to increase gradually to a 
maximum and continue with little change. 
But in the case of the humidified values, 
an initial high degree of moistureproof- 
ness is retained for something over 300 
hours. At this point, the insulation re- 
sistance and moistureproofness quickly 


Figure 3. Capacitance changes with aging 
under varying humidity conditions 
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reach a minimum value which continues 
from there with little change. 

Figure 3 shows that capacitance values 
reduce slightly with aging but offer little 
to correspond to the sudden loss in insula- 
tion resistance after humidification. 

Figure 4 shows that a slight improve- 
ment in dry dissipation factor is gained 
upon aging. However, the values of wet 
dissipation factor show a retention of 
initial moistureproofness for approxi- 
mately 350 hours, at which point it sud- 
denly is lost. 

Figures 5, 6, and 7 show the variation 
in insulation resistance, capacitance, and 
dissipation factor with time of humidifica- 
tion for three different stages of aging. 
These indicate, by their slope, the rate 
and, by ultimate values, the degree of 
moisture penetration. 

Visually, the condition of the insulation 
did not change a great deal throughout the 
test period. Regular inspections were 
made before each humidification and a 
tendency for the silicone to lighten in 
color in the hotter spots was noted. No 
crazing, cracking, or loosening of the 
insulation was noted. 

No trouble was experienced with bear- 
ings, grease, brushes, or commutation. 
This lack of trouble should be attributed 
to the cooling system of the motor. The 
cooling air was drawn in over the com- 
mutator, brush rigging, and brackets to 
bearing supports, effectively cooling them 
as well as the bearings. 

After 46 cycles of heat and humidifica- 
tion, totaling 1,675 hours of operation at 
285 degrees centigrade by resistance, the 
aging was discontinued and the unit 
examined Figure 8 shows the condition 
of the stator assembly at this point. 

A temperature test diSclosed that the 
heat dissipating ability of the winding 
had remained essentially unchanged by 
the severe accelerated aging test (see 
Table I). 

A measurable increase in field resistance 


occurred during the test period; 2.23 per 
cent in the main field and 2.75 per cent 
in the commutating field. However, this 


- is not of sufficient magnitude to cause any 


in fact, within normal 
Further, it 


trouble and is, 
manufacturing tolerances. 


Table Il. Dielectric Test Results 
Voltage 
Held 
Motor Winding (One Min) Breakdown 
Arcmature:/2o chien es 2, 200 eis eel ate 2,600 
Commutating field....... 2 200 Wich cums 2,600 


Main field’c.i.ccs merit G400. Bao ciaates 5,800 


must be remembered that this motor was 
run at a temperature well in excess of 
that contemplated for actual service to 
determine what does happen at such high 
temperatures and accelerated thermal 
aging. This high temperature definitely 
would accelerate resistance increase of 
the copper which is caused by oxidation.’ 


Winding Breakdown Tests 


Step-by-step (1-minute) dielectric tests 
were made. on each winding separately 
with the results as shown in Table IT. 

After the armature was stripped, the 
individual coils were given a high po- 
tential test to breakdown between turns. 
This was a momentary test starting at 
200 volts and increasing in 200-volt 
steps. The results of this test are shown 
in Table ITI. 


Final Examination of Winding 


Upon completion of all tests, the motor 
was disassembled and coils removed. in 


Figure 4. Effect of thermal aging and humidi- 
fication on dissipation factor of silicone insu- 
lation 
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Figure 5. Effect of time of humidification on 
insulation resistance at several stages of thermal 
aging 


steps to permit detailed examination of 
the insulation. 

Figure 8 shows the condition of the 
field coils in the stator. In a number of 
spots, the final coat of varnish had begun 
to flake off. At the hottest spots (under 
wiring) there was evidence of more serious 
degradation of the varnish film as the 
color had lightened considerably and the 
varnish had become very brittle. How- 
ever, in most places, the film was intact 
and in very good condition. The iron sur- 
faces of the stator were well covered and 
essentially rustfree. 

Figure 9 shows individual field coils 
with the ground insulation partially cut 
away. The insulation was flexible and 


Figure 6. Changes in capacitance with time 
of humidification at several stages of thermal 
aging 


300 HRS. AT 250 € 


still well bonded. No serious signs of 
degradation were observed. 

A cross section of a main field coil is 
shown in Figure 10. The conductors were 
well bonded and the silicone filling cement 
(in the bevel) was solid. There was no 
evidence of insulation shrinkage or loosen- 
ing throughout the coil structure. 

The armature assembly is shown in 
Figure 11 in a partially dismantled con- 
dition. There were no visible signs of 
silicone ‘insulation deterioration. The 
coils and insulation were flexible. Wires 
of the coils were well bonded. Engineers 
examining the motor were of the opinion 
that almost no aging had occurred on the 
armature insulation, which had operated 
considerably cooler than the fields. 
Only the wedges showed serious evidence 
of thermal aging and these were made of 
phenolic bonded asbestos laminate. The 
outer edges of the punchings were seri- 
ously rusted, indicating exposure to high 
humidity. 


Discussion 


The data on insulation condition show 
that a high degree of moistureproofness 
was attained in the motor as constructed. 
The loss of moistureproofness at approxi- 
mately 350 hours of aging indicates that 
one or more faults developed in the con- 
tinuity of the insulation structure per- 
mitting an increase in both rate and de- 
gree of moisture penetration to the con- 
ductors. However, additional aging pro- 
duced little change in degree of penetra- 
tion as seen in Figures 2, 3, and 4, but did 
produce an increase in rate as shown in 
Figures 5, 6, and 7. The fact that the 
rate of moisture penetration continued to 
increase steadily after 350 hours of aging 
indicates that new paths for moisture 
penetration were being developed by the 
heat aging. This was confirmed finally 
by the cracks .and crazing discovered in 
hot spots during stripping of the winding. 
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Table Ill. Momentary Test Results 
Breakdown Test Number of 
Voltage Failures 
DOO sa stata state tenet sbeteey nTeie it) ays Siok enears Bho 2* 
L AOO) F taferathtsresemimpete okt Biviteiacalstetesate eine 6 
1 600 728i. ats oc cil stelets eneeea sraretepsvarlere Ow 
TL SOO). 4a retoteia, aieistecetaratetentebeus, »: oa eater ae 16 


* Believed to have been damaged during removal. 


If the rate of moisture penetration had 
not increased after the initial loss of mois- 
tureproofness, it would have been con- 
cluded that the 350-hour point was not a 
true turning point but an accidental one 
caused by an isolated crack in the insula- 
tion. 

Comparing the various types of insula- 
tion measurements, it is seen that insula- 
tion resistance and dissipation factor give 
a true measure of the insulation condition 
only when the motor has been exposed to 
moisture. Capacitance changes are not 
great and do not appear to be significant 
either wet or dry. In view of this, when 
measuring the insulation condition of a 
silicone insulated motor, a low reading of 
insulation resistance will mean danger, 
but a high value does. not mean the unit 
is in good shape unless it is known to have 
been exposed to high humidity. An excel- 
lent indication of condition is the ratio of 
change in insulation resistance or dissipa- 
tion factor in going from a dry to a wet 
condition. 

The concept of lightening in color is 
new with silicones. The organic types of 
resins used for insulation carbonize upon 
heat aging and produce free carbon which 
is black and a comparatively good conduc- 
tor of electricity. However, silicones de- 
compose into silica which is white and an 
insulator. Hence lightening in color is 
evidence of thermal aging with silicones. 


Figure 7. Dissipation factor changes with time 
of humidification at several stages of aging 
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Figure 8. Stator assembly after completion of 
1,675 hours aging at 285 degrees centigrade 


Furthermore data on this have been re- 
ported.® 

In interpreting the thermal aging data 
from this test, the authors have followed 
the current concept of the thermal aging 
of insulation. This is based on the as- 
sumption that aging is a logarithmic func- 
tion of temperature with the life being 
halved for a given temperature incre- 
ment.’ Pursuing this line of reasoning, 
the curve shown in Figure 12 was con- 
structed as follows: 


1. The point at which the loss of moisture 
resistance was noted is plotted as point A. 
This is considered “minimum life’’ at 285 
degrees centigrade (by resistance). 


2. The end of the test is plotted as point B 
and is considered as probable “average life”’ 
in view of the field winding condition at the 
end of the test. 


3. Two parallel curves are drawn through 
these points (A and B) with a 12-degree- 
centigrade slope for 2-to-1 life expectancy 
change. 


This is believed to be reasonably con- 
servative in extrapolating toward lower 
temperatures as tests on materials and 
laboratory specimens indicate a value of 
ten degrees centigrade for half life. 
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Other tests have indicated that silicone 
insulation will have at least equal 
thermal endurance to class B insulation 
at 50 degrees centigrade higher tempera- 
ture. Other recommendations to the 
AIEE have been made on this basis.” It 
therefore appears reasonable to examine 
such an increased temperature value in 
the light of this test. Adding 50 degrees 
centigrade to the current class B insula- 
tion standards for railway apparatus 
(AIEE Standard 11) would be equivalent 
to a peak temperature of 220 degrees 
centigrade or a normal temperature of 
205 degrees centigrade (both observable 


values by resistance). 


Figure 12 predicts that 36,000 hours 
operation at 205 degrees centigrade (ob- 
servable temperature) will be required to 
reach the condition resulting in loss of 
initial moisture resistance, which is as- 
sumed to be minimum thermal life of the 


‘insulation. The average life represented 


by the final condition observed in this 
test would be at least four times as great. 
In a necessarily simplified approach to 
an approximation of service life, it was as- 
sumed a railway motor is at normal oper- 
ating temperature 25 per cent or less of 
each year. (This value was based on the 
advice of several railway application engi- 
neers.) On this basis, a silicone insulated 
motor would retain its original moisture 
resistance for over 16 years. This leads 
to the conclusion that, insofar as the 
silicone insulation is concerned, present 
temperature limits for class B insulation 
could be increased by. 50 degrees centi- 
grade for silicone insulation, and that 
reasonable thermal life is to be expected. 


Conclusions 


The tests reported herein are on a 
single railway motor which does not per- 
mit specific conclusions. However, the 
broad test program has indicated the 
following general conclusions: 


1. Excellent initial moisture resistance. 


Figure 9. Main and 

commutating field coils 

with insulation partly re- 
moved (after aging) 
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Figure 10. Cross section of aged main field 
coil 


2. The moisture resistance is maintained 
at a high level during severe accelerated 
thermal aging. , 


3. Even after loss of the high initial mois- 
ture resistance, the insulation remains in 
operable condition throughout considerable 
additional thermal aging and exposure to 
extremely severe humidity conditions. 


4. The thermal endurance indicated by 
these tests is such that reasonable life ex- 
pectancy is predicted for silicone insulation 
at 50 degrees centigrade above the present 
temperature limits for class B insulation. 


5. Improved thermal endurance of silicone 
insulation may be utilized to increase ther- 
mal life expectancy of insulation to many 
times that of class B insulation under the 
same temperature conditions. 


Recommendations 


Selection of specific railway tempera- 
ture standards for silicone insulation 
should await further tests by other engi- 
neers, as it is recognized that a single 
test does not provide sufficient back- 
ground for concrete recommendations of 
standards. 

It would be of considerable value if 
design engineers would analyze various 
types of electric railway machines to de- 
termine what advantage in design may be 
gained from increase in operating tem- 
perature. This would permit sound 
evaluation of the over-all economics and 
aid in the selection of standard tempera- 
ture limits for silicone insulated railway 
machinery. It may develop that the in- 
dustry may not be able to utilize fully 
the temperature difference obtainable 
with silicone insulation. This may lead 
ultimately to the decision to set the 
standards at less than the indicated in- 
crease of 50 degrees centigrade and utilize 
the difference as added life expectancy or 
thermal margin of safety. 

Therefore, it is the authors’ recom- 
mendations that 


1. Other engineers make similar accel- 
erated thermal aging tests on silicone insu- 
lated apparatus for future discussion. 
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2. Design engineers study various designs 
of apparatus to evaluate what advantage, 
if any, may be derived in size, weight, and 
rating through operation at higher tempera- 
tures. 


8. The committee on land transportation 
sponsor further papers on this problem and 
discussions at future meetings. 


Appendix |. Description of 
Apparatus 


Armature Coils 


Conductors were 0.144-inch square wire, 
glass covered, and treated with silicone 
varnish (DC-990-A). Ground insulation 
consisted of 21/2 turns of glass-backed mica 
wrapper 0.008 inch thick. The glass cloth 
was silicone-varnish sized and a silicone 


bond was used. Binder tape was fiber 
glass, sized with silicone varnish (DC- 
990-A). The coils were vacuum and pres- 


sure impregnated with silicone varnish at 
70 per cent solids (DC-990-A). 


Main and Commutating Field Coils 


These coils were made of strap conduc- 
tors, separated by a single thickness of glass- 
backed mica tape (0.007 inch thick, silicone 
bonded, and sized). Chamfer of the main 
field coil was filled with an asbestos and silica 
cement with a silicone resin bond. Ground 
insulation consisted of two half-lapped layers 
of thick glass-backed mica tape (0.007 inch 
thick, silicone bonded and sized). Binder 
tape was fiber glass sized with DC-990-A. 
These coils were vacuum and pressure im- 
pregnated with DC-990-A at 70 per cent 
solids. 

Insulation details for winding the arma- 
ture were made of glass-backed mica and 
asbestos cloth, silicone sized and bonded. 
For slot wedges the best available grade of 
asbestos cloth, laminated phenolic, was em- 
ployed as no silicone bonded laminates were 
available at that time. Coils were soldered 
in the commutator necks with high melting 
solder (304-degree-centigrade solidus tem- 
perature). : 

Both armature and stator were dipped 
twice in DC-990-A silicone varnish (at 50 
per cent solids). Subsequently, after pre- 
liminary testing, an additional dip and bake 
was applied to both armature and stator. 
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Figure 11. Partly dis- 
assembled armature after 
completion of test 


The Commutator 


The commutator was insulated with mica 
bonded with a high-temperature synthetic 
shellac substitute. The bars were made of 
silver-bearing hard-drawn copper to avoid 
softening during the high-temperature bake 
or during operation. During all baking 
cycles, the commutator nut was loosened 
to relieve the V-binding from pressure 
strains. 


Appendix Il. Details of 
Thermal Aging Test 


Heat Run 


Each test cycle began with an aging heat 
run. The motor was overloaded and its 
ventilation restricted in order that the test 
temperature, 285 degrees centigrade, be 
reached as rapidly as possible. This was 
done to minimize the effective aging on the 
insulation during this time. Upon reaching 
285 degrees centigrade, the ventilation was 
restored to normal and the load reduced to 
that required to hold this temperature in 
both fields. The temperature then was 
maintained for six hours in the initial runs. 
On succeeding runs this time was increased 
in steps. When a duration of 72 hours was 
reached, no further increase was made. 
During the 18-22 hours required to cool 
from the heat run to room temperature, 
readings of insulation resistance, capaci- 
tance, and dissipation factor were taken at 
20 degrees centigrade intervals. These 
data were used for correcting the readings 
to 25 degrees centigrade. 

In order to obtain the same temperature 
in the two fields, it was necessary that some 
of the current be shunted around the main 
field. 


Heat Run Data 


The following data were obtained on the 
heat: run with 310 volts direct current, 
1,650 rpm: 


Main field =285 degrees centigrade by re- 
sistance 
Commutating field =285 degrees centigrade 
_ by resistance 
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Armature =180 degrees centigrade by re- 
sistance 

Commutator=150 degrees centigrade by 
thermocouple 

Front bearing=80 degrees centigrade by 
thermocouple in grease 

Rear bearing=95 degrees centigrade by 
thermocouple in grease 

Outside frame=150 degrees centigrade by 
thermocouple 

Cooling air rise= 36 degrees centigrade 
(average of six thermocouples, 14 to 
53 degrees centigrade) 


Humidification 


Upon reaching room temperature, the 
motor was placed under humidification for 
24 hours. This was accomplished by cover- 
ing the air exhaust and placing a tank over 
the air intake of the motor. In the tank a 
regulated quantity of air was bubbled 
through a bath of water five to ten degrees 
centigrade above ambient. This wet air 
then passed into the interior of the motor. 
Thus this method was extremely severe, as 
the winding acted as a condenser, causing 
the water in the air to form into rivulets and 
droplets on the insulation as well as produce 
a high humidity ambient atmosphere. 

After 24 hours of humidification, the insu- 
lation resistance, capacitance, and dissipa- 
tion factor were checked and a 5-minute 
high potential of 500 volts alternating cur- 
rent applied between windings and ground. 
This was followed by a 5-minute no-load run 
(125 volts, the maximum permissible with- 
out causing overspeed). The insulation 
readings and high potential then were re- 
peated. 

Originally it was planned that the insu- 
lation resistance, capacitance, and dissipa- 
tion factor be studied on the main field, com- 
mutating field, and armature. However, it 
soon was found, because of the exposed lead 
ends, brush rigging, commutator, and other 
unavoidable bare copper, that the severe 
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Figure 12. Thermal aging curve interpreting 
test results 
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humidification caused these values in the 
commutating field and armature to vary be- 
yond the range of available instruments. 
The complexity of these leakage circuits pre- 
cluded satisfactory guarding. Hence the 
data here presented are those obtained from 
the main field whose leads extend outside 
the motor, thus avoiding leakage from bare 
copper inside the wet motor. 


Drying 


After the readings at the end of humidifi- 
cation, the motor was prepared for another 
heat run by drying it. This consisted of 
running 2 hours at 90 amperes, 250 volts pro- 
ducing a slow rise to 75 degrees centigrade. 
The load then was raised to 120 amperes, 
300 volts producing an ultimate tempera- 
ture of 130 degrees centigrade. This was 
held 8 to 16 hours. The motor then was 
considered ready to start a new cycle with 
the next heat run. 


Preliminary Test 


In order to bring the unit to a dry con- 
dition, it was run 8 hours at 120 amperes on 
300 volts causing a temperature of 130 de- 
grees centigrade. While cooling from this 
run, readings were taken as in the heat 
runs. Upon reaching room temperature, 


Discussion 
N. J. Greene (National Electric Coil 
Company, Columbus, Ohio); It is- evi- 


dent that the authors have devoted a tre- 
mendous amount of time and energy to the 
laboratory investigation of silicone treated 
and bonded insulating materials and wind- 
ings. They have presented a summary of 
this information in a manner that should 
certainly stimulate further work along simi- 
lar lines by both manufacturers and users 
who are desirous of increasing temperature 
rating of electrical apparatus. 

Of the 300 odd silicone, mica, and glass 
windings we have supplied, ranging in sizes 
from fractional to 1,800 horsepower, about 
a half dozen have been returned for various 
reasons. This has provided an opportunity 
of determining how they are standing up and 
what some of their good and bad features 
may be. The operating results have been 
most gratifying. Of the six windings we 
have had occasion to examine, three of them 
provided particularly interesting informa- 
tion and they support in part, the laboratory 
investigation of the authors. 


1. A 30-horsepower d-c crane motor operating on 
a very severe duty cycle provided an excellent test. 
Over a period from 1942 to 1945, the armature 
winding roasted out 21 times with an average of 
50 days service after each rewind. The windings 
are class B insulation, of the usual mica and glass 
insulation, using conventional varnishes and bonds. 
On July 1945, the armature and field windings 
were replaced with silicone treated and bonded 
mica and glass insulated coils and operated satis- 
factorily for 312 days, at which time a bearing 
failure caused the winding to be damaged. Upon 
examination, the silicone, mica and glass insulation 
showed no perceptible deterioration. The same 
motor is again operating with silicone mica and 
glass and it has been in service now for 324 days. 
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humidification was started and continued 
for one week. Daily readings of insulation 
resistance, capacitance, and dissipation fac- 
tor were taken and the high potential test 
of 500 volts alternating current applied. At 
the end of the week, the no-load run (125 
volts) was made. The insulation readings 
and high potential test were repeated and 
the motor dried as outlined earlier. This 
preliminary run provided a bench mark for 
comparison of data obtained as aging pro- 
gressed. This 1-week humidification was 
repeated at 300 and 1,400 hours of aging as 
well as several 48-hour humidifications. 
These were run to broaden the over-all 
picture. ‘ 


Appendix III 


With reference to the values given in the 
paper the following items should be noted: 


1. Allresistance, insulation resistance, capacitance, 
and dissipation factor values are corrected to 25 
degrees centigrade. 


2. Insulation resistance values are l-minute 500- 
volt direct current. 


3. Capacitance and dissipation factor values were 
obtained with a low-voltage 60-cycle bridge. 


4. Winding temperatures are all resistance values. 
The operating yalues on the main and commutating 
fields were obtained at frequent intervals by the 
voltmeter-ammeter method. These values were 


checked regularly by using the resistance at zero 
time, extrapolated from the cooling curve obtained 
with a Kelvin bridge. This bridge method also was 
used in obtaining the armature temperature. 
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With the proper bearing maintenance, we would 
expect it to provide several years of service. 


2. An 800-horsepower 1,800-rpm wound rotor 
induction motor driving an induced draft fan on 
top of a boiler in a powerhouse provided field test 
under high ambient temperature operation and 
also one where both a high speed rotating element 
and stationary element incorporated silicone, mica 
and glass insulated coils. After approximately six 
months operation, the rotor developed trouble due 
to squashing out of some of the silicone treated 
glass insulation on the rotor winding jumpers con- 
necting to the slip rings. The winding itself was in 
excellent condition but the point of high mechanical 
stress had to be re-enforced with a melamine glass 
laminate supporting member in order to provide a 
safe job. It was interesting to observe that the 
silicone varnish showed no tendency of slinging off 
the rotor when operating at 10,000 feet per minute 
peripheral speed. 


3. Of the several approximately 450-horsepower 
high-speed d-c traction armatures in service, one 
of them developed some difficulty at the commu- 
tator where the leads are soldered to the risers after 
200,000 miles service. This provided an oppor- 
tunity to remove several coils and thoroughly 
examine the condition of the band insulation, the 
coil insulation, and the copper at the coil corners, 
for copper fatigue. We had been concerned about 
copper fatigue at the high stress joints because of 
the almost complete annealing by virtue of the 
several bakes at 500 degrees Fahrenheit. It was a 
pleasure to learn that the insulation, copper, and 
the entire winding assembly was in by far the best 
condition that has been observed on an armature 
operating under similar conditions. There was 
almost a total absence of mica powdering as is 
customary where there is considerable winding 
motion and where conventional insulating materials 
are used in traction service. 


M. R. Hanna (General Electric Company 
Erie, Pa.): The very excellent heat endur- 
ance reported in this paper is in full accord 
with results obtained on a number of 
machines of various types insulated in the 
same manner. The introduction of silicone 
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has made possible a very considerable ad- 
vance in the design of high-temperature in- 
sulation systems. However, to keep our 
thinking straight and to avoid possible 
costly failures from incorrect applications of 
silicone, we should bear in mind that silicone 
is not employed as a primary dielectric in 
these successful insulation systems. In 
other words, this is not silicone insulation 
but mica insulation treated with silicone. 

The fact that none of the silicones now 
known are suitable for use as a primary 
dielectric does not minimize their importance 
in the mica-silicone insulation systems. 
Silicone treatment perfectly supplements 
mica by excluding moisture and preventing 
the shifting of mica flakes. Silicone is 
unique in its ability to perform this essential 
function at temperatures in excess of class 
B insulation operating limits, 

The practical fabrication of mica-silicone 
insulations presents a number of new prob- 
lems and it may be some time before the 
economics of this application of silicone be- 
come clear. A 


Graham Lee Moses: There were several 
points raised in the discussion which need 
some comment or clarification. It is true 
that the silicone varnishes in current use do 
not have as good solvent resistance as the 
best synthetic organic varnishes. However, 
those now available have solvent re- 
sistance equivalent to that of oleo-resinous 
varnishes which were reasonably satisfactory 
in this respect as demonstrated by many 
years experience. a 

A question was raised concerning the 
physical characteristics of silicone varnish 
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films at elevated varnish temperatures. It 
must be remembered that there are a num- 
ber of different silicone varnishes having a 
variety of characteristics. Therefore, one 
generally can be selected having properties 
which are peculiarly suited to the applica- 
tion. DC-993 silicone varnish has satis- 
factory hot film strength when properly 
baked. Asin conventional organic varnishes 
no one silicone varnish has all of the de- 
sirable properties for every insulation appli- 
cation; therefore judgment must be ex- 


ercised in the selection ot the proper silicone 
varnish for each specific application. 

. Hanna’s comments emphasize two im- 
portant points on which there is general 
agreement. 


1. Silicone insulation should include mica to pro- 
vide the basic dielectric strength. The term ‘“‘sili- 
cone insulation’? was used to imply that silicone 
resin bonds and treatments are substituted for the 
organic resin bonds in an insulation system con- 
sisting of mica, glass, and asbestos in much the same 
manner as a class B insulation system. The term 
*‘silicone insulation”’ was used in this paper because 
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Capacitors 


W. H. CUTTINO 
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MPROVEMENTS in design and re- 

duction in cost within the past ten 
years have given increased recognition to 
the capacitor as an efficient, economical, 
and reliable generator of kilovars. The 
reduction in cost and increase in reli- 
ability resulted in more application in- 
vestigations which revealed the economic 
possibilities of the capacitor as a useful 
tool for releasing system capacity, im- 
proving voltage regulation, reducing 
losses, and improving power factor. 

The recognition of these many benefits 
has led to a rapid increase in the size and 
number of capacitor installations. When 
more and more capacitors are added to a 
system with widely varying loads, a situ- 
ation may be reached where their effect 
becomes objectionable during certain 
operating conditions. It is therefore de- 
sirable to obtain the benefits of additional 
capacitor correction without the objec- 
tionable features. The maximum bene- 
fits can be obtained by adjusting the 
capacitor kilovars to the correct value at 
the proper time. When capacitor kilovars 
installed are greater than the light load 
reactive kilovars, it is usually desirable to 
have the capacitor kilovars reduced at 
light load to avoid objectionable over- 
voltage or excessive leading kilovars. The 
line losses are at a minimum when the 
capacitor kilovars are the same as the 
load kilovars. If voltage regulation is the 
primary objective, then the capacitor 
kilovars should be adjusted to hold the 
circuit voltage within the set limits. Un- 
like the ordinary voltage regulator, how- 


Paper 47-54, recommended by the AIEE committee 
on automatic stations for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 15, 1946; 
made available for printing December 18, 1946. _ 
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1947, VOLUME 66 


ever, the adjustable capacitor improves 
the voltage regulation on both the supply 
and load side by reducing the current 
flowing in the supply feeders. If the pri- 
mary objective is to keep the kilovolt- 
ampere demand to a minimum or to keep 
the over-all power factor within certain 
limits, the capacitor kilovars may be ad- 
justed in response to a kilovar regulating 
relay or a power factor regulating relay. 
When the need for adjustable capacitor 
kilovars is established, then the question 
arises as to the most economical arrange- 
ment that will give the desired operating 
results. 

The capacitor kilovars may be adjusted 
automatically by varying the voltage on 
the capacitor or by varying the amount 
of capacitors connected to the circuit. 
The amount of capacitors may be varied 
by automatically switching in equal or 
unequal steps in response to circuit con- 
ditions or they may be switched by the 
same switching means controlling the load 
for industrial plants. Switched capaci- 
tors also may be used to increase the 
effective range of a voltage regulator 
efficiently. In some instances, it is de- 
sired to have a kilovar generator which 
can furnish leading and lagging kilovars. 
This may be accomplished by a combina- 
tion of capacitor, reactor, and automatic 
tap changing transformer; by a combi- 
nation of capacitor and synchronous con- 
denser; or by a combination of directly 
connected capacitors and reactors. These 
various schemes now will be discussed. 


Indirectly Connected Capacitors 


VARIABLE VOLTAGE METHOD 


It is well known that the kilovars sup- 
plied by a given size capacitor vary as the 
square of the voltage applied. Considera- 


of the lack of an AIEE insulation class. Currently, 
the Institute is in the process of defining and classi- 
fying this new form of insulation as class H. 


2. All of the problems of applying and utilizing 
silicone insulations, especially mica-silicone com- 
binations have not been solved. Many of the sili- 
cone insulation components are rather fully de- 
veloped but there is still considerable work to be 
done on silicone-mica materials for use in com- 
mutators. Furthermore, the problem of attaching 
coil leads to commutators in railway type motors 
is a difficult problem requiring further attention. 
General usage on traction motor armatures is 
therefore further away than on some other types 
of electrical apparatus. 


tion therefore has been given to varying 
the voltage applied as a means of adjust- 
ing the capacitor kilovars. The voltage 
applied to the capacitor may be varied by 
means of a tap changing transformer as 
illustrated in Figure 1A or by means of an 
induction regulator as shown in Figure 1B. 
By the use of either of these methods, the 
capacitor kilovars can be adjusted readily 
into small increments. The losses of the 
transformer or regulator add to the 
capacitor losses to substantially increase 
the over-all losses for the installation. 

In general, reasonably coarse adjust- 
ment of the capacitor kilovars is found to 
be entirely satisfactory and the cost of 
directly connected capacitors with 
switches for each step is less expensive 
than the combinations of capacitor with 
tap changing transformer or capacitor 
with induction regulator. 

If the repetitive switching duty on the 
breakers for directly connected capacitors 
cannot be tolerated because of a highly 
fluctuating load, then consideration 
should be given to capacitor with tap 
changing transformer or capacitor with 
induction regulator. In this connection, 
it should be remembered that if multistep 
automatic control is used to initiate the 
adjustment of capacitor kilovars, the kilo- 
var increments should be in equal steps. 
To accomplish this with a tap changing 
transformer requires voltage steps of un- 
equal values because the capacitor kilo- 
vars vary as the square of the voltage ap- 
plied. If the capacitor kilovars are to be 
varied in 121/.-per-cent steps from zero to 
100 per cent then the voltage steps must 
be 0, 35.4, 50, 61/4, 70.8, 79, 86.7, 93°/4, 
and 100 per cent. 


Directly Connected Capacitors 


SWITCHED IN EQUAL OR UNEQUAL STEPS 


The capacitor kilovars usually are ad- 
justed by switching the capacitors in equal 
steps as illustrated in Fgure 2A with a 
circuit breaker for each step. The control 
with master relay which will meet the 
operating requirements most economically 
will determine whether the capacitors are 
switched automatically in response to 


’ voltage, current, kilovar, or power factor. 
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TAP CHANGING 
TRANSFORMER 


Voltage control may be used to remove 
capacitors at light load if the supply 
voltage is regulated and the bus voltage 
varies owing to regulation. It also may 
be used for switching capacitors to regu- 
late the feeder or bus voltage. Current 
control may be used to remove capacitors 
at light load if the supply voltage is non- 
regulated and the load power factor is 
reasonably constant with variation in 
loading. Kilovar control may be used to 
remove capacitors at light load when the 
supply or bus voltage is regulated or non- 
regulated and also may be used for switch- 
ing capacitors to regulate kilovars or 
power factor. The band width or spread 
adjustment of the master relay of the 
automatic control panel always must be 
larger than the effect of the largest ca- 
pacitor being switched. Maximum flex1- 
bility and minimum operating duty on 
the switch therefore are obtained by hav- 
ing the capacitors arranged in equal 
switching steps. This also permits the 
user to standardize on a certain size 
capacitor rating and vary the number of 
capacitor steps at a particular location 


Figure 2. Directly connected capacitors di- 

_ vided into equal switching steps is a common 

method of adjusting capacitor kilovars. Capa- 

citors divided into unequal switching steps 
seldom is used 


A. Capacitors divided into equal steps 


A, closed =331/3 per cent 
A and B, closed =66 2/3; per cent 
A, B, and C; closed =100 per cent 


Figure 1. Variable 

voltage method of con- 

trol is seldom used for 

adjusting capacitor kilo- 
vars 

A. Tap changing trans- 

former varies voltage on 

capacitor 

B. Induction regulator 

varies voltage on capaci- 
tor 


depending upon requirements. If con- 
ditions change for any reason, the ca- 
pacitors may be relocated as require- 
ments may dictate. 

To obtain a finer degree of control, it 
sometimes is proposed to switch the 
capacitors in unequal steps as illustrated 
in Figure 2B. Although a maximum num- 
ber of kilovar values can be obtained with 
a minimum number of switches, there 
will be many more instantaneous changes 
and some of these will be greater than if 
the capacitors were switched in equal 
values. Figure 2B shows how the ca- 
pacitors may be divided into three un- 
equal values of 14, 28, and 58 per cent and 
switched to obtain seven values in steps of 
approximately 14 per cent. The maxi- 
mum momentary disturbance occurs when 
switching from 42 to 58 per cent when the 
C switch closes and the A and B switches 
open, or when switching from 58 to 42 per 
cent when the C switch opens and the A 
and B switches close. The increased num- 
ber of switching operations inherent with 
this scheme always cannot be tolerated. 


There are 22 switching operations for one — 


complete cycle of switching for the un- 
equal steps as compared with six for the 


\ 
B. Capacitors divided into unequal steps 


A closed=14 per cent 

B, closed =28 per cent 

A and B closed =42 per cent 

C, closed =58 per cent 

A and C, closed =72 per cent 

B and C, closed = 86 per cent 

A, B, and C, closed =100 per cent 


Cuttino—Automatic Switching for Capacitors 


‘Figure 3B, 


equal steps. The A switch of the unequal 
step group operates 14 times during a com- 
plete cycle of switching, whilethe A switch 
of the equal step group operates only 
twice. 


SwiITCHING CAPACITORS WITH MOTORS 


In general, capacitors should be ap- 
plied as near the load as practical. If it is 
found desirable to switch the capacitor 
with variation in load for an industrial 
plant, consideration should be given to 
distributing them out on the circuit and 
connecting them directly to the motor 
terminals as shown in Figure 3A. The 
capacitors then will be switched “‘off” and 
“on’’ with the motor without additional 
switching equipment. 

The size of the capacitor switched with 
the motor switch should be selected to 
avoid excessive overvoltage caused by 
self-excitation and excessive transient 
torque. Charts! are now available listing 
the maximum capacitor size that should 
be switched with a given size motor. 
When capacitors are connected to the 
motor terminals, the line current drawn is 
less than without the capacitors. The 
overload devices, therefore, should be 
selected on the basis of the reduced line 
current if proper protection is to be ob- 
tained. 

To avoid excessive overvoltage or ex- 
cessive transient torque, it may be de- 
sirable in some cases to use a separate 
switch for the capacitor as shown in 
In the interest of economy, 
the motor control may be used to initiate 
the opening and closing of the capacitor 
switch. 


CAPACITORS INCREASE EFFECTIVE RANGE 
OF VOLTAGE REGULATOR 


When a voltage regulator is used. for 
regulating line voltage, its effective range 
can be increased by adding a switched 
capacitor. The capacitor, unlike the 
ordinary voltage regulator, improves the 
voltage on both the supply and load side 
of the installation by reducing the current 
flowing in the supply feeders and lowering 
the losses in the circuit. The adding or 
removal of the capacitor increases or 
decreases the general voltage level of 
the circuit a given amount. 

Figure 4 shows a regulator with limit 
switches arranged to initiate the closing 
or opening of the capacitor switch. When 
the regulator reaches the maximum 
‘“boost’”’ position, the capacitor switch 
closes to increase the voltage level and the 
regulator and then backs up until the 
regulating relay is satisfied. However, as 
the regulator reaches the maximum 
“buck” position, the capacitor switch 
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Figure 3. Capacitors switched “on” and ‘‘off’” 
with the induction motor for adjusting the 
capacitor kilovars 


A. Motor and capacitor switched as 4 unit 
eliminating a separate switch for capacitor 
B. Separate switches for motor and capacitor 
operated simultaneously by motor control 


opens decreasing the voltage level and the 
regulator reverses its travel and backs up 
until the regulating relay is satisfied. If 
adding or removing the capacitor changes 
the voltage level five per cent, then the 
effective range of the regulator is changed 
by this amount. 

If it is desired to minimize the voltage 
change produced by switching the ca- 
pacitor as one group, then the capacitor 
can be divided into several smaller groups 
each with switches and let the limit 
switches initiate a sequencing device to 
obtain selective switching of the capacitor 
groups. 


Supplying Adjustable Leading and 
Lagging Kilovars 


CAPACITOR, REACTOR, AND TRANSFORMER 
COMBINATION 


Capacitors rapidly have been replacing 
synchronous condensers for providing 
bulk wattless power or kilovars for volt- 


Figure 5. Adjustable leading and lagging kilovars provided by 
capacitor and reactor with tap changing transformer or with capacitor 
and synchronous condenser 


A. Tap changing transformer B. 
capacitor-reactor combination 


1947, VOLUME 66 


Synchronous condenser 
and capacitor combination 


SOURCE 


age regulation and power factor correc- 
tion. There are many applications of 
synchronous condensers at the ends of 
power transmission lines where it is neces- 
sary to adjust the kilovars supplied over a 
wide range including positive and nega- 
tive values. For this purpose, standard 
synchronous condensers are provided 
with 50 per cent lagging reactive capacity 
as well as 100 per cent leading reactive 
capacity and can be varied between these 
limits. 

A capacitor, reactor, and tap changing 
transformer have been proposed for per- 
forming essentially the same functions as 
the synchronous condenser. One scheme 
is shown in Figure 5A. This involves a 
tapped shunt winding, a capacitor, a re- 
actor, and a tap changing mechanism 
which can vary the capacity kilovars from 
100 per cent of the capacitor rating to 
zero by changing taps. A transfer switch 
is provided to transfer from capacitor to 
reactor when the tap changer reaches the 
bottom of the travel, whereupon the same 
tap changer operating on the taps of the 
same shunt winding canbe used to in- 
crease the lagging kilovars from zero to 
full rating of the shunt reactor. If the 
capacitor kilovars is 100 per cent and the 
reactor 50 per cent, this combination will 
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Figure 4. Switching capacitors extend effec- 
tive range of voltage regulator 
A. Limit switch on regulator closes when 
regulator reaches maximum boost position to 
close the capacitor switch 
B. Limit switch on regulator closes when 
regulator reaches maximum buck position to 
open the capacitor switch 


cover the usual range of the standard 
synchronous condensers. 

A very similar scheme was described by 
Butler and Foster.? This arrangement 
omitted the transfer switch and con- 
nected the capacitor in series with the 
reactor and the combination in parallel 
with the transformer winding. The com- 
mon point between the reactor and ca- 
pacitor is connected to the tap changer. 
Although this eliminates the cost of a 
transfer switch, the advantage is counter- 
acted by adding operating losses and in- 
creasing the size of the transformer. 


DIRECTLY CONNECTED CAPACITORS AND 
REACTORS 


The tap changing transformer equip- 
ment adds considerable expense to an 
installation. If the repetitive switching 
duty can be handled satisfactorily by a 
breaker and there are not a great number 
of switching steps required, then directly 
connected capacitors and reactors as 
shown in Figure 6 are less costly than the 


Figure 6. Adjustable leading and lagging kilovars furnished by 
switching directly connected capacitors and reactors 


CIRCUIT 
BREAKER 


REACTOR 


CAPACITOR 
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schemes involving the tap changing trans- 
former. It will be noted that transfer 
switches are added to permit one breaker 
being used for switching either a capacitor 
step or a reactor step. The directly con- 
nected capacitors and reactors eliminate 
the losses of the tap changing transformer 
and also have the advantage that they can 
be added to or subtracted from readily. 


CAPACITOR AND SYNCHRONOUS 
CONDENSER COMBINATION 


A synchronous condenser lends itself 
well to control of kilovars where a’ large 
range of leading to lagging is required. 
It also provides a means of improving 
system stability or smoothing out voltage 
dip where these features are desired. 
Capacitors, however, are Jess expensive, 
easy to install, lower in losses, and are 
added to or subtracted from easily. 

The combined advantages of the two 
types of equipment have been realized’ 
by adding capacitors to an existing syn- 
chronous generator installation. The 
capacitor may be used primarily as a base 
correction with the synchronous conden- 
ser output varying to meet the variations 


Figure 7. A 1,260- 
kilovar 13.8-kv outdoor 
capacitor with oil circuit 
breaker and single step 
voltage control for auto- 
matic switching 


of kilovar requirements with changing 
load conditions. 

Figure 5B illustrates the combination of 
synchronous condenser and capacitor. If 
the load kilovar requirements vary over a 
wide range, it may be desirable to switch 
the capacitors automatically in addition 
to the variations obtained from the syn- 
chronous condenser. This can be ac- 
complished by means of limit switches on 
the synchronous condenser control—one 
limit switch to close as the control ap- 
proaches the maximum “‘boost’’ position 
to initiate the closing of the capacitor 
switch and another limit switch to close 
as the control approaches the maximum 
“buck” position to trip the capacitor 
switch. 


Conclusions 


1. Maximum benefits with increased use of 
shunt capacitors require that more consid- 
eration be given to switching them auto- 
matically. 


2. The size and number of adjustable ca- 
pacitor kilovars should be selected to keep 
the voltage, power factor, or kilovar de- 
mand within desired limits. Usually, coarse 


adjustment of the capacitor kilovars will 
meet the operating requirements satisfactor- 
ily. In this case, the small steps readily 
obtainable with the induction regulator or 
tap changing transformer are not a feature 
of importance. 


3. Generally, economic considerations and 
average operating conditions favor switch- 
ing directly connected capacitors in equal 
steps with electrically operated switches 
automatically controlled. Other switching 
schemes should be given consideration if the 
load consists of large motors with good 
diversity factor, which is usually favorable 
to switching the capacitors’ with the motor 
or if the expected repetitive switching 
duty is sufficiently high to make the applica- 
tion of breakers questionable. 


4. Capacitors may be considered in com- 
bination with reactors or synchronous con- 
densers for supplying leading and lagging 
kilovars. 


5. The operating conditions and require- 
ments will determine which type of auto- 
matic control should be used. 
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Laboratory Aids for Electromechanical 


System Development 


GEORGE C. NEWTON, JR. 


ASSOCIATE AIEE 


Synopsis: Laboratory aids for development 
of electromechanical systems are described 
in this paper. Standardized components for 
“mocking up’? complex electromechanical 
systems have proved to be time-saving aids 
in laboratory work at the Sperry Gyroscope 
Company, Inc. Illustrations are shown of 
laboratory setups using these components 
and descriptions are given of the more gen- 
erally used mechanical and electronic com- 
ponents. 


HE PURPOSE of this paper is to de- 

scribe a set of standardized compo- 
nents used by engineers at the Sperry 
Gyroscope Company, Inc. for mocking 
up electromechanical systems. These 
components enable laboratory tests to be 
conducted for such systems long before 
the completion of the product designs and 
the construction of pilot models. With 
the standardized components it is possible 
to construct a dynamic system similar 
to the electromechanical system of the 
product under development. 
dynamically similar system is termed a 
“mockup” and the components are called 
mockup components. 

The relation between the mockup and 
the system it represents is analogous to 
that between a “breadboard” of a radio 
receiver and the product receiver as 
finally manufactured. The breadboard 
receiver can be made to represent the pro- 
duction receiver as accurately as necessary 
by refining the networks used to study 
the effects of stray capacitance and so 
forth. Likewise, a mockup can be made 
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to represent an electromechanical system 
as closely as desired by properly intro- 
ducing stray effects such as backlash and 
elasticity in gear trains, nonlinearities in 
signal-producing elements, and various 
types of friction loading. 

As currently practiced, the mockup 
technique is not an analytical tool in the 
same sense as differential analyzers,’ 
transient analyzers,? network analyzers 
and the various mathematical methods* 
used in the analysis of electromechanical 
systems. It is not an analytical tool any 
more than pilot-model testing is. Rather, 
the mockup technique is a means whereby 
certain results, in the past usually ob- 
tained from tests conducted on a pilot 
model, may be anticipated by correspond- 
ing tests of a dynamically similar system 
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which can be constructed and modified 
with relative ease. If pilot models could 
be built with a hundredth of the effort 
and in a hundredth of the time currently 
necessary, they would be used in prefer- 
ence to mockups and no need for mockups 
would exist. A mockup attempts to 
represent the actual system dynamics as 
closely as necessary so that the results ob- 
tained are truly indicative of system opera- 
tion. However, for application of an 
analytical tool the system must be ideal- 
ized, and the results may be significantly 
nonindicative of system operation. 

' To understand more fully the position 
of a mockup in the development of a prod- 
uct involving an electromechanical sys- 
tem, consider the phases through which 
such a development passes. Specifica- 
tion, conception, analysis, design, pilot- 
model construction, test, modification, 
and reproduction are the major phases. 
If a mockup phase were to be included, it 
would be inserted between the analysis 
and design phases. By adding this 
phase, which includes a certain amount of 
testing much benefit may result through 
servomechanism 


Figure 1. Demonstration 
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improvement of design and the conse- 
quent reduction of expense and time lost 
in the testing and modification phases. 
It is to be emphasized that the mockup 
phase does not supplant the analysis 
phase and that any and all techniques 
ordinarily used in analysis also will be 
appropriate when the mockup phase is 
included. The mockup phase is merely 
a way of making the pilot-model dynam- 
ics available for test much earlier than 
otherwise would be possible. 

It is recognized that the mockup tech- 
nique has stimulated the development of 
a set of components which may be used 
for many purposes not directly connected 
with their original function. These com- 


ponents may be used in the construction 
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of differential analyzers and other analy- 
tical aids. They may be used as an edu- 
cational medium to help engineers and 
students appreciate more keenly the prob- 
lems of dynamics. 

The mockup components described in 
this paper are relatively simple in design; 
the fundamental ideas could be embodied 
much more elegantly. However, the 
best way to present the basic ideas seems 
to be by showing their present embodi- 
ment and allowing the reader to make his 
own abstractions. 


Mechanical Mockup Components 


Figures | and 2 illustrate mockup com- 
ponents in use. As can be seen, the com- 
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ponents form a precision “mechano” set 
with an electronic addition. They may 
be classified broadly into mechanical and 
electronic categories. Together with a 
few special parts manufactured by the 
laboratory technician and special assem- 
blies peculiar to the system being repre- 
sented, such as electric motors, hydrau- 
lic apparatus, integrators, and gyroscopes, 
the standard components make possible 
the mocking up of almost any electro- 
mechanical system. After one is familiar 
with the components, the method of using 
them follows directly from the signal sche- 
matic of the system being represented; 
therefore this aspect of the mockup tech- 
nique need not be discussed here. . 

The standardized mechanical parts are 
classified as 


1. Foundational components, Figure 3. 


2. Apparatus-mounting components, Fig- 
ure 4. 


3. Rotational components, Figure 5. 
4. Bearing brackets, Figure 6. 


5. Special hardware, Figure 7. 


Only typical examples of the more fre- 
quently used items are shown. 

Many of the features of these parts are 
obvious. They are simple in design, 
rugged, and easy to manufacture. But 
their form is not entirely arbitrary. For 
example, the base plates shown in Figure 
3 appear arbitrary in design. They are 
nothing more than plates with holes 


Demonstration servomechanism, 
mechanical assembly 


Figure 2. 


Figure 3 (below left), Foundational compo- 
nents, base plates and stand-offs 


Figure 4 (below right). Apparatus-mounting 
components 
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drilled in them; yet some of the thoughts 
entering into their design are 


1. Material—should be lightweight, rigid, 
and have a reasonably hard surface. 


2. Hole spacing—should permit flexibility 
of adjustment of all parts, yet not require 
more holes than necessary. 


3. Tapped holes versus nuts and bolts— 
the convenience of not working below the 
plate must be weighed against the cost and 
disadvantages of tapped holes (such as dirt 
causing stripped threads and the impossi- 
bility of using T-slotted pedestals). 


4. Size—the plates of various sizes should 
form a related series and individually be 
convenient in use with other components. 


It was decided that slotted plates were 
not desirable because of the large portion 
of plate surface removed and because of 
cost. Aluminum alloy was chosen as the 
material. In particular 24ST sheets, 
5/8-inch thick, are used for all but the 
largest plates. A square hole-spacing of 
1/2-inch center-to-center distance was 
selected after consideration of the other 
components. Drilled holes 9/32-inch di- 
ameter are used to pass, with ample clear- 
ance, 1/4-inch bolts. The size series 9 by 
12, 12 by 18, 18 by 24, 24 by 36, and 36 by 
48 inches was adopted; each plate’s size is 
equivalent to two of the smaller size plates 
and one-half of the corresponding larger 
size plate. 
Apparatus such as_ self-synchronized 
-motors, small motors, and potentiometers 
are mounted on plates to which are fast- 
ened pedestals (see Figure 4). The pedes- 
tals have T-slots milled lengthwise to re- 
ceive bolt heads. The nuts are tightened 
from below the base plate upon which the 
plate-pedestal assembly rests. The infre- 
quent contingency of the pedestal slot not 
coinciding with a row of holes is met by 
clamping the pedestal with dogs, bolts, 
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rere Figure 5. Rotational 


components 

A—Clamp 

B—Collet boss 
C—Collet boss and 

clamp assembled 

D—Differential 

, E-—Gears 

F—Bushing and collar 
G—-Shafts 


Figure 6 (below), Bear- 
ing brackets 


Figure 7 (below right). 
Special hardware 


A—Shims 
B—Clamp blocks 
C-—Dog 
D—T-slot bolt 


Figure 8 


(a)—EMC cathode 
follower 


(b)—EMC amplifier 


and clamp blocks shown in Figure 7, A 
universal pedestal with two T-slots is 
shown in Figure 4, This has tapped holes 
to aid in mounting apparatus which can- 
not be mounted by the plate method. 
A basic consideration in the design of 
rotational components and bearing brack- 
ets is the shaft size. On the predication 
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that the standard inch-type ball bearmyg 
would be used, it was decided to standard 
ize on 1/4-, 8/8, and 1/2-inch nominal 
diameter shafts. The greatest portion of 
the shafting of any mockup is of the 1/4 
inch size. The shafting is stainless steel 
drill-rod, ground to a diameter sufficiently 
less than nominal to slide through a ball 
bearing without undue force. Standard 
short lengths are stocked, as well as com 
mercial lengths, from which a desired 
nonstandard length may be cut; examples 
are shown in Figure 5. 

The gears adopted for mockup use are 
18-, 32-, and 20-diametrical pitch, 141/, 
Most of the gear 
ing is 48-piteh and attempts are made to 


degree pressure angle, 


stock these gears by 1-tooth steps from 


10 through 200, Other pitches are 


The number of 


stocked less completely, 
gears stocked in any size is determined by 
expected frequency of use. 

The fastening of gears to shafts has 
been a problem, Setscrews are easily 
shaken loose unless a type is used that 
mars the shaft. Provision of flats on the 
shafts is expedient but not entirely effec- 
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tive (grooves may be more effective but 
they are difficult to machine). The use 
of clamps and collet-type bosses has been 
very satisfactory. The clamps and 
bosses are shown in Figure 5. Bosses 
are machined in quantity and installed 
on gears by pressing (and pinning if 
necessary). With this design of fasten- 
ing, round shafts are used and no flats or 
grooves are required. 

Bosses can be used as collars in most 
situations. However, if space is limited, 
the simple ring collar shown in Figure 5 
may be used. The latter is held by brass 
setscrews which do not mar the shafts. 

An assortment of bushings to fit 1/4- 
inch bored gears to smaller shafts used on 
self-synchronized and other motors is 
valuable. Since the use of bushings 
ordinarily requires setscrew fastening of 
gears to the undersized shafts, the bush- 
ings are provided with holes to pass the 
setscrews (see Figure 5). 

The bearing brackets shown in Figure 
6 are designed to receive inch-type ball 
bearings. The standard brackets are 
designed for 21/,-inch shaft center height 
above the base plate. This permits 
swinging 48-pitch gears of more than 200 
teeth. The base of the bearing block is 


T-slotted and may be used as a clamping 


surface. Generally, it is best to make 
mockups with all shafts in a single plane 
if possible. However, if shafts must pass 
over one another, or if a height different 
than 21/4 inches is used, standard brackets 
may be shimmed or recourse had to the 
adjustable-height bearing bracket shown 
in Figure 6. The larger bearing bracket 
shown in Figure 6 will accommodate bear- 
ings for 1/2-inch nominal diameter shafts; 
3/8-inch shafts are made to fit 1/2-inch 


318 


Figure 9 


(a)—EMC output stage 
(b)}—EMC demodulator 


bearings by means of collar bushings. 
The ball bearings used in the bearing 
brackets and other parts usually are hand 
lubricated. 

Figure 7 illustrates the special hardware 
necessary for use with mockup compo- 
nents. The square-head T-slot bolt is 
designed to fit the slots of pedestals and 
bearing brackets. A 1/4:inch 28-pitch 
thread is used. The shims are made in a 
variety of thicknesses up to one-half inch 
for supporting bearing brackets and other 
uses; the holes provide passage for bolts. 
Also shown are examples of clamp-blocks 
and dogs for mounting items that cannot 
be held by T-slot bolts. 


Electronic Mockup Components 


The success. of the mechanical mockup 
components stimulated the development 
of electronic mockup components for use 
in electromechanical system mockups. 
To save engineering on system mockups, 
the development of standardized elec- 
tronic units was justified. Such appa- 
ratus can be serviced by techniciatis and 
stocked in quantity so that failures will 
not delay experimental work on the mock- 
up system. After successful system 
operation is obtained, the electronic- 
mockup-component units (abbreviated 
EMC units) can be replaced with proto- 
type product units of the same over-all 
performance, but vastly simplified and 
diminished in weight and size. 

The EMC units are classified as follows: 


Cathode followers, Figure 8 part a. 
Amplifiers, Figure 8 part 0. 
Output stages, Figure 9 part a. 
Demodulators, Figure 9 part b. 
Power supplies, not illustrated. 


OU CSRS it 
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A cathode follower frequently is re- 
quired for measurements and occasionally 
for isolation of networks. The EMC ca- 
thode follower is shown in Figure 8 part a. 
This cathode follower has a single-ended 
input and a single-ended output. Two 
stages are used to permit zero adjustment 
of the output signal without changing the 
input impedance. 

The EMC amplifier, Figure 8 part 8, is 
designed to sum six single-ended (or three 
push-pull) signals, phase invert, amplify, 
and transform impedance level. Figure 
10a is a simplified circuit showing the 
principles of operation. The frequency 
response, shown by Figure 11, is flat in 
the range of interest for electromechanical 
system operation. The gain is adjusted 
by a control switch in discrete steps 
(spaced approximately in a logarithmic 
series) from a minimum gain of unity to a 
maximum gain of 40. The amplifier 
uses an inverse feed-back arrangement to 
accomplish the summation and the gain 
is varied by changing the feed-back ratio. 
To compensate for level changes in power- ; 
supply voltages and push-pull input 
signals, a tube has been incorporated to 
measure output level variations and 
apply corrections to the cathode of the 
second amplifier tube. A  cathode- 
follower output tube is used. The input 
impedance is 1.2 megohms per input 
terminal; the output is push-pull with an 
impedance of 20,000 ohms over-all. Plus 
and minus voltages with respect to ground 
must be supplied to the amplifier; these 
are required because of the resistance 
coupling used between stages which 
makes response possible at zero fre- 
quency. The amplifier is used wherever 
voltage amplification, signal addition (or 
subtraction), signal inversion, or fre- 
quency-sensitive amplifiers are needed in 
system mockups. Circuits which typify 
its use with networks of specified fre- 
quency characteristics are shown in 
Figure 106. The circuits correspond to 
the conventional lag and lead networks.** 

An output stage, Figure 9 part a, is used 
to translate voltage signals into push-pull 
current signals for operation of small 
field-controlled servomotors and the like. 
The EMC output stage uses two beam- 
power tubes, type 6L6, to provide a push- 
pull output; push-pull input signals must , 
be supplied. : 

In electromechanical system work it is 
often necessary to convert self-synchro- 
nized signals, or suppressed.carrier signals, 
back to their fundamental form. This is 
accomplished by demodulation in which a 
carrier or reference signal is supplied in 
addition to the suppressed carrier signal. 
The EMC demodulator is shown in 
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Figure 9 part b. The single-ended input 
signal is amplified and supplied through a 
signal transformer to the full-wave detec- 
tor tubes. The output may be either 
push-pull or single-ended. 

To supply the plus and minus voltages 
required for the electronic units, regulated 
low-impedance power supplies are used. 
The plus and minus voltages most fre- 
quently used are +200 to +300 volts. 
One supply is used for the positive voltage 
and a second supply appropriately 
grounded is used for the negative voltage. 
Power supplies are rated for 240 milli- 
amperes at 300 volts with a ripple of less 
than one millivolt rms. The source im- 
pedance is a function of frequency, but 
never exceeds 25 ohms and generally is 
much lower. The voltage is adjustable 
over the range of 200 to 350 volts. 

Generally, a conventional unregulated 
power supply is used for the EM C output 
stage. 

Connections are made to all electronic 
components by means of screw-type termi- 
nals. In a mockup the units generally 
are fastened to a plywood panel and the 
proper interconnections are made by 
push-back wire. When a large number of 
wires join a single terminal, a piece of bus 
wire is screwed to the terminal and the 
wires soldered to the bus wire. Much 
thought has been given to the possibility 
of using plug connectors and racks with 
only the signal terminals exposed, but 


this has not been undertaken because it 


would reduce the flexibility of unit appli- 
cation. 

It will be noted that the EMC units 
comprise nothing new; they are of con- 
ventional design. What is new, perhaps, 
is the idea of having such units available 
in quantity. The engineer then may 
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Figure 10 (left) 
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matic EMC amplifier 5 be 8 
(b)—EMC amplifier = 
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construct complex circuits using as funda- 
mental elements these units rather than 
the separate circuit elements. 


Mockup Component Problems 


Mockup components have associated 
with them certain problems. There is a 
tendency to expand the line of standard 
parts to include items infrequently used. 
The basic principle underlying the mock- 
up component idea is to have standard- 
ized, simple parts that can be put to- 
gether quickly in a multitude of ways to 
serve a maximum number of uses. It is 
necessary to consider this principle before 
a new component is added to the stand- 
ardized line. Another problem arises 
when, after a component is adopted as 
standard, a proposal is made to replace it 
with a part of superior design. The 
choices are 


1. Adopt the new part and scrap the old 
one. 


2. Adopt the new part and retain the old 
one. 


3. Do not adopt the new part. 


Generally, for the sake of economy, de- 
cision 2 or 3 is made. If decision 2 is 
made, an extra item is added to the line. 
If decision 3 is made no progress results. 

In a large organization there may arise 
the problem of enforcing standardization. 
Engineers are essentially individualists 
and prefer to use their own ideas. Not 
infrequently some one will design and 
have built his own line of parts without 
consulting others. This is serious if 
company-wide exchange of parts is de- 
sired. 


Conclusion 


The mechanical and electronic mockup ' 


components have great utility in labora- 


tories where electromechanical systems 


are developed. Once the initial invest- 
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ment has been made, complex systems 
may be mocked up rapidly at small cost. 
The components save much engineering 
time by making it possible for technicians 
to service and maintain system units. 
A considerable reduction in time for 
mockup construction is achieved by hav- 
ing available a stock of parts. This 
eliminates the repetitious designing and 
building of parts with substantially simi- 
lar function for each mockup. When a 
mockup has served its purpose, it may be 
disassembled and the parts returned to 
stock for subsequent use. 
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Discussion 


Robert F. Garbarini (Sperry Gyroscope 
Company, Great Neck, N. Y.): The labo- 
ratory aids for electromechanical system 
development which are described in the 
paper of Newton and White had their be- 
ginning in the computer engineering depart- 
ment of the Sperry Gyroscope Company. 
Prior to 1942, mockups of new devices were 
laid out on the drafting board, the parts 
sketched and manufactured. Since parts 
such as shafts, bearing blocks, and motor 
mounts were not designed for general use, 
they would be scrapped after the tests were 
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complete. Realizing the handicaps and 
wastes of such a procedure, and requiring 
more rapid solutions to problems, some 
engineers began to make their own stocks of 
useful parts. These soon proved inade- 
quate in a laboratory that was doing an in- 
creasing amount’ of development -work,. be- 
cause there was no standardization of parts 
and often not enough parts. The outcome 
of this was a systematic set of mockup com- 
ponents. Now, shafting comes by the 
yard, it has flats for set screws if required 
and has one standard diameter. A variety 
of adapters are available so that almost any 
gear which may be available in stock can 
be used. 


ADVANTAGES 


There are three important advantages of 
these laboratory aids which make them of 
value to the company, to the engineer, and 
to the customer who is paying for the de- 
velopment: 


1. They make available a saving of time in both 
the shop and the laboratory where the mockup 
must undergo numerous tests and changes. 


2. They make available a financial saving because 
of the saving in time and the continued usefulness 
of the parts. 


3. By far the most important advantage is that 
uncertain devices or entire instruments may be 
tested before design layouts have progressed too 
far. It can prove embarrassing to an engineer to 
find that he has underestimated the required size 
of motor and does not have enough room for a 
larger one. These circumstances come about when 
production motors are available which are on the 
border line of having sufficient torque. Usually 
the next size motor is too large so that either a new 
motor must be developed or a chance must be 
taken with the smaller ene. 


TypicaL APPLICATIONS 


These laboratory aids are not the only 
ones that are used in instrumentation. The 
aids are used in conjunction with component 
such as multipliers, dividers, integrators, 
vector resolvers, and optical elements for 
mocking up a variety of instruments. 


Data Systems. A complete  electro- 
mechanical data system can be mocked up 
in a matter of a half day. In this case the 
transmitter synchro mechanism could be 
driven by a Scotch yoke mechanism which 
would provide a sinusoidal input. The 
amplitude can be varied by means of a 
screw driver adjustment, and the frequency 
changed by adjusting the speed of the an- 
gular drive motor of the Scotch yoke. The 
data receiver synchro! mechanism is posi- 
tioned by an amplifier-controlled servomotor 
and gearing. With the flexibility afforded 
by the laboratory aids, it is easy to change 
gear ratios, inertia, viscous damping, fric- 
tion and backlash. 

Thus, it is possible to study the frequency 
response of the system with different param- 
eters. 


Computing Circuits, A very impor- 
tant application of the laboratory aids is in 
the development of complicated electro- 
mechanical computing instruments which 
have to meet severe specifications as to 
weight, size, and accuracy. Such a com- 
_ puting instrument may consist of several 
servomotors and any number of mechanical 
computing elements such as adding dif- 
ferentials, multipliers, integrators, and 
polar converters, all connected in closed 
loops. Since allowable size determines 
scale factors, which in turn determine the 
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errors caused by backlash and machining 
inaccuracies, it is quite difficult to deter- 
mine by analysis just: what the probable 
error of an instrument will be. This is 
particularly the case under dynamic con- 
ditions because the sensitivity of the servo- 
motors often depends on how much back- 
lash is present. If the backlash is de- 
creased, the servomotor performance can 
be improved. 

If the new instrument is complex, and 
there are no previous instruments of simi- 
lar functions available for obtaining data, 
it not only is desirable but often necessary 
to build a working mockup. The experi- 
ence obtained in studying and testing the 
mockup along with careful analysis, pro- 
vides sufficient data for preparing sound 
proposals and design information. 


R. S. Edwards (Sperry Gyroscope Com- 
pany, Inc., Garden City, INE Yi) see 
paper of G. C. Newton and W. T. White 
presents a new type of tool for use in en- 
gineering laboratories involved in the de- 
velopment of electromechanical devices. 
The mockup components described in the 
paper have been used quite widely in sev- 
eral of the laboratories. of the engineering 
department of the Sperry Gyroscope Com- 
pany, Inc. 

The widest use of these components has 
been in the system study work and pre- 
liminary test work of complicated electro- 


mechanical systems such as gun-sight 
computers, antiaircraft computers, and 
bombsights. 


Most apparatus of this type involves the 
use of servomechanisms which often be- 
come quite complicated. A method of 
servomechanism analysis that is widely used 
at the present time is the sinusoidal input, 
frequency response method which has been 
discussed by G. S. Brown, A. C. Hall, H. 
Harris, and others. This method lends it- 
self very well to the experimental approach 
and the experimental approach in turn is 
easily carried out with the aid of the mockup 
technique described by White. _ 

The frequency response method of servo- 
mechanism analysis involves the deter- 
mination of transfer loci or input to out- 
put ratios and phase angles as a function 
of frequency for the various components 
making up the servomechanism loop. Since 
servomotors and signal devices are often 
electromechanical devices the mockup com- 
ponents described by White are valuable 
for performing the necessary tests. Plates 
and brackets are available for holding the 
units properly and any necessary gearing is 
easy to install. The electronic mockup 
components ease the problem of measure- 
ment. The generation of proper input 
signals is also eased by the use of both 
mechanical and electronic mockup com- 
ponents. Although transfer functions can 
usually be determined analytically, it is 
always wise to check the results experi- 
mentally and often the experimental values 
are more accurate. When the transfer 
loci of the components of the servo- 
mechanism loop are determined experimen- 
tally, the subsequent analysis of the loop as 
a whole is much simplified. 

The problem of experimental verification 
of the results of the loop analysis is also 
much easier if a laboratory well stocked 
with mockup components is available. 
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Once the general form of the servomecha- 
nism loop is determined the mockup is 
valuable for determining the particular 
values of components to be used. Allow- 
able tolerance of components that deter- 
mine gain of servoamplifiers and time con- 
stants and proportionality factors of stabi- 
lizing networks may be determined quite 
readily by experimental testing. 

Present day equipments of the sort men- 
tioned above often have complicated servo- 
mechanism systems with multiple loops. 
These multiple loops usually occur when 


there are one or more servomechanism ° 


loops that are entirely within another loop, 
or as sometimes occurs, two separate servo- 
mechanism loops have mutually interacting 
terms. The analysis of such servo systems 
is a rather tedious and difficult job particu- 
larly if conditions are to exist in each of the 
servo loops which will give optimum per- 
formance of the over-all system. The use of 
mockup components allows a practical ex- 
perimental approach to this problem. 
When properly organized, the experimental 
data can usually be obtained and correlated 
in less time than an analytical approach can 
be made. 

There are other aspects of electromechani- 
cal systems which cannot wait for pilot 
model production. One of these deals with 
the co-ordination and time constants of the 
operator of the equipment since in many 
cases the operator is included in the over-all 
servomechanism loop where he is required 
to perform tracking or similar operations. 
The use of a flexible electromechanical 
mockup permits a wide experimental in- 
vestigation of this problem. 

As pointed out by White, the use of mock- 
up components in servo and other problems 
is not in itself an analytical tool but rather 
a time-saving device whereby the necessary 
answers can be obtained long before a unit 
reaches the pilot model stage. 

The speed with which a mockup can be 
made and proved is of great importance in 
the initial examination of a problem. Most 
engineers dealing with complicated electro- 
mechanical equipment, having made an 
analysis of the problem, have been con- 
fronted with the question, ‘““Yes, I under- 
stand all you have on paper, but will it 
work?” A working mockup which can be 
built in a short time is a decided asset in 
such cases. 


Donald L. Herr (Control Instrument Com- 
pany, Inc., Brooklyn, N. Y.): White’s 
methods of utilizing relatively fixed com- 
ponents for assembly in laboratory mockups 
of servomechanisms is ingenious and. no 
doubt efficient in programs of a highly re- 
lated nature and where such laboratory 
mockups can be relied upon and utilized 
safely in the development of a complete 
servomechanism. We, of the Control In- 


strument Company, have developed and are’ 


using a method of servomechanism synthe- 
sis to which White’s laboratory mockup 
technique in some cases lends itself quite 
well. Such cases are where certain com- 
ponents of the entire servomechanism are 
relatively fixed from the beginning of the 
problem and it is desired to rapidly in- 


vestigate the effects upon performance of. 


other variable components introduced into 


the system. It is believed that the Control 
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Instrument Company synthesis method may 
be found fundamentally of interest and 
value. 

It is necessary to go back to some funda- 
mental considerations. We cannot, it seems 
to me, place great emphasis upon structural 
or configurational difference’ in servo- 
mechanisms as a basis for differentiating 
between servomechanisms. Actually, of 
course, the structural configuration of a 
servomechanism is.chosen because of the 
engineering advantages resulting from the 
use of dvailable components which appear 
in those arrangements, whereas, mathe- 
matically, servomechanisms fundamentally 
differ only as they differ in their over-all 
transfer functions. For any given transfer 
function, there is an infinite variety of 
structural configurations which will give 
rise to that same transfer function. It is, 
however, the over-all transfer function 
which specifies the accuracy and stability 
_ of the servomechanism, regardless of how 
it is physically obtained as an engineering 
structure. So rather than continue to 
speak about the properties of each individual 
case of actual servomechanisms, which leads 
us into many detailed considerations charac- 
teristic largely and only of each individual 
physical servomechanism, a fundamental 
method of synthesis is to start with the loop 


transfer function, having the properties 


which satisfy the stability and accuracy re- 
quirements of a particular application, and 
then attempt to synthesize the servomecha- 
nism to that loop gain function and its 
corresponding system response function. 
The method is as follows. 

Mathematically, the loop gain functions 
proceed from the simplest type involving 
only a constant divided by some positive 
power of the periodicity to those involving 
a constant times a ratio of one polynomial 
in real frequency to another, in which the 
roots of numerator and denominator may 
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or may not be placed in evidence. Loop 
transfer functions, mathematically, are 
more complex the more terms or roots there 
are in the numerator and denominator 
functions. We may exhaustively examine 
all of the properties of such ratios of func- 
tions for each successive case of increasing 
complexity. In doing so, we start out on 
the basis that we desire to synthesize a 
system having a certain degree of stability, 
as indicated by its maximum value of sys- 
tem response function, and fulfilling a cer- 
tain accuracy requirement, which estab- 
lishes the value of the constant multiplier 
of the ratio of polynomials, These may 
be called the steady-state stability and 
accuracy requirements. In any particular 
application, the steady-state stability and 
accuracy requirements may be sufficient to 
form the basis of our synthesis. However, 
in certain applications, the percentage over- 
shoot and time of build-up of the transient 
response may be the determining factor, so 
long as the system is characterized as stable. 

If we now view the servomechanism as a 
low-pass filter, we can somewhat arbitrarily 
say that we desire to synthesize those servo- 
mechanisms which meet either the steady- 
state stability and accuracy requirements 
or which meet the transient response re- 
quirements with stability and that, in either 
case, we desire our servomechanism, or 
low-pass filter, to be of the ‘“‘minimum band 
width type’. In other words, we desire to 
synthesize. that servomechanism which, 
when viewed as a low-pass filter, has the 
narrowest pass band consistent with ful- 
filling whatever stability and accuracy re- 
quirements must be met in a particular 
situation. 

On this basis we have found it possible to 
take successively more complex, physically 
realizable transfer functions and, on a nor- 
malized frequency basis, elicit the values 
of the design frequencies in the loop trans- 
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fer function around which the servomecha- 
nism is synthesized. When this has been 
done a servomechanism results which is of 
the ‘minimum band width type” and which 
meets whatever accuracy and stability re- 
quirements are specified. 

The mass or structure that is controlled 
is itself, of course, an element in the servo- 


. mechanism and, very often, is ‘‘something 


which is handed to us” and which cannot 
be changed but which must be controlled by 
the closed loop system we build around it. 
It is necessary to obtain the frequency re- 
sponse characteristic, in amplitude and 
phase, of any such fixed elements, remove 
this transfer function from the idealized 
transfer function which we have chosen 
from a tabular array as being the simplest 
which satisfies the prescribed accuracy and 
stability requirements on a “minimum 
band width” basis, and then the residual 
problem of design becomes that of synthe- 
sizing the remainder of the idealized transfer 
function. At this point we have available 
the infinite number of possible circuit 
configurations to synthesize this portion 
of the chosen over-all transfer function. 

By use of the mockup technique, similar 
to that described by White, certain of the 
physical components in the remaining por- 
tion of the idealized transfer function are of 
fairly universal application such as modu- 
lators, demodulators, filters, stabilizing 
networks. Only the appropriate gain levels 
need be established and a residual stabiliz- 
ing or equalizing network be synthesized. 

In conclusion we should like to point out 
that this method of synthesis places in 
glaring evidence the very close interconnec- 
tion between the transient overshoot and 
time of build-up, on the one hand, and the 
degree of stability of the system, as in- 
dicated by the maximum value of steady- 
state 0,/64, and the gain level or steady- 
state accuracy factor, on the other hand 
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T PRESENT price levels, capacitors 
generally can be justified in quan- 
tities considerably in excess of what 
electric systems can permit to be con- 
nected permanently. The average price 
of kilovars today, as supplied by capact- 
tors, is one quarter of the price of 15 years 
ago, while other system equipment has in- 
creased in price 25 to 30 per cent during 
the same period. Obviously this lower 
price level greatly increases the economic 
sphere of application. It is believed that, 
if the economics of capacitors at their 
present price level are to be realized fully, 
switching procedures should be adopted 
more widely to allow for the use of larger 
quantities than the system can accom- 
modate in permanently connected equip- 
ments. 

The availability in general, and during 
these times in particular, of reliable fac- 
tory assembled capacitor equipments 
complete with circuit breakers and auto- 
matic control makes this form of kilovar 
supply a full-grown economic tool of the 
distribution and subtransmission engi- 
neer. It allows him to design in more de- 
tail toward the desirable objective of hav- 
ing at the dispatcher’s complete control 
the basic system kilovar generation, 
which, as will be shown, makes for maxi- 
mum system economies. 


On the Economic 
Operating Power Factor 


Trite as it may be, the question, “How 
much of my high-priced system invest- 
ment should be used to generate and 
transmit and distribute 10-dollar kilo- 
vars?” has not been answered very 
thoroughly by system planning and 
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operating engineers. At the time of peak 
load, system capacity has its highest 
value, so it follows that minimum kilovar 
transmission generally should prevail at 
this time. The problem is to determine 
how many kilovars should be generated 
at this time by the powerhouse and trans- 
mitted to the load, and how many kilo- 
vars should be supplied in the load areas. 
Two approaches that may be taken to 
help answer this question are offered. _ 


THERMAL LIMITED EQUIPMENT 


Allocate Kilovar Usage of System 
Capacity on the Basis of Its Use of System 
Thermal Capacity. The heating in a 
piece of electric equipment carrying a 
load, kilovolt-amperes, is proportional to 
(kilovolt-amperes)?. The heating caused 
by the kilovar in this kilovolt-ampere load 
is proportional to (kilovars)?, and that 
caused by the kilowatt load is propor- 
tional to (kilowatt)*. This follows from 
the fundamental relation. - 


kva?=kw?+kvar? 


Therefore, the per unit heating, or 
thermal capacity used by kilovars is equal 
to ; 


2 
=sin? 0 (1) 


equal to 
paiked =sin@ (2) 


Paper 47-55, recommended by the AIEE committee 
on automatic stations for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 1, 1946; 
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it follows where equation 1 is divided by 
equation 2, that the per unit thermal 
capacity used per kilovar of load is equal 
tosin#, 

If S equals value of system in question 
in dollars per kilovolt-ampere and C 
equals cost of capacitors in dollars per 
kilovar, the economic operating con- 
dition, exists when 


S(sin 0) =C (3) 


That is, when the dollars per kilovar 
charged for use of system thermal 
capacity equal the cost of load area 
kilovar generation, the economical value 
of kilovars then are flowing through the 
system. 


ECONOMIC OPERATING 
POWER FACTOR 


DOLLARS/KVAR CAPACITOR COST (/s) 
DOLLARS/KVA SYSTEM VALUE 


Figure 1. System operating power factor at 
which investment usage by kilovars equals the 
cost of capacitors 


A—Based on thermal capacity usage by kilo- 
vats 
B—Based on kilowatt capacity usage by 
kilovars 


FRACTION OF VOLTAGE DROP 
CAUSED BY KILOVARS 


0.6 07 0.8 0.9 1.¢ 
POWER FACTOR 
Figure 2. Fraction of total voltage drop in 
various conductors caused by kilovars 
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From equation 3 it follows that 


cos #= 


LK C75) + (4) 


=the economic operating power factor 
by definition, consistent with the 
assumptions 


This relation is plotted in Figure 1 as 
curve A. 


Allocate Kilovar Usage of System 
Capacity on Basis of Its Use of System 
Kilowatt Capacity. Consider a system or 
portion of a system operating at its kilo- 
volt-ampere rating at any given power 
factor. As a system is designed and 
operated primarily for the purpose of 
supplying kilowatts to the load require- 
ments, it appears logical to allocate 
against kilovars, a usage of system ca- 
pacity according to the relation, 


kva—kw=system kilowatts capacity used 
by kilovars, where kilovolts-amperes 
and kilowatts are absolute values 


If the cost of the system in question is S 
dollars per kilowatt, then it follows that 


S(kva—kw) 
kvar 

able for their usage of the system 

investment (5) 


=dollars per kilovars charge- 


When this charge for use of investment is 
equal to the cost of supplying kilovars in 
the load area, it will be said, by definition, 
that the system is operating at its eco- 
nomic power factor. 

Equating equation 5 to C, the cost per 
kilovar when supplied in the load area, 
dividing through by the kilovolt-ampere, 
and rearranging yields 


1-— 0 
= C/S (6) 
sin 0 
solving 
‘os 6 de AE/2) economic operatin 

Tot ag Sao ee 
1+(C/S) ae 
power factor, by definition, consistent 
with the assumptions (7) 


This relation is plotted in Figure 1 as 
curve B, 

The results of this analysis are reason- 
able when applied where capacity really 
is needed, as the effects of kilovars on 
voltage drop and _ losses—both im- 
portant—have been neglected. The re- 
sults, however, are worthy of further 
consideration. 


Numerical Application. Consider a 
transmission line over which kilovars are 
being transported from a generating 
plant, where kilovars can be produced 


* This relation was first derived in an unpublished 
manuscript by L. R. Janes, Public Service Company 
of Northern Illinois by an entirely different ap- 
proach using differential calculus. 
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relatively inexpensively. Each kilovar 
being transported is stepped up through a 
high voltage substation. It then is 
stepped down possibly three times before 
it gets to the load. These substations 
conservatively cost an average of $15 per 
kilovolt-ampere, which gives a figure of 
$60 per kilovolt-ampere for substation in- 
vestment through which these kilovars 
flow during peak load in getting to their 
destination. Kilovars can be supplied in 
the load area by capacitors for $10 per 
kilovar. Hence, referring to Figure 1, 
curve B (the more conservative of the two 
curves), for a C/S of 0.167 (10/60), it is 
seen that the power factor should be 0.95 
to make the investment charge equal the 
capacitor cost. 


It appears reasonable to say, therefore, 


. that, where substation capacity really is 
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POWER FACTOR 


Figure 3. Energy loss reduction by power 
factor improvement in terms of total system 
PR losses 


Lp =kilowatt current loss factor 
L,=kilovar current loss factor 


needed, its use for supporting the trans 
portation of kilovars cannot be justified 
below some value on the order of 95 per 
cent power factor. These figures indicate 
that a much broader use of load area kilo- 
var supply can be justified than now 16 
practiced. The trend, however, is defi- 
nitely toward higher system operating 
power factors, as indicated to a certain 
extent by the industry in adopting an 
0.85 power factor turbine generator 10 
place of the previous 0.8 power factor 
unit in general use. 


WHERE VoLtTaGE Dror Is_ LIMITING 


FACTOR 


In system elements where voltage drop 
is the limiting factor—such as overhead 
lines—it appears logical to charge kilo- 
watts and kilovars for use of the invest- 
ment for that particular equipment on the 
basis of the portion of the voltage drop 
which they produce. With this assump- 
tion, a reasonably direct analysis can be 
made for determining overhead line in- 
vestment usage by kilovars. 

An approximate but convenient ex- 
pression for voltage drop is 


Va=I(R cos 0+X sin 0) (8) 


J =amperes 
R=resistance 

X =reactance 
6=power factor angle 


Figure 4. Approximate price: in dollars per 
kilovar versus equipment ‘ating with power 
circuit breaker switching device 


2400- TO 13,800-VOLT SERVICE 


INDOOR CAPACITOR EQUIPMENT FOR 60-CYCLE OP RATION WITH 


VERTICAL LIFT 


POWER CIRCUIT BREAKER F 
HAVING FOLLOWING INTERRUPTING RATINGS = 


OR SWITCHING OEVICE 


1-50,000 KVA FOR 2400-OR 4160-VOLT SERVICE 
“ ”“ “ 


APPROXIMATE DOLLARS PER KILOVAR 


“ “ 
” ” 


4800-TO 13,800 


FOR OUTDOOR EQUIPMENT MULTIPLY PRICE BY 1.12 


CAPACITOR KILOVARS 
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The fraction of the total drop caused by 
kilovar current is 


ir N sin 6 N tan @ 
“cos 0+N sin@ 1+N tan @ 


(9) 


Equation 9 is plotted in Figure 2. 


Numerical Application. Consider an 
overhead line with X/R=3. From Fig- 
ure 2 it is seen that one half the voltage 
drop is caused by kilovars at 95 per cent 
power factor. In other words, one half 
the line investment should be charged 
against kilovar usage of the line at the 
relatively high power factor of 95 per 
cent. Another line having X/R=2 will 
show that one half the investment is 
chargeable at 90 per cent power factor. 


From such fundamental consideration, 
one readily may determine whether it is 
economical to use the line to transport 
kilovars from a relatively inexpensive 
source to the load, or to generate them 
near the load with supplementary kilovar 
generation, such as capacitors. 


Energy Losses Due to 
Kilovar Transportation 


Another closely related and important 
angle to the kilovar supply problem is that 
of energy loss reduction. It is not un- 
common to find that the total kilowatt- 
hour loss in a system closely approxi- 
mates the residential kilowatt-hour sales. 
All of these losses obviously are not re- 
trievable, as power current losses and 
transformer iron losses are not necessarily 
affected by kilovar flow. But certain 
sizable loss reductions can be affected by 
reducing kilovar transportation, as indi- 
cated by the following analysis. 


The maximum loss reduction is ob- 
tained with unswitched capacitors when 
only the average kilovar requirement is 
supplied. This, however, obviously is not 
the maximum obtainable reduction, be- 
cause in supplying the average require- 
ment the capacitors must be supplying an 
excess of kilovars during the light load 
periods which cause losses. Switching 
allows more capacitors to be used at peak 
load and then removes them at light load. 
The economies of this measure are deter- 
mined to a certain extent by the credit 
given for the increased kilowatt capacity 
saving made available at time of peak, 
commonly called “demand saving’. 

One approach to determining the 
energy savings through load area kilovar 
supply is offered here. The per unit 
annual energy loss due to kilowatts is 
Wp=kw*hiLy (10) 
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Figure 5. Auton 


matic single-step 
voltage control for 
capacitor switching 


and the per unit annual energy loss due to 
kilovars is 


W,=k-ar*k?Ly 
where 


L,=annual loss factor of kilowatts 

L,=annual loss factor of kilovars 

Kw=per unit annual system kilowatt 
peak load 

Kvar=per unit annual 
peak load 

k,=equivalent per unit resistance through 
which kilowatts flow 

ko = Equivalent per unit resistance through 
which kilovars flow 


system kilovar 


If it is assumed that the kilovars that 
leave generators take the same general 
paths as the kilowatts, ki=k,=k, then 
since Wp+W,=1.0=total J’R system 
losses, add equations 10 and 11 and equate 
to 1.0 and solve for equivalent per unit 
resistance, to get 


k=(Ky*Lp+kvar*L,) (12) 


Substitute equation 12 back in equation 
11 and simplify 


1- 
Wo=-——— +1 
ae es 


Ly (13) 
Ly, tan? 6 


: -kvar 
Tan RTA and 0=power factor angle at 
Ww 
time of system peak load 


From equation 13 the per unit system 
I?R annual energy losses attributable to 
kilovars can be determined readily from 
the peak load power factor angle and 
the ratio of the active and reactive loss 
factors. 

It readily can be shown that the ratio 
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(11) 


R=L,/L, should lie between 0.6 and 0.9 


for actual system load patterns. Using 
these two limits for the loss factor ratio, 
the curves in Figure 3 are plotted. 


NUMERICAL APPLICATION 


The tollowing figures apply to an 
actual system: : 


Peak load—87 000 kw at 0.85 power factor. 


Annual [2?R energy losses—40,000,000 kilo- 
watt-hours. 


Referring to Figure 3, by improving 
from 0.85 to 0.90 power factor, approxi- 
mately ten per cent of the annual I?R 
losses are saved. This is assuming the 
ratio of the active and reactive loss factors 
remains constant, which would be -the 
case only if the kilovar supply were con- 
trolled in infinitely fine steps, so as not to 
alter the kilovar load pattern and thus 
maintain the loss factor. If capacitors 
were being used for this kilovar supply, 
some would be applied unswitched and 
some would be switched in finite steps, 
hence the kilovar loss factor actually 
would reduce and the ratio of loss factors 
would increase, which is in the direction. 
of a larger energy saving. Therefore, it 
appears reasonable to use the 10-per-cent 
saving figure in going from 0.85 to 0.90 
power factor. This represents a 4 million 
kilowatt-hour saving, in this case, and at 
four mills, an annual saving of $16,000 is 
realized. 

To improve the power factor from 
0.85 to 0.90, and realize these savings 
12,000 kvars would need to be supplied 
near the load. If capacitors were used at 
$10 per kilovar installed, and a per unit 
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annual carrying charge of 12 !/s per cent 
applied, the carrying charge would be 
$15,000 per year. Under these conditions 
the capacitors are justified strictly on loss 
savings. This is not unreasonable, as a 
few large scale installations of this nature 
actually have been made and proved in on 
loss savings alone. Assuming the as- 
sumptions were sufficiently off to intro- 
duce a 50 per cent error, it still indicates 
that load area kilovar supply could be half 
paid for by loss savings—a factor which 
often is ignored. 


Analyses need to be made for each in- ~ 


dividual system for accurate figures, but 
certainly these savings are important and 
should not be overlooked in the quest for 
lower cost power. 


On Establishing a Practical 
Minimum Load Power Factor 


The requirement for switching ca- 
pacitors develops when the kilovar supply 
at time of peak load exceeds the desirable 
kilovar supply at time of minimum load. 
The kilovars to be switched are equal to 
the difference between the peak load and 
light load requirements. Therefore, to be 


conservative (on the low side) on esti-' 


mates of the switched capacitors, the un- 
switched requirements should be as great 
as practicable. The amount of un- 
switched capacitors a system can accom- 
modate generally is governed by two con- 
ditions. 


VOLTAGE CONSIDERATIONS 


When all links of a system are operated 
at unity power factor during light load 
period, the system is operating with what 
is termed a flat voltage. Under this con- 
dition there is no voltage rise along any 
line such as a circuit or feeder. This is an 
extremely acceptable operating condition. 
In fact, it is not uncommon for certain 
feeders in a system to operate during light 
load with a rising voltage gradient due to 
the amount of permanently-connected 
capacitors. For purposes of this discus- 
sion, unity power factor or flat voltage 
operation as an average in the system will 
be taken as the ultimate for light load 
operation. Few operating companies 
have attained this goal in their kilovar 


supply program. 
STABILITY CONSIDERATIONS 


It generally is considered by operating 
engineers that .unity power factor opera- 
tion of generators at light load is accep- 
table from the system stability stand- 
point. Some feel this is going a bit too 
far, while others, when adequate voltage 
regulators are used under certain con- 
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Figure 6 (left). Three-step automatic kilovar 


control for capacitor switching 


Figure 7 (right). Auto-Switch capacitor equipment; rated 180 kva, 2,400-4,160Y volt, 3 
phase, 60 cycle, complete with capacitor units, fuses, and oil switch with automatic control and 
potential transformer 


ditions, will allow their generators to 
operate slightly underexcited. This sub- 
ject is a complete one in itself and has 
been treated elsewhere,!:? but for the 
purpose at hand, suffice it to say that 
unity power factor generator operation at 
light system load will be taken as the 
limiting condition in the application of 
uncontrolled kilovar supply. 


The Necessity of 
Switching Capacitors 


Operating data of systems indicate the 


full load kilovar requirement to be on the- 


order of three times the light load require- 
ment. The first part of this analysis 
established that peak load power factors 
of approximately 95 per cent are in the 
economic realms of possibility. Approxi- 
mately one kilovar requirement accom- 
panies every kilowatt of load, and, as at 
95 per cent power factor the kilovars 
equal 1/3 of the kilowatts, it follows that a 
value of regulated kilovars that is eco- 
nomically feasible is one approximating 
the light load requirement, or about one 
third of the total. If these kilovars are to 
be supplied by capacitors, they must be 
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controlled by switching and if the kilovar 
supply is to follow the load pattern re- 
quirement and keep within circuit loading 
and voltage requirements, automatic 
switching is the answer. If these kilovars 
are supplied by synchronous condensers, 
the automatic voltage regulator will con- 
trol them in accordance with require- 
ments. 


Where Do Capacitors and Where Do 
Synchronous Condensers Fit Into 
This Picture? 


This additional kilovar generating 
capacity, over and above the amount that 
can be installed on an unswitched ca- 
pacitor basis, can be divided roughly into 
two categories. 


1. Kilovar generating capacity is char- 
acterized by a need for constant and finely 
controlled adjustment with changing system 
conditions. The range of this adjustment 
will include, not only going to zero output 
but also to reverse to take care of light load 
or loss of load conditions. It also involves 
the requirement that the kilovar generator 
deliver sudden increases in kilovar output 
as required by system conditions, such as 
loss of transmission lines. In general, these 
broad requirements are associated with 
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kilovar generators associated with major 
transmission and therefore appear in fairly 
large unit blocks. The foregoing is a rough 
description of the system requirement that 
tends to indicate the synchronous condenser 
as the proper kilovar generator. 


2. There are many locations on the aver- 
age power system, generally in the distri- 
bution and subtransmission areas, where 
kilovar generation under load conditions is 
justifiable to a point where it often will 
seem embarrassing from a system operating 
standpoint under light load or loss of load 
conditions if the generation is maintained. 
These locations generally tend to indicate 
the need for kilovar generators in smaller 
blocks than when associated with the 
major transmission, and, therefore, still 
tend to fall in the capacitor class. Of 
course, even here, if synchronous condensers 
are available on a major transmission, they 
will be able in some degree to compensate 
for the overgeneration of kilovar by the 
capacitors under light load conditions and 
thus tend to allow more unswitched capaci- 
tors. 


The type of kilovar supply chosen is 
based, for the latter category, on first 
cost, and such items as availability, 
flexibility, and maintenance, all need to be 
factored into the broad economic picture. 
Based on installed cost only, capacitors 
are favored in banks up to approximately 


15,000 kilovar, and their availability at 
present is materially better due to general 
manufacturing conditions. Also, as a 
10,000 or 15,000 kilovar capacitor, as con- 
trasted with the condenser, initially or 
later can be broken down into smaller 
units and located near the kilovar re- 
quirement in case of changed conditions, 
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the flexibility factor is in its favor. Even 
if a consenser is to be used later, the 
availability and flexibility factor may 
justify the capacitory on a temporary 
basis. 

Fineness of voltage control, as offered 
by the condenser, may be advantageous 
in many instances. The capacitor, how- 
ever, does not provide what would be 
called coarse voltage control for many ap- 
plications. For example, a 15,000 kilovar 
bank probably would be located at a 
point in a system which would supply a 
short circuit of approximately 250,000 
kva. Hence, if the capacitor bank is 
switched in six 2,520-kva steps, each step 
would give a voltage change of only one 
per cent. This voltage change would be 
a maximum at the capacitor location and 
would diminish as the electrical distance 
from the bank is increased. Such an 
operating result would need to be con- 
sidered and judged on its own merits for 
the individual case. 


Cost of Switching Capacitors 


There is a general misconception ex- 
tant that switching capacitors is an ex- 


Figure 8. Capacitor 
15,120 kilovars 


installation totaling 


Made up of six large outdoor floating-neutral 
type equipments, throat connected, each 
rated: 2,520 kilovars, 13,800 volts, 3 phase, 


60 cycles, each with built-in type AM-15-250 


Magne-blast circuit breaker electrically oper- 
ated for automatic control 
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Table |. Approximate Price of Indoor Auto- 
matic Capacitor Control Equipments*® 


——— el 


Number 

of Steps Voltage Current Kilovar 

| SS — eee 
Lio b oteiverste $300 522 vies s $30055. 4. on od $400 
Jaomteanas GOO 25 isola raat ts Ae momrerd 700 
D scree bade 650), rn adhe + ocetele nv ates 750 
Aras cele <teew© TOO soe vo ditlv x) 510 midingste.o' oh stetene 800 
5 760: 3 Wiehe ao dee nee 850 


For outdoor enclosure add $75. 


pensive procedure. In the smaller equip- 
ments, the cost per kilovar can become 
relatively large, but in larger substation 
equipments, where the controlled banks 
are used, the cost is quite small. Good 
estimating figures* for switched equip- 
ments are given in Figure 4. Factory- 
built housed equipments without circuit 
breakers range from $5 per kilovar for the 
5-kv class up to $6 per kilovar for the 15- 
kv class. When these figures are com- 
pared with those in Figure 4, the cost for 
switching readily is seen for the different 
sizes. 

These prices do not include automatic 
control. Estimated prices for various 
types of control and different number of 
steps are given in Table I. 


Typical Switching Equipments 
and Installations 


Figures 5 to 8 illustrate a few equip- 
ments and show how they go together in a 
substation installation. 


Conclusions 


1. The basic load kilovar requirement of a 
system generally can be most economically 
supplied by capacitors. 


2. The capacitor’s reliability, cost, and 
flexibility have resulted in one of the most 
economic tools that is now available to the 
system planner and designer. And its 
availability due to favorable manufacturing 
conditions at present makes it attractive 
even on a temporary basis, where a con- 
denser may be used later. 


3. Capacitors generally are justified in the 
system design and operation pattern in such 
quantities as to require switching. 


4, The cost of switching is so small it is 
not a deterrent or a controlling factor in an 
economic analysis, the main criticism being 
the system’s ability to accommodate the 
stepped control as contrasted with the fine 
control a condenser gives with an automatic 
generator voltage regulator. 
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Discussion 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
It is believed that the advantages of switched 
capacitors as a useful tool in system plan- 
ning generally are recognized, and they 
justly are finding a place on power supply 
Systems as a source of reactive power along 
with unswitched capacitors on distribution 
lines, synchronous condensers at strategic 
locations, and the synchronous generators 
themselves. Certain cautions must be ob- 
served in determining the ‘‘most economical 
power factor”’ of power supplied by the gen- 
erating units. 

In the case of some older plants and sys- 
tems, which may have been planned and 
designed without proper regard to or suffi- 
cient knowledge of kilovar requirements, 
surprisingly high power factors at the gen- 
erators may be justifiable. However, the 
enormous increase in generating capacity in 
recent years results in power supply systems 
with a substantial proportion of modern effi- 
cient generating units and associated equip- 
ment, with ample opportunity to take full 
account of kilovar requirements and to pro- 
duce balanced designs. Accordingly, there 
should be no limitations in the kilowatt 
producing ability of these plants because of 
the necessity of supplying also the designed 
amount of kilovars. Therefore, any invest- 
ment savings credited to the installation of 
switched capacitors must be confined to the 
transmission and subtransmission systems, 
usually extending no further than the low 
voltage distribution substation busses. 

With the economical loading of transmis- 
sion systems, substantial amounts of kilovars 
will be required at points other than the 
load centers. Certainly the kilovars re- 
quired for the magnetizing current and 7? X 
loss of step-up transformers of generating 
plants can be supplied most economically 
by the generators, even if the respective 
kilovar production costs were equal. Sub- 
stantial amounts of kilovars also will be re- 
quired for the net reactive ‘‘loss” in a trans- 
mission line, and this is supplied more eco- 
nomically from the generating end. These 
and similar extra kilovar requirements may 
_ account for a generated power factor (in- 
cluding condensers and capacitors as “gen- 
erators”) as low as 80 per cent, with a power 
factor at the subtransmission stations of as 
high as 90 per cent. Thus the economical 
power factor at a typical generating station 
may be more nearly on the order of 85 to 88 
per cent, rather than 95 per cent as advo- 
cated by the author. 

The examples used to illustrate the curves 
and equations may be misleading, because 
they consider the total transmission system 
investment rather than the incremental 
investment which might be required to trans- 
mit certain portions of the system kilovar 
supply. For example, the cost of trans- 
formers themselves may increase about as 
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the square root of the kilovolt-amperes 
rather than the first power, and other items 
of substation expense may not be increased 
at all by moderate increases in substation 
kilovolt-amperes. Similar reasoning ap- 
plies to transmission lines. 


T. W. Schroeder (United Light and Rail- 
ways Service Company, Davenport; Iowa): 
It is interesting to note from Butler’s 
analyses and examples that the economic 
system power factor is creeping ever nearer 
unity, as the ratio of system investment per 
kilowatt to kilovar generation cost per 
kilovar increases. The fact that the cost of 
automatic switching equipment does not 
add greatly to the price per kilovar of ca- 
pacitor banks in reasonable sizes certainly 
should further the use of comparatively 
large blocks of switched capacitors on elec- 
tric utility systems generally now and in the 
future. 

The present high value of the system in- 
vestment to kilovar generation cost ratio 
leads to two conclusions, namely, 


1. That a large share of the kilovar requirements of 
large commercial and industrial loads should be 
supplied near the load. 


2. That the comparative cost of furnishing the 
kilovar component of these loads is small. 


These conclusions lead to the reasonable- 
ness of the view that the utility rather than 
its commercial or industrial customers, is 
in the best position to supply the load kilo- 
vars, because in general 


1. The utility can supply the kilovar requirements 
at lowest cost, from an over-all utility—customer 
viewpoint, because it can do the job with larger 
blocks of kilovar generation and fewer total kilovars 
by reason of diversity of load requirements. 


2. The utility logically should have control of the 
system kilovar generation, particularly as economics 
dictate the use of greater quantities of controlled 
kilovar generation, such as switched capacitors. 


Exceptions to this reasoning will occur, of 
course, such as cases where the customer 
requires the kilovar generation in his own 
plant for benefit to his own system, and 
where large amounts of synchronous drive 
equipment are used. 

On the basis of the foregoing reasoning, 
it also develops that the utility’s charge to 
customers for kilovars will be small, as com- 
pared with the kilowatt charge. It may be 
small enough to justify its complete omission 
from the rate structures in the interests of 
simplicity—thus doing away entirely with 
the cumbersome appendage of the ‘“‘power 
factor clause.’’ ~This actually has come 
about in the case of one of the United Light 
and Railways’ Systems’ properties. 


ENERGY Losses Dur TO KILOVAR 
TRANSPORTATION 


In substantiation of Butler’s discussion 


pointing out that large scale capacitor 


installations may be justified on the basis 
of energy loss reduction alone, an actual case 
may be cited. 


System Data 
1. System generation at peak load—130,000 kw 


2. Power factor of generation at peak, without 
capacitors—82.4 per cent 


8. Power factor of generation at peak with 
27,540 kilovars of capacitors installed—94.0 per 


"cent. 
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4, Calculated loss reduction at peak with 27,540 
kilovars capacitors—1,275 kw. . 


5. Estimated installed cost of capacitors (10,260 
kilovars in outdoor units on distribution circuits 
and 17,280 kilovars in substation banks) $222,421. 


6. Average annual load factor—approximately 
50 per cent. 


7. Estimated system equivalent hours (number of 
hours per year maximum load must prevail to give 
same losses as actual load—depends on shape of 
load curve)—2,800. 

Assumptions 

1. Energy production cost—$0.003 per kilowatt- 
hour. 


2. Generating station investment—$165 per kilo- 
watt on firm capacity. 


3. Fixed charges on investment—12.5 per cent. 


CALCULATION OF LOSS SAVINGS AND 
COMPARISON WITH CAPACITOR 
INVESTMENT 


Annual Saving in System Losses 
2,800 X 1,275 =3,570,000 kilowatt-hours at 
$0008 Sc Fiencrtetein e cteoe Ours wreustetaie We am ecw 'er $10,710 
Demand Saving Due to Released Gen- 
erating Capacity 
1,275 X $165 = $210,375 at 12.5 per cent... . .$26,297 


Total gross annual savingS......++++++- $37,007 
Investment Charge on Capacitors 
$222,421 at 12.5 per cent... ....--- eee eees 27,802 
Net Annual Savings........-.0++++++0> $ 9,205 


It will be noted that an evaluation of the 
release of generating plant capacity was in- 
cluded on this analysis. 

Using Figure 3 of Butler’s paper, im- 
proving the power factor from 0.824 to 
0.94 results in a reduction of energy loss of 


0.25 per unit for Lp/L,=0.6 
0.22 per unit f r Lp/Ly=0.9 


The actual calculated loss reduction at peak 
for the case cited here is from 4,655 kw to 
3,380 kw, or 0.274 per unit. 


MINIMUM LoAp POWER FACTOR 


As an indication of the possibilities of 
high power factor system operation the St. 
Joseph Light and Power Company, St. 
Joseph, Mo., may be cited as an example. 
This is an urban type system of peak load 
(1946) of approximately 30,000 kw. In 
recent. years, to make maximum use of sys- 
tem capacity for kilowatt transportation, 
unswitched capacitors have been installed 
on 4-kv and 12-kv busses and feeders in 
amounts totaling approximately 10,000 
kilovars. Heavy ‘load power factor varies 
from 0.87 to 0.95. 

Two generators, a 7,500-kw 0.7-power- 
factor and a 10,000-kw 0.8-power-factor ma- 
chine, are normally in operation during light 
load. Both machines feed a common 4-kv 
bus. Excitation is provided from an ex- 
citer bus supplied by a dual-driven motor- 
generator set. The exciter bus voltage is 
controlled by a direct-acting type generator 
voltage regulator. 

Minimum load generator operation has 
been underexcited slightly and at present 
is very near unity power factor to slightly 
overexcited. Minimum load is about 12,000 
kw. 

No particular difficulty has been experi- 
enced with this type of operation. Light 
load system voltage is controlled by reduc- 
tion of generator bus voltage on a clock 
schedule. It is probable that future large 
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capacitor installations on the system will 
employ automatic switching equipment. 


J. W. Butler: It has been the general rule 
with operating companies in the past to 
design a power station with boiler, feed 
water, and such facilities to enable the 
prime mover to deliver kilowatts equal to 
the kilovolt-ampere rating of the generator. 
Obviously, there have been some exceptions 
to this practice. In the general case, there- 
fore, if the designed amount of kilowatts 
are to be obtained, some kilovars must be 
provided from auxiliary sources. The abil- 
ity to increase the kilovar capability by in- 
creasing the hydrogen pressure in hydrogen- 
cooled generators is taken advantage of by 
some companies. These considerations ob- 
viously all should be factored in the individ- 
ual problem. I believe Brownlee’s dis- 
cussion, wherein he referred to stations 
having “substantial proportion of modern 
efficient generating units and associated 
equipment, with ample opportunity to take 
full account of kilovar requirements and to 
produce balanced designs” concerned 
modern stations or possibly those still in 
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the design stage. To this I very well agree. 
There are, however, a very large number of 
older stations wherein valuable designed 
kilowatt capacity is “bottled up” by kilo- 
vars. To these older stations, I do not 
believe the principle of “incremental costs” 
should be applied in the process of justify- 
ing or not justifying capacitors. If by re- 
moving said kilovars, additional kilowatts 
become immediately available, then the 
actual value of these kilowatts at present 
time rather than their incremental costs 
should determine the choice. 

It is truly refreshing to see a representa- 
tive of an operating company offer the 
philosophy outlined in the first part of 
Schroeder’s discussion. And this writer 
feels it to be a definite forward step for a 
utility to abandon the so-called ‘“‘power 
factor clause,’ as has been done by one of 
the United Light and Railways’ properties. 

It is gratifying to obtain actual system 
data regarding loss savings obtained through 
the application of capacitors and check them 
with a generalized approach. An explana- 
tion of Schroeder’s use of Figure 3 of the 
paper may be in order. , 

As energy loss = peak loss X 8,760 X loss 
factor, the data in Figure 3 can be used to 
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estimate peak kilowatts loss as well as an- 
nual energy loss. As outlined under “Nu- 
merical Application” of the energy loss sav- 
ings section of the paper, the ratio of the 
loss factors (Lp/L,) will actually increase 
when capacitors are applied, instead of re- 
maining constant due to the change made in 
the kilovar pattern. Therefore, using the 
lower limit of the loss factor ratio 
(Lp/Lq= 0.6), as the “before”? condition, 
and using the upper limit as the “after” 
condition, we obtain a peak loss saving of 
0.28 per unit when improving power fac- 
tor from 0.824 to 0.94. This is surpris- 
ingly close to the figure of 0.274 per unit 
actually calculated by Schroeder with de- 
tail system data. 

The operating data of the St. Joseph Light 
and Power Company system should be use- 
ful. It substantiates the philosophy that 
light load power factors of around unity to 
be entirely practicable from the operating 
standpoint. And the value of capacitors 
required to bring the light load condition to 
approximate unity very closely checks that 
value given in the paper under the section 
“The Necessity of Switching Capacitors,” 
namely, a value equal to approximately 
one third of the peak kilowatt load. 
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Testing Governor Performance on 
Electric Power Systems With 


Improved Instruments 


J. E. ALLEN 


MEMBER AIEE 


OR GOVERNORS to perform well it 

is essential that they possess certain 
operating characteristics at the time of 
installation and throughout their operat- 
ing life. Heretofore such characteristics 
have been difficult to measure. This 
paper describes governor-testing methods 
and instruments, applicable to both steam 
and hydro units, which mark a distinct 
advance in the technique of governor 
testing. 


Historical 


When the governors were installed at 
the Safe Harbor hydroelectric plant, 
starting in 1931, they were tested under 
operating conditions by using the oscillo- 
graph to record instantaneous frequency 
without the inherent lag common to in- 
struments employed up to that time.’ 
The records, showing, among other things, 
frequency and gate opening as a function 
of time were analyzed subsequently by 
plotting simultaneous values of these two 
variables as functions of each other to 
secure diagrams* known as figures of 
Leaute.2 These diagrams of frequency 
versus gate, recurring because of the 
governor’s adjusting itself to each change 
of frequency, proved extremely valuable, 
first in detecting the imperfections in the 
governor operation, and later as a measure 
of characteristics desired in a governor. 
However, the hand plotting was so labori- 
ous and slow that it became highly desir- 
able to develop an instrument which 
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* These diagrams of frequency versus gate are in 
effect an incremental portion of the speed droop 
curve, They would consist of straight lines in the 
case of an ideal governor, but because of compen- 
sation and mechanical imperfections they assume 
the shape of hysteresis loops. 
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W. B. HESS 
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would accomplish automatically the same 
as an X-Y recorder; and thus it immedi- 
ately would give the results in a manner 
similar to the familiar steam-engine indi- 
cator card diagrams. This requirement 
was met satisfactorily by an instrument 
completed in 1940. The equipment has 
been developed since to record diagrams 
of frequency as a function of kilowatt 
output of the generator. The usual strip 
chart records of frequency, gate-operating 
piston, and kilowatts as a function of time 
are recorded simultaneously with the same 
instrument. 


Scope of Paper 


The first part of this paper is intended 
to describe the mechanical and electrical 
features of a new frequency recorder, the 
essential element in the instrument for 
automatically plotting the diagrams of 
frequency versus operating piston, or 
frequency versus kilowatts. The equip- 
ment for recording kilowatts also is de- 
scribed. The second part of the paper de- 
scribes the results obtained when using the 
instrument as an aid in the maintenance 
of governors and for measurement of their 
operating performance. Examples of 
card diagrams obtained under operating 
conditions will be given. 


Results 


The card diagrams of frequency versus 
operating piston and frequency versus 
kilowatts have proved to be the best 
means thus far devised for measuring 
over-all governor performance. The most 
important characteristics, such as sensi- 
tivity, dead band, speed droop, and regu- 


lation are readily apparent on these dia- 
grams. Such factors as friction, lap, com- 
pensation, maladjustments, and so forth 
give characteristics readily recognized and 
evaluated by experience. The instru- 
ment has served as a valuable guide in 
detecting and correcting governor diffi- 
culties, because the results are immedi- 
ately available 


Terms and Definitions 


In the past considerable confusion has 
arisen from the fact that definitions per- 
taining to the subject of speed regulation 
and governing have not been standard- 
ized. There is a joint committee of the 
American Society of Mechanical Engi- 
neers and the AIEE now engaged in this 
task, and consequently for this paper it 
is necessary to make some arbitrary defi- 
nitions solely for the purpose of describ: 
ing the results obtained by test. 


SENSITIVITY AND DEAD BAND 


Dead band is considered to be that 
band of frequency variation in which 
there is no corresponding movement of 
the operating piston. In actual operation 
the governor is subjected to a complex 
succession of frequency variations during 
which the governor continuously is ad- 
justing itself. Consequently it becomes 
difficult in tests of this kind to distinguish 
the dead band as defined. Furthermore 
the unavoidable lag in the gates or valves 
while attempting to follow the frequency 
gives the diagram a width over and 
above that which would be caused by the 
dead band alone. The term sensitivity 
as used in this paper will refer to the total 
width of the diagram even though caused 
partly by dead band and partly by lag in 
the governor response. 


Sprep DRooP AND REGULATION 


Speed droop refers to the relationship 
between the frequency and operating- 
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piston travel expressed in per cent of 
normal speed and full piston travel. Regu- 
lation substitutes the generator output 
in place of the operating piston. The dis- 
tinction between the two terms arises 
from the fact that kilowatts are not in 
many cases proportional to piston stroke. 
Incremental speed droop and incremental 
speed regulation are the slopes of these 
curves at any point in question. 


STEADY STATE VALUES 


Definitions referring to governor per- 
formance have been expressed as steady 
state values, assuming that the equip- 
ment could be subjected to a constant or 
controlled frequency. In operating tests 
such a condition never exists and in the 
following tests it will be seen that as a 
result of a complexity of transient phe- 
nomena the diagrams become modified 
greatly, primarily by the compensation 
introduced and other mechanical imper- 
fections. The test results under normal 
operating condition, therefore, cannot be 
considered equivalent to steady-state 
values. 


Description of Frequency Recorder 


The principal feature of the governor- 
testing equipment is a new direct-writing 
frequency recorder, certain features of 
which have been described briefly in an 
AIEE discussion,? and having the fol- 
lowing specifications: 

1. Rectangular co-ordinate strip chart 6 
inches wide with 41/, inches pen travel. 


2. High sensitivity, usually 1.0 inch de- 
flection per 0.1 cycle, but adjustable from 
0.33 to 1.65 inches per 0.1 cycle. Scale is 
linear. 
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38. Maximum pen speed 5.5 inches per 
second. 


4. No hunting and overshoot less than 
three per cent of full scale deflection at maxi- 
mum pen speed. When recording fre- 
quency, overshoot is negligible. 


5. Chart speed is 3 inches per minute. 
6. Stylus-type ink pen. 


7. Large pen actuating force available, per- 
mitting an additional stylus pen to be at- 
tached to the pen arm for automatic plot- 
ting of frequency versus piston travel on a 
drum attachment. 


8. Sturdy construction to meet the require- 
ments of field testing without sacrificing high 
sensitivity. 


PRINCIPLE OF OPERATION 


The frequency sensitive circuit com- 
prises a small 1,800-rpm 60-cycle-to-60- 
cycle synchronous motor generator set in 
which the generator voltage is propor- 
tional to the speed or frequency of a syn- 
chronous motor driving it. The latter is 
energized from the source to be measured, 
such as the system or from the main gen- 
erator potential transformers in case the 
unit being tested is isolated from the sys- 


tem. The generator, which is a 60- 
cycle permanent-magnet type, energizes a 
nonlinear bridge having its two opposite 
arms made of a material whose resistance 
varies inversely with current. Balance at 
a given voltage or frequency is accom- 
lished by means of an external resistance 
in series with the bridge. When the 
frequency changes, the corresponding 
change in voltage from the a-c generator 
unbalances the bridge. Balance is re- 
stored by changing the resistance in series 
with the bridge. Thus, the incremental 
value of resistance required to maintain 
bridge balance is a measure of the fre- 
quency change, and meter calibration be- 
comes a simple function of a linear slide- 
wire rheostat. See schematic diagram, 
Figure 1. 

The bridge automatically is kept in 
balance as the frequency varies by means 
of a high-speed servomechanism or clutch 
which actuates the slider on the cali- 
brated rheostat R-16 The clutch func- 
tions in a manner similar to a 2-phase re- 
versible motor. One winding is energized 
from the a-c source to be measured and 
the other winding from an amplifier con- 
nected to the bridge output through ap- 
propriate harmonic filters. A 180-de- 
grees-phase-angle reversal occurs at the 
bridge output terminals as the frequency 
or voltage varies above or below a given 
initial balance point. This phase reversal 
provides the directional means for bal- 
ancing the bridge automatically as the 
frequency varies. A pen attached to the 
slider in combination with a strip chart 
provides the means for recording fre- 
quency with respect to time 


Macnetic CLUTCH 


The important feature of the recorder 
is the high-speed reversible magnetic 
clutch also shown in Figure 1. Essentially 
it consists of a driving member in the form 
of a magnetic disk, revolving at 60 rpm, 
which engages a driven member consisting 
of a magnetic fork, the prongs of which 
are hinged and rub with metallic fric- 
tion against opposite sides of the periph- 


Figure 2. Close-up view of magnetic clutch 


A—tLaminated magnetic 
fork 
B—Reference coil 
C—Control coil 
D—Rotating magnetic 
disk, 1.75-inch diameter 
E—Slide wire 
F—Aluminum guide and 
support for fork 
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Figure 3. Linear force exerted by fork at standstill as a function 
of current through control coils 


ery of the disc. The rubbing friction is 
controlled primarily by the magnetic at- 
traction between the fork and disc as a 
result of the alternating current in the 
reference coil near the disc. Both prongs 
or legs of the fork are attracted to the 
disc with equal force, but the disc tends to 
drive one leg of the fork in a direction op- 
posite to the other leg; consequently, the 
differential force is zero, and there is no 
tendency for the fork to move in either 
direction. If, however, the series-con- 
nected control coils become energized 
because of a bridge unbalance, in proper 
phase-relation to the reference coil, the 
magnetic attraction between the two legs 
of the fork and the disc will be unbalanced. 
This creates an unbalance in rubbing 
friction between the two legs and causes 
the fork to move in a given direction. 
Reversing the polarity of voltage ener- 
gizing the control coils will reverse the di- 
rection of motion. Linear motion of the 
fork thus takes place when the frictional 
forces between the two legs of the fork be- 
come unbalanced because of current 
through the control coils. Effective 
damping action is provided by the fric- 
tional drag or braking effect of one leg 
opposing the desired motion initiated by 
the other leg. Hunting and overshooting 
thus are minimized. Figure 2 shows the 
magnetic clutch with the driving disc, 
magnetic fork, reference winding, control 
coils, and slide wire. 

A large force is available for overcom- 
ing bearing and pen friction. This force 
was measured by holding the fork at 
standstill and passing alternating current 
through the control coils; a linear rela- 
tion was found as shown in Figure 3. 
Because of saturation taking place above 


~ 30 milliamperes the maximum measured. 
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force was from eight to nine ounces. Fora 
given power input to the control coils 
below saturation, the large force avail- 
able for actuating a slide wire, inking 
pens, and so forth is shown in Figure 4. 
It is seen that a force of four ounces re- 


‘quires less than 0.1 volt-ampere input. 


This good performance is realized be- 
cause the clutch functions as an electro- 
mechanical amplifier. Friction between 
the two legs of the fork may be unbal- 
anced as shown in Figure 3, but this in no 
way impairs operation because sufficient 
amplifier gain always is used to maintain 
negligible pen dead band at bridge bal- 
ance. 

It is well to point out that magnetic 
clutches in general are capable of very 
high rates of acceleration, stopping, and 
reversal. For instance, a recorder em- 
ploying a magnetic clutch has been de- 
scribed which responds to a-frequency as 
high as 60 cycles per second.’ Reversing 
motors have a relatively high inertia and 
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Figure 4. Linear force exerted by fork at standstill as a function 
of power input to control coils 


low efficiency as compared to magnetic 
clutches. The clutch described in this 
paper requires only one control winding 
and a simple a-c amplifier to effect direc- 
tional control in contrast to other types 
which have two independent electric 
windings with complicated amplifiers. 


GENERAL DESCRIPTION 


A general view of the recorder is shown 
in Figure 5. A second stylus pen on an ex- 
tension records frequency versus operat- 
ing piston on a large 4.35-inch diameter 
drum attached to the same end of the 
cabinet. This cabinet also houses the 


Figure 5. Frequency recorder with drum at- 
tachment for recording frequency versus 
operating piston 


A—4.25-inch diameter drum actuated by 
operating piston 

B—Wire connected to operating piston 

C—frequency pen 


D—Counterweight 


Figure 6. Synchronous motor generator set 
in cabinet 


amplifier and its power supply. It will 
be noted that a third stylus pen has been 
provided to record the piston travel on 
the same strip chart with frequency. 
This pen and the drum both are actuated 
from a common wire attached to the oper- 
ating piston. Thus, two types of records 
are obtained simultaneously 


1. A strip chart showing the variations in 


Figure 7. Frequency recorder with attach- 
ments for recording kilowatts and incremental 
speed regulation 


A—4.25-inch diameter drum actuated by the recording wattmeter 110 


B—W/ire connected to operating piston 
C—Frequency pen 
D—Counterweight 


E—Slide wire rheostat for recording wattmeter 


F—Reversing motor 


G—Rack and pinion for actuating slide-wire, pen, and drum 
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frequency and operating piston with respect 
to time for determining dead time and rate 
of response. 


2. A card diagram of frequency versus 
operating piston from which sensitivity, 
dead band, and speed droop may be ob- 
tained readily. 


A separate cabinet shown in Figure 6 
houses the small synchronous motor gen- 
erator, nonlinear bridge, and harmonic 
filter. Various sensitivities are obtained 
from 0.33- to 1.65-inch deflection per 0.1 
cycle by changing taps on the impedance 
matching transformer T-7 in Figure 1. 
The proper phase angle between the con- 
trol coils and reference coil for maximum 
force is obtained by adjusting the angular 
position of the synchronous motor shaft 
with respect to the a-c generator shaft. 


The operating piston motion is amplified 
as much as five to one by means of pul- 
leys on the end of the drum. 

Other instruments have been available 
for obtaining separately either a strip 
chart record’ or a diagram of gate motion 
as a function of frequency with good re- 
sults,® but, so far as is known, the instru- 
ment described here is the first one to 
provide both types of records simultane- 
ously on a single instrument of the direct 
writing type. Another important feature 
of the equipment is that the card record 
is drawn to a larger scale than heretofore 
possible because of the high sensitivity of 
the frequency recorder. Furthermore, be- 
cause of the use of rectangular co-ordi- 
nates no distortion is present in the records. 
It should be recognized, however, that 
this equipment was designed primarily 
for testing over-all governor performance 
under actual regulating conditions and is 
not intended to replace other methods for 
making more detailed analysis of phe- 
nomena such as relay and pilot valve 
motion, pressure, power output, rapid 
transient response, and so forth.’ 


FREQUENCY DEVIATION METER 


No attempt has been made to cali- 
brate the meter in terms of absolute fre- 
quency, because the application intended 
did not justify this refinement. It is pri- 
marily a frequency deviation meter and 
provision has been made by means of a 


variable resistance R-17 in series with the 


Figure 8. Typical power output versus gate- 
opening curves for Kaplan, propeller, and 
Francis turbines 
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steady-state incremental 
speed-regulation curves 


-sosa= 


for Kaplan and propel- 


ler turbines based on 5- 


per cent speed droop 


40 50 60 70 


PERCENT STEADY-STATE INCREMENTAL SPEED REGULATION 


bridge to shift the pen to any desired posi- 
tion on the chart. 


TEMPERATURE COMPENSATION 


Because of the negative temperature 
coefficient of resistance of the two non- 
linear arms in the bridge, it has been 
necessary to compensate the recorder for 
changes in ambient temperature. This 
has been accomplished by the use of 
nickel compensating resistors R-5 and 
R-6 connected in series with the bridge. 
Drifting because of temperature, except 
for a warming up period of about 20 
minutes, has been reduced to a negligible 
value for ordinary room temperature 
variations. It has not been necessary to 
compensate the a-c generator for ordinary 
room temperature variations. 


Analysis of Records 


Strip CHARTS 


The strip-chart records of frequency 
and piston motion need not be discussed 
to any extent because their analysis re- 
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quires no special technique. It should be 
emphasized that they provide a valuable 
adjunct to the drum records by permitting 
an analysis to be made of dead time and 
rate of response. 


INCREMENTAL SPEED Droop 


The card obtained from the drum con- 
sists of a multiplicity of diagrams super- 
imposed on a common axis. By means of 
pulleys on the drum the piston travel is 
amplified so that the diagrams are greatly 
elongated and resemble an ellipse, with 
the major axis representing the slope of 
the speed droop curve. The diagrams are 
the result of the governor’s responding to 
the frequency changes taking place on the 
system under normal operating condi- 
tions. A sufficient number of them is 
required to establish the slope of a com- 
mon major axis, and ordinarily only five 
to ten minutes are required, depending on 
the system frequency changes.. After 
the card is detached, a line or common 
major axis is drawn through the diagrams 
by visual inspection and its slope, ex- 
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pressed in per cent incremental speed 
droop, is determined by applying the 
proper multiplying factor between piston 
and drum motion. No replotting and no 
further working up of data are necessary. 
Typical cards with sample calculations 
are shown in Figures 13-14. 


SENSITIVITY AND DEAD BAND 


The frequency change corresponding to 
the vertical width of the diagrams meas- 
ured at the minor axis is considered a 
measure of sensitivity. Good or bad 
governor performance usually is inter- 
preted as being a function of the total 
width and shape of the superimposed dia- 
grams. Once an acceptable standard has 
been established the card diagrams and 
strip chart records become an important 
adjunct to the routine maintenance of 
governors. 

Dead band may be obtained by noting 
the vertical portion of those loops in 
which there is no change in gates or valves 
for a given frequency change 


Direct Recording of 
Incremental Speed Regulation 


The speed droop obtained in the above 
manner obviously will be based on the 
travel of the operating piston or gate. If 
desired, incremental speed regulation may 
be obtained by referring to a test curve of 
gate travel versus kilowatts output at the 
point of test. However, this practice is 
somewhat inaccurate and laborious, and 
therefore further developments in in- 
struments were made for the direct 
measurement of frequency versus kilo- 
watts on a single card so that incremental 
speed regulation may be obtained readily 
without additional plotting. This is ac- 
complished by actuating the drum by 


Figure 10. A card diagram of frequency versus gate-operating piston and strip- 
chart record of Safe Harbor number 7 unit regulating on the system. Before 


maintenance 


Dashpot by-pass 70 degrees (normal) 
: Incremental speed droop =3.2 per cent 
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means of a special recording wattmeter 
having high sensitivity, large torque, and 
negligible time lag. Such a recorder in 
combination with the drum and frequency 
meter is shown in Figure 7. 

The recording wattmeter is restricted in 
its application to small direct currents or 
potentials such as are available from tele- 
metering circuits. Advantage was taken 
of a General Electric Company torque 
balance telemeter installed on each 
generator at Safe Harbor. These tele- 
meters are a source of direct current pro- 
portional to the kilowatt output. The 
special recorder employs a null balance 
system whereby the voltage drop across a 
fixed resistance in the telemeter output 
circuit is used to buck a reference voltage 
in a self-balancing potentiometer circuit. 
A slide wire rheostat calibrated in kilo- 
watts keeps the potentiometer in balance 
as the telemeter output varies. A 2- 
phase reversible motor energized from an 
a-c amplifier automatically actuates the 
slider on the balancing rheostat. A con- 
verter of the vibrating reed type changes 
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Figure 11. A card diagram of frequency versus gate-operating piston and strip- 
chart record of Safe Harbor number 7 unit regulating on the system. After 
maintenance 


Dashpot by-pass 70 degrees (normal) 
Incremental speed droop =4.2 per cent 
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the unbalanced direct voltage to alternat- 
ing current. The motor, amplifier, and 
converter are standard components made 
by the Brown Instrument Company for 
their ‘‘Electronik” recording instru- 
ments. The slider on the above rheostat 


_has a pen attached for recording on the 


same strip chart with frequency, as 
shown in Figure 7. A rack and pinion 
couples the motor shaft to the slider and 
pen, and also to the drum through a sys- 
tem of counterweighted pulleys for me- 
chanical amplification as shown in Figure 
7. Maximum pen speed is 1.4 inches per 
second. It will be noted that a third.pen 
has been added to record operating piston 
motion on the strip chart simultaneously 
with kilowatts and frequency. 

The cards obtained have rectangular 
co-ordinates and are quite large because 
of the high sensitivity of recording both 
frequency and kilowatts. The combined 
instrument thus gives two types of records 
simultaneously 


1. A strip-chart record of frequency, pis- 
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ton motion, and kilowatts with respect to 
time. 


29. A card diagram of frequency versus 
kilowatts from which incremental speed 
regulation may be obtained readily without 
any further plotting. 


The card is worked up in the same manner 
as a frequency versus operating-piston 
card by visually drawing a line or common 
major axis through the superimposed 
figures and calculating its slope after 
applying the proper instrument calibra- 
tions for frequency and kilowatts. 

In addition to testing the individual 
units in the above manner, the generator 
output telemeters were totalized so that 
the incremental speed regulation of the 
entire plant was recorded on a single 
card. 


Testing Applications 


The equipment has been used exten- 
sively in checking governor performance 
at the plants of the Safe Harbor Water 


Figure 12. A card diagram of frequency versus gate-operating piston and strip- 
chart record of Safe Harbor number 7 unit regulating on the system. After 


maintenance 


_ Dashpot by-pass increased to 300 degrees 
Incremental speed droop =3.7 per cent 
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Figure 13. A card diagram of frequency versus gate-operating piston and strip- 
chart record of Safe Harbor number 4 unit regulating on the system 


Original dashpot, drum ratio= 4.8, total stroke =29.625 inches, rated speed = 60 


cycles 


Incremental speed droop =4.7 per cent 


Power Corporation and Pennsylvania 
Water and Power Company. The Safe 
Harbor station contains seven 42,500- 
horsepower Kaplan and two 3,100-horse- 
power Francis units. All machines have 
Woodward governors with motor-driven 
fly balls. At Holtwood there are ten 


units of the Francis-type rated from 


13,500 to 20,000 horsepower. The 
governors are all I. P. Morris double- 
floating lever-type with mechanically- 
driven flyballs. There are two 12,500- 
kilowatt turbogenerators in the steam 
station with General Electric Company 


governors. 
These plants are a part of the intercon- 
nected systems comprising most of 


Federal Power Commission areas 5 and 6. 
Geographically these areas include East- 
ern Pennsylvania, New Jersey, Maryland, 
Delaware, and the District of Columbia. 
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The usual generating capacity of the 
group is in excess of 4,000,000 kw. There 
is no automatic frequency control; 
average frequency for electric time is 
regulated manually by a designated sta- 
tion with all other frequency regulation 
taken by the individaal unit governors. 
During the low river flow periods the 
hydro units at Safe Harbor and Holtwood 
have the governors free to assist the other 
stations on the interconnected system in 
regulating frequency. On an average 
year this amounts to about 75 per cent 
of the time at Safe Harbor and less than 
50 per cent of the time at Holtwood. 
For effective regulation and economy of 
operation it is important to have correct 
governor action free of hunting, creeping, 
and other irregularities. To this end the 
testing equipment has been a valuable 
aid in locating malperformance and in 
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measuring the effect of adjustments and 
corrective measures. It is not within the 
scope of this paper to discuss the effects 
of governor performance on system opera- 
tion as the subject has been covered com- 
petently by others.® 


SPEED DROOP AND REGULATION OF 
HypRAULIC TURBINES 


Because the greater portion of this work 
has been in connection with governors on 
hydraulic units an explanation of some 
of the characteristics of these machines 
may be helpful to those who are not 
familiar with this type. It has been the 
practice of the manufacturers to base the 
speed droop characteristics of the gover- 
nor on percentage of gate stroke rather 
than power output. This relationship on 
the more recent governors is substantially 
a straight line over the full range of 


Figure 14. A card diagram of frequency versus gate-operating piston and strip- 
chart record of Safe Harbor number 4 unit regulating on the system 


Positive centering dashpot, drum ratio=4.8, total stroke =29.625 inches, rated 
speed =60 cycles 
Incremental speed droop =3.2 per cent 
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Figure 15. A card diagram of frequency 


versus gate-operating piston and _ strip-chart 
record of number 4 unit at no-load speed, not 
paralleled 


gate stroke and therefore is proportional 
for equal increments of gate stroke. 
However, there may. be considerable vari- 
ation in incremental speed regulation 
over certain ranges of gate travel because 
the power output of a hydraulic turbine is 
not a linear function of gate opening over 
the fullrange. Figure 8 illustrates typical 
curves of gate-power relation for three 
different types of turbines. By combin- 
ing the information of Figure 8 with the 
speed droop characteristic of the governor 
a speed-power curve can be obtained; 
the slope of this curve at increments of 
power output establishes the incremental 
speed regulation curve. The steady-state 
incremental speed regulation for the 
Kaplan and propeller types with an as- 
sumed linear speed droop of five per cent is 
shown in Figure 9. Because the charac- 
teristics of the Francis turbine are similar 
to the propeller type the incremental 
regulation curve will be practically the 
same. 

The speed droop characteristics of a 
governor may be modified to compensate 
for the nonlinear power-gate curve. 
Within the normal operating range of the 
Kaplan units the compensation would be 
gradual and of a low order. However, 
with respect to the propeller or Francis 
types it will be noted that a steep rise oc- 
curs at the point of maximum efficiency 
where the unit is most likely to regulate. 
From the standpoint of stability, caution 
should be exercised in attempting to fully 
compensate for the steep rise. 


ROvUTINE MAINTENANCE CHECKS 


Routine checks of governor perfor- 
mance have been used as a guide for de- 
termining when governor maintenance or 
adjustment is needed. Figure 10 shows 
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the performance of a governor before a 
periodic maintenance and inspection 
period. The strip chart indicates very 
poor governor action in that the gate- 
operating piston has a tendency to follow 
only the general trend of the average fre- 
quency and offers little helpful operation 
in regulating the swings. The card dia- 
gram of frequency versus operating pis- 
ton, taken simultaneously with the strip 
chart, shows a very insensitive governor 
with the average width of diagrams ap- 
proximately 0.10 cycle per second or 0.17 
per cent of rated speed. The straight 
vertical lines extending across the dia- 
gram are, according to definition, dead 
band. This type of diagram is indicative 
of friction in the primary elements of the 
governor. i 

Maintenance inspection revealed fric- 
tion in the main-relay valve-packing 
gland, the ball-head bearings, compen- 
sating dashpot plungers, and also an 0.08- 
inch off center setting of the small dashpot 
plunger. The charts of Figure 11 show the 
operation of this same governor after the 
above conditions were corrected. The 
strip chart shows a decided improvement 
in governor performance with the gate 
piston following all of the major frequency 
swings with little time delay. The card 
diagram indicates an average sensitivity 
of 0.05 cycle per second or 0.08 per cent of 
rated speed. The actual dead band is 
0.025 cycle per second or 0.04 per cent of 
rated speed. 


TURBINES BLADE 


TIME FOR COMPLETE TRAVERSD= 1 MIN. - 2 SECS. 
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Figure 16. A card diagram of frequency 

versus gate-operating piston and strip-chart 

record of number 4 unit at no-load speed, not 
paralleled 


EFFECT OF COMPENSATION 


The variation in the width of the minor 
axes of the different superimposed loops 
is quite evident in Figure 11 A portion 
of it was the result of overcompensation 
on the higher rates of frequency change 
To illustrate, Figure 12 shows a test with 
the compensation reduced by opening the 
dashpot by-pass; the figures are more 
uniform and not nearly so wide. The 
strip chart also shows a more active gover- 
nor with the gate following even the small 
fringe variations in frequency 


COMPENSATING DASHPOT 
INVESTIGATION 


One of the problems encountered at 
Safe Harbor was that of sluggish response 
to the load adjusting control. After the 
initial movement the turbine gates had 
a tendency to creep making it difficult to 
adjust the unit loading promptly and ac- 
curately. Test results showed that this 


Figure 17. A card diagram of gate-operating 
piston versus blade angle of Safe Harbor num- 
ber 1 unit taken at slow traversing speed 
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Figure 18. A card diagram of gate - operating piston versus generator output and 
strip-chart record of Safe Harbor number 5 unit regulating on the system 


Kilowatts per per cent stroke =445 
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Figure 19. A card diagram of frequency versus total load and strip- 
chart record of Safe Harbor station regulating on the system 


Head =55 feet 


Load range =170-185 megav atts 
Incremental regulation=2.70 per cent 


same response prevailed when the ma- 
chine was regulating frequency See 
Figure 13. Note the poor governor re- 
sponse and gradual drift in the gate mo- 
tion. The card diagram illustrates very 
erratic governor action; the small com- 
plete loops occurring either side of the 
central axis indicate false movements 
coming from the compensating mecha- 
nism. The steep droop characteristics of 
the larger loops, designated by the dashed 
line, are also indicative of trouble coming 
from the same source. 

Further investigation showed the spring 


GATE OPERATING PISTON 
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Time -——> 


on the compensating dashpot plunger was 
failing to bring the mechanism to a defi- 
nite center position, thereby establishing 
with each speed change a different neu- 
tral position for several of the governor 
components. This particular dashpot 
design employed a spring which in neutral 
position should have been in zero tension, 
and, therefore, the slightest friction caused 
it to position itself to one or the other 
side of actual center. Furthermore, the 
low order of centering force exerted by 
this particular spring application pro- 
duced spasmodic motion and produced 


Figure 20. A card 
diagram of frequency 
versus gate-operating 
piston of Holtwood 


number 5 unit regulating 
on the system 

Gate opening 73 per 

cent, drum ratio=4.8, 


total stroke = 23.5 
inches 
Incremental speed droop 

= 4.6 per cent 
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the erratic diagrams pointed out pre- 
viously. 

The dashpot was replaced with a posi- 
tive centering type in which the spring 
always is exerting a force to hold the 
plunger in central position against a 
positive stop, thereby minimizing the ef- 
fect of friction. The results of operation 
after this change are shown in Figure 14. 

Tests made at no-load speed with the 
generator off the bus after the dashpot 
change indicated better speed control 
and a very drastic change in droop char- 
acteristics. See Figures 15 and 16. The 
incremental speed droop of the original 
dashpot was increased greatly because of 
the effect of friction. To provide a 
cushion effect minimizing swings on sud- 
den load rejection, the speed droop has 
been increased purposely to approxi- 
mately 10 per cent in the 0 to 15 per cent 
gate opening range. Note that the dia- 
gram with the positive centering type 
of dashpot shows a much lower speed 
droop than the original dashpot, and the 
actual measurement now checks the 
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nominal value. It has been found that 
friction regardless of its origin tends to 
increase the incremental speed droop. 


Lost Morion RECORDING 


Many times the advantages of a good 
governor are lost because of play in the 
mechanism between the operating piston 


and the gates, blades, or valves control- 
ling the speed or load. The percentage 
effect may be appreciable on small move- 
ments such as are required on system 


frequency regulation. A very accurate 
evaluation of the amount of lost motion 
between the operating piston and blades 
on a Kaplan unit has been obtained by 
means of X-Y recording, whereby motion 
from the operating piston rotates the 
drum as one axis, and motion from the 
blades actuates a pen as the other axis. 
The width of the elliptical diagram is a 
measure of the magnitude of lost motion. 
Such a diagram taken at slow traversing 
speed is shown in Figure 17. Subsequent 
studies have shown the lost motion to be 
in the Kaplan control valve and in the 
Kaplan mechanism itself 


POWER RESPONSE 


In our work we have carried the study 
with X-Y recording from the motion of 
the operating piston to the power output 
of the generator. 
generator output is recorded as a function 
of operating piston motion under regulat- 
ing conditions. Instead of the expected 
nearly straight line characteristic with a 
slope of 1,200 kw per per cent stroke, as 
indicated by calculations, the diagram is 
wide, irregular, and with an average slope 
of only 445 kw per per cent stroke. 

The strip-chart record of frequency, 
gate, and power output, Figure 18, shows 
the relative time lag between the operat- 
ing piston and power output. It will be 
noted that the piston responds to the fre- 
quency within 0.5 second as shown at B, 
but the power at C still is dropping from 
the previous frequency change at A and 
does not respond in the proper direction 
until at D, 9.5 seconds after the frequency 
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Thus in Figure 18 the . 


change. This example was exceptional; 
on the average the lag appears to be five 
six seconds. 

A small portion of the lag can be ascribed 
to inertia of the control system and 
transient hydraulic effects; the greater 
part, however, is the result of lost motion 
between the gates and blades. Conse- 


Figure 21. A card 

diagram of frequency 

versus gate-operating 

piston of Holtwood 

number 5 unit regulating 
on the system 


0.1v 


Gate opening 29 per 
cent, drum ratio=4.8, 


FREQUENCY 


total stroke = 23.5 
inches 
Incremental speed droop 
=6.2 per cent 


quently, the sensitivity is decreased and 
the per cent incremental speed regulation 
increased as much as three times the cal- 
culated value. 

To reduce the degree of overspeed on 
our Kaplan units the closing time of the 
blades has been increased to 15 seconds 
as compared to 6 seconds for gate closure. 
No time lag has been introduced pur- 
posely which would retard the initial 
blade movement. Under normal fre- 
quency regulation, the above slow tra- 
versing times have been found by actual 


test to have little or no effect on the 


Incremental speed droop =4.5 per cent 


VALVE OPERATING PISTON 


Generator load =95 per cent rating, drum ratio=31.75, total stroke =6.5 inches 


blade or gate response because the rate of 
frequency change does not require either 
of them to travel near the maximum 
rates. 


Miscellaneous Tests 


INCREMENTAL SPEED REGULATION OF 
SAFE HARBOR STATION 


Where telemeter totalizing equipment 
is available regulation diagrams can be 
made of an entire station or group of 
stations. Figure 19 is a diagram of the 
Safe Harbor station with all units paral- 
leled and governors regulating. The 
power lag described in the previous dis- 
cussion can be seen on the strip chart; it 
is reflected also in the width of the dia- 
gram and higher than calculated per cent 
regulation. However, the actual slope or 
incremental speed regulation is still only 
2.7 per cent, and the governors are seen 
to be very responsive to frequency 
changes 


HoLttwoop Hypro UNITS 


Figure 20 shows incremental speed 
droop diagrams from a 12,000-kw Holt- 
wood hydro unit operating at 73 per cent 
gate. Figure 21 shows a diagram from 
the same unit operating at 29 per cent 
gate; note the difference in sensitivity at 
these two gates. The unit seldom is 
operated at this low gate, and the in- 
creased friction in the working parts of 


Figure 22. A card diagram of frequency versus valve-operating piston of Holtwood Steam 
Station number 15 unit regulating on the system 


VALVE OPERATING PISTON 


Generator load =95 per cent rating, drum ratio= 42.34, total stroke =6.5 inches 


Incremental speed droop =5.3 per cent 
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Figure 23. A card diagram of frequency versus valve-operating piston of Holtwood Steam 


Station number 16 unit regulating on the system ~ 
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the governor because of inactivity is 
quite evident. 


HOLTWOOD STEAM PLANT 


By including additional step pulleys 
in the setup, thereby further amplifying 
the drum motion, diagrams can be made 
on steam units with relatively small total 
stroke. Diagrams, Figures 22 and 23, 
were made on the Holtwood steam tur- 
bines where the total travel of the valve 
operating piston is 6.5 inches. 


COMPENSATING DasHPpoT OIL 


Seasonal temperature changes and the 
resulting effect on the viscosity of the 
compensating dashpot oil have a decided 
effect on the performance characteristics 
of the hydro governors. This condition 
can be remedied by changing the adjust- 
ments on the dashpot or using heaters in 
cold weather; however, our experience 
has shown that standardization of settings 
is desirable. At the present time tests 


Discussion 


G. J. Vencill (Union “Electric Company of 
Missouri, St. Louis, Mo.): It is apparent 
that the authors have considerable interest 
in the subject of governor analysis and test- 
ing from the time and effort that must have 
been required to develop the equipment 
used. They are to be complimented on the 
soundness and completeness of their pres- 
entation. The use of such instruments in 
testing governors to determine the need 
for and effectiveness of maintenance work 
should eliminate practically all the uncer- 
tainty usually present in such determina 
tions. Without definite information on 
governor performance, it is so easy to assume 
that as long as it is quiet it is good. 

Our company has fitted a General Elec- 
tric photoelectric frequency meter with an 
auxiliary table to make the diagrams of fre- 
qtiency versus operating piston position, and 
has found it useful in tracing locations of 
trouble. The simultaneous recording of the 
strip chart and diagrams, while convenient, 
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are being made on the more constant 
viscosity silicone oils. 


Conclusions 


1. Improved instruments for testing gover- 
nors have been described and numerous ex- 
amples shown of applications to hydro and 
steam units. These examples demonstrate 
that the many factors affecting governor 
performance are shown readily and can be 
evaluated by the card diagrams and strip 
chart records. The effects of maintenance, 
adjustments, and corrective measures there- 
fore are determined quickly and easily. 


2. The method of testing with card dia- 
grams of frequency versus gate offers a 
convenient means of establishing practical 
governor performance standards and main- 
taining them throughout the life of the 
equipment. 


3. Adoption by the industry of methods of 
testing similar to those described in this 
paper would provide a common basis for 
analyzing governor performance. More 
general use of this method of testing would 
be promoted by the early adoption of suit- 


is not regarded as necessary, since the same 
actions recur indefinitely and cam be re- 
corded separately. We have not made 
direct comparisons of kilowatt output with 
frequency, but think it would be very de- 
sirable to do so since that is really the ulti- 
mate result of the regulating action. 

The frequency-gate diagrams provide a 
very simple means of analysis where the 
governor has no compensation as is usually 
the case with a steam turbine. Where com- 
pensation is used, the shape of the diagram 
will depend considerably on the speed with 
which frequency changes, and the charac- 
teristics of the frequency pattern. This 
would need to be taken into consideration 
when drawing conclusions from the records. 
In any case the strip chart record is neces- 
sary to determine time lag. 

Figure 1 of this discussion is two sample 
diagrams showing performance of two steam 
unit governors on our system, both of which 
are quite sensitive. 


Sample performance diagrams 


Figure 1. 


80,000 Kw Steam Turbine 


Sensitivity 02 cycles 
Speed droop 64 
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able terms defining the characteristics of the 
frequency versus gate diagrams obtained 
under operating conditions. 
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R. Sheppard (nonmember; General Electric 
Company, Schenectady, N. Y.): The con- 
tribution of the speed governor controlling 
the steam or hydro unit once its generator is 
phased in with a large interconnected system 
of relatively constant average frequency is 
largely determined by the governor’s ability 
to accurately respond and correctly direct 
the positioning of the inlet valves in response 
to the minute and relatively slow frequency 
variations constantly occurring. The dead 
band of the governor mechanism, as defined 
by reference 1, is the total magnitude of the 
sustained speed change within which there is 
no resulting measurable change in the posi- 
tion of the governor controlled valves. This 
dead band or insensitivity of the governing 
mechanism is the one characteristic which 
has so much to do with the width of the fre- 
quency fringe drawn by instantaneous fre- 
quency recorders on so-called constant fre- 
quency systems, Automatic frequency con- 
trol or careful manual control can do little to 
narrow the characteristic system fringe band 
however well they may maintain the average 
frequency. It is believed that a reduction 
of such frequency fringe bands on existing 
systems is possible and may slowly come 
about as additional new prime movers with 
governors of small dead band are added to 
systems. 

At least two central station systems have 
undertaken a limited program of replacing a 
few older governors having poor dead band 
characteristics with modern accurate low 
dead band governors. The improvement 
and effect upon the frequency band will be 
carefully studied when these replacements 
are installed. It is hoped that tie-line and 
frequency regulation will be simplified and 
made easier by the conversion of an appreci- 
able portion of the steam prime mover 
capacity to such low dead band character- 
istic governors. 
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Figure 2. Steam turbine. servopiston travel 
versus system frequency showing poor dead 
band of older type governor 
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Figure 3. Steam turbine servopiston travel 
versus system frequency showing reasonable 
dead band of an oil relay governor 
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Figure 4. Steam turbine servopiston travel 
versus system frequency showing good dead 
band of improved oil relay governor 


The development of instruments de- 
scribed by the authors, and their use to 
study the insensitivity of governor mecha- 
nisms hasassisted governor manufacturers in 
the improvement of their product. Such 
studies for the most part have first been con- 
ducted in hydro and steam stations. The 
writer and his associates have used a photo- 
electric straight dead band diagram recorder 
similar to the early type first developed by 
Allen. Governor mechanisms of some 60 
large steam turbines and seven hydro units 
have been studied on their respective power 


, 
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systems. These studies clearly revealed 
which types of speed governors had consist- 
ently poor sensitivity and those which were 
superior. The knowledge gained from such 
studies has materially aided in the adoption 
of improved governors and the rejection of 
those with poor sensitivity. 

Figures 2-5 are examples of governor dead 
band hysteresis cards of progressively 
smaller dead band governors. All have 
been taken on steam units whose governors 
unlike those of hydro units had no time delay 
speed compensating dashpot mechanism, 
and in general, each had a nominal 5 per cent 
over-all steady-state speed regulation. Any 
small time lags in the positioning of the 
servo motor piston were largely due to the 
normal time for oil to flow through the re- 
lays to restore the servo pilot back to port 
equilibrium. In steam turbine governors of 
the non-compensated type these time lags 
are small. 

Figure 2 illustrates the dead band of a 
governor which, although it exhibited no 
instability and suffered no noticeable diffi- 
culties, contributed little to the accurate 
regulation of the system and certainly ag- 
gravated the characteristic frequency fringe 
of the system to whichit wasattached. Un- 
fortunately the nature of the inherent fric- 
tion and drift in the governor of this example 
was of such a nature that little if anything 
could be done to improve it as far as main- 


tenance attention or parts replacement are, 


concerned. 

Figure 5 is an unusual governor mecha- 
nism and approaches the ideal in accuracy 
and dead band. Notice the momentary de 
viations from the true speed-travel line 
caused by rather fast frequency changes of 
very small magnitude 

The new instrument described by the 
authors which simultaneously records the 
frequency and load as a function of time on 
a strip chart plus the X¥—Y gate-frequency 
hysteresis loops should be very helpful in 
interpreting the dead band loops since it is 
believed the rate at which the frequency is 
changing has some bearing on the dead band 
width. Itis suggested that the authors take 
a series of gate position dead band cards of 
only long enough time duration to permit 
the pen to form one or two loops. These 
cards could then be studied knowing the 
rates at which frequency was changing. 
Thus, for a given governor there could be 
established the relation between effective 
dead band and rate of change in frequency. 

The authors are to be congratulated for 
their valuable work in the development of 
speed governing of large central station 
prime movers. 
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C.L. Avery (Woodward Governor Company, 
Rockford, Ill.): The authors of this paper 
are to be complimented on a very clear and 
complete description of the instrument 
which they have developed for testing gov- 
ernor operation. The instrument described is 
of particular interest because of its ability 
to draw both card diagrams and strip charts 
simultaneously. Both types of diagrams are 
required for a complete analysis of governor 
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Figure 5. Steam turbine servopiston travel 

versus system frequency showing unusually 

small dead band of an improved oil relay 
governor 


operation, hence the ability to make both 
types of records at the same time consider- 
ably reduces the testing time. 

While the authors state that “‘no attempt 
has been made to calibrate the meter in 
terms of absolute frequency,” and it is 
evident that meter drift during the time to 
make a run is negligible, it would be of in- 
terest to know what the drift over an ex- 
tended period of time would be. It is dis- 
tinctly of advantage to be able to shift the 
position of the pen on the chart, and it 
should be noted that such a shifting of the 
pen does not affect the sensitivity of the in- 
strument. 

A program of periodic testing of governing 
equipment is to be strongly recommended 
as a means of determining when the opera- 


. tion is becoming so erratic that maintenance - 


work should be done. By such a program, 
incipient difficulties can be detected and the 
necessary maintenance performed before 
system operation is adversely affected. 

The diagrams showing the contrast be- 
tween the operation of unit 4 with the 
original dashpot (Figures 13 and 15 of the 
paper) and with a positive centering dash- 
pot (Figures 14 and 16 of the paper) are very 


interesting. The positive centering dashpot - 


was first used at‘Safe Harbor, Pa., and is of 
especial advantage on a very active load 
such as is supplied by the Safe Harbor Plant. 
The difference in construction of these two 
types of dashpots is illustrated by Figures 6 
and 7 of the discussion. The transmitting 
plunger e of the regular type (Figure 6) is 
returned to its null position by the push-pull 
spring a whereas the plunger of the positive 
centering type is returned to null position by 
the two springs b and c either of which can 
be separately adjusted for preload at the 
centering position. Incidentally, the values 
of ‘‘dashpot by-pass’’ indicated on the figures 
of this paper refer to the relative opening of 
the needle valve d. 

The charts indicate that the positive 
centering dashpot allowed a larger opening 
of the by-pass and also that the ratio of 
movement of the receiving plunger f to gate 
travel may have been substantially reduced. 


B. R. Nichols (nonmember; Allis-Chalmers 
Manufacturing Company, Milwaukee, 
Wis.): The authors are to be congratulated 
on their contribution to the study of gov- 
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Figure 7. Dashpot construction 


ernor performance, and the development of 
the simplified highly sensitized recording 
instrument for recording the performance of 
governors operating under field conditions. 

This type of work should be encouraged, 
particularly among the operating depart- 
ment of power companies. not only to learn 
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Figure 8A. Incremental speed droop of the 


Safe Harbor unit 5 


9:95 PM-—9:39 PM, December 9, 1946 
Dashpot by-pass = 70 degrees (normal) 
Incremental speed droop=3.5 per cent 
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more about the requirements of new gov- 
ernors, but also to improve the performance 
of existing governors. 

The writer has observed that there are 
many governors, particularly of the older 
installations, throughout the country that 
are not performing correctly. Some of 
these governors have never been adjusted 
correctly because of various reasons, others 
have been adjusted to improve a particular 
condition without regard for other operating 
conditions. A common adjustment of this 
type among some operators is to tighten the 
dash pot by-pass valve if the turbine gates 
swing too much when the unit is off the line, 
instead of investigating the cause of the 
swings. 

In order to obtain the best performance 
from the governors on a system, it is neces- 
sary to make numerous observations of the 
load and frequency characteristics of the 
system. These studies often require con- 
siderable time and for these reasons the 
studies can best be made by power company 
engineers, equipped with the proper instru- 
ments, and, as pointed out by the authors, it 
would be relatively easy to make routine 
maintenance checks on the governors after a 
governor performance record has been made 
with the most satisfactory governor adjust- 
ments. The instrument developed by the 
authors, combining high sensitivity with 
both strip chart and card diagram. records 
should be very satisfactory for this type of 
inspection. 

With reference to the authors’ comments 


_ on the compensating dashpot, our experience 


has shown the necessity of a definite center- 
ing device if the governor is to accurately 
respond to system speed changes. This 
centering spring should exert a force at 
center position which is considerably 
greater than the viscosity drag of the oil 
film between the cylinder and ‘piston and 
other functional forces in the mechanisms 
which are operated by the dashpot. 

The rigidity of the restoring mechanism 
between the governor and turbine shifting 
ring is also of importance for accurate 
positioning of the governor mechanism 
during operation. 

We have whenever possible used the rod 
and lever type of restoring mechanism be- 
cause this type of mechanism, if properly de- 
signed, will transmit the shifting ring mo- 
tion to the governor very accurately. 

The cable type relay must have a heavy 
weight or spring attached to one end to 
maintain a tension in the cable. 

This mass has to be accelerated when the 
shifting ring moves in a direction to lift the 
weight and when moving in the reverse 
direction of the movement of the weight 
must be quickly stopped at the end of the 
shifting ring movement. The inertia of this 
mass changes the tension of the cable. 

The change of tension on the cable is more 
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pronounced on the governors that respond 
quickly to system speed changes. 

The spring method of maintaining cable 
tension reduces the inertia effect on the 
cable tension, but the spring must be made 
with many coils to keep the difference in 
cable tension at a minimum between the 
ends of the relay strokes. This condition re- 
quires a long spring which is difficult to lo- 
cate in the governor assembly. 

Paragraph 3 of the authors conclusion is a 
very worthy suggestion. The industry can, 
however, avoid many of the disappoint- 
ments of the past by setting forth an accept- 
ance test code which will state the governor 
performance that is expected when the 
governor is installed. This code should also 
provide suitable time and conditions for 
these tests. Quite frequently a customer 
will spend millions of dollars and years of 
time to develop and build a power project, 
but when one of the last phases of comple- 
tion arrives, that of adjusting the governor, 
he is so eager to start generating kilowatts 
that he cannot spare another day to properly 
test and adjust the governor. This is one 
of the reasons why he sometimes discovers 
at a later date, and to his disappointment, 
that his governor is not performing as he had 
expected it to perform. 


F. Oppenheimer (Pennsylvania Water and 
Power Company, Baltimore, Md.): The 
testing method described applies only when 
the unit is on system but can be applied over 
full frequency range (that is, equal to speed 
droop, say 5 per cent) if a means is available 
to load the unit at frequencies of 95 per cent 
of normal. This is not usually possible, but 
several other schemes can be used which 
give similar data over the fullrange. Scheme 
1 consists of driving the ballhead of the unit 
being tested from a separate source of ad- 
justable frequency while the main generator 
itself is on the system carrying load. The 
frequency could be varied over a range 
sufficient to change the main generator out- 
put from fullload to noload. Scheme 2 con- 
sists of again driving the ballhead at variable 
frequency but with the main unit shut down 
This is not true operating condition but will 
give piston stroke versus frequency. Scheme 
3 consists of taking two generating units off 
the line, shutting steam or water off one of 
them and driving it by means of the other 
unit. Full range of speed variation is pos- 
sible (by throttle or hand control of the 
driving unit if necessary) but again this is 
not under true operating condition. Just 
which of the three schemes, if any, is used 


Figure 8B. Performance diagrams of governor 
operation after periodic overhaul 


eventually must be determined by the de- 
sires of the individual. 

It is logical to iriquire of what practical 
use are instruments and test methods de- 
scribed in the paper. An example of the 
practical results of routine testing is indi- 
cated by Figure 8 of the discussion which 
shows the performance of the governor of a 
waterwheel after a periodic overhaul. We 
try to test governors before and after such 
outages in the hope of detecting imperfec- 
tions which may need special attention dur- 
ing the outage and then to make sure the 
governor is at least no worse than before. 
A glance at this chart gives an immediate 
impression of good operation without even 
measuring it. The experienced eye would 
see high sensitivity, narrow speed droop 
curve, and small time lag. 


J. E. Allen and W. B. Hess: Precise tem- 
perature compensation was not attempted 
and therefore some drift, as referred to by 
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Avery, would be expected if the temperature 
change was sufficiently large. Tests have 
shown that, after the initial warming up 
period of about 20 minutes, the drift during 
the period of governor test was negligible. 
No tests have been made for an extended 
period. 

The suggestion submitted by Sheppard 
concerning single loop diagrams has been 
used successfully in making studies of units 
running at speed no-load off the bus. This 
diagram has led to improvements in speed 
control for synchronizing. The spiral type 
of diagrams obtained by manually disturb- 
ing a governor are also valuable for investi- 
gation of unstable conditions. 

Six of the Kaplan units at Safe Harbor, 
Pa., have the rod and lever type connections 
between the gate links and the blade control 
valve; one unit has weighted cable connec- 
tions. So far as lost motion is concerned, 
our tests indicate very little difference be- 
tween the two types. The greatest amount 
of the time lag has been found in the blade 
control valve lap and lost motion between 
the gate operating piston and the gate link 
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to which the blade mechanism is attached. 
Considerable improvement could be ob- 
tained by connecting the blade control link- 
age directly to the gate operating piston rod. 
There is some question, however, regarding 
the increased duty this methed would im- 
pose upon the blade operating mechanism if 
the governors are maintained at their 
present sensitivity. Nevertheless, it is quite 
evident that the gates and blades must 
operate in the proper relationship to obtain 
the maximum effective regulation of the 
Kaplan type turbine. 

The card diagram included in Oppen- 
heimer’s discussion is the best thus far ob- 
tained on a hydraulic turbine governor. 
Past experience and continued routine 
checks will assist greatly the improvement 
of other governors and aid in maintaining 


the performance indicated by these dia-. 


grams. 

Appreciation is expressed to the authors 
of the excellent discussions which have been 
submitted. The subjects covered and ad- 
ditional descriptive material submitted 
greatly increase the scope of the paper. 
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Synopsis: This paper discusses hydroelec- 
tric station equipment, operating procedures 
and the factors involved in applying auto- 
matic control. Hydraulic governors and 
the types of water wheels (impulse, reaction, 
fixed propeller, and adjustable propeller) 
are described from the electrical engineer’s 
viewpoint. A typical automatic control dia- 
gram is shown for each of the two methods 
commonly employed for accelerating the 
generator and synchronizing it with the 
system. In one method, termed self-syn- 
chronizing, the machine circuit breaker is 
closed at less than synchronous speed, and 
the machine synchronizes after its field is ap- 
plied. In the other method, automatic 
speed matching and synchronizing equip- 
ment bring the machine on the line at cor- 
rect voltage and phase angle. Considera- 
tions involved in applying supervisory con- 
trol to automatic hydroelectric stations are 
presented. 


YDROELECTRIC STATIONS are 
particularly well adapted to auto- 
matic control. As they are justified eco- 
nomically only if their operating expenses 
are in keeping with the value of their 
generating capacity, many small installa- 
tions must be completely automatic to 
compete commercially with other sources 
of power. An important consideration is 
the random availability of their generat- 
ing capacity. Except in large installa- 
tions, hydroelectric power must be con- 
sidered as an auxiliary to steam power. 
It can be used either for short periods 
when extra generating capacity is needed, 
or for long periods when an abundance 
of hydraulic power is available. Auto- 
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matic control of hydroelectric stations 
is favored by the relative simplicity of 
control of both the prime mover and the 
stored hydraulic energy which drives it. 


Station Elements 


The elements controlled in an auto- 
matic hydroelectric station are the head- 
water valves or gates, the hydraulic tur- 
bine gates or jets, the turbine governor, 
the lubrication system, the water wheel 
generator, and the switchgear. The 
latter includes control relays, protective 
relays, the voltage regulator, the generator 
field circuit breaker, and the generator 
line circuit breaker. 

Each of the foregoing elements has a 
particular function in the over-all opera- 
tion. The headwater valves, or gates, 
render the hydraulic equipment inopera- 
tive and conserve water during shutdown 
periods. The turbine gates under the 
control of the governor admit water in 
proportion to the load requirements of 
the turbine. The lubrication system 
establishes a lubricating film on the bear- 
ings during starting, maintains it during 
operation, and circulates the lubricant so 
that it can be cooled. The switchgear pro- 
vides control and protection. The volt- 
age regulator controls the excitation of 
the machine in keeping with the voltage 
requirements and demand for reactive 
power output of the generator. The gener- 
ator field circuit breaker provides a means 
of field interruptions during faults, and 
thereby minimizes damage to the gener- 
ator and other equipment. The generator 
line circuit breaker serves to connect the 
generator to the system after the generator 
has been started. It also disconnects the 
generator from the system prior to shut- 
down or following an electrical fault. 
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HEADWATER CONTROL 


The headwater gates, or valves, may 
be of various designs. They have been 
built in the form of needle or conical plug 
valves, butterfly valves, gate valves, and 
sluice gates. These gates are operated 
either electrically or hydraulically. No 
details of the cont ol of these gates are 
included in the following description, be- 
cause the control is straightforward and 
can be added to the other operating func- 
tions without difficulty. There also may 
be requirements for the control of diver- 
sion and reject spill gates. These require-’ 
ments are similar to those for headwater 
gates. 


HypDRAULIC TURBINES 


The arrangement and location of a 
hydroelectric power plant will depend 
upon the developed head, river flow con- 
ditions, means of introducing water to 
the plant, means of conducting water 
from the plant, and the total installed 
capacity Although these factors do not 
affect automatic control directly, they do 
determine the equipment that will be 
used, and this in turn will have its bearing 
on the demands placed upon. the auto- 
matic control. 

It is the turbine design and the assoct- 
ated governor equipment that will be of 
most interest to the electrical engineer. 
Turbines will be of one of four types, 
three of which are shown in Figure 1. In- 
stallations using a high speed input (above 
approximately 800 feet) generally will 
employ impulse or Pelton turbines, one 
type of which is shown in Figure 10. am Gol 
the moderate head installations (range of 
approximately 60 to 800 feet), the re- 
action or Francis type turbine, Figure 
1B, usually will be encountered, and on 
low head installations (below approxi- 
mately 70 feet) the fixed and adjustable 
blade propeller or Kaplan type turbines, 
Figure 1C, will be found most frequently. 
Often, the hydraulic engineer has a 
choice between the use of a reaction type 
turbine or propeller type turbine. The 
propeller type turbine will operate at 
a higher speed (approximately 50 per 
cent). 
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THE WATER WHEEL GOVERNOR 


The water wheel governor has a multi- 
plicity of tasks assigned to it. It is the 
central control point for the prime mover 
operation and is the device through which 
the automatic starting and stopping 
equipment functions in its relations with 
the prime mover. The duties performed 
by the governor are as follows: 


1. Initiation of water flow to the turbine 
at start and its discontinuation when stop- 
ping. This in practice will be the opening 
or closing of the wicket gates, guide vanes. 
or jets, of the reaction, propeller, or impulse 
turbine, as the case may be. This particu- 
lar function is executed under the direction 
of the automatic equipment on the switch- 
board. j 


2. Control of turbine speed 


A. During starting. The governor, in one method 
of starting controls the turbine speed under the 
direction of a speed matcher on the governor or on 
the switchboard. In an alternative method of 
starting, the governor brings the machine to full 
speed without any attempt to match existing line 
frequency. 


B. After the generator is on the line. In those 
cases where the hydroelectric generator parallels 
with a large system, its turbine speed will be deter- 
mined by system frequency. However, in the case 
of an isolated generator or one which represents a 
large portion of system capacity, the system fre- 
quency and turbine speed can be determined by the 
governor of that machine alone. 


8. Control of the turbine loading. The 
governor must provide means by which the 
turbine will take on or drop off load as the 
load on the generator or system changes. 
It also must provide an adjustment which 
will determine how the turbine will share 
load changes with other power sources. 

4, In some special cases it provides means 
for operating the generator as a synchronous 
condenser at normal frequency with no 
flow of water to the turbine and at the same 
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A (left). Impulse type 
B (below). Reaction 


type 
C(right), Adjustable 
propeller type 


Figure 1. Three 
types of water 
wheels 


time provides for opening the gates in the 
event that frequency drops 


As practically all automatic hydroelec- 
tric stations will be connected to large sys- 
tems, it will be of interest to examine the 
operating requirements of a hydro- 
electric station when operating as part of 
such systems. Consider Figure 2. This 
is a diagram showing the characteristics 
of two generators, having respectively 
one per cent and two per cent speed 
droop, connected to a large system. The 
large system approaches an isochronous 
characteristic in that it operates with 
little change in frequency as load changes. 
As long as system frequency remains con- 
stant, the load supplied by generators 1 
and 2 will be constant and of the value 
indicated by point a. If the system fre- 
quency drops, generator: / with one per 
cent speed droop will show a considerable 


_ change in load as indicated by the inter- 


section of the dotted line with the charac- 
teristic line of generator 7. The load on 
this machine will increase from the value 
indicated by point a to that of point c. 
However, generator 2 with a two per 
cent speed droop will show less change in 
load with change in system frequency. 
The speed droop characteristic of the 
governors, therefore, should be adjustable 
so that load changes will be taken on 
generators which can accommodate them 
best. Governor sensitivity, which is a 
nonadjustable factor, figures in the dis- 
tribution of load changes. The more 
sensitive governor will respond to fre- 
quency changes faster and by being more 
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prompt will cause its prime mover to take 
a greater share of the load changes than 
the prime mover controlled by a less 
sensitive governor. 


Tur LUBRICATION SYSTEM 


The lubrication system includes the 
facilities required for lubricating both 
the turbine and generator. 

In most cases the generator lubrication 
system is self-contained and, therefore, 
does not require auxiliary pumps. How- 
ever, horizontal generators may have 
high pressure bearing lift pumps for use 
during starting. Likewise, some high 
speed generators will use pumps for cir- 
culating the lubricant after the machine 
is runming. 

Automatic control must consider the 
operating requirements of the lubrication 
system during start, running, and shut- 
down. 


WATER WHEEL GENERATORS 


Water wheel generators fall into one of 
two general classes, depending upon 
whether they have horizontal shafts or 
vertical shafts. In general, the impulse 
turbine installations require horizontal 
shaft machines and develop speeds be- 
tween 300 and 1,000 rpm. The other 
turbine types require vertical shaft ma- 
chines, which they drive at speeds ranging 
generally from 100 to 300 rpm. Hither 
type is subject to severe overspeeds, and 
rotors are constructed to withstand the 
resulting stresses. 

The slow speed of rotation demands 
high excitation current for the generator 
field. This reflects on the ratings of the 
field circuit breaker equipment and has a 
bearing on the voltage regulator applica- 
tion. 

The automatic sequence in some cases 
places demands on the amortisseur 


winding for synchronizing torque. When 
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control of this type is contemplated, the 
capacity of the amortisseur winding must 
be investigated to determine its adequacy. 

A water wheel station is shown in Fig- 
ure 3. The switchgear is located adjacent 
to the left wall. The governor cabinets 
are located in front of the switchgear 
opposite each generator. A cross section 
of a station of this type is shown in 
Figure 4. 

Exciters for water wheel generators 
may be direct connected, belted, geared, 
or motor driven by an electric or water 
motor. The direct connected exciters are 
preferred because of their greater reli- 
ability. 


SwITCHGEAR 


Under the general heading of switch- 
gear comes a variety of devices which may 
be considered the nerve center of the en- 
tire plant. This equipment performs ex- 
tensive functions and is tailored to fit the 
operating methods adopted for the 
station. 

The automatic hydroelectric unit by 
definition is one in which the generator is 
started and put on the line following an 
impulse received from a control device. 
The operating methods established for a 
particular hydroelectric generating plant 
will determine the origin of the starting 
impulse. 

The starting impulse may be given by 
a local operator, by a remote operator 
through supervisory control equipment, 
or it may be given automatically by a 
float switch in the forebay, a time switch, 
or other device. 

Regardless of the type of starting 
means employed, automatic units are 
protected continuously by devices which 
cause shutdown under abnormal con- 
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Figure 2. Load-speed curves of generators of 
different speed droop characteristics con- 
nected to a large system 
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ditions. After shutdown by protective 
devices, units which are started by a 
local operator or by supervisory control 
equipment usually must be given another 
starting impulse to restart the unit, re- 
gardless of the reason for shutdown 
Units which are started by a float switch, 
time switch, or other automatic device 
usually restart automatically after shut- 
down by protective devices when normal 
conditions again exist. When automatic 
restarting is employed, caution must be 
exercised in the design of the protective 
system, so that repeated unsuccessful 
attempts at restarting are not en- 
countered. 

There are two methods employed for 
accelerating and synchronizing a hydro- 
electric generator with a system. One 
method is known as self-synchronizing, 
and the other as automatic synchronizing. 


Figure 3. Hydro- 

electric station show- 

ing generators, gov- 

eror, and switch- 
gear 
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In the self-synchronizing method, the 
generator circuit breaker is closed after 
the turbine has accelerated to approxi- 
mately 95 per cent of synchronous speed. 
Field is applied after the generator circuit 
breaker is closed. For this type of syn- 
chronizing, the generator field is equipped 
with an amortisseur winding to develop 
synchronizing torque. 

Self-synchronizing should be employed 
only on units which constitute a rela- 
tively small percentage of the total 
system capacity, as with this method a 
considerable amount of synchronizing 
power is exchanged with other units on 
the system. Self-synchronizing a large 
unit results in an appreciable voltage dis- 
turbance, therefore, it seldom is employed 
for units having more than 5,000 kw out- 
put 

The automatic synchronizing method 
employ. automatic speed matching and 
synchronizing equipment. This equip- 
ment connect the generator to the line at 
the proper speed, voltage, and phase 
angle. 

The automatic synchronizing method 
makes it possible to connect a unit to a 
line with the least possible disturbance, 
regardless o’ the size of the unit. Auto- 
matic synchronizing is superior to manual 
synchronizing and often is employed in 
stations which do not have an automatic 
starting sequence. 

After an automatic unit is in operation, 
the real and the reactive power delivered 
to the system may be controlled by a local 
operator, or by a remote operator through 
supervisory control equipment. Real 
power may be regulated automatically by 
load control devices or equipment re- 
sponsive to headwater level. 

The control equipment preferably is 
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Figure 4. Cutaway view of hydraulic turbine 
and connected generator 


battery operated, as in general it is not 
desirable to depend upon the availability 
of a-c power for control functions. 

Figure 5 shows the front and rear view 
of a typical tunnel type switchboard for 
an automatic hydroelectric station. 


Automatic Sequences for Controlling 
Hydroelectric Stations 


The following description treats inde- 
pendently the starting sequences for self- 
synchronizing and automatic synchro- 
nizing of hydroelectric generators. The 
schemes described are typical and would 
be altered in practice by changes in de- 
tails to suit each particular application. 
The diagrams and description of opera- 
tion apply to those automatic stations 
having a local operator, or those stations 
remotely operated through supervisory 
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control. The diagrams and description 
apply to stations using reaction type tur- 
bines. The basic scheme involved can be 
modified to meet the operating require- 
ments of the other three types. 

Figure 6 shows a single line diagram 
which applies for either of the two 
methods of control; Figure 7 is a control 
diagram for the  self-synchronizing 
method; and Figure 8 is a control diagram 
for the automatic synchronizing method. 


SINGLE LINE DIAGRAM 


Figure 6 indicates the main connec- 
tions of a hydroelectric generator, being 
of large enough size to warrant the use of 
a pilot exciter as well as a main exciter. 
Direct connected exciters are indicated. 

A direct connected permanent magnet 
generator for operation of the governor 
flyball motor also is indicated. The 
governor flyball motor often is operated 
from potential transformers connected to 
the generator. ; 

Instrumentation for local indications of 


‘ 
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electrical quantities is simple. Generator 
voltage, current, kilowatts, kilovars, and 
kilowatt-hours and bus voltage are the 
a-c quantities of interest. A synchro- 
scope usually is supplied to provide a 
local indication of synchronism. Gen- 
erator field current and main exciter field 
voltage are the d-c quantities which are 
of interest. 

The telemetering transmitters, which 
would be desirable for a station operated 
by supervisory control equipment, are 
not shown on the diagram. 


Self-Synchronizing Method 


STARTING 


With reference to Figure 7, the / 
START contact can be a contact on a 
local pushbutton or a contact operated 
by supervisory control equipment. If the 
lockout relays 86E and 86N are reset, 
the machine speed contact 14 closed, the 
generator circuit breaker 47 open, and, if 
the prote-tive contacts connected across 
the coil of master relay 4 are open, master 
relay 4 will be energized. When master 
relay 4 picks up, it seals itself in around 
the momentarily closed 1 START con- 
tact, as well as the 14 and 4/ contacts, It 
will remain picked up unless short- 
circuited by the 1 STOP contact, any one 
of the protective devices connected 
across the coil, or de-energized by either 
of the lockout relays 86E or S6N. 

A make contact of relay 4 sets up a 
circuit to all the devices operated in the 
Relay 88QX. is op- 
erated immediately after 4 picks up to 
start operation of the bearing oil pumps. 
Incomplete sequence timing relay 48 
likewise is energized immediately. 

Adequate bearing oil pressure closes 
contacts 63QB, and 63QX is picked up. 
A contact of relay 63QX energizes the 
governor solenoid 65S, and the water 
wheel gates start to open under the con- 
trol of the governor. 

When the generator has reached 95 per 
cent of synchronous speed, contact 13Y 
closes, which completes a circuit to the 
closing relay of the generator circuit 
breaker 52. Closing of the generator 
circuit breaker completes a circuit to the 
closing relay of the generator field circuit 
breaker 41. Thus, the generator is con- 
nected to the system at slightly less than 
synchronous speed, and its field is applied 
immediately thereafter. The field circuit 
breaker de-energizes the incomplete se- 


“quence relay. 


After the generator is connected to the 
system, the load can be adjusted by 
means of the governor synchronizing 


motor, or it can be arranged to take a 


, 
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load automatically, depending on the 
governor load limit setting. 


STOPPING 


The 1 STOP contact can be a contact 
on a local pushbutton or a contact 
operated by supervisory control equip- 
ment. When the / STOP contact is 
closed momentarily, it short-circuits re- 
lay 4 and causes its release. 

When relay 4 releases, it de-energizes 
the governor solenoid 65S and the bear- 
ing oil pumping motor relay 88SQX. A 
time delay circuit not shown continues 
the oil pump motor operation for a 
definite period of time after the release of 
relay 88QX. Release of the governor 
solenoid causes the turbine gates to start 
to_close. When the gates reach the no- 
load position, gate contact 33NL closes. 
Closing of this contact completes a circuit 
which sequentially trips the generator 
circuit breaker and the field breaker. 
Thus the generator is disconnected from 
the system with no disturbance, as the 
load had been dropped gradually before 
the generator circuit breaker was opened. 

The turbine gates continue to move un- 
til they reach the fully closed position. 
When the gates are closed completely, 
gate interlock 33Z operates brake relay 
20, providing contacts 14, 4, and 52 are 
closed. Through circuits not shown, re- 
lay 20 causes the turbine brakes to be 
applied for a definite period of time, 
assuring that the machine is brought to a 
stop. 


Automatic Synchronizing Method 


STARTING 


“It will be noted from Figure 8 that the 
circuit for energizing relay 4 is the same 
as shown in Figure 7, except that it is un- 
necessary to check the position of the 
field circuit breaker 4/ before starting. 
When relay 4 picks up, it seals itself in 
around the momentarily closed / START 
contact as well as the contact of device 
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Figure 5. 
of a typical tunnel type switchboard for a 
hydroelectric station 


Front (left) and rear view (right) 


14. Just as in Figure 7, it will remain 
picked up, unless short-circuited by the 
1 STOP contact, any one of the protec- 
tive devices connected across the coil, or 
de-energized by either of the lockout re- 
lays 86E or 86N. 

The operation up to the energizing of 
relay 630X is the same for automatic 
synchronizing as for self-synchronizing. 

When relay 63QX picks up, the gov- 
ernor solenoid 65S is energized, automatic 
synchronizing and speed matching auxil- 
iary relay 25X is energized and the gen- 
erator field circuit breaker 4/ is closed. 
Thus, the water wheel gates start to open 
under the control of the governor, the 
generator field current builds up as. the 
exciter comes up to speed, and the speed 
matching and automatic synchronizing 
equipment is energized. 

As the generator comes up to speed, the 
speed matching equipment functions to 
match the generator frequency with the 
line frequency, and the voltage regulator 
adjusts the field current for line voltage. 

When the instantaneous frequency 
difference and the phase angle difference 
are satisfactory for proper synchronizing 
with the system, automatic synchronizing 
contact 25 is closed to energize the gen- 
erator circuit breaker closing circuit. 
Closing of the generator circuit breaker 
de-energizes relay 25X and takes the 
automatic synchronizing and speed 
matching equipment out of service. 

The incomplete sequence relay is de- 
energized when the generator reaches 95 
percent speed. The synchronizing time is 
variable and hence is not included in the 
over-all timing of device 48. 

Where it is required that the generator 
energize a dead bus, the contact of relay 
25 in the foregoing description must be 
paralleled by a contact of a dead bus relay 
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in series with a synchronous speed con- 
tact. 


STOPPING 


The nortial -hutdown by operation of 
the 1 STOP contact is exactly the same as 
was desc ibed previously for the self- 
synchronizing system. 


Hydraulic Covernor 


The over-all arrangement of the me- 
chanical parts of a typical hydroelectric 
station is shown in Figure 9., On the 
shaft of the water wheel generator, a per- 
manent magnet generator is shown. 
Three-phase power from this gene-ator 
drives a flyball motor at a speed syn- 
chronous with that of the generator 
shaft. The flyballs deliver an indication 
to the governor in proportion to their 
speed of rotation. This indication is 
applied to the power cylinder and ampli- 
fied by hydraulic means. Compensating 
devices provide the antihunting charac- 
teristics of the governor. Within the 
mechanism there are facilities for chang- 
ing speed, limiting gate opening, and con- 
t.olling the speed droop characteristic of 
the governor. 

The pilot valve of the servomotor is 
controlled by the motion of the rod con- 
nected to the flyballs. This pilot valve 
controls the relay valve which in turn 
controls the power cylinder that operates 
the gates. 

The mechanical feedbacks from the 
relay valve and power cylinder are used 
to operate the mechanism which obtains a 
motion of the power cylinder proportional 
to the motion of the speeder rod and at 
the same time allows the speeder rod to 
respond to the resulting change in speed 
without further change in gate position. 

The power for the operation of the re- 
lay valve and power cylinder is obtained 
from an oil pump which stores oil in a 
tank against a head of air. 

Details of governor operation are of 
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interest because the automatic control 
functions withit. Figure 10 is an arrange- 
ment of devices analogous to an actual 
governor. In practice the linkages and 
compensator take a form more convenient 
and practical. 

Assume, in Figure 10, that the speeder 
rod is in a given position, the floating 
lever is level, the pilot valve is on neutral, 
the relay valve is on neutral, and the 
power cylinder is in a given position. 

Now assume that the flyballs depress 
the speeder rod in response to an increase 
in speed. The left end of the floating 
lever is depressed, pivoting about point A 
The pilot valve is pushed to the close posi- 
tion by rod /. The relay valve, under 
force of hydraulic pressure received from 
the pilot valve, travels tothe close position 
and through bell crank / lifts the pilot 
valve to the neutral position by pivoting 
lever / around point C. The relay valve 
stays at the closed position admitting oil 
under pressure to the power cylinder, 
driving the gate rod in closing direction. 
In response to this motion, bell crank 2 


drives the pistons of the compensator up- . 


ward in unison against spring pressure. 
This causes the floating lever to pivot 
about point D raising rod 7 and the pilot 
valve to the open position. The relay 
valve in response to this action, moves 
towards the open position but halts at 
neutral when its motion, transmitted 
through bell crank { lowers the pilot 
valve to neutral. The governor thus has 
moved the gate rod a definite distance in 
response to a definite motion of the 
speeder rod. 

The next sequence of events prevents a 
change in gate rod position, as the speeder 
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rod changes position in response to the 
asked for decrease in speed. Following 
the action described in the last paragraph, 
the floating lever is subject to a spring 
pressure tending to lower its right end and 
a change in flyball pressure, due to de- 
creasing speed, that tends to raise the 
left end. An adjustment of the needle 
valve in the compensator can be made, so 
that the right end of the lever will lower at 
a rate matching the rising of the left end 
as the floating lever revolves about point 
B. When this condition exists, rod / will 
not move, and therefore, no gate motion 
can result from the speeder rod move- 
ment. 

In Figure 11 further details of the 
governor are shown. Speed or load ad- 
justment is accomplished by changing the 
speeder spring pressure. This is done re- 
motely from the governor by energizing 
the synchronizing motor. This motor 
drives a lead screw upon which is mounted 
a traveling nut. The base of the speeder 
spring is raised by the traveling nut to in- 
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crease its pressure and lowered to de- 
crease it. Limit switches sometimes are 
provided to limit the range of speed ad- 
justment. 

Speeder spring pressure also is raised 
and lowered by the action of the speed 
droop mechanism. As the power cylinder 
moves in a direction to open the gates, the 
speed droop mechanism decreases spring 
tension, thereby satisfying the governor 
balance at a lower speed than would be 
the case if there were no speed droop de- 
vice. 

It will be noted from this arrangement 
that the height of the orbit of the flyballs 
and the corresponding position of the 
speeder.rod depends upon the speed of the 
flyballs and the speeder spring pressure. 
As the spring pressure is increased, the 
turbine will be required to take more load 
at a given speed. Likewise, at a given 
load, such as would be experienced during 
starting, increased spring pressure de- 
velops increased speed. 

Since the operating speed varies only 
slightly during normal operation, the 
position of the speeder rod will be an index 
of the load being carried. Consequently, 
a load limit device can be made to operate 
on the speeder rod merely by limiting its 
excursion toward the open position. 

The automatic starting and stopping 
control works on the mechanism of the 
load limit device. 

To put the turbine in operation, the 
starting solenoid must release the gate 
lock and open the gates quickly to the 
point at which the wheel starts turning. 

If a permanent magnet generator is 
employed to drive the governor flyball 
motor, the governor takes a control as 
soon as the generator starts to rotate. 
However, if the governor flyball motor is 
energized from potential transformers 
connected to the generator, the gate open- 
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Figure 7. Typical schematic diagram for 
self-synchronizing starting method 
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ing is under control of a timer until excita- 
tion appears and makes voltage available 
to the governor flyball motor. 

With reference to Figure 11, operation 
of the starting solenoid actuates a valve 
which causes the pilot and relay valves to 
be energized and the gate lock released. 
Another valve releases the pressure in 
the control cylinder, and the spring 
attached to the control level causes it to 
descend rapidly until it engages the timer. 
The descent is slower after the timer is en- 
gaged and thereby limits turbine accelera- 
tion until the exciter voltage builds up. 

To shut down the turbine it is required 
that the gates be closed slowly to the no- 
load position before the circuit breaker 
opens. De-energization of the solenoid 
opens a valve which allows the control 
lever to raise slowly and close the gates. 
The oil to the gate lock cylinder, pilot 
valve and relay valve is shut off slowly. 
Spring pressure firmly applies the gate 
lock and maintains it a long as the 
machine is shut duwn. 

Contacts are connected to the gate rod 
and are used with the automatic control 
to indicate zero gate opening and full- 
speed no-load gate opening. Contacts 
for operating the automatic control func- 
tioning in response to speed changes are 
provided on either the generator shaft or 
the permanent magnet generator shaft. 


Voltage Regulator 


A.voltage regulator applied to a hydro- 
electric generator provides a method of 
maintaining a desired voltage at that 
point and of adjusting for the amount of 
reactive power which it is desired to have 
the generator furnish. The latter ad- 
justment is made possible by the fact that 
a change in the field current of a generator 
connected to a system does not change its 
load but does change its power factor. A 
decrease in the generator field current 
makes its power factor less lagging, and 
an increase in its field current makes its 
power factor more lagging. Thus, to 
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Figure 8. 
automatic synchronizing starting method 


vary the reactive load taken by the gen- 
erator, it is merely necessary to change 
the adjustment of the voltage regulator 
A typical voltage regulator, suitable 
for either automatic or self-synchronizing 
is shown in Figure 12. It is brought into 
service by the closing of generator circuit 
breaker 52, providing the transfer switch 
is in the regulating position. The regula- 
tor transfer switch has ‘‘Manual”, “‘Indi- 
cating,” and “Regulating” positions. In 
the “Manual’’ position, the motor-oper- 
ated rheostat may be raised or lowered by 
hand through the contacts CSR and CSL 
of a local control switch. In the ‘‘Indi- 
cating” position, the voltage regulator 
performs all its functions, except that it 
does not move the motor-operated 
rheostat. In the “Regulating” position, 
the voltage regulator is in full operation. 
The d-c motor which drives the motor- 


Figure 9. General schematic of water wheel 
govemor 
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operated rheostat has a split series field. 
Energization of the armature in series 
with one field will raise excitation, the 
other will lower excitation. Limit switches 
prevent excessive travel of the mecha- 
nism. Cam switches are connected in the 
rheostat motor circuit to run the rheostat 
to the no-load position after the generatot 
field circuit breaker 41 opens on shut- 
down. It is sometimes preferred to have 
the regulator in service before the gen- 
erator is connected to the line. For such 
operation, the cams can be eliminated on 
the exciter field rheostat, and the voltage 
adjusting rheostat can be equipped with 
cams to return the motor-operated volt- 
age-adjusting rheostat to the no-load 
position when the machine is shut down. 
For either arrangement, no-load field 
excitation is present during starting of the 
generator. 

Contactors NR and NL control the 
exciter rheostat motor under direction of 
the voltage element of the regulator. The 
latter is connected to generator potential 
transformers as shown in Figure 12. 

An indication comes from the voltage 
regulator element that a raise in excita- 
tion is necessary by the closing of contact 
VR. Contactor NVR is picked up by this 
action, and it operates the motor-operated 
rheostat and antihunt coil NH. The 
latter functions to open contact VR me- 
chanically before a rise in voltage is effect- 
ed by the generator. Contact VR closes 
again, if, after a time delay, an adequate 
rise in voltage is not effected. Similarly, a 
demand for reduction in voltage involves 
contact VL, contactor NL and antihunt 
coil VH. 

Sudden wide changes in voltage de- 
mand more rapid changes in excitation 
than normal operation through the motor- 
operated rheostat will provide. In this 
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case, contacts AR and AL operate the 
quick raise contactor QR or the quick 
lower contactor QL. These contactors 
energize the antihunt coil QH and also 
switch the field forcing or field reducing 
resistors into the circuit. 

With generators operated in parallel, 
the division of kilowatt load between the 
machines is unaffected by the voltage 
regulator, but the division of reactive 
power is affected directly by the opera- 
tion of the regulator. In cases where the 
reactive drop between generators is low, 
such as in feeding a bus directly and not 
through transformers, satisfactory opera- 
tion may be obtained by giving the 
regulator a drooping characteristic from a 
cross current compensator energized from 
a current transformer. 

The motor-operated voltage-adjusting 
rheostat shown in the circuit of the 
voltage element of the regulator in Figure 
12 provides a means of setting the regula- 
tor to regulate the voltage at the value at 
which it is to be maintained. If there is 
an operator at the station, the voltage- 
adjusting rheostat need not be motor 
operated. If the station is to be remotely 
controlled, the voltage adjusting rheostat 
will be motor operated when the reactive 
power flow is to be adjusted remotely and 
manually operated when a fixed setting is 
adequate. : 


Automatic Synchronizer and 
Speed Matcher 


Figure 13 shows the connections of a 
speed matcher and an automatic syn- 
chronizer. It will be noted from this 
diagram that the speed matcher and 
automatic synchronizer are put into 
service when relay 25X is energized. 

The balanced torque type speed 
matcher indicated is a device in which two 
synchronous motor-driven centrifugal de- 
vices develop opposing torques on a bal- 
anced beam. When the torques are un- 
balanced, the beam will close one or the 
other of two contacts, depending upon 
which torque is the greater. These con- 
tacts are connected to auxiliary relays 
15BX and 15GX. Contacts of relays 15 
BX and 15GX operate in the circuit of 
the governor synchronizing motor to 
raise or lower the speed of the generator. 
Thus, the speed matcher properly ad- 
justs the speed of the generator, so that 
the automatic synchronizer can close the 
generator circuit breaker. 

An automatic synchronizer should 
meet the following requirements: 


1. The circuit breaker closing coil should be 


energized at an exact time in advance of 
synchronism, so that the time consumed by 
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devices of a hy- 
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the circuit breaker in closing is just equal to 
the time consumed by the generator in ar- 
riving at exact synchronism. 


2. The synchronizer should close the cir- 
cuit breaker only if the frequency difference 
between the two voltages is less than a pre- 
determined value. 
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These requirements are met by the 
automatic synchronizer shown in Figure 
13. The synchronizer is connected to the 
generator and bus potential transformers 
to give a dark lamp beat voltage across 
dry-type full-wave rectifiers 1 and 2, The 
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dry type rectifier output voltage is essen- 
tially a pulsating direct voltage of sine 
wave form, having a frequency equal to 
the frequency difference between the 
generator and bus voltages. 

A constant negative bias is applied to 
triode / through adjustable resistor X and 
a constant negative bias is applied to 
triode 2 through adjustable resistor Y. 

The output of rectifier 2 provides a 
negative bias for both the triodes which is 
proportional to the phase angle difference 
between the generator and bus voltages. 
Thus, minimum negative bias is obtained 
when the phase angle difference is zero. 
This being the only varying bias on triode 
2, adjustment of resistor Y makes it pos- 
sible to have relay 25C energized at any 
desired phase angle difference between 
the two voltages. 

Triode 1 is furnished with a second 
varying bias from the output of rectifier /. 
When the frequency difference is zero, the 
voltage across capacitor C is equal to the 
output voltage of rectifier 1. When the 
phase angle between the generator and the 
bus voltages is changing from 180 degrees 
towards zero, the output voltage of recti- 
fier 1 decreases, leaving the voltage of 
capacitor C higher than the output 
voltage of the rectifier. The amount the 
capacitor voltage is higher than the recti- 
fier voltage under this condition is pro- 
portional to the frequency difference. 
The discharge current of the capacitor C 
produces a voltage drop across resistor Z, 
the magnitude of this voltage being pro- 
portional to the frequency difference. 
The voltage across resistor Z provides a 
varying bias to triode 1 in addition to the 
varying bias provided by the output of 
rectifier 2. Thus, triode / is provided with 
a bias that varies with the actual phase 
angle difference, as well as the rate at 
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which the phase angle is changing. Re- 
sistor X is adjusted so that the constant 
negative bias provided is just low enough 
to operate relay 25B at zero phase angle 
difference when the frequency difference 
is zero. Relay 25B then will operate at 
an advanced phase angle position, the 
amount of advance being proportional to 
the frequency difference. The amount of 
phase angle advance desired is obtained 
by adjustment of resistor T. 

Figure 15 indicates the operating 
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characteristics of relays 25B and 25C. 
Relay 25B closes its contacts at a phase 
angle in advance of synchronism propor- 
tional to the frequency difference between 
the two voltages according to line a. Re- 
lay 25C closes its contacts at a fixed 
phase angle in advance of synchronism 
according to line b. The intersection of 
lines a and b of Figure 14 indicates the 
maximum frequency difference between 
the two voltages at which the circuit 
breaker will be closed. 


TO 250 VOLT D-C SOURCE 


. Figure 13. Automatic 
synchronizer schematic 
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Figure 14. Operating characteristics of relays 
in the automatic synchronizer 


Relays 25B and 25C are interlocked so 
that relay 25C must operate before relay 
25B. This interlocking makes the syn- 
chronizer meet the requirements for 
proper synchronizing previously listed. 

Relay 25A interposes a time delay 
corresponding to one period of the slip fre- 
quency when the automatic synchronizer 
is placed into operation to prevent the 
synchronizer from functioning until the 
voltages on the component parts are 
stabilized. 

Relay 25 is energized by relays 25B 
and 25C to energize the generator circuit 
breaker closing circuit. This relay can 
not be energized if either of the triodes 
fail. 


Protection 


The American Standards Association 
lists the following minimum protection 
for automatic hydfoelectric generators. 

Alternating overvoltage. -~ 
Single phase operation. 


1 
2: 
3. Thermal overload. 
4, Overspeed. 
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5. Loss of field (lockout). 
6. Differential protection (lockout). 
7. Bearing overtemperature (lockout). 


The protection provided for automatic 
stations in addition to that listed is de- 
pendent on the size of the machine, 
the location, and other factors. Also, 
exactly what is done on the opera- 
tion of various protective devices is de- 
pendent on the particular installation. 
For stations with an operator, or those 
controlled by supervisory control equip- 
ment, the functioning of the various pro- 
tective devices can be grouped under four 
different headings. The following listings 
under these headings are typical and 
would not necessarily function as indi- 
cated on all installations. 


Immediate Shutdown and Lockout 


Generator field failure. 

Generator differential relay operation. 
Transformer differential relay operation. 
Generator overvoltage. 

Low station battery voltage. 


Se a BO i= 


Normal Shutdown and Lockout 


1. Generator bearing overtemperature. 
2. Turbine bearing overtemperature. 
3. Phase unbalance. 

4, Generator ground relay operation. 


Normal Shutdown Without Lockout 


Overspeed. 

Generator thermal overload. 

Governor oil pressure failure. 

Single or revetse phase. 

Generator overcurrent. 

Transformer overtemperature. 
Generator winding overtemperature. 
. Incomplete starting sequence. (Often 
used to lockout). 

9. Bearing oil pressure failure. 
used to lockout). 


COR Cone 


(Often 


Annunciator and Alarm—No Shutdown 


1. Loss of generator bearing cooling water. 
2, Loss of turbine bearing cooling water. 
3. Low generator bearing oil level. 


Figure 15. Typical lockout and annunciator 
schematic diagram 


Low turbine bearing oil level. 
Low transformer oil level. 
Low governor oil level. 

Loss of cooling air flow. 


NS ot 


Figure 15 shows a typical lockout and 
annunciator circuit arrangement for the 
protective features just listed. Lockout 
relay 86E is energized by operation of 
the devices listed for immediate shutdown 
and lockout. Bus differential would be in- 
cluded in this group in those stations 
where it is employed. It will be noted 
from Figures 7 and 8 that operation of 
lockout relay 86E immediately trips the 
generator circuit breaker 52 and the gen- 
erator field circuit breaker 41 and also de- 
energizes master relay 4. On operation of 
the protective devices which operate 
lockout relay 86E, it is desirable to dis- 
connect the generator from the system as 
soon as possible without waiting for the 
turbine gates to reach the no-load posi- 
tion. 

Lockout relay 86N is energized by 
operation of the devices listed for normal 
shutdown and lockout. As shown in 
Figures 7 and 8, operation of relay 86N 
only opens the circuit to the master relay 
4. The shutdown for this operation is the 
same as a shutdown by operation of the / 
STOP contact as previously described. 

Lockout relays 86E and 86N both 
must be reset manually before the gen- 
erator can be restarted. 

The protective devices for normal fhut- 
down without lockout operate directly on 
master relay 4. Figures 7 and 8 show each 
of these protective devices short-circuiting 
the coil of relay 4 to cause it to release and 
open its seal-in contact. Shutdown thus 


‘follows the same procedure as for shut- 


down by operation of the 1 STOP con- 
tact. When shutdown results from any 
of these conditions, the unit can be re- 
started without the necessity of manually 
resetting any devices. 

The last group of protective devices 
listed only operate annunciator drops and 
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sound an alarm as shown in Figure 15. 
All of the other protective devices which 
shutdown the unit also are shown operat- 
ing annunciator drops and sounding the 
alarm. 

The annunciator consists of drops and a 
latching type alarm relay 30. Operation 
of any of the protective devices energizes 
an individual drop in series with the 
operating coil 300 of the latching relay. 
Operation of the annunciator drop opens 
its circuit. Operation of relay 30 com- 
pletes a circuit to the alarm bell. 

Closing the bell cutoff contact energizes 
the reset coil 30R of the latching relay 
and silences the alarm. 


Governor and Regulator Control 


Figure 16 shows split series field motors 
for the four controls which make it pos- 
sible to adjust for the desired operating 
characteristics. The Ratse-Lower con- 
tacts indicated can be contacts of local 
control switches or contacts actuated by 
supervisory control equipment. It is to 
be noted that the governor synchronizing 
motor also is controlled by contacts of the 
speed matcher when automatic synchro- 
nizing is employed. 
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Supervisory Control 


Remote control equipment often is ap- 
plied to automatic hydroelectric stations. 
Economic considerations usually dictate 
the use of supervisory control equipment 
to provide the necessary controls and indi- 
cations. 

Supervisory control equipment as man- 
ufactured today can be operated over a 
single pair of telephone wires, a power- 
line carrier channel, or a space radio chan- 
nel. The single channel means is all that 
is required for the necessary controls, 
‘amp indications, and selective telemeter- 
ing indications. This is indicated in 
block diagram form in Figure 17. 

1. Start-Stop control of generators with 


supervision of generator circuit breakers. 


2. Control of governor synchronizing mo- 
tors with simultaneous telemetering of real 
power output. 


3. Control of regulator voltage adjusting 
rheostats with simultaneous telemetering 
of reactive power output. 


4. Control and supervision of other cir- 
cuit breakers in station. 


5. Supervision of generator lockout. 


6. Supervision of annunciator. 


PAIR OF TELEPHONE WIRES, 
POWER LINE CARRIER OR 
SPACE RADIO CHANNEL 


Figure 17. Block diagram of supervisory 
control 
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7. Supervision of Local-Remote transfer 
switch. 


8. Telemetering of bus voltage. 
9. Telemetering of headwater level. 


10. Communication. 


Other functions which may be per- 
formed by the supervisory control are de- 
pendent on the requirements of the 
particular installation. The following _ 
additional functions sometimes are pro- 
vided by the supervisory control equip- 
ment. 


1. Control of governor gate limit with 
simultaneous telemetering of gate limit posi- 
tion. 


2. Control of governor speed droop with 
telemetering of speed droop position. 


3. Control and supervision of headwater 
gates or valves. 


4 Control of diversion and reject spill 
gate position with simultaneous telemeter- 
ing of gate position. 


5 Supervision of door giving access to 
hydroelectric station. 


The supervisory control equipment at 
the hydroelectric tation usually is in- 
co porated as part o the local control and 
protective relaying switchboard. The 
supervisory control and telemetering 
equipment is shown mounted on the left- 
hand panel of the rear view in Figure 5. 

Figure 18 shows the front and rear 
view of a typical supervisory control dis- 
patching office unit. The supervisory 
control keys and lamps, as well as the 
telemetering receivers, are mounted on 
the front stationary panel, and the super- 
visory control relays are mounted on the 
rear swing panel. 


Conclusion 


Modern automatic generating stations 
are the result of the technical advances in 
this field that have been made over a 
period of more than 25 years. The reli- 
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able performance and satisfactory opera- 
tion of automatic control on small ma- 
chines has led to its use with progressively 
larger sizes. 

The justification of automatic control is 
purely economic. While in most cases a 
direct reduction of operating costs are 
obtained, there are others where the 
economies are realized indirectly. 

The factors which must be studied by 
the engineer contemplating or designing 
an automatic hydroelectric station are as 
follows: 


Type of hydraulic turbine. 

Type of hydraulic governor. 

Size of generator. 

Design of generator. 

Size of system. 

Impedance of interconnection to system. 
Operating requirements. 


SSO ff WN 
i eae a ies ae ae 


(a). Point of control. 
(b). Personnel in attendance. 
(c). Telemetering requirements. 


(d). Type of channel used for remote control 
and telemetering. 


(e). Conditions under which machine is 
started and stopped. 


(f). Dispatching and loading program. : 

Devices are available for building con- 
trol around any reasonable operating re- 
quirement for ordinary generating equip- 


control 
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Figure 18. 
(left) and rear view 
(right) of supervisory 

dispatching 
office 


ment. Modern facilities for telemetering 
and supervisory control over wire, power- 
line carrier channels, or radio channels en- 
able the designer to include many de- 
sirable features in the operating scheme. 
Advances in relay and switchboard con- 
struction have made maintenance and 
operation simpler, and at the same time 
have brought improved appearance to the 
control room. 


Appendix. Devices Designated 
in Figures 


Start—stop elements. 

Master relay. 

Generator overspeed contact (closes 

at 125 per cent synchronous speed). 

18X. Generator synchronous speed con- 
tact (open at 95 per cent synchro- 
nous speed and above). 

1hG30'S Generator synchronous speed con- 
tact (closed at 95 per cent syn- 
chronous speed and above). 

14. Generator underspeed contact 
(closed at 50 per cent synchronous 
speed and below) 

15B. Speed matcher bus motor. 

15 BX. Speed matching auxiliary relay (to 

lower speed). 


mR 
Roca 


& 
syeursouT 
go Coes 


Front 


ie 


15G. 
15GX. 


20. 
25. 


25X. 
26G. 
26T. 


30. 


33 NL. 
33Z. 


38G 


Speed matcher generator motor. _ 
Speed matching auxiliary relay (to 
raise speed). 
Generator brake timing relay. 
Automatic synchronizer. 
25A delays synchronizing for one 
cycle of heat frequency. 
25B closes in advance of synchro- 
nism proportional to frequency 
difference. 
25C. closes at fixed phase angle in 
advance of synchronism. 
Auxiliary relay to energize device 
Boe 
Generator winding overtempera- 
ture relay. 
Transformer winding overtempera- 
ture relay. 
Annunciator relay. 
301 individual drops. 
300 operate coil to sound alarm. 
30R reset coil to silence alarm. 
Interlock closed from zero to no- 
load opening of turbine gates. 
Interlock closed at zero opening of 
turbine gates. 
Generator bearing thermal relay. 
Turbine bearing thermal relay. 
Field.failure relay. 
Auxiliary timing relay for device 
40. 
Generator field circuit breaker. 
Generator phase balance relay. 
Single and reversed phase relay. 
Incomplete sequence timing relay 
Generator thermal overload relay. 
Generator overcurrent relay. 
Generator circuit breaker. 
Generator overvoltage relay. 
Cooling air flow relay. 
Governor oil pressure relay. 
Bearing oil pressure relay. 
Auxiliary relay for device 630 B. 
Loss of generator bearing cooling 
water relay. 
Loss of turbine bearing cooling 
water relay. 
Generator ground current relay. 
Governor solenoid (energized to 
open gates de-energized to close 
gates). 
Station battery undervoltage relay. 
Lockout relay—immediate tripping 
of generator circuit breaker (elec- 
trically operated, manually reset). 
Lockout relay—normal shutdown 
(electrically operated, manually re- 
set). , 
Generator differential relay. 
Transformer differential relay. 
Governor gate limit control motor. 
Bearing oil pump motor relay. 
Regulating voltage adjusting rheo- 
stat control motor. 
Governor synchronizing motor. 
Governor speed droop control mo- 
tor. > 
Voltage regulator. 
A R—quick raise contact. 
AL—quick lower contact. 
CA M-—R—cam to return rheostat 
to no-load position. 
CAM-L—Cam to return rheostat 
to no-load position. 
CS R—control switch raise. 
CSL—control switch lower. - 
I—contact closed in indicating 


position of regulator transfer — 


switch. 


AIEE TRANSACTIONS 


ms nae, 7 eas 
“ew = 
-~™ ete 


ss 


LS—limit switch. 
M—contact closed in manual posi- 


tion of regulator transfer switch. - 


N R—normal raise contactor. 

NLI—normal lower contactor. 

N H—Antihunt coil (normal raise 
and lower contacts). 

Q H—Antihunt coil (quick raise 
and lower contacts). 

Q R—quick raise contactor. 

~ QL—dquick lower contactor. 

R—contact closed in regulating 
position of regulator transfer 
switch. 


Discussion 


R. M. Alspaugh (Tennessee Valley Author- 
ity, Knoxville, Tenn.): This paper by Mr. 
Brown and Mr. Derr on the automatic con- 
trol of generating stations is most timely. 
Present high operating costs and growing 
pressure to reduce power rates have stimu- 
lated a keen interest in changing old sta- 
tions and designing new stations for auto- 
matic and supervisory control. The early 
installations of such equipment were limited 
to stations of small capacities, but the pres- 
ent trend is to employ automatic control for 
larger generating units. 

The authors have done an excellent job of 
summarizing the many items to be considered 
in the application of automatic control for 
unattended hydroelectric plants. They 
have emphasized that the responsibility of 
*the control engineer does not stop at the 
switchboard. A thorough knowledge of the 
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RL—red light indicating raise re- 


quired. 
LL—green light indicating lower 
required. 
V R—raise contact (voltage ele- 
ment). 
VL—lower contact (voltage ele- 
ment). 
95G. Generator bearings low oil level 
contact. 
95Q. Governor low oil level contact. 
95TR. Transformer low oil level contact. 
95TU. Turbine bearings low oil level con- 


tact. 
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operating features of all major powerhouse 
equipment is necessary for the proper ap- 
plication of automatic control. 

Little has been published on automatic 
control installations during recent years. It 
is hoped that the present paper will stimu- 
late sufficient interest to encourage the prep- 
aration of similar papers, especially papers 
on recent installation and operating experi- 
ence of stations under automatic and super- 
visory control. 

To date, the Tennessee Valley Authority’s 
experience with unattended generating 
plants has been limited to the Ocoee num- 
ber 3 plant which has one 30,000-kva gen- 
erating unit and which was put in operation 
April 30, 1943. The excellent performance 
of this station has encouraged the considera- 
tion of supervisory and automatic control 
for several existing substations and two new 
hydroelectric stations. 

It now is planned to use automatic start- 
ing equipment in an unattended plant con- 
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sisting of two 27,800-kva generating units 
and full automatic control for a new single- 
unit plant of 38,888-kva capacity. The first 
plant will have direct wire supervision from 
a control building in the immediate vicinity. 
The second plant will be supervised from 
this same control building by power line 
carrier channels over a 17-mile 66-kv trans- 
mission line. 

The control features of the Ocoee number 
3 plant and its operating record have been 
discussed.! It is suggested that the latter 
paper and a recent article? are references for 
the present paper. 
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The Voltage Drop in the Welder Throat 
Loaded With Ferromagnetic Materials 


G. M. STEIN 


MEMBER AIEE 


Synopsis: The magnetic flux distribution in 
a welder throat, containing two steel sheets, 
is calculated as a potential field, On this 
basis, the flux density in the sheets and the 
flux change caused by their presence in the 
throat are computed, and furnish the volt- 
age drop caused by the sheets if they would 
be unsaturated. Actually, the sheets are 
saturated, and this condition is considered 
by approximating the magnetization curve 
of the welding material with a broken line. 
The corresponding voltage components are 
calculated for various dimensions of the 
throat and of the sheets, for different posi- 
tions of the sheets in the throat, and for dif- 
ferent welding currents, and agree satis- 
factorily with test results. 


HE resistance welding machine can 

be considered as a single phase trans- 
mission system. Its power is supplied 
through the welding transformer and the 
welder throat represents the transmis- 
sion line; the welding spot can be con- 
sidered as the load. Each of these three 
elements will consume a resistive and re- 
active voltage component whereby the 
over-all efficiency is relatively low and the 
regulation becomes very high as compared 
with a regular power transmission system. 

The voltage components in the throat 
and in the welding spot essentially de- 
termine the required kva rating of the 
transformer, and are, therefore, of special 
interest for its designer 

In a paper by J. J Riley and C. E 
Smith,! these two voltages have been 
determined experimentally. The welder 
throat offers hereby a special problem 
because the material to be welded very 


Paper 47-62, recommended by the AIEE committee 
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winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted October 18, 1946; 
made available for printing December 30, 1946. 
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often extends deeply into this transmis- 
sion line and its magnetic flux distribu- 
tion and its voltage drop are altered con- 
siderably. It shall be the object of this 
paper to calculate this influence of the 
welding materials on the fields and volt- 
ages of the welder throat, and to compare 
the computed values with the test results 
obtained by Riley and Smith * 

The calculation is made under the as- 
sumption of a  inusoidal current—time 
curve. According to Figure 1, introduce 
[=welding current (amperes effective) 
a=horn spacing (inches) 

D=diameter of throat bars (inches) 

t=thickness of each of the two steel sheets to 
be welded (inches) 

a1; d2=distances of sheets from each throat 
bar (inches) 

b= width of sheets (inches) 

d=distance of sheets in throat (inches) 


Calculation of the Field 


The current loop of the welder throat, 
shown in Figure 1, represents the excita- 


trode holders, and the two horizontal 
throat bars. Imagine that these three 
sections excite three separate fluxes in the 
plates which can be calculated. Such an 
analysis is made below for the flux ex- 
cited by the horizontal current flow, and 
shows that this flux alone is saturating 
the section of the steel plates which is 
extending into the welder throat. Con- 
sequently, the additional excitation, re- 
sulting from the two vertical current 
flows in front and back, will have only a 
secondary effect on the flux and on the 
voltage drop created by this section of the 
plates. The load, represented by the rest 
of the steel which remains outside the 
throat, will be minor as compared with 
the effect of the inside portion on the 
power supply unless the sheets extend 
only a short distance into the throat; but 
then the whole influence of the work 
pieces on the performance of the welder 


_ is so small that it will be of no particular 


interest to the designer. For these rea- 
sons, only the horizontal current flow is 
considered in the excitation of the plates. 

The magnetic flux, entering the iron, 
depends on the field distribution in the 
surrounding air space. In the calcula- 
tion of this latter field, the steel sheets 


are assumed to be of infinite permeability 


so that their surface is on equal potential. 
As a result, all instantaneous values of 
the fluxes and flux densities are propor- 
tional to the instantaneous welding cur- 
rent, and change with the time in sine 


SHEETS * I 


Figure 1. Position of 
steel sheets in welder 
throat 


SECTION A-B 


tion of the magnetic flux in the steel 
plates. In this capacity, the loop can be 
considered as being composed of three 
separate sections which are the vertical 
inner end of the throat, the vertical elec- 
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WELDER 
THROAT 


waves, if the current waves are undis- 
torted. The effect of a saturation of the 
steel sheets will be taken care of later. 
Because only the space inside the 
welder throat is considered, and, because 
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its end effect is neglected, the condition of 
infinitely long bars and sheets can be 
substituted; that is, a 2-dimentional mag- 
netic field is computed in an x-y plane 
located perpendicular to the throat 
bars, as shown in Figure 2. The cross 
section of these bars is approximated by a 
circular form in whose center the current 
I can be considered as concentrated for 
the determination of the magnetic field 
outside the copper. The steel sheets are 
replaced by a single line P-Q over which 
the currents +J and —IJ appear under 
angles 0; and ©; By introducing a 
complex variable z=x+jy, the x-y 
plane becomes a z plane, and can be 
transformed conformally into the upper 
half of an auxiliary w plane of w=u-+ju 
by the function 


b/2-+-2 


b/2—2 (1) 


w=f 


derived in Appendix I. In this w plane, 
the sheets appear as the whole w axis, 
and their edges P and Q are shifted into 
the zero point and into the infinity. 
The currents +J and —/J are located on a 
circle of the radius r with P as center, 
and appear under the angles ©, and 0, 
over the wu axis. This circle corresponds 
to the y axis in the z plane, and inter- 
sects the u axis in O, and O, which are the 
upper and lower midpoints of the plates 
in the z plane. 

In the z plane and in the w plane, the 
steel sheets represent an equipotential 


1947, VoLUME 66 


Figure 2. The confor- 
mal transformation 


method and for the example a;=a2 and 
b/a=2, the flux distribution of the w 
plane is plotted in Figure 3, and the 
corresponding actual throat field of the z 
plane is constructed in Figure 4, as ex- 
plained in Appendix IT. 

In order to compute 


B,=flux density in steel plates at x (gausses 
peak value) 

B,=maximum value of B, on center line of 
plates (gausses peak value) 


find the flux y,, entering the plates be- 
tween x-+j O and x—j O, as 


vr=V¥(x; y= —O)—Y¥(x; y= +0) 


= x(x—jO) —x(x+j0) _(3) 
W-~PLANE and obtain 
B,=0.198(~z/t) (4) 
Combine also 
oh Reis A=a,/a2 
tan 6;=— X na 
6b 1-+-A 
tan 0, wee 
uae Deen tes 
line’of the magnetic field Consequently Ee I=", For Granta 8 Ori Nek (5) 


this boundary can be replaced in the w 
plane by the images of +J and —I ob- 
tained with respect to the w axis with the 
same sign. In this way, solve for 


and derive, according to the equations 
1 to 4, 


¢y=potential function (gilberts peak value) 
y = flux function (maxwells/centimeter, peak 
value) 


I 
B,=0 112 -X 


in the w plane tanh7! PER ria 
x=¥+i¢ = 0.2831 X +(¢ a) 
(w—re*?) (w—re-M) Lee (Sat 
wre ™)(w prev) ) ; -(F) 
tanh7? 


By substituting w of equation 1, this field 
is transformed into the z plane. By this 


Table I. Comparison of Calculated Values With Test Results of the Resistive and Reactive 
Voltage Components Caused by Two Steel Sheets 


Distance in Throat d= 30 Inches 
i 


Reactive Voltage Resistive Voltage 
Vrs (Volts) 


Thickness Secondary Vxs (Volts) 

of Each Welding Horn Sheet ——_—— — 
Sample Sheet Current Spacing Width Calcu- Calcu- 
Number  t (Inches) I (Amperes) a (Inches)  b (Inches) Tested lated Tested lated 
ee aaa 

Sao 0), O90 ssp ccvtops US{OO0S aeepetin ve Si akcasleer OO ate Meni oe TO at alec, 2 Oise Ones is stave 0.47 

D etottraco 090i. ga eh O 000 once Si citare Mea LS itdutoyy « TROG nates UP aie odie OnSite 0.21 
Oinxeagaetes 0.090 8 t eacerer eet OSs LOZ ita. On 4s conte 0.10 
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Introduce the factor 
b 1+A b 1+) 
fi= sinh ( ‘Se sinh~! — is 
a 2d a 
: b 
fi=2 sinh!" for \=1 (7) 


fiis given in Figure 5 as function of b/a for 
A=1,2,4,6. The substitution of f; trans- 
forms the equation 6 for x«=0 into 


ih 
B,=0.112 ; fi (8) 


In order to find 


@=flux change caused by steel sheets 
(maxwells peak value) 


determine 


$;=total throat flux with steel plates (max- 
, wells peak value) 
¢)=total throat flux without steel sheets 
(maxwells peak value) 


and compute 
=¢s— bo (9) 


In particular, calculate 


o-nsuln(o-2) 
fnfo-8)} 


according to equations 1 and 2, and obtain 


bq = 0.722dI log 
{1+ cos (0:+ 42) }X 


[1+ cos (0;— 62) ] 7) 
1/2 [cos (6; — 62) — D 
cos (01+ 62) }(cos 6: cos 62)? 


(11) 
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Figure 3. Magnetic flux distribution in the 
auxiliary w plane for a1=a2 and 6/a=2 


The complex potential function, repre- 
senting the field in an infinitely long 


welder throat without steel sheets, has 


the form 
=Vetivo= o.2sariog (2 etl ai) (12) 
+ja2 


from which ¢, is derived, like ¢, in equa- 
tion 10, as 


2a \? 
$= 0.722dI log (=) (13) 


WELDING 
CURRENT 


Figure 4. Magnetic 
flux distribution in the 
z plane of the welder 
throat for a:=a, and 
b/a=2 
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In order to compute ¢ from equations 
9, 10, and 13, introduce the factor 


ia oe 
a [1 —cos (@1+62) } sin ©: sin ©2 


fe=4 log = Pest @,=02.=8 or A=1 (14) 
in which ©, 02, and © are given by equa- 
tion 6. The values of fe are plotted 
against b/a in Figure 5 for A=1, 2, 4, 6. 
Use these curves and compute 


¢=0.722dI fz (15) 


Calculation of Voltages 
and Losses 


For unsaturated steel sheets, the flux 
densities B, and B,, and the flux change 
¢ will furnish in the secondary welding 
circuit 
V=total voltage change caused by un- 
saturated steel sheets (volts peak 
value) 

X =reactance of unsaturated steel sheets 
(ohms) 

P=total eddy current losses in unsaturated 
steel sheets (watts) 


In the calculation of these values intro- 
duce also 


W,,=specific eddy current losses in unsatu- 
rated steel sheets at x (watts/cubic 
inches) 

F=frequency (cycles/second) 

p=resistivity of steel sheets (ohms/cubic 
centimeters) 


Note further that any change of the 
ratio \=a;/d2, that is, of the position of 
the sheets between the throat bars Figure 
1, is, according to Figures 5 and 6, of 
little influence on the values of the fac- 
tors f; and fz, Consequently, B, and ¢, 
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Figure 6. Factor for the determination of the 
flux change caused by the steel sheets 


given by equations 8 and 15, and the 
steel sheet voltages, derived from B,, 
and ¢, will be almost independent of this 
location of the load, as also claimed by 
the paper of Riley and Smith.!| There- 
fore the remaining part of the analysis 
can be confined to the condition a;=d2, 
or \=1, that is, to a centered position of 
the plates. 

Approximate further the reactive com- 
ponent of the steel sheet voltage by the 
total voltage V. and write 


V=4.4410-* Fo 
X=V/I (16) 
Substitute equation 15, and obtain 


V=8.2 107'Fdfol 


X =3.2 10-*Fdfe (17) 


Note that X is independent of J. 
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If the steel sheets are insulated from 
each other and skin effect is neglected, 
W, can be written? 

Fey . 
W,=0.0174 — B,? (18) 
p 


and furnishes 


P=2tdb Jo Wd (2x /b) (19) 
In this equation, combine the factor 
fr= So (Br/Bm)*d(2x/b) (20) 


B,/B,, and (B,/B,)* are given by equa- 
tions 6 to 8, and are plotted in Figure 7 
against 2x/b for A=1 and for b/a=0, 1 
and 4. A numerical integration of these 
curves furnishes fs as function of b/a in 
Figure 8. In this way, combine equations 
18 to 20 into the form 


F 
P=0.0348 — fxd bt8 By? 21) 
p 


in which B,, has to be computed accord- 
ing to equation 8. For an estimate of the 
numerical range of this B,, use I/i= 
84,000 to 250,000 and b/a=1.1 to 4.5 ac- 
cording to Table III and Figures 12 and 
13 of the paper of Riley and Smith.’ With 
these values, obtain f;=1.4 to 4.5 for 
\=1 from Figure 5, and find B,, = 13,000 
to 126,000 gausses. Consequently, , B,, 
will exceed the saturation limit of the 
steel sheets (about 20,000 gausses) in most 
cases. 

In order to account for this saturation, 
the magnetization curve of the steel 
sheets, that is, its flux density B as func- 
tion of its field strength H, is approxi- 
mated by the broken line shown in Figure 
9 in which B has the limit* 


Bo =saturation value of the intrinsic flux 


density in the steel sheets (gausses) 


The corresponding time values By, and 
V7 of the maximum flux density and volt- 
age of the steel sheets are plotted in 
Figure 10 against wT (w=2aF and T= 
time in seconds) for a sinusoidal current 
I. In this chart, By, assumes a trape- 
zoidal shape, and V, has a rectangular 
form which extends up to 


; Bo\ Bo 
Lip = site (5) aan 


The shape of the curves agrees with 
those shown in Figure 19 of the paper of 
Riley and Smith. In the approxima- 
tion shown in Figure 10, compute ~« 


(22) 


V.=total effective value of Vr (volts ef- 
fective) : 

V;=fundamental value of Vr (volts ef- 
fective) 
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and find 


which furnishes 
V2AVIV (24) 


The voltage Vi also may be written, ac- 
cording to equations 8, 17, and 23, 


Vi: =0.365 10-° FB ofidt, for fa=fo/fi (25) 


GAl CORE a0.8 TL Cra 


Figure 7. Distribution of the flux density in 
unsaturated steel sheets for \=a,/a2=1 


Aand D—b/a=0 
BandE—b/a=1 
CandF—b/a=4 
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Figure 8. Factors for the determination of the 
eddy current losses and of the voltage com- 
ponents caused by the steel sheets 
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MAGNETIC FLUX DENSITY ~~ B 


MAGNETIC FIELD STRENGTH-H 
Figure 9. Approximation of the magnetiza- 
tion curve of steel including saturation 


Figure 10. Approximate variation of the 
welding current and of the voltage and maxi- 
mum flux density of the steel sheets with time 


and is independent of J. For \=1 take fs 
from Figure 8. 
Introduce further 


Vxs=reactive voltage component caused 
by steel sheets (volts effective) 
Vrs=resistive voltage component caused 
by steel sheets (volts effective) 
X,=reactance of welder secondary circuit 

without steel sheets (ohms) 
P,=actual eddy current losses in steel sheets 
(watts) 


and calculate 


Vag=V (IX0+ Vi)?-+(Ve2— Vi2)—IXo 


Substitute V2 from-equations 16 and 24, 
develop the root into a series, and derive, 
approximately 

1I1x—- 
E re | 


Vee, 
ils DIX eye 


(26) 


in which V; and X are given by equations . 


17 and 25, and are, like X,, independent 
of J. In addition to this, the value of V; 
is usually small as compared with JX and 
IX, so that Vxg will change only little 
with the welding current J, in conformity 
with the findings of Riley and Smith. 
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For the computation of 


Vas=P,/I (27) 
determine 
P,=P(V./V)? (28) 


by equations 17, 21, and 23, and obtain 
the approximation 


F2 
Vrs=49.6X10-‘ é Bofsbdi? X 


[14133 Gal for fs=fifs (29) 


which depends on J only slightly, as in 
the paper of Riley and Smith. For rA=1 
obtain fs; from Figure 8. 


Comparison of Calculated Values 
With Test Results 


With this analysis, compare the empiri- 
cal formulas 


Vxs i 0.63id+ 2t 


Ves=0.590'/*d (30) 


developed by Riley and Smith! for the 
construction of their nomogram (Figure 
21) for b=36-inch wide sheets. For 
a=8-inch horn spacing, that is, for 
b/a=4.5, take f2=6.2 from Figure 6 for 
A=1, and find fy= 1.4, f= 1.7 from Figure 
8. Choose further B.=20,000 gausses 
and p=12X10~* ohms/cubic centimeter 
as average properties of the sheet steel. 
Introduce these values into equations 17, 
25, 26, and 29, and find for F=60, cycles/- 
second 


_X=11.9X10-*d 


Vi=0.61dt 


11x-Vi 
Vx e=0.61dt| 1+- —— 
zs | 13 1X,+ 2 | 


t 2 
Vrs= sz 1 +4a(5 10') | 


The calculated expression for Vxg 1s 
quite similar to the empirical value and 
the calculated expression of Veg varies 
with the second power instead of the 3/2 
power of the sheet thickness ¢. This dif- 
ference may be in some extent caused by: 
skin effect which is not considered in the 
analysis. 

On the same basis, that is, for Ba 
= 20,000, p=12, and F=60, the test re- 
sults of Vxs and Vgg, given in Figures 12 
and 13 of the paper of Riley and Smith,’ 
and some additional experimental data 
are compared in Table I, for d=30 inches 
with a calculation made according to 
equations 17, 25, 26, and 29 developed 
in the foregoing text. In this tabulation, 
the test values of sample numbers 7 to 
14 change very little if the horn spacing 


(31) 
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is increased from a=8 to 16 inches. This 
result is verified by the calculation for the 
resistive component Vs, but not for the 
reactive component V xx of the steel sheet 
voltage as the calculated value of Vxg 
is reduced noticeably for the larger a. 
Furthermore, the computed amounts of 
Ves are smaller than the test results in 
the lower voltage range where their size 
has no particular significance. 

In addition to this, the measured 
values of Vx and Vpg, plotted against 
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DISTANCE IN WELDER THROAT di IN INCHES 
Figure 11. Variation of calculated and tested 
voltage components with distance in throat for 
two pieces 0.118 inch thick, 18,000-ampere 

welding current and 8-inch horn spacing 


A, B, and C=reactive voltages for 36-, 18-, 
and 9-inch sheet widths, respectively 

D, E, and F=resistive voltages for 36-, 18-, 
and 9-inch sheet widths, respectively 
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Figure 12. Development of the conformal 
i transformation - 
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Figure 13. The mag- 
netic field of an indi- 
vidual double line 
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Figure 
Construction of 
magnetic field in 
auxiliary w plane 


d for t=0.118 inches in Figure 13 of the 
paper of Riley and Smith! are compared 
with the corresponding calculated 
amounts in Figure 11 of this paper. 
These voltages are taken at J=18,000 
amperes welding current and a=8-inch 
horn spacing. In the lower range of d, 
the computed voltage drops of Figure 11 
are smaller than the test results, because rey 
the effect of the currents in the vertical 
electrode holders has been neglected in 
the calculation. This discrepancy is 
unimportant because for small distances 
d.the values of Vxys and Vpg remain Oe ee 
low, and, therefore, can have only a re- 
duced influence on the over-all welding 
characteristic 


Appendix |. The Conformal 
Transformation 
The conformal transformation, repre- Figure 15. The co- 


sented by equation 1, can be derived"in two ordinates of the con- 
steps. -formal transformation 
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In the first step, the left half of the z plane, 
Figure 2 of the welder throat, is trans- 
formed into the interior of a unit circle in 
the center of a ¢ plane of {=£+-jn, as shown 
in Figure 12. 

This is done by the equation 


b/2+2 
b/2—2z 


c= 


(32) 


Hereby the imaginary axis of the z plane be- 
comes the circumference of the circle in the 
¢ plane and the real axis of the two planes 
are transformed into each other. In par- 
ticular, the edges P and Q of the steel sheets 
appear in the points zero and infinity of the 
¢.plane. The outside of its circle corre- 
sponds to the right half of the z plane so 
that the whole z plane is transformed 
uniquely into the whole ¢ plane. 
By a second transformation 


wart 


also shown in Figure 12, the inside of the 
unit circle in the ¢ plane is reduced to the 


(33) 
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inside of one-half circle of the radius 7 in the 
auxiliary w plane of Figure 2. This half 
circle corresponds also to the left half of 
the z plane. As a result, the total z plane 
will go over into the upper half of the w 
plane, the real axis of which becomes the 
section P-Q of the steel plates, if the two 
transformations of equations 32 and 33 are 
combined into 


yi 
w=f 
b/2—2 


Appendix Il. A Graphical 
Method of Field Plotting 


(1) 


The magnetic flux distributions, shown 
in Figures 3 and 4 in the w plane of w=u+ju 
and in the z plane of z=x+ Jy, are obtained 
by a graphical procedure. The field 
y=w-+j¢ is excited in the w plane of Figure 2 
by two double lines, that is, by a double line 
with the currents +J and —I located in the 
upper half of the w plane and by another 
such line located in the lower half. Their 
individual fields may be written as 


Yi=vitijer, for the upper double line 
x2=Y2+jeo, for the lower double line 


if Yi, W2 describe the flux functions, and ¢i, 
y indicate the potential functions of each 
field. The field lines y;=constant and 
gi=constant (¢=1 or 2), excited by an indi- 
vidual double line, are forming two families 
of circles, as shown in Figure 13. If both 
double line fields x1 and xz are plotted in the 
w plane, their intersections furnish the re- 


sultant field x. This is illustrated in Figure 
14 by the construction of the flux distribu- 
tion x(u, v). The individual circles x1= 
constant and x2.=constant intersect each 
other in points x = xi+x2 which belong to the 
resultant field, Figure 3. 

In order to transform this field of the w 
plane into the z plane, the variable ¢=&+-jn 
of the ¢ plane (Figure 12) is used as param- 
eter, that is, curves ¢=constant and 7= 
constant are constructed in the w plane and 
in the z plane where these curves represent 
the special co-ordinate systems shown in 
Figure 15. The field then is transferred 
point by point from one such co-ordinate 
system into the other. 

-In the w plane, (obtain from equation 33) 


¢=(w/r)? (34) 


This function ¢(w) represents the potential 
field in an inner corner whereby its com- 
ponents 


(u/r)?—(v/r)?=&=constant 


2(u/r)(v/r) =n=constant (35) 


form two families of hyperbolas 

In order to develop the character of the 
corresponding £7 co-ordinate system in the 
z plane, its zero point is shifted into the point 
Q by the transformation 


2=2—b/2 (36) 
Equation 32 then may be written 
c*=—(6+1) =b/2* (37) 


The function ¢*(z*) is representing the field 
of a dipole in the point 2*=0 of the 2* 
plane, that is, in the point Q of the z plane. 
This dipole field consists of two families of 


circles which are given in the z plane by. 


equations 
¢ \2 2 
Sy) 2—( —— }, 
(: or) AV 49 ue 
for £=constant 


for y=constant (38) 


~ derived from equation 32. 


The calculations are confined to a centered 
position of the steel plates in the welder 
throat shown in Figure 1, that is, to fields 
which are symmetrical to the y axis of the 
z plane shown in Figure 2. Under this con- 
dition, it will be sufficient to determine only 
the field in the left half z plane. This half 
plane corresponds, according to Figure 12, 
to the inside of the half circle with the 
radius r in the w plane. Consequently, the 
t-» co-ordinate systems (Figure 15) have to 
be plotted only in these two areas of the z 
and w planes. 
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Modern Bearing Practice for Vertical 
Water Wheel Generators 


C. M. LAFFOON 


FELLOW AIEE 


N THE United States approximately 

80 billion kilowatt-hours of electric 
energy were produced in 1945 by hydro- 
electric power stations. This represents 
35 per cent of the total electric energy 
produced by the electrical utilities in- 
dustry in the country. 

Water power resources are deter- 
mined by nature, and the hydroelectric 
engineer has very little control over 
the quantity of water and the pressure 
heads available. | Consequently, the 
hydroelectric turbine must be designed 
and proportioned to suit existing con- 
ditions. As a result, there is a wide 
range in speeds for which hydroelectric 
generating equipment must be designed 
in order to obtain economically the maxi- 
mum power from the installation. 

As the available head of water is nor- 
mally small and the vertical type hydro- 
electric unit offers the greatest oppor- 
tunity in utilizing the largest portion of 
the head, the use of this type of unit has 
become accepted practice. 

The vertical type hydroelectric unit re- 
quires guide bearings to position the ro- 
tating parts and a thrust bearing to sup- 
port the weight of the rotating parts and 
the thrust load due to the water head. 
It is normal practice for the thrust bearing 
and its supports to be provided as a part 
of the generator. The speed and propor- 
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tions of the turbine and generator parts 
are stich that one guide bearing normally 
is required for the turbine and one or more 
for the direct coupled generator. 

The need fer bearings of greater size 
and capacity has necessitated improve- 
ments in design, manufacturing pro- 
cedures, and lubrication. The required 
information has been obtained from 
laboratory tests and field experience. 

A better understanding of the perfor- 
mance requirements of vertical water 
wheel generator thrust bearings has made 
possible the development of simple, com- 
pact machines which are less costly to 
erect, easier to operate, and have in- 
creased performance reliability. 


Bearing Arrangement 


Three principal types of bearing ar- 
rangement, as shown schematically in 
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Figures 1, 2, and 3 have been developed 
to meet the operating requirements of 
water wheel generator units for a wide 
range in dimensions, proportions, weights, 
and speeds. 

For high speed units for which the ratio 
of rotor diameter to core length is small, 
two forced lubricated sleeve guide bear- 
ings are placed on the shaft as close as 
possible to the rotor, and the thrust bear- 
ing is located above the generator. This 
arrangement, which is shown in Figure 4, 
makes possible the use of the minimum 
size guide bearings with minimum friction 
losses. A rather complex lubricating and 
cooling system is needed for this arrange- 
ment. ; 


Figure 1 (left). Schematic picture of high- 
speed vertical water wheel generator unit 


Figure 2 (center). Schematic picture of 
medium speed vertical water wheel generator 
unit 


Figure 3 (right). Schematic picture of Kaplan 


type water wheel umbrella type generator 
unit 


Turbine guide bearing 
Generator lower guide bearing 
Generator upper guide bearing 
Thrust bearing 


yee Wie 


Figure 4. High speed vertical water wheel On medium speed machines with a 
generator with sleeve type guide beating higher ratio of rotor diameter to core 
length, a similar bearing arrangement still 
is maintained, but the guide bearings are 
designed to operate in an oil bath, thus 


ge 


iy ; eliminating the usually complicated lubri- 
They aus cating system. A machine of this type is 
La \ shown in Figure 5. With this design, the 
eg tl guide bearing losses are somewhat higher 


ee: than for a sleeve guide bearing placed on 
the shaft but are kept within reasonable 
limits by the use of pivoted pads which 
have a high carrying capacity and make 
cee See possible a smaller bearing area. 

For low speed units with a still higher 
ratio of diameter to core length, the single 
guide bearing type generator is used ex- 
tensively as its low height makes possible 
a power station of much lower head room. 
This type of water wheel generator com- 
monly is known as the “umbrella type.” 
The thrust bearing is placed under the 
rotor; the single guide bearing of the 
pivoted pad type is placed at the per- 
iphery of the thrust bearing runner and 
operates in the same oil bath, thus reduc- 
ing to a minimum the bearings and lubri- 
cating system of the machine as shown in 
Figure 6. When provided with a rigid . 
support, the thrust bearing of the um- . 
brella type generator provides a very large . 
stabilizing effect. Any unbalanced mag- 
netic force acting on the rotor pushes it 
against the guide bearing and produces an 
overturning moment, which is opposed by 
the weight of the rotating parts and hy- 
draulic thrust as shown in Figure 7. 

The usual small distance between the 
transverse axis of the rotor body and the 
transverse axis of the guide bearing, the 
large thrust bearing diameter, vertical 
load, and the thin rigid oil film sepa- 
rating the bearing parts provide a large: 
factor of safety against the overturning of 
such a rotor. It can, for practical pur- 
poses, be considered as built-in with the 
supporting lower bracket. This structure 
oan Cet is much more rigid than the shaft, and a 
i Vfl aes Reoreers Pee eee very rigid lateral sui:pport thus is obtained 

E niet oe for the rotor. Some very large genera- 
tors have been tested in the shop at 
overspeed when operating with only the 
single combined thrust and guide bearing. 
Similar operation can be obtained in the 
field, if it should become necessary to dis- 
uf connect the generator from the turbine 
and operate it separately as a synchro- 
nous condenser, or to measure the gen- 
erator friction and windage losses. 
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Bearing Design and Manufacture 
With the continuous increase in size of 
hydroelectric generating units, machines 


now are built with thrust load well above 
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1,000 tons and requiring large thrust bear- 
ing approaching ten feet in diameter. 
The design, manufacturing, and opera- 
tion of such large bearings have brought 
many new problems which have been 
solved successfully following many labo- 
ratory and field tests. Such tests have 
shown that the performance of a thrust 
bearing during the starting period can be 
very critical, unless a satisfactory finish, 
quality of oil, and temperature of the oil 
are provided or controlled. 


In order to perform satisfactorily, the 
thrust bearing runner and pads also must 
be provided with adequate supports which 
permit the bearing to remain permanently 
under alignment and have uniform pres- 
sure distribution and loading on the sup- 
porting pads. These problems have been 
discussed by the authors.’ 


Thrust Bearing Arrangement 


When placed above the generator, the 
thrust bearing runner is made in one piece 
and supported by a rigid supporting 
collar mounted on the shaft. In order to 
permit the dismantling of the generator, 
this collar must be removable. In the 
early designs, it was secured to the shaft 
by means of a heavy steel nut, which was 
tightened by means of aram. With this 
design, it was very difficult to insure a 
tight fit between the collar and the shaft 
under all operating conditions. With a 
small settlement of the foundation, or 
even with the normal alignment toler- 
ances, a small wobble between the shaft 
and the collar could not be avoided and 
resulted frequently in wear showing in the 
form of red rust at the contact between 
these parts. This type of wear which is 
found frequently on many types of ma- 
chines is now the object of considerable 
research work. The wear is caused by 
minute sliding motion, as low as a few 
millionth of an inch, between surfaces 
under pressure, and is better known under 


the name of “fretting corrosion’’.” 


This kind of wear is difficult to elimi- 
nate completely but can be reduced to a 
negligible amount, if the press fit between 
the thrust collar and the shaft is appre- 
ciably larger than the disturbing forces 
produced under operating conditions. A 
very successful attempt to fasten the col- 
lar on the end of the shaft was made by 
the use of high strength bolts which were 
tightened by means of electric heaters. 
The stretch of the bolt indicates the mag- 
nitude of the assembling force which was 
kept at double the value of the maximum 
thrust load. On large bearings, this de- 
sign proved somewhat unwieldy and was 
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Figure 5 (above). Medium speed vertical 
water wheel generator with guide bearings 
operating in oil bath \ 


replaced by the design shown in Figure 8 
where the thrust collar has a tight fit on 
the shaft and is pressed against the shaft 
shoulder by means of high strength steel 
levers which are deflected a given amount 
by relatively small bolts. This design 
can be assembled very easily with a mini- 
mum of effort and makes the end of the 
shaft available for mounting the exciters. 
With umbrella type generators, the thrust 
bearing collar need not be removed to per- 
mit dismantling the machine and, there- 
fore, can be forged in one piece with the 
shaft, thus eliminating an undesirable 
joint. However, experience has shown 
that this type of thrust collar also must be 
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Figure €(below). Umbrella type generator 
with a single guide bearing combined 
with the thrust bearing 


made with sufficient rigidity to prevent 
minute slips which would result in fretting 
corrosion between the thrust bearing sup- 
port parts. 

A hard close-grained material, which 
can be polished readily and is hard to 
scratch, is desirable for heavy duty thrust 


bearing application. Alloy cast iron with 
a chilled bearing surface has been very 
satisfactory for this service. Several run- 
ners made from steel forgings and steel 
plate have been in satisfactory operation 
for several years. The performance of 
these runners has been comparable with 
that obtained from chilled cast iron run- 
ners. All thrust bearing runners must be 
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annealed to relieve internal strains when 
the rough material is produced in order to 
prevent distortion during subsequent ma- 
chining operations and after being placed 
in service. 

Thrust bearing shoes or pads are de- 
signed in such a way that the deformation 
due to load and temperature gradient will 
not interfere with the formation of the 
oil film. Steel plate or steel forgings are 
adequate for this purpose because of their 
high modulus of elasticity and the ease 
with which babbitt can be applied to 
them. Tin base babbitt is needed and 
normally is used for water wheel generator 
guide and thrust bearings. Because of 
the scarcity of tin, a set of thrust bearing 
pads was made with arsenitic lead base 
babbitt, containing practically no tin, for 
trial use on a large water wheel generator. 
This unit was installed in 1943 and has 
been in satisfactory operation since. 

The pivoted pads of most thrust bear- 
ings used with hydroelectric generators 
are in most cases supported on individual 
jack screws. They provide a simple and 
rugged means for adjusting the load uni- 


ODS LTE 


formly on the pads, and for determining 
the elevation of the rotating parts. 


Bearing Manufacture 


In recent years, much progress has been 
made in the development of manufactur- 
ing methods to obtain surfaces of the re- 
quired quality. For this purpose, special 
machine tools of high accuracy are used 
and enclosed in an air-conditioned room, 
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which is maintained at constant tempera- 
ture and supplied with filtered air. This 
eliminates the dust particles which are 
usually present in the air of the average 
manufacturing plant and scratch the bear- 
ing surface during the polishing operation. 

The roughness of the surface is meas- 
ured by means of a profilometer which 
indicates the rms of the profile of a chosen 
section. Laboratory and field tests Have 
indicated that roughness values of ten 
microinches or less are sufficient and 
satisfactory 


Bearing Operation 


The pivoted-pad thrust bearing has an 
excellent record of reliability when 
properly installed, lubricated, and main- 
tained. It gives years of service with 
practically no wear; many bearings in- 
spected after more than 20 years of service 
currently show the original machining 
marks on the babbitt. At normal opera- 
ting speed, the bearing surfaces are sepa- 
rated by an oil film from a clean oil supply 
system. The only wear occurs during the 
starting and stopping periods. The finish 
of the bearing surfaces and the oiliness of 
the lubricant are very important, par- 
ticularly for bearings which are started 


Figure 7 (above). . Stabilizing effect of rigidly supported thrust 


bearing 


Rotoris stable for WXL>PXH 
WL is always several times larger than P<H 


Figure 8 (below). Modern thrust bearing runner held on shaft by 
means of preloaded flexible keys 
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frequently. Laboratory and field tests 
show that the coefficient of friction is 
much higher when starting than when 
stopping. When starting, the bearing 
runner is not carried on an oil film until 
a speed of 20 to 30 rpm is reached; but 
when stopping, it still is carried on an oil 
film down to a speed of onerpm. The co- 


efficient of friction during the starting - 


period for a small laboratory model and a 
large thrust bearing in the field are given 
in Figure 10. 

The smoothness of the rubbing surfaces 
and the oiliness of the lubricant improve 
appreciably with time. Therefore, when 
placing a machine in service, several tem- 
porary measures can be taken to increase 
the factor of safety dufing this period in 
which the machine is submitted to many 
starts at high temperature during the 
dryout. 

As shown in Figure 11, the speed at 
which the bearing rides completely on an 
oil film increases rapidly with the tem- 
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perature of the lubricant to such an ex- 
tent that with a high starting tempera- 
ture, a failure is likely to occur. There- 
fore, it is very important not to attempt 
to start a water wheel generator unless 
the temperature of the oil is kept at a 
relatively low value; that is, 45 degrees 
centigrade or lower. 


Many horizontal electric machines are 
provided with oil pressure under the jour- 
nal when starting, in order to reduce the 
starting friction forces and keep to a min- 
imum the current inrush. This feature 
reduces greatly the strain on the bearing. 
Oil pressure lift is not necessary on water 
wheel generators, as there is ample power 
to break away the bearing. Furthermore, 
the installation of oil lift on the several 
tilting pads of a thrust bearing is rather 
complicated although it has been done on 
a few vertical motors where low starting 
torque was required. The same effect 
can be obtained, however, by jacking up 
the rotor with the hydraulic jacks norm- 
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ally provided. Oil thus is introduced be- 
tween the bearing surfaces, and an oil film 
is maintained during an appreciable time 
after the jacks are released.. If the ma- 
chine is started immediately, the starting 
coefficient of friction is reduced to a value 
comparable with that obtained with oil 
pressure lift. This method of starting 
when used for the first 40 or 50 starts in- 
creases the factor of safety of the bearing 
while the bearing surfaces and lubricant 
are improving. 


Variation of the Hydraulic Thrust 
Load as a Function of the Blade 
Angle in Kaplan Type Water 
Wheels 


The coefficient of friction during the 
starting period shown on Figure 10 was 
obtained in the field by means of electro- 
magnetic strain gauges, which were 
mounted on the generator shaft in posi- 
tion to measure the angular and axial 
deformations of a given section of the 
shaft. These deformations are propor- 
tional to the torque and axial load acting 
on that section of the shaft and were 


Figure 9. Umbrella type generator runner forged with shaft 
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Figure 10. Starting coefficient of friction of 
thrust bearing model and of 105-inch thrust 
bearing 


recorded by means of an oscillograph for 
different angular displacements and 
speeds of the rotor. 

Several starting tests, which were 
made with varying blade angle indicated 
as shown in Figure 15, show that with a 
low blade angle, there is a much larger 
hydraulic thrust which increases appreci- 
ably the strain on the thrust bearing dur- 
ing the starting period. 

Quite frequently, the foundations of 
water wheel generators settle and cause 
some change in the alignment of the bear- 
ings. Unless the foundations move as a 
unit, this results in a strain in the shaft 
and in a change in the air gap of the gen- 
erator and exciters. This is usually not 
serious for the generator which is sup- 
plied with a large air gap, but a rub easily 
could develop in the exciter, unless a 


Figure 12. Starting coefficient of friction as 
a function of oiliness factor 
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check is made when a foundation settle- 
ment is suspected. The distance be- 
tween guide bearings being usually rela- 
tively large, a appreciable misalignment 
can occur before large strains are pro- 
duced in the shaft or excessive loading is 
imposed on the bearings. 


Lubrication 


Moderate and low speed machines are 
lubricated with turbine oils having a vis- 
cosity of 275 to 325 Saybolt universal 
viscosity at 100 degrees Fahrenheit, and 
preference should be given to the high 
value, as it also increases the factor of 
safety of the bearing during the starting 
period. 

In recent years, much progress has been 
made by the oil companies in the manu- 
facture of oils having increased stability 
and long life. Additives have been de- 
veloped to obtain properties suitable to 
various operating conditions. Some tur- 
bine oils contain additives which retard 


Figure 13 (right). Oil seal 
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CURVE C 
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Figure 11. Speed at which thrust bearing is 
carried entirely by an oil film 


P=9250 pounds per square inch for all curves 
(ZN/P)c=characteristic number ZN/P when 
oil film is established 


oxidation, reduce foaming, or prevent oxi- 
dation in the presence of water. This 
latter agent also increases the oiliness 
characteristics of the oil and has an ap- 
preciable influence on the coefficient of 
friction between rubbing surfaces. Fig- 
ure 12 shows the reduction in the starting 
coefficient of friction obtained by the addi- 
tion of an oiliness agent and thus empha- 
sizes the importance of this factor with 
respect to the safety of the bearing. 

The oil seals are important accessories 
of bearings in preventing the escape of oil 
from the lubricating system to the gen- 
erator housing. A very successful seal is 
shown on Figure 13. This seal is provided 
with two chambers, the lower one con- 
nected to the atmosphere outside of the 
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bearing housing, thus equalizing the 
pressure at this point and in the bearing 
housing to the pressure at the inner oil 
guard near the shaft. The upper cham- 
ber is connected to the highest pressure 
zone in the machine which forces the air 
to flow into the lower chamber and thus 
prevent positively any oil vapor from 
being sucked into the generator. 


Adjusting the Load on Thrust 
Bearing Pads Supported on Jack 
Screws 


Most pivoted-pad thrust bearings are 
provided with jack screws, which are 
used to get the rotating parts at the 
proper height and to distribute the load 
on all pads as uniformly as possible. 
Every erector usually has his preferred 
scheme for adjusting the loading on the 
pads. However, in order to determine 
the accuracy of several methods of adjust- 
ing the height of the pads, individual cali- 


Table I. 
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Loads Obtained in Jack Screws 
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Figure 14 (left). Cali- 
brated scale placed in 
jack screw 


LEADS TO LOAD 
INDICATOR 


brated scales were placed at the center 
of each of the jack screws of a thrust bear- 
ing as shown in Figure 14. These scales 
are made of a high strength steel cylinder 
on which is cemented a resistance wire 
Strain gauge. Each scale was calibrated 
in a testing machine in order to obtain a 
high accuracy. 

In Table I are given the loads obtained 
in all the jack screws by each of the three 
following adjusting methods: 


1. Each jack screw was tightened by means 
of a wrench and a sledge hammer; the 
maximum variation from the average was 
11.1 per cent of the average and 7 per cent 
at the second try. 


2. The rotor was set and leveled on blocks; 
then the pads were tightened snug against 
the thrust bearing runner. The maximum 
variation from the average was 11.7 per cent. 


3. After the water wheel was connected 
to the generator shaft, the jack screws 
finally were adjusted by means of the strain 
gauges with a variation of plus or minus 2 
per cent of the average. 


Load on Each of Six Jack Screws 


Method of Tightening Jack Screws 74 3 4 5 6 
Ra a OS eS SS ES 
By means of wrench and sledge hammer......... 61,000... .68,000....57,000. .59,050. .. .61,000. .64,800 
Rotor set level. Pads tightened snug ; 

Agaitist FUNNEL... oo. sre 6 ie se sete ee ne we eine 60,400... .69,500. . . .63,800. .57,200. .. .68,500. .66,500 
Water wheel connected to shaft. Jack 

screws adjusted by.means of strain 

BTL spree erecta aap eine. oncom» Werle ean eserepere= 93,100... .96,600. .. .94,800. .89,800... .90,500. .93,500 
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Figure 15. Variation of the hydraulic thrust 
as a function of the blade angle of a Kaplan 
water turbine 


Conclusion 


Laboratory and field tests have con- 
tributed to a better understanding of the 
problems involved in the design and manu- 
facture of thrust bearings and their ap- 
plication to water wheel generators of 
various characteristics. 

These tests also indicate many operat- 
ing requirements which increase consid- 
erably the factor of safety of water wheel 
generator thrust bearings, and their use 
is recommended as a means of extending 
the life of bearing parts. 
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Discussion 


E. I. Pollard (Elliott Company, Ridgeway, 
Pa.): The authors mention:the use of oil 
pressure applied directly to the bearing 
surfaces as a means of reducing the torque 
required to break away the bearing. Though 
this method of reducing the coefficient of 
friction at standstill, by using a high pres- 
sure pump to establish an oil film before 
starting, may not be a cure-all, it has some 
definite advantages for generator thrust 
bearings that should be considered. 

In the first place the operating procedure 
for starting the unit can be made less com- 
plicated than use of the jacks to raise and 
lower the rotor before starting, as it is a 
simple matter to start a motor-driven pump 
unit. Safety devices can be applied easily; 
for example, a pressure switch often is used 
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on horizontal bearing applications to indi- 
cate that pressure is established and may 
be interlocked to prevent starting the unit 
in case of pump or motor failure. Check 
valves are used to prevent reversal of oil 
flow when the unit is running, as this would 
diminish the oil film at the center of the shoe 
in the region of the high pressure oil inlet. 
With the pressure switch located between 
the pump and the check valves, it can be 
used to indicate failure of a check valve. 

With oil pressure applied directly to the 
bearing surfaces there is no danger of lifting 
the rotor more than a few mils, as the 
gallons-per-minute capacity of the pump is 
relatively low. Consequently, the pump 
need not be shut down until after the unit 
is up to a safe speed. 

After a vertical generator has been at 
standstill long enough to squeeze out most 
of the oil from between runner and babbitt, 
the suction force between shoe and runner 
is quite large. If the rotor is raised up too 
rapidly by means of the jacks, there is dan- 
ger of this suction force pulling the babbitt 
loose from the shoes. This hazard is elimi- 
nated if oil pressure first is applied directly 
to the bearing surfaces. 

The authors discuss adjustment of the 
thrust load between the various shoes and 
refer to checking the adjustment by means 
of strain gauges. When a high pressure 
oil lift system is used, it also can serve as a 
convenient method of checking adjustment 
of load by comparing pressures in the oil 
lines to the various shoes with the unit 
running at reduced speed. 


R. O. Standing (nonmember; Hydro-Elec- 
tric Power Commission of Ontario, Toronto, 
Canada): The importance which the auth- 
ors attach to the rigid and tight-fitted thrust 
collar is of special interest, as, in the experi- 
ence of the Hydro-Electric Power Commis- 
sion of Ontario, a considerable proportion of 
all troubles encountered in vertical thrust 
‘bearings is attributed to the so-called loose 
fit between collar and runner plate. 

Not only does the loose fit promote “fret- 
ting,” or pitting, of the collar bore and the 
shaft, which in the case of the latter may 
lead to an expensive remachining operation 
if allowed to continue indefinitely, but also 
it promotes pitting of the lower surface of 
the collar and the mating upper surface of 
the runner plate. This is especially true if 
the collar has become ‘‘cocked”’ on the shaft, 
or the plane of the stationary rubbing sur- 
face has for any reason deviated from the 
normal with respect to the rotating axis. 

The Commission has upwards of 100 
vertical thrust bearings in operation, some 
of these, including the largest (500 tons ca- 
pacity), having been in operation more than 
20 years. Eighty of these are of modern 
design, and of this number approximately 
half are pivoted-shoe type and half spring- 
supported. 

Generally speaking, the trouble most fre- 
quently encountered is common to both 
types, and, strangely enough, this is not out- 
right failure of the bearing, but what is 
called ‘‘near failure’ and is found by inspec- 
tion. These near failures manifest them- 
selves, after approximately ten years of 
bearing service, as pitting of the shaft, 
collar, and runner plate as described previ- 
ously, and abnormal wear of the babbitted 
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rubbing surface, usually at the outer pe-— 
riphery. Except for the effect of the loose 
collar, this pitting is attributed to either 
poor assembly or poor alignment, or both. 
Unfortunately, it is not known generally 
what proportion of these errors is the result 
of defective assembly and alignment or 
settling of the machine foundations. 

With regard to the rubbing surfaces of 
pivoted-shoes, operating engineers of the 
Commission do not share the authors’ 
findings as to wear. Invariably these shoes 
show a central hollow spot after a prolonged 
period of service. This means that wear 
has occurred as is confirmed readily by visual 
inspection. The condition is attributed to 
slight elastic deformation of the shoe under 
load. It has not led to difficulty, however. 

Experience indicates that modern thrust 
bearings will operate for surprisingly long 
periods under conditions of poor alignment. 
Knowledge of this fact tends to produce 
carelessness during erection, and it is sug- 
gested that more cases of misalignment in 
modern machines are attributable to this 
circumstance than to settling of foundations. 
Eventually however, misalignment will lead 
to failure and costly repairs, and it is there- 
fore unwise to erect a machine, or to main- 
tain it, on any basis other than that of ex- 
treme accuracy. 

As a means of reducing pitting resulting 
from the relative movement between thrust 
collar and runner plate, it is suggested that 
these two might be bolted together. As a 
means of reducing the effect of misalignment 
of the guide bearings, it is suggested that 
the increasingly popular practice of using the 
thrust collar as the journal of the upper 
guide bearing, (that is, placing the upper 
guide bearing as near as possible to the 
plane of the thrust bearing rubbing surface) 
is a step in the right direction. With’ this 
arrangement the generator lower guide 
bearing becomes the principal source of mis- 
alignment. . If this bearing be given maxi- 
mum permissible clearance, the effects of 
foundation settlement are reduced ma- 
terially. Actual cases have arisen in the 
Commission’s experience where an increase 
in the clearance of this bearing has produced 
notable improvement in unit operation. It 
is suggested for the average modern machine 
of appreciable size, the bore of this bearing 
may exceed the diameter of the shaft by 
0.012 inch plus 0.0005 inch per inch of diam- 
eter in excess of 12 inches. 

In the matter of adjusting the pivoted- 
shoe type bearing, it is pointed out that, 
regardless of the method used, the ultimate 
requirement is that the shaft be plumb and 
the rubbing surfaces normal to it. Very 
satisfactory results have been obtained by 
thé-expert with the sledge hammer ~after 
the precaution of treating the bearing rub- 
bing surfaces and the jack screws with 
lubricant is taken. The adjustment of the 
bearing is complete when the segments have 
been sledged up all around and the shaft is 
found plumb, as determined by a rotational 
test. The importance of the rotational test 
as a means of checking this operation, and 
of checking the alignment, can not be over- 
emphasized. 2 

The Commission’s practice in thrust and 
guide bearing lubrication for a great many 
years has been the use of mineral oil of 
viscosity 250 (Saybolt universal viscosity) at 
100 degrees Fahrenheit. No additives are 
employed. The neutralization value of 
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these oils is maintained below 0.5 by treat- 
ment, where necessary, with the activated 
earth process. Some oils, however, have 
given 20 years service without requiring 
special acid treatment. 

Outright failures have been relatively few, 
and practically none has occurred at start- 
up. It is believed that the liberal use of 
lubricants on the rubbing surfaces on instal- 
lation and on other appropriate occasions 
has contributed to this good record. Jack- 
ing of the rotor to establish an oii film is 
resorted to after lengthy shutdowns. Pre- 
ventative maintenance has been the means 
of saving many bearings from outright 
failure. However, there have been a rela- 
tively large number of near failures, and itis 
this experience that has led to the inevitable 
conclusion that accuracy must be the watch- 
word in assembly and alignment, as well as 
in manufacture, if these bearings are to give 
the prolonged service for which they obvi- 
ously are capable. 


B. Van Ness, Jr. (Safe Harbor Water Power 
Corporation, Baltimore, Md.): <A study 
of the excellent paper by Laffoon and 
Baudry can not help but impress the hydro- 
electric engineer with the high degree 
of attention given to design and manufacture 
of bearings today. This was not always so. 
In the early days, thrust bearings were not 
supplied by the generator manufacturers, 
and those which were available became in- 
creasingly inadequate as the size of ma- 
chines increased. When the first five main 
units at Holtwood were placed in operation 
in 1910 and 1911, roller type thrust bearings 
were used, these having been selected over 
the then prevalent oil pressure bearings be- 
cause of the increased thrust load on the 
slow speed low head units. The roller 
thrust bearings had only one virtue; when 
failure took place it was gradual, and it 
was possible to shut a machine down without 
damage to parts other than the bearing. 
An average of five or six and a maximum of 
fifteen overhauls per unit per year is re- 
corded. 

In 1912 Professor Albert Kingsbury made 
application for a trial installation of one of 
his bearings in a Holtwood unit; in view of 
the bad record of the roller bearings such an 
installation was made. Interestingly 
enough, the first bearing failed after about 
two hours of operation. Professor Kings- 
bury was not discouraged explaining that 
the time allowed him had not been sufficient 
for a thorough scraping in of the bearing. 
The damaged parts were returned to his 
shops for reconditioning and on June 26, 
1912, were reinstalled in the unit and put on 
load. This Kingsbury thrust bearing, the 
first to be applied to a vertical hydroelectric 
unit, is running today, almost 35 years 
from the date of its installation. Its in- 
stallation marked the beginning of a new 
era in the fundamentals of bearing design 
and operation. 

In 1931-1932 when the Safe Harbor sta- 
tion was brought into service with the first 
large Kaplan water wheels in the United 
States, our record of 20 years successful 
operation with Kingsbury thrust bearings 
was marred. Three bearings failed in quick 
succession. The difficulty was established 
as caused by the extraordinary thrust at 
starting, which is characteristic of the Kap- 
lan water wheel at too low blade angle. 
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Figure 1. Curves showing the effect of blade 
angle on starting duty of 42,500 horsepower 
hydraulic turbine 
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This was aggravated by bearing surfaces 


not adequately polished. With correction 
of these difficulties, reliable and continuous 
thrust bearing service has been restored. 

In our 1932 investigations to determine 
the cause of failures, the additional starting 
duty, as a function of decrease in blade 
angle, was shown clearly. By means of an 
electric strain gauge mounted on the 
bearing bracket support, the vertical de- 
flection or relative hydraulic thrust, together 
with speed and gate opening, were recorded 
by the oscillograph during the transient 
starting period. Comparative tests at two 
blade angles are shown in Figure 1. It is 
seen that, at breakaway, a 2!/:-degree blade 
angle increases the hydraulic thrust ap- 
proximately 50 per cent over that of a 
6-degree blade angle, the latter our present 
operating adjustment for starting. This is 
in good agreement with the author’s data 
given in Figure 15, which shows the in- 
creased starting duty in a much more com- 
prehensive form. 

In our newer units the thrust bearings are 
located below the rotors, as, interestingly 
enough, they were in the older Holtwood 
machines. In the 25-cycle single-phase 
generators at Safe Harbor, an additional 
guide bearing is used above the rotor. This 
has seen so little duty that it has not been 
necessary to operate the water cooling sys- 
tem; it serves purely as a steady bearing 
in case of short circuit. 

We have had one case of unsatisfactory 
performance in the 60-cycle machines, which 
have the combined thrust and guide below 
the rotor, this occasioned by the simul- 
taneous burning open and grounding of the 
field. The failure caused an unbalanced 
side thrust on the rotor and damaged slightly 
the main exciter, the rotating parts of 
which rubbed against the stationary. 

The authors mention the advisability of 
jacking the rotor of a vertical unit in order 
to establish an oil film after an extended 
period at rest. This is not possible with all 
designs. In some units the runner plate is 
fastened to the thrust blocks by sliding 
dowels and remains in contact with the 
shoes when jacking takes place. In units 
where the runner plate is fastened to the 
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thrust block, we have known shoes to ad- 
here to and rise with the runner plate during 
jacking. 

We have had some experience with the 
need for providing ventilation of the bear- 
ing oil pots, a point mentioned in the paper. 
On the 60-cycle machines at Safe Harbor, 
it has been necessary to operate an aspirator 
to produce a negative pressure sufficient to 
remove the oil vapors from the bearing pot, 
but difficulty has been experienced in dispos- 
ing of these vapors We are planning to 
apply electrostatic precipitation to the 
vapor discharge from the bearing pots of 
these units. 


REFERENCE 


1. Discussion by P. M. Hess of Safe Harbor 
Project. AIEE TRANSACTIONS, volume 52, 1933, 
pages 186-8. 


T. W. Gordon (nonmember; General Elec- 
tric Company, Schenectady, N. Y.): Under 
the heading ‘Bearing Manufacture’”’ the 
authors indicate the necessity of special ma- 
chine tools and an air-conditioned room sup- 
plied with filtered air and maintained at 
constant temperature for obtaining a satis- 
factory finish on thrust bearing runners. 
We would like to point out that a fully air- 
conditioned room may not be a rigid re- 
quirement for producing good surfaces on 
thrust bearings. In the manufacture of 
large thrust bearing runners at Schenectady, 
two principal factors have contributed to 
high quality and consequent successful per- 
formance. 
mill, in use since 1940, with suitable tools 
and the protection of this equipment from 
the dirt and chips found in the ordinary 
large shop. Cleanliness must prevail, but 
constant temperature is not required. This 
work can be done with the usual variation 
in temperature of a machine shop. 

In this paper and in another paper by the 
same authors presented in December 1946, 
at the annual meeting of the American 
Society of Mechanical Engineers in New 
York (reference 1 of the paper), attention is 
called to the severity of the duty on large 
thrust bearings at the time of starting. 
When a new thrust bearing is being put in 
service, it has been standard practice to 
assemble it with grease or heavy oil between 
the rubbing surfaces for the initial start, 
often made after standing under load for 
several weeks. Although it is recognized 
that the first few starts may be critical for 
any bearing, we expect that a good bearing 
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will make all starts subsequent to the first 
without damage and at any prevailing 
temperature of oil or bearing parts. 

As mentioned by the authors, high pres- 
sure oil has been used on horizontal bearings, 
but only to reduce the power inrush at 
starting. Up to the present, this has not 
been considered worth while in hydroelectric 
generators where there is plenty of power to 
start. However,.in the case of the new 
65,000-horsepower motor-driven pumps for 
Grand Coulee, high pressure oil will be 
pumped between the thrust bearing sur- 
faces to float the rotor, so that two pumps 
may be started more easily together from 
one 108,000-kva generator. 

In cases where it is desirable for one reason 
or another to separate the bearing surfaces 
and establish an oil film before rotation oc- 
curs, we tnderstand that the authors favor 
raising the rotor with the oil jacks or brakes 
to allow oil to flow between the bearing 
surfaces. Instead of pumping high pressure 
oil into the brakes or jacks, we favor what 
seems like the simpler method of pumping 
the oil direct to the bearing to form a film. 
The first method requires opening the tur- 
bine gates very quickly after the pressure 
on the jacks is released, whereas, with the 
second method, the operator, after starting 
the high pressure pump, can give all his 
attention without haste to starting the 
turbine. The pump may be left running 
until after the generator is on the line. As 
is done in some synchronous condenser 
stations, a signal or relay interlock may be 
installed_at the turbine control board to 
make sure the bearing oil pump is started 
first. 

On an experimental bearing installed 
temporarily at the Bonneville station of the 
United States Engineers in 1939, the latter 
scheme was given a good trial and found to 
be very. satisfactory. The thrust bearing 
at Bonneville was the General Electric 
Company’s spring. supported type 112 
inches in diameter with the stationary 
babbitted «surface in 12 segments. Each 
segment had a suitable recess in the babbitt 
to which high pressure oil was pumped to 
float the rotor. The 12 segments were con- 
nected in multiple to a common header 
running around the periphery of the bear- 
ing in the oil housing. A check valve was 
included in the line to each individual 
bearing segment, and oil was furnished for 
the starting period by a pump good for 5 
gallons per minute at 1,000 pounds per 
square inch. The distribution of oil to the 
various segments was satisfactory without” 
metering nozzles. As the oil film in the 
thrust bearing was formed, the rotor rose 
about 0.006 inch, the pump pressure 
dropped to 350 pounds per square inch, and 
the starting friction was reduced to a very 
small figure. The usual groan and vibra- 
tion present in starting a standard bearing 
was absent as the 1,500,000-pound rotor 
turned noiselessly on the high pressure film 


C. M. Laffoon and R. A. Baudry: The 
authors agree with E. Pollard that the use 
of oil pressure lifting to reduce the starting 
torque is notacure-all. Oil lifting normally 
is used when there is not sufficient torque to 
start the machine, as is the case with syn- 
chronous condensers or motors. Several 
pivoted-pad type thrust bearings thus have 
been equipped for this application. 
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To apply oil lift on a pivoted-pad bearing, 
it is necessary to connect an oil pressure pipe 
to the center of-each pad and to provide for 
a check valve in each connection. It is also 
desirable to have at least two oil pumps to 
insure a uniform oil film on all the pads. 
All these connections must be perfect, as 
any leakage would relieve the pressure at 
the center of the pad and thus prevent for- 
mation of the oil film. Furthermore, should 
the oil pressure be permitted to leak under 
the babbitt, the latter would be lifted, and 
an immediate failure of the bearing would 
result. 

The authors are favoring lifting the rotor 
by means of the oil jacks which are provided 
with all large water wheel generators. The 
operation can be performed automatically 
and very rapidly by adding a very simple 
electric control, thus reducing the friction 
torque to a value close to the one obtained 
by means of oil pressure lift and without the 
added complex equipment with the increased 
risk of failure. 

It is not believed that an oil pressure lift 
system would be practical to check the 
adjustment of the individual pads, as it is 
believed more practical to do this operation 
before the oil pot is filled with oil. The 
resistance wire strain gauges provide a more 
precise means of adjusting the load, al- 
though they were used principally to deter- 
mine the degree of accuracy obtained by 
the conventional methods, which apparently 
are satisfactory. 

Years of experience show the necessity of 
having the rotating parts of a bearing ma- 
chined accurately. The fastening of the 
thrust bearing runner to the shaft in such a 
way that the contact surface is always under 
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relatively high pressure, and thus equivalent 
to a solid unit, facilitates very much the 
accurate machining and installation of the 
thrust bearing. Under normal operating 
conditions, it also eliminates the possibility 
of relative slip between the mating surfaces 
which results in fretting corrosion and ulti- 
mate looseness of the assembly. In addition 
to this accurate machining, we agree with 
Standing for the necessity of properly 
aligning the machine. However, with the 
afore-mentioned method of thrust bearing 
fastening, the usual water wheel shaft, has 
sufficient flexibility to take care of a small 
settlement of the foundation and minor 
misalignment without causing an excessive 
load on the guide bearings or any damage to 
the thrust bearing. 

With regard to the original machining 
marks on the thrust bearing pads being 
present after 20 years operation, the authors 
did not intend to convey the impression that 
there is no wear at all, because results of 
laboratory tests show that during the initial 
starts, there is an appreciable wear of the 
high spots on the pads. _ With very smooth 
runner this wear is very small, but quite 
frequently with such a surface, after many 
years of operation, the original machine 
marks can be seen between these worn spots. 
The central hollow spot mentioned by 
Standing is believed to be caused by the 
crowning of the pad resulting from the ther- 
mal gradient across the thickness of the lat- 
ete 

Van Ness’s history of the develop- 
ment of the pivoted pad thrust bearing 
agrees very well with the authors’ experi- 
ence. Although they are not familiar with 
the detail of the Kingsbury type thrust 
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bearing failure discussed by Van Ness, 
his experience shows that the performance of 
a thrust bearing during the starting period 
can be critical and that it is warranted to 
take special precautions to increase the fac- 
tor of safety. In machines designed for 
rotor lift, it is very easy to fasten the 
thrust bearing runner against its support 
and to provide, on the pad supports, stops 
which limit the motion of the pads and 
separate them from the runner after a small 
lift. 

The machining of the thrust bearing in a 
special air-conditioned room was made 
principally to eliminate the dust and abra- 
sive particles which are present in the aver- 
age manufacturing plant. Asa completely 
enclosed room was used, it was very easy to 
add a temperature control which main- 
tained a constant temperature. We agree 
with Gordon that the small tempera- 
ture variation obtained in the average ma- 
chine shop would be satisfactory. The 
practice of using grease or heavy oil pro- 
tects the bearing for one start only. As our 
laboratory tests (reference 1 of the paper) 
show that there is an appreciable wear of the 
bearing surface during the first five starts, it 
is believed worth while to lift the rotor for 
the first 20 or 30 starts and thus increase the 
factor of safety of the bearing during this 
critical period. The authors agree with 
Gordon that a good bearing should be 
able to make all starts subsequent to the 
first, without damage at any prevailing oil 
temperature, and without lift or oil pressure 
starting; however it is felt to be good prac- 
tice to adopt operating procedures which 
produce the maximum factor of safety at 
practically no additional cost. 
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Synopsis: The switching of high-voltage 
transmission lines and underground cables 
occasionally produces overvoltage surges on 
electric power systems. While operating 
experience generally has been satisfactory 
voltages of 66 kv and below, there have 
been transient disturbances of considerable 
magnitude at the higher voltages. The 
length of many of the transmission lines 
and the importance of maintaining con- 
tinuity of service on heavily loaded inter- 
connections have stimulated a critical analy- 
sis of the problem. However, in contrast 
to the extreme overvoltages predicted by 
theoretical studies, a review of several hun- 
dred field tests over the past ten years, in- 
cluding many tests with voltage records by 
cathode ray oscillographs, discloses prac- 
tically no cases of line or bus surge voltages 
on solidly grounded systems reaching tran- 
sient peaks as high as 2'/2 times normal line- 
to-ground crest voltage. 

This paper attempts to evaluate the ef- 
fect of both the circuit constants and the 
characteristics of the various types of inter- 
rupters used in modern high voltage oil cir- 
cuit breakers on the magnitude of switching 
surges. Particular attention is given to the 
advantages and disadvantages of such 
special breaker modifications as auxiliary 
oil flow pistons or low ohmic value resistors 
in parallel with the main arc extinguishing 
devices. 


IGH voltage circuit breakers are 

designed primarily to interrupt 
heavy short circuit currents in as short a 
time as possible. However, this emer- 
gency duty is required only rarely, and it 
is important that routine switching 
operations should be accomplished also 
with a minimum of disturbance. For 
instance, it has long been recognized 
pe a ee ec A ee es ee 


e 
Paper 47-59, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 13, 1946; 
made available for printing December 13, 1946. 


W. M. Lzeps is a development engineer and R. ce; 
VAN SICKLE is a design engineer, both with Westing- 
house Electric Corporation, East Pittsburgh, Pa. 


1947, VotumE 66 


R. C. VAN SICKLE 


FELLOW AIEE 


that capacitive current switching, such 
as the opening of charging current to a 
long transmission line or a bank of ca- 
pacitors, involves certain peculiarities 
not associated with load current or fault 
interruptions. While circuit breakers on 
low voltage circuits handle capacitive 
currents easily with practically no arcing, 
delayed restriking of the arc in the 
breaker often is observed when opening 
the charging current to high voltage 
transmission lines and cables. The re- 
sulting system disturbances appear to 
give rise occasionally to voltage surges 
several times the normal system voltage. 

Their magnitude and how frequently 
they occur are of great importance. 

When the problem of intermittent 
arcing*in a power system is approached 
mathematically or by the use of a network 
calculator, the arcing and dielectric re- 
covery characteristics of the circuit 
breaker must be assumed. Since the 
highest possible voltages are of most in- 
terest, the breaker is usually assumed to 
restrike and clear at just those instants 
which lead to maximum overvoltage, even 
postulating sometimes an arbitrary forc- 
ing of the current zero. Thus, while these 
studies are of great value in determining 
the effect of variations in the system con- 
stants, they do not duplicate actual mul- 
tiple restriking. Field tests with accurate 
voltage records are necessary to deter- 
mine how the breakers perform and the 
voltages which may be produced. Over 
the past decade arc-rupturing devices, 
particularly for the higher voltage circuit 
breakers rated 115 kv to 287 kv, have 
undergone many changes in design, and 
it seems pertinent at this time to take 
stock of the present situation as regards 
actual breaker performance when inter- 
rupting capacitive currents. 
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We have studied oscillograms made 
during the interruption of charging cur- 
rents, both during field tests on systems 
and in a laboratory, and have been im- 
pressed with the consistency with which 
the breaker avoids behaving in the man- 
ner which produces maximum  over- 
voltages. The oscillograms show that 
breakers on grounded systems, even 
though they restrike several times, seldom 
produce voltages higher than 2'/, times 
normal, although values of 4 to 5 times 
are possible. 


Analysis of Charging Current 
Interruption Problem 


The phenomena associated with the 
interruption of capacitive currents may 
be described more clearly by considering a 
specific circuit such as that of Figure 1 in 
which a lumped capacitance C is con- 
nected to a high voltage a-c bus through a 
circuit breaker B. The small parallel 
capacitance C, represents the capacitance 
of the bus together with that of the di- 
rectly connected equipment. The series 
inductive reactance between the gener- 
ated voltage and the bus, while often 
quite small in comparison with the ca- 
pacitive reactance, is a factor which 
should not be neglected as will be shown 
in the following discussion. 

Figure 1b illustrates the time 
variation of the voltage to ground on 
both the bus side and capacitor side of 
the breaker for an opening operation in 
which one restrike occurs under the un- 
favorable condition of nearly a full half- 
cycle pause in the charging current. It 
is further assumed that the breaker char- 
acteristics are such that the restrike cur- 
rent is extinguished after only one-half 
cycle of oscillation at the frequency de- 
termined by the series inductance L and 
the sum of the capacitances C and C,. 
The result of the restrike and the voltage 
overswing is to leave the capacitor C 
charged to a voltage between two and 
three times the crest voltage before the 
breaker opened. 

Figure 1c shows the voltage con- 
ditions directly across the breaker con- 
tacts as a function of time. It is to 
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be noted particularly that at current zero 
where the charging current is first inter- 
rupted, the bus voltage undergoes a 
small transient resulting from the sudden 
shift of potential to that of the generator 
following the disappearance of the volt- 
age rise that had existed because of charg- 
ing current flowing through the series 
inductive reactance. This transient is 
usually neglected, but with power sup- 
plied from a relatively high impedance 
source its magnitude may be such as to 
encourage immediate harmless restrikes 
and avoid delayed restrikes which could 
lead to high overvoltage surges. 

One half cycle after the current zero, 
the difference of potential across the 
breaker contacts reaches approximately 
twice the crest value of the voltage at 
which the capacitor is left charged. It 
is assumed now that the dielectric 
strength between the breaker contacts is 
just insufficient to hold this voltage, and 
an arc reignition or restrike occurs. Dur- 
ing the time that the resulting current 
surge is flowing through the breaker as 
the capacitor potential attempts to ad- 
just itself to the instantaneous generator 
voltage, the voltage across the contacts is 
only the are drop which is almost negli- 
gible for short gaps. Just after this cur- 
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Figure 1. Interrupting 
the charging current of 
capacitor. Overvoltage 


produced by arc current - 


restrike at X, extin- 
guished after half-cycle 
oscillation at frequency 
f, determined by L and 
C-+C,. Bus voltage os- 
f°) cillation frequency f, 

determined by L and C, 


-Em 


=2E mi 


rent is extinguished, the bus voltage 
swings back to the generator voltage in a 
high frequency oscillation determined by 
Land C, only. Following this transient 
the voltage across the breaker builds up 
to a value between three and four times 
normal crest as the generator voltage 
reverses polarity at fundamental system 
frequency. If, now, a second restrike 
were to follow the first at the next crest 
of the generator voltage, the swing in 
capacitor voltage could carry it to a 
crest value between four and five times 
normal. This phenomenon of cumulative 
build-up of voltage by intermittent arcing 
in an a-c circuit charging a capacitance 
has been discussed many times before 
the AIEE,}8 

In the simple capacitive circuit of 
Figure 1 there would be no limit to the 
voltage which could be attained by re- 
peated restriking under the most un- 
favorable conditions. However, if the 
effects which damp the high frequency 
transients during restriking are taken 
into account, a limiting voltage is reached 
which is a maximum regardless of the 
number of  restrikes. This ultimate 


value, expressed as a multiple of the sys- - 


tem crest voltage, depends upon the 
damping of the transient restrike current 
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and on the magnitude of the are voltage 
drop in the circuit breaker. In Figure 2 
is shown the maximum voltage on the 
capacitor which can be attained for 
various damping factors and various 
values of arc voltage. These results 
are calculated using the assumption 
that the breaker is capable of a large 
number of successive restrikes at the 


crest of the voltage wave, and that the 


restrike is interrupted each time after 
just one half cycle of the high frequency. 

The voltage which appears across the 
breaker immediately after one of these 
interruptions as shown after the restrike 
in Figure lc is a transient determined 
by the constants of the circuit on the 
supply side of the breaker and by the 
voltage left on the capacitance being 
disconnected. An initial high frequency 
crest M is followed by a normal fre- 
quency crest N one half cycle later at 
which time the next restrike is assumed to 
take place. Cumulative effects result 
in a proportionately greater increase in 
the first of these two voltage crests, so 
that sooner or later the first peak be- 
comes greater than the second. Under 
these conditions it would seem logical to 
expect either a restrike at the first crest M 
which would at once reduce the voltage 
on the capacitor or, if no restrike oc- 
curred at M, none should occur at the 
subsequent crest VV a half cycle later at an 
equal or lower voltage. In fact, as the 
dielectric strength of the breaker con- 
tact gap is known to increase with time, 
the limitation in consecutive restrikes 
should be reached when the voltage at 
M is still some fraction such as 0.8 of the 
voltage at N. On the assumption that 
the same damping factor applies to both 
the transient voltage on the capacitor 
during the restrike and to the transient 
recovery voltage across the breaker just 
after the restrike, it is possible to add 
two limiting curves to Figure 2. Curve 
B shows the maximum voltage on the 
capacitor which can be reached if the 
breaker can withstand as much voltage 
at M as it needs to restrike at N, and 
curve C shows the maximum voltage 
which can be reached if the breaker can 
withstand at M only 0.8 of the voltage 
required to restrike at N. The first 
condition indicates that the maximum 
voltage that can be reached is about 5.0 
times the normal crest of line to ground 
voltage and the second condition gives 
4.3 times. ° 

The probability of these theoretical 
limits being reached is apparently rather 
small, even though only a few restrikes 
may be required to produce them. 

It often happens that the oscillatory 
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+ Restrike time is measured from the time the contacts part. 


* Mag signifies data from magnetic oscillograms. 


¢t CRO signifies data from cathode ray oscillograms. 


Magnetic oscillograph records series A to H were made from 16.3 kv bus, others from high voltage bus. 


current surge at the time of a restrike is 
not interrupted at the first high fre- 
quency current zero but continues for 
several half cycles or is not extinguished 
at all until the next system frequency 
current zero. Under these conditions 
the capacitor voltage is brought back 
closer to the bus voltage and previous 
cumulative voltage is partly or com- 
pletely wiped out. Figure 3 shows a 
high power laboratory test switching 
approximately 45 amperes of capacitive 
current at 66 kv single phase. The rec- 
ord of voltage across the circuit breaker 
ifidicates a restrike after the voltage had 
built up to about 1.6 times normal crest. 
The restrike current was not interrupted 
until after three half-cycles of high fre- 
quency, and the next voltage crest of nor- 
mal frequency reached a peak of 2.3 times 
normal without further restriking. 

An analysis of the most probable re- 
strike conditions requires some knowledge 
of the rate at which the dielectric strength 
is built up between the contacts of a cir- 
cuit breaker immediately following cur- 


rent zero. Although this is a function of . 


the type of circuit’breaker and the man- 
ner in which the are is deionized and in- 
terrupted, certain conclusions may. be 
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drawn from rather simple assumptions. 
Figure 4 shows the voltage rise across the 
breaker together with a family of curves 
representing the rise of dielectric strength 
immediately following the initial inter- 
ruption of charging current. At current 
zero, the dielectric strength is considered 
to be a definite value, depending in mag- 
nitude upon the contact separation and 
the intensity of deionizing activity. The 
initial slope of the dielectric recovery 
curve may be expected to be fairly steep, 
but later the curve tends to level off at 
the breakdown strength of the deionized 
and increasing contact gap. The subse- 
quent slope depends on such factors as 
the rate of replacement of gas dielectric by 
oil dielectric and by the speed of contact 
opening. 

If the interrupting effectiveness is low 
or if the current zero occurs only a small 
fraction of a cycle after contact parting, a 
harmless restrike may take place in a 
very short time on the high frequency 
voltage kick at the beginning of the re- 
covery voltage wave as at point A. With 
greater contact separation, restriking may 
occur after, say, one quarter of a cycle 
as at point B. With greater interrupting 
effectiveness or more contact separation 
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as indicated by"curve C, the interruption 
will be complete without any restriking. 
It is evident that the bending over of the 
voltage wave at crest makes it unlikely 
that a restrike will occur just at crest or 
later. Actual circuit breaker tests show 
that most restrikes occur before the volt- 
age across the breaker builds up to a value 
as high as twice normal crest, thus tend- 
ing to avoid those conditions which lead 
to extremely high overvoltage surges. 
Consequently, the probability of having a 
succession of restrikes with the voltage 
across the breaker building up each time 
to the maximum crest is rather remote. 
Figure 5 shows a cathode ray oscillogram 
of a laboratory test in which one restrike 
occurs on the first high frequency tran- 
sient and then one after about one- 
quarter cycle of the slower rising normal 
frequency recovery voltage. It has been 
found advisable when making laboratory 
tests checking the interrupting perform- 
ance of a circuit breaker on charging 
current to have the impedance of the 
power source less than ten per cent of the 
capacitive reactance being switched in 
order to avoid such a large initial high 
frequency kick that restriking tends to 
occur either on this oscillation or not at 
all. 

The analysis given above applies to the 
switching of large static capacitor banks 
such as are used for power factor control, 
or as used in high power laboratory tests 
arranged to simulate the switching of high 
voltage transmission lines. High voltage 
cables of short length can be considered 
also as lumped capacitances insofar as the 
interruption of charging current is con- 
cerned. 


Transmission Line Switching 


If a long transmission line is substituted 
for the lumped capacitance, the general 
operation of interrupting charging current 
is similar, although there are detail differ- 
ences which may be of considerable im- 
portance. Figure 6 indicates the tran- 
sient voltage variations of the bus and 
line potentials that may be expected with 
a single are restrike approximately one- 
half cycle following current zero. The 
most obvious difference between this 
operation and the switching of a lumped 
capacitance is the more abrupt change in 
the voltage and current at the beginning 
and end of a restrike because of the char- 


-acteristics of traveling waves on a trams- 


mission line. The magnitude of the surge 
current is equal to the potential differ- 
ence across the breaker at the restrike 
instant divided by the surge impedance 
of the line (approximately 500 ohms). 
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Curves A show maximum voltage attainable as 
a function of arc voltage magnitude and tran- 
sient damping factors, assuming repeated restrik- 
ing during interruption of capacitor charging 
current. Additional limits are indicated by 
curve B calculated for zero arc voltage on basis 
of breaker not restriking at voltage crest N 
(Figure 1) when equal to or less than high fre- 
quency crest M previously withstood. Upper 
limit curve C applies if breaker dielectric 
strength is assumed to increase at least 25 per 
cent from M to N. Damping factors d and d’, 
with and without capacitor C, assumed equal 


The duration of the restrike current pulse 
is primarily a function of the line length, 
representing the time for a wave to travel 
the length of the line, reflect, and return 
to the circuit breaker, with a small addi- 
tional time interval for the current to fall 
to zero depending on the amount of series 
inductance in the source. During the 
traveling of the wave there is an appre- 
ciable amount of attenuation.which re- 
duces the amplitude of the overvoltage 
at the breaker when the wave returns. 
If there is appreciable series inductance 
in the source, the rate of change of voltage 
on the bus during a restrike will be slowed 
down, the equivalent time constant being 
approximately L/Z where Z is the surge 
impedance of the line. Taking into con- 
sideration the bus capacitance C, results 
in a superimposed oscillation on the rising 
surge voltage and current as indicated 
in Figure 6. Provided that the restrike 
current is extinguished after only one-half 
cycle, the voltage oscillation immediately 
following has a frequency and damping 
coefficient dependent on the constants of 
the circuit on the bus side and independ- 
ent of whether a transmission line or 
capacitance is on the other side of the 
open contacts of the breaker. 

Figure 7 is a reproduction of the os- 
cillographic record for one phase of a typi- 
cal field test interrupting 155 amperes of 
charging current to 183 milés of line with 
a bus voltage of 241 kv. Voltage across 
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the breaker was measured from the am- 
plified potential difference taken from 
capacitance dividers utilizing the poten- 
tial taps on the capacitor-type high 
voltage breaker bushings. A standard 
bushing potential device and current 
transformer were used to obtain the rec- 
ords of the bus voltage and line current. 

A single restrike took place approxi- 
mately 0.2 cycle after a current zero. 
The surge current was interrupted after a 
single pulse, the bus voltage swinging mo- 
mentarily about 35 per cent above the 
voltage immediately after the line was 
dropped but only 20 per cent above the 
voltage on the bus while charging current 
was flowing. The maximum voltage 
across the breaker one-half cycle after 
the restrike was two and one-half times 
the final bus voltage. Insofar as.disturb- 
ance to the system is concerned this 
particular operation would be of negligi- 
ble importance, being comparable to the 
voltage fluctuations to be expected during 
the energizing of the line. 


Functioning of Various Types 
of Interrupting Devices 


High voltage circuit breakers are de- 
signed primarily to interrupt short-circuit 
currents quickly and effectively. Al- 
though their ability to handle charging 
current generally has been taken for 
granted, specific modifications to im- 
prove this function may be justified in 
some cases provided that high current 
are rupturing performance is not jeop- 
ardized. 

The ideal type of circuit breaker from 
the point of view of opening charging 
current is one which will develop dielec- 
tric strength at a sufficiently rapid rate 
so that even if a current zero occurs just 
after contact parting, the dielectric 
strength will keep above the rising re- 
covery voltage, and thus no restrike will 
occur. At moderately low voltages, 
such as 2,300 to 15,000 volts, the stand- 
ard oil circuit breaker conforms very 
closely to this ideal, except perhaps 
when switching large capacitor banks 
rated in excess of 10,000 kva.* At higher 
voltages, more contact breaks in series or 
higher contact opening speeds may beused 


to avoid restriking. Another method is to , 


provide a high velocity orl flow suitably 
directed into each gap, so that in a very 
small interval of time after current zero 
the contact gaps are filled with high di- 
electric strength oil. Such breakers have 
been built commercially,® but they are 
costly because of the large number of con- 
tact parts and the very great amount of 
mechanical effort required to produce 
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- voltage limiting effect, 


high velocity oil flow in all of the contact 
breaks. 

It is instructive to consider the early 
types of high voltage oil circuit breakers 
with either plain or quick-break contacts, 
which in spite of a dozen restrikes or more 
seldom seemed to produce appreciable 
overvoltages. The rate of recovery of 
dielectric strength was so low in these 
breakers that during the first few inches 
of arc length drawn by the opening con- 
tacts, restrikes occurred with very short 
current zero pauses and therefore with no 
overvoltage produced. Even when suffi- 
cient arc length had been attained to be 
almost capable of holding the recovery 
voltage, the probability of interrupting 
the restrike current at the first current 
zero was rather low because of the high 
rate of voltage rise just after the return 
of the traveling wave on the line. In 
general, the lack of effective arc control 
contributed to random restriking of the 
are which made it extremely unlikely 
that even two consecutive restrikes would 
occur under the special conditions re- 
quired for cumulative build-up of high 
voltage. Appreciable arc voltage for the 
long arcs at the time of the later restrikes 
might be expected to contribute some 
although the 
curves in Figure 2 indicate that even 
fairly high are voltage does not have a 
very important influence unless other 
damping factors are quite strong. The 
introduction of highly effective de- 
ionizing structures has made it possible 
to interrupt quite high rates of rise of re- 
covery voltage with relatively short are 
length, so that one or two successive re- 
strikes with interruptions of the surge 
current at the first current zero have be- 
come more common. : 

The majority of are extinguishing de- 
vices on high voltage breakers at the 
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Figure 3. Interruption of 45 amperes capaci- 

tor-charging current at 66,000 volts. Single 

arc restrike is extinguished after three half 

cycles of high frequency surge current. Volt- 

age across breaker is increased by charge 
trapped on capacitor 
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Figure 4. Typical transient recovery voltage 
across breaker following current zero when 
interrupting capacitor charging current 


Dotted curves indicate dielectric recovery of 

arc space. for different contact separations. 

Restrikes will occur under condition A and B, 
but not for recovery condition C 


present time are of the self-generated flow 
type. These may be separated into two 
distinct classes, those with a single break 
per interrupting unit and those with at 
least two series breaks for each interrupt- 
ing unit, one of which is a pressure gen- 
erating break for providing oil flow into 
one or more interrupting breaks. The 
first of these two classes of interrupters 
obtains a high degree of gas turbulence 
and deionizing activity by various ar- 
rangements of baffles and vents, in cer- 
tain constructions using magnetic action® 
to keep the are and oil in close proximity. 
However, the interrupting effectiveness 
decreases very rapidly as the current to 
be opened decreases in value, so that in 
interrupting magnetizing or charging 
current, the dielectric developed per inch 
of contact gap is only slightly greater 
than with plain breaks. However, by 
using a considerable number of units in 
series and operating at high speed, the 
interrupting effectiveness may reach a 
value where the number of restrikes even 
at very high voltage amounts to only one 
or two.” 

The second class of interrupters also 
has a reduced deionizing activity at 
lower current, although not nearly to the 
extent of the first class. If the pressure 
generating gap is made relatively long, 
even though the pressure produced for 
driving oil into the second break de- 
creases as the current goes down, tests 
show that the required flow for effective 
deionization also decreases with current, 
so that the arcing time is only slightly 
longer at low currents than when inter- 
rupting short-circuit current.* 

Even though several restrikes during 
the interruption of charging current in 
actual practice rarely produce voltage 
surges above twice normal crest voltage, 
the desirability of reducing the number of 
restrikes to a minimum makes the use of 
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an auxiliary oil flow piston driven by 
springs or other definite mechanical force 
appear attractive. Where only two in- 
terrupting units are used per breaker pole, 
the voltage gradients developed at a 
current zero immediately after contact 
separation could be rather high. How- 
ever, very satisfactory performance has 
been shown when an oil flow piston is 
used with a delayed action so that a 
minimum gap will be obtained before at- 
tempts to hold voltage are made.’ At 
any current zeroes coming at the pre- 
pumping interval the are will, of course, 
reignite at a very low voltage. At the 
next current zero after the pump has 
gone into action, because of adequate 
contact separation, the interrupter will 
be able to hold the double voltage oc- 
curring one half cycle later. 

Compressed air circuit breakers have 
interrupting characteristics approaching 
those of forced oil flow or impulse type oil 
circuit breakers. However, when the 
number of breaks for high voltage ratings 
is reduced to a minimum, delayed action 
may be desirable for these air blast break- 
ers also in order to avoid attempts to 
clear at very short contact spacings. 
This has been arranged in at least one 
commercial interrupter!! by allowing the 
moving contaet to act as a valve, letting 
it practically fill the orifice until a certain 
separation has been obtained. When the 
orifice is unplugged by the contact, air 
flow starts and interruption will occur 
usually at the next current zero. 


Use of Parallel Resistance 


Resistance in parallel with the arc ex- 
tinguishing devices may be used for two 
distinct purposes, according to the value 
of resistance employed. High resistance, 
from several hundred thousand ohms up 
to one or two megohms per interrupter,® 


Figure 5. Cathode ray oscillogram of voltage 

across circuit breaker during interruption of 

capacitor charging current, illustrating restriking 
conditions indicated in Figure 4 


FIRST RESTRIKE 
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is used primarily to assure substantially 
equal division of voltage among the sev- 
eral series breaks. This provides the most 
effective utilization of all contact gaps, 
and therefore keeps the number of arc 
reignitions to a minimum when inter- 
rupting either short-circuit current or line- 
charging current. Because of the rela- 
tively low power loss during the few cycles 
that such resistors are in the circuit, their 
physical dimensions may be made quite 
small. Also the opening of the residual 
resistor current, being only a small frac- 
tion of an ampere at high power factor, 
presents no difficulty as the main breaker 
contact disconnects from the interrupting 
units. 

If, now, the value of the resistance is_ 
brought down to between a few hundred 
and several thousand ohms it will fall in 
a range recommended!#** for reducing 
overvoltage surges during the interrup- 
tion of charging current. When the ex- 
tinction of the arc between the breaker 
contacts inserts such a resistor in the 
circuit, instead of the transmission line 
being left isolated, it still will be con- 
nected to the bus, but now through 
series resistance. Taking a value for the 
resistance two or three times the ca- 
pacitive reactance of the line, the a-c line 
voltage gradually will settle down to less 
than half its normal value. However, 
what happens to the voltage across the 
breaker contacts (that is, across the re- 
sistor) in the transient period during the 
first half cycle after current zero is of the 
most interest. Instead of building up to 
twice normal crest as shown in Fig- 
ure lc for the case without the re- 
sistor, the potential of the line will fall 
sufficiently so that a somewhat lower 
maximum of perhaps only one and one- 
half normal crest voltage is reached. 
This, naturally, decreases the probability 
of restriking and also lowers the magni- 
tude of the overswing of the line voltage 
perhaps 20 per cent should the restrike 
occur. The resistor, however, does not 
introduce additional damping in the os- 
cillation of the voltage when a restrike 
does occur, because the surge current 
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temporarily short circuits the parallel 
resistor. 

On the other hand, when energizing a 
capacitance load, the resistor is inserted 
first and then short circuited by the 
contacts. This sequence tends to reduce 
the voltage oscillation and current surge 
normally produced should the line be 
connected at a time when the bus voltage 
is at crest value. Another incidental ad- 
vantage of the resistor is the damping 
effect on the recovery transient when 
opening short-circuit currents. For those 
less effective interrupters which are sen- 
sitive to high voltage-recovery rates, this 
action may be beneficial. 

There are, however, some disadvan- 
tages in using these low ohmic value re- 
sistors which should not be overlooked 
entirely. Adequate thermal capacity 
requires relatively large physical dimen- 
sions, which in some cases may reduce 
electrical clearances within the breaker. 
Also, the magnitude of the resistor cur- 
rent is comparable with that of line charg- 
ing currents, and the circuit, therefore, 
should not be considered interrupted until 
after the resistance circuit is broken, 
which usually requires several additional 
cycles of interrupting time. During the 
interruption of this residual resistor cur- 
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Figure 6. Interrupting 
charging current of trans- 
mission line with one re= 
strike occurring at X and 
producing overvoltages 


Similar to Figure 1 ex- 
cept for modifications in 
transient voltages and 
currents because of dis- 
tributed capacitance and 
inductance of line and 
resulting traveling wave 
effects 


rent, restrikes may occur although the 
amplitude of the voltage surges is not 
likely to be important unless the resist- 
ance has a value somewhat below the pre- 
ferred range of approximately two to 
three times the capacitive reactance of 
the line being switched. 

Arcing in the disconnect gap provided 
in oil circuit breakers below the inter- 
rupting units contaminates what was in- 
tended to be a clear oil break, and delays 
the removal of the high voltage gradient 
from the main contact gaps after the in- 
terruption of a heavy short circuit. Re- 
sistor currents of only 40 to 50 amperes are 
still high enough to sustain an ionized 
flashover path on a transmission line until 
interrupted by the breaker so that the 
additional time for opening this current 
increases by approximately that amount 
the minimum permissible interval before 
line re-energization on a high speed re- 
closing duty cycle. 

In connection with the use of resistors, 
the beneficial effect of a grounded neutral 
transformer connected to the far end of a 
line or cable being switched should be 
mentioned. Under these conditjons, in- 


_ stead of the line being left isolated at high 


potential, the charge has an opportunity 


to leak off through the transformer which. 


approaches a shunting resistance to 
ground as the iron core quickly saturates. 
Theoretical studies and field tests have 
demonstrated a definite reduction in over- 
voltages experienced when switching this 
type of circuit. 


_ High Power Laboratory Charging 


Current Tests 


In the development of new and im- 
proved high-voltage arc-rupturing de- 
vices, the high power testing laboratory™ 
has proved to be an indispensable tool. 
Short-circuit interrupting ability may 
be demonstrated over a wide range of. 
currents and voltages and voltage-re- 
covery rates. High current transformers 
have made possible adequate checks on 
short time current ratings. However, 

*in the demonstration of transmission 
line switching, a number of difficulties 
arise. 

First, the amount of capacitance re- 
quired to simulate a long high-voltage 
transmission line is by no means incon- 
siderable. A 3-phase capacitor bank 
taking 200 amperes at 230 kv (80,000 kva) 
to represent approximately 260 miles of 
line would cost in the neighborhood of 
$750,000 and would occupy the space of 
a fair-sized building! Actually, the situa- 
tion is not too serious, as it is practical to 
test single phase only, and because thetest 
is only momentary it is possible to obtain 
the higher currents by operating the ca- 
pacitors at over twice normal voltage, 
representing an increase of four times in 
the kva. However, under these circum- 


VOLTAGE ACROSS 
BREAKER 
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CURRENT 


Figure 7. Tracing of oscillogram of field test 
disconnecting 183 miles of 230-kv line 


Single restrike leaves line charged slightly 
above normal crest voltage, increasing voltage _ 
which appears across breaker. Oscillation in 


- bus voltage is not over 15 per cent above 


normal crest 
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CURRENT 
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Figure 8. Tracings of oscillograms of field test 
disconnecting 50 miles of line at 230 kv 


LINE VOLTAGE 


In spite of six restrikes, four of which are extin- 

guished at first zero of surge current, maximum 

voltage attained on line is less than twice 
normal crest of line-to-ground voltage 


stances the capacitors must be protected 
from overvoltage surges by series damp- 
ing resistors and protective gaps so that 
cumulative buildup of voltage is avoided. 
Thus, the effects of repeated restriking 
are not checked in the higher current 
range, although the tests do determine 
fairly accurately the probability of an 
initial restrike. 

It should also be noted that traveling 
wave phenomena are not simulated ac- 
’ curately, so that the ultimate verification 
of charging current interrupting perform- 
ance should be carried out on an actual 
power system. Network — calculator 
studies likewise only approximate travel- 
ing wave conditions, but they are very 
helpful in checking the effects of various 
system connections,’ in spite of the un- 
certainty caused by the necessity of pre- 
dicting the way in which the breaker will 
function. 

In spite of these limitations in facilities, 
it has been found that the high voltage 
interrupters developed and checked in the 
laboratory perform very satisfactorily 
in the field when applied on transmission 
line switching duty. 


Field Testing of Charging Current 
Interruption 


It has been shown in Figure 2 that re- 
peated restriking of an are during the in- 
terrupting of charging current theoreti- 
cally might produce overvoltage surges 
above four times normal line to ground 
crest voltage. However, records of 
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hundreds of field tests on solidly grounded 
systems rarely have shown voltages on 
either line or bus above two and one-half 
times normal. In Table I are presented 
data taken from a large number of these 
tests showing the maximum voltages 
measured with either magnetic type or 
cathode ray oscillographs. Several dif- 
ferent types of high voltage interrupters 
are included with arc restriking conditions, 
varying from no restrikes at all to six or 
seven cycles of repeated restriking. 

One fairly severe example of restriking 
is shown by Figure 8, the record of a 
charging current interruption of 37 am- 
peres of current for a 50-mile section of 
230 kv line. Six reignitions of the arc 
current may be observed, the last four 
restrikes being spaced at approximately 
half cycle intervals with the unfavorable 
condition of successive interruptions 
after only a single surge of restrike cur- 
rent. Although the line voltage built 
up cumulatively at each restrike the 
maximum potential reached was still 
appreciably less than twice normal line- 
to-ground crest value. 

Close examination of the arc reignitions 
shows that in each case the contact gap 
broke down before the potential across the 
breaker had reached the maximum pos- 
sible value. This illustrates very clearly 
the general conclusion that the dielectric 
build-up characteristics of high voltage 
circuit breakers just does not provide 
the restrike timing required to develop 
the theoretical voltage ceilings of four to 
five times normal voltage for grounded 
neutral systems. 


Conclusions 


As the severity of switching duty has 
increased, improved circuit breakers have 
been developed which give better perform- 
ance not only on fault interruption but 
also on charging current interruption. 
While it is possible to construct breakers 
that are capable of interrupting charging 
currents even at the highest voltages 
without any restriking, such extremes 
are not usually necessary. For instance, a 
single restrike will not produce hazardous 
overvoltages on solidly grounded sys- 
tems. A number of breaker designs in- 
corporating such features as delayed- 
action oil-flow pistons or extra high- 
speed multibreak contacts are available 
which do not restrike more than once 
after an appreciable pause in the current. 
While certain sequences of repeated arc 
restriking and clearing can produce surge 
voltages over four times normal line-to- 
ground crest voltage, numerous field 
tests demonstrate that in service such 
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sequences seldom are produced. For the 
rare instances that may occur, protective 
gaps or lightning arresters can be relied 
on to protect important pieces of equip- 
ment. 

Resistances of a few thousand ohms 
connected in parallel with the breaker 
contacts, in spite of certain inherent dis- 
advantages, may be used to reduce not 
only the probability of arc restriking when 
interrupting charging currents but also 
the magnitude of the overvoltage surges. 
They also serve to limit the moderate 
voltage surge that may accompany the 
energizing of a capacitive load. On sys- 
tems having appreciable impedance in 
the neutral and where long lines or 
cables are to be switched, consideration 
may well be given to the use of such re- 
sistances. 

Because of the difficulty of simulating 
transmission lines in laboratories, field 
tests of charging current interruption are 
of very great value. Fortunately con- 
siderable data have been obtained al- 
ready but more field tests are desirable 
to establish with greater certainty the 
probability of severe overvoltage surges. 
Such information will assist both system 
engineers and circuit breaker designers 
to determine the emphasis which should 
be placed on obtaining special features, 
such as resistors or limited restrike per- 
formance, in high voltage switching 
equipment. 


“AXIS OF 
OSCILLATION 


RESTRIKE 
DURATION 


Figure 9. Breaker B opening charging current 
of capacitor C. During restrike, arc voltage ep 
shifts axis of oscillation from E,, to En—ep 


Appendix |. The Effect of Arc 
Voltage During a Restrike 


In the circuit of Figure 9 for a breaker B 
opening the charging current of a capacitor 
C, the are voltage, ép, is in series with the 
generated voltage. During the relatively 
short time consumed by one-half cycle of a 
restrike, the arc voltage is opposed to the 


379 


generated voltage, and both voltages can 
be considered constant. Consequently, the 
effect of the arc voltage is the same as an 
equal reduction in the generated voltage. 
This reduces the initial amplitude of the 
transient voltage by the value of the arc 
voltage and reduces the value of the voltage 
reached by two times the arc voltage. 

If EZ, is the voltage on the capacitor C 
prior to the restrike, the transient voltage, 
€e, during the first half-cycle of high fre- 
queney can be written 


&c = (Em —ep) — (En+E,—ep) cos t/ V EC 


The _Mmaximum voltage is reached at 
t=rVLc. 


Cmax = 2m —2ey ++ Ey 


Appendix Il. The Effect of Arc 
Voltage‘and Circuit Resistance 
During a Restrike 


Are voltage and circuit resistance limit 
the maximum voltage which can be reached 
by an unlimited number of restrikes at just 
those instants which give maximum increase 
in the voltage on the capacitor. 

The voltage e, on a capacitor, during a 
half-cycle of a restrike is given by the fol- 
lowing equation taken from Appendix I 
and modified to include the damping effect 
of circuit resistance. It is assumed that 
the resistance is not high enough to make an 
appreciable correction to the oscillation 
frequency. 


€c= (Em —ep) — (Em+Eo—ep) x 
R 
€ 2L cos Al EC 


The maximum value is reached when 
h=rvLc. ‘< 
Let 


Ccmax = Em —€p +dEm+dE, — dey 
Cmax = (Em — ey) (1+-d) +dE, 


Because the voltage after the restrike ¢,,,,. 
becomes the voltage, E,, before the next 
restrike, successive restrikes increase the 
voltage on the capacitor until a limit is 
reached at which the voltage before a re- 


strike equals the voltage after a restrike. 
Then 


E, = Comax ’ 
Comax = Ca —y) (1 +d) deen. 
tae 


Cemax — a, (Em —ey) 


The curves A of Figure 2 are plotted from 
this equation. 
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Appendix Ill. The Effect of the 


Dielectric Strength Recovery in 
the Breaker on the Maximum 
Voltages Attainable by 
Repeated Restriking 


After a breaker fh a capacitive circuit in- 
terrupts a restrike current surge, leaving a 
charge on the capacitor, the breaker is sub- 
jected to a high-frequency transient recovery 
voltage as shown in Figure lc. The ampli- 
tude of this transient voltage is a function 
of the charge left on the capacitor. If the 
charge is increased, the crest of the transient 
recovery voltage will be increased by a 
greater amount than the voltage crest 
which is available a half-cycle later to pro- 
duce the next successive restrike under the 
assumed conditions for maximum cumula- 
tive build-up of voltage. The maximum 
transient recovery voltage, reached after a 
half-cycle of high frequency, is 


€:= (E,—Em)(1+d") 
where 


E, is the voltage on the capacitor. 
Em is the crest of the generated voltage. 
d' is the damping factor (Appendix II) for 
the circuit with the breaker open. 
_rR'c! 
2 


d'=e 


The voltage across the breaker, at the end 
of a half-cycle of system frequency when a 
restrike is assumed to occur, reaches a peak. 


és=E, t+ En 
The ratio, k, of these voltages is 


et 


es 
_(Eo—Em)(1+4’) 
EotEn 


As shown in Figure 4, the dielectric 
strength of a breaker increases during the 
half-cycle following a restrike. Therefore, a 
restrike on the system frequency voltage 
crest should not occur if the crest voltage is 
less than or equal to the high frequency 
transient recovery voltage peak; that is, if & 
is equal to or greater than one. To allow for 
an increase in dielectric strength during 
this period, some lower value of & such as 
0.8 can be chosen. 

The maximum voltage at which a restrike 
can occur on the system frequency voltage to 
produce an increase in capacitor voltage, is 
therefore a function of k, and can be ex- 
pressed as follows by rearranging the for- 
mula for k 


d’'+k+1 


Bos En Fi ny 


The maximum voltage which can be 
reached by restriking is therefore the result 


of restriking with this initial charge on the 
capacitor. 


d’+k+1 
com = (Em = 09) 140) +d Em Fe 

To show how the voltage on the capacitor 
is limited by the dielectric recovery char- 
acteristics of the breaker, two curves B and 
C are added to Figure 2. To draw them it 
was arbitrarily assumed that the independ- 
ent variables d and d’ were equal and that . 
the arc voltage e) was equal to zero. Curve 
B is obtained by assuming k=1 and curve 
C by assuming k=0.8. 

This limit is supplementary to the limit 
given in Appendix II and the lower of the 
two is the maximum attainable. 


References 


1. Vo.ttacres INDUCED By ARcING GROUNDS, 
J. F. Peters, J. Slepian. AIEE Transactions, 
volume 42, 1923, April section, pages 478-93. 


2. Crrcuir BREAKER RECOVERY VOLTAGES, 
Robert H. Park, Wilfred F. Skeats. AIEE 
TRANSACTIONS, volume 50, 1931, March section, 
pages 204-38. 


3. Powrr-SySTEM TRANSIENTS CAUSED BY 
SwiITcHING AND Fautts, R. D. Evans, A. C. Mon- 
teith, R. L. Witzke. AIEE Transactions, 
volume 58, 1939, August section, pages 386-94, 


4, TESTS AND ANALYSIS OF CIRCUIT-BREAKER PER- 
FORMANCE WHEN SWITCHING LARGE CAPACITOR 
Banks, T. W. Schroeder, E. W. Boehne, J. W. 
Butler. AIEE Transactions, volume 61, 1942, 
November section, pages 821-31. 


5. CIRCUIT BREAKERS FOR BOULDER Dam LINE, 
D. C. Prince. AIEE Transactions, volume 54, 
1935, April section, pages 366-72. 


Arc RUPTURING 
W. M. Leeds. 
volume 51, 1932, pages 


6. RECENT DEVELOPMENTS. IN 
Devices, R. C. Van Sickle, 
AIEE TRANSACTIONS, 
177-84. 


7. TeEsts or 230-Kv HIGH-SPEED RECLOSING OIL 
Circuir BREAKER, A. C. Schwager... AIEE TRANS- 
ACTIONS, volume 63, 1944, November section, 
pages 784-8. 


8. A MULTIORIFICE INTERRUPTER FOR HIGH- 
VoL_TaGeE Ort Crrcuit Breaker, L. R. Ludwig, 
W. M. Leeds. AIEE TRANSACTIONS, volume 62, 
1943, March section, pages 119-25. 


9. DETHERMALIZING ARC QuencHERS, Lloyd F. 
Hunt, Fred H. Cole. AIEE TRANSACTIONS, 
volume 62, 1943, November section, pages 720-4. 


10. HicGH-Vo_tTace Om Circuit BREAKERS FOR 
Rapip RecLosinc Duty, A. W. Hill, W. M. 
Leeds. AIEE TRANSACTIONS, volume 63, 1944, 
March section, pages 113-18. 


11. A TuHree-Cycte 3,500-MrGAvoL_t-AMPERE 
ArR-BLAst CIRCUIT BREAKER FOR 138,000-VoLT- 
Service, H. L. Byrd, Ben S. Beall. AIEE 
TRANSACTIONS, volume 64, 1945, May section, 
pages 229-32. 


12. INFLUENCE OF RESISTANCE ON SWITCHING 
Transients, R. C. Van Sickle. AIEE Transac- 
TIONS, volume 58, 1939, August section, pages 
397-404. 


13. SwitcHinc OveERVOLTAGE Hazarp_ ELImI- 
NATED IN, HIGH-VOLTAGE OIL CIRCUIT BREAKERS, 
L. F. Hunt, E. W. Boehne, H. A. Peterson. 
AIEE TRANSACTIONS, volume 62, 1943, February 
section, pages 98-106. 


14. Hicu Capacity Crrcurt-BREAKER TESTING 
Sration, J. B. MacNeill, W. B. Batten. AIEE 
TRANSACTIONS, volume 61, 1942, February section, 
pages 49-53. 


Leeds, Van Sickle—Interruption of Charging Current at High Voltage AIEE TRANSACTIONS 


Discussion 


Philip Sporn and H. P. St. Clair (American 
Gas and Electric Service Corporation, New 
York, N.Y.): The authors of this paper have 
added some important data and conclusions 
in regard to. the problem of interrupting 
charging current in long high-voltage lines. 
We should like to suggest that the successful 
elimination of switching surge overvoltages 
higher than say, two times normal, if this 
can be assured through modern breaker de- 
velopments, may have very great economic 
significance. 

Insulation levels at present are determined 
by voltages originating in lightning and 
switching surges, and by the level of pro- 
tection afforded by lightning arresters. 
While the arrester must withstand the 
maximum dynamic or 60-cycle overvoltage 
which can be imposed upon it at its point of 
application, and this voltage has nothing 
to do with switching surges, it very well may 
be that the ultimate elimination of excessive 
switching surge overvoltages will permit a 
substantial reduction in insulation gen- 
erally because lightning overvoltages are of 
so much shorter duration than switching 
surges and hence much less destructive to 
arresters. While this reasoning applies par- 
ticularly to station apparatus, a reduction in 
insulation levels of transmission lines may 
be feasible also because lightning effects can 
be controlled pretty well, first, by design in 
regard to shielding and tower footing resist- 
ance, and second, by the use of ultrahigh 
speed reclosing. Obviously, shielding and’ 
tower-footing resistance cannot control the 
effects of switching surges. 

Some 20 years ago one of the discussers 
of this paper first presented to the In- 
stitute a paper entitled ‘Rationalization of 
Transmission System Insulation Strength.” 
The ideas developed there not only found 
general acceptance but later as they were 
further developed served as the basis for 
modern ideas of insulation co-ordination 
which have-contributed both to the im- 
proved technical performance and economic 
soundness of modern transmission systems. 
But, while the ideas with regard to insulation 
levels needed had been developed soundly, 
the levels subsequently adopted were deter- 
mined by experience, both analytical and 
pragmatic, in the operation of systems with 
breakers as then existed. 

It would appear therefore, that the time 
is fully ripe now for a re-evaluation of the 
whole problem in the light of new concepts 
for controlling the magnitude of switching 
surges by the use of modern breakers. We 
have indeed here the-possibility of savings 
which will be of tremendous economic im- 
portance to the entire electric power in- 
dustry. 4 

A second point we should like to mention 
in connection with this paper has to do with 
field testing of circuit breakers. As is well 
known, we in our own organization have car- 
ried out field tests on various occasions 
during the past 20 years and have advocated 
persistently the making of such tests as a 
necessary supplement to factory laboratory 
procedure in the proving and perfecting 
of new circuit-breaker developments. With 


this background, therefore, we are pleased: 


to note that for the first time, we believe, 
the authors have given unqualified recog- 
* nition to the need for field testing pro- 
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grams to supplement factory testing facili- 
ties. We are glad to welcome the West- 
inghouse Company into the fold. 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): This paper is of particular interest 
because of the data given in its Table I on 
measured overvoltages arising from switch- 
ing surges. It appears that previous esti- 
mates of switching-surge voltages caused by 
restrikes in breakers interrupting the charg- 
ing current of long high-voltage lines may re- 
quire a downward revision. Most lines of 
the voltage class reported in this table oper- 
ate so near the corona level that any large 
increase in voltage requires a large power 
input. Because the mechanism involved 
in these switching surges is not adaptable 
to transferring large amounts of power, ex- 
cessive voltage rises are suppressed effec- 
tively. Figure 8 of the paper bears out this 
analysis. The rate of free decay of voltage 
on the open line when considerably above 
normal is shown to be very rapid indicating 
high losses which decrease rapidly as the 
voltage is reduced. 

A careful consideration of such data may 
lead to the adoption of lower normal-fre- 
quency line insulation levels where lightning 
is not the determining factor. Increased 
economies thereby may be effected. 

It would be interesting to know the mag- 
nitudes of voltages appearing at the far ends 
of the lines corresponding to the values 
given for the interrupted ends in T able I. 
If the authors have obtained such data, a 
general summary or discussion would be 
appreciated. If these data have not been 
obtained previously, consideration should be 
given to recording open-end voltages in 
future charging-current interrupting tests. 


I. B. Johnson (General Electric Company, 
Schenectady, N. Y.): The authors’ paper 
on the interruption of charging current at 
high voltages is indeed a timely review and 
summarization of some of the knowledge 
on the subject. The basis of the authors’ 
evaluation of the relative cost and use of 
multibreak high-speed oil impulse breakers 
of the stored energy type, however, appears 
to be somewhat questionable. These 
breakers do more than interrupt line charg- 
ing current without any difficulty pertaining 
to switching surges These breakers of high- 
speed operation, which improve system 
stability, reduce damage from dynamic 
current following faults, and reduce main- 
tenance because of the short arcing time 
and slight oil deterioration, have demon- 
strated their superiority by their operation 
in the field. It is expected that the superi- 
ority will become more evident at a higher 
voltage such as 360 kv. 

In the authors’ conclusions regarding 
overvoltages from restriking it is stated, 
“For the rare instances that may occur, pro- 
tective gaps or lightning arresters can be 
relied on to protect important pieces of 
equipment.’”’ It is to be realized that, as 
transmission line voltages and distances in- 
creasé, the capacitive energy stored in the 
line will tend to increase as the square of 
the voltage and as the first power of the 
line length. This will increase considerably 
the discharge duty requirements of arresters 
in the event of arrester operation by a 
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switching surge. Also, for breakers using 
no shunting resistance across the interrupt- 
ing contacts, transient analyzer studies indi- 
cate in an extreme case of switching 400 
miles of line that the degree of overvoltage 
and the degree of arrester duty are not as 
great when restriking occurs for maximum 
voltage across the breaker contacts a half- 
cycle after interruption of charging current 
at a current zero as when restriking occurs 
sooner at a lower voltage than the maximum 
voltage possible across the breaker contacts. 
Because of the possible random nature of 
the phenomenon when allowed to occur, it 
is probable that designing breakers with a 
more positive reliability against restriking 
is to be preferred for long distance transmis- 
sion systems that may operate up to such 
levels as 360 kv in order to guarantee further 
the protection of the essential line insulation 
and terminal equipment of such systems 
from the effects of switching surges. 


E. W. Boehne (Massachusetts Institute of 
Technology, Cambridge, Mass.): The 
authors are to be congratulated on an inter- 
esting paper. They re-emphasize the im- 
portance of the capacitance switching prob- 
lem in high-voltage breakers. Attention is 
drawn to the statistical observation that 
field tests do not give rise to the magnitude 
of surges obtained on theoretical considera- 
tions. Thisis of great practical significance, 
however, care must be taken to be assured 
that the field results studied give a fair 
sample of the probable field conditions. The 
conservatism of the authors on this point is 
not of the same type as is expressed by the 
ultimate user who does not wish to base the 
performance of his equipment upon the 
average to be expected but is more concerned 
with the worst probable condition to be 
encountered. 

Experience shows that early random re- 
striking is comparatively harmless and in 
some respects a desirable characteristic if 
restriking is associated with large capacitive 
currents, and that if the available capaci- 
tance current is reduced the restriking is 
further delayed into the more dangerous 
regions. Hence each breaker will experience 
its most vulnerable condition at some 
nominal value of leading current which 
may be considerably less than the capacitive 
current encountered in the average installa- 
tion. This characteristic of high-voltage 
breakers, when interrupting capacitive cur- 
rents,;must be recognized to evaluate prop- 
erly the material presented and to formulate 
adequate factors of safety for all eventual 
applications of the breaker. 

High-voltage circuit breakers having two 
breaks per pole enjoy a distinct advantage 
over single-break breakers when interrupting 
capacitive currents. This is primarily true 
of the more modern breakers having are 
control devices and specifically true of those 
breakers whose are control devices possess 
low resistivity by means of resistance coat- 
ings or resistors of less than 25 megohms. 
Such breakers divide the voltage more or 
less equally between the two breaks. It is 
interesting to point out, however, that at 
the instant the double voltage appears 
across the single pole of a double-break 
breaker during a capacitive interruption, the 
distribution would be 50-50 across the two 
breaks on the basis that the intermediate 
crosshead held no charge at this instant. 
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This is the inherent voltage distribution 
across any 2-break breaker pole whose 
breaks are identical and arranged sym- 
metrically, and where plus £ volts.is ap- 
plied to one terminal and minus £ volts 
applied to the other, and is independent of 
the amount of resistance across the breaks. 
These considerations become important from 
the standpoint that the breaker having two 
breaks per pole is most efficient, voltage 
wise, when interrupting capacitive currents. 
Their substitution with breakers having but 
one break per pole and required to interrupt 
capacitive currents requires close analysis 
and test to insure their proper field applica- 
tion. Fortunately those breakers of this 
type are primarily of the impulse type or 
equipped with resistors which provide ade- 
quately for this contingency. 

The authors’ recommendation of resistors 
between two and three times the capacitive 
ohms to neutral is of interest and agrees 
quite weil with the nominal value of 2.1 
times the capacitive ohms to neutral sug- 
gested in 1945. This result stems from the 
equation 


Tv 
B 
Bee 


Where B is the ratio of ohmic resistance to 
capacitive ohms to neutral. The solution of 
this equation for this ratio is 2.11. This 
value of resistance will permit the line 
charge to drop to zero in just one-half cycle 
following the interruption of leading cur- 
rent. As pointed out then, and in the pres- 
ent paper, resistances just above and below 
this value will be found of suitable protec- 
tive value, the variation usually depending 
upon the type of interrupter, speed of con- 
tact separation, nature of the circuit, and 
the type of grounding employed. 


T. M. Blakeslee (Los Angeles Department 
of Water and Power, Los Angeles, Calif.): 
The Leeds and Van Sickle paper presents a 
timely summary of the situation regarding 
charging-current interruption. Their thor- 
ough mathematical analysis takes into ac- 
count more factors than the basic treatment 
presented in the Sadler and Blakeslee paper. ! 
Because these additional factors indicate 
slightly lower overvoltages, operating men 
should be encouraged as the situation is not 
quite as bad in those cases where these fac- 
tors are applicable. ; 

The paper, however, is characterized by 
an attitude of hopeful optimism that is 
dangerous for the operating engineer. His 
must be the pessimistic point of view. He 
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knows by painful experience that if it is 
possible to happen, some day it will. There 
are many random things that the operating 
engineer cannot control as exemplified by 
troubles resulting from lightning, severe 
storms, or falling airplanes, but if he could 
control these things at a reasonable cost he 
certainly would do so, in order to approach 
more closely his goal of uninterrupted power 
service. 

When breakers that do not restrike while 
interrupting charging currents can be ob- 
tained at a reasonable cost they will be 
used. In the meantime the self-extinction- 
principle circuit breaker, or as Leeds and 
Van Sickle call it, the “self-generated flow” 
type is still used extensively and while giv- 
ing excellent performance on short-circuit 
currents, admittedly it restrikes when 
handling charging currents. Freedom from 
trouble resulting from these restrikes is a 
gamble and therefore cannot be guaran- 
teed. ; 

The application of resistors to this type of 
circuit breaker is a means of limiting over- 
voltages resulting from restrikes. It is 
reasonable that the operating engineer 
should use this panacea for troubles from 
charging-current interruption to the utmost 
possible within the limits of design and cost. 
He thus can get the guarantee of immunity 
he likes to have rather than live in the hope 
that trouble will not occur. 
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W. M. Leeds and R. C. Van Sickle: The 
design, application, and use of electrical 
apparatus progresses as more and more 
facts become known. As Philip Sporn, 
H. P. St. Clair, and E. C. Starr have men- 
tioned, the less the uncertainty, the less the 
allowance that has to be made for it. The 
interruption of charging currents at high 
voltage involves complicated phenomena 
and is best studied through actual tests on 
high-voltage circuits. This has resulted in 
the several series of tests which produced 
the data summarized in Table I of the paper. 
This compilation of available pubilshed and 
unpublished data covers various types and 
makes of breakers. Further field testing to 
increase our knowledge of charging current 
interruption and the performance of new- 
interrupters is certainly deSirable and addi- 
tional data on voltages at the open end of 
the circuit as suggested by E. C. Starr 
should be obtained. 


‘ 


As emphasized by I. B. Johnson, the 
paper points out that the difficulty of inter- 
rupting charging current increases with 
voltage and current, and in addition, it 
points out and discusses the solutions which 
are available without emphasis upon the 
merits of a particular one. Interruptions 
without restrikes is an obvious solution, 
but not the only one. Interruptions ac- 
complished by inserting one or more steps 
of resistance is another solution and limits 
the overvoltages which can be reached when 
restriking occurs. Even without the resis- 
tors in the circuit breaker, resistance and 
damping effects are present in the circuit 
and exert an influence on any restrike as 
discussed in the paper and as added to by 
Starr’s remarks on corona losses. The par- 
ticular solution which may be best depends 
on an evaluation of the disadvantages as 
well as the advantages of the various 
schemes. 

The longer the line, the longer the time 
interval required for a surge to travel to the 
end of the line and back. For the longer 
lines, the time becomes an appreciable part 
of a cycle, and the system voltage changes 
considerably during a restrike as can be 
shown easily. This and the additional at- 
tenuation reduce the maximum voltage 
which can be produced and, as Johnson 
pointed out, move the restriking point pro- 
ducing the maximum voltage to a voltage 
occurring before the maximum crest is 
reached. Consequently, the charging cur- 
rent of long lines will be correspondingly 
large and more difficult to interrupt, but the 
voltages which can be reached by a single 
restrike will be less than on a shorter line. 

The paper does not indicate a change 
in our attitude toward field testing. We 
have participated in many field tests and 
still believe in obtaining as much field 
data as possible to demonstrate circuit 
breaker performance on line-charging cur- 
rents and on_ short-circuit interrupting 
capacities beyond those obtainable in our 
high power laboratory. 

However our experience has shown that 
when the field tests are within the ‘inter- 
rupting capacities tested in the laboratory, 
they have closely confirmed the laboratory 
performance, and usually have provided no 
additional significant data. 

We hope the paper has accomplished its 
purpose in calling attention to the data ob- 
tained on field tests and to the discrepancy 
between calculated and measured maximum 
voltages and in analyzing some of the 
breaker and circuit characteristics which 
control the voltages reached during charging 
current interruption. 
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Sectionalizing and Internal Transformer 


Fusing on Rural Power Circuits 
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Synopsis: This paper discusses the co-ordi- 
nation of internal transformer fuse links with 
line sectionalizing devices on 7.2/12.5-kv 
multigrounded neutral rural lines, and 
methods for improving this co-ordination 
and the electric service to farm areas. 

An internally mounted primary fuse link 
is an integral part of the transformer on a 
large number of the transformers supplied to 
rural electric systems. In the interests of 
more adequate sectionalizing and less inter- 
rupted power. aimed toward the improve- 
ment of electrical service to the farm con- 
sumer the following suggestions are made: 


1. Internal links of various transformer manufac- 
turers should be standardized. 


2. The rating of the link in the conventional in- 
ternally-fused-type transformer should be no greater 
than that in the entirely self-protecting type of the 
same rating. 


3. The characteristics of the internal link should 
be designed for better co-ordination. 


4. The characteristics of sectionalizing reclosers 
should be designed for better co-ordination. 


5. System studies should give consideration to 
proper co-ordination of reclosers and transformer 
protective equipment. 


NE OF the principal means for main- 

taining as continuous electrical serv- 
ice as possible consists in sectionalizing 
the system so that trouble in one area 
will be isolated and not affect other areas. 
Perhaps the greatest difficulty confront- 
ing the engineer in the solution of sec- 
tionalizing problems on rural distribution 
systems stems from one fact that eco- 
nomics severely limit the use of relays 
or other expensive devices, and resort 
must be made to fuses, series coil trip 
circuit breakers, and so forth. In spite of 
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these difficulties, a reasonably good co- 
ordination job is generally possible. 
Line sectionalizing on rural systems has 
trended toward use of the automatic re- 
closing circuit breaker, which has ma- 
terially improved electric service.1 New 
designs of “‘reclosers’” are expected to 
further increase continuity of service.’ 
The co-ordination of rural type primary 
transformer protection and line section- 
alizing devices is a field which offers 
promise for material reduction in con- 


TIME IN SECONDS 


Figure 1. Co-ordination of internal transformer 
links and reclosers 


Application of internal link Ill: link 2, for 
41/2, and 5 kva, and link 4, for 7*/2 and 10 
kva ratings for ESP type over No. 6,000,000 
and CIF type over No. 7,316,000. Also for 
3 kva ESP type No. 6,000,000 to 7,660,000 
and CIF type less than No. 7,316,000. 
Link 6 for 5 kva ESP type under No. 
6,000,000, CIF type under No. 7,316,000, 
25 ka ESP type over No. 6,000,000 and 
25 kva CIF type over No. 7,316,000. All 
for transformers of Make B 
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sumer outage time. This applies particu- 
larly to the internally fused transformer. 
When an individual transformer fails it is 
highly desirable to automatically dis- 
connect it from the line since failure of a 
transformer over-current protective de- 
vice to clear before the line sectionalizing 
unit opens results in an outage on the 
entire line, putting a group of consumers 
out of service until the faulty transformer 
is located. 

An attempt will be made to crystallize 
and systematize the questions involved, 
establish the problems and offer sugges- 
tions for improvement of existing condi- 
tions of transformer protective device 
and line sectionalizing device co-ordina- 
tion. 


Definitions Used in This Study 


An external fuse link is one external 
to and in series with the distribution trans- 
former on the source side. 

An internal fuse link is a fuse on the 
source side, placed in the transformer, 
usually under oil, by the transformer 
manufacturer, and is an integral part of 
the transformer. It is also called a 
weak link by some engineers. 

An entirely self-protecting (ESP) trans- 
former means a transformer contain- 
ing an internal primary fuse link- and 
a secondary breaker, both mounted in- 
side the transformer. 

A conventional internally fused (CIF) 
transformer means a transformer with 
an internal link but no internal secondary 
breaker. 


Co-ordination and External 
Transformer Over-Current 
Protection 


For external primary fuses, the fuse 
size is readily changeable, and for es- 
tablished recommended fuse ratings, co- 
ordination with reclosers having time de- 
lay opening is not a great problem. For 
example, in Figure 1, a 3-ampere fuse of 
make K, which is one of the slower acting 
makes, will co-ordinate with a 5-ampere 
make J recloser up to about 18 amperes on 
the third recloser opening (first time de- 
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Table |. Internal Fuse Characteristics 


Transformers Furnished to Rural Electrification Administration Financed Systems From 1936 to 1946 


Transformer Manufac- Current, Amperes 
turer’s Designation— 


Serial Number 


nl 


11/2 Kva Date of 3 Kva 
Change 

Time, Seconds...... 30027, 100 he 10s rar Sis vais Liaiesene 00 D/-rs ates OFZ) ose: (Ue ea ODO 4 300. .100. IO ae 1.743.035 . 0.2 .0.1 
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OVE ier tise s 825.5. 0) eel 2) Be MOM usa pore 1 28°, 0 40P....0/44 PSD rower oboe ee Sbeil?/ . 21 . 28 40 
(The ESP type has the same link as CIF type on manufacturers A transformers) 
( ESP type less No. 

BO00/O00 sane suum 16° [alG aedvodLS.0s cOm nods . 55 ET Git: sho, ahd tae 16: <3.06) ec) 7252-18207 whoo aoe . 55 . 76 
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ESP type No. 
} 6,000,000 andover.. 8 .. 8 iO sap OF ir Lobo BO: Be V5) 29 ..1939 

B } (For No. 7,316,000 and over, the 11/2 kva is same as the 3 kva) 

CIF type less No. 

FiBLG O0Or it aietercn 12 plz .13 14 19 ..25 B64 22040 eacetees 22 «22 .23 .24 . 38 50 ae Omens OL 
CIF type No. 
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C Aig erie earaae 6 ON cushy tate lcioe a be 19 “oe (no SP 874510) bie Se eel Clone 3. 29 5 oO: 
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(Manufacturer D does not make ESP type transformers) : 
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Ol type pase 6 iB). 2eA0 1 Soba BAO. Lome LO 20 QGw i chi's, ike Ole cuo tole, shove tarelaysea LOPS FLOR atl 2 13 15 17.5 
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ESP type less No. : 
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Manufacturer’s € and H-curves are for melting time. All others are for total clearing time. 


lay Opening). Since the recloser has two 
time delay openings, the fuse will prob- 
ably blow before the breaker locks open. 
By redesigning the recloser so that the 
time current curve will be moved to the 
right and up on the ends, better co-or- 
dination will result.* 


Conflicts in 
Internal Link Ratings 


THEORY OF THE INTERNAL LINK 


The size of the internal link is a subject 
about which there has been much con- 
tention, Some manufacturers feel that 
the internal link should not blow except 
for internal transformer faults, because it 
is difficult to replace. This results in a 
very high ampere rating of internal link, 
and great difficulty inco-ordinating it with 
line sectionalizing devices. 
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Other manufacturers feel that the in- 
ternal link should protect the transformer 
against some secondary trouble, and have 
made it possible (although still not easy) 
to replace the link with the transformer 
on the pole. 

The size, or rating, of internal fuse 
links also varies according to whether the 
transformer is the ESP type or the CIF 
type. Prior to about 1943 most manufac- 
turers made the link in the ESP type 
smaller than the link in the CIF type. 
After this period, some manufacturers 
used the same size links regardless of the 
type of transformer, while others con- 
tinued the previous practice. The result 
of this change for one manufacturer is 
that the internal link for former 3 kva 
ratings corresponds to that now used for 
71/, and 10 kva ratings, and the former 
5 kva link corresponds to the present 25 
kva link! 
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- DIVERSITIES FOUND FOR VARIOUS MAKES 
oF INTERNAL Fuse LINKS 


The only precise method of comparing 
internal fuse links is to check their time 
current characteristics. Table I shows 
the current in amperes required for inter- 
nal fuse clearing times-of 300, 100, 10, 
0.5, 0.2, and 0.1 seconds for rural type 
transformers furnished since 1936. The 
larger the current for.a given time, the 
larger the link, and the more difficult it 
will be to remove automatically the trans- 
former from the line when a fault occurs. 

It can be seen from the table that the 
ampere rating of the internal link has in 
general been reduced since 1936. How- 
ever, it can also be seen that there is still 
a‘great deal of difference in the ampere 
rating of internal fuses furnished by the 
manufacturers. 3 

There is also quite a variation between 
link sizes for ESP and CIF transformers 
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Table | (continued). 


Internal Fuse Characteristics 


Transformers Furnished to REA-Financed Systems From 1936 to 1946 


Transformer Manufac- 
turers’ Designation— 


Current, Amperes 


Serial Number 5 Kva 71/. Kva 
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* Estimated. 


Internal links for the 10-kva rating are the same as for the 
Manufacturer B CIF less No. 7,316,000; Manufacturer C CIF; Manufacture 


than and over No. 393,000. 


The links in the above makes of 10-kva transformers are 


furnished by the same manufacturers. 
Taking the 5-kva transformer for ex- 
ample, the CIF type link is about twice 
as large as the ESP type for manufac- 
turer C, but the CIF type link is smaller 
than the ESP type link for manufacturers 
E, G, and H. In general, the ESP type 
is now more standardized than in 1943. 
It also can be observed that some of 
the CIF links and some of the older ESP 
links are so large that fault currents on 
rural systems are frequently insufficient 
to blow the link at all. ; 
Results of. Diversity Between 
Internal Links in the Co-ordination 
of Links and Line Sectionalizing 
Devices 


Figures 1 and 2 show how the make J 
recloser time delay operation co-ordinates 
with certain internal links. Where the 
fuse and recloser curves cross determines 
a ininimum current point. For currents 


greater than this value, proper co-ordina- 


tion will occur, but for currents of lesser 
value it will not. Table II is made up 
from a comparison of various reclosers 
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and internal fuse links. Table IIA is 
made up using the first-time delay open- 
ing curve (third opening) of the make J 
recloser. Subsequent time delay open- 
ings are not considered in the co-ordina- 
tion of the fuse and recloser. This method 
was used because it is not known just 
how heat is dissipated in a fuse under oil, 
and because the use of an automatic dis- 
connecting or isolating device on branch 
lines would make such an operation de- 
sirable in case the recloser had two fast 
and two time delay openings to lock-out. 
Table ILA may also be used for the first 
opening of the make A recloser, as the 
characteristics are very similar. How- 
ever, the later device has four time delay 
openings, and the factor of safety in 
clearing a fuse before recloser lockout 
would therefore be greater. Table I1B 
is made up for the first opening of the 
make B. This recloser has four fast 
openings to lockout, and hence, is much 
more difficult to co-ordinate. 


Use oF TABLE II 


The table shows the minimum fault 
current for which various internal fuses 
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71/.-kva rating, except for the following makes: 
r D CIF less No. 1,850,465; Manufacturer F CIF; Manufacturer G CIF less 


larger than the links in the same make of 71/2-kva transformers. 


will be cleared before the recloser operates 
(see above for details of operation). 
If the minimum calculated fault current 
is less than the value in the table, the co- 
ordination described above is not assured. 
Spaces with dashes indicate that no such 
co-ordination is possible. For example, 
for a make B 11/.-kva transformer, ESP 
type, less than serial number 6,000,000, 
the fault current must be greater than 80 
amperes if a 5 ampere make J recloser 
is not to open on its time delay operation. 
If a make B recloser is used, co-ordination 
is not possible. The higher the figure in 
the table, the more difficult is the co-or- 
dination. 

By comparing these tabular figures, the 
problems of co-ordination with various 
makes of internal links becomes very 
apparent. 


Solution of Co-ordination Problems 
on Existing Installations 


Examination of the system by use of 
these tables will show where trouble may 
be expected. 
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Table IIA. Co-ordination of Reclosers and Internal Links 


Minimum Current, Amperes, for Which Internal Fuse Will Clear Before Recloser Opens on 
Time Delay 


Make J and Make A Reclosers** 


———— ne 


Recloser Ratings Recloser Ratings 
Transformer — 
Rating 5 10 15 25 5 10 15 Z5 Remarks 
ESP type and CIF type ESP type and CIF type 
Make A less No. 2,500,000 No. 2,500,000 and over 
11/ekva... 10*.. 20*.. 30*.. 50* TS 2Ose ; 30*.. 50*..11/2 kva ESP type of serials be- 
3 AZ ae DOR OO m OO” {Ri eOt ne OOM ROO th tween 2,500,000 and 3,536,360 
5 een? 2 2075. 30* OO 45 -.. 20%... 30*.., 60* will co-ordinate with 5 amperes 
71/2 - Bbc. 42 2.30%. BOX 180) (esd ee cOmeOUs recloser down to 10. amperes 
10 Be Bolen h 22 a0 tera 130 .. 35 ..°S0*.. 50* 
: ESP type less ESP type No. 6,000,000 
Make B No. 6,000,000 and over 
1i/s kvar.. 80°... 20*3. 30.0 50* Dg). 820%, . *S0*, 450% 
3 ek 80. 2ORASS0F aeoOs 28 .. 20*., 30*.. 50*..3 kva at serials 7,660,000 and over 
5 Ne yikes. Eyre, a OF! DR, 20%... S0%.. 000" same as serials less than 6,000,000 
Tises oy Ses APR OR Oe 260! sae 150 .. 56 .. 30*.. 50*..11/e kva ESP type of serials be- 
Oe me)  Rrreiotr oc cd  o. 260 .. 50* 150... 56%... d0*:, 90* tween 6,000,000 and 7,316,000 


will co-ordinate with 5 amperes 
recloser down to 10 amperes 


CIF type less CIF type No. 7,316,000 
No. 7,316,000 and over 
11/ dist 2 Stee ake Oats oO ea OO 28). st20* 7a oUt. 0O* 
S. -whan alehons, clemeeanete 56.... 80%. = 50* 28 .. 20*.. SO*,. .50* 
em Sos crenenotee J20' Malabar es OR 5, 20h. pom oOs 
TRIE SMM Ee reG OER RTOS pb yiha.e Awa 250 150: os -BOwn reo ers Oe 
Ne | ASW Oeiodtaaat cs 4 ... 480 150." 50... S02 Oe 
Make C ESP type CIF type 
li/2kva... 10*,, 20*... 30F.. 50* 101): 20 Fact SOF 
3 1S. A aeO see eOrer sou 150 ... 20*.. 30%... 50* 
5 $n 45 he Oe ena DOs ama en 190 .. 30*... 50* 
71/2 = tlSO ee BD” on BOM ae DO Fe) mee ieee 270* 5. 50* 
10 109180 |i Ome BOS: BOF We ceri, neat etone 210 
CIF type less CIF type No. 1,850,465 
Make D No. 1,850,465 and over 
11/o kva... 10*.. 20%.. 30*.. 50* 130 ., 23 .. 30*.. 50*..No ESP types made ° 
3 “AT 720. . 30%. 50*¥s 180k 23, 2 oO" es 
5 se aLaO> => Bourne Hoh apoOs 130... 23. >. 80*.4-50* ‘ 
FOU Chae Ivigecc 200... GOL BO eaters brates 220. 60 
10 Af de ae er tearatia ih ere, Mee Odie ea Us, enero tina ne aM nests 220 .., 60 
Make E ESP type CIF type 
1p kves:.. 18). 20%. OO) OUT 11 .. 20*.. 30*.. 50*,,11/2"kwa ESP type prior to 1944 
3 +2918. Py BOF S08 I-50* LS 25208 A ASOF a OO™ will co-ordinate with 5 ampere re- 
5 an 25) 1200 e., SO eo0e 28. 5 DOs SSO Ms 0 closer down to 10 amperes 
7/2 er LOU er ROO ite tet) teen pio: 28 3. 22) .5 1c0%s. DUT 
10 salSOle 2856 i SOs. F ols DS)-s7a 22 DI RSOM, RIO 
Make F ESP type CIF type 
1ii/ekvas.> 18°. 20% 307). 50" 11 .. 20*.. 30*.. 50*..11/2 kva ESP type less No. 755,649 
3 top, 18: i.) 2OR Re SOF. A SOF BB awwe22 PeesOe ne Doe will co-ordinate with 5 ampere re- 
5 ‘eho <n LOM ae OOs SOT 5D 8 6 ge S000” closer down to 10 amperes 
71/2 Pe USO yan GOD Ot ee OO Peer aC eset SEs LS. tee Og 50* 
10 ito lols Soe RO a pie cma ame VS: 47) 35ie. 68 
ESP type less ESP type No. 273,400 
Make G No. 273,400 and over 
Us mistoie 107 20M a e0e sO 18). OMe Ot oe DOr 
3 oe 1S) 2 cOM Oe ee 18... 20%... 307. 50* 
5 se 25Pok: (20* 30h, 150% 4 045.3) 20% 50808 R I b0* 
7}/2 EL este Melade a sith ae MAUS Seem Cue 7 Uy 
10 Be, 130 B57 40M OU ae LOO) -uSO%. 1 BOs moO* 
CIF type less CIF type No. 393,000 
No. 393,000 and over 
1'/2 159 LOE. 204i SOM er OO 1O*S, 20¥ “SOK b0* 
3 we LOO se COM, BO%e OO ee Ls eae 20h oUt nO 
Salle” s 3 eae 200) 040) OOS. Pets cane 20%... 30%... 50* 
8/8. ES arene <a ae 1a) ae rac oor actin real 50* 
LO) Wk Nowraposateee oot etek 1 | a Hen ieee FBS ick hohe 350 
Make H ESP type CIF type 
11/2 Se nlO® s. -2Oe wena aoe 10*,., 20*%...30*.. 50* 
3 j. 4 . 1 20*5 5 30%. Gane OMe 20%; BO* sn Ot 
5 wes O2) 1. SOR EBON Oe LO* 5. 20% a. OOhrs Om 
7/2 tee ldO)-n, BSRe, SOF 2 50% 10*,;, 20*;. 30*....50* 
10 50130 ean 8o > 807.2 coe 10*,. 20*.. 30*.. 50* 


* Minimum trip current of recloser. 

** First opening for make A recloser. - Third opening for make J recloser. 
The ESP type is one transformer with an internal fuse link and secondary circuit breaker. 

The CIF type transformer is one with an internal link, but no secondary circuit breaker. 


If the internal fuse link will not clear ~ 


properly, there are three alternatives 


1. Move the transformer so that it is be- 
hind some larger recloser, or to some point 
where the minimum fault current is greater, 
or both. 


2. Install a larger recloser, or one with 
greater time delay if the requirements for 
co-ordination on the primary lines can still 
be met. 


3. Install an external fuse link of smaller 
rating than the internal link. In the case 
of the ESP-type transformer, make sure 
that this external link will co-ordinate with 
the secondary breaker. When using ex- 
ternal secondary protection, co-ordinate 
such protection with the primary fuse. 


Most of the difficulties will occur with 
the transformers manufactured prior to 
1943, and the CIF type. 

It might be pointed out that in the case 
where a recloser with one or two fast open- 
ings and subsequent time delay openings 
is used, it would be desirable to install 
single shot fuses or branch lines to clear 
permanent faults. The transformer inter- 
nal link should clear before the branch 
line fuse, and the branch line fuse should 
clear before the recloser locks out. A 
greater margin for co-ordination between 
the internal link and the recloser should 
therefore be applied. 

It would also be very helpful if some 
satisfactory but inexpensive transformer 
failure indicating device could be de- 
veloped which could be attached to all 
transformers. Thus, although improper 
co-ordination might prevent automatic 
transformer disconnection, at least the 
transformer which failed could be easily 
located. This would save considerable 
outage time. 


Suggestions for Steps to Be Taken 
in Future Development 


The main co-ordination difficulty is 
clearing internal transformer links with 
the smaller ratings of reclosers. Unfor- 
tunately, most of the lower rating re- 
closers are out on the fringes of the sys- 
tem, where nonco-ordination will result 
in long outage time and costly mainte- 
nance. The transformer kilovolt-ampere 
ratings of greatest number on rural power 
systems are probably the 11/2, 3, and 5. 


-The minimum line-to-ground current 


(considering 40 “ohms fault resistance) 
on most 7.2/12.5-kv multigrounded rural 
systems runs around 20 amperes. It is 
therefore highly important to be able to 
automatically disconnect a 5-kva_ or 
lesser rating transformer before the 
smallest rating recloser operates for 
fault currents down to 20 amperes. This 
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Table IIB: Co-ordination of Reclosers and Internal Links 


Make B Recloser 


* Minimum trip current of recloser. 
The ESP type is one transformer wi 


1947, VoLuME 66 


Transformer Recloser Ratings Recloser Ratings 
Rating — 
6 12 25 50 6 12 25 50 
ESP and CIF types less ESP and CIF types 
Make A No. 2,500,000 No. 2,500,000 and over 
11/ekva... 17*.. 30*.. 65*..130* 85 .. 30*.. 65*. .130* 
3 120—R be se ODA out 85 ..°30*.. 65*. .130* 
= ay OR 8 59) SOMA ad 1) boa ee 80 .. 65*. .130* 
OAD eee a ate 120 GD else orcas 200 .. 65*. .130* 
Oe te - oi cic ers LAD ee GO el ot violet 200 .. 65*..130* 
ESP type less ESP type No. 6,000,000 
Make B No. 6,000,000 and over 
MO Ke BV. sen terrctersysig « 120.42 65*. 1307 85 .. 30*.. 65*..130* 
ee ET ee ane a ie ms oF 120) Gos. .ho0* 85 .. 30%... 65*:.130* 
Mam nabs ore Bisens eetont aioe 280 ..130* 85 30*.. 65*. .130* 
[AS AES Satie te cee Sep ene 460) 5. pO ae cee one 200... 65*.,130* 
HAAN Deeitaes chs tp tetene < a) areee« AGHOe “LOU miettart 200 .. 65*. .130* 
CIF type less CIF type No. 7,316,000 
No. 7,316,000 and over 
11/ekya... 85 .. 30*.. 65*. .130* 85 ..°30*.. ‘65*. .130* 
ee Dee Meer Sak 5. Cars 200 .. 65*. .130* 85 .. 30*.. 65*. .130* 
5 Shs ee Bea A 2280"). 130* 85 .. 30*.. 65*, .130* 
aha as fervent Sai) ac tetelishe, © BGO) ng eer ccaran 2a 200 .. 65*. .130* 
Hi) EN Or tra cra ofan Senate ei SBD 9 a. giaete 200 .. 65*. .130* 
Make C ESP type CIF type 
11/2 kva. LTS. 807... (65*.-130* 80... 30*;. 65*. .130* 
3 Se tie 3 (UE Seyi SY se 1 cee ca 210 5, 65*, .130% 
PD We, een hegre aia BOW MemOUEE PSO eT Yh ben Ties ie rensiehs 250 ..130* 
ENC SR Ae ee ee 200 Ghar iGO oe hee aa ria 400 ..130* 
Lt ae ee 200 (Tieden lS dine ae Serer 510. F070. 
CIF type less CIF type No. 1,850,465 
Make D No. 1,850,465 and over 
ll/s or OU Aste GO*, LOOT? | tet ae 180 65*. .130*. 
B Pet40e 3 (SOme GbR ASONs «oo ca as 180 65*, .130* 
Dee Sarit es 180 Goes 1 BOF We oad 180 .. 65*..130* 
Ye chasis were sist 300 TS OR mee ee re iraz ste ohare 480 ..130* 
i eee os eA . 480 ESO ire celery cise <tc. 480 ..130* 
Make F ESP type CIF type 
1'/e kva. Shae dO ts. Got. o0™ 17*,.. 30*..) 65*:.1380*; 
3 - 85".. 30*,. 65*..130* 17*_. 30*>. 65*. , 130* 
‘ile Oe ee Ne eee 80"... 65*. .130* 50) >, 30*... 65*. .130* 
ESE el ME CAS 200... 65*. .130* 50 ..° 30*4, 65*5-130* 
ING ie, epg nacre patentee’ 200 65*. .130* BO 30% .06D".,. 120% 
Make F ESP type CIF type 
ll/2kva 85..450*..., 65*, .130F Lie 30th. Gb*..130*; 
3 85... 30*. .. Gb*...130* 36s ebOF slOD*. 130" 
Oe eee 80 65*, .130* 100 .. 70 65* 130* 
CASE eh, Oe ee 200 G5*e 13022 4a. 170 65*, .130* 
TOG Aer. Soa. 2 200 Ut 0 aie eer ae 170 ..130* 
ESP type less ESP type No, 273,400 
Make G No. 273,400 and over 
11/2 kva. it «= 30%... 65*. .130* 85° 2, 30*.,.65*,..130* 
3 SD aortas (O08. Lou Sho, 30*2165*, .130* 
ye ates; SONS GOS Fe SOF Sas: Rone Oot aloo’ 
Dae em PS 5 alas ZOO. ee CBF ol SOP ei sect eae 200: 3. 65*.,,. 130% 
i i ee ZO Oot ESO enh we 200 .. 65*, .130* 
CIF type less CIF type No. 393,000 
No. 393,000 and over 
11/2 ae SD. oa DO ter Obes toot 85 30*.. 65*. .130* 
es? Alleah Se Seine) 180355 G5*,, 1380" ee ene 30*.. 65*, .130* 
Bib EP ke kes a5 ste sare PO 260 LSOR aoe eee 30*.. 65*. .130* 
Paferet 2s. ok ts ies eee eee BOO: “hy eee sieve x nurse Rie 2 400 
De ines gi = 36S lo. Srouttehecueeeeamee (fe ee eee ir eee 700 
Make H ESP type CIF type 
I'/2kva... 17*.. 30*.. 65*..130* 17*.. 30*.... 65*...130* 
3 ee 00) 2 80%, Coe. our 17*.. 30*., 65*. .130* 
5 Pa eee WO a Gor 1g0™ 17*.5 30*.,. 65*; :130* 
71/2 re 200 .. 65*. .130* 17*;. 30*,. 65*. .130* 
7 eee eo were 200: 65*. . 130* 17%... 30*.. 65*. ,130* 
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Minimum Current, Amperes, for Which Internal Fuse Will Clear Before Recloser Opens 


Gp ee ee Fe Ee ee 


Remarks 


..11/2 kva ESP type of serials be- 


tween 2,500,000 and 3,536,360 
will co-ordinate with 6 ampere re- 
closer down to 17 amperes 


_.3 kva serials 7,660,000 and over 


same as serials 6,000,000 and less 


11/2 kva ESP type of serials be- 


tween 6,000,000 and 7,316,000 
will co-ordinate with 6 ampere re- 
closer down to 28 amperes 


.No ESP types made 


.11/2kva ESP type prior to 1944 will 


co-ordinate with 6 ampere re- 
closer down to 17 amperes 


11/2 kva ESP type of serials No. 


755,649 or less will co-ordinate 
with a 6 ampere recloser down to 
17 amperes 


th an internal fuse link and secondary circuit breaker, 
The CIF type transformer is one with an internal link, but no secondary cireuit breaker. 


problem involves consideration as follows: 


1. STANDARDIZATION OF INTERNAL 
LInKS 


The present differences in electrical 
characteristics between links of various 
transformer manufacturers is an almost 
intolerable situation. 

Discussing the ESP type for the mo- 
ment, standardization of internal links 
should be carried out as soon as possible. 
So far as primary line co-ordination is 
concerned, the lower ampere rated link 
for a particular transformer size, the bet- 
ter. If the link is too small, fusing might 
occur due to surges, but with the 11/2-kva 
transformer links now generally used, 
such trouble has not been encountered. 
The only other requirement is that the 
link co-ordinate with the secondary 
breaker. 

Suggested requirement: Internal links in 
transformers up to and including 5-kva 
7,200-volt rating, shall clear the circuit 
in less than one second for a current of 20 
amperes. 

Fuse LINK 


2. IMPROVEMENT OF THE 


CHARACTERISTICS 


The link could be improved by chang- 
ing the shape of the time current charac- 
teristics. In Figures 1 and 2, if the top, or 
low current portion of the internal link 
curve were swung to the left, resulting in 
less slope to the curve, the co-ordination 
with primary sectionalizing devices would 
be improved, and at the same time the 
bottom, or high current portion could re- 
main as at present for proper co-ordina- 
tion with the secondary breaker, and ade- 
quate surge absorbing characteristics, 


3. IMPROVEMENT OF RECLOSER 
CHARACTERISTICS 


If the minimum tripping current of the 
lowest rated recloser were increased to 15 
amperes, the situation would be greatly 
improved (See Figure 2.) This would 
permit the present make J recloser char- 
acteristic to co-ordinate with the present 
5-kva make A link down to about 24 am- 
peres. By increasing the opening time 
delay, similar results could be obtained. 
Both minimum tripping current and time 
delay could be increased. 


Suggested requirements: (a) The lowest 
ampere rating of recloser shall have a 
minimum tripping current of not less than 
15 amperes, or (b) reclosers shall trip in 
not less than one second for a current of 
4.5 times normal load current, or (c) a 
combination of both; 6 or ¢ are pref- 
erable, because consideration of inrush 
currents after re-energization indicates 


387 


RECLOSER 
MAKE J 
3RD, OPENING 2| 


TIME IN SECONDS 


10 20 


50 100 .200 
CURRENT IN AMPERES 


Figure 2. Co-ordination of internal transformer 
links and reclosers 


Application of internal link |: link 2 for 1*/2 

and 3 kva, link 3 for 5 kva and link 4 for 7*/2 

and 10 kva ratings for ESP type transformers at 

present date. For transformers of makes A, 

E, F, Gand C. Also CIF type of make A. 

Application of link Il: Link for 11/2, 3, and 5 
kva CIF type transformers of make D 


the necessity of increased time-delay in 
recloser opening. 


4. CIF-Tyvpr INTERNAL LINKS 


If a low ampere rated internal link is 
used, it may blow on secondary short cir- 
cuits if there is no secondary protection. 
In most cases a blown link makes it neces- 
sary to take the transformer to the shop 
for link replacement. However, unnec- 
essary outages to numerous consumers by 
an internal link which caused an entire 
line section to be de-energized is un- 
doubtedly more costly to the rural con- 


sumers and power supplier than the re- 
placement of one fuse link. Co-ordinated 
sectionalizing to provide as continuous 
service as possible to the majority of rural 
consumers on a rural power circuit is 
more important than consideration of 
one consumer or one transformer. (In 
rural areas there is generally one consumer 
per transformer.) A low rating internal 


' link may also prevent some transformer 


failures. It would therefore seem that the 
internal link in the C/F type should be 
no greater than that in the ESP type. 
Two of the manufacturers are already 
using the same rating of link regardless of 
the transformer type, and two others use 
a smaller link in the CIF type. 


At the same time, it is not felt that, . 


generally speaking, the internal fuse 
should be of such low rating as to provide 
any great amount of secondary short 
circuit protection to the transformer. 
Usually low ratings will lead to an exces- 
sive number of difficult fuse replacements. 

Suggested requirement: The time for 
the CIF type transformer internal link 
to clear shall not be more than ten per 
cent greater nor 15 per cent less than the 
time to clear, at the corresponding cur- 
rent, of an internal link in corresponding 
ESP transformer ratings. 

In using such links, the engineer should 
recognize the fact that the link may oc- 
casionally blow due to a secondary fault, 
if there is no secondary protection. This 
may be prevented by using some external 
secondary protection, such as a fuse, or 
the secondary protection may be omitted 
and blowings due to secondary faults ac- 
cepted. Table III gives the approximate 
service distance in feet within which the 
internal link on the make B type CIF 
transformer’ would be blown. A metallic 
fault at any service distance up to the 
figure shown would melt the link for the 
service size indicated. The 120-volt 
faults will probably be in the majority. 


Table lll. Distance From Transformer in Which 
a Fault Will Melt the Internal Link 


Make B type CIF transformer 


Maximum Service Dis- 
tance (in Feet) of Fault to 
Melt Internal Link 


Trans- —— 

former Service 120 Volt 240 Volt 
Size, Kva Size Faults Faults 

11/2 INO] Sete (UR too soe eae 0 

eyo ess erate IND Gh ctiers Ox pistes 0 

adh eee oie Neri 6c teien sree Ott matigies 160 

ee ere INGWA cisely 0 Risin dic apenas 240 

IE Mythic ee ote NOG ch aavatre BON Me Rh cake oe. 

Boe Chee tee 8 Noe*45.. 4 0 06 ZO Aetna tees 500 

Toy a avaievs alas Nowa. Saecin BOs. sd ap eee 240 

Debary dete teks ING, 23s Oe Minny ae 350 

EOC Gaede Nore aa scers BBO) fate tese aoe aes 280 

10: Air oes Wov Seca ac'ens,: USO, caeate eee ae 400 

nee — 


Transformer Protection 


It must be recognized that few of the 
internal fuse links discussed above will 
provide adequate protection to the trans- 
former from secondary short circuits. 
Referring to Table III, for example, the 
internal link offers protection to the asso- 
ciated transformer against secondary 
faults for service distances of lesser 
length than those shown. It can be seen 
that this protection is not very great, 
particularly for the 120 volt faults. 
Other makes, using smaller links, will of 
course provide more protection, but at 
the same time probably require more re- 
placement. 
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Discussion - 


G. Fred Lincks (General Electric Company, 
Pittsfield, Mass.):. Watkins’ paper deals 
with a very pertinent overcurrent protec- 
tion problem on rural distribution circuits, 
Possibly, if anything, he has understated the 
importance of making certain that the in- 
ternal fuses in distribution transformers are 
properly co-ordinated with the fuses and re- 
closers at branch junctions and at section- 
alizing points in the main feeder. It is not 
only the cases where the internal fuse in a 
faulted distribution transformer fails to 
clear ahead of the branch or sectionalizing 
fuse or recloser that must be considered. 


388 


Wherever such a hazard of incorrect co- 
ordination exists, operating experience has 
shown that many hours of trouble crews’ 
time is spent disconnecting transformers 
from the line only to find a fault not readily 
discernible, in some other place than within 
a transformer. 

In suggesting further improvement in the 
time—current characteristics of internal fuses 
Watkins recognizes the difficulty of obtain- 
ing proper co-ordination of these internal 
fuses with recloser and fuses at branch junc- 
tions and line sectionalizing points. 
Through the years, thousands of trans- 
formers of early and recent vintage having 
internal fuses with different time-current 
characteristics have been scattered all over 
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many rural distribution. systems. Origi- 
nally in presenting the data on internal fuses! 
it was hoped that a knowledge of the time— 
current characteristics of the different fuse 
sizes used in each vintage of transformer, as 
determined by serial number, would aid in 
securing proper co-ordination. However, 
further experience indicates that the climb- 
ing of poles to determine the serial number 
or date of manufacture of these thousands of 
individual transformers in service involves 
so much expense that in many cases it may 
be impracticable to know the exact size of 
internal fuse in each transformer. Without 
a knowledge of the size of the internal fuses, 
the necessary proper co-ordination must be 
based on the fuses in the earliest of this type 
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of transformer on the circuit, which have the 
slowest time-current characteristics. Im- 
proving the internal fuse characteristics by 
the method suggested by Watkins, or other- 
wise, offers no solution to having to base 
co-ordination studies on the earlier designs if 
the new transformers are scattered along 
the circuit among the older transformers 
with internal fuses, as will be done in most 
cases. 

The foregoing discussion is not intended to 
discourage further development of internal 
fuses and improvement in their character- 
istics, but rather to introduce a word of 
caution into any thinking that such improve- 
ments will act as a solution for any present 
inability to obtain co-ordination of internal 
fuses with branch or section fuses or reclosers 
on the line. Improvements were made in 
1939 by decreasing the fuse size used in each 
different kva rating of transformer. How- 
ever, this change did not ease the co-ordina- 
tion problem, because as stated previously, 
it is not practical to determine readily and 
at reasonable cost the size of internal fuse 
in each transformer mounted on a pole in 
service, and even if this were practical, the 
internal fuses in any earlier transformers on 
a circuit will continue to dictate the rating 
of the branch or section fuse or recloser that 
must:be used on the line. Thus the co-ordi- 
nation problem with internal fuses today is 
no different on most of those circuits where 
they are used than when the problem was 
discussed originally in 19372, except that 
today there are many more transformers 
with internal fuses installed. 

Watkins may have had this in mind when 
he asked for the development of an inex- 
pensive transformer failure indicating device. 
Some users of transformers with internal 
fuses are solving their co-ordination diffi- 
culties by using external fuses at trouble 
points. Watkins’ comments on such use of 
external fuses would be interesting. Also, 
why he believes the development of a new 
device is necessary and how much he 
thinks it can be used in view of the foregoing 
discussion. : 

It appears that the solution of the prob- 
lem of co-ordination with. internal fuses 
must be solved by providing the right char- 
acteristics in the reclosers so the recloser 
clears all non-persistent faults on the entire 
circuit and the fuses operate only on per- 
sistent faults to confine prolonged outages to 
a few consumers. The solution must pro- 
vide not only for the co-ordination of re- 
closers with internal fuses, but also, of in- 
ternal fuse to branch fuse, branch fuse to 
line sectionalizing fuse and line sectionaliz- 
ing fuse to recloser. The changes in the 
recloser minimum pick-up and time-current 
characteristics suggested by Watkins might 
be a step toward the solution of this co- 
ordination problem but experience in making 
co-ordination studies on rural circuits indi- 
cates his suggestions do not offer the final 
solution. They may increase the hazard of 
improper recloser-to-recloser co-ordination. 
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L. A. Finzi (Carnegie Institute of Tech- 
nology, Pittsburgh, Pa.): Watkins’ paper 
contains interesting information. He men- 
tions that no fuse failures due to lightning 
surges have been observed in any of the 
ESP transformers of his survey. This is the 
more remarkable as some of the links listed 
in Table I for such transformers are char- 
acterized by 77t short-time values as low as 
60 amperes?-seconds. The question arises 
whether this favorable performance may be 
related to the fact that ESP transformers 
have a well co-ordinated secondary breaker 
and whether all this may help to throw some 
new light on the whole problem of fuse fail- 
ures in connection with lightning surges. 

It is customary to explain such failures 
by saying that some part of the lightning 
current may search some path to ground 
through the primary winding of the distri- 
bution transformer, while the lightning ar- 
rester operates and even more importantly 
when it stops conducting before exhaustion 
of the tail of the discharge. _ Initially the 
inductance of this winding is very high, but 
it decreases towards the air-core inductance 
value as some lightning current penetrates 
the winding and begins to saturate the core. 
In addition to this penetration current there 
is then also an unusually high magnetizing 
current delivered by the power line into the 
saturated transformer and so all together 
there is an undesirable loading of the trans- 
former primary fuse. 

This process of penetration, however, is 
comparatively slow; it may require a few 
thousand microseconds. On the other hand 
the speed of propagation of the lightning 
overvoltages over the line is about 1,000 
feet per microsecond; thus quite a large 
number of distribution transformers in the 
territory should be affected simultaneously. 
Moreover a good path to ground is offered 
immediately by the secondaries of the power 
transformers feeding the line, since they have 
a much larger rating and since their pri- 
maries are nearly short circuited through the 
low impedance of the generating system. 
The penetration current available for each 
of the many distribution transformers may 
be then quite small, while the inrush of 
magnetizing current will be also limited by 
the general voltage regulation, which is 
likely to occur in a rural line if too many 
transformers actually become saturated 
simultaneously. 

But some other factors also may enter 
the picture. When the lightning strikes 
high voltages appear in the secondary dis- 
tribution circuits because of electrostatic 
and electromagnetic transformer coupling 
and also because of direct induction in 
secondary overhead loops. Some weak spot 
of the secondary insulation may fail, gen- 
erally by flashover, as we all may have 
noticed in our homes when a lightning strikes 
nearby. When such a failure occurs, the 
affected transformer becomes particularly 
likely to drain the lightning penetration cur- 
rents, since its inductance decreases to the 
leakage inductance value right away. On 
top of this, a power fault current also will 
flow through the fuse while the line regula- 
tion is no longer such a limiting factor as 


‘before, since now only one or a few of the 
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transformers of the territory are likely to be 
affected in this way. 

If this is actually a reason for primary fuse 
failure, we should expect that a transformer 
with a well co-ordinated secondary breaker 
be less inclined to develop such troubles and 
this is just what Watkins’ results seem to 
indicate. I realize that these considera- 
tions may appear somewhat too far fetched 
at this time. Certainly more field data, 
properly co-ordinated, are needed before any 
entirely satisfactory explanation may be 
worked out for this complicated question of 
lightning fuse failures. While we should 
congratulate Watkins for his excellent sur- 
vey, we should beg him—as well as any other 
member who may be in the position to do 
so—to extend systematically the field in- 
vestigation to this particular aspect of the 
fusing problem and to present the informa- 
tion to the Institute. 


W. A. Sumner (Westinghouse Electric Cor- 
poration, Sharon, Pa.): Watkins’ paper is a 
valuable contribution to this subject. The 
manufacturers welcome his study as it pre- 
sents information which has been rather 
difficult for them to obtain but which never- 
theless is needed badly in order to make their 
apparatus of greatest usefulness. Since the 
paper deals with primary circuit co-ordina- 
tion problems, the author has quite rightly 
confined his discussion to the protective 
elements involved. However, the major 
equipment investment in a rural power cir- 
cuit is the transformer. Therefore, this 
important piece of equipment should also 
be given careful consideration. 

We agree with Watkins that similar char- 
acteristics of internal protective links in 
transformers of different makes would be of 
material benefit in laying out and operating 
rural power circuits. A good start has al- 
ready been made, as can be seen by refer- 
ring to Table-I of his paper. Of the seven 
manufacturers of completely self-protecting 
transformers, six are shown to make the 
same application of links for current pro- 
duction in the 3- to 10-kva range of sizes. 
It is also believed that all these six have now 
changed their 1!/.-kva ratings over to use 
the 3-kva link. The modern link character- 
istics of the seventh manufacturer of ESP’s, 
although having a somewhat different over- 
all shape, agree very closely with the others 
through a portion of the range tabulated. 
We feel, therefore, that there is really a 
greater similarity of internal link character- 
istics in modern ESP transformers than 
might be indicated on the surface by the 
It should be noted that the field 
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Figure 1. Co-ordination curves for a typical 
transformer rating, which show current-time 
‘characteristics for a 5-kva 7,200-volt CSP 
transformer starting at no load 25 degree centi- 
grade ambient temperature 


A—Signal light C—35 ampere quick-lag 
B—Trip of breaker D—6O ampere fuse 
‘E—Protective link 
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situation is alleviated somewhat further by 
the fact that the ESP transformers repre- 
sent a large portion of the total number of 
transformers equipped with internal links 
and the majority of ESP transformers in 
service undoubtedly would contain the 
modern links as most of the changes were 
made.a number of years ago. 

We also concur in the recommendations 
for a much closer agreement between the 
links used in the CIF and those of the 
ESP transformers; in fact, Westinghouse 
designs have always used the same link in 
both types of transformers. The field serv- 
ice record of this arrangement has been satis- 
factory. 

As to the fixing of the protective link 
levels, it is our opinion that the levels of the 
ESP designs have been wisely chosen. A 
study of the co-ordination curves for a typi- 
cal transformer rating will show what is in- 
volved. Curve A in Figure 1 of this dis- 
cussion is the signal light load—time curve. 
This represents the thermal capacity of the 
transformer windings, based on the Ameri- 
can Standards Association recurrent tem- 
perature schedule,! in the useful loading 
band, and for shorter times conforms to the 
characteristic shape of fuse curves generally 
available for sectionalizing purposes. Curve 
B is the trip curve of the breaker. This is 
set higher than the signal curve to give an 
emergency operating band, and by tripping 
at these higher loads which produce winding 
temperatures corresponding to the ASA 
emergency temperature schedule,’ the 
breaker prevents winding burnouts. The 
position of the breaker curves also provides 
excellent co-ordination with the secondary 
overcurrent devices commonly used, such 
as shown in curves C and D. To drop the 
breaker curves any lower would deprive 
the purchaser of the full value of his trans- 
former investment in short-time overload 
capacity, and would make co-ordination with 
the secondary overcurrent devices uncertain. 
With the breaker curves thus fixed, it then 
becomes a matter of judgment and ex- 
perience in selecting the protective link 
curves in such a manner as to give satis- 
factory co-ordination with the breaker. In 
the original CSP transformer—brought out 
several years before the Rural Electrifica- 
tion Administration—a wide margin was 
taken between the breaker and the link. 
For instance, the current required to clear 
the 5-kva link in one second was 86 times 
full load, rather than 38 times full load cur- 
rent. With continued experience, it was 
found the precision of the internal breaker 
would permit fixing the link curve much 
more closely to the breaker curve, so that 
today we have a close relation as shown in 
curve E. With this arrangement, the full 
thermal capacity of the winding has been 
made available and good co-ordination be- 
tween the breaker and protective link has 
been secured. 

In our opinion, the,transformer should be 
the starting point in this problem. The 
author’s suggestions—that internal links 
through 5 kva, 7,200 volts clear the circuit 
in less than one second for a current of 20 
amperes and that changes in shape of the 
link curves be made to effect over-all im- 
provement in system operation—these are 
recommendations worthy of careful con- 
sideration but should also be studied from 
the viewpoint of the transformer. We, 
therefore, believe it is wise to add to the 
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author’s recommendations on internal links 
one more—that any changes in the protec- 
tive link to improve primary circuit co-ordi- 
nation be made in such a way that the avail- 
ability of the full thermal capacity of the 
transformer and satisfactory co-ordination 
with secondary overcurrent devices will be 
retained. 
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J. M. Wallace (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): Watkins 


has made a thorough study of the problems 


involved and has made certain recommenda- 
tions. I am particularly interested in his 
recommendations regarding reclosers. His 
first point is that the lowest rating of re- 
closer should have a minimum tripping cur- 
rent of 15 amperes. I certainly agree that 
if the industry needs this action such a 
change can be made and is quite practical. 
It has been suggested that a change be made 
in the present 5 ampere rating to change its 
minimum tripping current but I would sug- 
gest that instead, we change our recloser 
to be rated at 7.5 amperes. In this way, 
the customer is given the benefit of the 
increased ampere rating of the recloser and 
at the same time the requirements of the 
increased tripping current are met. 

Watkins’ second recommendation was 
that the time delay of the recloser should 
be increased. This is rather difficult to 
accomplish and would probably mean the 
modification of the recloser to use some sort 
of intricate clock work mechanism which 
would undoubtedly increase its cost. I am 
not sure that the industry would want 
this change if it were reflected in an increased 
cost of reclosers. 

One of the things which has been brought 
out in Watkins’ paper is that in studying 
these co-ordination problems, different de- 
vices should not be compared on the basis 
of ampere rating only, as this is apt to be 
quite misleading. There seems to be a con- 
siderable tendency in the industry to make 
the assumption that a 5-ampere fuse will 
co-ordinate with a 10-ampere recloser, with- 
out any reference to the time-current curves 
of the device. I would just like to point 
out that it is absolutely necessary that 
proper use of time-current curves be made 
in all co-ordination studies as the time—cur- 
rent curves are the real story of what the 
devices do and are the only practical way in 
which co-ordination can be properly planned. 


Max W. Rothpletz (Rural Electrification 
Administration, Washington, D. C.): This 
paper is very timely in setting forth the 
problems of co-ordinating internal fuses with 
oil circuit reclosers and should be given very 
careful attention by both transformer and 
recloser manufacturers. 

The paper points out that many fuse 
links do not co-ordinate with reclosers on 
the low current end of the time-current 
curves. This lack of co-ordination is particu- 
larly undesirable because of the tendency of 
transformers to fail by progressive increases 
in fault current. That is, the fault begins 
by a fault across a few turns and gradually 
involves more and more turns. For such 
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faults if the recloser operating time for 
currents slightly greater than the minimum 
tripping current is less than the clearing 
time for the internal fuse, the recloser will 
probably lock out and the faulted trans- 
former will be very difficult to locate. 


C. E. Asbury (The Commonwealth & 
Southern Corporation, Jackson, Mich.) : 
The difficulties pointed out by Watkins are 
very troublesome to protective and distri- 
bution engineers and it would be very de- 
sirable if something could be done to 
standardize on the rating and time current 
characteristics of fuse links as well as the 
general principles to be followed when fusing 
distribution and rural transformers. The 
problem of wide spread variation in time 
current characteristics need not be limited 
to internal fusing of transformers as it ap- 
plies to fuse links in general and can also 
be very troublesome where external fusing 
of transformers is used. 

The difficulties arising when fusing the 
primary side of distribution and rural trans- 
formers might be divided into three groups: 


1. Differences in time—current characteristics and 
ratings of the various manufacturers’ fuse links (de- 
spite several years of joint attempts of standardiza- 
tion). 


2. Differences of opinion as to the purpose of the 
transformer primary fuse, 


3. The present time—current characteristic of stand- 
ard fuse links is not of the proper shape to parallel 
the thermal curve for distribution transformers and 
thus do not provide reasonable thermal protection, 
especially on the smaller sizes of transformers. An 
improved time-current characteristic is also needed 
to provide proper surge ability of standard distri- 
bution fuse links especially in the lower ampere 
ratings. 


This first problem of difference in ratings 
and time-current characteristics is under 
study by a joint committee of the Edison 
Electric Institute and the National Elec- 
trical Manufacturers’ Association and a pro- 
posed standard for distribution fuse links 
has been set up which defines the time cur- 
rent characteristic limits to fall within a 
specified band. It is hoped that this band 
width in its accepted form will be narrow 
enough and definite enough to be a great aid 
in fuse link application and co-ordination. 
These proposed ratings and characteristics 
have been designated as E ratings. The 
present accepted fuse link standard known 
as 100 per cent or N ratings permit wide 
variations in time-current characteristics to 
exist. .One manufacturer for instance pub- 
lishes two types of N-rated links having 
time-current characteristics such that a 
65 ampere N-rated link in the one type 
coincides with a 100-ampere N-rated link 
in the other type. The result is that if the 
same ampere ratings in the two types are 
applied to the protection of a given trans- 
former, radically different time-current 
characteristics are obtained. 

Our second point mentioned that makes 
co-ordination difficult is the reason for the 
primary transformer fuse and which part 
of the electrical system it shall be intended 
to protect. 

As pointed out by Watkins, some place 
fuses on the primary side of the distribution 
transformer on the theory of protecting the 
primary distribution circuit against faults 
in the transformer. When such practice is 
followed, a fusing factor (which is the num- 
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* ber of times the fuse rating is of transformer 


full load current) may be 2, 3, 4, or even 
higher. Others attempt to place fuses on the 
primary side of distribution transformers to 
provide as much thermal protection for the 
transformer as possible for overload and for 
secondary faults. This usually results in a 
much lower fusing factor, usually in the 
order of 1.25 to 2, depending upon the par- 
ticular individual’s judgment. If this lat- 
ter practice is followed of using a fusing 
factor rather low to protect for overload and 
secondary faults, it is quite likely that pri- 
mary fuses will be blown more frequently 
and thus where internal fusing is used ex- 
tended outages would result unless the in- 
ternal fuse can be designed for quick replace- 
ment in the field. In order that a more 
systematic and perhaps intelligent fusing 
practice can be followed by the manufac- 
turers using internal links, it appears that a 
standard basis for fuse link ratings and 
time-current characteristics must be estab- 
lished and an agreement reached on the 
fusing factors to be applied. 

Watkins recommends that internal fuse 
links and oil circuit reclosers be designed 
having time—current characteristics suitable 
for better co-ordination. In this we concur 
and it would be very desirable if this new 
design could be similar in characteristic to 

_that chosen for distribution fuse links used 
for sectionalizing and external transformer 
fusing. It would be ideal if internal fuses, 
all distribution fuse links, and oil circuit 
reclosers time—current characteristics could 
have a similar shape and all be parallel to 
the thermal curve for distribution trans- 
formers. Such characteristics should pro- 
vide adequate thermal protection for distri- 
bution transformers and also should be de- 
signed to provide sufficient time delay at 
high currents to give adequate surge capac- 
ity in the smaller ampere ratings. 

In conclusion I would like to emphasize 
the need for (a) an agreement on trans- 
former fusing practice to be followed by the 
industry, and (b) adoption of similar time 
current characteristics having close toler- 
ances for these various distribution protec- 
tive devices. These would be important 
steps in the art of distribution and rural line 
protection. Such steps would eliminate 
many of the co-ordination problems for the 
distribution engineer and reduce the number 
of interruptions to customers’ service. 


R. O. Loomis (Georgia Power Company, 
Atlanta, Ga.): Watkins’ paper presents the 
problems involved in making the fuse link 
an integral part of a distribution transformer. 
Such links do not protect the line against 
failure of a transformer bushing, which has 
caused much trouble on older transformers. 
Regardless of arguments for and against 
use of internal links, I believe we should ap- 
proach the problem with the usual criteria 
that the best solution results in the least 
total customer hours of interruption for a 
reasonable cost. 

Some people believe (A) this condition ob- 
tains when the transformer fuse is the 
maximum size which can be cleared by the 
next sectionalizing device ahead of it, re- 
gardless of the size of transformer. Such 
fuses usually provide no protection to the 
transformer itself. This theory would not 
lend itself to standardization of internal 


‘ fuses since they are used on lines of varying 
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capacity. Other people use various smaller 
transformer fuses, down to (B) those which 
protect the transformer regardless of cus- 
tomer hours of interruption. It is rather 
unlikely that everybody will agree on a 
standard internal link, but REA may be 
able to set a standard for themselves which 
will be accepted by the industry if they de- 
velop a logical standard. 13) 

Our records and.experience seem to show 
that theory A results in best service at 
least cost, and therefore we do not use in- 
ternal fuses at all ordinarily, but perhaps a 
strictly logical internal fuse would be de- 
sirable. 


The following should be considered: 


1. Since fuse links are the universal low cost pro- 
tective device on distribution systems, the shape of 
fuse link curve should be standardized first and other 
devices, such as pole top breakers, relays, and inter- 
nal fuses should be made to fit. Since all distri- 
bution circuits contain transformers, I suggest that 
the standard shape of fuse curve should approxi- 
mate the heating curve of distribution transformers. 
It is obvious that the shape of curve followed by 
internal links should be standardized. 


2. In the interest of standardization the size of 
link in a given size of transformer should probably 
be standardized. 


3. The use of internal links is not consistent with 
the logic of theory A. Therefore the size of link 
should veer more to theory B. 


4, Since REA systems like most other systems are 
growing in capacity, a standard set by the low 
capacity ends of the system will become too small 
in the future. 


5. Generally speaking, the larger the transformer 
fuse the fewer unnecessary outages occur. 


_ 6. It is suggested that the size and shape of curve 


of internal links be just below the breakdown point 
of the transformer. It is believed that this point 
will be far above the safe heating curve of the trans- 
former.” Such a transformer would hang onto the 
load almost: to the point of failure but a blown link 
would be easier to repair than a failure. Such a 
link should satisfy those holding both theory A 
and B. : 


7. _Stamp the size link on the transformer name 
plate; for example, ‘‘Internal fuse—5 amperes at 
10 seconds.”’ 


It is suggested that such a standard would 
be used somewhat as follows: 


For the majority of locations the internal fuse 
would be satisfactory. Wherever the link is too 
large for use beyond a certain sectionalizing device, 
all transformers would be equipped with an external 
fuse of such size as to co-ordinate with the sectionaliz- 
ing device. -This fuse size would be used on all such 
transformers regardless of size and the fuse size 
would be specified by the engineer making the co- 
ordination study. It would not be changed until 
system changes made another co-ordination study 
necessary, at which time perhaps all such external 
fuses could be removed. 


Such an internal fuse might be desirable 
on all transformers regardless of type of 
transformer or fusing practices of the 
company. 


M. M. Samuels (Rural Electrification Ad- 
ministration, Washington, D. C.): Watkins 
made.a very creditable presentation by 
crystallizing a confused situation. Even 
though he does not offer any solution of the 
problem, the facts are so presented that it 
should not be too difficult for the interested 
parties to get together and arrive at a 
solution. 

The paper gives the impression that the 
manufacturers are responsible for the con- 
fusion. This is not the case. The manu- 
facturers would soon standardize on some- 
thing if the majority of their customers 
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would tell them definitely what they re- 
quire. It is another one of the many cases 
that presented themselves lately to demon- 
strate the need of a co-operative research 
association, participated in by all electric 
utility operating organizations, to do the 
type of research which cannot be done in 
the factory but which must be done on the 
operating systems. No one _ individual 
system has either the staff or the budget to 
undertake such research. 

A confusion, similar to the one brought 
out by Watkins, prevails in the secondary 
protection field. When the type of trans- 
former which Watkins identified as ESP 
is used, there is frequently installed a so- 
called service protection on the transformer 
pole, within reach by the customer, in series 
with the breaker within the transformer. 
In addition we have a service entrance pro- 
tection within the house, so that we have 
three overcurrent protective devices in 
series in the same circuit. This is brought 
about partly by code requirements, partly 
by operating requirements and partly by 
sheer foolishness. Some means should be 
found to simplify this silly arrangement and 
find a way to get along with one protective 
device. Code or no code, when there is a 
service entrance protection on the pole, it is 
silly to require another one in series in the 
house, and if a service entrance protection 
is required on the pole it should be possible 
to make its characteristics so that it takes 
care of all the protection now furnished by 
the breaker inside the transformer and so 
eliminate that breaker. 

Recently carrier and similar equipment 
have been added to the service transformer 
pole, with additional fuses, gaps, capacitors, 
and chokes, and making the transformer 
distribution pole look like a Christmas tree 
which was decorated by a child. The whole 
arrangement looks amateurish at its best. 
The whole problem of primary and secondary 
protection for rural distribution transformers 
should be subjected from scratch to a clean 
engineering study which should culminate in 
a neat, competent, co-ordinated design all 
around. 


Bruce O. Watkins: In reply to Linck’s 
discussion, although it would be impractical 
to ascertain the serial numbers of all trans- 
formers at one time by field inspection it 
should be possible for line crews to locate 
most of them when on other duties in various 
areas. Many companies have card records 
of transformer installations and in these 
cases co-ordination studies could be made 
easily. Those companies who do not keep 
such records would probably find it helpful 
to start doing so. It should be possible to 
obtain better co-ordination by shifting trans- 
formers, although it is granted that such 
shifting would necessarily cover a long period 
of time. In any case, the fact that mistakes 
in internal fuse ratings were made in the 
past should not deter the improvement in 
co-ordination which can be brought about 
by changes now. 

The difficulty with external fuses on small 
transformers of 7.2-kv voltage is that to 
prevent unnecessary fuse blowing due to 
surges, the fuse link rating has to be so 
high that it no longer offers adequate pro- 
tection to the transformer against secondary 
faults. Under this condition, the operator 
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might as well use an internal fuse, which is 
considerably less expensive, and resort to 
some sort of secondary protection. 

The suggestions on recloser characteristics 
were made assuming that proper recloser- 
to-recloser co-ordination could also be 
achieved. 

No REA data yet exists as to fuse fail- 
ures due to lighting. (Finzi’s comments.) 

In reply to Sumner’s comments, it is felt 
that continuity of service to as many con- 
sumers as possible may be of more impor- 
tance than obtaining all the short time over- 
load capacity inherent in each transformer, 
although the later is important from an 
investment standpoint. It is felt that the 
system as a whole, not the individual trans- 
former, should be the basic consideration. 
However, much could be done in improving 
co-ordination, still retaining the present 


secondary breaker characteristics, by fol- 


lowing the suggestion made in the original 
paper on improving the internal link char- 
acteristics. 

In regard to Wallace’s comments, so 
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long as the minimum trip current is in- 
creased, it matters little as to the method, 
whether by recloser rating iricrease, or other- 
wise. Increased cost of reclosers would 
probably be welcomed if the recloser were 
correspondingly improved. 

I agree entirely with Loomis that the 
over-all effort should result in the least 
total customer hours of interruption, con- 
sistent with reasonable costs. Loomis indi- 
cates that his company disregards trans- 
former size when fusing, and bases fuse 
ratings on sectionalizing. This is along the 
lines of our thinking, but it is not readily 
apparent why this philosophy necessarily 
eliminatés the use of internal fuses. If the 
fuse does not protect the transformer, it 
might as well be internal. Failure in the 
bushing is probably less serious now than 
formerly. A fuse link characteristic ap- 
proaching that of the transformer, as sug- 


gested by Asbury and Loomis would prob- ~ 


ably be helpful. 
The comment made by Loomis—under 
point 4, that systems are growing rapidly, 
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is quite true, and it may well be that future 
problems will be concerned with the high 
fault currents rather than the low ones. 
However, the low fault currents generally 
occur at the greatest distance from the 
maintenance center, and may catise more 
outage time. Point 7, requiring the fuse 
size to be on the name plate is also good, 
except that the name plate is already 
crowded. 

In applying reclosers to systems, probably 
the one-fast-opening two-time-delay-opening 
recloser would be almost as satisfactory 
from the standpoint of clearing temporary 
faults, and would be more satisfactory from 
the standpoint of hunting, co-ordination, 
and so forth than the two-fast-opening type. 

In regard to Samuel’s comments, some 
means probably should be-used to better 
co-ordinate field experience and research with 
new designs. It is also true that lack of 


standardization exists with regard~ to 


secondary breakers and house protective 
devices. The same might be said of expul- 
sion-type lightning arresters. 
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Synopsis: Methods of measurement and 
ealculation of resistance welding tools, 
particularly for the large group of nonstand- 
ard type portable welding guns, are con- 
tained in this paper. Electrical character- 
istics have considerable bearing on 


1, Kilovolt-amperes at an installation. 


2. Required secondary voltage of the welding 
transformer. 


3. Efficiency of the tool. 


Timesaving means for either measurement 
or calculation provide accuracies well within 
the average requirements of the engineer. 
The approximation calculation of inductance 
is semiempirical in nature to facilitate com- 
putation of tool or cable reactance and can 
be extended in principle to various types of 
welding equipment. 


Y practical necessity the average re- 

sistance weld is made in a lengthy 
looped circuit that gives rise to high kva 
demands, low power factor, and large in- 
efficiency. The load itself, comprising 
two or more pieces of relatively thin sheets 
to be welded, is frequently an insignifi- 
cant part of the total secondary circuit 
resistance. The characteristics of perma- 
nent type welders are available from the 
manufacturer in many cases. However, 
the welding engineer, both designer and 
user, often has a vital interest in the large 
class of welding tools known as portable 
welding guns, whose installations include 
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water-cooled cables of 4- to 20- (or more) 
foot lengths. The reason these cannot be 
standardized is that a vast number of 
specialized yokes (welding arms of such 
guns) are required ‘‘to reach into’’ all the 
spots which require welding by the builder 
of large sheet structures. The impedance 
of the welding transformer secondary cir- 
cuit is vital both to users who must select 
the proper rated welding transformer for 
the job and to designers who seek to pro- 
vide better efficiencies and power factor 
loads. 

Most technical papers deal with highly 
theoretical calculation of inductance.' 
Several reasons are given for avoiding this 
in the present case. 


1. The results are more rigorous and time 
consuming than justified. 


2. The particular geometries and condi- 
tions may impose problems of solution which 
leave certain factors rather screened. Thus, 
for example, the cross section of an arm may 
be of such physical shape as to complicate 
greatly the current distribution within vie 
Or it may vary in cross section along ‘its 
length, further complicating the analysis. 


Figure 1. Typical port- 
able welding tools. II- 
lustrated in the center is 
a large C-type 32-inch- 
throat steel tool having 
copper bus on inside 
path. In the lower left 
hand corner is a smaller 
tool similar to a C-type 
and three small X-type 
tools also are shown 


3. Practical errors, such as unaccounted 
contact resistances, dimensional error, may 
detract from the accuracy of a highly mathe- 
matical calculation. However, regardless of 
the method employed for obtaining the re- 
sult, it is essential to take into account all the 
various factors which enter, so that the ac- 
curacy may be appraised and improved 
whenever possible by corresponding correc- 
tion factors. 


The groundwork for calculating induct- 
ance as described herein is based on the 
simple theoretical case for an infinite pair 
of lines. With that consideration suitable 
correction factors then are developed as 
required for the various special problems 
encountered with welding tool configura- 
tions. 

A system of a-c measurement was de- 
vised to provide reasonably accurate 
measurements of the low order impedance, 
resistance, and reactance of welding tools 
of cables. Such measurements proved of 
great value in correlating the mathema- 
tical work, and test results are reported 
here to substantiate the methods de- 
scribed. 

Figure 1 shows a large welding tool 
with smaller ones. The basic motive in 
the design does two things. 

1. It allows the exertion of a large force 
(many hundred pounds) in opposing elec- 


trodes that close to grip the spot being 
welded. 


2. It causes the large welding current (sev- 
eral thousand amperes) to thread through 
opposite sides of the work sheets. 


Most portable guns are used in 60-cycle 


€ 
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Figure 2A. Measurement circuit for low d-c 
resistance values 


SHORTING 
JUMPER 


AC SOURCE 


Figure 2B. Customary circuit for a-c measure- 
ment of welder electrical characteristics 


installations, and, because the tool re- 
sistance and reactance will vary with 
other types of welders,?* their current 
wave characteristics must be dealt with 
in a special manner not treated here. 


Electrical Measurement 


Resistance and reactance are the vital 
welding tool electrical characteristics. 
These are obtained most readily from im- 
pedance and power factor measurement. 
Accuracy will be limited to the precision 
with which the latter values can be ob- 
tained in measurement. 

From a comparison standpoint, and to 
ascertain contact resistances, it is occa- 
sionally desirable to make d-c resistance 
measurements.4> This can be done in an- 
other manner according to Figure 24, 


using two millivolt meters of good accu- 


racy and preferably of high resistance so 
as to minimize the effect of lead length 
and potential contact resistance. The 
method is well known. 

The first method investigated for a-c 
measurement is mentioned only because 
certain test results are recorded from its 
use. Briefly, it is the measurement, 
(Figure 2B) made on the primary side of 
a low reactance welding transformer 
which was well underexcited. Results are 
obtained by measurement and subtrac- 
tion with and without observed load by 
the substitution of a secondary jumper in 
place of the load. Consistent fair results 
are obtained when the magnitudes of re- 
sistance and reactance being measured 
are very large compared with the short- 
circuited secondary impedance. 


394. 


ae 


The method of a-c measurement recom- 
mended by the author is shown in Figure 
3. The impedance voltage drop is taken 
directly across the terminals of the tool 
and amplified by a potential step-up 
transformer as this low voltage drop may 
range from a few volts down to several 
millivolts at the lower limit. If the po- 
tential transformer is provided with sev- 
eral ratios, it is possible to read the volt- 
meter and wattmeter near full scale. It 
should be apparent that the measurement 
is strictly one for obtaining impedance and 
power factor. 

Results of measurement are obtained 
from the following equations: 


E m 


Zim = 1 
Ppilaots (1) 
Wm(P1: Ci) 
PES ae OOS 8 (2) 
Em lms: GP 
x=Z-sin 0 (3) 
r=Z-cos 0 (4) 


Meter errors affect the values in different 
degrees. Thus, maximum per-cent errors 
for accurately read meters of one-half per 
cent accuracy and transformers, whose 
included error is assumed negligible, are 
shown in Table I. 


A description of the component instru- 


ments is desirable. The loading is kept 
very moderate on the potential trans- 


For this reason the suggested values are 
1,000 ohms per volt for the voltmeter and 
100 ohms per volt for the wattmeter. 
The particular portable wattmeter used 


in tests had a maximum rating of 10 volts” 


(510 ohms) for the potential coi! and three 
amperes for the current coil. The exist- 
ing current transformer used was 5,000/5, 
which limited the weld tool current to 
3,000 amperes. To obtain a suitable a-c 
voltmeter complying with the resistance 
requirement and one-half per cent accu- 
racy, a thermocouple meter with scale 
‘ranges of 3-10-15 volts is desirable. 
Electronic filament transformers of 
good construction were used ‘for the po- 
tential transformers. Although the ex- 
citation, loading, and potentials for these 
are low, the reactance of the low winding 
may detract somewhat from their accu- 
racy. Ratios of step-up of 50 to 1 may be 
required on small tools whose heating 


Table I. Meter Errors* 


——— 


a, 


Case I, E+, Case II, Case III, 
I+, WH, EF,1F,We, E+,1+,W+, 
Item Per Cent Per Cent Per Cent 
D nde nee 1 ery oco Sa OY SN gangs 0 
agli repeat OB sa cles tks Be psy os act Wore 0.5 
Cor mentees EB icpa state outers WER ale erst orepe auras 0.5 
Fos arava sl aD iste stetenimtons D6. wen eee 0.5 


* Maximum per cent error for accurately read meters 
of one-half per cent accuracy and transformers 


ees 3 whose included error is assumed negligible. Meas- 
former to minimize phase and ratio errors. urement circuit is Figure 3. 
Table II. Guide for Obtaining K,, \),", \)” and Inductance 
To 
Ob- D Ss Loge D Install Values 
tain R D R K. in Equations 9 and 10 (Below) 
is} iS 1 ay 
Asn” S & from Fig. 13 from Fig.7 ds,” =0. 509 hie - loge *) 
iS iS 1 AS 
ASo = a from Fig. 13 from Fig.7 sy” =0. 508( pam cs log. =) 
Example 
10 25 1 
Asn” ae ‘lc ma 5 1.6 0.82 Asn” =0.50. 0.9X7+0.82X1.6 
=0.80 
i 25 10 1 
Asp eae be 4 2.4 0.51 Asp” =0.50 0.9% +0.51X2.4 


=0.72 


The representation of various dimensional symbols are given in Figures 4 and 7, as well as nomenclature. 
For determining \s;,” and \s," the length of path need not be exact. To determine L the exact length of 


chosen path is imperative. 


Numerical example: A closed rectangle of circular cross section with miterd corners in which S,=25, 
Sy=10, R=2 (diameter 4 inches), Kj=0.90. An opening of 4 inches is on one horizontal side. 


Lay = Asn” | 25e'Ase! 


00 100 


(similar to equation 6) 


where sides have identical characteristics; otherwise, adjust so that true length of path is summated, 


Thus 


[(2 X25) —4]0. 80 


2X10X0.72 
100 a 


100 
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WELDING TOOL 


TIPS MAINTAINED 7 
CLOSED DURING ¢ 
TEST 


RATIOS 


12,24-1 


Figure 3. Proposed circuit for a-c measure- 
ment of electrical characteristics by potential 
_ drop 


constant may not allow a large current 
during measuring time and which do not 
have large potential drops to start with. 
The maximum ratio used ‘in tests later 
shown was 16.3 step-up. 

Besides the induced potential pickup in 
the leads discussed in Appendix I the 
following factors are summarized to aid 
in accurate measurement: 


1. Meters and transformers should be cali- 
brated at frequent intervals and correction 
charts used. 


2. Power source for measurement must be 
dependable in frequency and of sine wave 
form, ; 


8. Extraneous steel must not be in proxim- 
ity with measured piece, and tests should 
be conducted above concrete floors, which 
may contain pipes and so forth, and not on 
such floors, 


4. Temperature of the measured pieces 
has a direct bearing on the result and should 
be noted and maintained as constant as 
possible. 


5. In order that phase angle error is neg- 
ligible in wattmeter, the potential coil 
should have a large R/X ratio. 


6. The position of potential pickup leads 
has a definite bearing in reactance measure- 
ment, as.taken up in Appendix I. 


ed 


7. Voltmeter and wattmeter loading on the 
potential transformer should be kept ex- 
tremely low. A low reactance potential 
transformer is preferable to the one earlier 
mentioned. 


CALCULATION OF INDUCTANCE BY 
APPROXIMATION METHOD 


This method is used for obtaining work- 
able values of inductance of welding tools, 
cables, and other electrical heavy current 
conducting paths. A thorough under- 
standing of various factors in a given es- 
timate often will allow a crude evaluation 
to be made in one’s mind with astonish- 
ingly close approximation. Through use 
of charts and tables a better computation 
can be made, yielding results that are 
entirely adequate for most uses. A typi- 
cal welding tool such as we are dealing 


Table III. 


Typical Measurement Data 


with is shown dimensioned in Figure 4. 

In the rough approximation an average 
value of flux linkage per ampere inch is 
assigned and multiplied by length of path; 
thus 

10° 

L=n"(2S,+2S,) io microhenry (5) 
Actually the unit flux linkage will vary 
over parts of most circuits dealt with, and 
the equation for the close approximation 
becomes 


1 
L= 102 [An * Saab Sng) Eo” * (Sere S90) 
Na" (Sa+ ....] microhenry (6) 


in which ),” and },” will be analyzed 
later, 

Ability to obtain a working accuracy is 
predicated on 


1. The logarithmic character of the flux 
linkage outside the conductor (when “=1) 
maintains the values in a relatively narrow 
working range. 


2. The most doubtful item, the internal 
linkage within the conductor, is a compara- 
tively small value (when u,=1) and does 
not influence the resultant value greatly. 


Now in cases where wu, or u,, are large 
(steel members conducting.or in the vi- 
cinity of current) the foregoing stipula- 
tions are no longer true. It is an object 
of this paper to bring out the influence of 
steel members in welding tools by analysis 
and test results so that a working approxi- 
mation can be evolved for such cases. 


Estimated 
fa=fp, Xs=Xp, Effective Rao 
Data for Zp pe tp=Zp Xp=Zp a a Ls, Length d” Per Per 
Table IV Meter Meter Meter I-Ct Cos 8, Sin 6, Power Mi- Mi- Micro- Path, Amp In., Yoke, 
Line Volts Amp Watts Ci Pt Ohms Ohms Ohms Factor crohms crohms_ henrys In. Maxwells In. 
1 Oo he clue Awe LON cue inane die es Bao a ints Ls Ol weitere Lease, on 10,847 ihuetels 2'350. .. 1,;4801,.5 3:91 
(60 cycle)... 9.25...4.1 144s ye 2OPB 2 seas tes 0.565... 0.533 Oa terns Ob Tc cteves 655 230....0.61 
RC OSUEE ca diate oe oo nigre dieraeneene Ter T aa Sar Reals ere herseta OU ela eG ois me ave eee wens eh MVE lER Ce ed W695 iio LOO anes Sino sisivrs ate exer Cr eee tidy ANI, Ure ese 39.2 
2 POOR EA Meee ne sO Or omcerany lets BSG nos OS cA eae Tarde. On OMe mares 35100 ees OO pudesaet 
(180 cycle) ...5°9.8 «..8.87... 98° ..20/5...—.. 40 OFZ a, reves OPE 22 ye COL ABZ rece OMAN ote, pete 640 600... .0.53 
PUBLIC etter e MEN after toca ciniten is sue ia alee wih ale Tate Viste gioten Suaisien ose dt Oia) si aielv Gla Wiehe aie ei v)-s)alionsiishaealeveleupiie le’ ejehe erousveites 2,460 A LOO contre |v: Se sin iela sMeiys BS syne eysteve csi ANSike 57.0 
13 bee Stunt: ADO Bee AO Orrin mene tr Sea sea DGB Voretoiess 1 Bet 0. 78 ecO nS tiacee. 1,458 965....2.3 
(60 cycle)... 9.3 8.04. 66.0...—. wees VR ae LOZ eis OD ccatce dO eters. trace 1,138 657....4 1558 
Real tre rer ee Re 3 creel enh iit Hie cere e ld Riko Mes tera Ria ny Vicuschd mple eee ee each caret o nes 320. 308. OT 2 resists SOc atte asia PACU TT ot 8.9 
Measurement by Figure 3 Power r= Estimated Rac 
Zum Factor= 7 (Cos0Z, x=Sind, Ls, Effective Per 
Meter Meter Meter E - — Ww Mi- Mi- Micro- Length "Per Yoke, 
Volts Amp Watts Cy Pt I.PC; EI crohms crohms henrys Path Amp In. In. 
14 MeO ass LO creer ona 2,500/5...— 
ID Dig a O\OOOY Brereraars ata e re B42 ss sence re a ers aides wee OF46B: acre S90. a fama ch Ginn TOS 3 setts OS sama aeoe 1 a = Eee Sh 6 
1 Be a I aeRO 1 Vena pate 0000 ita AG Bia tr otaseLO eraveld ves fee orcbile’sé.6 wea, 0.0826..... WS Dts nes 218%). «+. Oe 58 tence 55.5.....1.045...0.326 
(Table V) 
13 POUR oa sl Otis 2 Be vB 000/ 5% oA B28 rd Os 9 cigs Ss femieraet Stine et Ol LOW Sareea 41.4 ATO ircst ORV Amino bls BO sOFG amd 03. on One so. 


TS ear "cht Al ane lic i Dg! Se ROL ESP Rb NS OEE CARI NRE 5 ERLE SEY GL ERR ne RE 


Measurement by Figure 2(b). 


Heading includes date, place, purpose ef test, test number, meters and equipment listed, characteristic data of transformers, voltages, frequency, and so forth, 


for example, welding transformer ratio 28.5/1. 
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CONNECTIONS 


Figure 4. Sketch of large size welding tool of 
stainless steel fabrication with copper bus in- 
side 


However, many tools do not make use of 
the rigidity of steel because of their mod- 
erate size. On large tools using steel for 
strength and an inside copper conducting 
path it is safe to say that, the influence 
of steel on flux linkage (inductance) with 
many designs, often is minor in effect. 

We are dealing with almost closed loops 
that differ greatly from transmission 
lines. In Appendix II is given the flux 
linkage per ampere inch for infinite length 
conductors. Integration for flux linkage 
within a rectangle is very involved. How- 
ever, for point of simple illustration con- 
sider a tool abcd as shown in Figure 5A. 
Recalling Ampere’s law for magnetic 
gradient at some point p with respect to a 
single conductor, 


I cos 6 ds 
tHe Dt os 


Through proper integration this becomes 


I 
Hy==— (sin @—sin 61) ampere turns per 
0 A 


inch (8) 


The influence of magnetic components 
at single points taken by superposition, 
first with respect to the infinite lines, one 
at a time, then with respect to current 
flowing only in abcd, gives rather appar- 
ent implications. Thus, by removing all 
lines external to abcd, considerable reduc- 
tion in intensity, hence flux, results inside 
the rectangle. It also will be apparent 
that those points in the vicinity of a con- 
ductor have intensity values approaching 
that received from an infinite length con- 
ductor. Thus, from Figure 5A for the 
single conductor of length ab, a greater 


396 


inclusion of magnetic component results 
at point p than at p according to equation 
8. Actually, when S,» is 15 times D, the 
error in intensity for any chosen point p 
is less than one per cent in using the infin- 
ite conductor magnetic gradient value 
rather than that value for length ab, 
which is the actual condition. Thus in 
some cases relatively short lines are not in 
great error when assigned flux linkage 
values the same as for infinite line. How- 


Figure 5A. Analogy 

for component effect 

from perpendicular 

pairs—infinite lines ver- 
sus rectangle 


Figure 5B. Effect of 

round corner on flux 

linkage by comparison 
to straight wire 
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ever, one pair of opposite sides of the 
usual configuration which we are deal- 
ing with has very shert length compared 
to spacing.- A method is now shown for 
taking into account the effect of short 
sides. Flux linkage (\”) per ampere inch 
is obtained separately for both the hori- 
zontal and the vertical pair of welding 
arms. 

From the foregoing text, equation 6 for 
unit length flux linkage (A”) used in the 
close approximation method should em- 
ploy the terms 


: 1 S 
An =2) x : qt Kem ‘loge 2] 


maxwells per ampere inch along horizontal 
sides (9) 


3.2 1 Sh 
# =| Ky-=4 Ky (5) logs — 
=f 1 ra e(n) loge | 


maxwells per ampere inch along vertical 
sides (10) 


Xo 


The next part is devoted to analyzing 
the factors K, and K; and special effects 
of geometry, high permeabilities, and 
other influences. 


Internal Flux Linkage and Factor Kj. 
Internal self flux linkage will be defined 
here as that flux all or part of whose path 


passes through the conductor to encircle ~ 
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Measurement Per Unit Length 


Comparison by Approximation 


a 
q q 
ig a 5, 4 Fi a bs 
a Ae oad 5 FI a FI ~|3 8 eee 
Bilan a = 4 g g < | a 3 g8q 
e 2 ms 2 £ 4 3 bo] ral ha ° Sho 
& a a Fe a) ° e Bl La ae 3| 5 ayo 
om i] is) | he =| ts) S <) 9 2 : a 3\3 tag 
° a me a ® =| Ral ig n wills a Ls! s aso 
3 a A o ° 5 2 S a a a 00} 4 8 FT 5 #865 
5 oe a z 2 ) Ss <o Pa < FI 56s 
Solid steel—copper tool (Figure 8) during various stages of copper plating 
1. .Fig. 8 DA SHig es? Bea (yi = 6210 wal G00) . 1,250 mega BAT ARTS . 39.2 room 
2..Fig. 8 neDen kis. 2B... — — 210 ..2,460 . -2,100 1.9 4.3 ..o7 . room 
(180 cycles 
3..Fig. 8 eG. igen. — ..190 1,210 636 eu keG oes ..28.3 room 
4. .Fig. 8 BD bigs 2B. — —= — 180 205 ..0,54 = ele E 5 . 4.2 . room 
5. .Fig. 8 cee Hie on ere 0.51 58.8 107 181 ..0,48 Botte pee Fe) — — — ..0,.437 
6..Fig. 8 ofaee Big. 3 42220 0.645.. 58.8 142 168 ..0.44 el O2 Bo — .,. —_ — ..0.437 
‘a ig. 8 BG Ae eS OIA weg) a ge he 291 181 Sees Fe yen a. — .. — — ..0,65 
8. . Fig. 8 algal’ Ba pochixe nena a deg 270 235 FORGO” eet 16 7425 — .. — — ..0.65 
Fabricated tool (Figure 9) of steel sides and copper bars (box) 
9. .Fig.9 in AKig. 2B — ‘aia 55 36.35, 9118 (2). 193 (?)...0.51 (?)..1.29 (?).. 2.95 (?)..room — — = 
(see note 1) 
10. . Fig. 9 alan Aigo on Lome a Oo04a. SOS a. 52 164 ee O L430 ek O9 1.30 room...{,=1.14, Av»=1.1]..1.19 (rdc) ..0.446 
li, .Fig. 9 ..K a Higtoeesots 1 lOsvoy ll? 273 254 ae Oa eraliek D: 4.7 room Se ae a poo (dc). .0.646 
Avg = 1.07 
Fabricated steel box tool before and after copper spray 
iP = SL Big. 2B S &— — ..400 990 790 ianled 1.5.2 . 27.5 room 
Teens aS tel OW Ny BSc — .,280 320 3089 > 3.20.72 ..2.0 8.9 room 
Large steel tool (Figure 1) with copper bus 
14, .Fig. 1 HEN eRigt dete S42: 0). SON4GO! = ashe 390 .. TAS oes 1,98 1.89 ae a 8e 1.8 . 2.0 (4%de) .2.2 
Stainless box tool similar to Figure 4 (except 26 in. throat for line 15 only) 
15.274 be @Qien Higdises4o0 aicO. 486.0.) 219 394 vaglkO5 1.19 setae .— bhaS 2.2 1.01 
16. .Fig. 4 PPP eRe 16 1.30445) O-4 32.5, go 322 670 ene! ar te) 1.48 pez09 8d wewleae’ 2.2 1.74 
17. . Fig. 4 SOM Ripits) 080) 0.4047 20 — 237 534 ond £42 1.38 . 2.33 . 83 
18. . Fig. 4 RR Bigs) lL einontsOc 040) ae 95 _— — — AD . 230 
2 to 12-foot 400,000-circular mil water-cooled cables (ends bolted) 
19.. 3-in. spaced..S ..Fig. 3 PLS nOnm Orgone. Lai Satan i Wy lets Pe PRY 1.03 0.496 . 85 1,04 — 3.0 
20.. 6-in. spaced..S ..Fig. 3 PRD. Ane —— MR tao 15.0 ...3.96 1,38 — 85 1.40 — 4.02 
21, .12-in.spaced..S ..Fig. 3 S230 0.00 aie WSiedky tare 17.2 ...4.58 1.59 — .. 85 1.75 — 5.04 


* Description 
A—Yoke alone measured (see note 2), 
B—Same as A except 180-cycle test. 


Steel 5/8” thick. Length path taken as 43 inches. 60-cycle test. 
Could not later renew 180-cycle tests. 


C—Same as A except copper plated 1 to 2 mils on surface. 
D—Same as A except copper plated about 30 mil average on surface. 


E—Same as A except copper plated about 60-80 mil average. 


F—Same as E except without light beam wattmeter. 


G—Complete tool measured. Same as E except wit 


H—Complete tool measured. Same as G except insert F for E. 


I, J—Yoke alone measured (see note 2). 


K—Complete tool measured. Same as J except bronze mec 
The steel box structure, 


L—Yoke alone measured (see note 2). 


Copper bar 3 by 1/4 inches. 


Length path taken as 40 inches. 


M—Same as L except copper sprayed about 1/32 inch on surface. 


N—Complete tool measured. Steel box section too 


1/4, inch. Length path taken as 105 inches. 


O—Complete tool measured. Stainless box section tool with 261!/2-inch throat depth. 
P—Complete tool measured. Stainless box section tool with 42-inch throat. 


Q—Yoke alone measured (see note 2). 


R—Resistance of mechanical air head across electro 
S—Water cooled cables 12 feet each whose jackets were 


bolted joint. 


Note 1. 
cases. 
Note 2. 


Accuracy for method Figure 2B 


some portion of current. Internal flux 
linkage in a round solid conductor of zero 
frequency current having uniform current 


density is found to be 
3.2 1 
\;” =—- -— maxwells per ampere inch (11) 
2r 4 
for u, = 1 and zero effective proximity 


to other conductors (see Appendix II). 
This small internal unit value per single 
side of a loop to be practical must include 
some multiplying factor K, that can be 
made to account for skin effect and prox- 
imity effect according to methods and 
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1 with sides 6 inches average and top or bottom ranging from 21/4 to 31/2 inches. 


des (contact resistance) measured disregarding X value. 
3 inches in diameter with spacing varied. Resistance variation is caused by high contact resistance of 


Measuring yoke alone is for tool circuit with omission of upper electrode and mechanical air head. 


tables provided in references 6-12. Still 
other factors are involved in unequal cur- 
rent distribution such as lower resistance 
of shorter inside path, uneven geometry, 
and steel near the conducting cross sec- 
tion. These factors ate sometimes negli- 
gible. For example, proximity effect 
(proportional to current squared and in- 
versely as distance) has little effect when 


D/R is greater than six. K;, will influence — 


equations 9, 10, and 11 in such a way as to 
reduce the ),” value (for skin effect in 
nonmagnetic circuits) and to increase it 
when iron is in proximity to the conduc- 
tor. 
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Only test shown using light beam wattmeter. 


h bronze mechanical air head. Length path taken as 63 inches. 


: 60-cycle test. 
hanical air head included. Length path taken is 60 inches. 
3 inches high by 21/1 inches across, is a type similar to Figure 9. 


Length path taken is 36 inches. 


Copper strap inside 18/4 by 


Internal copper bus is probably 15/s by 1/,inch, Length path 78 inches. 
Internal copper bus is probably 15/3 by 1/4 inch. 


may be within ten per cent except for line 9, and for method Figure 3 should be better than five per cent in many 


Cross sectional geometries vary from 
those that are simple and symmetrical to 
others shown comparatively in Figure 6. 
Requirements of the longer yokes are for 
lower unit deflections and better struc- 
tural strengths, which necessitate a high 
moment of inertia and a resort to steels 
as mechanical members. Copper then is 
co-ordinated as the electrical conducting 
medium. That steel can be employed 
with copper for Figures 6C, 6D, 6G, 6H, 
and 61 without large increase in induc- 
tance will be verified by test data. We 
are not concerned particularly with the 
case of steel as a current conductor, be- 
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SYMBOLS 
COPPER 


| 


ISS 


cause extreme losses and temperature rise 


prohibit its use. K, is found experimen- 
tally to vary between approximately 10 
and 60 for various “‘all steel’’ configura- 
tions or for conductors surrounded mostly 
or wholly by steel. 

The air cylinder which often surrounds 
a current carrying member can be a very 
doubtful item when made of steel as it is 
on large tools. One such example is 
Figure 1. For that length of current path 
threading a steel bracket, recommended 
values for K; are suggested as 30 to 60 for 
steel. 


External Flux Linkage and Factor K,. 
K, is the correction factor used in equa- 
tions 9 and 10 for the external flux linkage. 
It is obtained from the curves shown in 
Figure 7, which covers a practical range 
of geometries. A tabulation form for 


Table V. Measured and Calculated Values of Special Laminate Test (Figure 10) Using Altern 
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Figures 6A to 6/. Vari- 
ous types of welding 
arm cross sections and 
materials as designated 


working out inductance values along with 
a specific example is found in Table IT. 
Theoretical flux linkage and factor K, 
are worked out in Appendixes IT and III, 
respectively. An outstanding ratio D/R 
is seen to be important in determining 
external flux linkages. R is found to re- 
late particularly to the permeance path 
adjacent to the conductor, while D de- 
termines the flux inclusion between con- 
ductors. , 

It will be apparent that the radius R 
shown in Figure 7, although suitable for 
simple circular cases, will not have sig- 
nificant meaning for many of the ge- 
ometries of Figure 6. However, it may be 
possible to choose an equivalent circle in 
such special cases so as to provide an 
approximating R value. The purpose of 
such a circle is to establish the equivalent 
averaging flux permeance path in the 


vicinity of the conductor. By using an 
equivalent circle the equations retain 
simplicity and the approximation is still 
satisfactory in accuracy. 

In a more extended approximation th¢ 
lumped correction for a slight amount of 
steel adjacent to the conductor occasion- 
ally can be made by reducing the size of 
the equivalent circle (see Appendix TV). 

It will be noticed that permeability m 
was not shown as a multiplier in the equa- 
tions. It would be unsatisfactory to do 
so because the permeability ratio has no 
fixedness, at least not for steel. Instead, 
because most of the materials are close to 
unity permeability, an allowance for 
steel (widely different from unity) is by 
careful choice of correction factors. 

Rounded corner paths should have a 
slightly lower value for flux linkage per 
ampere inch, hence lower K, than straight 
conductors, according to the indication 
given by Figure 5B. Here the magnetiz- 
ing force is less at some point p taken well 
outside the point of center of radius for a 
curve line than’ for some compared 
straight side of equal length by reason of 
the deviation of magnetic components 
from normalcy. The geometric deviation 
is 6, compared to 0, at the end points as 
shown in Figure 5B and at corresponding 
points between. However, the corners 
are usually a small part of the total per- 
imeter, and neglect of this correction will 
not result in any great error if the straight 
side value of flux linkage is used. 

Of greater importance is the actual 
length of path to use in calculating in- 
ductance, particularly for tools such as 
iHustrated in Figure 6G. This path is not 
to be confused with an average current 
path but is that path at which the kernel 


ating Potential Drop Measurement (Figure 3) 


Comparison by Approxi- 


a 


Measured mation Calculation 
Test Avg Avg Avg 1; 
Figure Potential Points Z; Power Tacy X; L, , » Tac » Tac Micro- 
Line Reference [See Fig. 10(h)] Microhms Factor Microhms Microhms Microhenrys Amp-In. In. Temp, F AmpIn. In henrys 
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of zero-flux-linkage cur ent line occurs as 
inductance is the objective (see Figure 
14A). The center of a properly located 
equivalent circle may provide a good path 
for some configurations. 

It is not within scope to consider effects 
of magnetic materials in proximity to the 
welding gun during welding.'* 


CALCULATION OF RESISTANCE 


In general the problems relating to in- 
ternal flux interlinkages extend to the 
calculation of resistance. The simple 
cross sectional unit permeable type tools 
allow skin effect and proximity effect to 
be accounted for and give reasonable re- 
sistance evaluations by using the earlier 
noted references 6-12. Rectangular cop- 
per bars form the yokes in many small 
tools and are readily calculable. 

Combination material tools of steel and 
copper present no special problem for re- 
sistance calculation in at least three 
cases, Figures 6C, 6D, and 68, if the cur- 
rent through the steel part is of negligible 
quantity. 

The resistance of other types is more 
difficult to calculate because of the follow- 
ing possibilities encountered: 


1. Nonuniform current’ distribution across 


current path from the same causes outlined 


in the preceding section. 


2, Varying cross sectional area with respect 
to current path. 


3. Steel losses. 
4, Current path sometimes taken through 
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Figure 7. Correction 
factor K, for external 
flux linkage for short 
pairs of sides. Used 
with Table II 


welding gun pressure head, which may be a 
large nonuniform section difficult to caleu- 
late. 


5. Contact resistances (both connections 
and electrode tips). 


Table VI. 


Resistivity at Room Temperature, 
Microhms Per Cm! 


Welding Tool Material 


Klkaloy A, 


WHOUSHE ccm etude Marine sce ontario 2,05 
Mallory 3 

CASE AE Miele sila qieitcnte els via ets aT 2.15 

WY ratte tats.) 1s ccuate tscateusae Win 0h aie, Oi 2.3 
Mallory 53 

Casta bea i robardabis Shee ne ees Ah 

VE OU Bartell a 5.9 uate acd alates erin’ s 1,3 
Mallory 73 

Saas Mee Gos Seeeete 8.6 

Wrought: J 40. Tide 
Mallory 100 

Fight ae Oe ee eB 3.8 

WHOUREE. opted sedge sss asi9 8,45 
Copper 

CARE USAIN, cite FIN gcr,.009,.2.5)0 olleresn 28, 8058 2.15 

WLOUENE rai oir clr ners ana fal 1.75 


Typical high tensile 


In considering the foregoing generalt- 
ties the best line of approach is to deal 
with the specific case, weighing the rela- 
tive effect of various factors entering into 
the resistance calculation to ascertain its 
justification. If the result appears in- 
definite or of doubtful accuracy, resort 
can best be made to measurement of re 
sistance. 

Resistance calculation should begin by 
obtaining the d-c resistance for the por 
tion of the cross section in which alter 
nating current will flow. The skin and 
proximity effects therm must be evalu ated 
and the a-c resistance obtained for the 
particular frequency.'~'' The resistance 
formula for an averaging uniform section 
is 


Ops) 
fy (bey 


. Kyp ; 
tuo Ket tde= | (2.5) ++ 


f 


where 

Ky =K gx° Ky 

The equivalent resistance 7, for iron losses 
caused by steel close to current carrying 
members must be included. 

Specific d-c resistivity is given as a 
guide in Table VI for several materials 
used in welding arms. ‘The weld material 
resistance is composed of body resistance, 
sheet-to-sheet, and sheet-to-electrode con 
Weldiny 


tact resistance, all in series. 


Electrical Resistivities of Welding Tool Materials 


Magnetic ! 
Susceptibility*" 


. diamagnetic 


., paramagnetic 
., paramagnetic 


, paramagnetic 
., paramagnetic 


jdawitesiy MY diamagnetic 
_, diamagnetic 


cout Spats paramuagactic 
so pave paramagnetic 


pe AG diamagnetic 
diamagnetic 


Manganese bronze..,......6+++445 12.5 per cent conductivity in per cent 1IACS 


Typical aluminum 

Bronze (equal to Ampco /8) 
Typical aluminum 

Bronze (equal to Ampco 27) } 
Elkonite Grade} 


LOWS. rads Py ate re yet hag OD Oe 
OV a iare cots ties alain c+ tas ent Pip 5.95 
VV AMR ost a2 rte + als «bn ates 5.75 
LO WSS craters dhe elma diets os eee 6.15 
Da S ie evatig AP ae ts eye Bayh eee 3,65 
b if 1 ION) DE OEE aed 5.4 
ft OPA Na A cs ONPG I Tie OR 8.6 


* Electrical restativity of copper castings varies rathe 


tion, type of deoxidizer, and the amount of residual deoxidizer in the casting. 


of a ‘so-called high quality casting. 


r widely and f is dependant upon the degree of Beoxidae 


PT 12.2 per cent conductivity in per cent LACS 


Re eetst ey 10.2 per cent conductivity in per cent 1ACS 


ie ete paramagnetic 
qt by) paramagnetic 
natant paramagnetic 
1 ee paramagnetic 
Tiree paramagnetic 
Mas oye paramagnetic 
dan paramagnetic 


The value given in typical 


** Essentially the permeabilities are in the order of unity for these materials. 
+ Other materials used for spot welding electrodes for high resistance work sheets, or for projection welding, 


flash welding and butt welding dies. 
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sheet resistances vary greatly with ma- 
terials, setup conditions, hot and cold 
sheet-to-sheet contact resistance values, 


and so forth, which differ widely. A very 
crude estimate would place the weld re- 
sistance range between 4 and 250 mi- 
crohms with aluminum (prepared) at a 
low end range (4-80 very approximate), 
carbon steel next (10-100 very approxi- 
mate), and stainless steel having higher 
values: (40-250 very approximate). The 
cold contact resistance is normally higher 
than the hot value and for stainless steel, 
may, be five or more times the hot contact 
resistance in many instances. This large 
reduction of resistance during the early 
stages of current flow is mostly offset by 
the resistance rise of the body material 
under high temperatures. 

Heating of welding tools involves very 
special consideration because of the wide 
latitude of duty cycle, cooling, and so 
forth, and will not be considered here.™* 


Results of Measurement 


Measurements were taken on a variety 
of welding tools to indicate electrical 
characteristics along the lines described 
and, although not made with high labora- 
tory precision, are representative and 
form a basis for comparison. Results 
were obtained for circuits of Figures 2B 
and 3. In most cases four measurements 
were taken for each test and with good 
agreement. In the interest of clarity 
representative full data is shown in Table 
III, and one result of each test is shown in 
Tables IV and V. 

Table IV gives the final test result and 
description for all welding tools meas- 
ured. Lines 1 to 8 are progressive changes 
in electrical characteristics during the 
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Figure 8. Steel copper- 

plated C-type tool 

measured in test, with 

magnetic field shown 
(inset) 


copper plating of a solid steel tool yoke, 
Figure 8. The final conclusion on this 
experimental study for lines 1 to 8 was 
that excellent electrical characteristics 
combined with mechanical strength could 
be obtained with this cross section (Figure 
6C). Eddy current effect in the sides of 
tool helps to reduce internal flux, as seen 
by the few lines going through the yoke 
(Figure 8 inset showing magnetic pat- 
tern.» Comparison then is made to a 
fabricated steel tool (Figure 9) and mag- 
netic pattern (inset). It will be noticed 
that the internal flux tends to cancel to 
some extent because of unidirectional 
divided current. A low flux linkage per 
inch measured indicates only slight in- 
ductive effect caused by the steel sides. 
Other tool tests are shown, some of all 
steel construction, and in several cases 
with comparisons by approximation cal- 
culation. In such calculation only d-c re- 
sistance has been indicated. Measure- 
ments and subsequent calculation regard- 


« 


Figure 9. Fabricated 
steel and copper bar 
C-type tool measured 
in test, with magnetic 
field shown (inset) 
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ing resistance verifies the danger of any 
attempt to calculate it in the vicinity of 
steel unless the iron losses are properly in- 
cluded. In considering lines 15 to 18 it 
should be remembered that stainless steel 
(unless highly annealed) has a perme- 
ability much higher than utility, and this 
probably accounts for a larger flux linkage 
per inch. Flux linkage in many cases is 
in the order of 1.15 maxwells per ampere 
inch length. Notable exceptions are for a 
steel type such as Figure 1 (line 14), which 
is 1.89 maxwells, and for the various 
steeltools. * 

The artificial laminated yoke con- 
structed. as shown in Figure 10(/) and 
measured in the various arrangements, 
Figures 10(@) to 10(g), offers further in- 
formation even though not a tool struc- 
ture. The influence of various steel- 
copper combinations is shown by meas- 
urement, and results are given in Table V 
for cross sections varying from all copper, 
Figure 10(a), to all steel, Figure 10(g). 
Here again the flux linkage per ampere 
inch varied from about one maxwell for 
all copper to about 1.2 for several of the 
combinations. An all steel assembly ran 
from three maxwells (large section) to six 
maxwells (small section.) The results in 
lines 6 and 10 show the totalizing of re- 
sistance by partial summations without 
detrimental effect from inductance pickup 
in the leads. | 

Considerable review and comparison 
by the reader for Tables IV and V is 
necessary in order to gain an idea of the 
various factors influencing inductance and 
resistance. 


Summary 


The main method of measurement de- 
scribed can provide ‘at least a fair ac- 
curacy upon correct application and will 
obtain low order values of impedance, re- 
sistance, and reactance for resistance weld- 
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Figure 10 


a to g—tLaminate section test combination 
identified 


h—Assembly of laminate rectangle for measure- 
ment work. Measurement points taken at 


planes A, B, C, D, E, and F 


ing tools or other electric equipment. 
Such measurement becomes a valuable 
adjunct, when studying welding tools, for 
the purpose of establishing semiemperical 
formulas or for gaining familiarity with 
their electrical characteristics. The 
method of measurement is straightfor- 
ward, and, by referring to Appendix I, a 
further description of potential lead con- 
nections (the only difficult part) is shown. 


“Current and potential transformer ratios 


and phase angles influence the accuracy 
in the customary manner. 

Welding tools have a relatively large 
span between opposite conductors, which 
reduces the importance of two factors; 
namely, geometric mean distance and 
current distortion from proximity effect. 
These factors are for most cases negligible. 
Other factors, such as skin effect and 
effect of short pairs of lines, can be taken 
account of in accordance with the text and 
provide good approximation calculations 
within the scope of the method. : 

A summary for procedure in calculating 
inductance is as follows: 


1, Obtain all dimensional, cross sectional, 
and other specific data of welding tool. 
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2. Choose equivalent circle (Re), if re- 
quired, according to context and also to Ap- 
pendix IV. Determine kernel and assign 
path around tool for inductance. 


8. Determine correction factors A; and 
K, for all required corrections. 


4. Obtain flux linkage per ampere inch for 


z vALuE [Fr + JX] 


I VALUE ONLY "¢C TYPE TOOL 


Figure 11A. Potential prod pickup positions 
for typical measurement on C-type tool 


Figure 11B. Potential 

prod pickup position 

for measurements on X- 
type tool 


WELDING ARMS 


OR YOKE 


Figure 11C. Diagram showing imaginary 
pickup loop for measuring reactance value 
(coupling is unity) 
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the horizontal pair of arms and repeat for 
the vertical pair, using equations, refer- 
ences 6-12 and charts given. 


5. Take into account the air cyclinder sec- 
tion (if steel), round corners, and length of 
path. 


6. Calculate resultant total inductance 
from equation 6. 


A summary for procedure in calculating 
resistance is as follows: 


1. Obtain all dimensional, cross sectional, 
and specific data of tool. 


2. Find out if a calculation of resistance ap- 
pears feasible. 


3. Proceed to calculate d-c resistance of 
the cross section that carries alternating 
current and determine average length of 
current path to be used; or (as an alterna- 
tive) obtain resistance by measurement. 


4, Apply necessary corrections. 


5. Calculate a-c resistance which must in- 
clude equivalent iron loss (resistance re), if 
present. Such calculation must take into 
account variations in cross section, correct 
length, and special variations such as elec- 
trode contact resistance. 


Appendix |. Potential Pickup 
Leads for Measurement 


Twisted pair and spread leads are used 
for taking the potential drop of the welding 
tool or test piece as shown in Figures 11 
and 12. Extremely moderate loading is 
stipulated for the potential transformer so 
that very little current will be taken by pri- 
mary, and suitable connections are made 
directly to the tool terminals as desired. 

Induced voltage pickup with respect to 
the leads is now considered.* As a starting 
point it will be well to note that induced 
pickup, whatever it may be, should not in- 
fluence resistance measurements if all meas- 
uring circuit apparatus is reasonably precise 
and correctly chosen. This is apparent when 
it is remembered that the intent of the 
method is to break down the impedance into 
yand x values. However, for z and « meas- 


END VIEW 
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(r +x) 


urements the effect of induced pickup is 
vital. 

The leads are connected in close proximity 
to opposite sides of the tool circuit and 
theoretically must close a loop which in- 
cludes all the flux interlinkages for which x 
is being measured. By. referring to Figure 
11C it is seen that this loop is really homo- 
geneous to the welding circuit itself, which 
acts as a “‘search coil” for flux. To discon- 
nect the test leads and run a wire around the 
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Figure 12A. Error of potential pickup leads 
not in a straight line is seen a function of tool 
size 


a Sab 


Sab 
—— SHOULD BE >>| 
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Sad 


welding tool would be a poor substitute as 
the coupling would not be perfect because 
of internal conductor flux. Therefore proper 
placement of test leads will give Z measure- 
ments as well as r and x values if the subse- 
quent discussion is borne in mind. 

A list of rules in connection with utilizing 
potential pickup leads is as follows: 


1. The spread leads should be straight, perpendicu- 
lar to, or at least symmetrical with the current 
paths being spanned, 

2. The twisted pair should be carried away per- 
pendicular to the spread leads and to the plane of 
the welding tool (see Figure 11 B). 


3. The twisted pair terminus at leads is preferably 
in the center between the wires, although because 
the induced voltage is unidirectional this is not an 
absolute requirement, 


4. For Zand x values it is desirable that the pickup 
leads be short (a shall part of the total circuit 
measured). 

5. Measurement for ¢ alone does not require these 
stipulations with the same rigor. 


6. Measurement for x along one arm alone is of 
theoretical interest only. 


There follow illustrations which show the 
necessity for as short a pickup lead span as 
feasible, or at least a low ratio of such lead 
length to tool perimeter. 

Consider that the accuracy is not im- 
paired greatly for a large tool if the leads in 
Figure 12A take position gi or hj instead of 
ym, hm because the flux area is not changed 
appreciably. Such would not hold for very 
small tools or for Figure 12B as drawn. 
Therefore some guide for accuracy is derived 
from considering the enclosing area and, in 
addition, the relative proportion of length of 
pickup leads to the total enclosing circuit. 

The error imposed by pickup leads can 
be visualized in another way. Induced 
voltage in lead be of Figure 12B is that 
from interlinkages from opposite side ad 
as the horizontal arms cancel their induction 
in be. But to provide accurate measurement 
the voltage induced in b¢ must be zero, be- 
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eause side ad has no adjacent conductor in 
juxta position and hence has a large external 
field. Thus induced voltage in lead be 
implies in the measurement a smaller ex- 
ternal field for side ad than exists. Hence 
only fair accuracy could be obtained with a 
circuit as Figure 12B, which accuracy, 
however, becomes more precise as ratio 
Sav/Spe is made increasingly large. One 
practical example in this kind of measure- 
ment is a pair of single welding cables where 
their close spacing and relative length give 
no conceivable inaccuracy caused by this 
effect. The foregoing text points out a pos- 
sible slight discrepancy in measurements for 


—— ee oe 


POTENTIAL 
LEADS 


Figure 12B. Wide- 
spread potential pickup 
leads are operative only 
under certain conditions 


TWISTED 
PAIR 


Figures b14, 11B, 11C, 124, and 12B and 
tools where a gap occurs at the terminus. 
However, where the pickup leads are short 
compared to the total loop as in most all 
practical cases, this error will be so di- 
minished as to be of no importance. 


Appendix Il. Derivation of \” 
for Theoretical Case 


Infinite Lines and Uniform Current 
Density; Unit Permeability of 
Conductor and Medium 


Inductance can be defined by any one of 
three equations, namely, 


L=28/i? (20) 
L =(dg/di)10~* : (21) 
L=e/(di/dt) (22) 


Each equation says the same thing in a 
different manner. Where flux linkage pro- 
duced is proportional to current, these rela- 
tionships can hold for a-c as well as the d-c 
(zero frequency) case. However, because 
skin effect as produced in large conductors 
always changes the proportionality inter- 
nally in the conductor, we should start by 
assuming a uniform current density through- 
out the conductor. As indicated under 
“Calculation of Inductance,” the length of 
conductor pair is vital to the unit length 
inductance, and such length is assumed of 
infinite equivalent compared to lengths D 
and R. Other assumptions maintained 
are sine wave known frequency and unity 
permeability of conductors and medium. 

The first objective is the internal flux 
linkages per unit length in one of the con- 
ductors. Making use of the practical unit 
for magnetomotive force and considering 
the latter in terms of energy or work around 


a magnetic circuit, the magnetic gradient 
at any point Rp is 

H=1/2nRp (23) 
By straight relationship for w=1 

B =3.2H (24) 
and at any point p inside the conductor 


_3.21 (fp) 


B 
D ¢ 
2rR, 


(25) 


the flux density per unit length at any 
radius R (within conductor). It will be 
noted that the current J (Rp) is that propor- 
tion of total current J (one ampere) assumed 
of uniform density over the conductor, or 


Ry? 


Ling =e a (26) 
Then 

: 3.2 dR 
dg" =BydR-1= 5 ~-Lyy R (27) 


Internal flux linkage per unit length per 
conductor is 


ae dR 
Tgp de = 9 (ip) RB me 
or 
3.2 R*dR A 
dy" =——- (29) 
Qa Rot 


Qe R=Ro : 
ati ais [x (30) 
4 27Ro R= 0 
eB 
oe 4 
- 1 
= 0.508-4 (31) 


External flux linkage is taken in similar 
manner, remembering that the entire current 
is linked by flux and also is linked by cer- 
tain flux from the opposite conductor, which 
for opposite direction current has reversed 
induced electromotive force sign. 


3.2 (Rare) dR 3.2 f Piste) dR 
he” =—— Li ee Y BS 
Qa J Ro R 2% J p 128 
(32) 
ayy R R ; 
ane loge aes D (33) 
BBs iD. 
Vg ee Ro 
D 
=0.508 loge — : (34) 


Ro 


N" (total) =i" +e =0.508{ 1+ loge 2 | (35) 


for unit permeability both for conductor and 
medium, The value of loge D/R, is plotted 
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in Figure 13 and also the flux linkages per 


ampere inch per conductor for various ratios 
of D/Ro. 


Hollow Conductor—Internal Flux 
Linkages for Hollow Circular 
Conductor 


Where the conductor is circular but hol- 
low, the equation for internal flux linkages 
(for tm, Ue=1) is 


,” a ere . log. Ro _ 
Qar|(Roe— Ri)? Ry 
1 3R2—R,? 
4 R2—R? ] (39) 


where R; and Ro are inner and outer radii 
respectively (see reference 7 section 14, 
page 45). For various inside radii the por- 
tion in the bracket ranges from 0 for in- 
finitesimal shell to 0.25 for solid conductor. 


Rectangular Conductor—Internal Flux 
Linkages for Hollow Circular 
Conductor 


A square conductor does not differ greatly 
in internal flux interlinkages from that of a 
circle and can be the same for this approxi- 
mation. The equivalent circle for the square 
may be approximated closely by taking the 
radius as a/./3 (see Figure 144A). If the 
equivalent circle is used, an approximation 
value K;for-skin effect can be obtained from 
reference 6. 

A long rectangular bus (Figure 14B) gives 
about twice the value for internal flux link- 
age as for the circular conductor when the 
current is assumed uniform. However, skin 
effect, tending to crowd the current on the 
ends of the bus will tend to reduce the value 
somewhat and should be corrected for. An 
equivalent circle for obtaining K, alone 
would have slightly less a diameter than the 
long side of the bus. To approximate K, 
and K, together, the diameter would be 
about two-thirds the long side. Variations 
between a square and narrow bus must be 
treated accordingly. 


Appendix Ill. Method for 
Obtaining Inductance 


Correction factor K, (as shown in Figure 
7) is devised to take into account the end 
effect for short pairs of lines and the sides of 
welding tools. The method established for 
obtaining this plot for K, shown in Figure 7 
is merely to take a derived equation for 
inductance of a short pair and work out the 
corresponding plots for various relationships. 
This equation given in reference 17 is as 
follows: 


L=40,1 VS92+D*—V S?+R?+R—D+ 
S loge STV S+R? V SPER? 
R 
Slo 


+ucS 


A/c 2 
Be Een +P") (37) 
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The assumptions applying are 


1. Permeability of medium um and conductor ue 
are unity. 


2. The last term relating to internal flux will be 
omitted because we are correcting only for the ex- 


* ternal flux linkage. 


3. Round solid conductor is the only case for which 
the equation is exact, and caution is imposed on use 
of the resulting factor Ke for other than round 
shapes (see Appendix IV). 


4. By maintaining a ratio for D/R of at least four 
to one the practical influence of proximity effect and 
geometric mean distance is minimized so that they 
impose no important errors. 


5. The conductor must carry uniform density cur- 
rent. The latter is an original assumption; but 
because only the external flux is resolved in the 
method, this assumption is noted only for correla- 
tion with the foregoing equation. 


Curves plotted in Figure 7 clearly show 
the narrowness of the correction factor for 
wide ranges of D/R,. This is one indication 
that the use of equivalent circles may be 
justified. The curves also indicate the de- 
gree toward which the dimensional relation- 
ship is approaching the infinite length con- 
ductor case. Thus, at ratio S/D=10 a cor- 
rection of only five per cent is required 
from that of the infinite pair. 

With regard to the accuracy of this pro- 
cedure and resulting chart for K, in Figure 7 
it merely will be stated that comparative 
calculations for it against both experimental 
results and theoretical formulas give close 
agreement. Any error in the chart would 
tend to be more severe for low values of Ke, 
which are for relatively shorter portions of 
the total circuit. 


* 


Appendix IV. Equivalent 
Circles in Approximating Steel 
Close to Conductor 


A reduced size equivalent circle may be 
tried for a moderate amount of steel plate 
next to the conductor. Such philosophy is 
based on 


1. Very limited permeance increase at the section 
produced by the steel, which must have a low ratio 
of path to air path. 


2. The field although most intense next to the con- 
ductor, representing just a fraction of the total flux 
linkages, as an integration willshow. A calculation 
of permeance in this vicinity with and without steel 
will predict its influence, 


Steel exerts a large influence when sand- 
wiched along the extent of the copper bus. 
Here close section permeance is increased 
greatly and also are the flux linkages. When 
dealing with a condition of this kind, the 
equivalent circle should define the limit of 
external flux linkages only, and a correction 
factor K; should be worked out for the re- 
maining portion of the increased internal 
flux. 

The location of the kernel as shown in 
Figure 14A is important, as this is the point 
at which the flux centers and has a bearing 
on where an equivalent circle ought to be 
located. Other reference is made to ‘“‘Rec- 
tangular Conductor.’’ Appendix II and 
Figures 144, 14B, 14C. The degree to 
which a reduced circle will alter flux link- 
ages can be determined for Figure 13 for 
varying R. Because of the logarithmic 
character, these circles are not supercritical ; 
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A PER AMPERE INCH > MAXWELLS 


D 
RATIO 


Figure 13. Value of flux linkage per conduc- 
tor per ampere inch for infinite length pair, 
and also the value of log. D/R, plotted 


and an integral value of 2-inch diameter 
was used for line 10, Table IV and a 1-inch 
diameter for line 14, together with Ai=3 
and K,; (head) =40. 


Appendix V. Nomenclature 


a =trausformer ratio—connected primary 
connected secondary 

By, =flux density maxwells per square inch 
at any point p 

C,=current transformer ratio 

D =distance in inches between centers of a 
pair of conductors whose flux linkage 
is being determined 

8 =energy stored magnetically 

H, =magnetic potential gradient in ampere 
turns at any point p 

[ =total assigned current in a conductor 

Trp=fraction of total [ with assumed unii- 
form current density to some raditis 
Rp 

[= true amineter reading 

E,»,=true voltmeter reading 

K, =correction factor for external flux link- 
age he” 

K,=correction 
linkage \;” 

K,,=correction factor for skin effect (re- 
sistance) 

Kp, =correction factor for proximity effect 
(resistance) 

\” =flux linkages (maxwells) for current in a 
conductor per ampere inch 

he”, \v” =external and internal flux inter- 
linkages, respectively 

hn”, Ay” =flux interlinkages (maxwells) along 
horizontal and vertical sides, respec- 
tively, of a welding tool 

L =inductarice in microhenrys 

/=length of a magnetic path 

P =permeance 

p =electrical resistivity in circular mil inches 

P F= power factor 

P,=potential transformer ratio= 1 /a 

R,=radius of an equivalent circle for ob- 
taining d,” 

R,=radius to outside surface of conductor 

R,=arbitrary radius to any point p, (omit- 
ting the p at times) 


factor for internal flux 
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r=resistance in microhms (unless otherwise 
specified) 

re =equivalent resistance for iron losses in 
tool 

S=distance along conductor side in inches 

S;,=distance in inches along one side of a 
horizontal pair of tool conductors _ 

S,=distance in inches along one side of a 
vertical pair of tool conductors 

Up=permeability of conductor material 

Um=permeability of medium in which con- 
ductor resides 

W m=true wattmeter reading 

4 =reactance in microhms unless otherwise 
specified 

Zm=impedance in microhms by measure- 
ment 

6 = power factor angle and also angle of com- 
ponent comparison 

6,=extreme angular deviation from normal 
for curved line with respect to a com- 
mon remote point p 

6;=extreme angular deviation from normal 
(@;<6,) for straight line with respect 
to a common remote point p 

o= flux 
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artificial current density variation 
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Figure 14B (above left). 
zontal flat copper conductor and field 


Rectangular hori- 


Figure 14C (above right). Rectangular vertical 
flat copper conductor and field 


C—Equivalent circle for external Aux linkage 
D—Eauivelent circle approximating both ex- 
ternal and higher internal flux linkage 
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Experience With Single-Pole Relaying 


and Reclosing on a Large 


132-Kv System 


J. J. TRAINOR 


MEMBER AIEE 


Synopsis: Three full years of operating 
experience with single-pole switching on 
five 132-kv transmission lines totaling 331 
miles in length is presented and analyzed. 
Total number of faults for the period studied 
was 59, of which 54 were of temporary na- 
ture. Of these 54 temporary faults, 42 in- 
volved only one phase and ground, and 38 
successful single-pole fault clearing opera- 
tions were experienced. Conclusions are 
that singlepole switching has numerous 
advantages over multipole high-speed 
switching in that better system stability is 
realized by its use, longer phase de-energi- 
zation time permits greater time for dissi- 
pation of ionized gases at the point of fault, 
and over-all system disturbance is mini- 
mized during fault clearing operation. 


OR the past 12-or 15 years, the great 

advantages to be obtained from the use 
of ultrahigh speed reclosing on large ca- 
pacity power transmission lines have been 
appreciated fully. Until five years ago, 
however, this high-speed reclosing was 
limited to simultaneous multi- or 3-pole 
reclosing. On March 13, 1941, the Pub- 
lic Service Company of Indiana placed in 
service a revolutionary installation of 
single-phase or so called single-pole re- 
closing on a 50-mile single circuit 132-kv 
line between the Lenore substation at 
Indianapolis, Ind., and the New Castle 
substation at New Castle, Ind. This 
type of reclosing differs from the formerly 
i vee eet Ske we 
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mentioned 3-pole reclosing in that only 
the faulted phase is tripped and reclosed 
simultaneously at both terminals of the 
transmission line in event of a single- 
phase-to-ground fault on the line. Dur- 
ing the short interval of time the faulted 
phase is open, either parallel transmission 
line paths or the ground itself will assume 
the load current of the interrupted phase. 

The original installation of single-pole 
reclosing was made on’ the basis that 
greater system stability would obtain 
from this method of switching than from 
3-pole switching. The transmission line 
on which this form of protection was ap- 
plied first acted as the major tie between 
the Chicago, Ill., and northern Indiana 
systems and the Cincinnati, Ohio, Louis- 
ville, Ky., and Tennessee Valley Authority 
southern systems, and the proper mainte- 


nance. of stability between these systems 
during fault conditions was of prime im- 
portance to proper system operation of all 
parties in the interconnected system. As 
the system developed, additional 132-kv 
transmission lines were constructed which 
knit together more closely than ever the 
Public Service Company’s system with the 
large northern and southern 132-kv sys- 
tems. It was felt that the advantages to 
be derived from the use of single-pole re- 
closing greatly outweighed those to be 
secured from 3-pole reclosing; hence 
single-pole reclosing was installed on all 
these later transmission line develop- 
ments. 

-Much information and data have been 
published on the subject of high-speed 
breaker reclosing.*-4 The choice of the 
method and speed of reclosing may be 
governed mainly by the consideration of 
the events which take place during the 
de-energization or “‘dead”’ time of the line 
in question, During this dead time two 
things are taking place which have a 
direct bearing on the problem. The 
systems which supply the opposite termi- 
nals of the line under consideration may 
be drifting apart in phase angle, and the 
more rapid the reclosing, the less system 


Figure 1. Simplified 3-pole and single-pole 
systems 
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shock that will be encountered when the 
systems are brought together again. This 
speed of reclosing, however, definitely is 
limited by the fact that sufficient dead 
time must be allowed to permit the ion- 
ized gases at the point of fault to disperse 
in order to prevent restrike of the fault 
arc. This latter consideration usually 
has been the limiting factor in governing 
the speed of reclosing. The final choice 
in the matter is often a compromise be- 
tween the maximum reclosing time that 
may be tolerated from a system stability 
standpoint and the minimum reclosing 
time that will result in not too many fault 
are restrikes. 

Single-pole switching results in much 
less voltage and power flow disturbance 
than is caused by multipole switching 
because of the fact that synchronizing 
power flows over the remaining two 
phases left in service. The drift in phase 
angle between the two terminals of a line 
thus equipped is retarded, permitting 
phase de-energization times in the order 
of 100 per cent over the time normally 
allowed for 3-pole switching, still main- 
taining better system stability than with 
the latter form of reclosing. Stated an- 
other way, single-pole switching permits 
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- the transfer of larger blocks of power over 


major transmission lines with less chance 
of system instability and less chance of 
are restrike on faults which involve one 
phase and ground. Actual operating ex- 
perience indicates that approximately 75 
per cent of all transmission line faults on 
the type of transmission line construction 
which is employed on this system are 
single phase to ground. 

Simplified diagrams of two electric 
transmission systems, one using 3-pole 
gang-operated breakers and the other 
employing single-pole breakers, are shown 
in Figure 1. It is, of course, evident from 
this schematic diagram that under fault 
conditions the operation of the 3-pole 
breakers at each terminal of a line com- 
pletely separates the generating sources, 
whereas operation of a single-pole breaker 
at each terminal permits synchronizing 
current to continue to flow over the two 
phases remaining in service between the 
two points of generation. The inter- 
mediate load shown between the two line 
terminals in Figure 1 would have to be 
provided with proper switching, either 
single-pole or 3-pole, to remove its source 
of fault current to the system during the 
phase de-energization time on a high- 
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speed operation of the terminal breakers. 
Should single-pole switching be employed 
at this intermediate load point, the effects 
of a single-phase-to-ground fault on the 
transmission system would have little 
effect on the load. This might be a vital 
point for consideration in supplying some 
types of loads. 

Three-pole high-speed switching is 
employed also on the Public Service Com- 
pany system. The New Castle terminal 
of the Muncie 132-kv line, the Clinton 
terminal of the Lafayette 66-kv line and 
the two terminal breakers on the Ko- 
komo-Huntington Junction 66-kv line are 
operated in this manner. 


Locations of Installations 

Following the original installation of 
single-pole reclosing on the Lenore-New 
Castle 132-kv line, similar equipment was 
installed on the following newly con- 
structed 132-kv lines: 


1. Bedford—Louisville* (59 miles) on Janu- 
ary 20, 1944. 


2. Kokomo-Lafayette (39 miles) on Feb- 
ruary 29, 1944. 


3. Dresser (Terre Haute)—Bedford (68 
miles) on March 10, 1944. 


4. Dresser—Lafayette (101 miles) on March 
81, 1944. . 


A map of the major transmission lines in 
service in Indiana is shown in Figure 2. 


* The Louisville terminal of this line is at the 
Paddys Run Station of the Louisville Gas and Elec- 
pany, one of the electric systems with which the 
Public Service Company of Indiana interconnects, 


Figure 3. Wood-pole construction and con- 
ductor arrangementof Kokomo-Lafayette 132- 
kv line. No static wire 
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Figure 4. Tower construction and conductor 
arrangement of Lenore—New Castle 132-kv 
line 


All the transmission lines on which single- 
pole switching is employed are wood-pole 
constructed single-circuit lines (Figure 3) 
except the Lenore—New Castle line which 
is of steel tower construction (Figure 4). 
Each line is equipped with well-placed 
static wire protection except the Kokomo— 
Lafayette line which has no static wire. 
A 14-mile tap line is connected approxi- 
mately half way between Dresser and 
Lafayette and serves a customer who has 
installed a 3-pole reclosing 132-kv breaker 
at his substation. Thus the total circuit 
mileage of the 132-kv transmission sys- 
tem which is operated single-pole reclos- 
ing is 331 miles. 

The 132-kv system of the Public Serv- 
ice Company of Indiana, Inc., is operated 
with each of its 132-kv power transformer 
bank neutrals solidly grounded. 


Protective Relays 


The relay installation at each of the ten 
single-pole line terminals is practically 
identical.s It consists of the standard 
power-line carrier pilot relay protection 
with the addition of a phase-selector relay 
(Figure 5) which recognizes the faulted 
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phase and causes it to trip individually in 
the case of a single phase to ground fault. 
The electrical quantities which are em- 
ployed in the phase-selector relay are 


1. Negative sequence current. 
2. Zero sequence current. 


The negative sequence current is obtained 
from a negative sequence filter circuit. 
The development of the vector quantities 
of these two® shows that it is possible for 
only one phase element of the phase selec- 
tor relay to close its contacts on a single- 
phase-to-ground fault, the other two ele- 
ments being actuated in the nonoperating 
direction. On any type of fault other 
than one which involves only one phase 
and ground, alt three poles are tripped. 
In the latter case, all three poles reclose 
high-speed simultaneously. 

The additional maintenance required 
for the single-pole relay scheme is but 
little greater than for the standard car- 
rier pilot relay scheme used for 3-pole 
tripping. The component parts which 
have been added to the standard scheme 
are only modifications of standard relay 
elements; hence their testing is relatively 
simple and can be performed with the 
usual test equipment. 

The physical layout of the relay panels 
for two circuits at the Lafayette substa- 
tion is shown in Figure 6. The protective 
relay (and metering) panels are located to 
the right and left of a panel which carries 
the breaker reclosing and auxiliary relays 
for both the Dresser and Kokomo circuits. 


Oil Circuit Breakers 


The oil circuit breakers located at the 
terminals of the single-pole operated lines 
are standard 35-cycle breakers, and all 
but three of them are operated pneumati- 
cally. Each pole is equipped with a 
standard breaker operating mechanism 
with a central air compressor for the three 
mechanisms. A typical installation of the 
single-pole breaker is shown in Figure 7. 


Operating Experience 


A summary of the operating experience 
of the single-pole equipment in rather de- 
tailed form by line is given in Table I. 
From the data which Table I provides, it 


‘will be seen that by far the largest per- 


centage of the faults experienced occurred 
on the Kokomo-—Lafayette line. As men- 
tioned before, this line has no static or 
ground wire. All hardware on each pole 
structure is solidly grounded on this line 
as it is on each of the other wood-pole 
constructed transmission lines. The 
static wire was omitted intentionally at 
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the time the Kokomo—Lafayette line was 
constructed in order to provide accele- 
rated information on the performance of 
the single-pole reclosing equipment, and 
the information thus obtained has been of 
great value. It might be mentioned that 
only one case of conductor burning has 
been observed on the line, even with all its 
operational record, and this particular 
case was not of such severity to cause the 
line to be removed from service for repair 
except at a convenient time. Insulator 
damage caused by flash-overs 1s no more 
severe on this line than on a line protected 
by static wire and in the majority of cases, 
a patrol of the line after an operation re- 
veals absolutely no damage resulting from 
its momentarily faulted condition. 

An analysis of the data contained in 
Table I, providing operating information 
on all five 132-kv lines now equipped with 
single-pole tripping and reclosing for the 
total number of years the equipment has 
been in service is summarized as follows: 


1. Total number of operations resulting 
PLOT AULT g Goes atnt eae oh Date toe eaten 59 
2. Number of operations under temporary 
faulivconditions:. «sme eee eee OS ae 54 
3. Number of temporary single-phase-to- 
fa (oyehite MEM esos. Mel Sree Sea Waoma SC 42 


Figure 5. Close-up of phase-selector relay 
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by restrike after the line was reclosed 
high-speed following the original fault. 
The remaining two unsuccessful reclosing 
operations were caused by a permanent 
fault existing on the line, one occurring 
when the hardware of an insulator string 
failed on the Bedford—Louisville line allow- 
ing a phase conductor to contact ground 
and another conductor, and the other pc- 
curring when an airplane crashed into the 
Lenore—New Castle line breaking two 
phase conductors. Table II provides 
analysis of this data in a slightly different 
manner and reference to that table is sug- 
gested. 

While the single-pole relaying was 
placed in service on the Lenore-New 
Castle line in 1941, it will be observed 
from the data given in’Table I that the 
record does not cover any time previous 
to 1944. Actually there were four opera- 
tions on this line during the three years 
not shown, each operation being incorrect. 
These incorrect operations were all 
directly traceable to electrically and 
mechanically defective equipment in the 
relay scheme and the breaker control wir- 
ing; hence their inclusion in this paper 
would serve only to cloud the real intent 
and purpose of the analysis which is made 
of the operation of the equipment. On 
one of these four occasions, a fault out- 
side the protected section of line caused 
the breaker at Lenore to trip because of 
poor contact adjustment on the direc- 
tional element of the distance relay at 
Lenore. Two other incorrect operations 
were caused by an electric breakdown 
between two wires in the negative se- 
quence filter because of improper winding 
and impregnation of the filter coils at the 
factory. The fourth incorrect operation 
was caused by a poor connection in the 
breaker closing control circuit at Lenore. 
All these conditions were corrected im- 
mediately, and no further trouble of this 
or any other nature has been experienced 
since. 


Analysis of the Operating Data 


An analysis of the operating data ob- 
tained is presented in Table II on a per- 
centage basis. Considering the total num- 
ber of operations of all the equipment in- 
volved in this study for the 3-year period, 
1944-1946, it will be seen that 91.6 per 
cent of all faults on the lines were of tem- 
porary nature. Of the total 59 faults 
which were experienced, 76.3 per cent or 
45 faults involved only one phase and 
ground. Of these 45 phase-to-ground 
faults, successful single-pole reclosure was 
experienced in 84.4 per cent or 38 of the 
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cases, the arc re-established itself after 
reclosure in 8.9 per cent or four cases, and 
6.7 per cent or three cases were faults 
of permanent nature. 

Of the total 14 faults which involved 
more than one phase, seven occurred on a 
line where no provision for 3-pole reclosing 
had been made. Of the seven multiphase 
faults which occurred on lines equipped 
for 3-pole as well as single-pole reclosing, 


- three successful 3-pole reclosures were 


experienced for a percentage of 42.8 per 
cent. The fault arc re-established itself 
in two cases or 28.6 per cent of the total 
number of operations, and permanent 
faults existed also in two cases. Had the 
Kokomo-—Lafayette line been equipped for 
3-pole reclosing, it is definitely felt that a 
large percentage of the seven temporary 
faults which occurred on this line would 
have resulted in successful reclosing opera- 
tions, making for a much better showing 
for 3-pole reclosing operation. 

Because by far the largest number of 
operations resulting from flashover stud- 
ied occurred on the Kokomo—Lafayette 
132-kv line, the operational record of this 


Table Il. Analysis of Reclosing Operations 
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Figure 7. Close-up of 132-ky single-pole re- 
closing breakers at Bedford 


line might be considered separately from 
the other four lines involved. All 45 
faults on this line were of a temporary na- 
ture, and 82.3 per cent of the faults oc- 
curring involved only one phase and 
ground. Of these temporary 37 faults, 
89.2 per cent were cleared successfully and 
reclosed high-speed single-pole. This 
figure well indicates the advantages to be 
realized by the use of single-pole reclosing 
and conclusively demonstrates its effec- 
tiveness. On two separate occasions, 
oscillograms taken at the time of opera- 
tion of this line under fault conditions 
have indicated that a fault on one phase 
was cleared and reclosed to be followed 
immediately 10 cycles later by a fault on 
another phase, which in turn tripped and © 
reclosed successfully. If 3-pole tripping 
and reclosing had been employed on this 
line, it is very doubtful if a successful re- 
closing operation on such a fault would 
have been experienced. Oscillograms ob- 
tained during actual fault conditions are 
shown in Figures 8 and 9. 

The average loads carried on each of the 
five lines involved in this study is in the 
order of 25,000 kw. However, a number 
of these operations occurred when the 
lines were carrying approximately 40,000 
kw. Under no operation has system in- 
stability been noted. The system volt- 
age disturbance at the time of single-pole 
action is extremely light and is scarcely 
discernable even at the terminal stations 
involved. 

Some fear was expressed at the time of 
the introduction of the single-pole method 
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Figure 8 (above). Typical oscillogram show- 
ing single-pole reclosing breaker operation 
for a temporary A phase-to-ground fault 


11/ cycles 
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Relay operating time 
Fault clearing time 
Reclosing time 


of operation of transmission lines that the 
tripping of one phase would cause induc- 
tive interference on parallel communica- 
tion circuits or would bring about ground 
relay co-ordination problems on other 
transmission circuits which terminate at 
the same station where the single-pole 
operated breakers were located. There 
absolutely has been no evidence that such 
undesirable conditions as this exist. 
Concern wasexpressedalso that the capac- 
ity coupling between the two energized 
phases and the de-energized phase during 
a single-pole fault clearing operation 
would tend to maintain the fault are long 
enough that successful reclosing of the 
isolated phase could not be accomplished. 
There has been no direct evidence of such 
a condition existing and it is felt that this 
problem is one of not too great concern in 
the application of single-pole operation, 
except possibly on very long transmission 
lines. 
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Figure 9 (below). Oscillogram showing relay 
and breaker operation for 3-phase fault which 
restruck on A phase at time of reclosing 


Relay operating time 11/4 cycles 
Fault clearing time 8 cycles 
Reclosing time 24 cycles 


Summary and Conclusions 


During the past three years, invaluable 
operating experience has been accumu- 
lated in the use of single-pole high-speed 
reclosing of 132-kv transmission lines on 
a large interconnected power system. 
From the data obtained, the following 
conclusions may be drawn: 


1. Of all faults caused by flashover on 331 
miles of 132-kv line, incorporating five sepa- 
rate line sections on the system under 
study, 76.3 per cent involved only one 
phase and ground. 


2. Successful single-pole tripping and re- 
closing was recorded in 84.4 per cent of all 
cases of single-phase-to-ground faults. 


3. No evidence has been produced for line 
distances up to 100 miles that indicates that 
the fault arc is maintained on one phase by 
its capacity coupling to other phases during 
single-pole operation. 


4, No evidence of system instability has 
been observed during or immediately follow- 
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ing a single-pole reclosing operation even- 
with large amounts of power flowing over the 
faulted line. 


5. Use of single-pole reclosing for single- 
line-to-ground faults permits longer de- 
energization periods with greater system 
stability than does 3-pole reclosing, making 
for less chance of restrike. 


6. Very little system voltage or power flow 
disturbances have been noted during single- 
pole tripping and reclosing operations. 


7. No difficulty was experienced with com- 
munication circuit inductive interference or 
ground relay co-ordination on other adjoin- 
ing transmission line circuits because of 
single-pole operation. 


8. The relaying equipment involved in 
faulted phase selection is simple and reliable 
and requires no special maintenance. The 
additional equipment required to operate 
single-pole instead of 3-pole reclosing on line 
terminals requires only slightly more main- 
tenance than does the conventional equip- 
ment. 


9. Single-pole reclosing for this system has 
all the advantages that are to be realized by 
the use of 3-pole reclosing and in addition 
possesses a number of advantages that are 
not enjoyed by the latter scheme. 


10. It is felt that further data which will 
be accumulated in succeeding years will 
prove conclusively that single-pole relaying 
and reclosing have taken their just place in 
modern power system equipment. Fur- 
ther application of single-pole reclosing is 
planned on at least three 132-kv lines now 
proposed for construction on the Public 
Service Company of Indiana, Inc., system. 
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Discussion 


J. G. Holm (Gibbs and Hill, Inc., New York, 
N. Y.): It has been a recent contention of a 
great many engineers that single-pole re- 
closing of power transmission lines is better 
from the viewpoint of maintaining stability 
in lines where stability is a problem, that it 
is somewhat more successful in clearing sys- 
tem faults, and that it could be used to ad- 
vantage in cases where fault clearing pro- 
duces large mechanical forces in the circuit 
breakers. Of these, the authors discussed 
in their paper only the effect of single-pole 
reclosing on fault clearing and although the 
reclosing time of their circuit breakers is 
rather slow, being of the order of 25 
cycles, the percentage of successful reclos- 
ures of single-phase faults on the entire sys- 
tem is 84.4 per cent. 

This result is obtained at the expense of 
costlier circuit breakers, somewhat costlier 
relaying, and at the cost of greater space 
required, none of which has been evaluated 
in the paper. It is probably correct to say 
that in longer or heavier lines, where sta- 
bility is a problem and its advantages may 
be evaluated, single-pole reclosing and relay- 
ing is ultimately more economical and in the 
shorter lines it is more expensive than the 
3-pole reclosing and relaying, where systems 
of similar general design and construction 
are compared. But it is true that the selec- 
tion of the breaker is not made on the basis 
of costs alone. 

It seems to me, however, that the novelty 
of results reported by the author lies in 
another direction. If the operating results 
obtained on the Kokomo-—Lafayette 132-kv 
39-mile single-circuit wood-pole line, the 
only line in the system not equipped with 
ground wires, are calculated separately from 
the rest of the system, then the percentage of 
successful reclosures of single-phase faults 
rises to 89.2 per cent. It is true that on 
this line the number of such faults is far 
greater than on other lines of the system, 
perhaps because of the absence of ground 
wires, but what of it once the faults have 
been cleared so successfully without any ill 
after-effects? With this percentage of suc- 
cessful reclosures there is not much margin 
left for an improvement that could be had 
from the installation of ground wires on this 
line. Similarly, operational statistics ob- 
tained on other systems shows that on lines 
equipped with ground wires and using 3-pole 


breakers the percentage of successful re-_ 


closures exceeds this figure by an amount 
so small that it may be considered to be 
within the limits of ever-present errors. It 
is in the fact that on the Kokomo-Lafayette 
line no ground wires were provided, with re- 
sults in successful single-pole reclosures of 
single-phase faults better than on the re- 
maining parts of the system, that may lie the 
major significance of the paper. 
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Should these results be sustained by fur- 
ther operational experience, the benefit ob- 
tained from ground wires will have to be re- 
examined. The additional costs connected 
with single-pole reclosing and relaying may 
be more than compensated by economies 
obtained from savings in ground wires and 
supporting structures. Trial installations on 
longer lines located in regions where atmos- 
pherie disturbances generally encountered 
are of a serious nature may be worth while. 
A revision of transmission line protection in 
the light of recent developments in circuit 
interruption and relaying may then come 
to be in order, and the authors’ paper may 
be a forerunner of a coming modified out- 
look on the protection of high voltage lines. 


W. A. Derr (Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa.): The Public 
Service Company of Indiana pioneered the 
application of single-pole switching on high 
voltage transmission lines and the paper pre- 
sented by Trainor and Parks gives conclusive 
evidence to substantiate previously made 
claims for this type of switching. 

Loss of tie lines and system shock have 
been reduced greatly in the past years by 
the use of ultrahigh-speed 3-pole reclosing. 
However, the speed of reclosing is limited by 
the de-energized time necessary to prevent 
restriking of the arc. The paper presents 
proof that temporary single-phase faults 
can be cleared successfully without notice- 
able system disturbance even with 35-cycle 
single-pole reclosing breakers, because of 
the flow of synchronizing power. over the 
unfaulted phases. 

The authors point out that a single pole 
is tripped and reclosed on single-phase-to- 
ground faults, and that all three poles are 
tripped and reclosed on all other faults. 
Because approximately 75 per cent of trans- 
mission line faults are single-phase-to- 


ground, the installations described should 
provide the optimum in system stability 
for approximately 75 per cent of their faults. 
The average installation probably does not 
warrant the individual consideration of the 
remaining 25 per cent of transmission line 
faults. However, a relaying scheme is avail- 
able which provides for tripping a single pole 
on phase-to-ground faults and phase-to- 
phase faults, two poles on double-phase-to- 
ground faults, and three poles on 3-phase 
faults. When an arrangement is used which 
provides for tripping and reclosing one, two, 
or three poles of the breaker it is known as 
‘selective pole switching. With selective 
pole tripping with solidly grounded neutrals, 
some synchronizing power continues to flow 
over the tie line for all except 3-phase faults. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): Ultrahigh-speed 
reclosing has proved to be an economical 
solution at system voltages of about 110 
kv and up, and this paper shows that its 
refinement into single-pole reclosing has 
brought additional advantages. It is quite 
safe to say, however, that ultrahigh speed 
reclosing would be too expensive at lower 
voltages. The question remains, therefore, 
how a similar degree of reliability and con- 
tinuity of service could be achieved at lower 
voltages, in particular in subtransmission 
and distribution systems. In Table I of this 
discussion it is indicated what influence 
ultrahigh speed reclosing has on various 
important factors, and how it compares with 
resonant neutral grounding by means of 
ground fault neutralizers (GF NV) which are 
designed for extended time rating.! It can 
be seen that the application of ground fault 
neutralizers brings all the advantages of 
ultrahigh speed reclosing at reasonable cost. 
Recent installations of ground fault neutra- 
lizers, designed for extended time rating, in 
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a 13.8-kv system and in a 6.6-kv under- 
ground cable system indicate the practical- 
ity of such schemes. 
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Frank V. Smith (Sargent and Lundy, 
Chicago, Ill.): Since the tests on the 
original single-pole reclosing installation in 
1941, transmission and protection engineers 
have been looking forward to a record of the 
performance of the system over a period of 
years. The authors have done a service to 
the industry by the presentation of this ma- 
terial. 

In essence, the record shows that no diffi- 
culties have been experienced with single- 
pole reclosing. The relays and circuit 
breakers have performed satisfactorily, and 
no interference has been found with com- 
munication circuits. : 

Comparison with 3-pole reclosing is in- 
evitable. The single-pole system is more 
costly both with regard to breakers and re- 
lays. On short lines where the operation of 
the two systems will not be very different, 
the difference in cost may not be justified. 

On long lines, however, where stability is 
a factor, the advantage of the system is ap- 
parent. Studies on the calculating board are 
sometimes startling in demonstrating the 
marked reduction in angle of swing that re- 
sults when only one pole is opened on a 
single-phase-to-ground fault. Units that 
would fall out of step with the opening of all 
three poles can be held together sometimes 
with little disturbance to the remainder of 
the system with single-pole reclosing. 
Where the stability problem is important, 
the application of this system should be 
studied carefully. 

One by-product of the paper is of in- 
terest in indicating the effect of ground 
wires. The record shows that for the circuit 
without ground wires there were 38 outages 
per hundred miles per line per year while 
on the remainder of the system this figure 
was 1.6, a ratio of 24 to 1. It would be 
interesting to know if the authors feel that 
there were any other factors contributing 
to the difference in performance of these 
lines. 


Philip Sporn and J. H. Kinghorn (American 
Gas and Electric Service Corporation, New 
York, N. Y.): In considering the results 
obtained by Trainor and Parks with single- 
pole relaying and reclosing it must be borne 
in mind that the reclosing time employed is 
not ultrahigh speed in the modern sense of 
this term. As indicated by their oscillo- 
grams the reclosing time from energization 
of trip coil to re-establishment of the trans- 
mission circuit is 303/, cycles for either a 
single-pole or a 3-pole operation. This 
compares with 18 cycles for the ultrahigh 
speed 3-pole reclosing equipment now in 
service. The effect on system stability of 
this relatively long reclosing time for single- 
pole switching can be evaluated only by a 
detailed study of the specific system in- 
volved. It may be that in single-pole action 
it affords a degree of stability comparable 
to that which would exist with 18-cycle 
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3-pole reclosing. On the other hand this 
longer reclosing time can be detrimental 
only when all three phases are involved. 

Assuming for the purposes of discussion, 
and it is a major assumption, that the two 
switching methods are comparable, the 
record of experience which Trainor and 
Parks have presented is one which is bound 
to be of interest because it is the most com- 
prehensive information which has yet been 
made available, showing the results obtained 
with this variant of ultrahigh speed reclos- 
ing. It is indeed encouraging to note that 
the relaying equipment, which is certainly 
more complicated than that required for 
conventional 3-pole switching, has proved 
reliable and that after the initial troubles 
were eliminated no~-incorrect operations 
have been experienced. } 

It is of interest to make a few compari- 
sons with previously published results ob- 
tained with 3-pole reclosing. For all system 
faults including both temporary and perma- 
nent ones single-pole switching is 84.4 per 
cent successful when operations involving 
only one phase are included, and 78.9 per 
cent successful when those involving more 
than one phase are added in. Straight 3- 
pole switching, however, shows 89.8 per cent 
successful. If permanent faults are omitted 
then single-pole switching for short circuits 
involving only one phase becomes 90.5 
per cent successful and when short circuits 
involving more than one phase are added 
in, it becomes 87.2 per cent. This compares 
with 91 per cent for 3-pole switching. It 
thus appears that the record for faults in- 
volving only one phase approaches that ob- 
tained for 3-pole switching, but for faults 
involving more than one phase the record 
has not been so good. Perhaps the accumu- 
lation of a greater number of operations will 
improve this figure in the future. 

While such a comparison is of interest in 
determining relative service improvement 
obtained by use of single-pole and 3-pole 
ultrahigh speed reclosing, it apparently leads 
to the conclusion which logically could have 
been expected since the inception of the two 
schemes that given reliable equipment prop- 
erly maintained there will be very little dif- 
ference in performance so long as system 
stability limitations are not exceeded. 
There is probably room for both systems, 
and the basic question in choosing between 
them then becomes one of determining how 
often the added complication of single-pole 
reclosing is justified. 

As to that it is interesting to note that the 
authors have concluded that single-pole re- 
closing has alh the advantages of 3-pole and 
a number of others besides. As opposed to 
this the disadvantage of increased cost and 
complication of relaying must be considered. 
Furthermore the data indicate that its per- 
formance is not yet equal to that of 3-pole 
reclosing particularly when multipole opera- 
tions are involved. It would appear that 
3-pole switching with its comparative sim- 
plicity and lower cost is preferable for ap- 
plications where its reclosing speed, which is 
18 cycles at present and is expected to be 
less in the near future, is sufficient for main- 
taining stability. For those applications 
where 3-pole reclosing cannot maintain 


stability single-pole may offer advantages. — 


The conclusion is drawn also by the 
authors that single-pole reclosing for single 
line-to-ground faults permits longer de- 
energization periods with greater system 
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stability than does 3-pole reclosing, making 
for less chance of restrike. There is nothing 
in the data given which bears out this con- 
clusion. The percentage of successful single- 
pole reclosures on temporary faults is 90.5 
per cent as compared with 91 per cent for 
3-pole indicating that the chance for re- 
strike is low in either case. 

Anticipation of results of future data isa 
doubtful basis from which to draw con- 
clusions, and it would be much better to let 
the available data speak for itself. Frankly 
it is worth pointing out that there is at least 
the possibility if not the prospect of single 
tank high-voltage switches’ which would 
spread further the cost differential in favor 
of 3-pole switching. For the present it 
would appear that this conclusion is war- 
ranted and is fully borne out by the records: 
for overhead high voltage lines there is 
nothing known or available that will pro- 
duce as much improvement in continuity of 
supply-for dollar of investment as ultrahigh 
speed reclosing. For practically all pur- 
poses normally encountered 3-pole reclosing 
will do the job more simply, more economi- 
cally, and perhaps more effectively, than 
single-pole. For exceptional cases the addi- 
tional cost and involvement of single-pole 
reclosure may be justified. The records 
offered so far seem to indicate that they will 
be few and far between. 


J. J. Trainor and C. E. Parks: The authors 
wish to thank the various contributors to 
the discussion of this paper. The following, 
in part, answers some of the questions 
raised. 

The authors agree with J. G. Holm that 
significance may well be attached to the 
feature of the paper explaining the opera- 
tion of a transmission line in the 132-kv 
class which is not equipped with a ground 
wire. This fact has led the authors to be- 
lieve that there may be merit in the thought 
of the exclusion of ground wires on trans- 
mission lines, particularly those operated 
single-pole reclosing, and we are seriously 
considering the exclusion of ground wires on 
a number of transmission lines which are pro- 
posed for construction on the system of the 
Public Service Company of Indiana, Inc. 

At the time single-pole relaying was intro- 
duced, the selective pole method of tripping 
mentioned by W. A. Derr had not been fully 
developed. This method of tripping, while 
possessing slightly more complexity of con- 
trol than the standard single-pole scheme, 
certainly may have some advantages in 
specific cases over the standard scheme. It 
might be pointed out, however, that oscil- 
lograms taken on a majority of the faults 
covered in this paper have not indicated 
once that the fault originated as phase-to- 
phase or 2-phase-to-ground. Several simul- 
taneous 3-phase faults have been observed, 
particularly on the Kokomo-Lafayette cir- 
cuit. 

With reference to Eric Gross’ comments, it 
is certainly true to say that generally, on 
systems with voltages below 110 kv, the 
expense of single-pole reclosing may not be 
justified, and ground fault neutralizers may 
be the answer in the protection of the sys- 
tem. This may be particularly true on a 
system which is being proposed or which is 
now operating ungrounded. For a system 
operated with numerous transformer bank> 
neutrals solidly grounded and with its 
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lightning protection equipment installed on 
the basis of that condition, it would be very 
costly to convert from a solidly grounded to 
a resonant neutral grounded system. : 

The Public Service Company of Indiana, 
Inc. well appreciates the advantages of the 
ground fault neutralizer on its ungrounded 
33-kv system. There are at present five of 
the neutralizers in operation, protecting ap- 
proximately 1,400 miles of 33-kv line. 

As explained by Frank V. Smith, compari- 
son of the additional cost of single-pole re- 
closing over 3-pole reclosing is to be ex- 
pected. It has been the authors’ observa- 
tion over a number of years of experience in 
the utility business that as new develop- 
ments are made in electric equipment, de- 
velopments which will improve service and 
general system operation, these develop- 
ments are adopted as general system stand- 
ards. The question might be asked, ‘“Where 
would we be today with overcurrent relay 
protection on our transmission lines?” It 
has been improvement and development in 
every field of the industry that has made pos- 
sible the large interconnections existing to- 
day. As each improvement has been made, 
the question is asked, ‘‘Will it benefit gen- 
eral system operation?’’ The matter of 
price is usually secondary and further 
usually is outweighed. completely by the 
increased advantages to be secured by the 
employment of equipment which will pro- 
vide more satisfactory and stable service. 

The startling results, mentioned by 
Smith, which have been observed on calcu- 
lating board studies on the great advantages 
to be obtained from single-pole operation, 
have been well borne out by actual operating 
experience. 

Smith further points out that ‘‘where the 
stability problem is important, the applica- 
tion of this system should be carefully 
studied.”” Thisis certainly true. However 
in the authors’ opinion, wherever general 
system operating improvement is desired, 
single-pole relaying should be seriously 
considered as a means toward.this end. 

Smith questions whether any other fac- 
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tors might contribute to the great difference 
in the operational records of the Kokomo— 
Lafayette line compared to the other lines, 
besides the fact that this line is not equipped 


~with ground wires. One factor that certainly 


would contribute to the number of opera- 
tions experienced would bé that this line 
runs from west to east, thus receiving con- 
tinuous exposure from lightning storms in 
the area whose general direction of move- 
ment is also from west to east. Past years’ 
records on system weather indicate that the 
area in which the Kokomo-—Lafayette line is 
located is more subject to lightning than 
any other area on the system. This fact 
would further have bearing on the number 
of observed operations on this line. 

Philip Sporn and J. H. Kinghorn point 
out that the reclosing time for single-pole 
operation discussed in this paper ds in the 
order of 30 cycles compared to 18 cycles for 
ultrahigh speed 3-pole reclosing. An ex- 
tensive study of the system of the Public 
Service Company of Indiana, Inc. was made 
at the time of the original single-pole instal- 
lation, and it was proven that the same 
system stability would obtain whether 
30-cycle single-pole reclosing or 18-cycle 
3-pole reclosing were employed in the clear- 
ing of single-phase-to-ground faults. By 
means of the former method of switching 
more dead time will be allowed for fault arc 
deionization, and certainly much less main- 
tenance will be required to keep the oil 
circtlit breaker in proper operating condi- 
tion, providing the reclosing time specified. 

The discussers point out that the records 
of operation for the single-pole installations 
compare very favorably with those previ- 
ously published on 3-pole reclosing. This is 
of course true; however, the records them- 
selves do not tell the complete story. It is 
quite evident that considerably better gen- 
eral system operation, less general system 
disturbance at the time of fault, results 
from the use of single-pole switching. 

Sporn and Kinghorn cite the increased 
cost and complication of relaying of the 
single-pole over 3-pole reclosing. It should 


be pointed out again that, in order to obtain 
more satisfactory. operation and hence bet- 
ter service conditions on a given system, the 
farsighted engineer will realize that any 
improvement usually must be associated 
with increased costs for various phases of 
the complete project. In the case of large 
capacity high-voltage transmission lines, 
over the past several years considerable addi- 
tional money has been invested in making 
such lines perform more satisfactorily. Im- 
proving the terminal facilities by the instal- 
lation of either 3-pole or single-pole switch- 
ing must result in more cost and possibly 
some more maintenance, but such increased 
costs are very small when compared with the 
total complete project cost. It is a known 
fact that the rapid advancement in the art 
of electric generation and transmission in 
the last decade has resulted in the intro- 
duction of new and more satisfactory equip- 
ment, working toward the betterment of 
system operation and improvement to 
service. This development has naturally 
caused some increased first costs and some 
small increased operating costs. For these 
reasons, the authors fail to see how too much 
emphasis may be placed reasonably on 
first cost of single-pole reclosing equipment 
compared to 3-pole reclosing when, by the 
use of single-pole equipment, so much is to 
be realized in general system benefits. 

The single-tank high-voltage oil circuit 
breaker which Sporn and Kinghorn mention 
as being a “‘possibility if not a prospect” is 
unknown to the authors. However the 
development of air-blast air-operated 
breakers in the 132-kv class seems to be 
the forerunner in this field and under the 
present method of operation, these breakers 
if applied to single-pole reclosing would 
cost no more than they would adapted to 
3-pole reclosing. 

The authors strongly feel that the advent 
of the use of single-pole reclosing spells a 
new era of development in the art of im- 
proved system reliability and performance, 
and that it is a further step in the advance- 
ment of the industry. 
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Functionalized Resistance Welding 
Control. 


C. B. STADUM 


ASSOCIATE AIEE 


Synopsis: In the past, it has been neces- 
sary because of wunco-ordinated circuit 
design to build synchronous-precision weld- 
ing controls which were useful for only one 
application. By redesigning the welding 
control circuits and mechanically separating 
each basic electrical function, a versatile 
line of welding controls has been obtained. 
This paper describes some of the redesigned 
circuits in the new line of welding controls. 


NY synchronous-precision welding 
control system must consist of 


1. A power circuit to handle the large 
current in the primary of the welding 
transformer. 

2. A “firing” circuit to initiate the power 
circuit. 

3. A heat control circuit which controls 
the amount of current flow. 


4. A coupling circuit which isolates the 
‘firing’ circuit from the timing and _ se- 
quencing circuits. 


e 


5. A timer circuit. 


If a spot timer is used, some type of se- 
quence timer generally is required to co- 
ordinate the mechanical action of the 
welding machine with the electrical func- 
tion of the control. Figure 1 shows how 
the several functions can be combined in 
different manners to obtain the desired 
type of control. 

The redesigned sequence timers are 
superior to those built in the past because 
the stability of their circuits has been in- 
creased by use of voltage regulator tubes 
which nullify the effect of power line volt- 
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age changes and surges.! Unit contact 
pressure of relays used in the timers had 
been increased which reduces malopera- 
tion caused by foreign materials between 
the contacts. 


The Synchronous-Precision 
Spot Timer 


In the spot timer diagram shown in 
Figure 4, bias supplies have been showy as 
batteries and minor electrical components 
have been omitted in the interest of sim- 
plicity. The critical grid voltage of the 
thyratrons as been assumed equal to zero. 
Before the start of weld time, 17U is not 
conducting because the alternating volt- 
age on its grid is 180 degrees out of phase 
with its anode voltage and because the 
rectifying action of the grid develops a 
negative voltage across 1C. 1C receives 


Figure 1. A synchronous-precision welding 

control consists of (1) a power circuit, (2) a 

“firing” tube panel, and (3) a timer panel (and 

a sequence timer and current regulator if they 
are required) 
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"FIRING" TUBE PANEL 


COUPLING 
CIRCUIT 


its negative voltage when the grid voltage 
becomes positive which causes a uni- 
directional current flow from the grid to 
the cathode. 37U is held nonconducting 
because of the high negative bias on its 
control grid. After the “‘squeeze’’ time 
relay 1CR in the sequence timer has been 
energized, its contact operating on the 
phase shift circuit in the grid circuit of 
1TU shifts fhe phase of the grid voltage 
so it becomes positive for a few degrees at 
the start of the positive anode voltage. 
This allows 17U to conduct which starts 
two actions. 


1. The pulsating output voltage energizes 
the welding transformer through interme- 
diary circuits. 


2. The timing action is started through the 
timing components 2C and 1P. 


1P is actually five resistors which may be 
short-circuited by five toggle switches to 
give a 1-to-30-cycle timing range in 
1-cycle steps. The length of time it takes 
1TU to charge 2C to a value of voltage 
which exceeds the bias on 37 U determines 
the length of the weld time. This time 
is determined by the setting of 1P. The 
greater the resistance, the longer the time; 
the smaller the resistance, the shorter the 
time. 37U will conduct only when -its 
control grid is made positive by the in- 
creasing voltage on 2C and when its shield 
grid is positive. The shield grid voltage 
is phase shifted to 150 degrees leading the 
anode voltage. Thus 37U can start con- 
duction only in the 0-30 degrees range. 
Start of conduction of both 17U and 
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31U in only the 0-30 degrees range 
assures consistency of timing and uni- 
formity of wave shape of the output volt- 
age—necessities for synchronous-pre- 
cision timers. When 37U conducts, it 
reduces the output voltage to the arc 
drop of the thyratron which stops the 
welding current and also energizes 2CR in 
the sequence timer. This enables the se- 
quence timer to progress through its func- 
tions. At the end of the function of 
‘hold’, 1CR is de-energized which stops 
the conduction of 17U and 37 U in addi- 
tion to discharging 2C, which resets the 
circuit for the next weld. The purpose of 
27U is to prevent 2C from discharging 
during the half cycles when 1TU is not 
conducting. 27U which is a twin diode 
also serves as the rectifier for the bias in 
the grid of 83T7U. Oscillograms of the 
operation of the spot timer panel are 
shown in Figure 5. 


The Seam Timer 


The seam timer panel shown schemati- 
cally in Figure 6 provides alternate “‘on” 
and ‘‘off”’ periods of a length required by 
the welding schedule. Prior to initiation 
of the timer by 1CR, 10TU is held non- 
conductive by its negative bias 2B and 
11TU is held nonconductéve by its self 
bias which is identical with the bias on 
1TU in the spot timer panel. When 1CR 
is energized by the operator, 117U starts 
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Figure 2. Assembly of 

functional panels in a 

typical § synchronous- 
precision control 


Figure 3. Side view of 

control panels in a 

welding control combi- 
nation 


conducting at the start of the positive 
half cycle of its anode voltage. Conduc- 
tion by 11TU creates a half wave voltage 
pulse across the output voltage terminals 
which, through intermediary circuits, 
starts the welding current. Conduction 
of 11TU also charges the ‘‘on” timing 
capacitor 6C through the variable timing 
resistors 5P. When 6C is charged to a 
value which exceeds the negative bias 2B 
in the grid of 107U, 10TU will conduct. 
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In the grid circuit of 107U is also a half 
wave voltage which is 180 degrees out of 
phase with the anode voltage on 107U. 
The purpose of this voltage is to assure 
that 107U will start conducting only at 
the beginning of its positive anode volt- 
When 107U conducts, the output 
voltage is reduced to zero since the output 
voltage terminals are connected to the 
cathodes of the two conducting thyratrons 
supplied from the same source and having 
the same are drops. When both 107U 
and 117U conduct, the welding current 
stops. Conduction of 107U also starts 
the ‘‘cool” timing action by charging 5C 
through the variable timing resistors 4P. 
When 5C has received a sufficient charge 
to overcome bias 3B, 15TU immediately 
will discharge 6C through 3R. The volt- 
age developed across 3R by the discharge 


age. 


exceeds the bias on 14T7U which dis- 
charges 5C through 2R. The simultane- 
ous discharge of the two timing capacitors 
to zero voltage readies the circuit for 
another “‘heat-cool’” action which con- 
tinues until the operator’s relay 1CR is 


de-energized. This action stops 117U 
and discharges the two timing capacitors. 
12TU and 13TU prevent 5C and 6C from 
discharging through the output circuit 
during the half cycles when they are not 
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being charged. The second anode of the 
twin diode serves as rectifiers to supply 
direct current for biases 2B and 3B. 

The timing resistors in the seam timer 
are five precision resistors which can be 
short-circuited by toggle switches. Such 
an arrangement gives both ‘“‘heat’’ and 
“cool” circuits a 1-to-30-cycle timing 
range in l-cycle steps. 


The Pulsation Spot Timer Circuit 


By adding a counting circuit to the 
“heat-cool’”” of the seam timer circuit, 
a pulsation spot timer can be obtained. 
At the end of each ‘‘cool’”’ period, a voltage 
indication is taken from 2R by the dis- 
charge of 5C. This voltage triggers a 
thyratron in the counting circuit which 
gives a discrete charge to a capacitor. 
After this increasing charge has overcome 
a negative bias in the grid of another 
thyratron, a continuous voltage is sup- 
plied to the ‘“‘heat-cool” circuit to pre- 
vent it from operating. 


The “Firing” Tube Panel 


Common to all synchronous-precision 
timers is the coupling circuit, the heat 
control circuit, and the “firing circuit” 
which have been combined on one panel. 
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The components on this panel are shown 
schematically on Figure 8. The purpose 
of the coupling circuit is to transform the 
half wave pulses from the timer circuit 
into an electrically symmetrical output 
to be applied to the ‘‘firing” circuit. A 
secondary purpose is to isolate the high 
power circuits electrically from the pre- 
cision timing circuit and other circuits 
which the welding operators adjust. 
This insures that electrical disturbances 
and the high voltage in the power circuit 
will not endanger the operator or cause 
maloperation of the precision circuits. 


Figure 5. Woltages ap- 

pearing in the syn- 

chronous-precision spot 
timer 


The primary of 27, the coupling trans- 
former, normally is energized by 1T 
through 1R. The secondary voltage pre- 
vents conduction of welding current by 
preventing the “‘firing’’ thyratrons from 
conducting. During the weld time, both 
4TU and 5TU which are connected in 
inverse parallel conduct and act like a 
closed single pole switch. Because dur- 
ing conduction of 47U and 5TU, 2TP is 
connected between the center tap of 


1} TU CONDUCTS 


iY 


ISTU BIAS , 
5C CHARGES 


Stadum, Large, Hartwig—Resistance Welding Control 


\ ANT Ae 


5C DISCHARGES 


<<. 0UTPUT VOLTAGE ————_> 


Figure 6. Schematic diagram of precision 
seam weld timer 


transformer 17 and the center tap of re- 
sistor 1R which is connected across 17), no 
voltage appears across the coupling trans- 
former. This action starts the weld cur- 
rent. Prior to the initiation of the timer 
panel, 47U is held nonconductive by a 
bias in its grid circuit. 57 U is held non- 
conductive by a grid rectifying action 
which charges both 3C and 4C in a man- 
ner to keep the grid negative. When the 
timer produces its pulses, the bias on 47U 
is overcome and 4TU conducts. The 
voltage thereby produced across half of 
1R is rectified by the dry type rectifier, 
which action charges 3C to a polarity 
opposite its normal polarity. 4C is not 
charged appreciably by this action as the 
resistor in series with it gives the combi- 
nation a relatively low time constant. 
When the anode of 5TU becomes positive, 
the tube will conduct since the charge on 
3C has made the grid positive. 47U and 
5TU continue to conduct as long as 47U 


Figure 7. Woltages appearing in precision 
seam timer 
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panel 


Figure 10. Adding or 
substituting of control 
functions can be accom- 
plished in functional- 
ized welding control 


ee 


receives pulses from the timing circuit. 
When the pulses stop, the grid of 47°U can 
no longer become positive and this tube 
can no longer conduct. Stopping of 47U 
discontinues the voltage which charged 
3C. Because this charging action has 
stopped, 1T in the grid of 5TU recharges 
3C negatively and 5TU stops conduction. 

Stopping of the coupling circuit tubes 
causes a voltage again to be impressed on 
2TP which stops the welding current. 

The normally present coupling circuit 
voltage in the grids of 67U and 7TU, the 
‘firing’ tubes, is 180 degrees out of phase 
with the anode voltage of each tube. In 
addition to this voltage, there is also a 
negative d-c bias and a positive peaked 
voltage from the heat control circuit. 
The sum of the direct and alternating 
voltages is sufficient to keep the grids of 
these tubes negative in spite of the posi- 
tive peak of voltage from the heat con- 
trol. When the coupling circuit voltage 
is reduced to zero by the action of the 
timer, the peaked voltage is great enough 
to overcome the d-c bias which causes 
6TU and 7TU to conduct and “‘fire’’ the 
ignitrons. Oscillograms of the action of 
coupling and firing tube circuit are shown 
in Figure 9. 


A peaked heat control voltage with its 
steep wave front was chosen in order to 
insure precise starting of the firing tubes 
in spite of possible variations of critical 
grid voltages of the tubes or possible un- 
symmetrical circuit conditions. The heat 
control circuit and peaking transformer 
are conventional types, a description of 
which can be found in the literature.’ 
A tuning circuit has been included in the 
heat control circuit to give the necessary 
45-to-135 degree shift of peaked voltage. 
(This is the shift required to vary the cur- 
rent of a high power factor welding ma- 
chine from 100 to 20 per cent of maximum 
current.) Without the tuning circuit, 
the shift would be from 135 to 225 degrees 
because the peaks are produced when the 
current through the transformer is ap- 
proximately zero—the 90 degree point on 
the applied voltage wave. 2P is the heat 
control potentiometer which shifts the 
phase of the peaked voltage to vary the 
firing point and consequently the current 
in the welding transformer. 3P is the 
potentiometer which limits the maximuni 
advanced phase position of the peaks to a 
point on the voltage wave which corre- 
sponds to the power factor angle of the 
welding machine. If the peaks are 
allowed to be further advanced than the 
power factor angle, transients will appear 
in the welding current. 

The ignitrons 8TU and 9TU receive 
their ignitor impulses from 67U and 77U 
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by the familiar “anode firing’ manner.’ 
When the grid of 6TU is positive and its 
anode is positive, it will conduct and its 


associated ignitron 87U will ‘‘fire” and 


allow current to pass through the welding 
transformer. When 87U conducts, the 
voltage across 6TU falls to the are drop 
of STU. This stops conduction of 6TU. 


Other Control Circuits 


It has been found necessary to com- 
plete the complement of controls to be 
used either with or in addition to the cir- 
cuits mentioned. These include 


1. “Firing’’ tube circuit for series capacitor 
applications. 

2. Current regulator. 

3. Tempering sequence. 

4 A-c forge timer. 


5. D-c precision forge timer. 
6. -Foot switch attachments. 


Conclusion 


By using an alternating voltage as a 
source of supply for timing circuits, it has 


been possible to eliminate the problems of 


supply voltage stability which are present 
in controls using a d-c supply. Use of 
alternating current also has resulted in a 
great reduction in the number and size of 
component parts. Judicious choice of 
the values of the electrical components 
has made it possible to meet all of the 
National Electrical Manufacturers Asso- 
ciation’s specifications of stability, con- 
sistency, and precision under all specified 
varying voltage conditions. 

By designing new circuits for welding 
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controls with each major function capable 
of being physically separated from other 
functions, it has been possible to assemble 
panels of the functions in enclosures which 
increase the versatility and serviceability 
of the control. It is possible to replace 
old controls, or substitute or add new con- 
trol functions, with a minimum of effort 
as can be seen in Figure 10. 
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Grounding of Instrument Transformer 


Secondary Circuits 


AN AIEE COMMITTEE REPORT 


HE AIEE relay subcommittee has 
reviewed current practices and 
thoughts on grounding of instrument 
transformer secondary circuits for the 
purpose of disclosing shortcomings in 
certain methods and recommending pre- 
ferred practices. Members of the work- 
ing group were asked to 
1. Outline briefly the practices followed 
in their organizations. 
2. Describe any adverse experience that 
may have been encountered. 
3. Present their opinions on the subject. 


The information in their replies was sum- 
marized and copies of the findings sent to 
all members of the relay subcommittee, 
some of whom responded with additional 
suggestions. Where the term instru- 
ment transformer is used, it is intended 
to include both current and potential 
transformers. Following is a summary 
of the information received. 


Summary of Information Received 


(GENERAL OPINIONS 


Agreement was unanimous that in- 
strument transformer secondary circuits 
should be grounded for safety of personnel 
and equipment; also that station ground 
copper should not be depended upon to 
complete any part of the secondary cir- 
cuits of current transformers. Agree- 
ment was general that the latter principle 
should apply also to potential transfor- 
mers, but in the absence of adverse ex- 
perience one company uses the station 
ground copper for this purpose except 
where long secondary runs to directional 
relays are involved. 


SINGLE PoInT AND MULTIPOINT 
GROUNDING 


Single point grounding refers to the 
existence of only one ground connection 
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on a secondary wiring system involving 
either a single instrument transformer, a 
set of transformers on a polyphase cir- 
cuit, or interconnected sets of trans- 
formers such as may be used for differen- 
tial relays. Multipoint grounding refers 
to the presence of two or more ground 
connections on such a secondary wiring 
system. 

With the secondary circuit grounded 
at only one point, the secondary wiring 
does not parallel the station ground cop- 
per and run the risk of carrying a portion 
of the fault current which may cause 
incorrect relay operation or possibly burn 
off secondary wiring at some point. 
Where multigrounding is used there is 
also the risk that the ground relay may 
be shunted inadvertently through incor- 
rect connection. Testing the secondary 
circuits with a megohm-meter to detect 
accidental grounds or deterioration of 
insulation is facilitated when the cir- 
cuits can be isolated by removal of a 
single ground connection. This ground 
connection should not be removed while 
the instrument transformers are energized. 


EXPERIENCE 
Operating companies with multi- 
grounded instrument transformer in- 


stallations reported isolated cases of 
trouble that were suspected of having 
been caused by the presence of more than 
one ground on a particular secondary 
circuit. The troubles were remedied by 
removing all but one ground from each 
circuit involved. As would be expected 
from the nature of the problem and con- 
firmed by experience, relays in current 
circuits are more likely to be influenced by 
the effects of multigrounding than relays 
in potential circuits because current re- 
lays will respond to smaller values of 
foreign potential that may be introduced 
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into their circuits from multigrounding. 
Short-circuiting of a potential relay by 
incorrect application of several grounds 
will cause immediate fuse blowing 
whereas similar short-circuiting of a cur- 
rent relay may not be recognized at once. 
No experience was cited toshow that single 
point grounding ever resulted in faulty 
operation of equipment or hazards to 
personnel that multigrounding would 
have prevented. 


PRACTICES FOLLOWED 


Although it was admitted to be theo- 
retically desirable to ground the secondary 
circuits of instrument transformers at 
only one point irrespective of whether 
single sets of transformers or intercon- 
nected groups are involved, multiground- 
ing has existed on some installations for 
many years without ill effect. On this 
basis several thought it unnecessary to 
change existing installations from multi- 
to single-point grounding where no ad- 
verse experience has been encountered 
but would recommend single-point ground- 
ing for new installations. One correspond- 
ent inferred that single-point ground- 
ing presents increased hazards, particu- 
larly to test men who may remove the 
ground connection. 


LOCATION. OF SINGLE GROUND POINT 


Considerable advantage is gained in 
operating and maintenance practices by 
placing grounds at points convenient for 
checking and removal when the second- 
ary circuits are to be tested with a meg- 
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ohm-meter. The two preferred loca- 
tions are at the instrument transformers 
or at the switchboard. Opinion, how- 
ever, was divided on which to use be- 
cause various reasons were advanced for 
each. It appears that no fixed rules can 
be applied, and decision must be based on 
local conditions for particular installa- 
tions and individual preferences. Al- 
though many existing installations are 
grounded at the instrument transformer 
secondary terminals, the general trend 
is toward grounding at the switchboard. 
This is brought about probably by the 
greater use of relay schemes involving 
interconnected current transformers. 

Advantages cited for grounding at the 
switchboard were 


1. The ground is at a convenient point 
for checking or removal when the insulation 
of the secondary wiring is to be tested. 


2. Greater safety is afforded personnel. 


3. There is less likelihood of a ground 
connection being burnt off because of the 
failure of a current or potential transformer. 


4. This is the preferred location for 
fault bus systems in order that the instru- 
ment ground will be remote from the fault 
bus ground. 


5, Most comprehensive protection is 
provided for differential relay circuits be- 
cause, electrically, the switchboard is cen- 
trally located with respect to the current 
transformer secondary-wiring circuits. 


One operating company with current 
transformer secondary circuits grounded 
at the switchboard prefers, where a 
ground relay is used, to ground the junc- 
tion point of the phase leads before the 
common return passes through the ground 
relay. This practice is based on the 
theory that an accidental ground on any 
single secondary conductor will not ren- 
der both the ground relay and a phase 
relay simultaneously inoperative. How- 
ever, each current transformer secondary 
winding has the impedance of the phase 
relay or relays and instruments, when 
used, interposed between one end and 
ground and the impedance of the ground 
relay interposed between the other end 
and ground. 

One switchboard manufacturer pro- 
vides an instrument transformer ground 
on factory-assembled switchboards at 
the switchboard for remote instrument- 
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transformers provided by the customer 
but recommends its removal if the sec- 
ondary circuits are grounded elsewhere; 
final decision is left to the discretion of 
the customer. 

Where grounds are made at switch- 
boards the ground connection should be 
placed in such a manner that it goes 
directly to a recognized ground bus and 
should not be looped about in such a way 
that any instrument transformer can be 
disconnected inadvertently from ground. 

The principle reason advanced for 
placing the ground connection at the in- 
strument transformer terminals was that 
in case of transformer failure the fault 
current would not travel to the switch- 
board to reach ground. In some cases a 
ground at the instrument transformers 
facilitates checking the continuity of the 
common return wire which does not carry 
any current of fundamental frequency 
under normal load conditions. 


TESTING OF SECONDARY CIRCUITS 


Attention was called to the fact that 
many so-called relay troubles are not re- 


lay troubles at all but result from troubles — 


in the external circuits. Because faulty 
system operation may result from trouble 
in secondary circuits, it is important that 
they be tested periodically to detect open 
circuits, short circuits, accidental grounds, 
and deteriorated insulation. Testing the 
secondary circuits with a megohm-meter 
was recommended strongly; also the 
relay tester often can recognize faulty 
current transformer circuits by observing 
the difference in current required to oper- 
ate each relay when it is isolated from the 
secondary circuit and again when it is 
connected to its current transformers; 
the current in the second case should be 
only slightly greater. There was one 
suggestion that periodic testing of second- 
ary circuits be included as a definite rec- 
ommendation. 


Conclusions 


The conclusions reached from the fore- 
going are embodied in the following rec- 
ommended preferred practices: 


1. The cases of instrument transformers 


always should be grounded. 
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2. Lhe secondary circuit of a single in- 
strument transformer, or that of a set of 
interconnected instrument transformers, 
always should be grounded and at only one 
location, that location to be either in close 
proximity to the instrument transformer 
secondary terminals or at the switchboard. 
When a neutral secondary wire exists, that 
wire preferably should be grounded. 


3. Station ground copper should not be 
depended upon to complete any part of in- 
strument transformer secondary circuits; 
the connection should be made always with 
an insulated wire. 


4. When current transformers are mounted 
remote from the switchboard panel, and if 
they are to be grounded at the current 
transformers, a current transformer neutral 
ground bus should be used to which the 
neutral points of all current transformers in 
an interconnected group are connected. 
This bus should be grounded at only one 
point and should be a conductor as large or 
larger than the secondary phase conductors. 
It should be insulated and connects all 
neutral points to a common ground in such 
a manner that the ground connection will 
not, be removed unintentionally by the 
operation of any testing devices. The con- 
nection from the neutral bus to ground may 
or may not be insulated. 


5. When instrument transformers are 
mounted back of the switchboard, the 
ground connection may be made to the panel 
ground bus. Ground connections for any 
transformer or set of transformers should 
not be made both at transformer ground bus 
and panel ground bus because of the possi- 
bility of difference in potential between the 
two ground busses as a result of the imped- 
ance of ground connections. This precau- 
tion is recommended primarily to assure 
accuracy of instruments and meters and 
correct performance of protective relays. 


6. Certain types of secondary circuit inter- 
connections, such as for current totalizing 
or differential relaying, should have their 
ground connection preferably at the switch- 
board panel. Delta-connected current 
transformers used in conjunction with wye- 
connected current transformers to supply 
transformer differential protection are 
grounded through the coils of the differential 
relays to the neutral of the wye-connected 
transformers. 


7. To minimize the possibility of secondary 
circuit trouble interfering with the perform- 
ance of instruments, meters, and relays, 
the instrument transformers and. their 
secondary circuits should be tested at peri- 
odic intervals for short circuits, open cir- 
cuits, accidental grounds, and deterioration 
of insulation. 
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Synopsis: The magnitude control of thyra- 
trons in regulated rectifiers is accomplished 
effectively by the use of a shunt tube bridged 
across the d-c output and resistance coupled 
to the thyratron grids. The shunt tube 
grid operates from the output of a regulating 
feedback amplifier to give precision voltage 
regulation and highly improved dynamic 
response to transients, as well as electronic 
ripple suppression. Extensive application of 
this recent development has been made in 
supplying plate power to video and d-c 
amplifiers for radars and computers. Closely 
regulated d-c power for electronic equipment 
is not unduly costly when the shunt tube 
technique is applied. 


ITH the increased acceptance of 

thyratrons for power rectification 
in communication power supplies, an 
abundance of ingenious and valuable 
circuits has been devised in the course of 
attempts to take full advantage of thyra- 
tron properties. The incentives for these 
improved d-c power supply techniques 
have been the desirability of, and in some 
systems, a dire need for 


1. A highly constant voltage. 


2. A very low interference content (a-c 
ripple). 


These have been attained in-spite of the 
gradual and abrupt changes in operating 
conditions encountered in a-c operated 
power supply systems which must be 
fully automatic once initial adjustments 
have been made. 
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Fluctuations hardest to overcome and 
offering the greatest challenge are those 
occurring in the source of a-c power, such 
as voltage and frequency variations; 
those in the amount of d-e load current 
drawn; and those appearing in ambient 
temperature and humidity. Devices with 
the ability to reduce to any degree output 
changes caused by these fluctuations are 
termed regulated rectifiers, and in this 
field thyratrons have found wide usage 
because they are efficient rectifiers whose 
output can be controlled and adjusted by 
a negligible amount of power in their grid 
circuits. 

The application of the controlling volt- 
age to the thyratron. grids has been ac- 
complished with extremely simple cir- 
cuits, with extremely intricate ones, and 
with those only moderately complex; 
but in all cases the control signal voltage 


_is made to vary in order to overcome varia- 


tions in one or more of the operating 
conditions. Writings on grid controlled 
rectifiers indicate that, in the minds of 
those skilled in the art, there are two 
distinctive methods of controlling thyra- 
trons 


1. Phase shift control, which means that 
the grids receive an alternating potential 
made to vary in phase with respect to 
the plate circuit voltage. 


2. Magnitude control,! whereby the grid 


potential, usually direct current, is adjust- 
able in magnitude only. 


Circuits are not uncommon where a com- 
bination of phase shift and magnitude 
control is used to accomplish certain 
effects, and this involves both direct and 
alternating current in the grid circuit. 
Also, there are sometimes advantages to 
using nonsinusoidal signals. But a thyra- 
tron rectifier, in almost every instance, 
can be identified adequately as either 


Potter—Shunt Tube Control of Thyratron Rectifiers 


magnitude or phase shift controlled. 
The large number of different regulating 
circuit configurations found useful all 
must produce an output for the thyratron 
grids, and the character of this output 
classifies- the system. 

A recently developed circuit which 
takes full advantage of magnitude opera- 
tion is described as shunt tube controlled, 
because its characterizing difference from 
the many other configurations is the em- 
ployment of a vacuum tube whose plate 
circuit is connected as a shunt on the regu- 
lated output.2 The shunt tube method 
arose to meet requirements which could 
not be met economically with other prac- 
ticable circuits for certain wartime radar 
amplifier 300-volt plate supplies, and 
subsequently has been used extensively 
for this purpose as well as in other war 
projects, such as computers. An inherent 
limitation to thyratron rectifiers is that 
there is only one opportunity in each 
half-cycle (single phase) of input voltage 
to modify output voltage. Therefore, 
the effectiveness of grid control, while 
adequate for regulating the average out- 
put, will not diminish transients begin- 
ning at points in the half-cycle after the 
thyratron fires. The prime function of 
the shunt tube is to eliminate such varia- 
tions and so provide a high degree of out- 
put stability. 

Another power supply means used ex- 
tensively for this type of service is the 
series tube? regulated rectifier, and is so 
termed because the plate circuit of one or 
more vacuum tubes is connected in series 
with the load. Such rectifiers give excel- 
lent performance and are quite satisfac- 
tory for low current drains, where effi- 
ciency is no object. But the high power 
requirements of some electronic devices 
bring power consumption to the fore as a 
principal design consideration; and it is 
in this field that the relatively high effi- 
ciency of the shunt tube regulated recti- 
fier proves most valuable. 

A variety of regulating circuits have 
been used with the shunt tube; and vari- 
ous auxiliary schemes have arisen to ob- 
tain special performance features. For 
instance, a pentode as the shunt tube per- 
mits a secondary signal input to the 
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screen-cathode circuit. This has been sug- 
gested as a means to improve regulation 
in a typical rectifier, as a line voltage 
change compounder. However, the prin- 
cipal features of the shunt tube regulator 
can be discussed best by taking a power 
triode as the shunt tube, and showing the 
regulating circuit as an undescribed en- 
tity. No matter what may be the variety 
of features within the regulating circuit, 
the desired effect is to provide automati- 
cally the required variable cathode-grid 
potential to the shunt tube. In order to 
build from the simpler to the more in- 
volved, we first shall show a shunt tube 
regulating circuit, Figure 1, without 
thyratrons,* and then show the addition 
of thyratrons in Figure 2. A complete 
regulated rectifier circuit, the first de- 
veloped and now widely used, is shown in 
Figure 3. Figure 4 shows an improved 
arrangement using a 2-stage regulating 
amplifier. 

The basic idea of the shunt tube voltage 
regulator is shown in Figure 1. The tube 
plate current is a load on the unregulated 
power supply, which is in parallel with the 
useful regulated output load. The regu- 
lating circuit is sensitive to output voltage 
changes, and automatically adjusts the 
cathode-grid voltage to throttle the plate 
current as required. A certain amout of 
internal impedance in the d-c power sup- 
ply is indispensable, and if it is not of suf- 
ficient magnitude it must be supple- 
mented with a series resistor. The drop 
across this resistance is subtracted from 
the power supply voltage to give the out- 
put voltage. Because the tube plate cur- 
rent flows through this resistance, any 
change in it causes a change in the drop, 
and by this means affects the output. 

With suitable components for a given 
application, the regulating circuit will 
produce a grid voltage change in response 
to any slight output deviation from the 
desired regulated value. This change has 
the sense needed to change the plate cur- 
rent to oppose output voltage variations. 


NCE 


CIRCUIT 


REGULATED D-C OUTPUT 


UNREGULATED D-C INPUT 
FROM SOURCE HAVING 
CONSIDERABLE INTERNAL RESISTA' 


Basic circuit for the shunt tube 
voltage regulator 


Figure 1. 
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In high-gain regulating circuits the out- 
put voltages variations are infinitesimal, 
as an infinitesimal signal is sufficient to 
control the shunt tube plate current. In 
such systems the output drift or any 
other departure from regulated voltage is 
almost entirely a function of the regulat- 
ing circuit properties, as long as the shunt 
tube plate current is not called upon to 
teach zero nor a higher value than its rat- 
ing. 

The basic regulated thyratron rectifier 
circuit employing a shunt tube (Figure 1) 
is shown in Figure 2. The input power is 
supplied from a commercial unregulated 
a-c source, and the thyratrons are con- 
nected to the plate and filter coils and to 
the d-c load in the conventional manner. 
The drop across a coupling resistor in the 
plate circuit of the shunt tube is the volt- 
age available for the thyratron grids, and 
a grid circuit filter is used to suppress 
alternating current at this point. 

The shunt tube.is controlled by the 
regulating circuit and has the same effect 
as in Figure 1; but the voltage across the 
added coupling resistor, being propor- 
tional to the shunt tube plate current, 
provides a control path for adjusting the 
thyratron output in response to load 
voltage changes. That is to say, the out- 
put voltage is regulated automatically by 
the amplified feedback of its changes, act- 
ing to control the plate current in the 
thyratron tubes. This control is phased 
for negative feedback and so keeps the 
output voltage constant except for the 
amount of change required for input to 
the regulator. These changes, amplified 
in the regulator circuit, finally appear as 
changes in drop across the resistor. This 
voltage controls the point of time in each 
cycle at which each of these tubes fires, 
and so has control over the average output. 
voltage. It will be noted that the ampli- 
fied effect of only the average change in 
output voltage reaches the thyratron 
grids since the line-frequency and double- 
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Figure 2. Basic circuit for magnitude con- 
trol of thyratrons by a shunt tube 
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line-frequency components are suppressed 
by the low pass filtering effect of grid cir- 
cuit resistance-capacitance filter. How- 
ever, this does not mean that the regulator 
circuit fails to respond to higher frequency 
output voltage changes. These higher 
frequency changes are taken care of by the 
shunting effect of the shunt regulator tube 
across the impedance of the swinging 
filter coil. In practice, the ripple sup- 


‘pression and response to counteract 


abrupt line and load changes is effective 
over a very wide range of frequencies be- 
cause the thyratrons take care of d-c and 
low frequency changes, the shunt tube 
covers an intermediate range, and the 
final filter capacitor removes high fre- 
quency variations. The effectiveness at 
intermediate frequencies is limited, how- 
evef, by the response characteristic of the 
regulating circuit amplifier and the ca- 
pacity of the shunt tube. The shunt tube 
average current is a drain on the total 
direct current available from the thyra- 
trons, and so decreases the efficiency 
somewhat from what is attained in some 
other magnitude controlled rectifiers. 
However, tube current required for effec- 
tiveness in most applications is only 
about 1/12 of the useful output current 
and is outweighed by far by the improved 
dynamic response it provides. Where 
more capacity for dynamic response is 
required, more than one shunt tube is 
operated in. parallel. 

The selection of the shunt tube (or 
tubes) and its operating conditions so 
that the peak shunted current obtainable 
is somewhat higher than the maximum 
instantaneous load current change antici- 
pated is a convenient rule of thumb for 
optimum design. 

A regulated rectifier circuit, complete 
except for filament supply and thyratron 
cathode preheating means, is given, in 
Figure 3. Nothing is added to Figure 2 
except the details of the regulating circuit 
and a stage of filtering. The added filter 
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Figure 3. 
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stage is tuned to antiresonance at twice 
the line frequency, because this com- 
ponent requires greatest attenuation and 
otherwise would overload the:shunt tube. 

The regulating circuit may be consid- 
ered a nonlinear bridge working into a d-c 
amplifier. The nonlinear bridge includes 
a reference voltage in the form of the drop 
across a cold-cathode gas filled tube, to 
which a fraction of the output voltage is 
compared. The difference between these 
two voltages is the input to the d-c 
amplifier; the output of the d-c amplifier 
is the shunt tube grid voltage. The 
cold cathode voltage regulating tube V7, 
resistors R/, R2, R3, and potentiometer 
RH make up a nonlinear bridge. Three of 
the arms of this bridge are linear resistors; 
the fourth is the voltage regulator tube, 
which is nonlinear in that the voltage drop 
across it remains essentially constant with 
currents varying within its operating 
range. The output voltage of the recti- 
fier is applied to the input corners of this 
bridge. Potentiometer RH provides an 


adjustment to allow for manufacturing . 


. variations in the characteristics of com- 
ponent parts, so that the unbalance 
voltage at the galvanometer corners of the 
bridge may be adjusted to the voltage re- 
quired for the control grid of the amplifier 
tube V2 (about 1.5 volts) to which it is 
applied. 

The V2 pentode is used to amplify the 
voltage from the galvanometer corners of 
the nonlinear bridge. The cathode and 
the suppressor grid are at a potential 
above ground equal to the voltage across 
R3. Resistors R4 and R5 provide a suit- 
able screen potential. A plate supply is 
furnished by a transformer winding and a 
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Regulated thyratron rectifier employing shunt tube 
regulation; single-stage regulating amplifier 
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half-wave selenium rectifier SR/, and 
appears across capacitor C/. V2 works 


into resistor R6, which couples it to the 
shunt tube. 

An improved regulating circuit employ- 
ing a high gain amplifier, and its use as a 
grid signal supply for the shunt tube is 
given in Figure 4, and, as in Figure 3, the 
filament supply and starting time delay 
for thyratron cathode preheating are 
omitted. The circuit outside the regulat- 
ing circuit is the same as shown in Figure 
3 except that the series element in the 
added filter stage is a resistor instead of a 
tuned inductance for the sake of economy 
and to improve shunt tube effectiveness 
over a wider frequency range of ripple 
suppression. 


Figure 4. 
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Equipments incorporating the features 
of Figure 4 have been found to vary from 
the output voltage setting about 0.25 per 
cent with the fluctuations in operating 
conditions encountered in military serv- 
ice. The component of ripple voltage 
present in the output is less than 0.01 per 
cent. The nonlinear bridge circuit con- 
figuration here differs from that of Figure 
3 by the location of the nonlinear element 
V1 and the addition of two resistors R7 
and R8. These are needed to divide the 
reference voltage potential of V1 to pro- 
vide a suitable potential for the cathode 
of. the first amplifier stage. In the 2- 
stage voltage amplifier, R9 couples the 
first to the second stage; and R6 couples 
the second stage to the shunt tube grid- 
cathode circuit. Capacitors C2 and C3 
by-pass the attenuating effect of the 
nonlinear bridge resistors upon alternat- 
ing voltage components of the output fed 
into the regulating amplifier, and are a 
considerable factor in the high degree of 
ripple and other noise suppression at- 
tained. 

‘Because this regulating system is in a 
general sense a negative feed-back ampli- 
fier of high gain, the techniques to prevent 
the tendency to oscillate must be applied. 
All that is needed here is a resistor and 
capacitor (not shown) connected to feed- 
back a signal from the output to oppose 
and damp out any parasitic oscillation 
that may appear. 

Among the other regulating circuits 
successfully employed in shunt tube appli- 
cations, most notable are various cathode 
follower amplifiers*:4 using dry cells or 
nonlinear elements as reference voltages. 
Chiefly a problem of amplifier design, the 
regulator can take one of many forms, 
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according to requirements, the available 
auxiliary components, and the ingenuity 
of the designer. In general, the more 
closely regulated the output must be, the 
higher the gain in the regulating circuit, 
and the more exacting are the require- 
ments for the elements. And conversely, 
if desire for economy and less stringent 
requirements permit, a very simple regu- 
lating circuit will be found most practica- 
ble. 

The thyratron not only is an efficient 
rectifier but also affords means of control- 
ling the rectified current it passes. In 
many regulating circuits’ using uncon- 
trolled rectifier elements stich as diodes or 
dry disks, the regulating elements must 
be inserted in series with the main power 
circuit and thus introduce considerable 
additional losses. This flow of the power 
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in tandem through both rectifier and regu- 
lator also increases the size, weight, and 
expense of the circuit. Although thyra- 
tron-regulated plate supplies have given 
the best in efficiency, there has been an 
inherent sluggishness in regulating re- 
sponse. This is because of the time re- 
quired to change the energy level in the 
first filter coil, which is indispensable, and 
is overcome by applying the shunt tube. 

The characteristics of thyratrons them- 
selves undergird the gratifying answer the 
shunt tube circuit is to the d-c power sup- 
ply problems where the precision regula- 
tion of hundreds of watts must be accom- 


plished with limited space, weight, and © 


expense. The shunt tube in thyratron 
circuits adds the feature of rapid regulat- 
ing response to abrupt changes in line 
voltage and load current, and a high de- 
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gree of ripple suppression at no more than 
a moderate penalty to basic economies. 
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Electronic Constant-Current Motor 


Systems 


O. W. LIVINGSTON 


MEMBER AIEE 


EFORE the development of electronic 
tube control the adjustable voltage 
system consisting of a d-c motor energized 
from an adjustable voltage d-c generator 
driven by a separate d-c or a-c motor, was 
generally considered to be one of the most 
’ flexible drives for adjustable speed appli- 
cations. It was only natural that the 
initial electronic tube motor controls 
would develop along similar lines. 

An adjustable voltage system, as most 
commonly employed is basically an ad- 
justable voltage d-c supply for a shunt 
wound d-c motor. At any fixed d-c volt- 
age it is basically a constant speed drive 
which is capable of supplying either post- 
tive or negative torque with only a small 
speed change. When positive torque is 
supplied power flows from the motor gen- 
erator set te the drive motor. If the load 
has an overhauling characteristic the 
motor speed increases only slightly to per- 
mit its voltage to exceed that supplied 
by the motor generator set, and the cur- 
rent and power flow is reversed. 

Under these conditions the drive motor 
becomes a generator, the normal generator 
of the motor generator set becomes a 
motor, and the motor of the motor genera- 
tor set becomes a generator or alternator 
pumping power back into the supply line. 

If, as is conventionally done, we supply 
the armature of a d-c shunt wound drive 
motor from a controlled rectifier we may 
supply any desired direct voltage to the 
motor armature and control its speed in a 
manner similar to the variable voltage sys- 
tem as long as we are supplying power to 
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the motor. However, if the load of the 
drive motor becomes overhauling, it is not 
possible to reverse the current in the d-c 
circuit to provide negative torque, since 
a simple rectifier unlike a d-c machine 
basically permits current flow in only one 
direction. While it is possible and prac- 
tical in some instances to supply the drive 
motor from two paralleled reversely con- 
nected, controlled rectifiers so that the 
motor current may flow in either direction, 
this increases the size of the power unit 
and the complexity of the control, to pre- 
vent or minimize circulating current be- 
tween the rectifiers. To overcome these 
difficulties an electronic constant current 
control system was developed which over- 
comes many of the disadvantages cited. 


Basic Constant Current 
Principle 


In this system, the armature of a con- 
ventional d-c shunt motor is excited from 
a constant current source which in this 
case is a phase controlled rectifier and 
regulator which adjusts the output volt- 
age to whatever value necessary (within 
the designed voltage limits) to maintain 
the average d-c current constant. The 
field of the motor is supplied by a pair 
of reversely connected controlled rectifiers 
so that any desired positive or negative 
value may be attained. These reversely 
connected rectifiers present the same prob- 
lems as already outlined for their use in 
the armature, but due to smaller power 
requirements of the field these problems 
are no longer as serious. 

This system is inherently an adjustable 
constant torque system. If the field flux 
is set at zero it is obvious that zero motor 
torque will be developed. If the field flux 
is made either positive or negative a posi- 
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tive or negative motor torque will be de- 
veloped, which if the motor were con- 
nected to a rising torque characteristic 
load such as a fan, would cause positive or 
negative rotation at increasing speed until 
the load torque equaled the constant 
torque developed by the motor. The con- 
stant current armature rectifier will auto- 
matically adjust its voltage as the counter 
electromotive force of the motor builds up 
so that the current flow remains constant. 
At zero speed the output voltage is very 
low—just enough to supply the 7R and 
brush drop. As the motor speed increases 
the rectifier voltage increases propor- 
tionally. Since negative rotation is ac- 
complished by reversing the field, the 
counter electromotive force always has 
the same polarity and the rectifier voltage 
is positive, indicating positive power for 
motoring in either direction. 

If however, the drive motor is excited 
to give positive torque and the machine is 
mechanically rotated in the negative di- 
rection by an external driving device the 
counter electromotive force of the machine 
will be reversed, and will be in the di- 
rection to increase the armature current 
flow. In order to keep the armature cur- 
rent constant it will be necessary for the 
output voltage of the rectifier to go to a 
negative value, or to act as an inverter. 

Figure 1 shows this relation for a par- 
ticular value of armature current and field 
current which produces a fixed torque. 

It is well known to those familar with 
controlled rectifier operation but perhaps 
unfamiliar to others that there is no funda- 
mental difference between a controlled 
rectifier and an inverter. If a controlled 
rectifier is supplying a load having suffi- 
cient inductance to maintain the direct 
current continuous and an ability to re- 
verse its voltage (that is to become a 
generator rather than an absorber of 
power), the average output voltage of the 
“rectifier” may become negative after the 
phase of the grid is retarded beyond the 
90 degree lagging point. Figure 2 shows 
the instantaneous output voltage for 
three different values of phase retard in a 
simple 2-tube (diametric) circuit assum- 
ing sufficient inductance and suitable load 
characteristics to maintain the load cur- 
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rent continuous. Figure 2a indicates an 
average voltage that is positive for a small 
angle of phase retard. Figure 2b shows 
that the average value of output voltage 
is zero for a phase retard of 90 degrees, 
and Figure 2c shows that the average d-c 
voltage is negative for values of phase 
retard between 90 and 180 degrees. From 
analytic considerations neglecting regula- 
tion in the rectifier and tube drop the 
relation of output voltage to “full on” 
voltage of such a rectifier may be shown 
to be 
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Figure 3 shows this relation on both rectt- 
linear and polar co-ordinates. While in- 
sufficient inductance in the armature cir- 
cuit may cause the current to become dis- 
continuous so that the above relations are 
no longer completely accurate, it is still 
possible to invert and pump back when 
the counter electromotive force of the 
motor reverses. 


Constant Torque Circuit 


Figure 4 shows an elementary diagram 
of a simple constant torque motor control. 
For ease in understanding, the circuit may 
be broken down into several functional 
components. The anode transformer to- 
gether with the armature tubes V71 and 
VT2 and the field tubes V73 and VT4 
supply the armature and field respectively 
of a d-c motor. For simplicity the field 
rectifier is shown uncontrolled and the 
field current varied by the rheostat 3R, 
Obviously a field reversing contactor or 
switch could be added if both positive 
and negative torques were desired. 

The grid control of the armature recti- 
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Figure 1. Relation be- 
tween armature voltage 
and motor speed, oper- 
ating at constant arma- 
tufe and field current 
INDUCED VOLTAGE 


SPEED + 


fier is affected by the grid transformer 2T 
which in turn is energized by the simple 
R-L phase splitting circuit involving the 
resistor 12R and the a-c winding of the 
saturable reactor SRAC. 

A special current transformer 3T hav- 
ing two primaries one in series with each 
of the armature tubes is used to obtain a 
current signal. The secondary of the 
transformer is shunted by-a resistor 11R 
and the secondary voltage rectified by the 
tube VT8. The output of this rectifier, 
which is essentially proportional to the 
current of the main armature rectifier, 
is then filtered and used to affect control 
of the tube V77. It will be seen that the 
grid voltage of tube V77 is the result of 
two signals: the positive ‘‘turn on” volt- 
age from the potentiometer 8R, and the 
negative “turn off’? voltage from the 
armature current signal rectifier. The 
magnitude of these two voltages and the 
relative value of their ‘feed resistors” 
7R and 9R determine the grid voltage of 
VT7. Under steady operating condi- 
tions an equilibrium is reached in which 
the current through the tube VT77 is 
sufficient to produce the phase shift which 
produces the required output voltage 
which in turn causes the required arma- 
ture current to flow and produces the cor- 
rect armature current rectifier output 
voltage to maintain the grid voltage at 
If however, for any 
reason, such as a change in the motor 
load, the armature current decreases the 
negative current signal voltage would de- 
crease and the grid of VT7 would become 
more positive. This would result in more 
anode current through VT77, increased 
saturation in the saturable reactor, a 
phase advance in the grid excitation, 
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greater rectifier output voltage, which 
would finally cause the armature current 
to increase until it attained substantially 
its former value. Similarly an increase in 
armature current would have the reverse 
action of these components so that the 

-current would be reduced to substantially 
its initial value. 

Obviously this is a very simple arma- 
ture current regulator which can be ad- 
justed to any desired value of armature 
current by means of the potentiometer 
8R. This control then gives the motor a 
constant torque characteristic which may 
be set to any value by adjusting either the 
field strength or the armature cur- 
rent, Figure 5a shows the idealized speed 
torque characteristics possible by differ- 
ent per unit armature currents with full 
field. It should be noted that once the 
torque setting is made, the motor will de- 
velop this torque regardless of the direc- 
tion of rotation within the motor rating. 
The dotted line at top and bottom of the 
curves represent rated armature voltage 
which occurs at full basic speed if full 
field excitation has been maintained. 
Figure 5b shows the family of curves re- 
sulting from regulating the armature cur- 
rent at one fixed value and adjusting the 
field for definite values of either positive 
or negative flux. In this case the per unit 
armature voltages at the various operat- 
ing points are indicated by the dotted 
lines. It is interesting to note that the 
voltages which are proportional to input 
power at constant armature current are 
positive in the first and third quadrants, 
which are the normal motoring quadrants, 
and negative in the second and fourth 
quadrants, which are the generating quad- 


Output voltage wave shapes of 
diametric controlled rectifier assuming con- 
tinuous current flow in the load for several 
values of phase retard 


Figure 2. 
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Figure 3. Per unit output voltage of controlled 
rectifier versus phase retard for continuous cur- 
rent conduction 


A—Rectangular co-ordinates 
B—Polar co-ordinates 


rants. It is seen that if reduced torque 
is obtained by field weakening it is pos- 
sible to run the machine above basic 
speed provided that the load torque is 
reduced correspondingly without ex- 
ceeding rated armature voltage. This of 
course is similar to the constant horse- 
power obtained in the field weakening 

- range in the more familiar constant volt- 
age operation. 


Constant Speed Control 


Figure 6 shows the main power circuits 
of a simple constant current motor speed 
control consisting of a controlled rectifier 
supplying the armature and a pair of re- 
versely connected controlled rectifiers 
supplying the field so that either positive 
or negative field current may be sup- 
plied. Small resistors in the output of the 
two field rectifiers minimize any circulat- 
ing current between them due to any 
“overlapping”. The grid control is af- 
fected by means of saturable reactor phase 
splitting circuits which may be individu- 
ally controlled by means of the respective 
saturable reactor d-c windings. Asin the 
previous circuit current transformers in 
the anode of the armature tubes in co- 
operation with a rectifier and filter provide 
a de control voltage proportional to 
armature current. 

Figure 7 shows the control circuit used 
to control the power circuit shown in 
Figure 6 to obtain speed control. The 


1947, VoLuME 66 


_ pair’. 


left hand tube V78 is employed in the 
armature current regulator as previously 
explained. To obtain speed control a d-c 
tachometer mounted on the motor shaft 
is compared with the d-c speed signal de- 
termined by the setting of the potentiom- 
eter R22 and the difference or “error” 
fed to the grid circuit of the amplifier 
tube VT9. The tubes V7T9 and V710 
have a large common cathode resistance 
and operate basically as a type of phase 
inverter sometimes called a ‘‘long tailed 
The. output of these two tubes, 
which move in opposite directions as the 
input to the grid of VT9 is changed, are 
coupled by means of potentiometers to the 
saturable reactor tubes VT11 and VT12 
which, through their respective saturable 
reactor phase shift circuits, control the 
negative and positive field rectifiers. 

Let us eonsider the zero speed equilib- 
rium conditions. The potentiometer R22 
is in midposition so that the voltage of 
the slider to the middle voltage bus is zero. 
The output of the tachometer is zero. 
Thus the grid potential of the tube VT9 
is the same as that of VT10. Since their 
inputs are balanced the output voltages 
are the same and the saturable reactor 
tubes are each passing a very small but 
equal current so that there is zero field 
voltage and current. Under this condi- 
tion the motor stands still even though 
the preset armature current is flowing 
since if there is no field there can be no 
torque. 

If now the speed control potentiometer 
is turned so as to give positive voltage 
with respect to the middle bus the equilib- 
rium is destroyed. As the grid of tube 
VT9 is made more positive by this action 
its anode current increases and its anode 
potential decreases. Due to the coupling 
in the common cathode or “‘tail”’ the anode 


Figure 4. Simple con- 
stant torque motor con- 
trol 
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current of VT10 decreases and its anode 
potential increases. This action decreases 
the small current in the negative satur- 
able reactor tube V711 to zero and in- 
creases the current in the positive satura- 
ble reactor tube. This causes the nega- 
tive field rectifier to be turned completely 
off and the positive field rectifier to be 
turned on. This in turn produces posi- 
tive field current, positive torque, and 
motor rotation in the positive direction. 
As the motor speed increases the tachom- 
eter voltage rises, tending to counteract 
the positive voltage of the speed signal 
supplied by the potentiometer R22. 
Finally another new equilibrium is 
reached in which the tachometer voltage 
has increased sufficiently to bring the grid 
of tube V79 almost back to its initial 
condition. It must generally be very 
slightly higher than formerly however so 
that sufficient net positive field still re- 
mains on the motor to produce the neces- 
sary torque to maintain that speed. If 
the load torque is now increased the motor 
speed decreases by only a small amount to 
permit the grid voltage of VT9 to rise 
slightly so that the necessary increase in 
positive field and torque may be supplied. 
Since only a small change in grid voltage 
of VT9 is necessary to obtain large 
changes in field it will be seen that such 
a device will give good speed regulation 
as the load torque is increased. 

Now suppose that the load torque were 
decreased and even finally made negative. 
The first tendency would be for the speed 
tostart torise. As soon as the tachometer 
had risen a short distance however, the 
field excitation would first be reduced to 
zero and then reversed giving rise to a 
negative torque which would be increased 
until it was equal to the “overhauling”’ 
torque of the load. Under this condition 
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the induced voltage in the motor would 
reverse, but since the constant current 
armature regulation always functions to 
maintain the current constant, we would 
find that the power flow had reversed and 
the armature controlled rectifier would be 
actually operating in the normal inverter 
quadrant. Thus it is possible to main- 
tain substantially constant speed from 
full positive to full negative torque. 

In a similar manner it may be seen that 
if the speed control potentiometer is sud- 
denly moved to a lower positive speed the 
field excitation will temporarily reverse 
to apply negative torque, which is in ef- 
fect regenerative braking until the ma- 
chine has reached the lower speed at 
which time the positive field will be re- 
established at a value required to satisfy 
the load torque at this speed. If the 
speed control potentiometer is turned so 
as to give a negative voltage the system 
regulates at a negative speed or the motor 
reverses. In this case the tachometer 
voltage reverses but the sense of all the 
voltages is such that no switching is neces- 
sary. When running in the negative di- 
rection with a power absorbing load we 
find we must. exert negative torque or 
have a net negative field. A negative rota- 
tion and negative field results in a normal 
positive counter electromotive force on the 
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motor. Any change in the nature of the 
load so as to make it overhauling, which 
would tend to increase the speed in the 
negative direction will result in the field 
excitation changing from negative to 
positive which reverses the induced volt- 
age in the motor and the constant current 
rectifier again becomes an inverter to 
absorb the necessary power to maintain 
the speed. 

Thus this equipment is a very simple 
reversible motor control capable of. re- 
sponding to a “‘speed voltage’’ signal of 
relatively small power, and capable of 
either supplying or absorbing power to 
maintain the desired speed. This system 
has many desirable characteristics but 
has several disadvantages which lead to 
the modification given in the next section. 


Modified Constant 
Current System 


Several disadvantages of the previous 
system will be evident. First, if it is 
necessary to obtain full output from the 
machine it will be necessary to set the 
constant current control at rated current. 
This means that we will have full load 
armature copper loss whether the machine 
runs at full load or at fractional load, at 
full speed or at zero speed. 


——7—————— RATED VOLTAGE 


1.0Ia 


+TORQUE 


RATED VOLTAGE 


\ 1.0 RATED VOLTAGE 


+ TORQUE 


Figure 5. Speed torque 
relations 


A—With full field and 
several armature currents 
B—With full armature 
current and several dif- 
ferent field currents 
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Second, if sudden overloads of torque 
are thrown on the machine or are desirable 
for quick acceleration they cannot be met 
since the armature current is definitely set 
at rated value. Since the inherent char- 
acteristics of a motor are such that over- 
currents of short duration within the limits 
of satisfactory commutation may gen- 
erally be tolerated on a duty cycle basis 
it is obvious that this simple constant cur- 
rent system does not realize to the fullest 
degree the capabilities of the motor. 

To overcome these objections the cir- 
cuit shown in Figure 8 was developed to 
control any power circuit such as previ- 
ously shown in Figure 6. In this circuit 
it will be noted that there are two addi- 
tional triodes known as ‘“‘forcing”’ triodes 
with their anode circuits in parallel with 
the original constant current regulator 
tubes. The grids of these tubes are ex- 
cited’ through suitable potentiometers 
from the anodes of the original “long 
tailed pair” in the speed regulation cir- 
cuits and so biased that with that circuit 
at or near balance they are cut off. 
Under that condition the original constant 
current tube has full control of the arma- 
ture circuit rectifier and maintains con- 
stant current. However, this current 
may now be set at a low value such as 
one-half or one quarter rated current so 
that the heating effect will be greatly re- 
duced. If the load applied to this system 
is low such that the required torque may 
be produced with the reduced current the 
system will operate substantially as a con- 
stant current system. However, as more 
and more torque is demanded by the load 
the field excitation is increased more and 
more until full field has been reached. If 
the torque increases beyond this point the 
motor speed will start to decrease further ~ 
causing still more unbalance of the output 
of the “‘long tailed pair’. It will be seen 
that this unbalance is also producing a 
grid voltage change on the grids of the 
armature forcing tubes. One has been 
getting more negative and the other less 
negative. However, their bias or “take 
over’’ adjustment has been such that they 
remained non-conductive during the range 
of unbalance necessary to obtain full 
field. If however, the motor torque is 
insufficient and the unbalance becomes 
greater one of these tubes starts passing 
current which increases the current in the 
armature saturable reactor and increases 
the armature current sufficiently to pro- 
duce the required torque. Thus after 
maximum field is reached in either the 
positive or negative direction, either the 
positive or negative armature current 
forcing tube increases the armature cur- 
rent to whatever value required even if 
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several times normal. In order to limit 
this current under forcing conditions to a 
value which is safe for the motor com- 
mutation it is necessary to add an abso- 
lute current limit ‘take over’ circuit in- 
cluding the two diodes with their respec- 
tive anodes connected to the grids of the 
two ‘‘forcing’”’ tubes. As long as the cur- 
rent signal is sufficiently small, the poten- 
tial of the cathode of the ‘‘take over”’ 
diodes will be well above the middle sup- 
ply bus so that their anodes which are con- 
nected to the grids of the forcing tubes 
will be negative with respect to their 
cathodes. Since no appreciable reverse 
current may flow the current limit circuit 
is essentially disconnected. However, if 
the armature current continues to in- 
crease, the diode cathodes continue to fall 
until finally the cathode becomes more 
negative than one of the forcing tube 
grids. This results in a current from 
anode to cathode and since the diode has 
relatively low impedance in this direction 
and the current limit network is relatively 
“stiff” compared to the potentiometer 
supplying the forcing tube, the grid of the 
forcing tube is pulled negative and it 
tends to regulate at this maximum cur- 
rent limit. 

It is quite evident that this system of 
operation can be modified by reducing the 
initial constant current to as low a value 
as desired—even to zero. In such an 
arrangement the constant current regula- 
tor tube may actually be omitted and all 
armature current is due to operation of the 
“forcing tubes” after full position or nega- 
tive field has been called for. 


Operation of Speed Control 
Systems Above Basic Speed 


In the foregoing description of speed 
control systems no mention was made of 
operation above basic speed. In some 
cases if acceleration is very slow, as when 
a slow-speed motor-operated speed con- 
trol is used, it may be possible to run 
above basic, but if the speed control may 
be turned quickly the desired speed will 
not be attained. This may be explained 
in the following way in the simple con- 
stant current system. 

Let us assume that the speed poten- 
tiometer is suddenly turned to three times 
basic speed with the motor at standstill. 

Almost immediately we get full positive 
field and the motor starts to accelerate. 
As the motor speed increases the armature 
voltage increases and the rectifier voltage 
must also increasé to maintain constant 
current. At base speed the armature 
voltage reaches the full rating of the ma- 
chine. If the rectifier has the ability to 
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Figure 6 (above). 
simple constant current motor speed control 


Main power circuits of a 


go to higher voltage it may continue to 
rise in speed; however, if it must go to 
three times basic, it would mean that both 
the armature voltage and the rectifier 
would have to go to three times rated 
voltage. After reaching the required 
speed the field would be reduced since 
only load torque must be developed and 
if the load was within the rating of the 
motor the armature voltage would drop 
to within the rating. However, this would 
not be a very uneconomic design because 
even if the motor could stand the over- 
voltage it would require a rectifier of 
three times the voltage rating just to take 
care of the acceleration. If the rectifier 
did not have this voltage capacity the 
rectifier voltage would rise with the arma- 
ture until it reached its ceiling. It would 
then no longer be possible to maintain 
the current constant, and as the counter 
electromotive force continued to rise the 
current would fall to a value just sufficient 
to supply the motor losses and the motor 
would operate as a simple constant poten- 
tial motor with full field and an arma- 
ture voltage equal to the maximum recti- 
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Figure 7 (below). Control circuit for constant 
current reversible speed control 


fier voltage, far under the speed desired. 

In order to overcome this difficulty it is 
necessary to reduce the field excitation so 
that the induced voltage in the motor 
may not appreciably exceed its rated 
value in spite of the fact that the main 
speed regulator has not reached equilib- 
rium and is demanding full accelerating 
field. This is possible if a field current 
“take over’? is incorporated which 
weakens the field whenever the armature 
voltage gets too high. This in effect, regu- 
lates the armature voltage at some 
reasonable value such as 110 per cent. 
Of course this reduces the torque but if 
the load is within the machine rating at 
three times basic speed it must not ex- 
ceed one third basic torque so the motor 
will successfully accelerate to any operat- 
ing point within its rating. 

While a number of different methods 
may be used to accomplish this Figure 9 
shows a simple field “take over’’ system 
using a magnetron and two “take over” 
diodes operating on the positive and nega- 
tive field saturable reactor tubes in such 
a manner that the armature voltage may 
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Figure 8. Modified constant current control 
circuit employing armature forcing 


be limited to any desired value. As may 
be seen from the diagram as long as the 
armature voltage is below the desired 
value the magnetron passes sufficient cur- 
rent so that the cathodes of the take over 
diodes are quite positive with respect to 
their anodes which are connected to the 
grids of the field saturable reactor tubes. 
As the voltage, regardless of polarity, in- 
creases the magnetic field traversing the 
magnetron increases and its current de- 
creases. This lowers the potential of the 
diode cathodes and when the armature 
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voltage gets high enough they start pull- 
ing the grids more negative. This tends 
to regulate either the positive or the 
negative field at a value which just per- 
mits the desired armature voltage either 
positive or negative to be maintained. 


Conclusion 


A general system of constant current 
and modified constant current motor con- 
trol has been described which has certain 
definite advantages for use with electronic 
control. A simple constant current sys- 
tem has inherent constant torque charac- 
teristics which simplifies its use in certain 
classes of application such as mainte- 


Discussion 


K. P. Puchlowski (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): O. W. 
Livingston has presented a very interesting 
paper which describes circuits and systems 
possessing rather uncommon and advanta- 
geous characteristics. His system has a prop- 
erty of ‘‘stiffness’’, that is, of holding nearly 
constant speed of motor at a preset value 
equally well in the case of positive torques 
(motoring) as in the case of negative 
torques (overhauling) ,wherebraking through 
inversion and regeneration is obtained in an 
apparently continuous manner. 
Regeneration through inversion in recti- 


fier-motor systems has been known and used - 


commercially for quite a time. In most 
cases, however, reconnection of the motor 
armature with respect to the rectifier by 
means of a reversing contactor was used, 
combined, of course, with armature constant 
current regulation. Field reversing as means 
of obtaining proper polarity of the generated 
voltage, necessary for regeneration, also 
was known, but was limited mostly to cases 
where fast reversing of the motor was re- 
quired. 

Livingston’s system introduces that par- 
ticularly welcome continuity in perform- 
ance and general adaptability to an extended 
range of torques, both positive and negative. 
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It would be interesting to have some of the 
performance characteristics of the system, 
such as experimental speed-torque graphs 
for different speed settings. Unfortunately, 
such characteristics have not been included 
in the paper. é 

I would like to make a few critical re- 
marks concerning those portions of the paper 
which do not seem to be sufficiently clear or 
are somewhat misleading. 

Although I completely agree with the 
author that there is no fundamental differ- 
ence between a controlled rectifier and an 
inverter, I must disagree with the author’s 
presentation of the phenomena which take 
place in a controlled rectifier with inductive 
load. This applies particularly to the last 
paragraph of the second section of the paper 
and to Figures 2 and 3. The negative aver- 
age output voltage of a rectifier cannot be 
obtained by merely delaying the firing angle, 
regardless of how inductive the load is. 
The negative average output voltage neces- 
sary for regeneration, where the direction of 
flow of energy must change and become from 
the load into the line, requires a source of 
energy in the load circuit. A motor driven 
by an overhauling load, and operated as a 
generator is an example of such a source of 
energy. Inductance is not a source of aver- 
age energy in the sense that it cannot supply 
the energy which was not delivered to it by 
the rectifier during the preceding half-cycle. 
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Figure 9. Magnetron “take over" to limit 
armature voltage 


nance of tension. As an adjustable speed 
drive it has the same characteristics of 
the variable voltage system with a mini- 
mum complement of power tubes. Many 
other circuits and systems based on these 
fundamental methods have been devised 
which would be beyond the scope of this 
paper. At the present time the author is 
aware of about 50 or 60 installations of 
this general type in operation or about to 
go into operation ranging in size from 
about 1/4 to 71/, horsepower. At some 
future date it may be possible to present 
more complete data on particular applica- 
tions covering such points as speed of 
response, stability, economics and operat- 
ing experience. 


We may speak of a period of inversion ina 
rectifier-inductance system where over a cer- 
tain portion of the negative half-cycle the 
rectifier output voltage becomes negative, 
and some of the energy supplied to the load 
during the preceding half-cycle is returned 
to the line. However, inversion as a con- 
tinuous average phenomenon in an inductive 
load circuit as shown in Figure 2c of the 
paper is non-existent and contrary to the 
principle of conservation of energy. 

Figure 2a gives a correct representation of 
the case of continuous conduction with a 
resistive-inductive load of the rectifier. 
There, of course, the rectifier output voltage 
is positive. Figure 2b represents the border 
case of continuous conduction where with 
the angle of ignition of 90 degrees continuous 
conduction is obtained only with purely 
inductive load, that is, with the impedance 
angle of the load equal to 90 degrees. 
Figure 2c is incorrect, since with the angle 


_of ignition of more than 90 degrees the con- 


duction of a symmetrical 2-phase rectifier 
will become discontinuous, regardless of the 
value of inductance of the load. At no time 
the rectifier output voltage will be negative, 
and consequently Figure 3a is also incorrect. 

The problem of current regulation as de- 
scribed by the author is not very clear. 
Regulation for constant armature current 
with constant excitation of the motor is pos- 
sible only during acceleration or deceleration 
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of the motor or, under steady state condi- 
tions, only when the load itself has a con- 
sistently rising torque-speed characteristic 
such as in fans, for example. In the latter 
case, if constant current or constant torque 
regulation is provided, the motor will ac- 
celerate to a speed at which the load torque 
will become equal exactly to the torque de- 
veloped by the motor. However, in the 
majority of cases the load torque is a rather 
indefinite quantity and is not a function of 
speed. In that case it is not possible to 
speak of motor torque regulation since the 
motor torque always depends on the load 
torque and not on the properties of the motor 
control circuits. Consequently, the author’s 
general statement that Figure 4 represents 
an armature current or torque regulator 
which can be adjusted to any desired value 
of armature current or torque should be 
properly qualified. It seems that terms like 
“constant torque system’ should net be 
used indiscriminately and should be avoided 
unless proper qualifications and limitations 
are given. 

The problem of ignition control of the 
armature rectifier tubes during inversion is 
not presented very clearly. From the dia- 
grams and from the author’s description of 
the circuits it appears that a conventional 
resistance-adjustable inductance phase-shift 
circuit for the alternating grid voltages is 
used. However, it is known that such a con- 
trol scheme may present difficulties during 
inversion, particularly when the angle of 
ignition is to be delayed to the vicinity of 
180 degrees or beyond that point. Ap- 
parently capacitors C3 and C4 together 
with resistors Rl and R2in Figure 6 provide 
the necessary negative direct-voltage com- 
ponent in the grid circuit of the armature 
rectifiers. However, this important point 
is not clarified nor is it mentioned that the 
grid transformer T3 is apparently a peaking 
type transformer rather than the conven- 
tional sine-wave type. 

As far as the application of Living- 
ston’s system is concerned, it seems that 
one of the most promising fields is small 
and medium size hoists and, of course, any 
other applications where overhauling loads 
occur frequently or where regenerative 
braking under various conditions is required. 
It seems, however, that tension regulation 
mentioned by the author requires some fur- 
ther clarification. For example, mainte- 


“nance of constant tension in the section be- 


tween the mill or pinch rolls and the take-up 
reel calls for a constant horsepower reel 
drive rather than a constant current drive. 
This is normally accomplished at constant 
armature voltage by maintaining the arma- 
ture current constant through field control 
rather than armature control. Such a sys- 
tem, of course, is entirely different from the 
one described by the author. 
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O. W. Livingston: These remarks will be 
chiefly directed at clearing up any possible 
confusion regarding the points brought up 
in K. P. Puchlowski’s discussion. 

Puchlowski points out that the wave 
shape and voltage relations shown in Fig- 
ures 2 and 3 cannot be continuously ob- 
tained with a simple energy absorbing circuit 
no matter how large the value of induct- 
ance. We are entirely in agreement with 
Puchlowski and in the discussion stipulated 
that the load have ‘‘an ability to reverse its 
voltage (that is to become a generator 
rather than an absorber of power).’”? How- 
ever, since we may not have emphasized 
this point sufficiently we wish to again call 
it to the reader’s attention. 

Perhaps a few additional words of ex- 
planation regarding: the constant torque 
system such as shown in Figure 4 would 
prevent a misunderstanding. The author 
intended to imply that in using such a sys- 
tem it would be connected to a load having 
an appropriate rising torque versus speed 
characteristic such as for example a fan. 
As Puchlowski points out it is only pos- 
sible to maintain constant current and con- 
stant torque generation in the motor as long 
as it is balanced either by the load torque or 
the accelerating torque of the motor and 
load. If the load torque was not capable of 
absorbing the motor torque, the system 
would continue to accelerate until the top 
voltage of the rectifier was reached after 
which the armature current would neces- 
sarily fall off since the regulator has ‘‘run 
out of range’, In any application of this 
nature the load must be studied and care 
taken to insure stable operating conditions 
in the same way an application of a series 
d-c motor must be considered. 

The grid circuits shown for the armature 
tubes are typical of those normally used in 
a simple diametric circuit. The actual grid 
voltage obtained, while not always a sine 
wave due to the odd harmonics introduced 
by the saturable reactor phase shift, is es- 
sentially positive for 180 degrees and nega- 
tive for 180 degrees. It can be seen that 
as long as the current is continuous in the 
load circuit it is not necessary to retard the 
phase more than 180 degrees—in fact it 
must never reach 180 degrees since this 
would require zero commutating and de- 
ionization time. In practice it is found that 
by the selection of a suitable resistor in 
series with the a-c winding of the saturable 
reactor the maximum phase retard with zero 
d-c saturating current may be limited to 
160 or 170 degrees to give sufficient time for 
successful inverter commutation. Under 
these conditions it may be seen that the 
positive values of grid voltage coincide with 
the angle of tube conduction which is es- 
sentially 180 degrees. At the end of com- 
mutation the grid becomes negative so that 
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when positive anode voltage again appears 
across the tube, the grid will have attained 
control. Thus it is not essential in the dia- 
metric inverter with restricted phase retard 
to supply peaked grid voltages or d-c bias. 
However, when dealing with a polyphase 
rectifier having angles of conduction less 
than 180 degrees, it is essential that the grid 
must remain in the permissive initiation 
condition (open angle) not in excessive of the 
angle of conduction plus the inverter phase 
angle of advance: 


). 
Grid open angle S a7 4-8 
p 


Under these conditions the capacitors C3 
and C4 may be used to add negative grid 
rectification bias which is one method of 
decreasing the open angle of the grid. In 
the circuit in question, however, these ca- 
pacitors might be omitted without impairing 
the basic operation of the circuit. 

As Puchlowski points out that there are 
certain types of tensioning control which 
involve winding up or removing material 
from a reel in which the effective radius of 
the material changes. In this type of ap- 
plication if the reel is core driven, and the 
constant tension function in the web must 
be imparted by this reel machine, the drive, 
neglecting friction, requires constant horse- 
power rather than constant torque. How- 
ever, there are other tensioning applications 
in which tension is imparted to the web by 
motorized constant diameter pinch rolls, 
capstans, swifts or by surface drive of reels 
in which constant torque is required. In 
these latter cases the simple constant cur- 
rent system may he applicable. It should 
also be noted that this system may be readily 
adapted to maintain constant power by 
using a circuit similar to the tachometer 
speed circuits but arranged to regulate arma- 
ture voltage instead of tachometer voltage. 
This then permits adjustment for either a 
constant positive or negative power so that 
the equipment may be used as the tensioning 
control for either building up or paying off 
areel. It also permits rapid change from 
either motoring to overhauling or vice versa 
as may be required if inertia compensation is 
required for rapid starting and stopping of 
the web without excessive tension or slack. 

The full field of application of these sys- 
tems will probably be determined by experi- 
ence with their performance, and a con- 
sideration of their cost compared with com- 
petitive devices. It would seem that their 
basic field of usefulness would be in that 
class of application that requires frequent 
and rapid reversals of torque. In this field 
it will be in competition with conventional 
and special variable voltage control. Con- 
siderations of performance and economics 
may be required in individual applications. 
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The Stromberg-Carlson XY Dial 
Telephone System 


H. R. REED 


MEMBER AIEE 


Synopsis: This paper describes a flat type 
of step-by-step switch and its associated 
equipment which recently has been intro- 
duced in the United States for dial telephone 
switching systems. ‘Truly, this (the auto- 
matic telephone system) seems the very 
high-water mark of human creative power.” 
This remark was made by Doctor J. A. 
Fleming, the eminent British electrical engi- 
neer, about 1920 when referring to the step- 
by-step and other dial telephone systems. 
The step-by-step system, which previously 
had been developed by Strowger and others,’ 
at that time was being widely installed in 
England and other locations, both here and 
in Europe, and since has become the most 
universally adopted method of dial switch- 
ing. 


N GENERAL, there are three funda- 

mentally different methods of dial 
telephone switching that have proved 
commercially successful and which are 
used throughout the world today. In one 
method, the switch used for connecting a 
calling subscriber’s line with link circuits 
and the switches used for connecting those 
link circuits with the called subscriber’s 
line are power driven and are not con- 
trolled directly by the dial pulses sent 
from the calling station. In another 
method, there are no “‘switches’’ in the 
ordinarily accepted nieaning of that 
term; switching operations are performed 
entirely by relays or relay type selecting 
units. The third method, step-by-step, 
has switches which are driven by magnets 
individual to each switch and controlled 
directly by dial pulses sent from the call- 
ing subscriber’s station. 


Paper 47-76, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted October 18, 1946; 
made available for printing December 4, 1946. 


Docror H. R. Rzep is chief telephone engineer, 
Stromberg-Carlson Company, Rochester, N. Y. 
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The step-by-step dial telephone system, 
representing as it does over 75 per cent 
(15,000,000) of the world’s dial tele- 
phones, remains for most installations the 
most economical and efficient type of dial 
switching system for both large and small 
communities. The numerous installations 
of this type of dial switching equipment 
throughout the world attest to its reli- 
ability, economy of operation, and com- 
plete flexibility to satisfy all types of 
customers’ requirements as well as the 
varying demands of complicated net- 
works. 

Fundamentally, the step-by-step dial 
telephone system is a unit system; that 
is, there is no common equipment upon 
which the operation of all the switches 
depend, with the exception, of course, of 
the office power plant. Additions and re- 
arrangements are made easily by install- 
ing switches and other associated circuits 
or they in turn can be rearranged easily to 
fit the varying requirements of networks 
which are changing to meet different 
traffic conditions. It is thought that a 
general description of the step-by-step 
system would be of some value to the 
reader and there follows, therefore, a 
brief résumé of its fundamental principles. 

Step-by-step dial telephone systems 
consist of the familiar subscriber’s tele- 
phone instruments equipped with dials, 
together with central office switching 
equipment. The switching equipment 
consists of either a line switch individual 
to each subscriber’s line or a line finder 
common to more than one subscriber’s 


line, together with associated first and 


succeeding selectors and connectors. Af- 
ter the individual line switch has operated 
to select an idle first selector or after an 
idle line finder has operated to find the 
calling subscriber’s line and thereby con- 
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nect him through to an associated idle 
first selector, dial tone is received and the 
subscriber proceeds to dial the wanted : 
number. The first digit dialed sets the 
wipers of the first selector opposite the 
level corresponding to the digit dialed, 
whereupon a hunting action takes place 
to select a trunk to an idle second selector 
or to the next switching unit in the switch 
train. The second digit is dialed and the 
wipers of the second selector are set 
opposite the level corresponding to the 
digit dialed; a hunting action again takes 
place in exactly the same manner as in the 
case of the first selector. The procedure 
is repeated until all of the selections are 
made excepting that to the individual 
subscriber’s line and his particular ringing 
frequency or code, if he is one of several on 
a party line. In the case of a single party 
line, the two remaining digits of the called 
subscriber’s number are dialed and the 
wipers of the connector switch are set, 
successively, opposite the level corre- 
sponding to the tens digit of the called line 
and then on the contacts corresponding to 
the units digit of the called line, where- 
upon ringing of the called line takes place. 
In the event that the called subscriber is 
one of several persons on a party line, a 
final frequency or code selecting digit is 
dialed by the calling subscriber and an 
additional selector switch is operated to 
select the desired means of ringing the 
bell at the called station. 

It can be seen from the foregoing text 
that each “rank selection’’ is sufficient 
unto itself; that is, the subscriber dials a 
digit and the entire ensuing operation is 
performed completely within the switch- 
ing circuit in question. A series of relays, 
associated with that switch, operate and 
in turn transmit the impulses received 
from the calling subscriber’s dial to the 
stepping magnets of the switch which, in 
turn, set the wipers opposite the level cor- 
responding to the digit dialed. In the 
case of the connector, similar operations 
take place except that, unlike the “‘rank 
selection’’ switches, the wipers of the cor 
nector are set both opposite th- © 
on the particular - 
pletely «~~ 


action over the contacts of the particular 
level selected. The line finder is a non- 
numerical switch; that is, it performs 
neither a level-selecting operation nor a 
contact-selecting operation under the 
control of the calling subscriber’s dial. 
This switch is started by the removal of 
the handset of the telephone at the calling 
subscriber’s station, and the wipers are 
operated to connect to the calling line 
without that subscriber’s intervention. 
Line switches perform in a similar manner, 
except that they are individual to the 
calling line rather than common to a 
group of calling lines. 7 

This paper describes a new and differ- 
ent type of step-by-step switch and re- 
lated system, utilizing modern methods 
and materials to produce the desired 
functional operations quickly and eco- 
nomically, The equipment is lighter in 
weight and requires less floor space than 
any other type of dial system equipment 
and has many novel features which pro- 
vide great ease for additions and changes 
caused by fluctuating traffic loads and 
plant rearrangements. 

Most step-by-step systems are arranged 
on a decimal basis in that the subscriber 
lines or trunks are divided into groups of 
ten (or multiples of ten) units. . For in- 
stance, most variations of the step-by- 
step switch have the bank contacts ar- 
ranged in ten levels of ten contacts each. 
In the XY system this method has been 
adopted because it has been found that 
the convenience of locating the called con- 
tact together with the inherent simplicity 
of the circuits makes its adoption most 
desirable. Other systems have been de- 
signed, however, using a greater number 
of contacts on each level. 


The XY Switch 


The Stromberg-Carlson X Y system can 
be described best by first discussing the 
XY switch, shown in Figure 1, which is 
Ee “t of the system. This switch first 
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Figure 1. The XY 


switch 


— 


was developed by Telefonaktiebolaget 
L. M. Ericsson of Stockholm, Sweden and 
obtains its name by virtue of the fact that 
the wipers, during the movement to a de- 
sired position, traverse first in a direction 
to the right of the observer and then 
away from him which, in the right-hand 
rectangular co-ordinate system, are X and 
Y directions, respectively. 

A carriage, which takes the two mo- 
tions, has two pairs of wipers mounted on 
it for tip, ring, sleeve, and hunt connec- 
tions. These wipers are bifurcated, em- 
ploying twin contacts that make connec- 
tion directly to bare wires which run in 
banks behind the’switches. The bare wires 
are arranged in molded frames (Figure 
2) which are mounted rigidly to the cells 
which in turn hold the switches, as shown 
in Figure 3. The multiple will accommo- 
date up to 50 switches with only one set of 
soldered connections, if need be. Experi- 
ence has demonstrated that the contacts 
established between the moving wipers 
and the wires of the multiple are such that 
contact disturbances are nonexistent. 

The switches are mounted in die-cast 
aluminum cells, each cell capable of 
mounting two switches, and are connected 


to their associated relays by means of, 


plugs and jacks. Because of the ease with 
which switches can be added to a unit, 
only those switches which are needed to 
accommodate current traffic need be 
mounted at the time of the installation 
and additional ones added as traffic con- 
ditions increase. The switches are re- 
moved very easily from the cells for rou- 
tine inspection, a duty which is simplified 
greatly for the operator as the unit is built 
up on a flat plate making all parts readily 
accessible for examination and cleaning. 
The details of switch operation are seen 
best by reference to Figures 4.and5. The 
carriage is driven by the cog roller (or 
tubular shaft) assembly which slides along 
the shaft during the X motion. The cog 
roller is a double-cut tubular gear with 
ratchet teeth cut parallel to its length and 
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rack teeth cut as rings. The annular rack ~ 
teeth mesh with and are driven in the X 
motion by the sprocket. For stepping in 
the X direction, the X magnet, located in 
the upper left corner of the mechanism 
plate, operates through a pawl the ratchet 
wheel on the sprocket assembly. By re- 
peated pulses the magnet steps the cog 
roller assembly along the shaft, position- 
ing the wipers on the carriage successively 
before each wire bank 

As the XY switch is 100 point, the X 
motion is given ten steps (plus one which 
provides for marking overtravel) and the 
Y motion ten steps, thereby making pos- 
sible the selection by the wipers of any one 
of 100 lines. An eleventh step in the Y 
direction again marks overtravel. Be 
cause four wipers are involved and each 
wiper has its own set of 11 wires, 44 rows 
of wires each 11 deep are lined up along 
the front edge of the mechanism plate, 
immediately before the wipers. The 11 
pairs of wires that are lined up before a 
pair of wipers are molded in plastic and 
constitute a wire bank. 

To mark the level of X travel for finder 
operation, timing, or discriminatory pur- 
poses, another wiper enters a separate or 
twenty-third bank called the X bank. 
This wiper is operated by a pinion as- 
sembled to the sprocket through a rack to 
which it isattached. Thus, as the X mag- 
net steps the sprocket, both the cog roller 
and X wiper rack move. The layout of 
wires in a complete multiple is shown in 
Figure 6. 

When the X wiper has found the proper 
level, thereby positioning the wipers on 
the carriage before the proper wire banks, 


Figure 2, Molded wire bank 
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the X magnet is de-energized and the Y Figure 4. Tubular shaft assembly 


magnet takes over. The Y magnet is 
located in the lower central portion of the 
mechanisin plate. In stepping, its pawl 
operates directly on the ratchet teeth of 
the cog roller, turning it, and thus driving 
the wipers into the wire banks through 
the rack and pinion arrangement of the 
carriage, as shown in Figures 4 and 5. 

The X position of the wipers is shown 
by reference to a scale attached to the 
mechanism plate (see Figure 5) and the Y 
position by reference to a numbered drum 
located on the tubular shaft assembly 
Thus the position of the wipers is deter- 
mined directly and quickly. 

It should be recognized that the mo- 
mentum of the switch, if not arrested, 
would carry each step beyond its limits. 
This is realized more easily when one con- 
siders that the stepping is in the order of 
50 per second and the X and Y motions 
both are completed before the mind can 
register the start. In order to stop the x 
motion at each step, the end of the arma- 
ture of the X magnet engages a tooth of 
the sprocket at the bottom point of the 
armature travel. The sprocket motion is 
locked, therefore, each time the X magnet 
completes a pulse. In the Y motion, a 
cam on the. underside of the Y armature 
operates against a member called the stop 
bar. This stop bar is rocked forward at 
each downward stroke of the Y armature. 
A knife edge on the stop bar engages a 
ratchet wheel on the end of the cog roller 
locking the rotation of the cog roller, and 
thus the advancement of the wipers at the 
completion of each Y armature stroke. 

Most dial switching mechanisms of the 
step-by-step type use ‘‘pulse assist’’ on 
the switches. This is necessary if the 
switch is equipped with only a simple in- 
terrupter that breaks the magnet current 
at a certain position of the armature travel 
and remakes the connection at the same 
place during the armature return Such a 


unit produces flutter of the armature, in- 
stead of a full powerful pulse, unless there 


is pulse assist. The pulse assist in some 
systems is in the form of an outside time 
delay and in others this time delay is 
achieved through lost motion in the inter- 
rupter. The Stromberg-Carlson XY 
switch achieves this pulse assist by the use 
of ‘‘snap-action”’ interrupters. The link- 
age employed on the unit is such that the 
current remains flowing through the mag- 
net until the power stroke is completed 
and then the current is held off until the 
armature has returned to its stop. Sepa- 
rate leads are brought out through the 
plug (and jack) from the magnet coils and 
interrupters so that the switches may 
operate with or without self-interruption, 
depending upon the particular circuit re- 
quirements. If the switches are used as 
line finders or selectors, self-interruption 
is employed. For the numerical move- 
ment (as in connectors) or for finding the 
proper level in selector operation, the 
stepping is obtained by means of impulses 
to the X and Y magnets. 

Four sets of control springs, in addition 


Figure 3. XY switch in cell 
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to the snap-action interrupters. are used 
in the X Y switch 

1. X off-normal 

2. Y off-normal. 

3. Overflow. 

4. Release. 

The first three are mounted on a common 
assembly located in the lower left-hand 
corner of the mechanism plate and the re- 
lease springs are mounted on a separate 
assembly located near the release magnet 
(see Figure 5). 

The X and Y off- normal springs per- 
form similar functions, that of informing 
the relay equipment associated with each 
switch as to the position of the brushes or 
wipers. Operation of the X off-normals 
for instance, indicates that the switch has 
taken at least a single step in the X direc- 
tion. Operation of the Y off-normals 
similarly indicates that at least a single 
step has been taken in the Y direction. 

The circuit function of the off-normals 
differs in each use of the switch but, in 
general, indicates that it has either moved 
in one direction and now should move in 
another or all necessary motion has taken 
place. There is, however, one circuit 
function common to all switches and that 
is to remove current from the release 
magnet when the brushes have returned 
to the normal position. When the release 
signal is given, current is kept on the re- 
lease magnet until the switch is fully home 
and then is removed to avoid unnecessary 
current flow and heating. Both the X 
and Y off-normals are used in this func- 
tion since the switch can be moved inde- 
pendently in either direction. 

In the event of certain incorrect dial 
manipulations or an all-trunks-busy con- 
dition, hunting switches may progress the 
entire length of the bank without en- 
countering a stopping signal. Unless 
some means of correction were provided, 
they would continue to hunt vainly until 


. the circuit was de-energized. Overflow 


springs, arranged to operate in the ex- 
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treme position of the brushes in either the 
X or Y directions (namely the eleventh 
X or ¥ step), interrupt the magnet cur- 
rent in order to stop useless stepping in- 
stantly and permanently until the switch 
is released. 

The release springs have two important 
functions in connection with the release of 
the switch. 


1. It is necessary to continue the release 
signal until the switch is fully home despite 
any immediate re-energization of the circuit 
which might occur. 


2. There must be positive protection 
against premature seizure of a switch before 
it is fully home. 


In the X Y switch, the first is accomplished 
by a release spring contact establishing a 
self-locking electric circuit which keeps 
the driving pawls removed from the 
ratchet wheel (X motion) and the cog 
roller (Y motion). The lock is interrupted 
when the switch returns home. The 
second function is performed by a secoid 
release spring which maintains a busy in- 
dication until the switch is home, thus 
preventing its seizure until everything is 
perfectly normal. The Y return move- 
ment of the carriage is performed by a 
spring coiled in the tubular shaft of the 
cog roller and the X movement by a 
spring coiled around the shaft of the 
sprocket assembly. 

It is to be emphasized that all Strom- 
berg-Carlson XY switches are identical 
whether they be used as line-finders, 


‘x” MAGNET ASSEMBLY, 


ai 
s 


AAS 
HOR OT — Th 


RESISTOR 


aa 


SPRING COMBINATION ASSEMBLY’ 


1947, VOLUME 66 


selectors, or connectors. The variations 
in functional operation are obtained by 
virtue of the relays to which a switch is 
connected and not by the switch itself. 


The A-Type Relay 


The A-type relay is a general purpose 
relay designed to meet exacting circuit 
and field operating requirements in 
Stromberg-Carlson telephone switching 
systems. The A-type relay can accom- 
modate 18 ‘‘make’’. contacts or the 
equivalent occupied space in break, 
change-over, or make-before-break con- 
tacts. 

The magnetic circuit is of a conven- 
tional telephone relay type using a core 
and frame of equal length and an L- 
shaped armature. The core is threaded 
and secured to the frame by a nut, which 


allows the coil to be changed easily, if . 


required, without disturbing the spring 
pile-ups. The armature pivots on a knife 
edge of the frame and is held in place 
by a spring retainer (see Figure 7). The 
spring retainer rests on an edge of the 
armature which is formed carefully in 
line with the axis of rotation of the arma- 
ture, thereby reducing to a minimum the 
effect of friction upon armature operation. 
Bending of. the armature under heavy 


Figure 5. XY switch assembly 
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loads, thus losing motion at the contacts, 
is kept small by stiffening the armature 
with a support which also serves to adjust 
the length of the air gap. 

The spring combinations employ the 
precious metal twin contacts which have 
proved so reliable in the telephone oper- 
ating field. The two tines on each bi- 
furcated spring which bear the contacts 
are designed to allow the independence of 
motion necessary to give true twin-con- 
tact operation. 

The stability of contact adjustment is 
maintainedin A relays by a rigid mechani- 
cal arrangement of the heavy springs 
The stationary heavy springs are located 
by a stepped-phenolic spring stop which 
rests against the clamping plate. The 
clamping plate is held rigidly by a mount- 
ing screw and metal spacer which rests 
between the clamping plate and the relay 
frame. The heavy springs thus are held 
firmly in position at a point near the con- 
tact end. 

A stepped-phenolic continuous pusher 
is used that is not fastened to the springs 
and has only line contact with them. 
This type pusher greatly reduces friction 
and pusher wear, thus insuring mainte- 
nance of contact force and relay timing 
Because the springs are independent, the 
effects of wear of the contact or of the 
pusher at one spring will not affect the 
adjustment of any other spring. 

For the occasional field adjustments 
and especially for functional and manu- 
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facturing advantages, features such as the 
removable armature, coil and core, the 
adjustable armature air gap, and the 
“residual” screw were incorporated in the 
design. The spring retainer allows the 
armature to be removed from the relay 
for cleaning or removal of a coil. By un- 
soldering the wires to the coil terminals, 
which are on the spool head as shown in 
Figure 7, and removing the core nut with 
a screwdriver, the coil and core can be re- 
moved without disturbing either the relay 
frame or the spring combination wiring. 
After a coil and core have been replaced, 
it may be necessary to readjust the arma- 
ture stroke but this is done easily by turn- 
ing the armature support screw. 

On fast-releasing relays, a small hard 
nonmagnetic disk is welded to the arma- 
ture to limit the operated air gap. This 
disk is used in preference to a screw be- 
cause it will maintain its thickness after a 
larger number of armature operations 
than would be possible with a screw. 
Also, a screw having an area comparable 
to that of the disk would remove too much 
magnetic material from the flux path. 

On slow-releasing relays it is necessary 
to use an operated air gap of approxi- 
mately 0.001 inch. A welded disk of this 
thickness is impractical and a residual 
screw is used to obtain such a small pro- 
jection. As the release time of the slow 
release relays increases beyond usable 
limits faster than other relays, the residual 
screw must be made to compensate for 
mechanical wear and magnetic aging of 
the iron. 


XY Equipment 


The XY switches previously described, 
together with their control relay sets made 
up of A relays, are mounted in frames to 
form bays. These frames assume various 
sizes and shapes depending upon the 
equipment to be mounted on them. A 
high degree of standardization has been 
attained, however, by the common use of 
ironwork and in other constructional de- 
tails. 

In general, bays are of four distinct 
types. These are 


1. Originating or finder-selector bays which 
mount the X Y switches (with associated 
relays) that find the calling subscriber’s 
lines as well as the switches that make the 
first selections in the call. 


2. Intermediate bays which mount the 
various stages of selectors, other than the 
first. 


8. Terminating or connector bays which 
mount the switches used to connect to the 
desired parties. 


4. Miscellaneous bays used for various 
purposes such as cross-connecting and grad- 
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Figure 6. Arrange- 
ment of XY switch in 
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All bays which normally mount the 
switch cells together with the relay plates 
associated with the X Y switches, are con- 
structed of formed-up sheet metal, a 
special section like a capital C being em- 
ployed as the frame uprights. Strong 
cross members are made from folded-up 
sheet metal which provide great rigidity 
combined with light weight. All bay iron- 
works are given a pleasing finish of baked 
gray enamel. All XY switches, together 
with their respective circuit units, are 
jack mounted, enabling them to be easily 
and conveniently placed on the frame or 
removed therefrom. 

The relay mounting strips contain one, 
two, or three rows of A relays, capacitors, 
and associated apparatus. The 2-row 
strip occupies the equivalent space of two 
single rows or the height of the 2-switch 
cell, while the 3-row strip is equivalent to 
three single rows. On the rear of the 
strip are mounted the appropriate num- 
ber of 30-point plugs to fit into jacks to 
which the frame cabling is attached per- 
manently and on the front is mounted one 
30-point jack to which the XY switch 
plug attaches. The relays are protected 
on the back by the bay framework and 
other relays and on the front by remova- 
ble formed covers. (As described later, 
there are other relays mounted on the 
rear.) In Figure 8 are shown four relay 
strips and their X Y switches; two of the 
relay strips are covered and two are un- 
covered. The only tool required to 
change or to add a relay plate is a small 


Reed—X Y Dial Telephone System 


: 


screwdriver. It is this ease of removal 
and additions which makes the Strom- 
berg-Carlson XY system so flexible with 
regard to traffic growth and rearrange- 
ment. This fact will become more ap- 
parent as the details of the various types 
of bays are outlined. 

All bays are 8 feet high, 17 inches deep, 
and vary in width depending upon the 
type of service to which they are adapted. 
The originating bay, which is 46'/2 inches 
wide, mounts, in addition to the regular 
terminal blocks for incoming cables and 
fuse panel for power distribution within 
the bay, the following switching circuits 
for handling the originating or calling end 
of a maximum of 100 subscriber lines. 
On the front of the bay are 20 line-finders 
arranged in two groups of ten line-finders 
each, one dual allotter consisting of two 
circuit units each of which is associated 
with one of the two line-finder groups and 
20 first selector circuits, also in two groups 
of ten selectors each, these being tied to 
their respective line-finders. In other 
words, this bay has a capacity of 20 
“links’’ or finder-selector combinations to 
give a possibility of 20 simultaneous out- 
going connections from the particular 
100-line group. 

On the rear of this bay are mounted the 
100 line circuits. Here again the jack-in 
principle has been employed with the line 
circuits mounted in strips of ten lines 
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each. There is also. capacity on the back 
of the bay for a total of three reverting 
call circuits used to complete calls between 
two parties on the same line, one busy 
verification selector, the use of which will 
be explained later, and one common tim- 
ing and alarm circuit. 

As all of the foregoing equipment, with 
the single exception of the dual allotter, 
is jack mounted, it is very easy to cater to 
traffic changes and to exchange growth or 
reduction. The traffic of an original in- 
stallation may be such as to justify, for 
instance, only 14 links per 100 lines, in 
which event only the first 14 line-finders 
(and of course their respective first selec- 
tors) need be equipped—the unequipped 
positions being covered with simple 
blanks. Sudden changes in traffic may 
require the addition or removal of several 
of these links to continue economical or 
satisfactory operation. This is accom- 
plished by simply jacking in or out the re- 
quired number of line-finder-selector 
combinations. In the same manner a 
partially equipped bay (from a line stand- 
point) may be added to at any time by 
merely jacking in new line-relay strips 
made in units of ten lines each. 

The intermediate, or selector, bays are 
of two basic types, single-sided and 
double-sided. The single-sided bay uses 
the same framework as the originating 
bay, whereas the double-sided bay, using 
a similar iron framework, is arranged to 
mount units on both front and rear. XY 
switches together with their respective 
circuit plates can be mounted on both 
front and rear of these bays because there 
is no individual line equipment to be 
mounted as in the case of the originating 
bays. The double-sided bay is 60%/s 
inches wide. The single-sided intermedi- 
ate bay will mount one, two, three, or 


four groups of ten selectors each or one or. * 


two groups of 20 selectors each. The= 
double-sided bay will mount from one to: 
eight groups of ten selectors each or one to 
four groups of 20 selectors each. The 
actual number of selectors equipped is de- 
pendent upon traffic conditions. 
Terminating bays are similar to the in- 
termediate bays in that they also are 
made up in two types, single-sided and 
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Figure 7. A-type relay 


A—Residual screw 
B—Armature support 
C—Coil terminal 
D—Clamping plate 
E—Spring retainer 


F—Armature — support 
screw 
G—Armature 


double-sided. The single-sided bay is 
571/. inches and the double-sided bay is 
713/, inches wide. The single-sided unit 
can be equipped with either one or two 
groups of ten connectors each or one group 
of 20 connectors, whereas the double-sided 
unit accommodates from one to four 
groups of ten connectors each or either one 
or two groups of 20 connectors each. 
Here again the number of connectors 
actually supplied in each group depends 
on the type of service of the group and the 
relative amount of terminating traffic 
therein. 

All of the circuit units just described are 
jack mounted and therefore, as in the 
originating bay, it is quite easy to cater to 
variations in traffic loads. 

The ease of installation of an XY sys- 
tem becomes apparent when one con- 
siders, for instance, the small amount of 
work to be done by the installer on an 
originating bay. It is only necessary for 
him to connect the terminating cables, to 
jack-in the respective line-finder units, 
first selector units, line circuit units, and 
other miscellaneous units, and to add the 
necessary fuses, lamps and caps, and 
dummy mounting plates. In order to fa- 
cilitate handling and installation, the bays 
are shipped with all permanent wiring, 
jacks, switch cells, wire banks, and fuse 
panel mounted and the various relay 
mounting strips and XY switches are 
shipped separately. 


Circuit Features 


The fact that the jack-in principle has 
been used whenever possible in the design 
of the XY system equipment has led to 
many economies and features in the de- 
sign of circuits. The line circuits, jack 
mounted in strips of ten, may be of the 
2- or 3-relay types, the latter providing 
lock-out service. Both, however, are 
mounted on interchangeable mounting 
plates which permit the percentage of 
lock-out type lines in an originating bay 
to be changed at will from 10 to 100 per 
cent in multiples of 10 per cent. This is 
an especially valuable feature in small 
community dial offices where the number 
of rural lines (normally provided with 
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lockout service) may decrease or increase 
depending on the growth of the town. 

Any line may be provided with coin- 
box tone by changing a strap on the line 
circuit and in this way postpay type coin 
boxes can be installed on any line. 

The first selector, which may be used 
for local or incoming service, can be re- 
stricted from hunting on any specified 
level by a strapping operation on the X 
“‘direction-locating” bank (see Figure 6). 
A similar strapping operation serves to 
make the selector drop back from a speci- 
fied level or levels. These features are of 
great value in networks where changes 
occur in trunk routing, dialing conditions, 
or revenue determining factors. 

The dual allotter normally has ten 
line-finders associated with each of its 
two units. If trouble occurs in either 
unit then all 20 line-finders are trans- 
ferred automatically to the remaining 
unit. When the operator wishes to work 
on this troublesome unit, or for routine 
checking, he need only flip a double-throw 
key to the proper position and thereby 
busy-out that unit and place the 20-line- 
finders on the other. While the key is in 
the off-normal position, a display lamp on 
the right-hand end of the mounting plate 
is lighted. The only effect of this change- 
over is a slight increase in finding time. 

The reverting call circuit is designed to 
allow two subscribers on the same line to 
call one another by dialing a special num- 
ber consisting of a preliminary digit fol- 
lowed by the last digit of the calling sub- 
scriber’s number and the last digit of the 
called subscriber’s number. The calling 
party: then hangs up and both sub- 
scribers’ bells ring. When the call is an- 
swered the bells cease ringing and the call- 
ing party thereby is informed. Another 
form of revertive calling is described with 
the connector circuit. 

Selectors mounted on the intermediate 
bay perform in much the same manner as 
those described as first selectors. 

Connectors may be of various types de- 
pending on the kinds of service which they 
may perform. These services are party- 
line ringing of either the harmonic or code 
types, PBX trunk hunting, conversation 
timing from one or both ends, and revert- 
ing call by directory number. Party line 
ringing may be of the 2-, 4-, 5-, or 10- 
party full selective or 10- or 20-party 
semiselective types employing maultifre- 
quencies or combinations’ of long and 
short rings to secure the desired party. 
PBX trunk hunting allows the assign- 
ment of successive numbers to a business 
establishment, hospital, or other similar 
institution whose telephone needs are 
such as to justify two or more consecutive 
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telephone lines. In this service the con- 
nector tests the first line and, if busy, tests 
the second line and so on until a free line 
is found. If all of the lines in the group 
are busy, a busy tone is returned to the 
calling subscriber. Normally when the 
first line is called, testing commences over 
the entire group. As a feature for night 
service, however, if any line other than 
the first in the group is called that line 
only is tested and, if busy, the proper tone 
is returned. This feature allows the list- 
ing in the telephone directory of all tele- 
phone lines except the first as night lines 
for particular individuals and at such 
times they receive the benefit of individual 
line service. 

The conversation timing feature allows 
for precision timing of telephone calls 
either when originated by or completed to 
subscribers on party lines. This timing 
may be of any predetermined duration 
and a warning tone may be given to both 
parties at any set time during the timed 
interval. A special feature of the XY 
system is that any line may be equipped 
with time cancelling; that is, calls origi- 
nated by or completed to this line have 
the timing feature cancelled and conversa- 
tion may continue uninterrupted for any 
desired period. 

Reverting call by directory number 
differs from the method previously de- 
scribed in that it is not necessary for the 
calling subscriber to dial a special number. 
He merely dials the number of the 
wanted subscriber and upon receiving 
busy tone hangs up. After an interval 
which he assumes is sufficient for the 
called party to have answered, he again 
removes his receiver and conversation 
commences if the called party has an- 
swered. 
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Figure 8. Relay mount- 
ing strips 


The busy verification switch train 
allows an operator or the wire chief to 
verify the busy or idle condition of a 
particular subscriber’s line. This is valu- 
able where a party, after repeated at- 
tempts to reach an indicated busy line, 
requests verification of that busy condi- 
tion from the operator. The wire chief 
also may use this switch train to perform 
the various electrical tests necessary to 
routine and maintain subscribers’ lines 
properly. The person using the busy 
verification train can listen to a conversa- 
tion in progress and also may speak to the 
talking parties to advise them that an 
urgent call is awaiting. 


Conclusion 


The features of the XY switch and 
system that make it readily adaptable to 
dial telephone exchanges of all sizes and 
possible growths are 


1. The universal nature of the switch, the 
same switch being used as line-finder, selec- 
tor, or connector. 


2. Its compactness; being smaller than 
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any other switch, smaller switching equip- 
ment and exchange buildings can be realized. 


3. Its bare wire multiple which yields econ- 
omies in wiring. 


4, Its package type units which readily al- 
low for exchange growth and standardiza- 
tion. 


5. Its plug and jack mounted units, which 
give flexibility, provide for fluctuations in 
traffic conditions, and simplify routining. 
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Synopsis: This paper describes a mercury- 
vapor tube and associated circuits used to 
obtain the arc-back rate of various grades of 
graphite which might be applied in ignitrons 
and other types of electronic tubes. The 
methods of test and results obtained are 
included. The tests indicate that the arc- 
back rate of a graphite anode can be reduced 
by degassing at 1,800 degrees centigrade and 
that this improvement is maintained at 
room temperature and at atmospheric pres- 
sure. It also is shown that anodes when not 
in operation get charged with are-back 
causes of two classes—those that can be 
removed readily by heating and those that 
persist regardless of heating and apparently 
are removed by the arc-back itself. 


HE ARC-BACK by definition! is a 
a] rere of the rectifying action which 
results in the flow of a principal electron 
stream in the reverse direction, due to the 
formation of a cathode spot on an anode.” 

Because the unwanted cathode spot 
forms on the anode, considerable thought 
has been given to this electrode of a mer- 
cury-are tube. Several arc-back tests?“ 
have been made in the past and the re- 
sults of these tests have been very useful, 
especially in the power rectifier field. 

All the primary causes of arc-back prob- 
ably are not known. Those causes, which 
are known from tests to exist are given in 
items 1 and 2. These two causes seem to 
be the ones most substantiated by experi- 
ment and by general experience with 
mercury vapor rectifier tubes. The others 
are causes about which we know very little 
and which probably occur very infre- 
quently in tubes with shields and baffles. 
1. Insulating or semiconducting particles 


or patches on the anode surface. According 
to Kingdon and Lawton? these particles are 
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charged by positive ions until breakdown 
occurs from the charged mass to the anode 
proper. In this paper, test data are given 
which show that by placing small insulating 
particles on an anode surface the arc-back 
rate can be increased greatly. 


2. The presence of conducting particles 
on the anode, such as small globules of mer- 
cury. Ifa mercury globule leaves the anode 
during the time ionization is present, an arc- 
back is formed. This action is similar to 
breaking an electric circuit, because the 
globule is collecting ions and a current flows 
from it to the anode. Tests are given in this 
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Finure 1. Tube used for 
testing anode materials 
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paper (see Figure 5) which indicate that 
mercury droplets are a cause of arc-back.’ 
Numerous arc-backs were seen to start at 
tiny mercury globules® on the anode surface. 


3. Thermal emission from anode. 


4. Gas bursts from anode or other parts of 
tube causing intense local ionization. 


5. Effects of radiation and particles of mer- 
cury and other materials from the tube cath- 
ode on the anode surface. 


6. Field emission at anode independent of 
foreign particles adhering to the anode. 


The forenamed causes are primary 
causes. What the actual arc-back rate 
will be depends on several secondary fac- 
tors, such as vapor pressure, foreign gas 
pressure, maximum anode voltage, anode 
current density, ion density, the deioniza- 
tion rate, the initial inverse voltage, the 


TEST ANODE BUSHINGS 


} 
y 
fk 


(ZZZZILLLM Ld 


4 
4 
, 
HIGH VOLTAGE 
I" DIA. TEST ANODES 
Vy PYREX GLASS 


4 CYLINDER 
A 7 
| 
i 
KV 
LY 


AUXILIARY 
ANODE 


SETS SESS SSS OS 


5-471. 


= 
SSS SSS 


y 
Z 
Y 


TO VACUUM 
PUMPS 


MERCURY POOL 
CATHODE 


WATER INLET 


_ 439 


HIGH VOLTAGE 
RECTIFIER 


MERCURY. 
CATHODE 


10, 9000 


COUNTER) 
COIL 
{j2502 


RELAY | 
(OVER PRESSURE)I 


125V OV 
oc AC 


Figure 2. Test circuit diagram 


rate of rise of the initial inverse voltage, 
and surging. Some of these factors de- 
pend on the circuit* used with the tube 
and others are a function of the tube de- 
sign. For instance, the maximum ioniza- 
tion during the nonconducting period de- 
pends on the maximum anode current 
and the rate of change of this current, 
whereas the deionization time constant 
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depends on the tube design and vapor 
pressure near the anode. 

This paper covers primary causes in- 
herent to the anode. The test apparatus 
described is intended to indicate the arc- 
back characteristics of anode materials. 


Construction of Arc-Back Tester 


The tube used to test sample anodes is 
shown in Figure 1. The lower portion of 


Figure 3. Are-back 
‘test apparatus 
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the tube is a water-cooled ignitron and 
the upper portion is a glass cylinder with 
a steel top plate and four bushings for 
testing four samples singly or in parallel. 
As can be seen from Figure 2, the ignitron 
portion of the tube is operated from 220 
volts, 60 cycles using anode firing with a 
thyratron. The one inch diameter by one 
inch long test anodes are connected to the 
negative side of the output of a high volt- 
age rectifier. The positive ion current is 
supplied by the low-voltage excitation arc 
to the auxiliary anode and its average 
density at the test anode is limited to 
0.043108 ampere per square centi- 
meter, which is somewhat higher than 
the average ion density to the anode in 
power rectifier ignitrons. 

When an arc-back occurs, it is counted 
and the primary circuit of the high voitage 
transformer is opened and immediately 
closed. ‘The voltage and positive ion cur- 
rent of the test anodes, the water rate, 
and the auxiliary anode current are kept 
constant throughout a test run. The 
complete apparatus is shown in Figure 3. 


Method of Testing 


Before anodes are connected to high 
voltage to determine the arc-back count 
they are current degassed in the test 
bottle at 700 degrees centigrade for 30 
minutes. This degassing is similar to de- 
gassing of anodes in rectifier tubes and 
results in a low foreign gas pressure (0.1 
micron) in the test bottle. After degas- 
sing, the anodes are connected to high 
voltage and are ready for the arc-back 
test. Six runs are made on each sample of 
graphite. The first run is made with all 
four anodes in parallel, and the next four 
on each anode individually to make cer- 
tain that no one\anode has a much higher 
rate than any one of the other three. 
These five runs tend to get rid of any spu- 
rious impurities on the surface of the anode 
thus insuring that the sixth and final test, 
which is made with all four anodes in 
parallel, gives an arc-back rate indicative 
of the quality of the graphite. The values 
for the sixth run are always less than those 
of the first, but no further reduction is 
obtained by additional runs. All tests 
last for 24 hours, and the rate used to 
define the quality of the anode material is 
obtained from the number of arc-backs 
occurring in the last 16 hours. Occa- 
sionally a standard sample is used to 
make sure that the test device is normal. 


Results Obtained With Tester 


The average arc-back rate as obtained 
for the last 16 hours of the sixth run are 
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Figure 4. Comparison of three grades of graphite 
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Figure 6. Effect of degassing at 1,800 degrees centigrade 
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Figure 8. Effect of insulating particles (sand) on the arc-back rate 


Figure 9 (right). 


given in Table. I for various grades of 
graphite indicated as A, B, C, and so 
forth. The effect of degassing and decon- 
taminizing at 1,800 degrees centigrade is 
given for grades G and H. All grades of 
grahite which were’degassed at this tem- 
perature were improved even after they 
had been treated at 700 degrees centi- 
grade. Apparently, the higher tempera- 
ture removes most of the impurities in the 
graphite which are conducive to arc-back. 
It was found that after an anode is de- 
gassed at 1,800 degrees centigrade it can 
be left at room temperature and at atmo- 


spheric pressure for several weeks without 


affecting its final or steady state value. 
It will be noted from curves shown in 
Figures 4, 5, and 6 that all samples have 
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Arc-back distribution 


6 7 8 


PERGENTAGE OF ARCBACKS IN 45° INTERVALS 


a transient arc-back rate which is several 
times higher than the final value. This 
transient effect occurs after every shut- 
down although the tube is maintained 
continually at a low pressure. In plotting 
curves, the arc-back rate is for the time 
interval between the points on the curves. 

Curves A and B of Figure 5 show how 
the transient value is reduced by pre- 
heating the anodes. The higher transient 
rate shown by curve A is caused by mer- 
cury droplets on the anode surface. The 
transient effect observed for the pre- 
heated test, curve B, is perhaps caused by 
charging of anode with semiconducting or 
conducting particles other than mercury. 

These particles reach the anode perhaps 
when the tube is not in operation or after 
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PERCENTAGE OF ARCBACKS AT ANGLES LESS 


180 


DEGREES (FREQ.=60/SEC.) 


applying high voltage to the test anodes. 
In either case, an arc-back charge, which 
cannot be removed completely by heat- 
ing, is built up on the anode surface. 
When the tube is not in operation, the 
number of particles in the volume may 
increase because they are uncharged and 
leave the surfaces. They then remain in 
the volume until the density of the parti- 
cles corresponds to the ‘“‘pumping speed’’ 
of the walls for uncharged particles. 
Then on application of ionization and 
voltage to the anodes some of these parti- 
cles are swept to the anode resulting in a 
transient arc-back rate. The pumping 
speed to the surfaces also is increased by 
the ionization and the electric field, thus 
resulting in a gradual decrease in the num- 
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Figure 10. Effect of 


anode voltage 


FINAL RATE IN ARCBACKS PER HOUR 


-2400 


-3000 - 4000 


ANODE VOLTAGE 


ber of particles in the volume and a cor- 
responding increase in the particles on 
the surfaces, including the anode. Those 
reaching the anode gradually are re- 
moved by arc-backs. The changes in 
density of arc-back causes in the volume 
and on the surfaces is shown in a very 
approximate manner in Figure 7. 


EFFECT OF PARTICLES ON THE ANODE 
SURFACE 


Tests were made to determine the effect 
of nonconducting, semiconducting, and 
conducting particles on the anode surface. 
In each case the particles were passed 
through a 60-mesh sieve and then were 
stuck to the test anode, in this case grade 
H, by simply pressing the anode against 
a layer of these particles. The noncon- 
ducting material (sand) was the only one 
which greatly increased the arc-back 
rate. Figure 8 shows the curve obtained 
for a run of seven hours. The rate con- 
tinually increases and is very much 
higher than was obtained in an earlier 
test of grade H (see Figure 4). One ex- 
planation of the effect of particles on an 
anode is described by Kingdon and 
Lawton.? They state that the anode has 
“small regions which are in such poor 
electrical contact with the anode that the 
positive ions from the residual ionization 
are driven on these regions when the anode 
is made negative, and that if the number 
of these ions is sufficient the region will 
become charged positively, cause field 
emission from the electrode, and lead to 
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failure.’’ After completion of the fore- 
going test the anodes were cleaned with a 
file and tested again. This cleaning was 
sufficient to bring the arc-back rate back 
to its normal value. 


Arc-BackK DISTRIBUTION WITH ION 
CURRENT 


In order to obtain data as to effect of 
positive ion current, the ignition angle 
was measured for 176 arc-backs. The 
distribution of these arc-backs and rela- 
tive position of the positive ion current 
pulse is given in Figure 9, which shows 
that the distribution curve is almost in 
phase with the positive ion current. This 
is a good indication that the magnitude of 
ionization is a major electronic factor in 
the initiation of an are-back. 


EFrect oF ANODE VOLTAGE 


The effect on the final are-back rate of 
increasing and decreasing the negative 
potential of the anode can be seen from 
Figure 10. This curve indicates that the 
arc-back rate increases with the voltage 
and that operation at the higher voltages 
improves the performance of the anodes 
at lower voltages. 


Conclusions 


1. The tester described is found useful in 
the control of the quality of anode material 
and in determining the procedures required 
to build ignitrons of more uniform quality. 


2. Degassing and decontaminizing graphite 
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Table |. Arc-Back Data Obtained With 


Tester at 3,500 Volts 


Arc-Backs Per Hour 


Before After 
Degassing, Degassing, 
Graphite 1,800 C 1,800 € 
ees aR sok doe 0.5 
Be ieationcsiae 0.7 
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DOE ae ipretacite pices eas 1.3 
Be Merch eps eet ae 1.4 
PB oite.¢ ayaa Sears 2.0 
Gnd ka MS Se 91.05. ets Setare ate 1.2 
Tee recveteine ccotetere LO acnterenshtiorenate 1.3 
Pasties ae ee 8.7 
Siidie' a¥e 4 ioiahe, see torte 18.4 


at 1,800 degrees centigrade im vacuo reduces 
the arc-back rate. The reduction obtained 
depends on the graphite and its previous 
treatment. 


8. After degassing at 1,800 degrees centi- 
grade, anodes may be exposed to air and yet 
a reduction in the arc-back rate will be 
measured. 


4. Insulating particles placed on the anode 
surface greatly increase the arc-back rate, 
whereas conducting particles (steel was used) 
do not. 


5. Anodes of all grades have the highest 
rate at the beginning of a test. This tran- 
sient effect indicates that anodes become 
charged with arc-back causes either from 
space or by diffusion from the inside of the 
graphite to the surface. 


6. With mercury drops on the anode, arc- 
backs are more numerous and appear to 
start at the mercury drop. The rate de-~ 
creases rapidly until all visible drops have 
disappeared. 


7. The arc-back distribution obtained in- 
dicates that the positive ion current density 
is a major electronic factor in initiating arc- 
backs. 
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Television Equipment for 
Broadcast Stations 


WALTER L. LAWRENCE 


ASSOCIATE AIEE cs 


HE PROMISED advent of commer- 

cial television service on a nationwide 
scale makes timely a discussion of the 
apparatus available for equipping tele- 
vision broadcast stations. 

‘Framework for a national television 
service was set up in the winter of 1945 by 
406 channel allocations in the first 140 
metropolitan districts of the United 
States made from the 13 channels es- 
tablished by the Federal Communications 
Commission for commercial television 
broadcasting. The metropolitan dis- 
tricts vary in population from 11,690,500 
for New York City to 62,000 for Pueblo, 
Colorado, and comprise 48 per cent of the 
population of the United States. 

The filling in of the framework thus es- 
tablished has progressed, up to Novem- 
ber, 1946, with the granting of 42 licenses 
or station construction permits, which 
assure television service within the near 
future to 23 metropolitan districts com- 
prising 26.6 per cent of the population. 
Of the first 16 metropolitan districts only 
Pittsburgh is not represented by licenses, 
station construction permits, or applica- 
tions. 

Tofurnish television broadcasting at the 
service standards required for commercial 
operation, all stations must provide reli- 
able, consistent operation. ‘Such opera- 
tion requires the integrated functioning 
of many pieces of equipment which are 
somewhat more complex than the analo- 
gous units for sound broadcasting. Reli- 
able and consistent operation of the equip- 
ment throughout its useful life is facili- 
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tated if the various units are product de- 
sign equipment. By product design is 
meant equipment that is produced in 
quantities to the same design. This type 
of production affords relatively large 
amounts of money for engineering design 
and development to obtain the required 
degree of performance. However, since 
the development costs are spread over a 
number of units, so that each unit bears 
only its proportionate fraction of the de- 
velopment expense, product design is 
economically feasible. 

The purpose of this paper is to discuss 
various units available for equipping com- 
mercial television broadcasting stations. 


Division of Equipment 


Television station equipment is divided 
into studio equipment and transmitting 
equipment. 

A simple method of classifying these 
two divisions uses as a basis the type of 
signal current utilized in each division. 
Studio equipment utilizes video frequen- 
cies, which cover the band from 30 cycles 
to 4.5108 cycles. Transmitting equip- 
ment utilizes radio-frequency carriers in 
the range of 44 to 216 megacycles, which 
are modulated by visual and aural sig- 
nals. Regarding the system as a whole, 
this method of classification draws the 
dividing line at the input to the broadcast 
transmitter. This division is analogous 
to that currently prevailing in the sound 
broadcasting field where we have studio 
or speech input equipment separate from 
transmitting and radiating equipment. 

Paralleling the division just specified 
is the spatial division of the system— 


both for sound and television broadcast- 


ing—in which the studio equipment is 
confined almost wholly to the studio 
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building, while the transmitting ‘appa- 
ratus is housed in a transmitter enclosure. 
The location of the studio is dictated 
largely by_ publicity considerations, and 
accessibility for talent. Considerations 
relating to the efficacy with which the 
electromagnetic disturbance that con- 
stitutes the signal can be radiated into 
free space govern the location of the 
transmitter enclosure. 

The description of equipment which 
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Figure 1. Monoscope camera, distribution 
amplifier, and regulated power supplies 
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Television film camera 


Figure 2. 


follows is divided into the two main cate- 
gories indicated 


Studio Equipment 


The primary function of studio equip- 
ment is to transform an optical image 
which is a space variation of light and 
shade into a time variation of electric 
intensity, or video wave. An auxiliary 
function of studio equipment is the 
switching of video signals so that the 
desired signal from any of the various 
sources of program material, either local 
or remote, can be selected and fed to the 
transmitter. 

In general, the production of a video 
wave from an optical image is accom- 
plished by setting up acharge distribution, 
the space variation of which corresponds 
to the pattern of light and shade in the 


Table | 
Source Units 
LNet work: cise Monitor, monoscope camera, 
synchronizing generator, 


equipment to switch be- 
tween network and mono- 
scope camera 
.Film projectors, film camera, 
monitors,.. equipment to 
switch between film camera, 
network and monoscope 
3.. Remote pickup..Field cameras and controls, 
field synchronizing genera- 
tor, field switching unit if 
more than one camera is 
used, relay equipment if no 
coaxial cable is available 
from pickup point to control 
room, equipment to switch 
between remote source, film 
camera, network, and mono- 
scope 
4, Studio.........Studio cameras and controls, 
stidio lighting, equipment 
to switch between studio, re- 
mote source, film camera, 
network and monoscope 


PPE IU shy Peg ai be 


optical image. Precisely timed excursions 
of an electron beam over the charged sur- 
face remove the distribution. As a re- 
sult of the removal, a time variation re- 
sults in the electrical condition of one of 
the elements of the pickup tube. The 
video wave thus produced is the studio 
equipment signal current. 

Studio equipment starts with the 
camera or cameras containing the ‘tele- 
vision pickup tube, proceeds through cam- 
era control units, synchronizing signal 
generators, video amplifiers and associ- 
ated video switching equipment for mullti- 
camera and multistudio operation, and 
ends with a stabilizing amplifier. This 
latter unit is used at the input of the 
visual transmitter to minimize transient 
disturbances that may he introduced by 
the switching process. Ancillary studio 
equipment includes film projectors in 
both 16 and 35 millimeter sizes, mono- 
scope cameras, monitors for observing 
the picture and wave-form qualities of 
the video signal at various points, and 
associated electronically regulated power 
supplies for furnishing plate power to the 
various units. 

The lighting equipment required for 
future television studios will be similar in 
kind and amount to that required for 
photographic studios. The required 
general level of illumination for these 
studios will be of the order of 50 foot- 
candles. This illumination may be ob- 
tained from any of the conventional 
sources. If fluorescent tubes are used, to 
eliminate flicker, they should be 3-phase 


* Note that network operation is assigned to the 
position of least complexity from the viewpoint of 
the network affiliate station operator or the user of 
network program material, rather than from the 
viewpoint of the network operator whose function 
it is to produce the network program material’ 


Lawrence—Television Equipment 


Figure 3. _ Television 
film camera control 


units, closely spaced. The movable 
lighting equipment for obtaining dra- 
matic effects by artistic use of highlights 
and shadows also can be of the conven- 
tional type. 

Table I lists the various units required 
for operation from the four general sources 
of program material. The sources are 
listed in the order of increasing complexity 
of operation.* . The list is cumulative, 
that is, the units listed under succeeding 
headings are to be added to those under 
the earlier headings. 

The equipment most used by operating 
personnel—cameras, camera controls, and 
switching facilities—is so packaged and 
mounted as to facilitate their tasks 
(Figures 3 and 4). The auxiliary equip- 
ment, which does not require extensive or 


_ frequent adjustment, such as power sup- 


plies, video amplifiers and synchronizing 
signal generator, is rack mounted. 

There are four general types of tele- 
vision cameras, namely: monoscope, 


‘ 


Figure 4. Image Orthicon field camera 
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Table Il 
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Conventional Television 
Item Film Projector Film Projector Reason 

Projector drive. . Induction aNGtOrs netoeles - Synchronous motor........- Frame frequency must be rigidly 
locked to vertical blanking 
pulse frequency, which in turn 
is locked to power supply fre- 
quency. 

Sltterrercterosss Open 50 per cent of frame. . Open 6-8 per cent of frame. . Image must be projected on icono- 


time. Operating fre- 
quency 48 cycles. 


.. Uniform film dwell time. . 
with operating fre- 
quency of 24 cycles. 


Intermittent 
motion 


time. 
quency 60 cycles. 


Even frames dwell 50 per. . Preserves 
cent longer (3/60 second) 
than odd frames (2/60 
second) to give average 
operating frequency of 
24 cycles. 


scope during vertical blank- 
ing time, that is, time dur- 
ing which iconoscope scanning 
beam flies back from bottom to 
top. 


Operating fre- 


average frame rate 
while adhering to 60 cycle ver- 
tical scanning frequency re- 
quired by 30 frame, 2:1 inter- 
laced scanning which is stand- 
ard for television. 


film, field, and studio. A 
camera (Figure 1) produces a fixed test 
pattern which is a collection of wedges, 
circles, and lines designed to accentuate 
the most common aberrations of tele- 
vision systems. The signal is generated 
by scanning with an electron beam a 
plate on which is engraved the desired 
test pattern. Such a signal is used for 
system testing, since its invariant char- 
acter permits quantitative measurements 
to be made at different times. Test sig- 
nal also is transmitted for the purpose of 
installing and setting up receivers. A 
monoscope camera is the simplest tele- 
vision camera. 

A television film camera (Figure 2) pro- 
duces video signals from motion picture 
images projected on its pickup tube. An 
iconoscope is used as the pickup tube, as 
experience has shown that the gamma 
characteristic of the iconoscope best com- 
plements the gamma normally obtained 
from film, and the low sensitivity of the 
iconoscope is of no moment with the high 
intensity of light available from motion 
picture projectors. The camera con- 
tains the required circuits for deflecting 
the scanning beam and video amplifiers 
to increase the amplitude of the signal 
obtained from the iconoscope. The asso- 
ciated film camera control (Figure 3) con- 
tains shading circuits to correct the dark 
spot or spurious signal which is charac- 
teristic of iconoscopes. It contains also 
the monitoring equipment to view the 
picture and waveform quality of the 
video signal, and the required power sup- 
ply. The camera and camera control are 
connected by a suitable cable permitting 
flexibility in their relative positions. 

Field cameras (Figure 4) are designed 
with a view to compactness and port- 
ability. As it is not possible to control the 
lighting for remote pickups, these cam- 
eras are equipped with the newly devel- 
oped Image Orthicon pickup tube, whose 


monoscope 
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sensitivity is comparable to that of the 
human eye. The four-position lens turret 
is provided to permit rapid ‘selection of 
various types of lenses to meet the wide 
variety of optical conditions encountered 
in remote pickup work. An electronic 
viewfinder which furnishes the camera- 
man an image produced from the signal 
supplied by the camera is provided to 
facilitate focusing of the camera and to 
overcome the limitations (such as paral- 
lax, dimness of image, and necessity for 
camera lens and viewfinder lens focusing 
synchronization) which are inherent ‘in 
all optical viewfinders. 

Figure 5 is a photograph of a two- 
camera set of field pickup equipment with 
the various suitcase size units identified. 
The functional relationships of the vari- 
ous units of field pickup equipment are 
shown in Figure 6. 


Studio cameras are larger and heavier 
than field cameras because for the former 
portability is not an essential requirement. 

These cameras usually are mounted on 
dollies or self-propelled pedestals to ob- 
tain the mobility necessary for securing 
different camera angles. Figure 7 shows 
a view of a prewar camera mounted on a 
pedestal. Prewar cameras used the icono- 
scope, as the more sensitive type of pickup 
tube had not been developed before the 
war. Studio cameras with improved sen- 
sitivity are promised and when they are 
available, it is reasonably certain that the 
required lighting levels in television 
studios will be reduced by a factor of at 
least ten from that required for prewar 
iconoscope cameras. This reduction in 
lighting load should reduce the cost of 
studio construction for two reasons: 


1. The cost of the lighting equipment and 
the required electric wiring would be re- 
duced substantially. 


2. The size of the air conditioning equip- 
ment necessary to obtain satisfactory tem- 
peratures in the studio would be reduced. 


An additional continuing economy would 
obtain from the lessened cost of power for 
both lights and air conditioning. 

Figure 8 shows a synchronizing genera- 
tor. It is the function of this apparatus 
to produce the accurately timed series of 
pulses which control the excursion of the 
scanning electron beam in the cameras. 
These pulses also are added to the video 
signal before it is fed into the transmitter 
and are transmitted along with the video 


information. In the receiver, the pulses 
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Figure 5. Field pickup equipment, two camera equipment setup 
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Figure 6 (left). 2 
~ Field pickup equip- 
ment block diagram 
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Figure 8 (below). 
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are used to synchronize the excursions of and 16 millimeter types, differ from con- 
the scanning beam in the receiver kine- ventional projectors in the items and for 
scope with those of the pickup tube beam. the reasons listed in Table II. Figure 9 
The field synchronizing generator is a shows a 16 millimeter projector mounted 
duplicate of the studio synchronizing ona pedestal. 


generator in its circuits. For convenience Distribution amplifiers, shown in Fig 
it is broken into two units called a pulse ure 1, are used where it is desired to sup- 
shaper and a pulse former (Figure 5). ply several signals from a common 
Television film projectors, in both 35 source, that is, where branch connections 

: are necessary. They consist of five unity 


gain video amplifiers mounted on the 
same chassis. - Provisions are made for 
paralleling either the input or output of 
several amplifiers. The amplifiers accord-~ 
ingly can be used as mixers, that is, for 
adding synchronizing signal to video sig- 
nal; or they may be used as multiple 
feeds, that is, to feed synchronizing pulses 
from a single synchronizing generator to 
several cameras. 

Electronically regulated plate power 
supplies, two of which are shown in 
Figure 1, are used to supply plate current 
for the electron tubes in various equip- 
ments. Electronic regulation maintains 
the voltage output constant with varia- 
tions in load current. As the ratio be- 
tween these two quantities is a measure of 
the effective internal impedance of the 
power supply, the stabilization of the 
voltage output tends to eliminate the 
a | undesirable coupling between different 
oe | units when fed for a common power sup- 

5% ply. The effective internal impedance of 
Figure 7. Iconoscope camera, these units is measured in tenths of ohms 
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Figure 9 (above). 16-millimeter television 
film projector 


Figure 10 (right). Operating controls, field 
switching system 


and this low value is maintained over the 
wide band of frequencies occupied by 
video waves. 

As an example of switching equipment, 
the switching system for the remote 
pickup equipment shown in Figure 5 
may be mentioned. As may be deduced 
from the close-up view of the operating 
panel in Figure 10, it is, in effect, a com- 
plete control center for a remote pickup 
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operation. The following functions are 
performed by this unit: 


1. Switching is provided for a maximum of 
four cameras. When one particular camera 
is selected, tally lights at the front and rear 
of the camera, and at the switching system 
are lighted automatically to indicate to 
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Table III 


Relative Gain 
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cameraman, control operator, and performer 
the selection of that camera. Additional 
switching is provided for the two auxiliary 
video inputs. 


2. The master monitor associated with the 
switching system can be switched to the out- 
going picture line, to either of the auxiliary 
inputs, or to a signal obtained from the relay 
equipment. 


Q 


3. A complete audio switching system is 
provided to permit intercommunication be- 
tween the various operating personnel. 
In addition, program sound is distributed to 
such personnel. The headsets worn by 
operating personnel supply program sound 
to one ear and intercommunication or order 
wire sound to the other ear. 


All of the studio and control room inter- 
unit connections carrying video informa- 
tion must be made with coaxial cable in 
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order to transmit satisfactorily the ex- 
tremely wide band of frequencies en- 
countered in video waves. To minimize 
reflections, it is necessary that the output 
and input impedances of the various inter- 
connected units match the characteristic 
impedance of the cable. In the interest 
of standardization, it has been agreed that 
70-ohm coaxial cable shall be standard for 
such use. 

An example of a small studio installa- 
tion is shown in Figure 11, while Figures 
12 and 13 show the master block diagram 
and a pictorial representation of the 
main studio equipment for a rather elabo- 
rate installation. 

The inclusion of microwave relaying 
equipment with studio equipment vio- 
lates the rules for classifying the equip- 


ment suggested in the preceding para- . 


graphs. However, the smallness of the 
signal powers involved and a recognition 
that this equipment is a replacement for 
coaxial cable offers some justification for 
considering relay equipment along with 
studio equipment. This equipment, Fig- 
ure 14, is a superfrequency (6,500-7,050 
megacycles) frequency-modulated trans- 
mitting and receiving system employing 
highly directive antennas. The actual 
power output of the transmitter is of the 
order of 0.1 watt. However, due to the 
high directivity of the antenna system 
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(both receiving and transmitting antennas 
are identical), a tremendous gain in useful 
signal is achieved over that obtained with 
non-directional. or isotropic antennas. 
It is obvious that the more directive the 
antenna system, the greater is the re- 
ceived signal at the particular remote 


point. The energy (which, with iso- 
tropic antennas is scattered uniformly 


over a sphere) is concentrated into a nar- 
row beam. For the equipment illustrated 
here, the signal actually delivered to the 
r-f input circuit of the receiver is approxi- 
mately 25108 times as great as the sig- 


nal that would be obtained were isotropic ~ 


antennas employed. Such is the order of 
benefit secured from high directivity. A 
corollary advantage is that interference 
between relay systems operating with 
little or no frequency separation can be 
prevented by proper orientation of the 
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Figuiee 12. Block 
diagram of large 
station 
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paths between transmitter and receiver. 
Transmission at these super frequencies 
demands an optical path between trans- 
mitting and receiving antennas. The 
equipment shown is so packaged that the 
antenna, reflector, and associated radio- 
frequency circuits in the container affixed 
to the rear of the reflector can be located 
up to 1,000 feet from the control and sig- 
nal input or output equipment which is 
housed in the rectangular cabinet. This 
arrangement facilitates location of the 
radiation emitting and: receiving portions 
_of the system with due regard to the re- 
quirement of optical characteristics of 
the intervening path. At the same time, 
it permits location of the control equip- 
ment at convenient operating points. At 
present, this equipment is suitable only 
for the transmission of:,visual signals. 
Satisfactory operation has been obtained ~ 
at ranges between 15 and 20 miles. 


Transmitting Equipment 


The transmitting equipment may be 
broken down into two sub-groups: 


(a). Transmitter—equipment required to 
produce high-frequency energy which is 
modulated by the appropriate visual and 
aural signals. 

(b). Antenna equipment—equipment re- 
quired for efficiently transferring the high- 
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Figure 15. Television transmitter and associated equipment 


frequency energy produced by the trans- 
mitter from ohmic conductors into free 
space. It should be noted that this defini- 
tion of radiation is valid only for that lower 
portion of the electromagnetic spectrum 
currently utilized for radio communication. 


The type TT-5A television transmitter 
covers all 12 of the television channels 
from 54 to 216 megacycles now assigned 
by the Federal Communications Com- 
_mission for commercial metropolitan 
television station operation. For ease of 
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operation, inspection and maintenance 
convenience in shipment and installa- 
tion, and economy in manufacturing, the 
transmitter is divided into the several 
units shown in Figure 15. The trans- 
mitter assembly is contained in an assem- 
bly of eight racks. In these racks are the 
necessary electronic tubes with their 
associated components and power sup- 
plies to produce two radio-frequency car- 
riers which are modulated by the visual 
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‘three volts, for the aural. 


“RELAY RECEIVER 


Figure 14 (above). _ Super frequency television 
relay equipment 


and aural signals. The input signals to 
the transmitter are at standard studio 
levels—1.5 volts peak to peak for the 
visual and +10 decibels, approximately 
The output 
of the transmitter is two modulated car- 
riers—5-kw peak for visual and 2.5-kw 
peak for aural. Amplitude modulation 
is used for the visual carrier, while the 
aural carrier is frequency modulated with 
a maximum swing of +25 ke. 
A convenient grouping of the controls 
required for starting the transmitter and 


observing its performance is afforded by 


the control console. The centrally 
positioned video monitor may be switched 
to check the visual signal at several points 
in the transmitter. 

Input and monitoring equipment racks 
contain units necessary for observing and 
checking the transmitter output—carrier 
frequency and modulation monitors and 
their auxiliary apparatus and a stabilizing 
amplifier to remove. disturbances due to 
switching, and so forth from the incoming 
video signal. 

The antenna equipment consists of 
three components: 


1. Antenna. 
2. Diplexer. 
8. Required transmission line. 


The super turnstile antenna possesses a 
number of advantages as a radiating 
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Figure 16 (above). 


Television super 
turnstile antenna 


Figure 17. Schematic and layout of super turnstile antenna 


Schematic diagram of radiators of antennas for range of 54 to 88 megacycles. Diagram shows 

£-W radiators; N-S radiators are fed similarly, but with 90-degree phase displacement. The 

power gain of the super turnstile antenna is the same as the power gain of an equivalent turnstile 
antenna with dipoles spaced at one half wave length intervals 


structure for television. Those advan- 
tages of the most importance to tele- 
vision are 


1. Adequate broadband characteristics. 


2. Structure inherently adapted to. the 
simultaneous radiation of two carriers from 
the same elements. _ 


3. Esthetically satisfactory appearance. 


Other advantages which are not peculiar 
to television are 


4. Absence of tuning or other field-made 
adjustments. 


5. Mechanical ruggedness. 


6. Radiators attached to supporting pole 
without insulators. Thus there are no in- 
sulators required to withstand mechanical 
stresses. 


7. Moderate wind loading. 


Briefly, the super turnstile antenna con- 
sists of a central supporting pole to which 
are attached layers or sections of radia- 
tors. Each section consists of four verti- 
cal sheet-like radiators set at 90-degree 
intervals around the pole. The radiators 
are fabricated to be electrically equivalent 
to a current sheet while keeping the wind 
resistance at a minimum. The shape of 
the sheet is dictated by the two require- 
ments of uniformity of impedance with 
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minimum reactance over the desired band 
and the need to obtain such suitable 
value for the radiator impedance as will 
simplify the paralleling of radiators in 
several sections. Figure 16 shows a super 
turnstile antenna, while Figure 17 shows 
the connections for feeding three sections 
of east-west or north-south radiators. 
The bandwidth performance of the an- 
tenna may be judged from the fact that 
only three different antennas are required 
to cover the twelve metropolitan commer- 
cial television channels. See Table III. 
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Figure 18. Functional diagram of diplexer 


The schematic is shown in A and the equivalent 

circuit is indicated in B. E-W and N-S are 

the turnstile antenna east-west and north- 
south radiators respectively 


For feed purposes, each section -is 
treated as two perpendicular dipoles, the 
east-west radiators being fed by one 
coaxial feeder and the north-south radi- 
ators being fed by a second coaxial feeder. 
As in all turnstile radiating systems, the 
two sets of radiators—north-south and 
east-west—are fed by separate transmis- 
sion lines. By making one of these lines 
a quarter-wave length longer than the 
other, a 90-degree phase displacement is 
secured between the currents in the two 
sets of radiators. The effect of this phase 
displacement is to give a radiation pattern 
in the horizontal plane that is essentially 
circular. 

This quadrature phasing of the radiator 
pairs improves the constancy of imped- 
ance over a wide band. If the radiators 


Figure 19. Diplexer for 
television channels VII 
to XIll 
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tend to become inductively reactive in 
any region, the quarter-wave longer path 
of one transmission line tends to make 
the reactance of its pair appear capacitive 
to the driving source. Hence, the two 
reactances tend to cancel out, leaving only 
the resistive component of impedance. 
The diplexer, a schematic of which is 
shown in Figure 18A, is the device used 
to impress the visual carrier and the 
aural carrier on the same radiating ele- 
ments while providing suitable isolation 
between the two transmitter output cir- 
cuits. As shown in Figure 18B, the 
diplexer may be considered as one-half of 
a balanced Wheatstone bridge. The 
other half of the bridge is composed of the 


impedances-to-ground of the north-south 
and east-west radiator pairs. The aural 
carrier is fed across the left and right 
junction points of the bridge, while the 
visual carrier is fed across the top and 
bottom junction points. From the well 
known properties of a balanced bridge, it 
is obvious that the two sources are iso- 
lated from each other. The actual circuit 
elements of the diplexer are suitable 
lengths of coaxial lines. Figure 19 shows 
a diplexer for the 174-216-megacycle 
range. 


Conclusion 


This paper has described equipment for 


television broadcasting stations which is 
complete from camera to antenna. The 
equipment is commercial in character as 
it has been engineered to the standards of 
consistent, trouble-free operation re- 
quired of commercial broadcasting, and is 
now in production. The units possess 
advantages of product design equipment, 
such as reliability of performance, econ- 
omy of manufacture, accessibility for 
maintenance, and adequate reliable sup- 
plies of spare and replacement parts. 

It is believed that the availability of 
such equipment as items in current pro- 
duction affords a sound technical founda- 
tion on which to erect a commercial tele- 
vision service that is national in scope. 
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No Discussion 
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Postwar Television Receiver Design 


D. W. PUGSI.EY 


ASSOCIATE AIEE 


HE new postwar television receivers 

include many new design features and 
characteristics which result in a much 
superior product to the consumer, not 
only from the standpoint of performance, 
utility, and reliability, but also from the 
standpoint of minimum obsolescence. It 
is the purpose of this paper to discuss 
some of these new design features which 
a progressive manufacturer certainly will 
include in his product to assure maximum 
customer satisfaction. 


Receiver Types 


The majority of receivers in this post- 
wat era fall into two major categories 
known as direct view and projection. 
Direct view receivers, as the name im- 
plies, are receivers designed to allow the 
user to view the picture directly on the 
screen of the picture tube. In the pro- 
jection type receivers, however, the pic- 
ture is formed first on the screen of the 
cathode-ray tube, and then is magnified 
optically and projected onto a viewing 
screen. In most, if not all, cases the 
screen is a part of the cabinet and is not a 
separate detachable piece such as is used 
with home movie projectors. 

The indirect view receiver, which was 
quite common before the war, is now 
largely obsolete. This was a type wherein 
the picture formed on the screen of the 
tube was viewed not directly, but by 
means of a plane mirror set at an angle of 
45 degrees to the vertical. 

A fourth type, which has no particular 
name, is a modification of the direct view 


Paper 47-73, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 13, 1946; 
made available for printing December 10, 1946. 


D. W. Pucstry is with the General Electric Com- 
pany, Bridgeport, Conn. 
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type wherein the picture is viewed through 
a large “magnifying glass” or condensing 
lens which is placed directly in front of, 
and close to, the picture tube. This type 
is seldom used, primarily because the 
condensing lens limits the field of vision 
quite considerably. 


External Design Features 


Figure 1 shows a new direct view tele- 
vision receiver, and Figure 2 shows anew 
projection type receiver. 

Both of these figures show the receiv- 
ers in an operating condition, that is, 
with doors open, the controls accessible, 
and the screen visible. Inasmuch as the 
television screen, when not in use, has a 
rather nonharmonious appearance when 
compared with the rest of the furnishings 
of an average living room it becomes nec- 
essary, in the better*receivers, to provide 
some means for covering the screen. 

At least one satisfactory method for di- 
rect view receivers is to provide doors on 
the cabinet. Such an arrangement is 
shown in Figure 3, which is the receiver 
shown in Figure 1 except that the doors 
are closed. 

This particular receiver provides stand- 
ard broadcast radio reception in addition 
to television operation. Controls are so 
grouped that by opening only one door, as 
shown in Figure 4, complete broadcast 
receiver operation is possible. 

In the case of the projection receiver 
the covering of the screen is a more diffi- 
cult objective to achieve. The picture, be- 
inglarge, hasthe possibility of being viewed 
by a large number of people at the same 
time provided the screen is not placed so 
low as to make it difficult for more than 
one row of people to see it simultaneously. 
However, a high screen is not conducive 
to a well-balanced piece of furniture. 
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Therefore it appears obvious that the 
screen, ideally, should be capable of fold- 
ing in or sliding into the cabinet when not 
in use. 

Figure 5 shows the receiver of Figure 2 
with its screen in closed position. In this 
particular receiver the problem was 
solved by having the so-called ‘‘doghouse”’ 
so arranged that it can be elevated into 
position. The ‘‘doghouse” houses the 
screen and a large flat mirror. More will 
be said about these components later. 

The system of folding first the mirror 
and then the screen into the cabinet was 
one method of solution that was tried 
first, but this was found to have the ob- 
jection of creating a hazard. The mirror 
and the screen are quite heavy, thus giv- 
ing rise to the constant danger of having 
one or the other slip out of a person’s 
hand, resulting in shattered glass or physi- 
cal injury. 

In the receiver of Figure 6, these ob- 
jections were overcome completely by 
having the ‘‘doghouse”’ balanced by coun- 
terweights, thus making it very easy to 
lift or lower the screen and mirror. A 
force of only about 41/2 pounds is re- 
quired to raise or lower the entire mecha- 
nism although the total weight is 40 
pounds. 

There is also an “anti-finger-pinching”’ 
device connected with this mechanism 
which prevents the lid from coming down 
on a person’s fingers when lowering the 
screen. This is shown in Figure 6. 


Chassis and Circuit Design 


The design features discussed up to this 
point are largely functional. Operating 
convenience and safety are obtained as 
well as good appearance. 

Attention now will be directed to elec 
trical and mechanical features of the tele- 
vision chassis. 

Figure 7 shows the chassis of the direct 
view receiver of Figure 1. This chassis is 
complete, (except for a shield which was 
removed) and has all the components on 
it necessary for both television and stand- 
ard radio broadcast reception, except for 
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Figure 1. Direct view television receiver 


the which necessarily is 
mounted to the cabinet for accoustical 
reasons. As can be seen, even the cath- 
ode-ray tube is mounted securely on the 
chassis. It is left there even during 
shipment. This has proved to be a real 
step forward from the old prewar scheme 
of shipping the tube separately from the 
chassis: 

From the technical standpoint there 
are a number of interesting and vitally 
important new considerations 
which must be given full consideration 
when designing any really worth-while 
present-day television receiver.. Some of 
these items are of extreme importance in 
that they affect not the user’s reception, 
but may interfere seriously with a neigh- 
bor’s television or radio reception. Many 
readers will recall that during the early 
days of radio a very cheap but very sensi- 
tive circuit known as the superregenera- 


loudspeaker 


design 


454 


tive detector was put into many radios. 
This circuit worked well as far as receiv- 
ing signals was concerned, but unfortu- 
nately it also radiated spurious signals 
of its own, through the antenna, with the 
result that neighboring receivers for 
blocks around were filled with miscellane- 
ous whistles and squeaks. This circuit 
subsequently was outlawed. 

A similar condition can exist with tele- 
vision receivers unless* proper design 
considerations are taken into account 
by all receiver manufacturers. However, 
in the case of television receivers this 
condition is more serious in that even 
though a straight superheterodyne re- 
ceiver is used intolerable interference 
may result. In this case it is the local 
oscillator radiation that causes the 


trouble. This is demonstrated by the fol- 
lowing example. Ifa receiver is operating 


Figure 3. Direct view television receiver 
with the doors closed 


Figure 2 (left). Pro- 
jection television re- 
ceiver 


radio operation 
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Figure 4 (right). Direct 
view television receiver 


on television channel 2 (54-60 megacy- 
cles) and has the standard RMA (Radio 
Manufacturers’ Association) intermedi- 
ate frequency with the sound intermedi- 
ate frequency at 21.9 megacycles, then 
the local oscillator frequency is 81.65 meg- 
acycles. This is only 100 ke away from 
the sound carrier of channel 5, which is at 
81.75 megacycles, and thus easily can 
cause interference to a neighboring re- 
ceiver attempting to operate on channel 
5, unless the radiation is held down to rea- 
sonable levels. There are other such com- 
binations possible. In some cases it is the 
picture that is interfered with rather than 
the sound. Also, of course, if a lower 
intermediate frequency is used the com- 
binations are more numerous. Properly 
designed receivers will have the radiation 
from the local oscillator reduced to such a 
level that neighboring receivers are not 
bothered. 

RMA has taken cognizance of the oscil- 
lator radiation situation, and has issued 
memoranda to manufacturers strongly 
stressing the need for mutual co-opera- 
tion in the design of receivers which will 
not cause serious radiation interference. 

One of the best ways, and almost the 
only practical way, of reducing oscilla— 
tor radiation to reasonable levels is to 
provide a properly designed radio-fre- 
quency stage in the input section of the 
receiver. This of course adds cost that 
otherwise would not be necessary, but 
which is essential to the public’s best in- 
terests. It will be most unfortunate if 
some manufacturers seize upon this con- 
dition as affording a source of lucrative 
cost reduction. 

Another source of interference that 
may come from some poorly designed 
sets is the type of radiation that is cre- 
ated by some types of radio-frequency or 
“‘fly-back’’ high voltage supplies when 
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not properly shielded. This type of inter- 
ference does not bother television receiv- 
ers, but does play havoc with radio re- 
ceivers in the immediate area. Here 
again this source of Annoyance is elimi- 
nated completely in reputable receivers 
which incorporate adequate shielding. 


High Voltage Supplies 


The high voltage supplies of the new 
television receivers are quite interesting. 

It was the custom in prewar receivers 
to use a 60-cycle type of supply wherein 
a high voltage power transformer was 
used with a conventional rectifier circuit 
to obtain the necessary high direct volt- 
age for the final anode of the picture tube. 
In prewar receivers this voltage was usu- 
ally in the order of 2,000 to 5,000 volts, 
but in modern receivers it is seldom less 
than 6,000 volts and may run as high as 
12,000 volts on direct view receivers, and 
30,000 volts on projection receivers. 

To a power engineer it undoubtedly 
sounds like heresy to consider generating 
such voltages in a cabinet in a person’s 
home. 

As a first reaction it would appear that 
the use of such high voltages necessarily 
would entail large bulky equipment, and 
also would be extremely dangerous. If 
the obsolete prewar 60-cycle supplies 
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Figure 7. Top view of 
television chassis 


still were used that would be true. How- 
ever, with the type of supply described in 
this paper, this danger has been elimi- 
nated because this supply cannot deliver 
a dangerous amount of current before 
the voltage drops to a very low level. 
A typical regulation curve is shown in 
Figure 8. 

In this type of supply the voltage is 


Figure 5. Projection 
television receiver with 
screen and doors closed 


Figure 6. Device to 
prevent lid from closing 
on fingers 
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generated by vacuum tube circuits oper- 
ating at relatively high frequencies. An 
oscillator tube incorporates a tuned tank 
circuit in its plate as shown in Figure 9. 
The frequency of this oscillator usually 
lies in the range between 30 and 500 ke. 
As shown in the figure there is an exten- 
sion on the plate winding which raises the 
voltage to the desired value. This volt- 
age then is rectified as shown, filtered, 
and supplied to the final anode on the pic- 
ture tube. Usually about 8,000 to 10,000 
volts can be obtained in this fashion. 

For protection type receivers voltages 
in the order of 27,000 to 30,000 volts are 
necessary. This voltage is obtained from 
a similar circuit except that voltage mul- 
tiplying is employed. Figure 10 shows 
the schematic diagram of such a circuit. 

The equipment required by such a type 
of supply is surprisingly small and com- 
pact. Figure 11 shows a typical supply 
which delivers 30,000 volts. This figure 
shows all the major components except 
for the coil which is not visible. 


Tuner Units 


Another interesting feature of present- 
day television receivers is the tuner unit. 
Present-day frequency allocations call 
for 13 different television channels distri- 
buted in the spectrum from 44 to 216 
megacycles. Table I indicates the speci- 
fic channels. 

Frequency allocations are such that 
there will be a maximum of eight chan- 
nels assigned to any major metropolitan 
area. 

Any worthy design of television re- 
ceiver must be designed so as to allow op- 
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Table 1. Television Channel Allocations 
Channel Frequency Band, 
Number Megacycles 

LD asev's afeal bars igen eve arene 44-50 
Dh oe sneviha my teenie vole 54-60 
Die, SigSre Bre eee Sees 60-66 
Ben aca ager orbs eoaahtotreas ere 66-72 
LSC oie. erate 76-82 
Gas Sa netaee 82-88 
ix Relertier ee akan re 174-180 
Ss Sa oe wie Sees 180-186 
Te aS ORG e eS eRe ar erie 186-192 
Oi ro ecscicsteees eye stara 192-198 
be te a 5 ae 198-204 
Wee oc actclc ieee uate ee 204-210 
LSP elsig eh eo tee 210-216 


eration on any of the 13 channels. The 
best designs of receivers provide 13 op- 
erable channels all permanently con- 
nected and aligned for use. Such a set is 
usable at any place in the country 
where signals are available. No shifting 
of connections or realignment is required 
if the purchaser moves to a new location. 
Some receivers will be provided with 
only 8-channel selection positions. Each 
position, however, will be adjustable to 
two or more different channels. With this 
type of receiver it will be necessary for the 
service man to align each receiver for the 
‘particular stations in the area, somewhat 
like setting up push buttons on a radio 
receiver. The 8-channel selector method, 
while it is less expensive than the 13- 
channel system, does have the disadvant- 
age that the service man must readjust 
the positions if the owner moves to a new 
area. Also there may be areas between 
large cities, such as Philadelphia and New 
York, where acceptable signals could be 
received from each city. In this case it 
may be found that the 8-channel positions 
are inadequate. 
Some receivers incorporate a continu- 
ous tuning mechanism which tunes con- 
tinuously from 44 to 216 megacycles. 
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These have the advantage of not requir- 
ing a switch, but have the disadvantage 
of tuning over a large portion of the radio 
spectrum wherein there are no stations, 
and thus restricting the usable portions of 
the scale. Also, positioning accuracy re- 
quirements are quite stringent. 

A tuner unit incorporating all 13 
channels preset need not be extremely 
complicated or bulky. Figure 12 shows 
such a unit used in General Electric re- 
ceivers. A 17-position selector switch is 
used, thus enabling the incorporation 
of all 13 televisiow channels as well as 
radio and phonograph services if desired 
The coils for each channel are extremely 
simple‘as can be seen, and each is aligned 
permanently at the factory for optimum 
performance. 

A distinct advantage of using separate 
coils for each channel is that the selec- 
tivity of each channel can be controlled 
to the extent needed. Selectivity re- 
quirements may be different for some 
channels than for others. For instance, 
using the standard RMA intermediate 
frequency it is possible for high powered 
frequency modulated stations in the band 
from 88 to 108 megacycles to lie on the 
image frequency of television channels 1 
and 2. When individual coils are used for 
each channel this problem is solved read- 
ily by increasing the selectivity of these 
two channels to the degree needed. In the 
particular tuner unit shown, the normal 
image attenuation of each channel is 
about 50 decibels, but for channels 1 and 
2 it has been increased to 75 decibels. 
Since at least 30 decibels difference be- 
tween a desired and an interfering signal 
is needed before the interfering signal 
starts to become objectionable this leaves 
about 45 decibels to account for difference 
in field strengths of the two signals. 
This means that if a receiver were located 
at equal distances from a television trans- 
mitter and a frequency modulated trans- 
mitter on the image frequency than the 
frequency modulated transmitter would 
have an effective power of over 30,000 


Figure 8. Regulation Re 
curve for high voltage 
power supply 
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Figure 10. Schematic diagram for projection 
receiver high voltage supply 


times that of the television transmitter 
before it would start to cause objection- 
able interference. 


Synchronization 


Another circuit of particular interest in 
many new television receivers is the 
“AFC syne.” circuit. In unabbreviated 
language this means “automatic fre- 
quency control synchronization” and is 
applied to the horizontal scanning cir- 
cuits. The use of this circuit eliminates 
the characteristic scalloped edge effect 
so typical of prewar receivers. It also 
enables the receiver to maintaim-excellent 
synchronization right through very bad 
bursts of noise such as electrical or auto- 
motive ignition interference. The im- 
provement is really amazing, and actu- 
ally has to be seen to be appreciated. 

In brief the circuit operates by utilizing 
a direct voltage derived from the average 
frequency of the horizontal synchronizing 
pulses for controlling the frequency of the 
line scan oscillator. As this average fre- 
quency is not disturbed to any appreci- 
able effect by scattered bursts of noise, 


Figure 9. | Schematic 
diagram for high voltage 
power supply 
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Figure 11 (above). 
Figure 12 (right). 


the receiver maintains excellent synchro- 
nization right through the noise. 


Intermediate Frequencies 


With the advent of the new and higher 
frequency allocations for television it 
became necessary to change the interme- 
diate frequencies used in receivers. Pre- 
war intermediate frequencies usually lay 
in the region from 8 to 12 megacycles, 
but most modern receivers have an 
intermediate frequency considerably 
higher. The RMA has standardized on 
an intermediate frequency such that the 
sound carrier lies between 21.25 and 
21.9 megacycles, and the picture carrier 
between 25.75 and 26.4 megacycles. This 
obviates a lot of difficulties encountered 
with the old prewar intermediate fre- 
quencies such as interference from high 
powered short-wave transmitters and 
poor image rejection. It also helps 
immensely in the problem of reducing 
local oscillator radiation. 


Optical Systems for Projection 
Receivers 


The most popular type of optical sys- 
tem in use in projection receivers today 
is a reflective system, known as the 
Schmidt system. Figure 13 shows the 
essential elements of a Schmidt system. 
It can be seen that light from the picture 
which is formed on the face of the picture 
tube is collected by the spherical mirror 
and reflected back to focus on the picture 
screen. In the process the light passes 
through the aspheric corrector lens which 
corrects for spherical aberration of the 
spherical mirror, and is turned at right 
angles by the flat mirror set at 45 degrees. 
Picture sizes of 16 by 21/3 inches are 
commonly used although larger ones 
are possible. The Schmidt system is 
characterized by its simplicity and its 
high light efficiency. Apertures equiva- 
lent to approximately f0.9 are attainable. 

Some refractive systems are being used 
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High voltage power supply 


Tuner unit 


Here a lens 
system similar to that in the ordinary 
picture projector is used to collect light 
from the picture tube face and focus it on 


in projection receivers. 


the picture screen. To date refractive 
systems have suffered by comparison to 
the Schmidt because they have a smaller 
effective aperture, thus giving a picture 
which is less bright. Also, they result in 
barrel distortion when used with the 
standard projection tube, since this tube 
has a convex face, and the refractive 
system requires a flat face, or ideally a 
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Elements of Schmidt reflective 
system 


Figure 13. 
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Figure 14. Block diagram of interchannel 
sound system 
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concave face tube. Attempts made to 
eliminate this distortion by the use of 
field flattening lenses have not been en- 
tirely successful to date. Undoubtedly a 
suitable tube can be developed and pro- 
duced when the refractive system is de- 
veloped to the point where it will be 
equivalent to the Schmidt reflective sys- 
tem in cost and performance. 


Intercarrier Sound System 


An item which is of particular interest 
for the future is a new method recently 
proposed to industry by R. B. Dome of 
the General Electric Company for deriv- 
ing the sound signal in a television re- 
ceiver. This new system is known as the 
intercarrier sound system. 

In past and present television receivers 
the sound signal is received, amplified, 
and heterodyned by the same radio fre- 
quency circuits and tube employed for 
the picture signal. The sound signal or- 
dinarily then is separated from the video 
early in the video intermediate frequency 
stages. It then is amplified in its own in- 
termediate frequency channel and de- 
tected. 

In the intercarrier sound system, how- 
ever, the sound signal is not separated 
from the video in the intermediate fre- 
quency channel at-all. Instead, both the 
sound carrier and the picture carrier are 
allowed to be detected in the second video 
detector. These two carriers beat to- 
gether to produce a 4.5-megacycle beat 
note since the two carriers are separated 
by 4.5 megacycles. This 4.5-megacycle 
beat note will be frequency modulated 
with the audio modulation of the original 
sound carrier. 

This 4.5-megacycle carrier is separated 
conveniently from the video signal at 
the input to the picture tube. It then 
is amplified, limited, and detected as is a 
conventional frequency modulated sig- 
nal. Figure 14 shows a block diagram of 
the system. 

The chief advantage of this system is 
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that the exacting requirements of local 
oscillator ‘stability are removed largely 
because the 4.5-megacycle carrier is in- 
dependent of the local oscillator fre- 
quency and is dependent only on the 
stability of the two carrier frequencies as 
radiated by the television transmitters, 
and these, of course, are crystal con- 
trolled. Thus it is only necessary to have 
a stable 4.5-megacycle discriminator and 
channel. To the receiver owner this 
means that objectionable drift of the 
receiver, which sometimes makes retun- 
ing necessary, is almost eliminated. This 
is a tremendous help. 

For best operation some minor addi- 
tional requirements are placed on the 


transmitter. One of these requirements 
is that there be no frequency or phase 
modulation of the picture carrier. An- 
other is that the picture carrier not be al- 
lowed to drop to zero at any time, even 
when transmitting white. Standards for 
these items are being sponsored by RMA, 
and when they finally are adopted by the 
Federal Communications Commission and 
industry then the intercarrier sound sys- 
tem may be incorporated in most receiv- 
ers. It appears that such standards will 
be adopted soon. The adoption of these 
additional standards in no way will cause 
obsolescence of present-day receivers. 

As a concluding remark the author 
should like to emphasize that well-de- 


signed postwar television receivers are 
much superior to the prewar receivers 
both because of improved circuit tech- 
niques, as partly discussed in this paper, 
and also because of greatly improved pic- 
ture tubes which afford much greater 
brilliance, detail, and contrast. This is 
especially noticeable in regards to fine 
detail, and contrast. Therefore it be- 
hooves a prospective purchaser to be cer- 
tain he buysa strictly modern receiver, 
incorporating the latest advances in the 
art, if he does not wish to be doomed to 
disappointment. Very excellent televi- 
sion reproduction is now an established 
reality, but it can be obtained only by 
using well-designed receivers. 
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No Discussion 
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Television Network Facilities 


L. G. ABRAHAM 
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Synopsis: This paper describes television 
network facilities which are needed to con- 
nect studios and other pickup points to 
transmitters in the same and in distant 
cities, and discusses their transmission 
characteristics. Short-haul television cir- 
cuits may be by microwave radio or over 
wire circuits. Long-haul television connec- 
tions may be by radio relay or over coaxial 
systems of the type originally developed for 
carrier telephone circuits. Transmission 
requirements include adequate frequency 
band, accurate gain and phase equalization, 
and freedom. from interference resulting 
from excessive noise, crosstalk, or modula- 
tion. Radio and wire systems are under 
development to~ provide extensive high- 
quality television networks. 


ORE than a quarter of a century of 
experience in the broadcasting of 
sound programs has demonstrated the 
necessity for interconnection of broad- 
casting stations. Only because the same 
program thus can be brought simulta- 
neously to millions of listeners is it eco- 
nomically possible to present famous or- 
chestras, singers, actors, and comedians. 
In no other way can on-the-scene sports 
and news events be brought to a nation- 
wide audience. Television, with its still 
more costly programs and its even greater 
effectiveness for on-the-scene events, 
obviously also will require network inter- 
connections if it is to become the impor- 
tant source of information, education, 
and entertainment that is predicted. 
The provision of these network facili- 
ties will be a big job. Indicative of the 
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magnitude of the undertaking are the 
present-day sound program networks 
which may serve well as a pattern for 
future television networks. These sound 
program networks reach into every sec- 
tion of the country, serve more than 95 
per cent of the approximately 1,000 stand- 
ard broadcasting stations and employ 
135,000 miles of program facilities. They 
represent an investment which is about 
one-half as much as the total investment 
by all of the nation’s broadcasters in 
transmitters, studios, and other physical 
plant. 


The normal development of transmis- 
sion facilities to handle the nation’s com- 
munications needs is paving the way for 
television networks. The tremendous 
growth in demand for communications 
has encouraged the development of means 
for transmitting many telephone or tele- 
graph messages over a single wide-band 
channel. The number of messages which 
can be-handled simultaneously has been 
increasing year by year until now channels 
ate available each of which can handle 
hundreds of telephone conversations. 
Television, which uses a frequency space 
equal to that of hundreds of telephone 
messages, can be carried over this same 
kind of very wide band channel, and thus 
benefit by the joint use of the facilities 
provided for the many other communica- 
tions needs. - 


Television station connection facilities 
divide naturally into two classes. 


1. Short-haul circuits from program pickup 
point to studio, from studio to associated 
transmitter, and from studio to network con- 
nection. ef 

2. Long-haul circuits between different 
cities to form television networks. 


Three methods are available for providing 
these circuits—wire pairs, coaxial cables, 
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and radio. In a comprehensive network, 
all three of these methods may be used. 


Short-Haul Television Circuits 


BALANCED PAIRS 


Wire pairs in ordinary telephone cables 
are used quite generally for television 
circuits within cities. They require cer- 
tain special preparation, such as removal 
of bridged taps, removal of loading, spe- 
cial splicing between cables to obtain the 
most favorable routing, and in some cases 
special measures to reduce noise. Am- 
plifiers are provided at short intervals to 
provide good signal-to-noise ratio, the 
exact spacing depending principally upon 
the wire gauge and the availability of 
suitable amplifier locations. For a typical 
case, the loss at four megacycles averages 
about 60 decibels per mile and an ampli- 
fier spacing of about one mile is used. © 
Telephone buildings sometimes are not 
available at the desired amplifier loca- 
tions, so use has been made of rented space 
adjacent to the cable routes. Amplifiers 
are now under development which can be 
placed in manholes if necessary and can 
have power for their operation sent to 
them over telephone pairs. 

Where several television services are 
needed along a route or where a lower 
loss facility is advantageous, polyethy- 
lene-string-insulated shielded pairs of the 
type shown in Figure 1 are being included 
in certain new local cables to form back- 
bone television networks within large 
cities. These have a loss at four mega- 
cycles of about 18 decibels per mile, and 
any desired number can be placed in a 
cable without crosstalk difficulty. 

Coaxial cables are being used for rela- 
tively short video circuits, generally with 
arrangements to reduce the effect of low- 
frequency noise induction. 

About 30 short-haul television ‘circuits 
ranging in length up to more than ten 
miles have been in use during the past 
year, employing these different kinds ot 
wire facilities. Some of them have been 
in service for regularly recurring programs 
over a period of several years. The 
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Figure 1. 


+ 
LY) 


Video balanced pair 


oe 


RESPONSE —db 
o 


1 
nN 


1000 . 
FREQUENCY - KILOCYCLES 


Figure 2. Attenuation characteristics of typical local video circuit 


characteristics of a typical circuit of this 
type are shown in Figure 2. 


MICROWAVE RADIO 


Radio facilities for short-haul television 
circuits are described in a companion 
paper.° They are especially promising 
for unusual geographical situations, and 
while the present system is applicable pri- 
marily to permanent installations, they 
also would be useful for temporary pick- 
ups. When a pickup of a special news or 
sports event from a given spot occurs only 
occasionally, the radio link may be advan- 
tageous because it can be installed more 
quickly than a permanent type of wire 
link. Also, for a case like that between 
several Hollywood studios and their pro- 
posed Mount Wilson broadcasting sta- 
tions, wire video circuits would require a 
long and circuitous route, with many am- 
plifiers, whereas a single link direct radio 
path can be obtained. However, radio 
circuits at microwave frequencies need 
line-of-sight transmission paths. Fad- 
ing effects must be taken into account by 
allowing margins over the requirements 
for normal conditions. Through use of 
highly directive antennas, low power can 
be used and difficulties with interference 
and ghosts resulting from reflections 
minimized. These radio circuits have 
been used successfully for several pickups 
and demonstrations, an interesting ex- 
ample being a 2-link circuit between West 
Point and New York. In some cases, 
combination wire and radio circuits have 
been used, the wire video facilities being 
employed to reach favorable radio sites. 


Long-Haul Television Circuits 
For television circuits interconnecting 


studios in different cities, coaxial cable 
and radio relay are the most suitable 


460 


methods. It is quite possible that a 
comprehensive broad-band communica- 
tion network in the future will consist 
of combinations of these facilities, each 
being used where conditions are. best 
adapted to it. The status of the micro- 
wave radio relay first will be described 
briefly and then the coaxial cable system 
will be reviewed in some detail with spe- 
cial emphasis on the features of interest 
for television transmission. 


MICROWAVE RADIO RELAY 


Radio operation at frequencies below 


about 30 megacycles has been used for 
point-to-point communications for many 
years. However, it has been applied 
principally where the use of wire lines 
was impracticable. Wire communica- 
tion channels have desirable characteris- 
tics which have heretofore been lacking 
in radio, that is, an unlimited number can 
be established, the energy is precisely 
directed, they can be made very stable, 
and noise and interference can be con- 
trolled. With the development of tech- 
niques permitting the use of frequencies 
of thousands of megacycles, radio is be- 
ginning to approach wire lines in these 
respects. These improved characteris- 
tics permit the extension of radio over 
long distances by the use of repeaters, a 
method which has long been used for 
wire lines. 

Experiments are now under way to 
determine the practicability of radio re- 
lay from the standpoints of cost, perfor- 
mance, and reliability. As part of the 
Bell System experiments, a full scale 
radio relay system is being established. 
between New York and Boston. Some 
interesting features of this system are 
1. It will employ seven intermediate radio 
repeater points, the average spacing being 


about 27 miles for a total circuit length of 
about 230 miles. These repeaters are 
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located on high points of ground so that a 


direct line-of-sight path is available be-- 


tween adjacent repeaters. 


2. The system will employ frequencies in 
the vicinity of 4,000 megacycles. A total of 
four channels will be established, two in 
each direction of transmission. A  fre- 
quency assignment 20 megacycles wide has 
been obtained for each channel. It is prob- 
able that frequency modulation will be used 
and that a usable frequency band of at least 
four megacycles will be obtained for tele- 
vision transmission. Tests also wilk be 
made in the transmission of large bundles of 
telephone circuits. 


3. The antennas will be horns with 10- by 
10-foot apertures equipped with metal lenses 
to focus the radio waves.!* These antennas 
give a gain of about 40 decibels, so that the 
normal attenuation of a 30-mile-path be- 
tween transmitters and receivers equipped 
with such antennas is less than 60 decibels. 
With a suitable allowance for fading, a 
satisfactory signal-to-noise ratio can be 
obtained for the number of sections in- 
volved in this experiment using transmitting 
power in the order of one watt. 


It is expected that the New York— 
Boston system will be in experimental 
service before the middle of 1947. A 
similar system having four links looped 
back and forth between New York and 
Murray Hill, N. J., for a total length of 
85 miles, has been undergoing tests for a 
number of months. Preliminary indica- 
tions are that satisfactory television oper- 
ation between New York and Boston can 
be provided by this means. 


COAXIAL CABLE SYSTEMS 


Coaxial cable systems now have gone 
far beyond the experimental stage so that 
more can be said about them than about 
radiorelay. Several hundred miles of this 
cable have been in commercial usefor tele- 


phone purposes for a number of years and: 


great progress has been made in the con- 
struction of a nation-wide coaxial cable 
network since the war. As of January 1, 
1947, about 4,000 route miles of coaxial 
cable had been placed in the ground and 
constructioniscontinuing. Figure3 shows 
the cables now in place or under construc- 
tion and the extensions planned for the 
next three or four years. The coaxial 
routes shown on this map total about 
12,000 miles. It is expected that early 
1948 will see the Southern coaxial cable 
route ready for telephone service to points 
asfar west as Los Angeles, and that by the 
end of 1948, the Central coaxial route will 
extend from New York to Chicago and St. 
Louis. The whole program indicated on 
the map may be completed by 1950. 
Coaxial cable between Philadelphia 
and New York was used for experimental 
television service in 1940 when the pro- 
ceedings of the Republican National Con- 
vention at Philadelphia were transmitted 
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to New York and broadcast by the Na- 
tional Broadcasting Company’s television 
station. Following the war, these ex- 
periments were expanded, and now tele- 
vision circuits are in experimental service 
in both directions between New York and 
Washington. More than a hundred pro- 
grams have been transmitted over these 
circuits, including such outstanding events 
as the National Broadcasting Company’s 
pickup of the Army-Navy games from 
Philadelphia in 1945 and 1946, the in- 
auguration of the new Dumont Studios, 
and Columbia Broadcasting System’s 
test programs in full color. 

The general features of coaxial systems 
have been covered in previous papers.” 
However, certain changes have been made 
and a brief review may be of interest in 
considering their use for television trans- 
“mission. 

The construction of the coaxial conduc- 
tors and their arrangement in a cable are 
shown in Figure 4. The present standard 
coaxial line has an outer conductor with 
an inner diameter of 0.375 inch rather 
than the 0.27-inch diameter described in 
previous papers. Polyethylene rather 
than hard rubber is used now for the in- 
sulating disks which are 0.08 inch thick 
and are placed one inch apart. This 
larger size coaxial conductor has about 
70 per cent.as much attenuation per mile 


emmem==e (Coaxial Cable - in service or under construction 
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as the smaller, thus permitting wider 
spacing of repeaters. 

Most cables contain eight coaxial con- 
ductors together with a number of paper- 
insulated wires for maintenance purposes. 
Layers of ordinary telephone pairs may 
be placed around the coaxial core for 
short-haul service needs. These cables 
are buried directly in the ground or 
placed in underground conduit. When 
placed in conduit, the cable may have a 
plain lead sheath or, in addition, may use 
corrosion protection. When buried, the 
cable is protected against corrosion and, 
in addition, may have lightning protection 
in the form of thermoplastic layers and a 
copper jacket or mechanical protection 
in the form of steel tapes or wires. 

Figure 5 shows the impedance, attentua- 
tion, and phase delay characteristics of 
the 3/8-inch coaxial cable up to five mega- 
cycles. Limited measurements up to 
several thousand megacycles indicate that 
coaxial cables can be used for much 
wider frequency bands, the main inhibit- 
ing factor being that the attenuation in- 
creases about as the square root of the 
frequency. 

Figure 6 shows the general layout of 
coaxial systems. Present arrangements 
provide. a usable frequency band from 
about 64 to 3,100 ke and employ repeaters 
on 0.375-inch coaxial lines at about 8-mile 


Figure 3. Coaxial cable and radio relay net- 
works—January 1, 1947 
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intervals, Most of these are auxiliary 
repeaters which are housed in small closed 
huts not requiring heat or power connec- 
tions. These huts are designed to have 
very small inside daily temperature fluc- 
tuations which, combined with the general 
use of underground cable, reduce over-all 
transmission variations caused by tem- 
perature changes in a short period to such 
small proportions that good equalization 
can be maintained. Auxiliary repeaters 
are fed 60-cycle a-c power over the central 
conductors of the coaxial cables from 
main repeater stations which are spaced 
up to 165 miles apart. 

Variations in loss caused by tempera- 
ture and other changes are compensated 
for by regulators associated with alternate 
repeaters which continuously and auto- 
matically measure the output level of a 
2,064 ke pilot frequency and adjust the 
amplifier gain to maintain a substantially 
constant output level. Supplementary 
regulation and equalization is provided at 
the main repeater stations under control 
of four pilot frequencies sent over the 
coaxial line at 64, 556, 2,064 and 3,096 ke. 

The 64-3,100-ke frequency band pro- 
vided by the present coaxial line may be 
used either for telephone or for television 
transmission. When used for telephone 
service, terminals are provided for up to 
600 circuits as required. When used for 
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Figure 4. Makeup of 
coaxial cable 


Figure 5 (below). 

Characteristics of 

0.375-inch coaxial 
cable 
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television service, the video signals to be 
transmitted are moved by double modula- 
tion to a carrier frequency of 311 ke, with 
the upper side band extending to about 
3,100 ke and a vestigial lower side band 
extending down to about 200 ke. At the 
receiving end, the signals are restored to 
the video range by two more steps of 
modulation. 

Sound for the television program is 
provided in the range from 76 to 88 ke by 
means of single side-band program ter- 
minals which give an 8-kc band. -Wider 
bands can be provided if needed. 

Many features have been included in 
the system to insure continuity of service. 
The cables generally are buried deep in 
the earth or put in conduit, are protected 
against corrosion, lightning, or mechani- 
cal damage, as described previously, and 
are maintained under gas pressure with 
alarms to indicate any leak in the outer 
sheath, so that repairs can be made before 
failure occurs. Each stage of amplifica- 
tion in the repeaters has parallel tubes 
and one tube in any stage may fail to 
function without interrupting service. 
Pilot alarms at each auxiliary repeater 
warn the nearest attended station of ex- 
cessive pilot frequency deviations. The 
power supply is arranged. so that if com- 
mercial power fails, a-c power will be 
supplied automatically from large storage 
batteries through rectifier-inverters . or 
motor generators. Gas engine genera- 
tors are available if the commercial power 
should be off for some time. Finally, a 
spare line is provided in each direction 
through each switching section, which 
may be up to 200 milesin length. When- 


ever-a given coaxial line fails or gets out’ 


of limits, the spare line is switched auto- 
matically in its place so quickly that not 
a word is lost in any of the telephone con- 
versations: in progress, and an alarm is 
given so that the trouble may be cleared. 


‘ 


System Characteristics 


The principal technical characteristics 
of a network for the transmission of tele- 
vision pictures are 


1. The usable frequency band. 
2. Echoes and gain and phase deviations. 
3. Noise, modulation, and crosstalk. 


FREQUENCY BAND 


The present coaxial system provides an 
effective video band about 2.8 megacycles 
in width. This gives a very respectable 
picture. Even color television has been 
transmitted over a 450-mile circuit of this 
type with acceptable results. 


The short-haul wire and radio facilities 
give video band widths of about four 
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Figure 6 (above). General layout of coaxial 
cable systems 
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Figure 7 (below). Attenuation and phase 
deviation of New York-Washington television 
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megacycles, and the same band width is 
contemplated for the long-haul radio re- 
lay system to be tried out between New 
York and Boston. 


EcHoes, GAIN, AND PHASE DEVIATIONS 


Echoes caused by reflections from ob- 
jects in a radio transmission path or from 
impedance irregularities in a coaxial cable 
cause ghosts in television pictures. These 
reflections also cause deviations in the 
gain and phase characteristics of the cir- 
cuits. Conversely, gain and phase de- 
viations resulting from causes other than 
reflections give the same sort of picture 
ghosts as do echoes resulting from reflec- 
tions. 

A large echo with a delay of, for ex- 
ample, three microseconds, produces a 
ghost about one-half inch to the right of 
the original object on a 10-inch picture 
screen. Such ghosts may be positive, 
(for example, a dark ghost of a dark ob- 
ject), or negative, (for example, a light 
ghost of a dark object). They may have 
a frequency characteristic caused by 
greater reflections in one part of the band 
than in another. For example, a high- 
frequency echo might reproduce com- 
pletely a ghost of a thin vertical line such 
as a flagpole, but the ghost of a wider ob- 
ject would show only at its edges. How- 
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ever, with only fairly low video frequen- 
cies (that is, near the carrier) present in 
the echo, the wide object might have a 
large ghost but with blurred edges, while 
the flagpole might not have a noticeable 
ghost. Very short delay echoes produce 
picture ghosts so slightly displaced that 
they merely blur the edges of the sharp 
discontinuities in the picture or affect 
overshoots which outline such sharp 
discontinuities. Therefore somewhat 
greater amounts are allowable. 

It is possible to analyze the measured 
gain and phase characteristics of a circuit 
and predict the magnitude and placing of 
the resultant picture ghosts. For ex- 
ample, if there is a +0.8-decibel gain de- 
viation with a corresponding =6-degree 
phase deviation, each recurring regularly, 
the picture will have ghosts about 20 
decibels down lagging the main signal. 
However, if the gain deviations were 
present without the phase deviations (or 
vice versa), there would be both lagging 
and leading ghosts, each weaker than the 
single ghosts just described.® 

Gain and phase deviations in the video 
band at frequencies ‘below the line scan- 
ning rate of +15.75 ke have a different 
effect than such deviations at higher 
frequencies. This is because they dis- 
tort the pictures by making successive 
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horizontal lines fail to match up. Also, 
the use of vestigial side-band transmission 
requires special attention to phase devia- 
tions at frequencies near the carrier to 
insure that the two frequencies on either 
side of the carrier combine properly to 
form one in the final picture. 

Ghosts in television broadcast recep- 
tion have been the subject of considerable 
investigation, and means for minimizing 
these effects are an important part of the 
broadcasting and receiving aspects of 
television. The magnitude of the echoes 
normally encountered in coaxial cables 
are much smaller, but to provide good 
transmission over long distances, echoes 
caused by reflections are reduced by care- 
ful manufacture and installation of the 
coaxial cables. Tests to check this fea- 
ture are made by means of the pulse echo 
method as described in a forthcoming 
paper.14 The desired gain and phase 
characteristics are obtained by means of 
gain and delay equalizers introduced at 
the main repeater stations. Figure 7 
shows the over-all gain and phase devia- 
tions obtained on a 225-mile New York— 
Washington television circuit. Televi- 
sion pictures have been transmitted ex- 
perimentally over 800-mile circuits with 
satisfactory results. 


NoIsE, MODULATION, AND CROSSTALK 


Systematic noise caused by harmonics 
of 60 cycles may produce very objection- 
able patterns on the picture, and resist- 
ance noise may produce general fuzziness 
and a boiling effect. Noise may be re- 
duced by raising the level of the signal, 
but this tends to increase the modulation 
in the repeaters. Modulation may show 
up as spurious patterns generally associa- 
ted with sudden changes in picture bright- 
ness or may cause interference with the 
pilots which are used for regulating the 
circuit. Also, modulation into the sound 
program channel may occur. On the 
New York-Washington coaxial circuit, 
a ratio of peak video signal-to-peak noise 
of about 54 decibels was obtained experi- 
mentally. 

Crosstalk from another system tends 
to produce interference which shimmers, 
causes moving diagonal patterns, or super- 
imposes a weak copy of the picture from 
theothersystem. This requires special at- 
tention when ordinary telephone pairs are 
used for video circuit. Where shielded 
pairs are used and in coaxial cables cross- 
talk is not generally a serious problem. 


Future Prospects 


The trend to wider and wider frequency 
bands no doubt will continue. These 
wider bands will be needed to handle the 
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ever increasing demand for communica- 
tions and perhaps for greater definition or 
color television. Such wider band cir- 
cuits are already under development by 
the Bell System. 

Short-haul video circuits now generally 
transmit up to about four megacycles, but 
very short studio-transmitter links have 
been equalized up to ten megacycles. If 
such very wide band video links are 
needed for general local use, they can be 
provided by wire orradio. 

The radio relay system being tried out 
between Boston and New York is de- 
signed for 4-megacycle television trans- 
mission over about 250 miles. Further 
developments are expected to make pos- 


sible considerably longer -circuits and, in- 


the more distant future, wider frequency 
bands. 

A new coaxial system now under de- 
velopment will use the present coaxial 
cable, and will permit one direction of 
transmission for several hundred tele- 
phone channels plus a wide band tele- 
vision channel on each coaxial line. If 
still wider bands are needed for color 
transmission or for greater detail pic- 
tures, this system could provide a band 
of the order of seven megacycles if used 
only for television purposes. Very much 
wider bands could be provided over co- 
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axial systems, perhaps by the use of new 
types of amplifiers. These techniques 
may be applicable to radio relay sys- 
tems also. 

Still further in the future appear to be 
long distance circuits over wave guides 
and this possibility is being studied. 
Wave guides are merely hollow tubes 
without central conductors. These pro- 
vide transmission paths for enormously 
wider bands sealed away from interfer- 
ence of all sorts. ‘ 

It is quite clear that the future holds 
promise for advances far beyond our 
present status. 
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A New Microwave Television System 


J. F. WENTZ 
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Synopsis: A microwave point-to-point 
radio system is described which is designed 
for the transmission of television programs. 
This system is intended to supplement wire 
facilities for local distribution of television 
signals from pickup points to studios or 
from studios to broadcast transmitters and 
to long distance network terminals. The 
circuits and equipment are described in 
detail. Performance obtained in-~ tests 
during 1946 is given. 


HE EXPECTED DEVELOPMENT 
Wa a national television network con- 
sisting of coaxial cable and radio relays 
will require, in addition to the intercity 
facilities, means for connecting pickup 
points with studios, and studios with 
transmitters or other switching points. 
These may be provided by wire lines or 
radio links, whichever proves to be more 
practical. In the past, wire lines equipped 
with video amplifiers have provided 
most of these end connections.! The 
advent of microwave techniques makes 
it feasible to utilize radio for these termi- 
nal connections where this method of 
transmission is suited to the purpose. 

This system was designed by Bell Tele- 
phone Laboratories, particularly for fixed 
locations where the transmitter or the 
pickup point might be so isolated that 
wire video lines would not be practical. 
It was designed as a single link system, 
but in experimental tests has been oper- 
ated with two links in tandem. 


Method of Operation 


This system operates on a frequency 
modulation basis, using frequencies from 
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3,900 to 4,400 megacycles. A 4-5-mega- 
cycle video signal can be accommodated. 

In order to provide protection from 
extraneous interference and to minimize 
the chance of interference with other mi- 
crowave systems which might be oper- 
ating nearby at approximately the same 
frequency, it is proposed to utilize 
shielded lens antennas.? However, on 
short links where local conditions permit, 
less directive parabolic reflectors may be 
used. More than one channel may be 
multiplexed on the same antenna and 
this system provides pairs of filters for 
2-channel operation. Of the two pres- 


ently used pairs one is located at 3,930 


and 4,130 megacycles, the other at 3,970 
and 4,170 megacycles. 


Transmitter . 


The microwave transmitting equip- 
ment for one channel in a cabinet at- 
tached to the rear of the antenna is shown 
in Figure 1. The video signal can be 


Figure 1. Transmitter 
radio frequency cabinet 


‘y 
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transmitted to it over a short length of 
coaxial cable making it possible to locate 
the control and power supply equipment 
in a sheltered position. This cabinet is 
shown on Figure 2. The present design 
has separate transmitting and receiving 
antennas, but each terminal can be 
equipped with filters for two one-way 
channels on the same antenna. 

The microwave oscillator is adjustable 
to the allotted station frequency and de- 
termines the midband frequency which is 
transmitted. Metering circuits are pro- 
vided for indicating departures from the 
designated frequency during idle periods 
in the program. A functional diagram of 
the transmitter is shown in Figure 3. 


Receiver 


At the receiving end, the radio fre- 
quency components again are located in a 
cabinet directly behind the antenna which 
is multiplexed for 2-channel reception. 
This terminal is shown in Figure 4. In 
addition to the radio frequency detector 
and beat frequency oscillator, this cabinet 
contains several stages of intermediate 
frequency ‘amplification to permit locat- 
ing the main intermediate frequency 
amplifier and control equipment at some 
distance from the antenna. The control 


Figure 2. Transmitter control cabinet 


cabinet is shown in Figure 5. The inter- 
mediate frequency is 65 megacycles, de- 
termined by means of an automatic fre- 
quency control circuit operating on the 
receiving beat frequency oscillator. In- 
termediate frequency and video ampli- 
fication following the second detector is 
sufficient to deliver a 1-volt peak-to-peak 
signal to audio or video line equipment. 
The complete functional diagram of the 
receiver is shown in Figure 6. 


Power Supply 


The system operates from a 115-volt 
60-cycle supply. This supply. will be 
quite variable both in voltage and fre- 
quency in certain locations so the equip- 
ment has been designed with regulated 
rectifiers and line voltage regulators so as 
to eliminate fluctuations in the radiated 
frequency and transmission character- 
istics over a wide range of supply voltages. 


Transmitter Details 


The transmitter, shown in functional 
diagram on Figure 3, is arranged for single 
channel operation. The video signal on 
either balanced (110-ohm impedance) or 
unbalanced (75-ohm impedance) cable is 
applied through an adjustable attenuator 
to the video amplifier. The equipment is 
designed to accept the standard input 
signal of 2.00 volts peak to peak with an 
allowable range of 0.75 volt to 10.0 volt 
peak to peak. 

The 3-stage video amplifier uses two 
6AC7 tubes and one 6AG7, with cathode 
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Figure 3. Transmitter—block diagram 


feed-back coupling. The grid resistor of 
the third stage is shunted by a germa- 
nium crystal diode to improve perform- 
ance at high signal levels. Output 
from the amplifier is obtained from a 
6AG7 cathode follower, which feeds the 
repeller of the transmitting tube through 
a short length of RG-63/U cable. The 
cathode of this tube is connected through 
the load impedance to a regulated, but 
adjustable, —250-volt power supply, and 
adjustment of this voltage may be used to 
vary the operating frequency of the trans- 
mitter through a small range. A moni- 
toring jack is provided to allow inspection 
of the signal actually being supplied by 
the video circuit to the radio frequency 
equipment. 


The cathode follower output tube also’ 


feeds a 2-stage voltage amplifier and 
diode ‘“‘clamp”’ circuit, connected in such 
a manner as to bring the potential of the 


Figure 4. Receiver 
radio frequency cabinet 
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cathode follower grid to the negative sup- 
ply voltage during the start of each hori- 
zontal synchronizing pulse. The func- 
tion of this clamp circuit is to establish an 
arbitrary reference voltage (direct cur- 
rent) for each picture line, and therefore 
to minimize low frequency distortion or 
interference. 


Radio Frequency Unit 


Figure 1 shows the transmitter radio 
frequency cabinet with doors opened. 
This cabinet has reserve space to allow 
installation of equipment for a second 
channel, using the same antenna. The 
transmitter tube is mounted in a shield 
can attached to the 1-by-2-inch wave 
guide at the lower right of the cabinet. 
This tube is similar to the beat oscillators 
used in radar receivers but operated at a 
higher power level. Figure 7 shows a 
typical curve of the change of frequency 
of the transmitting tube and the power 
output variation as a function of repeller 
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Figure 5. Receiver control cabinet 


voltage. The modulating voltage nor- 
mally used with the system is ten volts, 
peak to peak, giving a total frequency 
swing of four to five megacycles. The 
available radio frequency output power 
over this range is about 0.4 watt. 

From the transmitting tube the modu- 
lated radio frequency energy travels in 
wave guide through a directional coupler 
to the antenna. The directional coupler 
is a device which feeds a small portion 
of the outgoing energy into the monitor 
circuit, which consists of an absorption 
frequency meter and crystal rectifier. 
Meters are provided for reading the 
crystal current in the radio frequency 
cabinet and in the video control cabinet. 
Means also are provided to connect a 
frequency and power measuring test 
set for maintenance checks and for cali- 
bration of the transmitter. : 

Two types of antenna may be used 
with the system. For long hauls, a 
shielded lens antenna of aperture ten 
feet square is desirable. A smaller 
shielded lens antenna of aperture five by 
seven feet can be used under less severe 
requirements. For temporary circuits 
over short distances, a parabolic screen 
antenna of 57-inch diameter may be used. 
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. Figure 6. Receiver—block diagram 


The gains of these antennas, referred to 
an isotropic radiator, are 39, 35, and 33 
decibels, respectively. 


Transmitter Power Supply 


The power supply voltages for the 
transmitter are obtained from three 


‘separate regulated rectifiers, one for each 


voltage required. The transmitter tube 
requires plus 450 volts, while the repeller 
electrode operates at about minus 250 
volts. The video amplifier is operated 
at plus 300 volts. As the 10-volt modu- 
lation voltage is applied to the repeller, 
already at a high negative voltage, it 
is evident that very good power supply 
regulation must be maintained to prevent 
modulation of the output frequency by 
power supply ripple or line fluctuation. 
In addition, when transmitting television 
pictures, the picture content will affect 
the video amplifier plate current drain 
so that rapid load fluctuations cannot be 
avoided. Figure 8 shows a circuit diagram 
of one of the power supplies. Regulation 
is obtained by series regulating tubes, 
controlled by a 2-stage high gain d-c 
amplifier. The line voltage ripple in 
the 300-volt output is reduced to about 
one millivolt, and the impedance looking 
back into the power supply is less than 


one-half ohm at frequencies less than 


ten ke. The other rectifiers are similar. 


Receiver Details 


Figure 4 shows the receiver radio 
frequency cabinet with doors opened. 
The received energy passes in wave 
guide through a directional coupler and 
channel separation filter into a balanced 
crystal converter. The filter consists 
of two resonant wave guide sections, 
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separated by a short length of wave guide. 
The converter is a wave guide hybrid 
structure which minimizes the beat 
oscillator energy in the signal path, 
prevents loss of signal energy in the beat 
oscillator path, and gives some balance 
against beat oscillator noise at signal 
frequency. The 65-megacycle  inter- 
mediate frequency output is obtained at 
a 75-ohm impedance level by means of 
tuned transformer windings built into 
the converter. 

Repeller voltage of the beat oscillator 
tube is used for manual tuning, for 
automatic frequency control, and to sweep 
the frequency for alignment of the re- 
ceiver. The beat oscillator output is 
fed through an adjustable wave guide 
attenuator and an absorption frequency 
meter to the converter. The crystal 
current of either crystal may be read on 
meters in the radio frequency and video 
cabinets, and this current is used for 
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Figure 7. Transmitter—frequency deviation 
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indication of frequency meter resonance. 
The beat oscillator operates above the 
signal frequency and is so adjusted that 
the intermediate frequency output during 
the synchronizing pulse is 63 megacycles. 
As the transmitter is so connected that 
white or positive picture signals cause a 
reduction of signal frequency, the varia- 
tion of intermediate frequency will be 
from 63 megacycles upward to about 
68 megacycles during scanning of a white 
element of the picture. 

The intermediate frequency pre- 
amplifier which follows the converter 
has three stages, giving a gain of about 
35 decibels with a band width of about 
14 megacycles. The first stage of this 
amplifier is a 6/4 tube in a grounded grid 
circuit. This is followed by two stages 
using 6AK5 tubes. 

The output of the preamplifier is carried 
in 75ohm coaxial cable to the main 
intermediate frequency amplifier in the 
receiver video cabinet. This lead may be 
any reasonable length since the signal is 
now at a moderately high level. 

The main intermediate frequency 
amplifier consists of a 6J4 grounded grid 


stage followed by six 64K5 stages. A 


combination of single tuned, double 
tuned. and stagger tuned interstage 
* coupling circuits is used. Figure 9 shows 
a representative over-all response curve 
of the intermediate frequency system 
from signal input to intermediate fre- 
quency output. The maximum gain of 
the main intermediate frequency ampli- 
fier is about 60 decibels. Normally, this 
circuit operates with considerably less 
gain, because of operation of the 
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Figure 8. Typical power supply circuit 


automatic gain control circuit. — 

The intermediate frequency amplifier 
is followed by a 2-stage limiter, using 
6AK5 tubes. Because of the broad 
band and necessarily low impedance of 
these circuits, germanium crystal diodes 
are used as the nonlinear elements in 
the limiter circuit. Figure 10 is a simpli- 
fied schematic diagram of the limiter. 
The plate of the first 64K5 is trans- 
former coupled to a pair of biased ger- 
manium crystals which present a fairly 
high impedance for signal voltages less 
than the bias value, and quite a low 
impedance for voltages greater than the 
bias value. In the circuit shown, the 
clipping level is about two volts peak to 
peak for the first stage, and about six 
volts peak to peak for the second stage. 
In the latter, the diodes are effectively 
across an inductive plate load. The 
stage following the limiter circuit con- 
tains an output network which delivers 
about one volt rms into the discriminator. 
Figure 11 shows limiter output versus 
input response at the center and at the 
edges of the intermediate frequency 
band. 

The automatic frequency and gain 
control circuits also are activated from 
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Figure 9. Receiver response at intermediate 
frequency output 


the intermediate frequency amplifier. 
The input amplifier drives a discriminator 
network which provides a sharp cross- 
over characteristic centered at approxi- 
mately 63 megacycles. This feeds a 
balanced grid leak detector which de- 
livers at its plates a differential voltage 
proportional to the deviation of the 
frequency from 63 megacycles. This 
voltage drives a d-c amplifier and cathode 
follower which feeds the repeller of the 
radio frequency beating oscillator. A 
meter is provided to show the amount 
of control action being exerted by the 
automatic frequency control circuit, and 
thus the relative drift between the trans- 
mitting and receiving radio frequency 
systems. 

As the automatic frequency control 


Figure 10. Limiter circuit 
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must operate at a point in the signal 
which has the same frequency regardless 
of signal content, the first stage of the 
automatic frequency control circuit is 
gated by means of a positive pulse ap- 
plied to its screen. This gate pulse, 
which is generated in the video amplifier, 
permits the automatic frequency control 
amplifier to pass a burst of intermediate 
frequency signal to the discriminator 
circuit only during a short portion of the 
line synchronizing pulse. A switch is 
provided which permits operation of the 
system on manual tuning when this is 
desired. A second switch provides a 
test condition by means of which the 
frequency characteristics of the limiter 
and intermediate frequency stages may 
be determined. The latter superimposes 
about 20 volts of 60-cycle alternating 
current on the normal repeller voltage 
of the beat oscillator, which sweeps it 
through its normal tuning range at a 
60-cycle rate. By sending an unmodu- 
lated radio frequency test carrier into the 


converter and suitable detecting equip- 


ment, visual alignment of the inter- 
mediate frequency system can be made. 


The automatic gain control circuit 
consists of a single-stage intermediate 
frequency amplifier feeding a crystal 
detector, a 2-stage d-c amplifier and 
cathode follower output tube. The 
cathode follower output is a voltage in- 
versely proportional to the average 
amplitude of the intermediate frequency 
signal, and this is used to control the 
screen voltage of the first three 6AK5 
tubes in the main intermediate frequency 
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Figure 13. Discriminator response 


amplifier. The operating level. of the 
automatic gain control system is adjusted 
by changing the bias of the first tube 
of the d-c amplifier. A meter on the 
operating panel indicates the intensity 
of the signal being received. 
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The discriminator circuit is shown in 
simplified form in Figure 12. The dis- 
criminator frequency sensitive elements 
are two pieces of coaxial cable, each 
five-eighths wave-length long at 65 
megacycles. One of these sections is 
open-circuited, the other is  short- 
circuited. As the intermediate frequency 
is increased, the impedance presented 
by the open-circuited line will decrease, 
while that of the short-circuited line 
will increase, and as the intermediate 
frequency is decreased the reverse action 
will occur. As the germanium crystal 
rectifiers are connected across these line 
sections and are poled oppositely, the 
combination will provide the usual dis- 
criminator characteristic as shown in 
Figure 13. This circuit has been found 
easy to adjust and stable in operation. 

The discriminator output feeds the 
video amplifier through a gain adjusting 
potentiometer, variable over a range of 
about ten decibels in steps of one decibel. 
This amplifier is a 3-stage cathode 
coupled feed-back circuit with provisions 
for either 110 ohms balanced or 75 ohms 
unbalanced output. The maximum gain 
is about 20 decibels and the maximum 
output about two volts peak to peak in 
the 75-ohm load. 

A portion of the output of the video 
amplifier is used to drive an additional 
stage, which feeds a clipper tube, so ar- 
ranged as to transmit only the peaks of 
the synchronizing pulses. These are used 
to trigger a blocking oscillator, which 
delivers gating pulses of about 1.5 micro- 
seconds duration to the automatic fre- 
quency control circuit. The constants of 
the circuit are so chosen that in the 
absence of any signal, the blocking 
oscillator will gate the automatic fre- 
quency control circuit at a rate slightly 
slower than the line frequency. 

The receiver power supplies are gener- 
ally similar to those used in the trans- 


Figure 14. Receiver on Mount Wilson 
(Hollywood, Calif.) 
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Figure 15. Repeater 
on “Crows Nest” (West 
Point, N. Y.) 
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mitter, a separate regulated rectifier 
being used for each voltage required. 
The first two stages of the receiver video 
amplifier are operated with a d-c heater 
supply to minimize hum. 


Test and Alignment 


Desirable test equipment consists of a 
radio frequency signal generator, a fre- 
quency-power meter, a video test signal 
generator, and intermediate frequency 
detector unit, a test oscilloscope, and 
radio frequency and intermediate fre- 
quency attenuators. A picture monitor 
is also desirable but not necessary. A 


’ 


Figure 16. Over-all transmission characteristic 


vacuum tube voltmeter and d-c analyzer 
are convenient for trouble shooting. 
The procedure used in setting up a 
link for operation would depend on local 
conditions and type of antenna. Gener- 
ally, a telephone order wire would be 
useful in orienting the transmitter an- 
tenna for maximum energy at the re- 
ceiver end. The receiver antenna, of 
course, may be oriented by observation 
of the received signal level. A video 
test signal is applied next and examined 
with an oscilloscope at the receiver. If 
the received signal is consistently strong, 


470 


the test signal shows no transmission 
peculiarities, and little noise or inter- 
ference is observed when carrier alone is 
transmitted, then the circuit may be 
considered satisfactory. 

If no line-of-sight exists between trans- 
mitter and receiver, this may show as a 
weak or erratic signal or one with echoes 
which is very sensitive to small changes 
of transmitted frequency. A sun flash 
from a hand mirror may be of assistance 
in checking a doubtful path. 


Demonstration 


A transmission demonstration was 
made between Hollywood central office 
and the top of Mount Wilson in southern 
California on July 17, 1946. The Mount 
Wilson installation is shown in Figure 14 
as it was used for a later demonstration 
on August 22, 1946. On this occasion, 
two systems were looped on Mount 
Wilson so that both ends were available 
at the Hollywood end. 

While the equipment is not strictly 
portable, it was moved to other locations 
to pick up important events in the fall 
of 1946. Some of the earliest ones were 
at the Los Angeles Coliseum on August 
25, 1946, Burbank (Lockheed Airport) 
on September 9, 1946, and Pomona on 
September 15, 1946. Later a 2-link 
system was set- up between the United 
States Military Academy at West Point 
and New York and used first on October 
5, 1946, for the Army-Cornell football 
game. Figure 15 shows a_ repeater 
installation ontop of “Crows Nest” 
mountain. Figure 16 shows an over-all 
transmission characteristic of the system 
from transmitter video input to receiver 
video output. 
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Gas Pressure for Telephone Cables 
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Synopsis: Communication cables consist of 


a number of electric conductors insulated © 


from one another and encased in a metal 
sheath. This encasement is subjected to 
numerous hazards, such as those caused by 
electrolysis, crystallization, various kinds of 
mechanical damage, and lightning burns. 
Any damage to the sheath which will per- 
mit water to enter the cable will decrease the 
effectiveness of the insulation material and 
thus cause an impairment or an interruption 
to the service. The entrance of moisture 
through small openings in the sheath can be 
materially retarded when the space inside 
the cable, not occupied by the conductors or 
insulation, is filled with a gas maintained 
under controlled conditions. Nitrogen is the 
gas usually used for this purpose because it 
is inert and does not combine chemically 
with the conductors or insulation. In addi- 
tion the use of the gas provides a method of 
locating openings in the sheath by means of 
a pressure gradient, which is a material aid 
in cable maintenance. 


N 1926, the idea of making the cables 
} gastight. and maintaining them under 
continuous internal pressure was con- 
ceived along with the plan of providing 
some form of mechanical device which 
could be connected permanently to the 
cable and so arranged that a decrease of 
pressure would operate an electric alarm. 
The first work done in the field employing 
these principles was in the early part of 
1927, using dry nitrogen gas. From that 
date to the present time, there has been a 
continued development in the technique 
of employing gas under pressure for the 
purpose of keeping moisture out of the 
cables and as a means of locating small 
openings in the sheath. 


Service Considerations 


In utility work, service is the com- 
modity offered to the customer and reli- 
ability of service is a prime consideration 
in marketing service. 

With the advent of carrier develop- 
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ment, the number of circuits carried in a 
cable increased tremendously and the 
importance of avoiding interruptions to 
service increased proportionately. This 
is exemplified by the 225 voice frequency 
circuits afforded by a full size cable, which 
compares with a circuit possibility of over 
2,000 for a cable of the same size con- 
taining coaxials and paper insulated con- 
ductors operated on a carrier basis. 

To protect this concentration of cir- 
cuits from interruption, all of the long toll 
cable plant is maintained under gas pres- 
sure. As of March 31, 1946, the status of 
this work is indicated in Table I. 


Layout Considerations 


In order to apply gas under pressure to 
the practical maintenance job, it has been 
found desirable to install gastight plugs, 
at intervals, which will confine the gas to 
a limited length of cable. Figure 1 pre- 
sents a picture of a typical gas section. 

The length of cable included in one gas 
section will depend upon the resistance to 
the flow of gas in the cable and the degree 
of protection required. In general, this 
length is between 50,000 and 60,000 feet, 
but sections as short as 25,000 feet, or as 
long as 34 miles have been employed in 
actual practice. 

Because the gas is placed in the cable so 
as to prevent moisture from entering 
through small openings in the sheath, it is 
essential that a certain limited pressure 
range be maintained. In order to deter- 
mine when this pressure has reached the 
minimum limit, a low pressure warning 
device, called a contactor, is provided at 
regular intervals. This unit consists of a 
Bourdon tube and electric contacts with 
associated mechanical features, arranged 
in such a way that the electric contacts 
normally are held open by the pressure of 
the gas. When the pressure falls below a 
certain predetermined value, the contacts 
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close and place a short circuit across a 
pair of conductors, called the “alarm 
pair’, which operates an alarm in an ad- 
jacent attended office. Assuming a nor- 
mal underground or buried gas: section 
of 60,000 feet, one such contactor usually 
is placed about 5,000 feet from each end 
of the gas section and four others are 
spaced uniformly along the cable at - 
10,000-foot intervals. 

To provide a means of measuring the 
pressure of the gas, valves similar to those 
used in automobile tires are spaced fairly 
uniformly along the cable about 3,000 
feet apart. Some deviation from this 


Table |. Miles of Toll Cable Maintained 


Under Gas Pressure 


Toll Cable Maintained Under 
Gas Pressure 
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spacing, however, is permitted if the loca- 
tion of the valves can be made more ac- 
cessible to the maintenance personnel 
Such valves also are provided at the lo- 
cation of each contactor and on each side 
of the gastight plugs. 

In addition to contactors and valves, 
there also is provided at each contactor 
location a means whereby the mainte- 
nance forces can connect a telephone to a 
pair of conductors and establish communi- 
cation between these points and an at- 
tended telephone office. The pair of wires 
in the cable for this communication is 
commonly referred to as a ‘‘talking pair,” 
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which is stubbed out of the cable and 
connected to a terminal in a watertight 
housing. 


Pressure Ranges Used in Cable 
Work 


The alloys used in cable sheath and 
sleeves will withstand satisfactorily a 
unit stress of about 150 pounds per 
square inch without undue elongation. 
Stresses in the walls of cylindrical ob- 
jects, such as sheath and sleeves, caused 
by internal pressures, can be computed 
from the formula 


BJS ve 
where 


P=internal pressure in pounds per square 
inch <i ; 
S=unit stress in pounds per square inch 
T=wall thickness of the cylinder in inches 
d=inside diameter of cylinder in inches 


Applying the formula to both sheath 
and sleeves shows that the sleeve is con- 
trolling and that a 41/2-inch sleeve limits 
the pressure to a maximum of ten pounds 
per square inch. 

It does not appear desirable to estab- 
lish a nominal cable pressure equal to 
this maximum permissible sustained pres- 
sure of ten pounds per square inch be- 
cause of the likelihood of exceeding it as 
a result of an incorrect estimate of the 
temperature during charging, creepage of 
pressure regulators, and so forth. Ac- 
cordingly, a 1-pound tolerance has been 
established, resulting in a nominal cable 
pressure of nine pounds per square inch. 

From a protection to service stand- 
point, experience has indicated that a bur- 
ied or underground cable is fairly well 
protected, if the average pressure between 
a plug and a leak does not drop below two 
pounds per square inch, which is sufficient 
to withstand a hydrostatic head of four 
feet of water. For aerial cables this limit 
is reduced to one pound per square inch, 
as it is not necessary to keep out a head of 
water and the one pound per square inch 
is usually adequate to prevent moisture 
from being drawn into the cable at a 
sheath break with the temperature 
swings normally encountered. 

In addition to these upper and lower 
limits, some pressure range must be 
available to take care of normal losses be- 
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Figure 1. Typical cable 
gas plug section showing 
plugs, valves, contactors, 
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tween recharging periods, protection to 
service, contactor adjustment limits, and 
so forth. The pressure values used in 
practice are summarized in Table II. 


Fundamental Theory 


General familiarity exists regarding the 
laws governing the flow of water through 
pipes, and the analogy between this ac- 
tion and that of the transmission of an 
electric current over a conductor. In 
each case the rate of flow between any 
two points of the system depends upon 
the difference in pressure and the flow re- 
sistance offered by the conducting me- 
dium. The resistance to the flow is af- 
fected by such factors as the configura- 
tion, kind, and size of the conducting 
material. ; 

The flow of gases through pipes be- 
haves in a very similar manner. In look- 
ing at the cross section of a cable, the 
space under the sheath appears to be 
filled; however, the space between in- 
sulated conductors and the porosity of 
the insulation account for 50 to 70 per 
cent of the total volume, so that the cable 
is in reality a pipe partly filled with vari- 
ous types of materials. The air or gas 
space around the conductors provides 
numerous paths for the flow of gas, which 
in turn offer considerable resistance to the 
flow. Figure 2 shows the cross section of 
two cables—one containing paper insul- 
ated conductors and the other containing 
coaxial conductors. 

It has been found experimentally that 
within the range of pressures normally 
employed in cable work, the volume of 
gas flowing through a given length of a 
particular cable under steady flow condi- 
tions is approximately proportional to 
the pressure drop over the length. -The 
ratio between pressure drop and volume 
of flow is called pneumatic resistance and 
this relationship may be expressed mathe- 
matically as 


R= P/F, or P= FR 

where 

P=pressure drop iti pounds per square inch 
per 1,000 feet of cable 

F=volume of flow in cubic feet (at atmos- 


pheric pressure) per hour 
R=total pneumatic resistance 


It will be noted that this formula is 
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analogous to Ohm’s Law for an electric 
circuit—R = E/I. 

The total pneumatic resistance R of a 
cable can be determined by applying gas 
to one end of a length of cable, with the 
other end open. After a steady flow has 
been established, the volume of gas used 
over a fixed period of time, with the 
pressure constant during this period, is 
read and recorded. From these data and 
the formula R = P/F the value of total 
pneumatic resistance is calculated. 

The values of total pneumatic resist- 
ance R for any two cables cannot be com- 
pared directly, because the sizes of the 
cables may be different. Also two cables 
of the same size but of different makeups 
will not have the same total pneumatic 
resistance. It is apparent, therefore, that 
some basic unit of cable pneumatic resist- 
ance must be established and that all 
other cables must be equated in terms of 
this basic cable. To this end, unit pneu- 
matic resistance has been defined as the 


Norma! Maintenance Pressures Used 
on Cables 
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Maximum charging pressure....... 
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Recharging pressure 
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The above values are the corrected equivalent at a 
temperature of 60 degrees Fahrenheit. 


resistance offered to the steady flow of gas 
by 1,000 feet of a cable of unit cross sec- 
tional area (1-inch diameter inside sheath) 
and of such core structure that the steady 
rate of gas flow through it will be one cubic 
foot (at atmospheric pressure) per hour 
for each pound of admission pressure. 
Such a basic cable is said to have a pneu- 
matic resistance of one. 

The resistance of electric conductors is 
based on the specific resistance of a sam- 
ple of the conducting material of unit 
length and unit cross sectional area. The 
total resistance of a unit length of conduc- 
tor is equal to its specific resistance di- 
vided by the area of the cross section of the 
conductor. In similar manner, the total 
pneumatic resistance R of a unit length 
of a particular cable will be the specific 
or unit pneumatic resistance (the resist- 
ance per unit of cross sectional area) di- 


_vided by the cross sectional area inside the 


sheath. If a cable of one inch diameter 
under the sheath is considered as having 
unit cross sectional area, the relation be- 
tween the total pneumatic resistance R 
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and specific or unit pneumatic resistance 
r of a cable will be 


R=r/d?, or, by transposition, r= Rd? 
where 


d=outside diameter of the lead sheath in 
inches (as sheath thickness increases 
with core diameter, the outside 
sheath diameter, for practical pur- 
poses, can be used in the expression 
for core area instead of the diameter 
inside the sheath) and both R and 
r are expressed in units of pneu- 
matic resistance. 


With total resistance R of a given cable 
determined from field test, the unit resist- 
ance r can be calculated. This value of 
unit resistance r then can be compared 
directly with the unit resistance of any 
other cable for the comparison of gas flow 
characteristics. This unit pneumatic re- 
sistance is used in determining proper 
maintenance procedures, which depend 
upon such factors as the rate of propaga- 
tion, the permissible gas loss consistent 
with adequate protection to service, the 
shape of the leak gradient, and the time 
for equalization after charging. 


Corrections for 
Pressure Measurements 


Pressure measurements are made under 
varying temperatures and barometric 
conditions, at different altitudes, and by 
various types of instruments. Such read- 
ings could not be compared or used on 
maintenance work unless they all are re- 
ferred to a common reference base. Such 
a base has been established using 60 de- 
grees Fahrenheit for temperature, sea level 
for elevation, and 30 inches of mercury 
for barometric pressure. 


VARIATIONS IN PRESSURE CAUSED BY 
CHANGES IN TEMPERATURE 


Cables are subject to rapid and rather 
wide variations in temperature but the 
volume of the gas remains almost constant 
because the expansion and contraction 
of the cable sheath caused by temperature 
variations are so small as to be negligible. 
Because changes in temperature do not 
materially change the volume of the space 
occupied by the gas it is evident that 
changes in temperature will cause changes 
in pressure. This can be expressed by the 
equation 7\/T; = P;/P2, where pressures 
and temperatures are expressed in abso- 
lute values. 

Pressures normally are measured as 
pounds above one atmosphere, which is 
14.7 pounds per square inch absolute at 
sea level at.a temperature of 60 degrees 
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Figure 2. Cross section of two cables—one 

containing paper insulated conductors and the 

other containing coaxials and paper insulated 
conductors for control purposes 


Fahrenheit. Figure 3 shows a family of 
curves based upon the foregoing equation. 
As an example, consider a cable with a 
pressure of 17.7 pounds per square inch | 
absolute at a temperature of 60 degrees 
Fahrenheit. This would equal a meas- 
ured pressure of 3 pounds per square inch 
above one atmosphere at sea level. If 
the temperature of this cable were in- 
creased to 100 degrees Fahrenheit, the 
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Figure 3. Family of curves of presure versus 
absolute temperature 


Giese—Gas Pressure for Telephone Cables 


absolute pressure would then be 19.1 
pounds per square inch, which is 4.4 
pounds per square inch above one atmos- 
phere at sea level. 


An approximate rule for temperature 
changes is that a 25-degree-Fahrenheit 
change in temperature will change the 
measured pressure one pound per square 
inch, 

From the foregoing text, it should be 
quite evident that when measuring the 
pressure of the gas in a cable it is impera- 
tive to take into account the cable tem- 
perature at the time the pressure meas- 
urement is made. 


VARIATIONS IN PRESSURE CAUSED BY 
CHANGES IN WEATHER 


The absolute. pressure exerted by the 
atmosphere may vary from hour to hour 
and may reach a magnitude of one pound 
per square inch in 24 hours during rapid 
changes in weather conditions. 

The measurement of the gas pressure 
in a cable usually is made with some form 
of mechanical pressure gauge or by an 
open-end manometer. Such measure- 
ments actually indicate the difference in 
pressure of the gas in the cable and the 
pressure of the atmosphere at that loca- 
tion. It would be possible to measure the 
absolute pressure of the gas in the cable by 
using a vacuum-sealed type of manometer 
similar to a mercury barometer. Because 
of the length of such an instrument and 
the difficulty of its operation under field 
conditions, it has been found more prac- 
tical to measure the difference in the two 
pressures. 

As the cable forms a closed gas cham- 
ber and is not influenced by changes in 
barometric pressure, a comparison of 
readings taken before and after changes 
in the barometric pressure may lead to 
the conclusion that the pressure in the 
cable has changed. Therefore, for accu- 
rate comparison of measurements of gas 
pressure, which are required in certain 
maintenance operations, it is necessary to 
correct for barometric variations, which 
may be a positive or a negative value, 
from the standard of 30 inches (14.7 
pounds per square inch) of mercury. 


VARIATION IN PRESSURE CAUSED BY 
CHANGES IN ALTITUDE 


At sea level, under normal 30-inch baro- 
metric pressure, the pressure of one at- 
mosphere is 14.7 pounds per square inch 
and represents the pressure exerted by 
the weight of the column of air above the 
earth. At altitudes above sea level this 
weight becomes less because of a decrease 
in the height of the column of atmosphere 
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RESULTANT GRADIENT 
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GAS ADMIS- 
SION POINT 


and the change in its density. For alti- 
tudes of 8,000 feet or less, that is, in the 
practical range where cables may be in- 
stalled, the effect of changing density is 
too small to be significant. Accordingly, 
a uniform change in weight of atmosphere 
with change in elevation of one-half pound 
per square inch per 1,00 feet is used. 

Where a cable is placed over terrain 
which has changes in elevation, the meas- 
uring devices will reflect the changes in 
atmospheric pressure, but are complicated 
further by the fact that the column of ni- 
trogen gas in the cable also has weight. 
At 9 pounds per square inch pressure, the 
weight of a column of nitrogen 1,000 feet 
high is 0.8 pound per square inch; at 6 
pounds per square inch pressure, this 
weight is 0.7 pound per square inch. In 
practice, tables are used to correct for 
the combined effect of the weight of the 
nitrogen in the cable and the change in 
the weight of the column of air outside 
‘ the cable. For a cable maintained at a 
pressure of 9 pounds per square inch, this 
correction amounts to 0.3 pound per 
square inch per 1,000-foot change in ele- 
vation. 


Effects of Compression, 
Density, and Velocity 


The structure of a given make-up of 
cable is essentially uniform in all parts of 
its length. The amount of friction or re- 
sistance offered to the flow of gas at any 
point along the length of a cable, there- 
fore, will depend on the number of the 
molecules of gas coming in contact with 
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Figure 4. Steady flow 
gradients 


CURVE 4 

VELOCITY EFFECT WITH 
TURBULENT FLOW 
BETWEEN A AND B. 


the surfaces of the cable core as well as 
the manner in which contact is made: 
Broadly speaking, friction is determined 
by the density of the gas and its velocity 
of flow. The density of the gas varies in 
proportion to its absolute pressure. At 
low velocities, the flow is streamline and 
friction is approximately proportional to 
velocity. At higher velocities, flow be- 
comes turbulent and friction becomes pro- 
portional to a power of velocity that is 
greater than one. 

In the steady flow condition where the 
input pressure is 6 pounds per square inch, 
the densities of the gas at the input and 
exhaust ends of the cable will be in the 
ratio of (14.7 + 6) to (14.7 + 0) or ap- 
proximately 1.4. The friction or pressure 
drop in the foot of cable adjacent to the 
gas admission point, therefore, should 
be 1.4 times that in the foot of cable ad- 
jacent to the exhaust end. The effect of 
density on the steady flow gradient can 
be approximated as shown by curve 1 
of Figure 4, which is constructed so that 
its relative slope varies continuously from 
1.4 at the admission point to 1.0 at the 
exhaust end. This indicates that the 
variation in density tends to make the 
gradient concave upward in shape. 

The volume of a given quantity of gas 
is inversely proportional to its absolute 
pressure. Thus a cubic foot of gas ad- 
mitted to the cable at 6 pounds per square 
inch gauge pressure at the input end be- 
comes 1.4 cubic feet of gas as it is ex- 
hausted through the leak at atmospheric 
pressure. As the gas expands during its 
passage through the cable (which has a 


Figure 5. Leak gradi- 

ents—variation with time 

for a cable containing 

paper insulated conduc- 
tors 
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constant volume per unit of length) its 
velocity increases from a relative value of 
1.0 at the admission point to 1.4 at the 
exhaust end. The friction or pressure 
drop per unit of length will vary accord- 
ingly as approximated by curve 2 of Fig- 
ure 4, which is constructed so that its rela- 


tive slope varies continuously from 1.0 — 


at the input end to 1.4 at the exhaust end. 
Curve 2 indicates that the variation in 
velocity tends to make the gradient con- 
cave downward. 

At low velocities where flow is stream- 
line and resistance is proportional to the 
first power of velocity, the effects of 
changing density and velocity should be 
of about the same magnitude and should. 
counterbalance each other so that the 
resultant gradient is substantially a 
straight line, curve 3 of Figure 4. 

Because the velocity of flow in- 
creases as the gas approaches the leak, 
streamline flow conditions prevail in the 
input end of the test section while at the 
same time turbulent flow is occurring in 
the end of section adjacent to the leak. 
Under these circumstances, the friction 
or pressure drop per unit of length is 
greater in the portion of the cable subject 
to turbulent flow and the gradient rep- 
resenting the velocity effect assumes the 
general appearance indicated by curve 4 
of Figure 4. This, of course, will over- 
balance the density effect and the result- 
ant gradient is concave downward. 

From the foregoing, it is apparent that 
the normal pressure gradient toward a 
leak in a cable is concave down, with the 
steepest part of the gradient occurring 
immediately adjacent to the leak. This 
contrasts with the straight line pressure 
drop gradient along a uniform conductor 
in an electric circuit. 


Effect of Leaks and 
Method of Location 


EFFECT OF LEAKS 


When stable gas pressure conditions 
prevail in a gastight cable the gas distrib- 
utes itself evenly throughout the gas 
section and the pressure gradient (neg- 
lecting temperature and altitude effects) 
becomes essentially a straight line as 
shown in Figure 5. 

When a leak occurs, the cable pressure 
at the leak is rediiced and gas flows to- 
ward the leak from points of higher pres- 
sure on each side. This causes a progres- 
sive drop in pressure away from the leak in 
both directions and the sources of gas at 
initial pressure become farther and far- 
ther removed from the sheath opening. 
As a result, the shape of the gradient 
changes continuously after a leak occurs. © 


AIEE TRANSACTIONS 


= 


At any elapsed time, however, the gradi- 
ent, unless disturbed by influences other 
than the leak, will be of the general char- 
acteristic shape shown in Figure 5, that 
is, concave downward with increasing 
slope as the leak is approached. Stop- 
pages or irregularities in the cable’s struc- 
ture, temperature variation, addition of 
gas, incomplete equalization, and loss of 
gas caused by other leaks will distort the 
shape of the gradient. 

Normal gradient shape is controlled by 
the unit pneumatic resistance of the 
cable, size of leak, elapsed time after oc- 
currence of the leak, initial cable pres- 
sure, and position of the leak with respect 
to the ends of the gas section. 

An instantaneous picture of the pres- 
sure relationship at any given time, within 
the disturbed distance, is known as a true 
leak gradient. In order, therefore, to se- 
cure a true leak gradient, it would be nec- 
essary to obtain simultaneously a large 
number of pressure readings at short 
spacings along the cable. This is imprac- 
tical and various methods have been de- 
vised to attain a close approximation to 
this conditions. 


GENERAL PRINCIPLES OF LEAK LOCATION 


The shape of the pressure gradient al- 
ways reflects the various influences that 
are acting on the gas in the cable. When 
a large leak is the only factor disturbing 
the equalized pressure conditions, the gra- 
dient will assume the characteristic shape 
shown in the dashed lines on Figure 6. 

Leak location by means of pressure 
measurements is based on the principle 
of obtaining the closest possible approxi- 
mation of the shape of the true gradient 
so that the point of lowest pressure— 
which occurs where the gas is escaping 
through a leak—can be determined ac- 
curately. To facilitate this process, 
permanent valves are installed at about 
3,000-foot intervals along the cable. 
When the pressures measured at these 
valves are plotted and connected with 
straight lines as shown on Figure 6, an 
approximation of the true gradient shape 
is obtained: By projecting the lines from 
the two points of lower pressure until they 


intersect, as shown by the dotted lines . 


of Figure 6, the approximate location of 
the leak is indicated. This technique is 
quite satisfactory where a large leak oc- 
curs in a long gas section which is not af- 
fected severely by temperature changes. 
In the case of small leaks the pressure 
at the leak will not drop to atmospheric 
pressure, so that there is less difference in 
pressure between the normal sustained 
pressure and the pressure at the leak; 
this results in a very flat gradient, and 
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Figure. 6. Large true 
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perhaps there is not a sufficient pressure 
drop between adjacent valves to observe 
a difference in reading on the manometer. 
Where such leaks are encountered, they 
must be allowed to remain until they en- 
large with time, or more sensitive instru- 
ments must be used. 

There are various conditions tending 
to produce significant variations from a 
true leak gradient which may be summar- 
ized as follows: 


1. Temperature changes which cause the 
pressure in the cable to vary appreciably 
during the period while leak location read- 
ings are being made. 


2. The loss of gas through the leak during 
the interval required to make successive 
readings, because simultaneous readings 
usually cannot be made. 


3. The gas lost in applying and removing 
the measuring device to and from the cable 
at each reading point 


4, Lack of instrument sensitivity, personal 
errors in reading instruments, and cleanli- 
ness of the mercury and tube of the ma- 
nometer. 


5. Irregularities in a gas section such as a 
partially plugged splice, a second leak, or a 
change in the cable make-up. 


6. Lack of complete equalization, encoun- 
tered particularly in combination aerial and 
underground gas sections, where temperature 
variations establish shifting pressure heads. 


Various means have been devised and 
are in use for minimizing the effects of 
the above conditions and they are dis- 
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cussed under ‘‘Leak Location Methods.” 

As a general rule it is advisable for one 
man to make all the pressure readings, 
make them as rapidly as possible con- 
sistent with accuracy, and to have a uni- 
form interval between the readings. The 
points then are plotted on a graph paper, 
using the vertical co-ordinate for pres- 
sure and the horizontal co-ordinate for 
distance and joined by straight lines. By 
inspection of the gradient, it is possible 
to note whether it approximates a true 
gradient; that is, the steepness of the 
gradient should increase on each side as 
the location of the leak is approached. 
If these conditions prevail, the projec- 
tions are made from the two lower meas- 
ured points to determine their point of in- 
tersection, which should be the location of 
the leak on the horizontal distance scale. 
The leak then can be located by soaping 
the cable at the indicated location and ob- 
serving for bubbles. If the gradient se- 
cured does not approximate a true gradi- 
ent, the irregularities first must be cleared, 
the cable recharged, and new pressure 
gradient data taken. 


LEAK LocaTION METHODS 


2-Cable Method. Where there are two 
cables on the same route, with identical 
layouts, and one of them develops a leak, 
pressure readings can be taken on both 
cables instead of only on the leaky cable. 
Both cables will have their measured pres- 
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sures affected in a sunilar manner by tem- 
perature, elevation, and changes in baro- 
metric pressure. By subtracting the 
readings on the leaky cable from those of 
the good cable, data will be secured which 
will be essentially free of the effects of 
temperature, barometric pressure, and 
changes in elevation. However, such data 
when plotted would afford an inverted 
gradient which might result in confusion. 
To correct this possibility, ten is added to 
each reading on the leaky cable and the 
readings on the good cable subtracted 
from these new leaky cable values, thus 
affording data for a normal leak gradient. 
As an example, if the leaky cable reading 
in pounds per square inch is 5.20 and the 
good cable reading is 7.0, the value to be 
plotted would be 5.20 plus 10 minus 7, or 
8.20. : 
Curve A of Figure 7 shows the gradient 
obtained from pressure readings made 
only on the leaky cable, which are af- 
fected by changes in temperature, baro- 
metric pressure, and elevation. Curve B 
of Figure 7 shows the gradient obtained 
by the 2-cable method in which these 
variations were eliminated, resulting in a 
more accurate location of the gas‘leak. 

This method is particularly valuable on 
aerial cables and cables which traverse 
terrain of varied elevation. 


2-Tank Method. In this method a 
tank of gas is connected to the cable on 
each side of the leak and at a sufficient 
distance away to permit a reading at three 
valve points on each side of the leak. Gas 
is allowed to flow from each tank toward 
the leak until steady flow conditions have 
been established, as indicated by no 
change in the reading in pressure of a 
valve location over a 15-minute period. 
Gradient readings then are taken and 
plotted for a leak location under stable 
gas flow conditions. A modification of 
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this method is employed during cable 
construction; this entails joining three 
unspliced lengths of cable with lead pipe, 
the center section being the one showing 
leakage. The ends and junctions afford 
reading points for gradient data. 


Short-Circle Method. This is an ad- 
aptation of the 2-tank method which 
can be used on multicable routes. The 
good and leaky cables are joined together 
with a temporary by-pass on each side of 
the leak, as shown in Figure 8. 

This method, in addition to tending to 
stabilize the gradient because of the larger 
reservoir of gas (two cables) available 
for supplying the gas lost through the 
leak, is used also where more than one 
leak exists in a cable. The method elimi- 
nates any distortion of the gradient 
from a second leak or irregularity which 
might be located beyond the temporary 
by-passes. 


2-Direction Method. This method re- 
quires starting on one side of the suspected 
leak, reading the pressure along the cable 
toward the leak at three or more valve lo- 
cations, then reading at three valve 
points beyond the leak; after reading at 
the farthest valve point, all the previous 
valve points are read in the reverse order. 
Average the two readings at each valve 
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point and plot the resulting values. If 
the travel time in each direction is the 
same and the interval between readings 
is uniform, the resulting gradient is ap- 
proximately the same as if all readings 
were. secured simultaneously, and, there- 
fore, correction is made for the effect of a 
pressure drop caused by the loss of gas 
through the leak during the interval re- 
quired to make the readings. The 2- 
direction method requires more time for 
obtaining readings and averaging them, 
and does not correct for temperature, 
altitude, or barometric changes. 


Time-Pressure Method. This method 
is a refinement of the 2-direction method. 
It requires that four sets of readings be 
made at three valve locations on each 
side of the suspected leak location, taking 
each ‘set in the same direction, and re- 
cording the time the readings were made 
as well as the pressures measured. Graphs 
then are made of the four readings taken 
for each valve point by plotting pressure 
against time as shown in Figure 9. 


The curves plotted for each valve point, 


should be similar if no other irregularities 
exist, and an occasional error in reading or 
recording can be detected immediately by 
observing a dissimilarity of the curves. 
Vertical time lines then are drawn 


through the plots to secure equivalent in-. 


stantaneous values of pressure at each 
valve location. These data are shown 
tabulated in Figure 9. 

Leak gradients then can be plotted 
from these data as shown in Figure 10. 

Effectively this method provides data 
for any number of leak gradients using 
theoretical simultaneous readings at all 
valve points. The leak location for all 
gradients can be averaged. 

This method, while requiring more time 
and work, affords greater accuracy and 
is considered warranted where a cable is 
in conduit or buried where it is desirable 
to keep digging to a minimum in locating 
and clearing a leak. This method, how- 
ever, does not correct for temperature, 
altitude, or barometric variations. ; 
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Figure 10. Time—pres- 
sure curve—leak gradi- 
ents 
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VALVE LOCATIONS AND SPACING IN FEET 


Where pressure drops between’ 3,000- 
foot spaced valves are appreciable, it may 
be desirable to install intermediate valves, 
so as to reduce the spacing between read- 
ing points and thereby improve the ac- 
curacy of the resultant location. 


Charging and 
Recharging Cables With Gas 


Cables are charged initially to a pres- 
sure of one pound per square inch above 
nominal pressure, that is, to ten pounds 
per square inch in underground or 
buried cable and to seven pounds per 
square inch in aerial cable. When the 
pressure drops to seven pounds per square 
inch on underground and buried cable and 
to four pounds per square inch on aerial 
cable, because of seepage losses, the cable 
is recharged to the initial pressures. 

Standard points for the admission of 
gas are established by dividing the gas 
section into equal lengths of 11/2 to 21/2 
miles and locating the admission point 
at the midpoint of each such section. It 
has been found by field test that the 
time required to charge or recharge a 
cable to an equalized condition depends 
on the number of charging points, being 
about inversely proportional to the square 
of the numbér of charging points. For 
example, it will take one-ninth the time to 
charge a gas section with three charging 
points as would be required using only 
one charging point. 

In practice, tables are used for setting 
cylinder regulators at the pressure re- 
quired to provide the ultimate equalized 
pressure desired at the equivalent of 60 
degrees Fahrenheit and 30 inches barom- 
eter. Also, elevation changes in a given 
gas section must be considered, the cylin- 
ders at higher elevations being set at cor- 
respondingly lower values to correct for 
the weight of the column of nitrogen gas. 

Before charging it is desirable to know 
how much gas will be required. A basic 
unit has been established arbitrarily and 
it is called the charging constant, desig- 
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nated K. It is defined as the number of 
cubic feet of gas required to raise the 
pressure in 1,000 feet of cable one pound 
per square inch. This can be determined 
by field test on one cable. For other 
cables, the value of K then can be deter- 
mined, because the gas capacities and 
charging constants are closely propor- 
tional to their cross sectional areas or to 
the squares of their respective diameters; 
that is, K,/(d;)? = Ke/(d2)?.. Knowing K 
for any given cable, the length of the gas 
section and the average pressure increase 
which the charging must accomplish, the 
required volume of gas needed in the cyl- 
inders can be determined from the for- 
mula 


G=KL(P,—Ps) 
where 


G=cubic feet of gas to be admitted 

K=charging constant 

L=length of cable in thousands of feet 

P,=average pressure of gas section at start 
of charging 

P,=average desired equalized pressure of 
gas section at end of charging 


On multiple cable routes where two 
cables form part of the same circular gas 
section, connection is made to both cables 
at each charging point, thus simplifying 
the charging and reducing the number of 
cylinders required. 

The charging gradient, if measured 


CURVE B 
TIME FOR AVERAGE 
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LEAK AND END OF GAS 
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HOURS AFTER OCCURRENCE OF LARGE LEAK 


Figure 11. Delay time 
and __contactor-operat- 
ing time 


Giese—Gas Pressure for Telephone Cables 


during the charging interval, would be 
similar to an inverted leak gradient. 


Design Considerations 


The design and layout of gas sections 
are predicated upon securing adequate 
protection to service, consistent with 
cost and simplicity of maintenance effort. 

Figure 11, curve B shows the time 
required for the average pressure between 
a large leak and the end of the gas section 
to fall from nine to two pounds per square 
inch. The vertical ordinate for any dis- 
tance, therefore, indicates the elapsed 
hours following the occurrence of a leak 
during which the cable will be protected 
by a reservoir of gas with an average 
pressure head in excess of two pounds 
per square inch. 

With a contactor set to operate at six 
pounds per square inch and cable main- 
tained at a nominal pressure of nine 
pounds per square inch, some time will 
elapse after the occurrence of a leak be- 
fore the cable pressure at the contactor 
reaches the six pounds per square inch 
operating value; this time varies, depend- 
ing upon the proximity of the contactor to 
the leak. Figure 11, curve A shows this 
time-distance relation for a contactor 
spacing of two miles throughout the sec- 
tion, except for the first contactor which 
is located one mile from the end of the 
gas section. 

The time available for Jocation and 
clearance of a leak located at any d stance 
from the end of the gas section can be se- 
cured by noting the hours on the vertical 
ordinate between the two curves A and B 
in Figure 11. This time, which is known 
as permissible delay time, is zero at the 
end of the gas section and increases to 
well over 100 hours for leaks occurring 
beyond the second contactor. 

It would be possible, of course, to in- 
crease contactor spacing, but the con- 
tactor operating time goes up in propor- 
tion to the square of the distance to the 
leak, as shown by the dashed extension 
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INCLUDES PAIR TROUBLES 
DUE TO ALL CAUSES. 


on curve A in the lower right hand corner 
of Figure 11. 

In practice it has been found to be ex- 
pedient to establish a uniform spacing of 
about 10,000 feet for contactors on under- 
ground and buried cables and about 
16,000 feet for aerial cables. This spacing 
is halved at the end of a gas section, for 
the reasons outlined. Wherever possible, 
two cables on the same route are con- 
nected together to form a circular or con- 
tinuous gas section, thus eliminating the 
vulnerable end section where pressures 
drop rapidly and deplete the reservoir of 
gas available to protect service. With the 
contactor spacings fixed and uniform, the 
permissible delay interval in responding 
to contactor operations can be set safely 
at a fixed interval of about 70 hours in a 
circular gas section. In a straight gas 
section this 70-hour interval also is used 
for most of the contactors, with a re- 
duced interval for contactors located near 
the end of the section. Thus, for the most 
part, simplicity and uniformity in spacing 
and contactor response time is achieved. 
The 70-hour interval, during which the 
leak must be located and cleared (or more 


Figure 12. Progress of 
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gas added to the section), was selected to 
permit scheduling work in an orderly 
manner, during daylight hours on regular 
working days. 

When cable length makes it impracti- 
cal to form a long gas section, several 
cables may be connected together to se- 
cure the larger reservoir. Where short 
isolated cables only are involved, a reser- 
voir of gas adjusted to feed continuously 
at nominal cable maintenance pressure 
may be connected to the cable. Various 
control measures, stich as contactors and 
reservoir exhaustion indicators, are used 
on such installations. 


Maintaining Cables Under Pressure 


After a cable has been charged with gas 
and equalized, it is necessary to deter- 
mine when recharging will be necessary, 
in order to schedule the work and to in- 
sure that it is done before the average 
cable pressure drops to contactor operat- 
ing pressures and false alarms occur. This 
is accomplished by reading the pressure 
at regularly spaced valves about 18,000 
feet apart, averaging them and correct- 


ing the readings to 60 degrees Fahrenheit 
and 30 inches barometric pressure. Two 
such sets of readings are made, two or 
three weeks apart, and the rate of aver- 
age pressure drop determined. From 
these data the date of recharging can be 
established. 

Contactors are checked once annually 
to insure that they will operate within 
the desired limits. If outside of limits, 
they are adjusted. 

It may be necessary to open a cable for 
reasons other than gas pressure work, such 
as installation or removal of loading coils, 
or clearance of conductor trouble, result- 
ing in a loss of gas. Tables have been 
prepared indicating how long splices may 
be left open in various parts of a gas sec- 
tion without endangering service. Where 
splices are open longer than established 
by these limits, cylinders of gas must be 
attached to the cable to keep the pressure 
within safe limits. After the cable is 
closed, the lost gas is restored. 


Trouble Results 


Figure 12 shows the results attained on 
the longer toll cables during the past 18 
years in reducing the pair troubles per 100 
sheath miles of cable contrasted with the 
progress of placing cables under gas 
pressure. These troubles include fail- 
ures from all sources, such as total fail- 
ures from foreign workmen severing ca- 
bles, which account for some of the trouble 
peaks during periods when a large portion 
of the cable was already under pressure. 
With the training programs now being 
given on gas pressure and improvement in 
maintenance methods, still further reduc- 
tions in troubles are anticipated and fuller 
more-comprehensive coverage of the 
maintenance job is anticipated. 
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. Synopsis: Frequency shift telegraphy is 
described and compared with amplitude 
modulation telegraphy under various condi- 
tions found in radio and wire transmission. 
Experimental data are given to demonstrate 
the influence of various design factors on the 
over-all performance under these conditions. 
It is shown that the most outstanding char- 
acteristic of the frequency shift method is 
its ability to accept large and rapid changes 
in signal amplitude. Frequency shift teleg- 
raphy thus proves to be of great advantage 
for use in the high-frequency radio range. 
Frequency shift telegraphy also shows an 
advantage over amplitude modulation teleg- 
raphy with respect to noise. For applica- 
tions where the level variations are small or 
slow, the advantage of the frequency shift 
method over amplitude modulation is rela- 
tively small. 


= 


URING World War II, single-chan- 
nel and multichannel frequency- 
shift radio telegraph systems proved of 
the utmost importance in providing the 
Allied Powers with a world-wide automa- 
tic printing telegraph network for hand- 
ling with precision, secrecy, and dispatch 
the unprecedented volume of traffic en- 
gendered by a war of global extent. It is 
expected that the next few years will wit- 
ness a greatly expanded application of 
this method of operation by commercial 
telegraph companies and others interested 
in long distance telegraphy. 

Frequency shift carrier telegraphy (FS) 
may be applied to any carrier telegraph 
circuit, but, as will appear later, it pro- 
vides particularly striking advantages in 


Paper 47-78, recommended by the AIEE committee 
on communication for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted November 14, 1946; 
made available for printing December 5, 1946. 


J. R. Davey and A. L. Matte are both members of 


the technical staff of Bell Telephone Laboratories, 
Ine., New York, N. Y. , 


1947, VOLUME 66 


A. L. MATTE 


MEMBER AIEE 


high-frequency radio transmission. For 
some other radio frequency ranges and for 
wire-line operation, the conditions are 
such as to limit the advantages of the 


_ FS method. The main advantages of the 


FS over the amplitude modulation 
method are a greater ability to accept 
rapid level changes, which results in bet- 
ter stability and lower distortion,.and an 
improvement in signal-to-noise ratio, 
which permits a reduction in carrier am- 
plitude. It is therefore of particular im- 
portance where automatic printing is de- 
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sired over high-frequency radio circuits. 
When it is necessary to transmit through 
very high noise levels, low speed AM sig- 
naling with aural reception of an audio 
beat note remains the superior method. 
FS is a form of frequency modulation 
in which signaling is accomplished by 
shifting a constant amplitude carrier be- 
tween two frequencies representing, re- 
spectively, the marking and spacing con- 
ditions of the telegraph code. Frequency 
variations in FS telegraphy correspond 
to amplitude variations in AM telegraphy 
(continuous wave); thus the signal transi- 
tions in FS are represented by frequency— 
time transients, while in the AM case they 
are amplitudetime transients. Since 
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Figure 1. 


(a). Square-wave amplitude modulation 
(6). Square-wave frequency modulation 
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AM telegraph is the more common sys- 
tem, a discussion of the FS method in- 
volves numerous comparisons between 
the two systems. The merits of a tele- 
graph system must be judged on its abil- 
ity to combat the various adverse condi- 
tions encountered in the transmission me- 
dium and in the terminal apparatus. In 
general these adverse conditions involve 
variations in amplitude, frequency, and 
phase of the signals and the presence of 
extraneous signals and noise. 

In the course of the development of a 
number of FS radio teletypewriter sys- 
tems, a large amount of information con- 
cerning the characteristics and design 
parameters of such equipment has been 
obtained. It is the purpose of this paper 
to abstract therefrom selected data which 
will furnish a step-by-step comparison of 
the FS and AM methods. Typical term- 
inal arrangements are described and the 
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Figure 3. Frequency shift keyer output wave 
forms 


(a)}—Low-pass filtering adjusted to produce 
similar wave shapes at dotting speeds of 60, 
100, 200, and 240 cycles 
(b)}—200-cycle phase modulation superim- 
posed on a 23-dots-per-second signal 
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effects of varying certain design factors 
are illustrated by experimental data. 
Although the material presented applies 
largely to high-frequency radio telegraph, 
much of it is of a general nature, and with 
proper interpretation applies to other 
frequency ranges and transmission media 
and to cases in which the telegraph modu- 
lated carrier may be a subcarrier or one of 
several subcarriers. 


General Discussion 


SIDEBAND ENERGY DISTRIBUTION 


The difference between FS and AM 
signals as regards distribution of sideband 
amplitudes is illustrated by the following 
two equations for a carrier of frequency 
w/2r modulated with unbiased square 
wave dots of frequency p/2r. 

For AM (on-off) keyed carrier of 
unity amplitude! 
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where m is the deviation ratio = 
frequency shift 
2X signaling speed. 


Typical side-band amplitudes calcu- 
lated from these formulas are shown in 
graphical form in Figure 1. In the case of 
FS keying, the relative amplitudes of the 
side bands vary considerably as the 
amount of frequency shift is changed: 
For miscellaneous signals these line spec- 
tra do not exist, but they do indicate the 
general distribution of energy over the 
band for a given signaling speed. 


METHODS OF MODULATING THE CARRIER 


In AM telegraphy the carrier usually is 
modulated by simply interrupting it for 
the spacing condition. This is sometimes 
referred to as ‘‘on-off’”’ keying. For low 
power and low frequencies the carrier 
may be keyed directly by electrical con- 
tacts. 

A more universally applicable method 
is to use vacuum tubes or other non- 
linear elements to interrupt the carrier 
effectively. In some instances it is prac- 
tical to start and stop an oscillator source 
of carrier. 

The usual radio telegraph transmitter 
consists of an oscillator followed by a 
number of cascaded stages of amplifica- 
tion and frequency multiplication ar- 
ranged to reach the desired output fre- 
quency and power. For on-off keying 
the carrier usually is interrupted by suit- 
ably varying the plate or grid voltage of 
one or more of the stages. 
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Figure 4. Effect of shaping FS transitions on 
amplitude of radiated side bands 


100 dots per second and 500-cycle frequency 
shift 
The maximum and minimum wave shaping 
conditions correspond to those used with 60 
and 240 dots per sec-nd respectively in 
Figure 3(a) 


AIEE TRANSACTIONS 


ANTENNA 


‘R-F 
AMPLIFIER 


FREQUENCY 
OSCILLATOR 


SECOND SECOND 
FREQUENCY CONVERSION 
CONVERTER OSCILL ATOR | 


t 


BAND- PASS 
(DT eter 


LINEAR 


AMPLITUDE 
AMPLIFIER 


LIMITER 


FREQUENCY 
DISCRIMIN- 
ATOR AND 


RECTIFIER 


AM RECEPTION 


RECTIFIER 


FS RECEPTION 


LOW-PASS 
FILTER 


TELEGRAPH 
SIGNALS 


Figure 5. Block diagram of a typical receiv- 
ing arrangement for either AM or FS tele- 
graph signals 


There are two general methods of ob- 
taining frequency modulation 


(a). The frequency of an oscillator may be 
modulated directly by suitably varying the 
frequency-determining circuit. 


(6). The output of a constant-frequency 
oscillator may be shifted in phase at such 
rates of change as to produce indirectly the 
desired frequency variations. 


In the latter case the marking and spac- 
ing intervals of an FS signal would be 
formed by periods of constant rate of 
phase charge versus time. Square-wave 
reversals therefore would require a tri- 
angular shaped wave of phase versus 
time. Because the transmission of long 
periods of steady mark or space would 
therefore involve huge phase swings, the 
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modulator would have to be able to pro- 
duce a steady phase rate of change. A 
phase modulator capable of performing in 
this way while not producing undesirable 
phase discontinuities at the signal transi- 
tions becomes rather impractical. For 
this reason FS telegraphy usually utilizes 
the direct frequency modulation method. 
This may be accomplished conveniently 
by the use of a reactance modulator 
which, by injecting a reactive component 
of current into the tuned circuit of the 
oscillator, varies the resonant frequency 
thereof. Such a modulator may be made 
linear so that a frequency shift propor- 
tional to the input voltage to the react- 
ance modulator is obtained. 

To apply FS telegraph signals to a radio 
transmitter the regular exciter oscillator 
is either replaced or modified by an ar- 
rangement providing a source of radio- 
frequency excitation that can be shifted 
in frequency in accordance with the tele- 
graph signal. All the stages are operated 
with full radio-frequency excitation con- 
tinuously to produce a constant amplitude 
carrier. ; 

As a matter of expediency frequency 
shift keying has sometimes been provided 
by switching between two independent 
sources of carrier current separated in 
frequency by the desired shift. In such a 
case the frequency transitions involve 
sudden phase discontinuities of random 
values. This results in the instantaneous 
frequency swinging considerably outside 
the steady-state mark and space frequen- 
cies. If the band is wide, such as is the 
case in a radio transmitter, there results 
a very broad side band radiation capable 
of causing severe interference to adjacent 
channels. If the band is narrow, as might 
be the case where sending filters are em- 
ployed, the interference is eliminated but 
the amplitude transients resulting from 
the sudden phase shifts are capable of 
producing considerable distortion 


RESTRICTION OF TRANSMITTED BAND 


As seen before, square-wave modula- 
tion results in a wide spread of side-band 
components which are of sufficient ampli- 
tude to interfere seriously with adjacent 
channels unless greatly attenuated. The 
transmitted band may be restricted either 
by the use of a band-pass filter centered 
about the carrier frequency or by a low- 
pass filter to suitably shape the modulat- 
ing wave form. Band-pass filters are 


usually used if the power level is low and 


the frequency low enough to permit suit- 
able filter construction. For multichan- 
nel systems the use of band-pass filters 
also permits efficient paralleling of the 
transmitting channels. For radio trans- 
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mitters with a transmitted power meas- 
ured in kilowatts, and with a frequency of 
several megacycles which is frequently 
changed to best suit the prevailing condi- 
tions, shaping of the modulating wave is 
the more practical method of restricting 
the transmitted band. 

Insufficient attention has been given 
in the past to the envelope shape of the 
signals from on-off keyed radio trans- 
mitters. With the ever increasing crowd- 
ing of frequency assignments, it becomes 
more and more important to restrict the 
emission of unnecessary side bands aris- 
ing from keying. The envelope shape in 
on-off keying may be controlled by prop- 
etly shaping the modulating grid or plate 
voltage wave. It is important that the 
stages following the keyed stage or stages 
be nearly linear, otherwise the wave shap- 
ing will be largely destroyed. In the case 
of frequency shift keying, however, the 
wave shaping is preserved after passage 
through class C amplifier or multiplier 
stages, and these may be operated for 
maximum efficiency. The greater ease 
of producing and maintaining the desired 
wave shaping, so necessary for close fre- 
quency spacing of channels, 1s one of the 
outstanding advantages of frequency- 
shift keying 


Apparatus 


TypicaL FS ExcITER FOR RADIO 
TELEGRAPH 


A typical FS exciter arrangement such 
as is used often with radio telegraph trans- 
mitters is shown in Figure 2. A d-c tele- 
graph wave, after suitable shaping, is 
caused to frequency-modulate an inter- 
mediate frequency of 200 kilocycles 
which, in turn, amplitude-modulates a 
radio frequency from a crystal-controlled 
oscillator. The upper side band of this 
latter modulation is an FS signal and is 
selected and amplified sufficiently to drive 
the first amplifier or multiplier stage of 
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the transmitter. The 200-kilocyele os- 
cillator is frequency-modulated by a re- 
actance modulator which, by feeding a 
leading or lagging quadrature component 
of current into the oscillator tuned cir- 
cuit, decreases or increases the frequency. 
By operating the reactance modulator 
within its linear range the frequency shift 
wave form is made the same as the d-c 
telegraph wave form into the modulator. 
A d-c amplifier stage, designated “key- 
ing circuit,” is provided to furnish a 
modulating wave effectively isolated 
from arr plitude and wave front variations 
of the incoming telegraph signals. The 
d-c telegraph signals may be polar or neu- 
tral and often are obtained from a tone 
demodulator unit which allows keying 
from a remote point by voice frequency 
telegraph. The amount of frequency 
shift is adjusted by an amplitude control 
in the quadrature feed-back path to the 
200-kilocycle oscillator. The shift thus 
may be varied continuously or in definite 
steps to allow for subsequent frequency 
multiplications, by suitable attenuation 
controls. Controlling the shift in this 
manner keeps the instabilities of the re- 
actance modulator a constant percentage 
of the frequency shift, which wou'd not 
be the case if the shift were adjusted by 
varying the amplitude of the modulating 
wave. The use of a balanced instead of 
an unbalanced reactance modulator mini- 
mizes variation of the mean frequency 
and also allows the shift to be varied 
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Figure 11. Peak dis- 


without effecting the mean frequency. 

The frequency-shift signal transitions 
are wave-shaped to restrict side-band 
radiation by means of a low-pass filter in 
the d-c telegraph signal path to the react- 
ance modulator. The low-pass filtering 


is made adjustable to accommodate a_ 


range of signaling speeds. Frequency 
versus time wave forms from an exciter 
of the type described are shown for sev- 
eral keying speeds in Figure 3a. The 
effect of wave shaping on the side band 
components in the radio frequency out- 
put of such an exciter is shown in Figure 
4, 

Phase modulation readily may be added 
to the signal in this type of exciter by 
superimposing the desired sine wave 
modulating frequency on the telegraph 
signal wave input to the reactance modu- 
lator, as indicated in Figure 2. Figure 3b 
shows the keyer output wave form with 
superimposed phase modulation. The 
use of this type of phase modulation is 
considered later. 

To obtain optimum results in FS radio 
telegraph transmission and to allow close 
spacing of channels, a high degree of 
frequency stability is necessary. An over- 
all frequency stability of +100 cycles is 
desirable in a system using a value of fre- 
quency shift between 500 and 1,000 cy- 
cles. A frequency shift exciter of the 
type described previously, with the crys- 
tal oscillator and 200-kilocycle FS oscil- 
lator located in a temperature-controlled 
oven, usually has a frequency stability 
such that the mean radio-frequency car- 
rier frequency may be held to within +50 
cycles up to frequencies of 20 megacycles 
over ordinary periods of operation on any 


one frequency. One of the advantages of , 


this type of exciter is that small inaccu- 
racies in crystal frequencies may be com- 
pensated for, by adjusting the mean fre- 
quency of the 200-kilocycle oscillator. 


RECEIVING TERMINAL ARRANGEMENTS 


Typical receiving terminal arrange- 
ments are shown in the block diagrams of 
Figure 5. Up to point a in the arrange- 
ments the FS and AM systems are iden- 
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Figure 10. Over-all frequency response of a 
740-cycle band to AM and FS signals 


tical, being of the usual high-frequency 
superheterodyne type. The output from 
the second frequency-conversion stage 
may be either in the audio range or at a 
considerably higher frequency, such as 
50 kilocycles. Following the second con- 
verter is-a band-pass filter (shown at b _ 
in Figure 5) which determines the final 
over-all band width before demodulation. 
The two systems differ only in the method 
of demodulation. The AM (on-off) sig- 
nals are amplified and rectified to give a 
d-c telegraph signal. The FS signals are 
amplitude-limited and passed through a 
frequency discriminating network and 
then rectified to give a d-c telegraph sig- 
nal. Beyond this point the two systems 
are again identical. The d-c signals pass 
through a low-pass filter to remove carrier 
ripple and higher frequency noise com- 
ponents and then are amplified to a suit- 
able level to operate automatic recording 
or printing apparatus. The d-c signals 
also may be used to modulate an audio 
frequency so as to pass the signals to a 
remote point by multichannel voice fre- 
quency carrier telegraph methods. 

The radio receiver portion of the termi- 
nals up to point a should be designed to 
have low noise and good selectivity. Ex- 
treme high-frequency oscillator stability 
is necessary for either system if narrow 
band-width operation is to be maintained 
without constant attention. An over-all 
frequency stability of +50 cycles is de- 
sirable for the receiving terminal over a 
period of six to eight hours. Sufficient 
selectivity and amplifier capacity should 
be provided at all points to prevent over- 
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loading by unwanted signals or loss of au- 
tomatic gain control.. In the following 
discussion those portions of the terminals 
beyond the second frequency converter 
will be given major attention. 


EXPERIMENTAL TRANSMITTING AND 
RECEIVING ARRANGEMENTS 


For the laboratory transmission studies 
described in the following sections, the 
transmitter and receiver were located 
nearby and connected together by means 
of an amplitude modulator and associated 
with various sources of noise designed to 
simulate quantitatively and under con- 
trolled conditions the variations which 
would be encountered in the actual me- 
dium. 

Throughout the tests, 7.42-unit start— 
stop signals were used unless otherwise 
stated, and the speed was 60 words per 
minute (23 dots per second). Their peak 
distortion and bias were measured on a 
cathode-ray tube telegraph distortion 
measuring set. 

An exciter of the type shown in Figure 
2 was used as a source of signals. A fre- 
quency of 6.4 megacycles was employed, 
with the radio receiver connected to the 
exciter output through an amplitude 
modulator. This modulator was an elec- 
tronic circuit permitting amplitude modu- 
lation of a frequency shift signal to pro- 
duce unequal mark and space amplitudes. 
This modulator also was used to ampli- 


Figure 13. Peak distortion versus impulse noise for FS transmission 
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tude-modulate a single frequency for the 
AM portions of the measurements. ~ 

A temperature-limited diode together 
with a 2-stage tuned amplifier was used 
as a source of thermal noise centered 
around 6.4 megacycles. A polar relay 
driven by 60-cycle alternating current 
and arranged to produce sharp polar im- 
pulses from the discharge of small capaci- 
tances connected to its contacts was used 
as a source of impulse noise. The noise 
level was adjusted by an attenuator and 
mixed with the 6.4-megacycle carrier of 
the exciter. A minimum amount of wave 
shaping was used, so that the modulation 
may be considered as having been essen- 
tially square wave. 


Receiving Arrangements. The experi- 
mental data submitted in the follow- 
ing discussion was obtained from recep- 
tion through a laboratory setup essentially 
like that shown in Figure 5. The radio 
receiver proper was a commercial type of 
high-frequency superheterodyne. The 
output of the second frequency converter 
was in the audio frequency range, which 
enabled the use of various band-pass 
filters at b of the type used in voice fre- 
quency telegraph systems. The ampli- 
tude limiter was effective over an input 
range of —60 dbm* to above +20 dbm. 
The pass-band characteristics of the radio 


*The symbol dbm signifies decibels referred to one 
milliwatt. 


receiver and of the several band-pass fil- 
ters used in position b are shown in Fig- 
ures 6 and 7, respectively. Unless other- 
wise stated, the frequency shift signals 
were centered about 2,125 cycles and 
were demodulated by a linear discrimi- 
nator centered about 2,125 cycles, as 
shown in Figure 8. The characteristics 
of the low pass filtering are shown in Fig- 
ure 9. These low-pass filters were ad- 
justed by oscillographic observation of 
the signal wave form and had cutoff 
characteristics giving very little charac- 
teristic distortion.2 The d-c amplifier 
was a high-gain nonlinear type designed 
so as to have a square wave output having 
transitions established by the passage of 
the demodulated voltage wave through a 
narrow amplitude range. The amplitude 
and wave-front slope of the demodulated 
wave thus had no effect on the output 
wave form and could not affect the 
distortion measuring equipment. 


Experimental Results 


BAND WiptH BEFORE DEMODULATION 


The band width before demodulation 
determines the amount of noise and in- 
terference which is to be accepted along 
with the desired signal and thus largely 
determines the signal-to-noise condition 
at the antenna at which the system fails 
to receive intelligence. The band width 
at this point (point a in Figure 5) also 
limits the signaling speed capabilities of 
the system. In the following experi- 
mental data the values of band width 
were measured between the points of 6 db 
loss above that at midband 


Effect on Signaling Speed. For both 
methods of signaling considered here the 
band width must be at least twice the 
maximum signaling speed in dot-cycles 
per second, but it is found that signal dis- 
tortion rises rapidly for a band width 
less than three times the maximum signal- 
ing speed, and that-a factor of at least four 


Figure 14. Peak distortion versus impulse noise for AM transmission 
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times is indicated for a system which is to 
have reasonably low distortion with any 
margin of safety. The signaling speed 
capability of a given band width is nearly 
the same for FS signals as for AM (on- 
off) signals. In Figure 10 is shown the 
over-all signaling frequency response to 
FS and AM signals for a nominal band 
width at point a of about 740 cycles. It 
will be noted that the FS method is but 
slightly inferior and that both systems 
fail at a signaling frequency of approxi- 
mately one-half the band width. 


Effect on Noise. The effect of ther- 
mal noise on distortion for band widths 
of 115, 230, and 740 cycles is shown in 
Figures 11 and 12. The rms noise-to- 
carrier ratios indicated in the figures were 
measured in the 3,300-cycle band of the 
radio receiver in all cases. The actual 
noise-to-carrier ratio existing in the trans- 
mission band used was lower and may be 
obtained from Table I. These values are 
from rms measurements. 

For AM signals, Figure 12, varying the 
band width has little effect when the 
telegraph signal distortion is less than 
15 per cent. Although the wider bands 
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accepted more noise power, this added 
noise merely produced high-frequency 
noise components which were removed by 
the low-pass filter. This added noise, 
however, does cause the peak noise to 
exceed the signal amplitude at a lower 
noise-to-carrier ratio and cause failure 
before that for a narrower band condi- 
tion. 

In the case of FS signals, Figure 11, 
changing the band width and the fre- 
quency shift simultaneously and in ap- 
proximately the same proportion alters 
the whole distortion characteristic. At 
low noise levels a wider band with a 
greatet frequency shift gives an improved 
signal-to-noise condition. However, as the 
noise level is increased the wider band 
causes the peak noise to exceed the car- 
rier at a lower noise level than with a 
narrower band. Thus a change to a 
wider band gives less distortion at low 
noise levels and more distortion at high 
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noise levels. This results in a much more 
sharply breaking distortion characteris- 
tic for the wider band. This behavior is 
typical of frequency modulation systems 
in general. 

Although the noise actually passed by 
the 740-cycle band filter was approxi- 
mately eight decibels above that passed 
by the 115-cycle band filter, the difference 
in the failure points (35-40 per-cent dis- 
tortion) for the two band widths will be 
seen to be only about half this amount in 
decibels for both AM and FS. This phe- 
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Pass Band at Point a, 
Cycles 


Correction to Be Made, 
Decibels 
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nomenon is typical of carrier telegraph 
systems when compared at the same sig- 
naling speed. This means that it is not 
particularly beneficial to decrease band 
width to obtain lower distortion under 
high noise conditions. The main reason 
for narrow bands is for more economical 
use of frequency space. 

As to the comparison between FS and 
AM, the FS method has an advantage of 
2.5 to 4.5 decibels at a distortion of 35 to 
40 per cent, corresponding to the selector 
failure point of the usual teletypewriter. 
From a signal-to-noise standpoint it is 


_ thus seen that the gain in changing to the 


FS method is approximately equal to the 
resulting increase in average transmitted 
power of about three decibels. A ccm- 
parison at a lower distortion such as 15 
per cent shows an advantage of four to six 
decibels. At a still lower distortion the 
740-cycle band, because of the higher 
deviation ratio, shows an improvement 
of over ten decibels. In this region the 
slopes of the curves make accurate com- 
parisons impossible due to the masking 
effect of other sources of distortion. 
These large improvements at low noise 
levels are similar to those associated with 
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Figure 19. Linear discriminator versus two 

band-pass filter discriminators having the same 

signaling speed capability. Effect of thermal 
noise on peak distortion 


80-cycle cut-off low-pass filter 
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Figure 20. Linear dis- 

criminator versus two 

band-pass filter discrim- 

inator with equal band- 

widths. Effect of ther- 

mal noise on peak dis- 
tortion 


80-cycle cut-off low- 
pass filter 
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- wide-band FM broadcast systems. How- 
ever, in carrier telegraph transmission 
the criteria are so different that the dif- 
ference between a nearly perfect circuit 
and one of small distortion is not of great 
importance except when a large number 
of telegraph sections are to be operated 
in tandem. From a practical standpoint 
the improvement in signal-to-noise is 
not more than about six decibels for 
equal band widths. 

In Figures 13 and 14 similar character- 
istics are shown for impulse noise. The 
noise level values of these curves are 
purely relative as no attempt to measure 
the peak noise was made. The compari- 
sons between AM and FS, and between 
different band widths, agree closely with 
those for thermal noise. 


EFFECT OF LIMITER ON SIGNAL-TO-NOISE 
RATIO 


The limiter in the FS system is a high- 
gain nonlinear amplifier which delivers to 
the frequency discriminating networks 
an essentially square wave having transi- 
tions coinciding with the passage of the 
instantaneous voltage of the input carrier 
signal through zero. The limiter thus 
passes only the frequency or phase 
changes of the carrier signal. Noise 
voltages which are small compared to the 
signal cause approximately linear phase 
modulation of the signal and this is 
passed through the limiter. The amount 
of frequency deviation thus imparted to 


Figure 21. Effect of low-pass filter cut-off frequency on distortion 
in the presence of thermal noise 
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the carrier by a given component of noise 
is proportional not only to its amplitude 
but also to its frequency separation from 
the carrier. This gives rise to the so- 
called ‘‘triangular noise spectrum’’* when 
a linear frequency discriminator is used. 
If the limiter is removed from the fre- 
quency shift terminal, the noise compo- 
nents in phase with the carrier, as well 
as those in quadrature therewith, are al- 
lowed to reach the frequency discriminat- 
ing network. For a balanced type dis- 
criminator this increases the demodulated 
noise for small amounts of noise about 
three decibels. Figure 15 shows the 
effect of removing the limiter from the 
circuit. The limiter is seen to have little 
effect on the failure point, but an im- 
provement of two to four decibels 1s 
shown in the 5- to 12-per cent distor- 
tion region. 

Other beneficial effects resulting from 
the use of a limiter are discussed under 
“Level Variations’. 


DEMODULATION OF FREQUENCY SHIFT 
SIGNALS 


It is desirable that the frequency dis- 
criminating network be of the balanced 
type having two branches, allowing dif- 
ferential combination of the two rectified 
outputs. This minimizes the response to 
amplitude modulation not eliminated by 
the limiter. Two general types of net- 
works have been in common use for FS 
telegraph. One consists of two band- 
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pass filters centered about the mark and 
space frequencies respectively and ef- 
fectively dividing the total band into 
halves. The other consists of a 2-branch 
network, each branch of which has a vary- 


- ing amplitude characteristic extending 


over the complete transmission band and 
usually well beyond. The amplitude- 
versus-frequency characteristics of these 
two branches-have opposite slopes and 
are of such shape that differential com- 
bination of their rectified outputs results 
in an approximately linear voltage-ver- 
sus-frequency curve, passing through 
zero at midband (Figure 8). 

In Figure 17 is shown the characteristic 
of a 2-band-pass filter type of discrimi- 
nator which was used in early frequency 
shift terminals. The characteristic is 
fairly flat near the mark and space fre- 
quencies so that this type of discrimi- 
nator does not produce a triangular noise 
spectrum. In Figure 18 is shown the 
type of discriminator characteristic ob- 
tained by the use of two narrow band- 
pass filters. In this case there is no broad 
flat region around the mark and space 
frequencies and an intermediate type of 
characteristic (approaching the linear 
type) is obtained. 

With the linear type of discriminator 
(Figure 8) the demodulated noise has 
the well-known triangular spectrum and 
as illustrated previously, the signaling 
speed capability is essentially the same 
as an AM system of equal band width. 

To compare experimentally these two 
general types of discriminators, a 740- 
cycle band system with linear discrimi- 
nator and 350-cycle shift was compared 
with a system with a band width of about 
1,900 cycles, a discriminator consisting 
of two 740-cycle band-pass filters, and an 
850-cycle shift. The results are shown 
in Figure 19. The two systems are seen 
to reach failure distortion values at the 
same signal-to-noise point, with the 
linear discriminator becoming about three 
decibels superior at distortions around 


Figure 22. Effect of low-pass filter cut-off frequency on distortion 
in the presence of impulse noise ‘ 
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Figure 23. Effect of magnitude of frequency 
shift on distortion produced by thermal noise 


80-cycle cut-off low-pass filter 


RMS NOISE- TO-CARRIER RATIO WHICH 
PRODUCES 15 PER CENT PEAK DISTORTION 


-400 -300 -200 -10 ° 100 200 300 400 
FREQUENCY ORIFT IN CYCLES PER SECOND 


Figure 24. Effect of frequency drift on dis- 
tortion produced by thermal noise in FS 
transmission 


740-cycle band and 80-cycle cut-off low-pass 
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band width is required if a 2-band-pass- 
filter discriminator is used instead of the 
linear type. This added band width does 
not appear to cause any loss in signal-to- 
noise capabilities as to the failure point. 
The less sharp breaking point, however, 
makes the linear discriminator superior 
for moderate and low distortions. For 
a system occupying a given band width 
the 2-band-pass-filter discriminator pro- 
vides some improvement at the failure 
point but is still somewhat inferior to the 
linear discriminator at moderate distor- 
tions. More importantly the 2-band- 
pass-filter discriminator impairs the sig- 
naling speed capabilities to an extent 
which depends upon the shape of the cut- 
off of the filters used. 


BAND WIDTH AFTER DEMODULATION 
(Low-Pass FILTERING) 


In an AM system the low-pass filtering 
after demodulation can to a large degree 
make up for a greater than necessary 
band width before demodulation. Dur- 
ing marking intervals the added noise 
admitted by a wide band causes noise in 
the demodulated output at frequencies 
higher than the signaling frequency and 
this can be filtered out, unless the noise is 
so great as to over-modulate the carrier. 
During spacing intervals there is no car- 
rier and hence only the noise is rectified. 
Added noise admitted by a wide band 
causes not only higher frequency compo- 
nents in this rectified noise, which may be 


by this type of noise component because — 


the signal is obliterated momentarily. 
Its most important function is to prevent 
a breakup in the signal output until a 
fairly high distortion is reached. For 
noise peaks exceeding the carrier the low- 
pass filter of an AM system also serves 
much the same purpose. 

In Figure 21 is shown the effect of 
changing the band width of the low pass 
filter in an FS and in an AM system in the 
presence of thermal noise. The effect of 
a narrower low-pass filter is seen to con- 
sist mainly in shifting the breaking point 
toward a higher noise level. Similar 
characteristics for the case of impulse 
noise are shown in Figure 22. 


MAGNITUDE OF FREQUENCY SHIFT IN 
RELATION TO BAND WIDTH 


A frequency shift transient in a band 
of given width has a wave shape much 
like that of an amplitude transient in the 
same band provided the shift is symmet- 
rical and not over 50 per cent of the band 
width. If the frequency shift approaches 
the total width of the band, the transient 
is of such shape as to cause distortion and 
to make the system more susceptible to 
noise. A very small shift results in a low 
amplitude of demodulated signal, which 
is more readily distorted by noise and 
biased by frequency drifts. It is of in- 


‘terest, however, that the signal-to-noise 


ratio of the demodulated signal is not 
proportional to frequency shift- for high 


filtered out, but also an increase in the noise conditions. As described before, 
8 , d-c component. This tends to cause noise peaks tend to reduce momentarily 
a -10 marking bias of the received signals as to zero the output from a balanced dis- 
oer the noise level increases. _,  ¢riminator. The amplitudes of the dips 
B 3 In an FS system where the carrier is or holes are thus about one-half of the 
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Figure 25. Signal bias versus frequency drift 
for AM transmission in a 740-cycle band 


five per cent. A second comparison was 
made using roughly equal band widths. 
A 295-cycle band with a discriminator 
consisting of two band-pass filters and 
170-cycle shift was compared with a 230- 
cycle band with a linear discriminator and 
a shift of 140 cycles. The results are 
shown in Figure 20. The linear discrimi- 
nator in this case appears to fail slightly 
sooner but shows a superiority of about 
two decibels in the 5 per cent distortion 
region. Due to the rounded characteris- 
tic of the two band-pass filters used as a 
discriminator in the second comparison 
(Figure 18), the difference in discrimi- 
nators is less than in the previous test. 
It has been found® that for a given signal- 
ing speed capability almost twice the 


present continuously, the added noise 
from a wider band produces high-fre- 
quency noise components in the demodu- 
lated output which can be filtered out 
by the low-pass filter if the noise level is 
low. As the noise level increases there 
are short intervals when the noise envel- 
ope exceeds the carrier. The action of 
the limiter is to give preference to the 
greater signal, in this case the noise, and 
as the noise will appear to the discrimi- 
nator as a carrier fluctuating around mid- 
band as a center, the demodulated output 
momentarily dips toward zero. As the 
noise increases, the duration and fre- 
quency of occurrence of these holes in the 
signal increase. The low-pass filter, by 
excluding frequencies considerably in 
excess of the maximum signaling speed, 
prevents these holes in the signal from 
producing false or extra transitions in 
the telegraph signal output. The low- 
pass filtering, however, cannot prevent 
the true transitions from being displaced 


demodulated signal amplitude for any ~ 


value of shift. This tends to maintain a 
constant signal-to-noise condition and this 
characteristic is illustrated by Figure 16, 
in which the breaking point with a 100- 
cycle shift occurs only two decibels 
before that with a 400-cycle shift although 
the difference in actual signal amplitude 
is 12 decibels. Figure 23 shows the effect 
on signal-to-noise ratio of progressively 
varying the frequency shift while the 
band width is kept constant. There is a 
fairly broad region in which the signal- 
to-noise ratio is little affected by the 
amount of frequency shift. For optimum 
results a frequency shift of 50 to 60 per 
cent of the band width is indicated, and 
this has been used in most of the experi- 
mental results given herein. 


- 


FREQUENCY INSTABILITIES 


Frequency drift of the carrier input to 


the receiving terminal in general causes — 
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biased signals, and if severe enough re- 
sults in failure of the system. 

In Figure 25 is shown the effect of 
frequency drift on signal bias in an AM 
system. In an AM system little bias is 
produced until the carrier reaches the 
cutoff region of the filter. The bias then 
becomes rapidly negative due to the in- 
creased loss and decreased amplitude of 
demodulated signal. When an automatic 
gain control arrangement is used, the bias 
becomes positive due to a distorted enve- 
lopeshape. The demodulated wave form 
determines the degree of sensitivity to 
frequency drift and depends on the band 
width both before and after demodula- 
tion. 

In an FS system using a linear discrimi- 
nator, frequency drift changes the d-c 
component of the signalsand thus changes 
the operating point on the demodulated 
wave. The amount of bias depends upon 
the slope of the wave front and is thus 
affected by the amount of low-pass filter- 
ing. The effect of frequency drift on bias 
for a number of FS systems is shown in 
Figures 26 and 27. If a 2-band-pass 
filter type of disctiminator is used, the 
system is insensitive to moderate fre- 
quency drifts because of the flat pass 
bands, as illustrated in Figure 26. The 
relative shape and amplitude of the sig- 
nal from a linear discriminator does not 
change appreciably with frequency drift; 
only a d-c displacement occurs. This 
makes it desirable to have the low-pass 
filter coupled to the output amplifier by 
a network which passes only the useful 
signaling frequencies and blocks the d-c 
and very slow drift components. When 
this is done the effect of frequency drift 
on bias is not greatly different from that 
for an AM system, as may be seen by 
comparing the dotted curves on Figures 
26 and 27 with Figure 25. 

The general method of performing this 
d-c elimination is illustrated in the block 
diagram of Figure 29. The output from 
the low-pass filter is passed through a 
coupling network which blocks the d-c 
and passes the useful signaling frequen- 
cies. The output of the coupling network 
is passed through a positive feed-back 
nonlinear amplifier which has but two 
output conditions representing the mark 
and space of the telegraph signal. The 
feed-back network passes d-c and low 
frequencies so as to just compensate for 
the loss of the coupling network. The 
time constant of the coupling network 
may be large enough so that the signal 
wave form into the d-c amplifier is prac- 
tically the same as at the output of the 
low-pass filter. The operating point on 
the demodulated wave may be readily 
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adjusted by adjusting the bias voltage 
at the input to the d-c amplifier. This 
arrangement differs from the impulse type 
of d-c elimination, in which the demodu- 
lated wave form is effectively differen- 
tiated to form pulses but a fraction of a 
unit dot in length. 

When d-c elimination is used, operation 
with FS signals decentered in the pass 
band causes little bias, but it does cause 
a loss in signal-to-noise ratio, especially 
at high noise levels. Due to the effect of 
noise peaks in causing a dip toward zero 
in the demodulator output, the effect of 
noise becomes exaggerated during the 
signal condition which is farther from 
midband. This change in signal-to- 
noise condition with frequency drift is 
shown in Figures 24 and 30. A compari- 
son between a 2-band-pass-filter discrimi- 
nator and a linear discriminator with d-c 
elimination as regards frequency drifts 
in the presence of noise is shown in Figure 
31. 

Radio telegraph systems operating in 
the high-frequency region require a high 
degree of frequency stability if narrow 
band widths are to be used. Because of 
the several frequency conversions in- 
volved, a number of different oscillators 
or frequency sources are involved, but 


30 


usually the major burden of frequency 
stability rests on the transmitter exciter 
and the high-frequency beating oscillator 
of the receiver. 

Various methods of automatic fre- 
quency control may be used to hold the 
carrier input to the demodulator at the 
correct frequency. In the case of FS sig- 
nals, the control may be arranged to op- 
erate only on the marking frequency or 
to utilize both the mark and space condi- 
tions. It is preferable to have inherent 
frequency stability rather than to com- 
pensate for the drift at the receiving end 
as it is difficult if not impossible to pro- 
vide an automatic. frequency control 
which will not reduce the transmission 
capabilities of the system in the presence 
of noise and other interference. Best 
results are obtained if the frequency sta- 
bility is high enough to require only a very 
slow correction, which usually dictates 
some mechanical rather than electronic 
tuning arrangement. Manual retuning 
may be found satisfactory where stabil- 
ity is reasonably good, provided care is 
taken in making the adjustments. Suit- 
able frequency stability with the reten- 
tion of flexibility in frequency adjust- 
ment may be obtained by frequency 
sources making use of a combination of 
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crystal oscillators and high stability 
variable oscillators of lower frequency. 


LEVEL VARIATIONS 


Extreme and rapid variations of re- 
ceived level exist in high-frequency radio 
transmission. It is upon the ability to 
accommodate these level variations that 
the merits of a high-frequency radio tele- 
graph system must largely be judged. 
FS telegraph shows its outstanding ad- 
vantage in this respect. 

To obtain zero-bias signals and opti- 
mum signal-to-noise conditions, in an 
AM system, the operating point must be 
near the half amplitude point on the de- 
modulated wave. This means that com- 
plete failure will result for a drop in level 
of six decibels unless some compensating 
arrangement is provided. The slope of 
the bias-versus-level characteristic’ de- 
pends upon the slope of the demodulated 
wave, which in turn depends on the band 
width of the system and upon the degree 
of low-pass filtering. The bias-versus- 
level characteristics of some AM systems 
are shown in Figure 28. Where the level 
variations are relatively slow compared 
to the signaling speed, automatic gain 
control circuits can be used to maintain 
a nearly constant level into the demodula- 
tor. However, where large rapid level 
changes occur, as in the high-frequency 
range, it is seen that a narrow-band AM 
system would fail completely regardless 
of the amount of transmitted power. For 
printer operation over an AM system in 
the high-frequency range, a fairly wide 
band and little low-pass filtering should 
be used, so as to keep the wave shape of 
the signals as square as possible and thus 
obtain a fairly flat bias-versus-level char- 
acteristic. By adjusting the operating 
point low on the demodulated wave, ap- 
proaching the spacing noise level, the 
greatest possible range of acceptable rapid 
level change will be obtained. The 
slower level change components may be 
handled by the usual automatic gain con- 
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trol circuits. This will’cause the bias of 
the signals to average marking somewhat, 
but the peak distortions will be kept to a 
minimum. 

In an FS system no bias is produced so 
long as both the marking and spacing 
frequencies are affected alike, with their 
received levels remaining equal. Such 
nonselective fading conditions cause no 
distortion even when they occur at quite 
rapid rates. Ifa balanced typeof discrim- 
inator is used, amplitude limiting is not 
essential to obtaining this immunity from 
nonselective variations in attenuation. 
It is only when the mark and space lev- 
els. are different that bias results. In 
Figure 32 are shown bias versus mark-to- 
space level ratio characteristics both with 
and without a limiter. More bias exists 
when there is no limiter because the ampli- 
tude of the demodulated wave is directly 
affected and consequently the low-pass 
filtering also becomes a factor. With a 
limiter the amplitude of the demodulated 
wave is held constant and the amount of 
low-pass filtering has no effect on bias. 
Some bias is still produced, however, due 
to the differently shaped frequency tran- 
sients in the pass band of the receiving 
system when a level change occurs at the 
moment when the frequency changes. 
In Figure 33 this bias effect is demon- 
strated for various band widths. For 
moderate mark-to-space level ratios the 
bias effect is small and linear, with a slope 
which usually varies inversely with band 
width. At extreme level differentials the 
bias may rise very rapidly because of the 
amplitude and phase characteristics of 
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the input pass band; transients from the 
greater amplitude condition may inter- 
fere severely with the lower amplitude 
condition. For the types of band-pass 
filters used in the tests it appeared that 
the amount of level difference required to 
produce 20-per-cent bias did not change 
greatly with band width. Severe wave 
shaping of the signal at the transmitter 
was found to be an aid in reducing the 
bias effect due to such transients, but the 
characteristic distortion became too great 
to give any practical improvement. 

The fading modulator used in obtaining 
the data for Figure 33 caused no change in 
phase. Selective fading over an actual 
radio circuit would involve considerable 
phase shift and greater distortion might 
be expected. The data of Figure 32 were 
obtained by use of the phase control as- 
sociated with the crystal filter of the ra- 
dio receiver to vary the loss-versus-fre- 
quency characteristics of the receiving 
pass band and thus cause unequal mark 
and space amplitudes. This method gave 
an amplitude and phase characteristic 
for the transmission band more like that 
over an actual radio circuit. 


Multipath Propagation Effects 


The rapid fading conditions prevailing 
in the high-frequency range are brought 


- about by multipath propagation. Under 


such conditions, the signal induced in a 
receiving antenna by a distant transmit- 
ter may be the resultant of two or three 
separate waves each propagated over a 
different path. If two waves arrive over 
paths differing in length by an odd num- 
ber of half wave lengths, the resulting 
180-degree phase difference causes maxi- . 
mum cancellation. However, if the paths 
differ in length by an integral multiple of 
whole wave lengths, the waves arrive in 
phase and maximum reinforcement re- 
sults. The difference in path lengths may 
at times be as great as 500 to 1,500 kilo- 
meters (delay times of two to five milli- 
seconds) which in the high-frequency re- 
gion corresponds to thousands of wave 
lengths. Under these maximum con- 
ditions waves at one-frequency may arrive 
in-phase while waves at a frequency a few 
hundred cycles away may arrive in phase 
opposition. Because the path lengths are 
constantly changing, the transmission at 
a given frequency is subject to wide 
variations in amplitude and phase with 
time. When the difference in path 
lengths is not great enough to cause fre- 
quencies in one portion of a communica- 
tion channel to fade differently from those 
in another portion, the term ‘‘non- 
selective’ or ‘flat’ fading is applied. 
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Figure 30. Effect of frequency drift on dis- 
tortion produced by impulse noise in FS 
transmission 


740-cycle band, 100-cycle frequency shift, 
80-cycle cut-off low-pass filter 


When the difference in path lengths be- 
comes great enough to cause considerable 
amplitude or phase distortion over the 
transmission band, the term ‘‘selective”’ 
fading is used. As the propagation paths 
existing at a given moment vary for dif- 
ferent antenna sites, the fading patterns 
obtained from two or three antennas 
separated by several wave lengths usually 
show a considerable phase difference, so 
that a given frequency is not likely to fade 
into the noise level at all antennas simul- 
taneously. By employing separate re- 
ceivers for each antenna and suitably com- 
bining or selecting the demodulated out- 
puts, a system is obtained which is 
much less susceptible to fading. Such a 
method is called space diversity reception. 
Inasmuch as fading over a given combina- 
tion of paths is highly selective with re- 
spect to frequency, much the same effect 
is obtained by frequency diversity recep- 
tion. When this method is employed, the 
intelligence is transmitted on two or more 
frequencies simultaneously, and then 
received by separate receivers from a 
single antenna and the resulting de- 
modulated signals combined or selected 
as for space diversity. 

In telegraph transmission large differ- 
ences in delay over two separate propaga- 
tion paths cause the telegraph signal 
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transitions to arrive at different instants 
over the two paths. Thus, there are inter- 
vals of overlap when a marking condition 
is received over one path and a spacing 
condition over a second path. When two 
components of nearly equal amplitude 
arrive at nearly 180-degree phase differ- 
ence, a signal transition may involve 
large and sudden amplitude and phase 
changes. The resulting transients in the 
band-pass networks of the receiving 
equipment may cause fortuitous distor- 
tions considerably greater than the dif- 
ference in delay times over the two paths. 
The wider the pass-band of the receiving 
system the shorter the duration of these 
fortuitous transients, and hence the less 
the distortion. This phenomenon is one 
of the determining factors in the selection 
of band width and frequency shift-to be 
used in a given application of FS te- 
legraphy. It becomes of increasing im- 
portance when the circuits are long and at 
higher signaling speeds such as are used in 
time-division multiplex methods. 

In an AM system the effect of large dif- 
ferences in path lengths is usually a filling 
in of the spacing intervals with resulting 
marking bias. In an FS system the over- 
lap time and associated transients may 
add to either marking or spacing intervals 
in a random fashion, depending on the 
amplitude and phase conditions at each 
transition. The overlapping of the mark 
and space frequencies in FS transmission 
can sometimes be heard in an AM re- 
ceiver as short pips of audio tone at each 
transition, the audio tone being the beat 
between the two frequencies. 


USE OF SUPERIMPOSED PHASE 
MOopDvULATION 


Superimposed phase modulation some- 
times has been employed as a simple 
means of achieving a certain amount of 
frequency diversity both in AM and FS 
telegraph systems. This consists in 
causing the radiated signal to oscillate 
continuously through a small phase angle 
at a rate relatively high compared to the 
dotting speed. Phase modulation spreads 
the energy of the signal over a wider fre- 
quency band so that the complete loss of 
the signal through selective fading be- 
comes less probable. The spectra gen- 
erated by sinusoidal phase modulation of 
1.0, 1.4, and 2.0 radians are shown in 
Figure 34. Most of the energy is seen to 
be concentrated in the carrier and first 
order side bands. Less than 1.0 radian of 
modulation results in too little amplitude 
of the side bands, while more than 1.5 
radians results in too wide spread of en- 
ergy outside the first order side bands. 
The center three components are equal at 
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about 1.4 radians. In the case of FS, the 
phase modulation frequency appears as a 
variation in amplitude of the signals from 
the discriminator. For AM no additional 
amplitude variation is caused by the 
phase modulation if there is no selective 
attenuation in the medium, but if such 
exists, the phase modulation frequency or 
a multiple thereof appears in the rectified 
signal. To permit these unwanted ampli- 
tude variations to be removed by the low- 
pass filter so as not to break up the sig- 
nals, the phase modulating frequency 
should preferably be ten or more times 
the maximum signaling frequency. 

A test of superimposed phase modula- 
tion on FS signals was made over a radio 
circuit approximately 200 miles in length. 
A frequency shift of 850 cycles, and one 
radian of 200-cycle phase modulation, was 
used. A 60-word-per-minute test sentence 
was transmitted and received without 
space diversity. 

It was found over a period of several 
hours that the phase modulation, on 
the average, gave a decrease in printed 
errors of about 50 per cent when the 
error rate was in the proximity of one 
to two per cent. For short intervals the 
reduction in errors was often considerably 
greater. The use of 200-cycle phase 
modulation when space diversity is used 
provides little or no improvement and is. 
therefore undesirable. 

A more effective way of employing 
phase modulation with FS signals would 
be to use a phase swing of +1.4 radians 
at a frequency of two to three times the 
frequency shift and to demodulate the 
three major components of the signal 
separately, thus obtaining in effect a 
triple frequency diversity system. This, 
of course, involves quite a wide trans- 
mitted band, but it might be of use in 
cases where space diversity is impossible, 
such as on board ships. When a space 
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Figure 33. Signal bias 


versus mark-to-space 
level ratio in FS trans- 
mission 
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diversity arrangement is feasible it is 
much to be preferred. 


DIVERSITY OPERATION 


To obtain reliable operation in the 
high-frequency range it is common prac- 
tice to employ space diversity reception. 
The use of frequency diversity, with the 
increase of transmitted power and greater 
frequency space required, is seldom justi- 
fied if space diversity reception can be 
arranged. For AM radio telegraph, 
double or triple space diversity receiving 
atrangements are used frequently. Be- 
cause an FS signal generally covers more 
frequency space, it is even more likely 
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to be mutilated by selective fading than 
an AM signal. It has been found, how- 
ever, that a double space diversity system 
for FS signals ustially gives sufficient 
diversity action provided it is of a type 
that permits switching between channels 
at signaling speed without appreciable 
distortion. This is necessary because it is 
a frequent occurrence that the mark of one 
channel may fade, leaving a good space, 
while the opposite may occur on the second 
channel. Since an FS system can accept 


rapid level changes, the main purpose of 


diversity methods is to insure that both 
the mark and space portions of the signal 
will be received above the noise level. In 
the case of AM telegraph, because it can- 
not accept rapid level changes, diversity 
operation is important not only in keeping 
the signal above the noise but also in 
averaging out some of the rapid level 
changes. For this reason AM systems 
usually show considerable improvement 
in going from double to triple diversity. 
It would be expected that a like change 
would show much less improvement in an 
FS system. . 


€ 


DIVERSITY CHANNEL SELECTION 


The method employed to combine or 
select the channels of a diversity system 
is of great importance. For an AM sys- 
tem the relatively simple method of using 
a common load circuit for the diode de- 
tectors of the diversity channels generally 
is used. By deriving a common auto- 
matic-volume-control voltage from the 


. combined output and by properly adjust- 


ing the receiver sensitivities, a fairly con- 
stant output is obtained. The parallel 
connection of the diode detectors causes 
the stronger signal to block the weaker 
signal effectively, thus giving a fairly 
sharp diversity selection characteristic. 
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The problem of combining the diversity 
channels of an FS system is more compli- 
cated mainly because of the amplitude 
limiting. If amplitude limiting is used in 
each diversity channel before demodula- 
tion, the resulting constant amplitude sig- 
nals convey no information as to their 
relative amplitudes as received from the 
antennas. Any diversity selection must 
be obtained then by some indirect 
method. It is necessary to furnish some 
selecting device as the noise from a faded 
channel, if added directly to a good signal 
from another channel, will cause high dis- 
tortion. 

In an early frequency shift system em- 
ploying a 2-band-pass-filter discriminator 
(shown previously in Figure 17), it was 
found that for a poor signal-to-noise con- 
dition the sum of the outputs of the mark 
and space rectifiers increased above that 
for a good signal-to-noise condition. This 
increase was utilized to suppress the out- 
put of the poorer channel and emphasize 
that of the better channel. Although 
neither the degree of diversity selection 
nor the speed of response was as good as 
might be desired, fairly satisfactory re- 
sults were obtained. 

Another method which has been used 
involves the derivation of control currents 
or voltages proportional to the amplitudes 
of the incoming signals, which in turn 
select the better diversity channel by 
some type of gate action. The time con- 
stants of the control circuits must be low. 
enough to permit switching at signaling 
speed without introducing considerable 
distortion. The gate circuits also must be 
of a type which does not introduce inter- 
fering transients or otherwise allow the 
control voltages or currents to interfere 
with the signal. This method permits 
very sharp diversity selection and has the 
capability of approximating ideal results 
although it becomes somewhat involved 
in a practical form. ‘ 

A considerably simpler method has been 
used in some of the more recent FS ter- 
minals. It is based on the use of a signal 
amplitude limiter through which pass the 
signals of both diversity channels. This is 
made possible by arranging the two sig- 
nals at the input to the limiter to be at 
different frequencies. At the output of 
the limiter the two signals are separately 
demodulated and then combined. When 
one of the signals is considerably greater 
in amplitude than the other at the input 
to the limiter, the relative difference in 
level is increased by an additional amount 
of about six decibels at the limiter output. 
The limiter output may be considered as 
the stronger signal frequency-modulated 
by the weaker signal. For small modula- 


’ ATEE TRANSACTIONS 


( 


ANTENNA 


A 


RADIO FREQUENCY INPUT 
RECEIVER CONVERTER FILTER 


tion indices, the amplitude of the first 
order side band is approximately one-half 
the modulation index, thus explaining 
the six-decibel added difference in level at 
the limiter output. As the input levels 
approach equality, the added level dif- 
ference decreases to zero. A block dia- 
gram indicating the arrangement of such 
a diversity system is shown in Figure 35. 
Tests were made of both parallel and 
series connections of the two discrimina- 
tor outputs. With a parallel connection 
the discriminator having the greater 
output blocks the rectifier output of the 
other discriminator, and thus gives a 
sharp diversity selection characteristic. 
However, the level ratio of the channels 
at which a switch takes place is affected 
not only by the ratio at the limiter input 
but also by frequency drift and dis- 
criminator slope. With the series con- 
nection, only the input level ratio at the 
limiter input affects the diversity switch- 
ing; this arrangement therefore was 
selected as the preferred method although 
its selection characteristic is not sharp. 
The series and parallel combining charac- 
teristics are shown in Figures 36 and 37. 
Various tests were made on a terminal 
having a 1,500-cycle band width and using 
the series combining method to determine 
the signal-to-noise characteristics under 
different conditions of diversity fading. 
A frequency shift of 850 cycles was used 
and the midband frequencies of the two 
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Figure 35. Block diagram of dual-diversity 
FS receiving system using a common limiter 


diversity channels at the common limiter 
input were 30 and 35 ke. Figure 38 shows 
the distortion versus signal-to-noise ratio 
characteristics of each channel separately 
and in diversity combination for various 
relative level conditions of the two chan- 
nels. During diversity operation equal 
noise levels were maintained in the two 
channels and various combinations of 
level differences of the two channels were 
preserved as the whole signal level com- 
bination was varied. The level differ- 
entials are indicated in the figure for each 
cutve. The signal-to-noise level scales 
refer to the highest level portion of the 
diversity signal. As the amplitude 
modulator which was used to simulate the 
selective fading did not produce phase 
shifts or transmission delays as would 
actually exist over high-frequency radio 
circuits, the actual distortions shown by 
the curves are optimistic. 

The idedl diversity selection circuit 
theoretically should give a signal-to-noise 
characteristic identical to that of a single 
channel under the signal-to-noise condi- 
tion corresponding to the signal of the best 
momentary reception. It will be seen that 
the test results of Figure 38 approach this 
limit within two or three decibels at a 
peak distortion of 20 per cent. Part of 
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this difference is caused by the dissimilar 
band-pass characteristics of the two chan- 
nels of the experimental unit used for the 
tests and part caused by the lack of an 
extremely sharp diversity selection. It 
should be pointed out that the conditions 
under which the theoretical maximum 
diversity signal-to-noise condition may 
be reached are very hard to obtain in 
practice. If the noise levels in the two 
channels are not equal, and if the diversity 
selecting method at all times does not 
select exclusively the channel with the 
greater signal, the distortion character- 
istic will deteriorate accordingly. Be- 
cause the automatic-volume-control sensi- 
tivities of two radio receivers may differ 
considerably, the noise levels cannot be 
maintained closely the same, and usually 
no provision is made for determining the 
noisé level except by ear. ‘ The slightly 
better diversity action which can be ob- 
tained theoretically therefore is believed 
to be of doubtful usefulness under actual 
operating conditions. The common 
limiter method has the advantage of being 
simple in that the diversity action is ob- 
tained in the transmission circuits directly 
and no added switching circuits or ad- 
justments are required. Tests of this 
type of diversity selection in the field have 
indicated a marked superiority over 
earlier FS terminal equipment. 

In connection with the use of a common 
limiter, care must be taken in the selection 
of the two channel frequencies. Frequen- 
cies having nearly integral ratios such as 
3:5 and 5:7 produce disturbing amplitude 
modulation of the demodulated signal. 
The frequencies should be chosen so as to 
avoid low integral ratios; then all ampli- 
tude modulations are negligible or easily 
filtered out. Where frequency drift is to 
be allowed for, the frequencies should be 
chosen so as not to approach a low integral 
ratio at any place in the expected drift 
range. 

If the radio receivers associated with a 
space diversity FS system have auto- 
matic gain control it must be a common 
control so the receivers will change gain 
equally. The use of common automatic 
volume control prevents overloading of 
the receivers as the received signal 
strength varies. If no common auto- 
matic volume control is available, the re- 
ceivers should be operated in the manual 
gain control condition. 


Conclusions 


GENERAL COMPARISON OF FS anp AM 
CARRIER TELEGRAPHY 


The foregoing sections have compared 
the characteristics of AM and FS carrier 


491 


PEAK DISTORTION IN PER CENT 


15 5 


A+B 


<—-- Ma & Sa-3DB 


A+B 


Mp & Sp-5DB 
<--M, &Sp-25DB 


Sp &Mp-25DB -> 


aa 


Spy &Mpa~5 DB ----~ te 


10 1iSyv5 10 15 


SIGNAL-TO-NOISE RATIO IN DECIBELS 


Figure 38. Peak distortion versus signal-to- 
noise ratio characteristics for dual-diversity 
operation with a common limiter 
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telegraph transmission under various 
conditions. Whether or not FS would 
prove to be the preferable method for 
a specific communication use depends 
largely on the transmission medium and 
the quality of transmission desired. As 
regards frequency space requirements, 
both methods provide essentially the same 
signaling speed capability for a given band 
width. 

As to the ability to transmit through 
noise, FS has an advantage of three to four 
decibels at distortions approaching the 
failure point when equal band widths are 
compared. At lower distortions the ad- 
vantage of FS is six decibels or more so 
that it is attractive in this respect for tan- 
dem operation of several telegraph sec- 
tions where regeneration of signals is not 
practiced. When frequency space permits 
wider bands, with correspondingly in- 
creased frequency shifts, the signal-to- 
noise advantage of FS over AM _ in- 
creases for low noise levels. Wide-band 
FS therefore provides a means of obtain- 
ing higher quality circuits if the noise 
level is not too great. 


492 


The AM method is basically less sus- 


ceptible to frequency variations than is - 


the FS method. However, as has been 
illustrated, frequency drift can be com- 
pensated for by d-c elimination so as to 
make FS comparable to AM in this re- 
spect. 

FS transmission is essentially immune 
from effects of nonselective level variation, 
even when extremely rapid, and in this 
characteristic displays its most outstand- 
ing advantage over AM. 


\ 
OPERATION OVER WIRE CIRCUITS 


A wire circuit usually provides a trans- 
mission medium having a low noise level 
with slow and relatively small variations 
in attenuation. Such circuits, when 
equipped with suitable automatic gain 
control, allow stable operation with AM 
telegraphy, and but little improvement 
probably could be obtained by using FS. 
The choice between AM and FS under 
such relatively ideal conditions becomes 
one of economic considerations of the 
terminal equipment and carrier supply. 
However, when FS is applied to multi- 
channel systems the problem of inter- 
channel interference requires attention. 
For wire circuits having high noise levels 
or sudden changes in attenuation, the use 
of FS instead of AM provides consider- 
able improvement, and in severe cases the 
FS method may be a necessity for satis- 
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factory operation. Wide-band FS opera- 
tion, with its sharper breaking distor- 
tion versus noise level characteristic, 
gives a low value of rms-to-peak distor- 
tion which would be especially advan- 
tageous for tandem operation. However, 
the necessary frequency space for wide- 
band operation usually is not justified 
economically for wire line operation. 


OPERATION OVER RADIO CIRCUITS 


For operation over radio circuits pro- 
viding stable conditions similar to those 
on wire circuits; the FS method does not 
show a great advantage over the AM 
method. In the case of long distance 
telegraphy in the high-frequency range, 
however, FS shows a marked advantage 
over AM. This is because of the rapid 
fading and high noise conditions which 
commonly prevail in the high-frequency 
region. The amount of rapid variation in 
marking level that an AM system can 
accommodate is less than the difference 
between marking and spacing levels that 
an FS system can tolerate. In the worst 
case of selective fading, the level differ- 
ences between the mark and space fre- 
quencies might approach values equal 
to the short time level swings of a single 
frequency, but in general would be less. 
A given condition of selective fading thus 
causes less distortion in an FS system 
thaninan AM system. FS allows the use 
of narrow bands without. much loss in 
signal quality in the presence of fading, 
whereas AM does not. FS therefore is 
essential for satisfactory operation of 
closely spaced narrow-band high-fre- 
quency radio channels. Where frequency 
space is not restricted and wider bands are. 
used to permit considerable frequency 
drift, the improvement afforded by FS 
over AM. is materially less. To obtain 
optimum results from an AM system, 
however, requires more careful adjust- 
ment and more attention than does an FS 
system. This is partly caused by the 
amplitude limiter in the FS system which 
results in a constant amplitude of signal 
from the discriminator and partly caused 
by the fact that an FS signal is no more 
subject to noise interference during the 
spacing condition than during the marking 
condition. Therefore the operating point 
on the demodulated wave may be set and 
left for long intervals even though trans- 
mission conditions vary widely. This 
greater ease in maintaining good adjust- 
ment of the equipment probably accounts 
for some of the apparent improvement in 
changing from an AM to an FS system. 

It should be noted that a system may — 
fail either because of level variations well 
above the noise level or because of the 
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signal becoming submerged in noise. Ifa 
system fails because it can accept only 
moderate level variations, an increase in 
transmitted power will provide no im- 
provement since the level variations will 
remain the same as before. However, a 
system which can accept very wide varia- 
tions in level will show improvement 
upon increasing transmitted power up to 
the point where no failures occur because 
of an unfavorable signal-to-noise ratio. 
The over-all improvement obtained in 
changing from AM to FS radio telegraph 
sometimes is expressed as a ratio of trans- 
mitted powers required to give equivalent 
transmission results over the two systems. 
Such a ratio fluctuates widely depending 
upon the prevailing conditions. With 
little fading the improvement ratio will 
be caused mainly by the better signal-to- 
noise obtained with FS and may be less 
than five decibles. Under severe fading 
conditions no amount of power may give 
good results with AM while FS may be 


satisfactory. Thus the power ratio would 
become infinite. By making a long-time 
comparison, an average power ratio figure 
may be found which gives equal average 
error rates in the printed copy from each 
system. Such tests’ between a triple 
space diversity AM system and a double 
space diversity FS system have indicated 
a power ratio of 11 decibels in favor of 
the latter when the error rate was 0.1 to 
0.5 per cent. 

When the two systems thus are made 
equal by adjustment of transmitted 
power, more errors caused by the signal 
becoming submerged in noise occur in the 
FS system to compensate for a larger 
number of errors in the AM system be- 
cause of rapid level changes. Often the 
reason for changing a radio telegraph 
system from AM to FS is to increase the 
reliability of the circuit and not just to 
save transmitted power. 

To insure a definite improvement in 
such cases the carrier level should not 


be decreased more than about six decibels. 
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Discussion 


F. B. Bramhall (Western Union Telegraph 
Company, New York, N. Y.): J. R. Davey 
and A. L. Matte are to be complimented on 
an excellent report of perhaps the most 
comprehensive engineering investigation 
and comparison of frequency modulation 
and amplitude modulation in audio fre- 
quency telegraphy ever undertaken... 

That there be no confusion about the 
terms employed, it should be pointed out 
that FS as used in this paper is quite 
synonymous with FM as used in a paper! 
by J. Edwin Boughtwood and myself. 
Davey and Matte report the advantages of 
FM over AM almost precisely the same as 
announced in the earlier paper. 

Since in a nationwide communication net- 
work, several sections of carrier channels are 
commonly tied together end on end, I prefer 
to consider the improvement in disturbance 
susceptibility at a noise-signal ratio much 
lower than the point of complete failure. 
On wire carrier circuits, a deviation ratio of 
unity is commonly employed in order that 
channels may be stacked closely together 
and spectrum utilization may be efficient. 
Within the range of disturbances which may 
reasonably be encountered on such circuits, 
FM will withstand as shown in both papers, 
8 or 9 decibels more disturbance than AM. 
This is essentially the same whether the dis- 
turbance be fluctuation noise or impulse 
noise. The freedom from level changes, 
rapid or slow, is of course complete. I 
question whether any transmission media is 
dependably so quiet and so stable through 
all seasons and in all circumstances that 
substantial benefit is not derived from FM. 

The telegraph company pioneered in the 
use of FM on wire circuits, its first commer- 
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cial circuits of this type being inaugurated in 
1938. Since that date, practically all of the 
older AM equipment has been replaced, 
until recent expansion runs the channel 
miles of FM telegraph into the hundreds of 
thousands. The improvement both in 
transmission efficiency and in circuit con- 
tinuity is little short of revolutionary. 
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Lloyd Espenschied (Bell Telephone Labo- 
ratories, Inc., New York, N. Y.): Most 
ideas are older than one realizes at first, and 
it may be of interest to recall some of the 
earlier proposals for the frequency shift 
kind of telegraph signaling. 

We find the idea coming into the picture 
in a crude sort of way with the very birth 
of the electromagnetic telegraph. Stein- 
heil, in one of the most classical papers of 
telegraph literature, in 1839 describes a d-c 
pulse-type of telegraph system in which the 
polarity of the pulses, plus and minus, was 
employed for marking and spacing. In re- 
ceiving his signals, he sought to relieve the 
eye from reception by having the signal 
operate a sounding device and thus appeal 
to the ear. He says, in fact, that he would 
like to make his system “copy the most per- 
fect of all methods of communication— 
speech, in which the sound as it falls on the 
ear of itself.arrests the attention, and is at 
once understood.”! But, of course, electric 
telegraphy had not yet grown up to the 
higher frequencies whereby speech could be 
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accommodated, and the telephone was not 
yet invented! 

But Steinheil did go on and do the best he 
could to address the message to the ear, and 
free the eye for writing it down. One of the 
schemes he describes is that of causing the 
plus and minus impulses to clang bells of 
two different frequencies.2 I suppose such 
a rendering might be called ding-dong 
telegraphy. 

Of course Steinheil was not passing his 
two different frequencies over the line; his 
dots, plus and minus, occupied one and the 
same near-zero frequency slit on the line. 

A case in which the two different fre- 
quencies were passed over the line is that 
disclosed by Elisha Gray in 1875 in his 
patent 166,095, entitled: ‘‘Electric Tele- 
graph for Transmitting Musical Tones.” 
For transmitting he employed two vibrators, 
tuned to different frequencies, each with its 
transmitting key, so that the two channels 
could be played upon as desired. For re- 
ceiving he employed an electromagnetic 
diaphragm sounding box arrangement ca- 
pable of taking both frequencies. As to the 
use of his apparatus, he says that “letters 
and signals can be represented by tones 
differing in pitch; or the ordinary Morse 
signals can be made by short and long inter- 
ruptions in a prolonged tone of the same 
pitch, ...”. At the time, Gray’s inven- 
tion represented but one of the many ideas 
that were being entertained along in the 
1870’s of multitone transmission for 
various purposes, for musical effects, for 
multiplex telegraphy and for the transmis- 
sion of speech, as it turned out. The tech- 
nique then being experimented with, of 
vibrating reeds and_ electromechanical 
resonators, was participated in by a number 
of notable inventors such as Varley and 
LaCour in Europe, and Gray, Bell, and 
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Edison over here. Out of it came mainly 
telephony. The distance to which teleg- 
raphy had been stretched in actual practice 
by that time was so great as to cause the 
higher attenuation of these tone frequencies 
to be fatal at the time. There was no 
amplifier, and the receiving apparatus was 
not sufficiently sensitive to cause line noise 
to be controlling, and of course radio was 
not yet known. 

We now realize that what enables us to 
use the noisy and wobbly channels that we 


do in long distance transmission, especially 
in radio, is Doctor deForest’s grid controlled 
vacuum tube amplifier, for which he so 


properly this very week has been awarded © 


the Institute’s Edison Medal. It is this, the 
amplifier, which redeems the weak signals 
with which we work, and in doing so draws 
up from the bottom of the channel Nature’s 
dregs. Hence the effort of modern engi- 
neers to combat the noise and instability 
problem as exemplified by reverting, uncon- 


ing, now applying quantitatively our present 
high frequency electronics, as so well ex- 
emplified in the present paper. 
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Synopsis: Transmission on long nonloaded 
submarine telegraph cables has been im- 
proved by application of efficient signal- 
shaping amplifiers, replacing electrome- 
chanical types of receiving equipment; also 
by duplex balances of greater accuracy 
through use of new artificial line networks 
and new methods of balancing. With these 
improvements it became practicable to 
change from cable code recorder operation to 
printer operation and at the same time to 
obtain higher quality of transmission at in- 
creased speeds : 


HE STATE of the art in ocean cable 

telegraphy has been recorded at inter- 
vals in the literature of the Institute and 
elsewhere through the early nineteen 
thirties.!:* It is the purpose of this 
paper to give an account of some of the 
more recent developments which have 
been devoted almost exclusively to the 
improvement of transmission in one of 
the oldest of the electric signal mediums, 
the non-loaded submarine telegraph cable. 

The limitations of the earliest methods 
of cable operation were largely deter- 
mined by the available operating equip- 
ment. The receiving instrument first 
used on the transatlantic cables was the 
mirror galvanometer, a moving-coil in- 
strument. By reason of its sensitivity and 
favorable signal-shaping characteristics, 
the moving-coil type of receiving equip- 
ment remained in a dominant position in 
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nonloaded cable operation until relatively 
recent years. The mirror galvanometer 
was followed by the siphon recorder which 
provided a permanent record of the re- 
ceived signals. In turn the recorder was 
supplemented by magnifiers of various 
types which amplified the received signals 
before passing them to the recorder; 
and by the sensitive cable relays such as 
the drum relay and the gold wire relay 
which made possible the abandonment of 
manual relay operation at repeater sta- 
tions. All of these instruments were of 
the moving-coil type. Application of 
these developments and the regenerative 
repeaters which followed, extending over 
the years to the period immediately after 
World War I, brought about substantial 
increases in signaling speeds. Recorder 
operation was still universal requiring 
manual transcription of messages from 
the recorder tape at the receiving 
terminal. 

The success of printing telegraph sys- 
tems in land-line operation had engaged 
the attention of cable engineers but trial 
printer operation on cables while showing 
promise indicated generally the necessity 
for improved signal transmission before 
the automatic system could be entirely 
satisfactory. 

Because of the fragility of the moving- 
coil equipment and the gain limitations of 
the magnifiers, the potentialities of the 
vacuum tube in ocean cable telegraphy 
were recognized early in the development 
of the electronic art. However, the ef- 
forts of 1918-19 toward application of 
vacuum-tube signal-shaping amplifiers 
did not produce performance justifying 
the replacement of magnifiers. The prin- 
cipal reasons for this result were the high 
disturbance levels generally existent on 
duplexed nonloaded cables at that time, 
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. loaded-cable operation. 


comprising natural or static interference 
and duplex unbalance; and the lack of 
electric networks with shaping and dis- 
crimination characteristics better than or 
even equal to the characteristics of the 
mechanically-tuned moving coil. Certain 


practical apsects of the problem also then 


presented difficulties which subsequently 
disappeared when improved magnetic ma- 
terials and electronic components became 
available. 

The ‘continuously-loaded telegraph 
cable with its promise of considerably 
higher signaling speeds, which became 
practical with the invention of permalloy, 
emphasized the limitations of recorder 
operation and electromechanical terminal 
equipment. Necessity thus’ brought 
about the concurrent development of a 
signal-shaping amplifier and a multiplex 
printer system suitable for high-speed 
The laying of 
the first loaded cable in 1924 between New 
York and Horta, Azores Islands, and its 
immediate success are a matter of com- 
munications history. The amplifiers and 
other terminal and repeater equipment*® 
which formed an important part of that 
project contributed in no small degree to 


the over-all success of the undertaking. — 


The several later loaded cables were pro- 
vided with amplifiers of essentially the 
same design. Most of these amplifiers 
are still in operation with a continuous 
record of excellent service. It may well be 
said that the loaded-cable circuits es- 
tablished a new high standard in reli- 
ability, continuity and quality of day-to- 
day cable operation. 

Following the period of preoccupation 
with loaded-cable: developments and ‘as 
the success of the new operating methods 
and equipment became evident, efforts 
toward improvements in the operation of 
the nonloaded cables were renewed. 
The end results of these developments, 
which may now be regarded as substan- 
tially completed, have been successfully 
applied to a considerable extent in the 
North Atlantic cable system of the 
Western Union Telegraph Company. 
Installations. were intensified during the 
war in the course of which the develop- 
ments were made available to the Com- 
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mercial Cable Company and they were 
utilized in the rehabilitation and extension 
of the cable system of the Alaska Com- 
munication System. 

The program has. included conversion 
from cable code recorder operation to 5- 
unit code printer operation; the replace- 
ment of magnifiers with vacuum-tube 
signal-shaping amplifiers which also makes 
possible use of sturdy land-line type polar 
relays instead of the mechanically-delicate 
cable relays; and improvements in duplex 
artificial line networks and in the tech- 
nique of balancing. The advantages of 
more completely automatic operation 
have thus been made available and at the 
same time circuit speeds have been in- 
creased and circuit and equipment main- 
tenance at the cable stations have been 
reduced. 


The Printer System 


In view of the high capital cost of the 
long nonloaded ocean cable and its rela- 
tively low signaling speed, the message 
output of the circuit is a matter of great 
importance and thus it is ordinarily es- 
sential to use a signaling code with a 
minimum number of time units per char- 

- acter. For this reason much work has 
been done on cable printer systems based 
on various nonuniform codes which aver- 
age fewer units per character than the 
Baudot 5-unit uniform code. These sys- 
tems®”? have been tried experimentally 
and some have had practical application. 
However early experiments with printer 
operation on Western Union cables, con- 
firmed by experience with the loaded- 
cable circuits, favored the adoption of the 
5-unit code with a method of trans- 
mission, used also on the loaded cables, 
which effectively overcomes the relative 
inefficiency of the code. : 

The printer system which has been 
standardized for nonloaded cables does 
not differ fundamentally 
loaded-cable system but it resembles the 
land-line multiplex more closely. It 
utilizes land-line types of transmitters, 
rotary distributors, synchronizing mecha- 
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Figure 1. Typical ap- 
plication of signal-shap- 
ing amplifier on du- 
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Figure 2. Signal-shaping amplifier for long 
nonloaded cables 


nisms, and printers, thus gaining the 
advantages of uniformity. It differs in 
two respects from normal Jand-line prac- 
tice. It is applied to single-channel as 
well as to multi-channel operation 
whereas the land-line system employs 
start-stop 7-unit code printers for single- 
channel applications. Secondly, on long 
cables the printer signals are transmitted 
at a speed such that pulses of unit or dot 
length are received at very small ampli- 
tudé and may be regarded as completely 
missing. The receiving networks are 
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adjusted to respond to signals two or 
more units long and thus for purposes of 
signal reception the fundamental received 
frequency is one-half the transmitted dot 
frequency. The receiving relay operates 
as a 3-position relay and remains at the 
zero position for dot signals. The dots 
are reinserted synchronously by the re- 
ceiving rotary distributor. 

It might appear at first glance that the 
attenuated-dot method of transmission 
would double the cable output as com- 
pared with normal multiplex transmission 
in which all signal elements are received at 
full amplitude. That must be regarded 
as a limit which may be approached but 
cannot be fully realized because with 
attenuated-dot transmission the received 
signals are more susceptible to interfer- 
ence and somewhat more difficult to 
shape. This device does permit a sub- 
stantial increase in the letters-per-minute 
circuit speed, amounting to about 80 per 
cent over that possible with normal trans- 
mission, and thus in effect it shortens the 
code. 

The cable printer system has all the 
elements of flexibility of the land-line 
multiplex; that is, individual channels 
may be terminated, extended or combined 
with other channels as required to meet 
traffic conditions and the transmission 
speeds of the available circuits. Vario- 
plex methods may be applied to obtain 
subchannels for use as direct point-to- 
point or customer-to-customer circuits 
where the full capacity of a channel is not 
required. 


Signal-Shaping Amplifier for Long 
Nonloaded Cables 


The requirements of a signal-shaping 
amplifier which will permit satisfactory 
printer operation on long non-loaded 
cables at the highest practicable speeds 
are severe, The more important of these 
are 


1. A higher standard of accuracy is neces- 
sary than for recorder operation in which 
manual transcription of received signals af- 
fords the opportunity to correct transmis- 
sion errors. A higher standard of continuity 
and reliability of operation is also now re- 
quired, determined in part inherently by 
automatic operation and in part by various 
present-day competitive and economic con- 
ditions. . Amplifiers and other operating 
equipment should thus require a minimum 
of skilled attention. 


2. In transmission, signals are subjected to 
heavy distortion resulting from unequal at- 
tenuation and phase shifting of their com- 
ponent frequencies. At present operating 
speeds, the attenuation of the higher-fre- 
quency components of a signal pulse as com- 
pared with the lower-frequency components 
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differs as much as 11.5 napiers (100 decibels). 


The signal-shaping network must equalize 
or restore these components to an approxi- 
mation of the original amplitude and phase 
relationships. 


3. To reduce susceptibility to interference 
to a minimum, the shaping network must 
pass only the narrowest band of frequencies 
consistent with a satisfactorily-low degree 
of characteristic distortion. The network 
must cut off somewhat sharply above the 
band to discriminate against extraneous 
interference and duplex unbalance voltages. 
It must also reject direct currents as well as 
alternating currents of near-zero frequency 
to discriminate effectively against earth cur- 
rents, particularly during the abnormal 
conditions accompanying magnetic storms. 


4. In the case of duplex-operated cables— 
and almost all nonloaded cables are at 
least held available for duplex operation— 
the shaping network should be electrically 
symmetrical with respect to the duplex 
bridge or electrically isolated from it so that 
the network and the amplifier do not of 
themselves contribute to the duplex un- 
balance. Signal-shaping amplifiers meeting 
this requirement, including spare equip- 
ments, may be assigned interchangeably to 
various cable circuits without requiring re- 
adjustment of balances. 


5. The network elements must be provided 
with a considerable degree of adjustability. 
Approximate network constants may be 
calculated but the optimum values must be 
determined for each cable by manual ad- 
justment. 


6. The amplifier should be provided with 
sufficient gain and output to operate rugged 
polar relays of the general type standard in 
land-line telegraphy. 


The signal-shaping amplifier which is 
now regarded as standard for long non- 
loaded cables meets the requirements de- 
tailed above and may be viewed, at least 
for the present, as a satisfactory conclu- 
sion of several years of laboratory de- 
velopment and field operating experience. 
A standard installation, Figures 1 and 2, 
includes a primary or pre-amplifier shap- 
ing network, an amplifier unit, receiving 
relays, and a secondary shaping or local 
correction network which supplies low- 
frequency components of the signals re- 
jected by the pre-amplifier network. 

The pre-amplifier network, Figure 3, 
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when correctly adjusted, passes a band 
which includes all of the higher-frequency 
components of the signals required for 
good signal shape, properly proportioned 
and phased. Frequencies below the 
fundamental received frequency are 
heavily attenuated, with almost complete 
rejection in the range of earth current dis- 
turbances. The first branch of the net- 
work, symmetrically arranged and di- 
rectly connected across the duplex bridge, 
together with the effective capacitance of 
the cable circuit, is tuned to about 1.5 
times the received frequency. The fol- 
lowing elements of the network are iso- 
lated from the first branch by shielded 
transformers so that the effect on duplex 
balance is negligible whatever their ar- 
rangement. 
quency components are passed to the 
amplifier input with little or no further 
shaping. Higher-frequency components 
are further shaped in the second path 
which includes a bridge-type phase- 
adjusting network, a low-pass filter sec- 
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Figure 4. Frequency characteristic of signal- 
shaping amplifier 


Printer operation: attenuated-dot transmis- 
sion, 575 letters per minute (dot frequency, 
24 cycles per second) 
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In one path the lower fre- . 


Figure 3. Pre-amplifier tion for additional suppression above the 


required signal band, a parallel resonant 
circuit tuned to 1.5 times the received 
signal frequency, and suitable resistance 
controls, The two paths are again com- 
bined at the input to the amplifier. This 
network provides additional flexibility 
and refinement of control over that ob- 
tained with networks in which shaping of 
all components is accomplished in a single 
path., By use of the phase-adjustment 
network, the required steepness of wave 
front is secured with less of the higher- 
frequency components thus narrowing the 
band at the upper end and discriminating 
more effectively against interference. 
The network frequency response given in 
Figure 4, which includes the character- 
istics of the amplifier as described below, 
is typical of those obtained in ,actual 
operation. 

The three-stage resistance-capacitance- 
coupled amplifier is of a push-pull type 
with two stages of voltage amplification. 
The time constant of the interstage cou- 
pling is such as to suppress frequencies be- 
low those transmitted by the shaping 
network. This effectively eliminates dis- 
turbances or sways which might other- 
wise result from power supply variations. 
The maximum voltage gain of the ampli- 
fier is about 83 decibels. The available 
overall gain for the higher-frequency com- 
ponents, including the input transformer, 
is about 103 decibels. This provides a 
reasonable margin above the maximum 
gain likely to be required for the most 
severe conditions of application. The 
output of the amplifier is adequate for the 
operation of modern land-line type polar 
relays. Following usual cable practice 
the normal receiving relay circuit com-- 
prises a pair of standard 2-position relays 
functioning together as a 3-position relay. 
This circuit is readily converted for opti- 
mum reception of 2-current signals. 

A long square-top signal transmitted 
from the far end of the cable is reproduced 
at the receiving end as shown in Figure 5. 
The signal as it appears at the output of 
the pre-amplifier network, 5C, rises to 
maximum amplitude in the time of the 
shortest received signal and then decays 
to zero. At this point signals of the 
fundamental received frequency are fully 
shaped and suitable for operation of the 
receiving relays but longer signals would 
be badly distorted because of the de- 
ficiency of low-frequency components, 
These components are restored by the 


local correction network, Figure 1, under 


control of the receiving relays. The 
shaped local correction voltage, 5D, is — 
added to the received signal in the grid 
circuit of the output stage resulting in the 
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Figure 5. Received signal resulting from 
transmission of long signal 


A—Component through high-frequency path 
of pre-amplifier network 
B—Component through low-frequency path 
of pre-amplifier network 

C—A+B 

D—Component supplied by local correction 
-. network 

E—Complete signal, C+D 


F—Fundamental received frequency 


fully-shaped signal, 5#, which, if re- 
quired, will hold at constant amplitude 
indefinitely. 

The general method of shaping in- 
volving local correction, while consider- 
ably refined in the present application, is 
not new. It was normally utilized in 
some degree in the magnifier shaping 
systems. It differs from the method em- 
ployed in the loaded-cable amplifiers in 
which essentially all shaping is accom- 
plished in pre-amplifier and interstage 
networks with, however, some deficiency 
in the very-low-frequency components. 
The advantages over the latter method 
include, in addition to the relative im- 
munity from low-frequency disturbances 
mentioned previously: 


1. Simplification of amplifier design and 
increased amplifier stability, since the ampli- 
fier is not required to pass the lowest signal 
frequencies; 


2. The received signals are not subject to 
“wandering zero”, the slow transient re- 
sulting from signal combinations in which 
the polarities are unbalanced 


Duplex Operation 


Since duplex operation of non-loaded 
cables normally affords gréater total 
message capacity, that method is usual 
unless abnormal transmission and traffic 
conditions favor one-way operation. 
With modern amplifiers in use, extraneous 
interference and duplex unbalance levels 
determine the top signaling speeds. If 
unbalance is the principal factor, maxi- 
mum capacity is obtained with the speeds 
in the two directions unequal; for ex- 
ample, two printer channels in one di- 
rection and a single channel in the oppo- 
site direction. Parenthetically, it may be 
remarked that in addition to the trans- 
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mission factors, efficient utilization of 
operating personnel is also a factor in 
determining channel speeds and maxi- 
mum circuit capacity. The importance 
of duplex unbalance as a limiting factor 
has been reduced in recent years through 
improvements in artificial line networks 
and balancing methods. 


The Duplex Balance 


The basic ocean cable artificial line, 
Figure 6A, has changed little in form since 
the early days of duplex operation. The 
lumped series resistance and shunt capaci- 
tance elements, simulating the conductor 
resistance and the capacitance of the 
cable, have varied somewhat in fine- 
ness of subdivision over the years. In 
some instances greatly increased ad- 
justability has been provided. It has 
been well established in theory! and prac- 
tice, however, that the very fine sub- 
divisions employed throughout many 
of the existing artificial lines are un- 
necessary from the standpoint of balance 
accuracy. Further, the size of the lumps 
may be progressively enlarged along the 
artificial line, since the accuracy with 
which the cable must be matched de- 
creases as distance (and attenuation) 
from the head of the artificial line in- 
creases. Modern artificial lines of Ameri- 
can design follow this pattern and have 
the advantage of simplified and less costly 
construction. 

Although the basic artificial line simu- 
lates directly only the d-c resistance and 
the capacitance of the cable, the circuit 
parameters include inductance and effec- 
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Figure 6. Artificial line networks 
A—Basic artificial line 
B—With uniform R2 added to simulate induct- 
ance 
C—With tapered R» to simulate inductance and 
effective resistance 
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tive resistance which vary with frequency 
because of the characteristics of the earth 
return path® and are commonly termed 
the sea-return impedance. These fac- 
tors, Figure 7, although small and gener- 
ally of minor effect on signal transmission, 
are of considerable importance in balanc- 
ing, particularly in high-accuracy balanc- 
ing of the near end of the cable. In- 
ductive networks have been added to 
artificial lines in various forms’: and 
while theoretically an accurate simulation 
of the sea-return impedance can thus be 
obtained it is difficult practically to pro- 
vide inductors or inductive networks 
which have the required characteristics 
and ease of manipulation. Artificial line 
modifications of that type have not 
proved to be a satisfactory method for 
obtaining balances of the order of accu- 
racy now demanded. 


Simulation of 
Sea-Return Impedance 


Milnor has shown! that in a uniform 
network of the form illustrated in Figure 
6B, the resistances R, in series with the 
capacitors provide a match of the cable 
inductance L if 
Rime Ri/s (1) 
and R;, C; are equal to the corresponding 
cable parameters. The balance is correct 
for all frequencies if L is constant. 
Actually the inductance varies with fre- 
quency as indicated in Figure 7. While 
for this reason the uniform network is not 
a complete answer it can be applied to a 
very limited extent at the head of the 
artificial line with some beneficial results 
at the frequencies requiring the greatest 
accuracy of balance. Another factor 
which limits the use of the network is that 
its propagation constant differs sub- 
stantially from that of the cable and hence 
affects the balance of the following sec- 
tions of artificial line, particularly as the 
cable is commonly not uniform as to core 
size, armoring, and so forth. 

More recently it has been found that if 
R, is tapered as in Figure 6C the sea- 
return impedance is simulated over a 
relatively wide band of frequencies and 
further that there is no important change 
in the propagation constant of the section 
of artificial line to which it is applied. 
The taper which has provided the best 
results experimentally may be defined by 
the empirical equation 


Ty => Kye (2) 


in which LZ; is the apparent value of in- 
ductance to be balanced, d is the distance 
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from the head of the artificial line (or 
cable) and K;, K2 are constants related to 
the parameters of the cable. Now, with 
values of R; calculated by substituting L; 
for L in equation 1, a balance of both in- 
ductance and effective resistance is ob- 
tained. For optimum results the taper 
should be terminated at a critical dis- 
tance from the head of the artificial line, 
dependent also upon the cable parame- 
ters. Empirical equations for this 
relationship may likewise be set up. 
Experimentally, the point of termination 
is determined by inserting R, section by 
section until the cumulative added im- 
pedance equals the difference in imped- 
ance between the cable and the basic 
artificial line. The section of artificial 
line thus modified corresponds to the first 
100 to 150 nautical miles of cable and the 
number of resistors added is usually less 
than ten. For some types of cable it may 
be advantageous to insert a second taper 
system to increase the accuracy of match- 
ing at the lower frequencies. 

Figure 8 shows comparative residual 
unbalances with the artificial line set to 
match only the d-c resistance and the 
capacitance of the cable and after the in- 
sertion of the tapered resistance. It 
should be noted that neither of these con- 
ditions represents a balance sufficiently 
accurate for duplex operation. They are 
instead only foundations upon which the 
operating balance may be built. 

Under the first condition, redtiction of 
the unbalance is accomplished by a series 
of time-consuming cut-and-try compro- 
mise adjustments which must provide a 
sea-return impedance balance as well as 
refinement of the resistance-capacitance 
balance. The necessary compromises 
frequently result in a considerable dis- 
tortion of the resistance-capacitance ratio 
in some sections of the artificial line. 

In the second case, where the initial 
balance includes a simulation of the sea- 
return impedance approximating in accu- 
racy that of the other components, re- 
finement of the balance is less difficult, 
requires less time and a final balance of 
greater accuracy can be obtained. 


Frequency Analysis of Unbalance 
and Application of Resonant 
Corrective Networks 


The conventional method of balancing 
involves transmission of slow reversals 
and observation of the residual unbalance 
transient by oscillograph or ink recorder 
while adjusting the artificial line. In the 
final stages of the adjustment, unbalance 
resulting from transmission of signals at 
operating speeds is also observed. Ad- 
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or sea-return effects of a common type of cable 


justment in this manner of the basic 
artificial line or any of its modifications 
eventually reaches a point where further 
reduction of the unbalance becomes im- 
practicable. The limit occurs on specific 
cables at different levels of balance. The 
limit may be determined by one or more 
of such factors as inadequacy of artificial 
line, masking effect of extraneous inter- 
ference, inability of the technician, how- 
ever skilled, to make further beneficial 
adjustments by cut-and-try methods or 
by mental analysis of the unbalance tran- 
sient. 

These barriers have been lowered by a 
new approach to the problem in which 
corrective resonant networks are applied, 
each supplying an impedance which can 
be effectively controlled as to magnitude 
and width of frequency band. The net- 
works are designed in accordance with a 
frequency characteristic of the residual 
unbalance. Methods involving  fre- 
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A—Basic artificial line set to simulate d-c re- 
sistance and capacitance of cable 
B—With tapered resistance R: added (Fig- 
ure 6C). 
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quency analyses of the residual unbalance 
have been used!! in the step-by-step de- 
velopment of synthetic balancing net- ' 
works with the object of avoiding the rela- 
tively expensive conventional artificial 
line. In the method here presented the 
artificial line is retained and the resonant 
networks are applied to improve existing 
balances. 

The frequency characteristic which is 
the basis of the method may be obtained 
by a mechanical harmonic analysis of an 
oscillographic record of the unbalance 
transient or the effective residual imped- 
ance unbalance at the head of the artificial 
line may be measured directly across the 
duplex bridge through the important 
frequency range. The first procedure 
has the advantage, perhaps useful under 
special conditions, of permitting the 
analysis to be carried out at a location 
away from the cable station. The elec- 
trical measurement, which is now used 
exclusively in practice, requires con- 
siderably less time and it is more accurate 
since extraneous interference is rejected 
by sharply selective filters. 

The preferred network, of the parallel- 
resonant type, and the manner in which it 
is inserted in the cable circuit are illus- 
trated in Figure 9. The network con- 
sists of a variable air-gap transformer with 
low-inductance primary and a_high- 
inductance secondary tuned to the desired 
frequency and suitably damped to obtain 
the required impedance characteristic. 
A single network is effective over only a 
part of the frequency range and for best 
results several networks may be required, 
some in series with the artificial line, some 
in series with the cable, as the artificial 
line impedance at different frequencies is 
deficient or excessive. The low-induct- 
ance primary, usually from a fraction of 
a millihenry to several millihenries, and 
its low d-c resistance are desirable to 
avoid unwanted effects on signal trans- 
mission and balance. The high-induct- 
ance secondary permits tuning at the low 
frequencies involved with practical sizes 
of capacitors. 

Figure 10 shows the frequency char- 
acteristic of the unbalance on a typical 
circuit adjusted for best balance and be- 
fore the application of corrective net- 
works; and the unbalance on the same 
circuit after the insertion of the networks 
indicated in Figure 9. It is to be noted 
that the balance has been improved not 
only within the most important frequency 
band but that the greatest reduction has 
been made at the higher frequencies. 
The high-frequency unbalance, largely 
ignored previously and although heavily 
attenuated by the signal-shaping network 
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has affected operating balances by reason 
of its magnitude. The final balance fol- 
lowing the insertion of resonant networks 
is obtained by minor adjustments of the 
usual artificial line controls. An impor- 
tant further advantage of this method of 
balance refinement is that the work may 
be carried on without disturbing the exist- 
ing operating balance, so that the circuit 
may be quickly returned to operation if 
required. Also the networks can be 
designed and checked to a large extent 
independently of the cable circuit and 
thus without interruption of circuit opera- 
tion. 

While the frequency-analysis technique 
is essential in the design of resonant bal- 
ance networks, it has proved to be very 
valuable in balancing work generally. 
For example, development of the tapered 
sea-return impedance correction would 
have been difficult if not impracticable if 
the study had been limited to transient 
effects. 


The Cathode Ray Oscilloscope 
in Balancing 


The cathode ray oscilloscope, when pro- 
vided with the slow sweep necessary for 
the very low frequencies encountered, has 
proved to be an important and versatile 
adjunct in balancing work. Compared 
with electromechanical types of oscillo- 
graph it is more convenient to use and re- 
duces the time required for balancing 
since the effect of an adjustment can be 
observed immediately. It is free of the 
frequency limitations of ink-writing re- 
corders. By use of a retentive-screen 
tube and superposed traces of the un- 
balance transient, the effects of inter- 
ference are more readily discounted. It 
is particularly suited to observing ab- 
normal unbalance effects such as polarity 
distortion in which transmitted pulses of 
opposite polarity produce unlike un- 
balance transients. 


Interference 


Crossfire between cables is not unusual 
where two or more cables land at the same 
point and may of necessity be laid with 
small separation between cables. Such 
interference is controlled readily by use of 
simple corrective networks at the cable 
stations. The most difficult crossfire 
condition results when two cables, land- 
ing at different points, have been laid 
closely parallel or with a small-angle cross- 
ing some distance from the landing points. 
In such instances correction requires a 
more complex network including a delay 
‘network and a wire connection between 
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Fe} fa 
Figure 9. Typical installation of resonant 
balance networks 


the cable stations. One correction of this 
type has been applied effectively in which 


the cable stations are located about 30 


miles apart. 

With the means now available for im- 
proved balances and for correction of 
crossfire, extraneous interference, mostly 
of natural origin, becomes, in general, the 
most important factor preventing further 
increases in speed. Natural interference 
is picked up in the shallow-water end sec- 
tion of cable and its magnitude, depend- 
ing upon the depths and distances en- 
countered, varies widely from cable to 
cable. Receiving earths of the non- 
loaded cables are generally located at dis- 
tances up to several miles from shore. 
The cable conductor and the earth con- 
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Figure 10. Frequency characteristic of un- 
balance on a transatlantic cable 


‘A—Before insertion of networks as shown in 
Figure 9 

B—After insertion of networks as shown in 
Figure 9 
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cuits. 


nection are carried to the earthing point in 
twin-core cable which provides a con- 
siderable reduction of the interference 
within that section. Reduction of the 
existing levels of interference could ob- 
viously be accomplished by extending the 
twin-core sections but that, unfortu- 
nately, is costly. Some improvement has 
been obtained by increasing the sending 
voltages which until recent years were 
conservatively restricted to about 50 
volts. In the Western Union cable sys 
tem voltages of 90 to 120 are now in 
common use. 


Conclusion 


All of the transatlantic nonloaded 
cables of the Western Union Telegraph 
Company have been converted from cable 
code recorder operation to 5-unit code - 
printer operation. The Commercial Cable 
Company has installed like equipment on 
two of its transatlantic circuits supple- 
menting an earlier installation of 5-unit 
code equipment of different design on a 
third circuit. The advantages of more 
completely automatic operation, greater 
flexibility including use of sub-channeling 
methods such as the varioplex, and uni- 
formity with land-line multiplex printer 
systems have been obtained, while at the 
same time the message-handling capacity 
of the cables has been generally increased. 
Improved signal transmission insuring the 
success of the conversion has been ob- 
tained through use of vacuum tube ampli- 
fiers and improved signal-shaping net- 
works, more accurate duplex balances, 
and by reduction of crossfire and use of 
increased sending voltages which provide 
a better signal-to-interference ratio. 

Signal-shaping amplifiers of the type 
described in this paper are in use on all of 
the long nonloaded cable sections of 
Western Union’s North Atlantic system 
and short-cable amplifiers, of which 
several types are available to meet a 
range of requirements, are in operation on 
the short connecting cables of the system. 
The Commercial Cable Company has 
amplifiers installed and in course of instal- 
lation on the fong and short cable sections 
making up four of its transatlantic cir- 


The new resonant-network balancing 
method has been applied by the Com- 
mercial Company to three main circuits 
involving 14 cable sections. Utilization 
of the latest balancing methods in the 
Western Union system has been more 
gradual because existing balances had 
been improved by use of modern types of 
observing instruments in conjunction with 
conventional balancing procedures and 
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by application of forerunners of the meth- 
ods described in this paper. Of greatest 
technical interest perhaps are the results 
obtained with the new methods on the 
Commercial Company’s heavy-core cable 
laid in. 1923 between Canso, Nova 
Scotia and the Azores. On low-resistance 
cables, sea-return impedance effects be- 
come relatively more important, particu- 
larly in view of the higher signaling speed. 
Theoretical indications of difficulty in 
balancing cable of this type for the ex- 
pected speed were confirmed in practice. 
Experience with an inductive balancing 
network! was unsatisfactory and its use 
had been discontinued. In the course of 
the present work the balances were re- 
fined with resonant networks, supple- 
mented at the Azores end only by an 
early version of the tapered sea-return 
impedance correction. As a measure of 
the improvement obtained, the previous 
2-channel recorder speeds of 550 and 575 
letters per minute eastward and westward 
respectively were increased initially to 600 
letters per minute in each direction and 
the performance of the circuit was sub- 
stantially improved. The ultimate speed 
in printer operation, when 3-channel 
multiplex equipment is available, is ex- 
pected to be 750 letters per minute in each 
direction. 

On the duplex-operated nonloaded 
cables of the Western Union system the 
sum of the letters-per-minute speeds in 
the two directions now averages in printer 
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operation more than 40 per cent above the 
previous recorder speeds. The average 
net increase in the message capacity of 
these cables, taking into account the short 
cuts, abbreviations, and so forth, com- 
monly practiced in recorder working but 
not practicable in printer operation, 
amounts to more than 30 per cent. 
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Discussion 


J. J. Gilbert (Bell Telephone Laboratories, 
New York, N. Y.): A point of particular 
interest in this paper is the progress that has 
apparently been made in improving duplex 
balance. The use of impedance measure- 
ments in this process is undoubtedly a real 
step in advance and represents an interesting 
break with tradition. Until comparatively 
recently in the long history of the submarine 
cable art it was customary to analyze prob- 
lems on a transient basis rather than in 
terms of steady state conditions. Some 
years ago it was. demonstrated that steady 
state methods, involving measurements and 
computations with sinusoidal currents, 
furnished, when properly interpreted, the 
most exact means of designing cables and 
associated apparatus. In some problems, 
such as those associated with the high speed 
permalloy loaded cable, most of the impor- 
tant design factors such as sea-return im- 
pedance and eddy current and dielectric 
losses were not at all amenable to treatment 
by transient methods but could be readily 
dealt with by steady state methods. In 
duplex unbalance investigations the tran- 
sient method probably still has certain prac- 
tical uses, but it is evident that for funda- 
mental work in the subject steady state 
methods offer great advantages. 
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A Carrier Telephone System for 


Rural Service 


J. M. BARSTOW 


ASSOCIATE AIEE 


T... POSSIBILITY of supplying tele- 
phone service over power lines to 
rural customers in sparsely settled areas 
first was considered seriously by engi- 
neers of Bell Telephone Laboratories in 
1936. A brief investigation at that time 
indicated that the transmission of voice 
frequencies directly over the power wires 
was impracticable because of the high 
transmitting power necessary to over- 
ride ambient noise levels. As static and 
power system noise generally decrease 
with increasing frequency, * attention 
thereafter was focused on the possibilities 
of carrier current methods. 

A technique for the transmission of 
carrier currents over high-voltage power 
lines had been established previous to 
1936, but the communication circuits so 
provided were relatively expensive and 
were generally in a class with long dis- 
tance toll telephone circuits. They were 
used chiefly for relaying, telemetering, or 
speech communication between widely 
separated power stations. 

Carrier current technique in the tele- 
phone field also had reached a high degree 
of development by 1936, but its use was 
confined to relatively expensive long dis- 
tance toll circuits. Thus the rural power 
line carrier system, as conceived at that 
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time, represented the first attempt, in the 
United States at least, to devise a carrier 
system which might in some situations 
compete from a cost standpoint with con- 
ventional voice frequency facilities. 

The entry of the United States into the 
war in 1941 made it necessary to defer 
further work on the rural power line 
carrier project because of the diversion of 
development effort at the laboratories to 
war projects. By that time, however, the 
project had been carried to a point where 
it seemed that there was a good chance 
for success. A great deal of work had 
been done co-operatively with the Rural 
Electrification Administration on power 
line transmission characteristics at car- 
rier frequencies, and tentative require- 
ments had been established on auxiliary 
apparatus to be applied to the power lines 
to make them suitable for carrier trans- 
mission. Experimental carrier equipment 
also had been assembled and tested suc- 
cessfully in the field. 

Early in 1945 the project again was 

” taken up by a small group of engineers at 
the laboratories. In order to satisfy with 
the greatest speed the portion of the 
large postwar demand for telephone serv- 
ice that could be served economically by 
power line carrier, the engineers assigned 
to the project set about the design of a 
system representing the best compromise 
that could be effected quickly among cost, 
performance, and ruggedness, giving 
great weight to reliability. Between 


January 1945 and October 1946 a system 


known as the M1 carrier telephone 
system was developed and is being 
manufactured by the Western Electric 
Company. Experimental models have 
been tested under field conditions, with 
subscriber participation, and have been 
found to perform satisfactorily. 
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The transmission of carrier frequencies 
over a ramified network designed for the 
distribution of 60-cycle energy at rela- 
tively high voltages is in itself a rather 
complicated problem, and the effort on 
the power line carrier project therefore 
has been divided between 


1. The devising of methods of treating the 
power system to provide a suitable carrier 
transmission path. 


2. The developement of the carrier system 
itself. 


The results of these two phases of the 
work will be described in succeeding sec- 
tions of this paper. 


Treatment of Power System 


The transmission characteristics of a 
power system at carrier frequencies are 
quite different from those at 60 cycles. 
This is primarily caused by the fact that 
the lines are ‘electrically long’’ at carrier © 
frequencies; that is, the physical length 
of the lines may be many times the carrier 
wave length, whereas at 60 cycles the line 
length is a very small fraction of the trans- 
mitted wave length. This may be appre- 
ciated by noting that the wave length at 
60 cycles is about 3,000 miles, whereas 
the wave lengths of the carrier frequencies 
of interest here vary from less than one- 
half mile to slightly over one mile. Fur- 
thermore, whereas power line carrier 
systems heretofore have been operated 
over long relatively ‘‘smooth”’ transmis- 
sion lines, power distribution systems in- 
volve many serious electrical irregulari- 
ties. 

Figure 1 illustrates the actual layout of 
a portion of a representative single-phase 
rural distribution system. The pole-head 
diagram in the upper right hand corner 
shows the type of construction generally 
employed in rural areas and with which 
the power line carrier project mainly is 
concerned. The upper wire is a phase 
wire operating at a 60-cycle voltage of 
about 7 kv above ground, while the 
lower wire is a neutral wire which gener- 
ally is grounded at frequent intervals. 
It will be noted that the network shown 
in Figure 1 is characterized by many 
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branches and taps over which telephone 
service may or may not be required. 
From a carrier. transmission stand- 
point, in a system such as that shown in 
Figure 1, every branch and tap, whether 
used for carrier transmission or not, is a 
potential source of high attenuation. For 
example, it is well known that, with its 
far end open, a transmission line one- 
quarter wave length long looks virtually 
like a short circuit from its transmitting 
end. An unused branch, therefore, one- 
quarter wave length long at a particular 
carrier frequency may produce almost a 
short circuit across the main transmission 
path at that frequency. It has been 
found practicable greatly to reduce ad- 
verse transmission effects resulting from 
reflections at electrical irregularities by 
the use of carrier frequency choke coils 
and carrier frequency terminations at 
strategic points in the power system. 
These terminations, as well as the various 
coupling units which will be described, 
are connected to the primary phase wire 
(normally 7.2 kv above ground) through 
2,000-micromicrofarad- capacitors, one 
type of which is illustrated in Figure 2. 
The manner of applying coupling ca- 
pacitors, carrier frequency terminations, 
and choke coils is described more com- 
pletely in another paper,! and will be 
treated only summarily here. In general, 
only a portion of a power system network 
is used for carrier transmission, and within 
the boundaries of the portion a ‘main 
line” is selected, along which carrier tele- 
phone service is to be provided. Service 
also is provided to branches and taps to 
the main line. The following summary 
describes the treatment applied to the 
power network in order to provide satis- 
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factory carrier transmission. 
ment is illustrated in Figure 3. 


The treat- 


Summary of Power Line Treatment 


1. Main line used for carrier transmission. 


(a). Always terminated at carrier frequencies in 
approximately characteristic impedance (500 ohms) 
at each end. 


(b). Isolating choke coils (10 millihenrys) applied 
at ends as required. Tap chokes (2.5 millihenrys) 
may be used when 60-cycle current rating is suffi- 
cient. 


2. Taps not used for carrier transmission. 
(a). Choke coil always applied at tap point. Tap 
chokes normally used, but isolating choke may be 


used if 60-cycle current rating of the tap choke is 
insufficient for the tap. * 


3. Taps used for carrier transmission. 
ie 


(a). Always terminated at carrier frequencies in 
approximately characteristic impedance at, or be- 
yond, the location of last subscriber. 


(6). Transmission choke (0.6 or 0.3 millihenry) 
used at each tap point. 

An exception would be as follows: ata 
point where the loss caused by the inser- 
tion of a transmission choke coil would 
produce a loss to the connected stations 
such that the total loss exceeds the limit- 
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Figure 3. Phase wire treatment of rural power 
line when carrier telephone system is applied 


ing total loss, the transmission choke coil 
may be omitted for purposes of equalizing 
losses. (See Figure 3 tap on north tap at 
8-mile point.) 

By the use of these arrangements, car- 
rier telephone systems may be applied to 
rural power distribution systems having 
maximum over-all lengths of from 10 to 20 
miles, depending mainly on number of 
taps, ground resistivity (with which 
transmission loss varies directly), and 
type and size of line wire. Maximum 
over-all permissible line losses are about 
40 decibels (including losses caused by 
taps). 

Transmission measurements at carrier 
frequencies on actual rural power distri- 
bution lines have shown that the treat- 
ments outlined’ in the foregoing para- 
graphs are very necessary to obtain satis- 
factory carrier system operation. Figure 
4 is an illustration of the attenuations 
measured before and after treatment on a 
14-mile line with a normal number of 
branches and tap, located west of Hutch- 
inson, Kans. This line was very similar to 
the 15-mile line shown in Figure 3. 


Description of M1 Carrier 
Telephone System 


GENERAL 


The technique employed in the M1 
system is double side-band~ amplitude 
modulation with transmitted carrier. 
This technique generally is conceded to 
be somewhat more susceptible to noise 
than single side-band or phase modulation 
techniques, but its simplicity and low cost 
together with the ease with which it could 
be integrated with present Bell System 
local plant signaling and supervisory 
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methods were large factors in its selection. 

The frequencies used lie between 150 
and 455 ke. At frequencies below 150 ke, 
coupling problems become increasingly 
difficult, and at frequencies above 455 
ke high line attenuation and interference 
from broadcasting stations would limit 
the usefulness of the system. 

Six 2-way channels are provided within 
this band, each making use of three car- 
rier frequencies. The frequency alloca- 
tions are shown in Figure 5. Any sub- 
scriber’s receiving frequency may be 
associated with any pair of subscriber’s 
transmitting frequencies (shown ten ke 
apart in Figure.5) to form one 2-way chan- 
nel; The second subscriber’s transmitting 
frequency is needed when making a re- 
verting call; that is, when one party calls 

another party on the same channel. The 
“manner of using these three frequencies 
is described in a later paragraph. 

Each 2-way carrier channel is connected 
to the telephone central office via a voice 
frequency line, as shown in Figure 3 and 
may be thought of as an extension of that 
line. One channel of the carrier system 
consists of a common terminal, ‘coupling 
arrangements to the power line, including 
a common carrier coupling unit, and the 
associated subscriber station equipments 
including coupling units and subscriber 
terminals. There are as many subscriber 
terminals associated with one common 
terminal as there are ‘‘parties on the line”’ 
in ordinary voice frequency terms. As- 
suming eight parties per 2-way channel 
a complete carrier system would serve 48 
subscribers (6 channels, 8 parties per 
channel). A common carrier coupling 
unit will take care of from one to six 
common terminals while each subscriber 
coupling unit is designed to accommodate 
only one subscriber terminal. 

The system is designed to operate in 
either manual or dial central office areas. 
Divided code ringing is provided; that is, 
simultaneous ringing occurs for half the 
parties on one channel. Optional wiring is 
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provided to enable full code ringing to be 
used also. 

Sixty-cycle power is required at each 
subscriber’s terminal and at the common 
terminal. Under standby conditions a 
subscriber terminal uses about seven 
watts of power. While being used for 
speech transmission and reception, a sub- 
scriber terminal consumes energy at the 
rate of about 25 watts. Under standby 
conditions, the common terminal uses 16 
watts and under full operating conditions, 
uses about 30 watts. 

Figure 6 shows the principal elements 
of the M1 carrier telephone system and 
illustrates their manner of use. The 
equipments used at a subscriber’s location 
are as follows: 


1. A telephone set. 


2. A subscriber carrier terminal consisting 
of a carrier-frequency oscillator, modulator, 
transmitting amplifier, receiver amplifier, 
demodulator, filters, relays, power supply, 
and associated equipment. 


3. Carrier drop wire (not the power service 
wire) connecting the subscriber terminal 
through the usual station protector to the 
coupling unit at the coupling unit pole (this 


pole is usually the nearest high-voltage 


power pole). 


4, A subscriber coupling unit including se- 
lective filters, relay, carrier-frequency trans- 
former, and associated safety switch and 
protectors. 


5. A 2,000-micromicrofarad high-voltage 
coupling capacitor. 


6. A fuse interposed between the capacitor 
and the power phase wire. 


The equipments used at the common 
terminal point where connection is made 
to a voice-frequency pair to the central 
office are as follows: 


1. A fuse connected between the phase wire 
and a 2,000-micromicrofarad high-voltage 
coupling capacitor. 


2. The common coupling unit consisting of 
a carrier transformer and associated safety 
switch and protectors. 


3. Common terminal drop wire for trans- 
mitting carrier frequencies between the 
coupling unit and the common terminal 


‘(This wire will be only a few feet long when 


the terminal and the coupling unit are 
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mounted on the same pole, but may be up 
to 1,000 feet in length where required.) 


4. The common terminal itself, consisting 
of an oscillator modulator, transmitting 
amplifier, two receiving amplifiers, demodu- 
lators, ringing circuit, filters, relays, hybrid 
coils for combining the incoming and out- 
going signals on the same ‘voice frequency 
line, power supply, and other associated 
apparatus. 


CoupPLinc UNITS 


Four different coupling units have been 
standardized for the M1 carrier telephone 
system. Each coupling unit is housed in 
a galvanized iron coupling unit box as 
illustrated in Figure 7B. 


Subscriber Coupling Unit 


This coupling unit is used for bridging 
subscribers and is designed so that it pro- 
duces only a small bridging loss on the 
main line or tap to which it is connected. 
Figure 7A shows a circuit diagram of the 
coupling unit. FL1 is a broad band filter 
passing all frequencies in the band 150- 
455 ke. 

FL2 and FL3 are narrower filters, FL2 
being capable of transmitting either of the 
two transmitting frequencies associated 
with the subscriber terminal and FL3 
tuned to pass the receiving frequency. 
The receiving filter is connected between 
FL1 and the drop wire at all times, while 
the transmitting filter is connected only 
when relay RL1 is operated, which occurs 
only when the subscriber is using his tele- 
phone. 

The impedance which FL3, in com- 
bination with the subscriber terminal, 
drop wire, and FL1, bridges across the 
power line at all times is about 3,000 
ohms at the receiving frequency and a 
much higher impedance at all other fre- 
quencies. Similarly, FL2 in combination 
with the subscriber terminal; drop wire, 
and FL1 bridges the line with 750 ohms 
at the transmitting frequencies and with a 
much higher impedance at all other fre- 
quencies, during the time that the tele- 
phone is being used. When the subscriber 
is not using the telephone, the bridging 
loss on the line caused by the transmitting 
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branch of the coupling unit is negligible 
because RL1 is not operated. 


Terminating Subscriber Coupling Unit 


This coupling unit is similar to the sub- 
scriber coupling unit except that FL1 has 
a different stepdown ratio and is termi- 
nated on the drop side in 100 ohms. This 
effectively terminates the line or tap to 
which it is connected in characteristic 
impedance at all frequencies during stand- 
by condition and at all but the particular 
subscriber transmitting frequencies when 
the telephone is in use. At the transmit- 
ting frequencies the line is terminated in 
about one half of its characteristic im- 
pedance while the telephone is in use, and 
a small irregularity is caused thereby. 


Common Coupling Unit 


This coupling unit, because it may be 
common to six channels, employs only 
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the broad filter FL used in the termi- 
nating subscriber coupling unit. The 
drop side of this filter is connected directly 
through drop wire to the common termi- 
nal by means of which the power line is 
effectively terminated in characteristic 
impedance at the frequencies assigned to 
the common terminal. Other common 
terminals up to the full complement of 
six may be connected to a single common 
coupling unit. If all six common termi- 
nals are so connected, the power line 
will be terminated at all frequencies of 
interest. 


Terminating Coupling Unit 


This coupling unit is identical with the 
common coupling unit except that 100 
ohms is connected across the drop side of 
the common filter FL1, thus terminating 
the power line in approximately charac- 
teristic impedance. 


SUBSCRIBER TERMINAL AND TELEPHONE 
SET 


The block diagram shown in Figure 8A 
will serve to show the principles of opera- 
tion of the subscriber terminal and tele- 
phone set without going into detail con- 
cerning the electronic circuits involved. 
Photographs of this equipment are shown 
in Figures 8B and 8C. 

The frequency of the transmitting 
oscillator is controlled by one or the other 
of two crystals corresponding to the two 
frequencies allotted for transmission pur- 
poses to a single subscriber terminal. 
The power amplifier consists of a single 
stage, operating class A with a maximum 
of two watts carrier output. Under 
standby conditions, no carrier is gener- 


,ated or transmitted because of the open 


filament circuit of the power tube and 
the high positive bias applied to the 
heated filament of the oscillator modula- 
tor tube. The output filter is broad 
enough to pass either of the transmitting 
frequencies but narrow enough to prevent 
effectively unwanted harmonics from be- 
ing transmitted. 

The receiver employs two tubes and 
associated filters as indicated. Auto- 
matic gain control is provided which 
keeps the range of voice frequency levels 
at the demodulated output within about 
three decibels for a range of input levels of 
30 decibels, assuming a constant per- 
centage modulation. A sensitive relay 
operates from the d-c component of the 
demodulated signal, and is associated 
directly with the ringer and frequency 
control circuits. The receiver is ener- 
gized at all times to receive signals. Under 
standby condition, however, the poten- 
tial applied to the screen of the second 
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receiving tube is 60-cycle alternating 
potential derived from the 60-cycle power 
supply, so that the receiver is able to re- 
ceive signals only if the time of arrival of 
the signals coincides with the time of 
arrival of the positive potential from the 
60-cycle power supply. _ This method of 
energization during standby periods pro- 
vides for divided code ringing as ex- 
plained later. 

When the handset is lifted from the 
cradle to originate a call or in response to 
a ring, six functions are performed as fol- 
lows: 


1. A connection is made which provides 
the telephone transmitter unit with normal 
current. 


2. The oscillator modulator and power 
amplifying stages are energized completely. 
The frequency of the oscillator has been 
predetermined according to whether or not 
a sufficient magnitude of carrier energy at 
the receiving frequency was on the receiver 
input before the receiver was lifted. If no 
receiving carrier (or an insufficient amount 
of the receiving carrier) was on the receiver 
input, the normal frequency is generated. 
If a sufficient amount of receiving carrier 
was on the receiver input, the reverting fre- 
quency is generated. 


3. The frequency control is disabled. If 
the preselected frequency was normal fre- 
quency, it will remain normal frequency. If 
the preselected frequency was reverting 
frequency, it will remain reverting frequency 
as long as sufficient carrier at the receiver’s 
frequency is present at the input to the 
terminal. If the receiving carrier disappears 
or is reduced below a receivable level, the 
transmitting frequency will return to normal 
and will remain normal even though a suffi- 
cient magnitude of receiving carrier later 
appears. These functions are performed by 
relays. 


4. A few watts of a-c power are applied 


Figure 8A. Block diagram of subscriber 
terminal and telephone set 
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through the drop wire to the coupling unit 
to operate the relay in the transmitting cir- 
cuit. 


5. The potential applied to the screen of the 
second receiver tube is changed from alter- 
nating to positive direct potential. 


6. The demodulated voice frequency out- 
put of the carrier frequency receiver is con- 
nected through to the telephone receiver. 


Under these conditions the terminal is 
arranged both to receive and transmit. 
In a manual area further signaling is 
accomplished verbally in the usual man- 
ner. In a dial area the subscriber oper- 
ates his dial in the usual manner which 
alternately opens and closes the plate 
supply to the modulator section of the 
oscillator modulator tube. This causes 
carrier to be sent out during the closed 
periods of the dial contacts but to be cut 
off during the open periods of the con- 
tacts. This signal is received at the com- 
mon terminal and produces alternate 
“closures” and ‘‘opens”’ in the d-c path 
associated with the voice frequency loop, 
thus operating the central office dial 
equipment in the normal manner. 


ComMMON TERMINAL 


The important functional characteris- 
tics of the- common terminal may be de- 
scribed with the aid of the block diagram 
shownin Figure 9A. A common terminal 
assembly is shown in Figure 9B. 

In the standby conditon, both the re- 
verting and normal frequency receivers 
are energized completely to receive sig- 
nals. The filaments of the transmitter 
tubes are heated and plate power is ap- 
plied, but the grids are biased negatively 
to such an extent that no carrier is trans- 
mitted. The transmitter can be made to 
put out carrier either by the ringing con- 
trol circuit or by the normal receiver con- 
trol circuit. 
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When ringing power is applied between 
either or both of the voice frequency loop 
wires and ground, the ringing control 
operates to apply pulses of normal bias 
to the grids of the transmitter tubes. 
These pulses have a 30-cycle frequency 
and are synchronized with the 60-cycle 
supply used to supply power for the 
terminal. The particular phase of the 60- 
cycle power with which the pulses are 
synchronized depends on which of the 
two line relays associated with the ring- 
ing control is pulled up by the applied 
ringing power; that is, the relay con- 
nected between tip side of the line and 
ground, or the relay connected between 
the ring side of the line and ground. The 
pulses that are transmitted when the tip 
relay operates cause ringing at all sub- 


Figure 8B. Subscriber terminal and telephone 
set 


Figure €C. Subscriber terminal assembly 
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scriber terminals poled so as to be enabled 
on the phase of 60 cycles corresponding 
to the tip pulses, and, similarly, when the 
ring relay operates, ringing is caused at all 
subscriber terminals correspondingly 
poled. If both tip and ring relays operate, 
ringing is caused at all subscriber termi- 
nals on the channel. 

The limiter associated with the oscil- 
lator modulator stage of the transmitter 
operates by separating the voice fre- 
quency output of the stage from the car- 
rier output, rectifying it and applying 
the resulting direct current via the limit- 
ing circuit shown in the diagram to the 
hybrid coil where it is applied to biased 
varistors shunting a coil winding. When 
the direct potential associated with the 
returned direct current is sufficient to 
overcome the bias on the varistors, the 
current passes through them in the for- 
ward direction reducing their resistances, 
shunting the coil, and reducing the speech 
level transmitted to the oscillator modu- 
lator over the transmitting branch. 

When an adequate amount of normal 
carrier receiver current is received at the 
terminal, the normal receiver control 
operates to disable ringing control and to 
establish normal grid bias on the trans- 
mitter tubes. The normal receiver con- 
trol also transfers the voice frequency 
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loop to the pad and hybrid line circuit 
and makes the d-c closure, giving the 
supervisory signal to the local office and 
setting up conditions for speech transmis- 
sion or further signal transmission either 
verbally or by dialing. 


When revertive frequency carrier is . 


applied to the terminal, the revertive 
receiver control bridges the demodulator 
voice frequency output across the receiv- 
ing branch of the hybrid circuit and de- 
stroys part of the network balance in 
order to secure better transmission from 
the receiving to the transmitting branch 
of the hybrid on reverting calls. 


OVER-ALL METHOD OF OPERATION 


Figure 10 illustrates the manner of 


using the three frequencies allotted to a . 


2-way channel. In this figure, Fl is the 
subscriber’s normal transmitting fre- 
quency, F2 is his reverting transmitting 
frequency, and F3 is his receiving fre- 
quency. The system is so designed that 
the subscriber makes a call in the same 
manner that he would use if he were mak- 
ing a call on a voice frequency line. To 
the operator in the local office, signals 
received are the same as those received 
if the subscriber were located on the voice 


- frequency line connecting the local office 


with the common terminal. The follow- 
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ing paragraphs will describe in detail the 
procedures used when 


1. A call is originated from a carrier party 
to a voice frequency party or another carrier 
party on a different channel. 


2. A carrier subscriber receives a call 
through the local office from a voice fre- 
quency party of another carrier party not 
on his own channel. 


3. One carrier party calls another carrier 
party on his own carrier channel (reverting 
call). 


CALL FROM CARRIER SUBSCRIBER TO A 
VoIce FREQUENCY Party (OR CARRIER 
Party Nor on His Own CHANNEL) 


The carrier subscriber lifts his telephone 
from the cradle, thus energizing his own 
carrier transmitter. Assuming that the 
channel was not busy at that time, carrier 
frequency Fi is selected and is trans- 
mitted over the power line and is received 
by the normal receiving amplifier and 
detector associated with the common 
terminal. The normal receiver control 
operates, establishing. normal common 
terminal transmitting condition at fre- 
quency F3, and making a d-e closure on 
the voice frequency line to the central 
office. This lights the operator’s signal 
or in the case of a dial office returns dial 
tone. The dial tone or speech from the 
operator is transmitted to the subscriber's 
location where it is received over the sub- 
scriber’s station equipment. 

The subscriber then places the call in 
the usual way either verbally or by dial- 
ing. If he dials, pulsed carrier is trans- 
mitted to the common terminal and, 
through the normal receiver control and 
associated closure circuit connected to 
the voice frequency line, operates the 
office dial equipment in the usual way. 
When the call is completed and the car- 
rier subscriber hangs up, the switch hook 
operation will turn off his oscillator. The 
absence of received carrier at the common 
terminal will release the normal receiver 


- control relays and restore the common ter- 


minal to the standby condition. The 
standby condition at the common termi- 
nal provides a disconnecting signal at the 
central office. (See Figure 10a). 


CaLtL From VOICE FREQUENCY SUB- 
SCRIBER TO CARRIER Party (OR 
From CARRIER “PARTY TO ANOTHER 
CARRIER Party Nor on His Own 
CHANNEL) : 


In this instance the call is received by 
the operator at the central office or by the 
central office dial equipment, and, in the 
usual way, the subscriber's code ring is 
placed on the voice frequency line to the 
common terminal. The ringing control in 
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the common terminal operates to cause 
the transmitter to send out carrier at F3 
pulsed at a 30-cycle rate, the pulses being 
synchronized with the 60-cycle power 
supply. Assume that the tip relay in the 
ringing control circuit operates. All sub- 
scriber terminals assigned to this channel, 
with 60-cycle power poled so as to be re- 
sponsive to ringing initiated by the relay 
on the tip side of the line, will ring and all 
similar subscriber terminals with 60-cycle 
power poled so as to be responsive to 
ringing initiated by the relay on the ring 
side of the line will not respond. In case 
the central office has facilities for sending 
out a guard ring on the ring side of the 
line when a party on the tip side is being 
called, this would be accomplished by 
applying 20-cycle power to the ring side 
of the line at some time during the code 
ring of the party called, either at the 
same time that a 20-cycle spurt was being 
placed on the tip side of the line or at a 
different time. In either case the ringing 
equipment in the common terminal of the 
carrier telephone system will respond and 
the guard ring will be transmitted. 

The subscriber whose code is rung lifts 
his telephone receiver, thus energizing 
his oscillator so that it transmits F7 which 
is returned to the common terminal, re- 
ceived by the normal receiving amplifier 
and through the normal receiver control 
disables the ringing control, puts normal 
bias on the transmitting tube grids, and 
by the closure of the d-c voice frequency 
line circuit trips the ringing. The call 
then is established. At the completion of 
the call, restoration of the carrier sub- 
scribers handset to the cradle de-ener- 
gizes his transmitter, which causes the re- 
lay in the normal receiver control at the 
common terminal to release, restoring the 
system to normal. 


Catt From ONE CARRIER SUBSCRIBER 
TO ANOTHER CARRIER SUBSCRIBFR ON 
THE SAME CHANNEL—REVERTING CALL 


In this case (Figure 10) the calling sub- 
scriber raises his handset and places his 
call in the same manner as that used 
when placing a call to a voice frequency 
subscriber. The carrier subscriber, how- 
ever, should know that he is calling an- 
other subscriber on his own carrier chan- 


nel and as a result of that knowledge 


should replace his handset as soon as he 
has placed the call. If he does not do 
this, a manual operator probably will ask 


him to hang up, or, in the usual case, the~ 


dial equipment at the central office will 
send him busy tone because he has made 
his channel of the carrier system busy. 
As soon as the operator or the dial equip- 
ment at the central office receives the 
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Figure 10. Manner of 
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signal that the calling party has hung up, 
the called party’s ring will be placed on 
the line. The ring will go out in the same 
manner as if the called party were being 
called by a voice frequency subscriber., 
When the called party answers, he 
establishes a connection by means of his 
own normal transmitting frequency Fl 
to the common terminal and gives indi- 
cation to the central office that the call 
has been answered. The transmitter at 
the common terminal will be placed in the 
operating condition at frequency F3 as 
before. The calling party, hearing the 
code ring or guard’ring stop, assumes that 
the called party has answered and raises 
his handset. (If the calling party is on 
the other side of the line and no guard 
ring is transmitted to subscribers on that 
side of the line, the common practice is 
to wait a reasonable length of time before 
raising his handset.) In the foregoing 
sequence of operations, the calling party 
raises his handset the second time after 
the transmitter at the common terminal 
has been energized by virtue of normal 
received frequency from the called party. 
Therefore the calling party’s frequency 
selector has operated so that when he 
raises his handset his oscillator modulator 
and selective amplifier are energized at 
frequency F2 under the control of the re- 
verting frequency crystal. This fre- 
quency will be transmitted to the common 
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terminal receiver and will cause the re- 
verting receiver control to operate. This 
will connect his voice frequency output 
across the receiving branch of the hybrid 
and will alter the network balance. This 
establishes the connection completely. 

As may be seen by Figure 10), trans- 
mission from subscriber A to subscriber B 
is via F2 to the common terminal and via 
F3 back to B. Transmission from sub- 
scriber B to subscriber A is via FI to the 
common terminal and via F3 to subscriber 
A. Each subscriber hears his own trans- 
mission as side tone. If either the calling 
or the called party hangs up under these 
conditions, the party remaining on the line 
either will stay on, or revert to, the normal 
transmitting frequency. When the sec- 
ond of the two subscribers hangs up, the 
common terminal will return to the 
standby condition because the absence of 
the received carrier will restore all operated 
relays to the nonoperated position. 
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New NEMA Fractional-Horsepower 


Motor Standards: Their Effect on 
Refrigeration and Pump Applications 


C. P. POTTER 


FELLOW AIEE 


4 EMA is the National Electrical 

Manufacturers Association, a non- 
profit trade association, supported by 
manufacturers of electrical apparatus and 
supplies. It is engaged in standardiza- 
tion to the end that both manufacturers 
and users of electrical apparatus may be 
informed of the best practices in the in- 
dustry. 

“NEMA Standards represent the result 
of many years of research and investiga- 
tion Ly this organization, its predecessors, 
its Sections, and Committees. They 
have been developed through continual 
consultation among manufacturers, users, 
and national engineering societies, and 
represent practices that are both practical 
and economical in manufacture which, 
when utilized by the industry, have re- 
sulted in improved quality of electrical 
apparatus.”’ 

The foregoing paragraphs are quoted 
from the NEMA motor and generator 
standards. The latter also defines a 
small-powet motor as one ‘‘built in a 
frame smaller than that having a con- 
tinuous rating of 1 hp, open type, at 
1700-1800 rpm.’’ Small-power motors 
are known more familiarly as fractional 
horsepower motors, and for all practical 
purposes, fractional horsepower motors 
are those which are included in the range 
from 1/20 to 3/4 horsepower inclusive. 
The new fractional horsepower motor 
standards which we propose to discuss 


Paper 47-93, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted October 18, 1946; 
made available for printing December 16, 1946. 


C. P. Potter is chief engineer, electrical engineering 
division, Wagner Electric Corporation, St. Louis, 
Mo. 
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are those which recently have been 
adopted by NEMA and are entitled 
“Definition of Motor Output”’ and ‘‘Serv- 
ice Factor.” 

In these days, the general public de- 
pends more than they realize on the suc- 
cessful operation of fractional horsepower 
motors. It would be very interesting to 
take a census of all these motors and make 
a list of their application. This list would 
include 


Washing machines 

Ironing machines 

Stokers 

Oil burners 

Blowers 

Unit heaters 

Evaporative coolers 

Circulating pumps for heating systems 
Domestic water pumps 

Sump pumps 

Gasoline dispensing pumps 

Air compressors 

Coffee and meat grinders 

Domestic and small commercial refrigerators 
Room coolers 


It is quite obvious that the removal of 


these motors from our domestic economy’ 


would be felt severely, and it also would 
be very inconvenient for all of us if these 
motors and the devices which they operate 
were not thoroughly reliable and de- 
pendable. 

There are millions of these motors in 
operation in the United States at the 
present time, and the public has become 
accustomed to having them operate night 
and day with few interruptions. . This 
indicates that the motor manufacturers 
have done a good job in producing reliable 
motors and motors which have good 
operating performance. Every fractional 
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horsepower motor has a horsepower rating 
stamped on its name plate and this would 
seem to be a rather definite indication of 
its capabilities. However, this is not 
necessarily true, because motor charac- 
teristics frequently are modified to suit the 
desires of the manufacturer of the devices 
which they operate. Some of these modi- 
fications are logical, some are not. 

An open type fractional horsepower 
motor (and most of them are open type), 
with good operating characteristics, usu- 
ally has a temperature rise somewhat less 
than 40 degrees centigrade. Manufac- 
turers of motor driven devices which are 
used in highly competitive fields, have 
found this out, and have applied these 
motors so that they carry considerable 
overloads. When this is done, it is neces- 
sary to increase the starting torque and 
breakdown torque of these motors so that 
if operating conditions should become ab- 
normal, or if the voltage should become 
low on the customer’s premises, the motor 
will operate in spite of these handicaps. 
There have been instances where this 
practice has been carried too far, with 
the result that some of these fractional 
horse-power motors do not have the life 
expectancy which they would have if 
they were designed and applied more 
conservatively. Unfortunately, NEMA 
standards have not been sufficiently defi- 
nite on the subjects of fractional horse- 
power torque and overload, and thereason 
for adopting the two new NEMA stand- 
ards previously mentioned, is to promote a 
more logical design and application of 
fractional horsepower motors so as to 
serve the best interest of all parties con- 
cerned, 


Breakdown Torques 


As indicated previously, the breakdown 
torques of single-phase fractional horse- 
power motors have varied considerably 
depending upon customers’ requirements. 


“As a result a motor obtained from one 


manufacturer might be perfectly satis- 
factory for a given application, while a 
motor of the same type and horsepower 
rating furnished by another manufacturer 
might be entirely unsuitable. This has 
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Table I. Single-Phase Fractional Horsepower Motors Defined in Terms of Breakdown Torque 


—— 


Revolutions Per Minute 


Synchronous rpm........3,600 Sela, 000 ie 
Approximate full 
FOAGIEPMH, 5 sfow chew se 3,450 one 0 2800 its 
Brake Horsepower 
Rating 
EGO Usados sree ORCS Yay i) reenaAey —i ee Saet 
Sys aaa At Pa SHUG Oe ate ees 
Ye ORT 6SO— Siities aedee LO)... 
aie SOO Ses B= Uses LO ots S.. 
” SY gecraaee Dh city ate te 11,5-16.5....13.8-19.8....21 
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Urea renerenekes %,< 44,0-58.0....53.0-69.5 


. .1,800 
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Breakdown Torque Oz-Ft 


10%... epee At SOO) ke OO OA 8.0-13.5 
M1145... 8b5=13'.8.5.. 20.4-16.5.. ..13,5-21.5 
.5-16.5....13.8-19.8....16.5-24.1.,..21.5-31.5 
5-21-52. 1.19).8-25.8..2,.24.1-31-5. 231 75-40..5 
.5-31.5....25.8-87.8....31.5-44.0....40.5-58.0 
.5-40.5,...37.8-48.5....44.0-58.0....58.0-77.0 
.5-58.0....48.5-69.5....58.0-82.5 
.0-82.5....69.5-99.0 


Note 1. Small-power single-phase induction motors shall be rated primarily on the basis of breakdown 
torque. The value of breakdown torque for the purpose of defining horsepower rating shall fall within the 


above ranges. 


Note 2. Breakdown torque range includes the higher figure, down to, but not including the lower figure. 


made it necessary for purchasers to test 
each manufacturer’s motor on his device 
before he can be sure that it will do the 
job. In order to correct this difficulty, 
NEMA has defined single-phase fractional 
horsepower motors in terms of breakdown 
torque as shown in Table I. 

This table allows every purchaser to 
determine the breakdown torques he 
may expect to obtain when buying 
motors of a given horsepower rating 
from any motor manufacturer and pro- 
vides a definite basis for applying them. 


Service Factors 


It is presumed, of course, that the manu- 
facturer of any device which is driven by 
a fractional horsepower motor, will know 
quite accurately the load imposed upon 
the motor by this device. If he has in- 
formation from the motor manufacturer 
or from the Motor and Generator Stan- 
dards which will assist him in determin- 
ing the safe overload which the motor 
will carry, he will quite likely select a 
suitable horse power rating, and that is 
the reason for establishing service factors 
for fractional horsepower motors. 

Service factor is a number by which the 
horsepower rating should be multiplied in 
order to determine the maximum safe load 
which may be applied to the motor. For 
instance, if a 1/2-horsepower motor has a 
service factor of 1.25, this motor will 
safely carry 0.625 horsepower. The 
service factors for fractional horsepower 
single-phase motors, which recently have 
been adopted, are given in Table II. 

These service factors were obtained by 
determining the overloads which produce 
a 50-degree centigrade rise on motors hav- 
ing an actual temperature rise at full load 
of 40 degrees centigrade, and are intended 
to be used only where the voltage and 
frequency are held within close limits and 
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Table Il 
Service Factor for 
General Purpose 
40 C Induction 
Horsepower Motors 
Ui Vet aA ee Bly Rat PC STOO POC ote Ue 1.4 
LY TREN: caret Ota lets. 5) ta eitads opekete lakes 3) 1.4 
1 POOR hee Out BAS cs BAER EAD Cts Cee ceca 1.4 
an Ce eRe: Emenee refi toc le) Sen ue 1,35 
L/h Part IE ES tiie he ape ete ATR ee Otte. at) 
Ui faint Rae wets oie) ve sneme ase Mn et acs melee oi Nai ss 
Wit Gs OA Aen Bic Buen scr oan SRI aon e205 
HEP sacloe Aes connate CML ERERCae ea sates eon 1.25 
Tats, 600)rpmilonl yi... in © eer 6) ciete 1.25 


The temperature rise on which the nameplate rating 
is based shall be no more than 40 degrees centigrade 
for all coil windings. This low limiting temperature 
rise is provided to allow a greater factor of safety 
where the service conditions are unknown. 


When authorized by the manufacturer such a motor 
may be operated (at rated voltage and frequency 
and in an ambient temperature not exceeding 40 
degrees centigrade) at a continuous load greater 
than rated load determined by the above service 
factors. 


It is recommended that the service factor shall be 
marked on the name plate in addition to the rating. 


where the temperature surrounding the 
motor (known as the ambient tempera- 
ture) does not exceed 40 degrees centi- 
grade. 

The statement has been made that an 
open type fractional horsepower motor 
with good operating characteristics may 
have a temperature rise somewhat less 
than 40 degrees centigrade. The service 
factors were determined by assuming that 
the temperature rise at full load is 40 de- 
grees centigrade. It is quite obvious, 
therefore, that the use of the service factor 
may not absorb all of the thermal ca- 
pacity of the motor, or, in other words, it 
may be possible to use still higher over- 
loads on certain applications without 
damage to the motor. The question may 
be asked therefore, why conservative 
service factors have been chosen. There 
are several reasons. 


1. Itis felt that a factor of safety should be 
allowed to take care of low-voltage, abnormal 
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Table Ill 
Locked Rotor Current in 
Amperes 
Rated eee 
Horsepower 115 Volts 230 Volts 
teratid sntallera. cc). iii te ve QO iraetaictate ole 10 
Lares Coleen tne seeistncey ea okere-cse'ole DBS eo tet ot eos TES 
YOO Se Ge oa Soe SRO CG Morn rEae EOS Comte 15,5 
Laem mon, ahd ERO REO Le Ak Pouchenaeehis 22).5 
Wg ice Mine ashen eee aa GIN. Gan aceee 30.5 
Table IV 
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Oe Se etre 4b. get Oe) go ican 3.55- 4.0 
[Denn rae, RO RE ES ody 9G Sid etn CAG CL 4.0 — 4.5 
| Ne oan ee Rt et Peo oT 4.5 — 5.0 
1 ee eee 8 ROM OR ars Ate oct 5.0 — 5.6 
Cn. BE eee 5.6 — 6.3 
te he Ane AG OD A DET OTC 633s 
2 fi PR ae, tate trols a, Sig oom oloe 7.1 — 8.0 
FG, Hes es earch OO Cio to. giao: eka 8.0 — 9.0 
) Foe oe eee an dO cae 9.0 -10.0 
LY Sedat aR EMRE Ls OO OSOO C Obat 10.0 —11.2 
Neste oaks Ae ae TO este ° 11.2 -12.5 
WP yee ae cnciatatare Greseloheabegaoere To In gation ellen > 12.5 -14.0 
FRE tite ae ists apt nea. so Naas teva sta sya 14.0 —and up 


* Locked kilovolt amperes per horsepower includes 
the lower figure, up to but not including the higher 
figure. 


operating conditions, and high ambient tem- 
peratures. Electrically driven devices which 
have wide distribution are quite likely to be 
installed in rural communities where the 
voltage conditions may be bad, and where 
the cost of servicing these devices may be 
very high. It therefore seems to be eco- 
nomically sound to choose service factors 
which give the motor manufacturer, the 
machinery manufacturer, and the user a 
chance to operate successfully under ad- 
verse conditions. Figure 1 has been pre- 
pared to show the effect of voltage variation 
on the temperature rise of a typical frac- 
tional horsepower motor. This indicates 
quite clearly that a motor which will oper- 
ate satisfactorily at a reasonable overload 
and at normal voltage may have a dangerous 
temperature rise under abnormal voltage 
conditions. 


2, The maximum efficiency of single-phase 
motors occurs approximately at the over- 
load allowed by these service factors. 16% 
therefore, the machinery manufacturer is 
interested in obtaining the best possible 
over-all efficiency, it will be to his advantage 
to operate the motor at these service factors. 
Figure 2 shows a_ typical performance 
curve for a 1/3-horsepower single-phase 
motor which now has a service factor of 1.35. 
It will be noted that the maximum effi- 
ciency occurs at 135 per cent of full load, 
and that the speed of the motor at this load 
is still quite high. 


3. When excessive overloads are applied 
to any single-phase motor, the speed of the 
motor decreases considerably, and this af- 
fects the operation of the driven machines. 
For example, if the speed of a motor driving 
a refrigeration compressor or pump drops 


509 


too much, the output may be reduced to a 
point which makes it unsatisfactory to the 
user. : 


4. There is a definite relationship between 
breakdown torque and locked current. 
There is a growing tendency on the part of 
power companies to limit the applications of 
motors on the basis of locked current rather 
than on the basis of horsepower rating. 
Motors with greater service factors must 
have more breakdown torque, resulting in 
higher locked currents, and it is possible that 
these currents sometime may cause trouble 
by failing to meet the requirements of the 
local power companies. 


Locked Rotor Currents 


The maximum values of locked rotor 
currents for single-phase motors have been 
standardized, and are shown in Table 
III. It might be worthwhile to call atten- 
tion to the fact that 1/2- and 3/4-horse- 
power motors have had code letters 
stamped on their name plates for several 
years, and that in the near future motors 
smaller than one-half horsepower also will 
have the code letters stamped on the 
nameplate. The code letters are deter- 
mined from Table IV, and it is evident 
that motors with code letters at the be- 
ginning of the alphabet have lower locked 
currents than those at the middle or end. 

A manufacturer of refrigeration equip- 
ment or pumps may agree with all of 
these statements and at the same time 
may feel that the new NEMA standards 
will cause him a great deal of expense and 
inconvenience and may make it necessary 
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Figure 1. Effect of abnormal line voltage on 


temperature rise, speed, and breakdown torque 

of a typical 1/3-horsepower single-phase 6C- 

cycle 1,725-rpm motor operating at 135 per 
cent rated load at rated voltage 
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Figure 2. Speed and efficiency versus per 
cent ofrated horsepower of a typical 1/3-horse- 
power single-phase 60-cycle 1,725 rpm motor 


to use larger and more expensive motors 
for driving his equipment. The new 
NEMA standards do not require any 
changes in the performance or capacity of 
motors which have been established on 
their applications and which are giving 
good service. The standards provide a 
consistent method of designating the 
rating of such motors without making any 
changes in the motors except perhaps the 
horsepower stamping on the name plate.” 
It is quite unlikely that any motor user 
will be required to make any changes in 
the applications of motors whieh have 
been applied on a sound basis and whose 
life has been satisfactory. In cases where 
the user is buying motors which have 
greater breakdown torques than those 
covered by NEMA standards, it will be 
necessary, after a suitable period of time, 
to stamp the nameplates of these motors 
properly. Certainly, all new applications 
should be made on the basis of the new 
NEMA standards, and if this is done we 
will have the following results: 
1. The user will be supplied with motors 
which have a long life and will not cause 


losses as a result of fire or stoppage of pro- 
duction. 


2. The application engineer and the 
manufacturer will be able to select the 
proper motor without having to test each 
application. 


3. The power companies will be able to 
connect these motors to their circuits, and 
feel sure that their equipment is adequate 
and that the operation of the motors will not 
cause annoyance to their customer. 


No Discussion 
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Synopsis: This paper deals with the appli- 
cation of a carrier system developed pri- 
marily for providing rural telephone service 
over power distribution circuits in areas 
where this means of extending telephone 
service may be more attractive than other 
available methods. The modifications re- 
quired in the power circuits to permit car- 
rier frequency transmission are described, 
including the effect of these modifications on 
the operation of the power system. Con- 
struction features also are discussed. The 
use of the rural carrier telephone system 
over open wire telephone pairs is discussed 
briefly. 


EVELOPMENTS in _ conventional 

methods of extending rural telephone 
service using open wire line construction 
have been described! These methods 
include the use of long span construction 
on separate poles or on poles used jointly 
to provide power and telephone service. 
To provide service in those areas where 
the circuit lengths between subscribers 
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are relatively long, means for the joint 
use of both poles and conductors of rural 
power systems have been developed. 
These means employ carrier transmission 
technique and this paper describes its 
application both to rural power lines and 
to telephone pairs. 


As a result of co-operative arrange- 
ments made by the Bell System through 
the Edison Electric Institute: and the 
Rural Electrification Administration, de- 
tailed tests were conducted on several 
rural power systems to determine 


1. The characteristics of rural power sys- 
tems at carrier frequencies. 


2. The modifications necessary in the 
power systems to permit their use as a me- 
dium for carrier transmission. 


3. The adequacy of experimental terminal 
and power line equipment design for the 
carrier telephone system. 


As a result of this work carrier telephone 
equipment has been designed for com- 
mercial application. This equipment 


constitutes the rural carrier telephone 
system.’ 

The primary purpose of this paper is to 
explain methods and considerations in- 
volved in the application of such a Sys- 
tem to rural power lines. In applying 
the carrier system it is necessary to modify 
the power line to enable it to be used as a 
medium for carrier transmission, to pro- 
vide terminal equipment for the trans- 
mitting and receiving of the carrier sig- 
nals and means for coupling the terminal 
equipment to the power lines. Figure 1 
illustrates the arrangement of this equip- 
ment on the power line. The principal 
components that make up the carrier 
system are listed as follows: 


1. Common carrier terminal—used to con- 
nect the carrier channels with the central 
office. 


2. Common coupling unit—used to con- 
nect the common terminal to the coupling 
capacitor. 


3. Subscriber carrier terminal and tele- 
phone set. 


4. Subscriber coupling unit—used to con- 
nect the subscriber terminal to the coupling 
capacitor. 


5. Coupling capacitors—used to connect 
the coupling units to the power lines. 


6. Series chokes—used to modify the power 
lines for satisfactory carrier transmission. 


lod 


7. Sectionalizing networks—consist of 
series chokes and shunt capacitors and used 


where two carrier systems are operated on 


adjacent sections of the same power system. 


The carrier system is for use primarily 
over power lines of the multigrounded 


Table |. Summary of Characteristics of Chokes Installed on Power Lines 


Con- 1-Second Temperature Impulse 
tinuous Short-Circuit Rise With Breakdown 
Current Current Nominal 60-Cycle Rated Current, Voltage of 
Type of Rating, Rating, Inductance, Impedance, Degrees By-Pass Weight 
Choke Amperes Amperes Millihenrys Ohms Centigrade Gap, Kv Pounds 
>: SS ee ea 
Isolating ™. <5 cm LO Ontacrsers OOO isve/ sm st 1050).. «O° 94-9455" 2 Sons BO Ss: series ST hohe eats 60 
TAs cc <isisterele ieee AO vent ieekc BOOLO. ee D5. ove 0.470900 oo oe ee DG atete stele cs 7) NO ae Be 12 
Transmission.... 4.0....... BOOK O cis 2 che 0.6... .Oc2FIJ0.23..0.05 6 0 OMe treats, OO he one Oo 8 
BE ee sere OU SO steels eee 0,3.....0,1+90.12.. 2.05. Meme teen e.s a's O45 SAAS ies a 


* Minimum withstand requirements of isolating choke assembly with case grounded are 35 kv dry for one 
minute, 30 kv wet for 10 seconds and 95 kv on impulse. 


** In addition to 3/4-inch by-pass gap, gaps with electrode spacing of approximately 23/4 inches are con- 
nected between each bushing and ground. These gaps are protected by insulating shields and break down 


at approximately 75 kv. 
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neutral type operating below 8,700 volts 
between phase wire and neutral. Under 
favorable conditions, its application can 
be extended to unigrounded lines with- 
out primary neutral conductors, provided 
the phase-to-ground voltage does not 
exceed 8,700 volts. The series chokes 
available at present can carry from four 
to ten amperes continuous load current 
and maximum short-circuit currents of 
500 amperes for one second. The carrier 
system also can be applied to telephone 
pairs as discussed later 

This system, operating in the 150- to 
455-ke band, can provide a maximum of 
six 2-way telephone channels over a given 
section of power line. Each channel can 
be considered equivalent to a voice fre- 
quency telephone pair and can serve as 
many parties as requirements and ring- 
ing facilities at the central office permit. 
For each channel used, a separate common 
carrier terminal is required. Provision 
can be made for connecting the common 
terminal over a voice frequency cireuit 
to the regular rural line equipment in 
any type of dial, common battery 
manual, or magneto exchange. Operating 
procedures on all types of calls are the 
same as for rural wire lines in the same 
exchange. 


The 120-volt 60-cyc’e power supply 


for the subscriber carrier terminal is ob- 
tained from a convenience outlet at the 
subscribers’ premises. The power ‘re- 
quirements of the subscriber terminals 
range from 7 watts in the stand-by condi- 
tion to a maximum of 25 watts in the 
talking condition. 

Common carrier terminals can be in- 
stalled in central offices in cases where 
proximity of the central offices to the 
power lines permits. In other situations 
the terminal is installed at a convenient 
point on or adjacent to the power line 
and the 120-volt 60-cycle power supply is 
obtained from the power system through 
a conventional service connection. Power 
requirements for the common carrier 
terminal range from 16 watts per carrier 
terminal in the stand-by condition to 
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Figure 1. Arrangement of equipment on 
rural power line modified for carrier transmis- 
sion 


about 30 watts per carrier terminal in 
the talking condition 


Modification of Power Lines 


A section of rural power line which is 
to be used for carrier transmission can 
be considered as consisting of a main line 
with a number of taps of different lengths 
connected to it. Such a system is shown 
schematically in Figure 1. Each tap, 
irrespective of length, represents a source 
of impedance irregularity and loss to car- 
rier transmission over the main line. -To 
minimize the effect of these taps on the 
carrier transmission and to provide for 


Figure 2. Isolating choke 
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where no station is located 


dividing the power lines into carrier sec- 
tions, chokes are used in series with the 
phase wire of taps at the point where they 
connect to the main line, and in series 
with the phase wire of the main line at 
the ends of carrier sections. 

Three general types of chokes are pro- 
vided. 


1. Isolating choke. 
2. Tap choke. 
8. Transmission choke. 


Table I summarizes the more important 
characteristics of these chokes. 

The isolating choke is primarily for use 
at the end of a carrier section to confine 
the carrier transmission within the sec- 
tion. Figure 2 illustrates an isolating 
choke. It is mounted in an oil-filled 2- 
bushing metal container which may be 
grounded. Insulators are required in 
series with the phase wire at each isolating 
choke location. The installation and 
connections of the choke to the phase 
wire and for grounding the case may be 
in accordance with the normal practices 
of the power organizations. 

The tap choke is used primarily where 
taps are to be connected to the main line 
and no telephone subscribers on the tap 
are to be served. The coils are coated 
with a dry type of dielectric material and 
enclosed in a sealed container. Figure 3 
shows an example of an installation of a 
tap choke. The choke coil is supported 
by a pin type insulator which provides 
insulation to ground, mounted at the end 
of a double arming bolt. The design 
of the choke is such that it can be in- 
stalled or removed by hot line tools if 
necessary. 

The transmission choke is provided for 
regulating the carrier transmission on 


taps.over which telephone subscribers are 


served. This choke is similar in appear- 
ance to the tap choke. The mounting 
arrangements are the same as for the 
tap choke. 

Isolating chokes can be used in the 
place of tap chokes where the load cur- 
rent is above four amperes. Tap chokes 
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can be used in place of isolating chokes 
where the load current is four amperes 
or less, except where a sectionalizing net- 
work is required. Isolating chokes can be 
used in parallel where the load current 
exceeds the 10-ampere limit, except in 
sectionalizing networks. 

The 60-cycle ratings of the chokes have 
been selected with the objective of caus- 
ing a minimum effect on the operation 
of the power system (and at the same time 
obtaining the required carrier frequency 
characteristics). The maximum imped- 
ance of any of the chokes is about 0.9+ 
j4.5 ohms at 60 cycles. In some cases 
three or four chokes may be placed in 
series with a phase wire between the 
power source and loads. In situations 
such as this, the line impedance may be 
increased sufficiently that the impedance 
of the chokes should be considered in 
short-circuit current or voltage regulation 
studies on the system. The resistive com- 
ponent of the impedance of the chokes is 
relatively low and, therefore, the energy 
loss is small. 

The coupling capacitor (designed pri- 
marily for connecting the coupling units 
to the power lines) has a capacity of 
2,000 micromicrofarads and is rated at 
8.66 kv. It will withstand a rms 60-cycle 
voltage of 35 kv for 1 minute when dry 
and 30 kv for 10 seconds when wet, and 
has an impulse voltage strength of not 
less than 95 kv when tested with a 1.5x40 
microsecond wave. The impedance of 
the capacitor at 60 cycles is about 1,500,- 
000 ohms and, consequently, the 60- 
cycle current is about 5 milliamperes. 
A fuse with a rating up to 3 amperes may 
be used in the connection between the 
capacitor and phase wire. 

As shown in Figure 4 the coupling unit 
is connected in series between the capaci- 
tor and ground. The normal 60-cycle 
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Figure 3 (left). Tap 

choke installed at same 

pole as pole top reclos- 
ing circuit breaker 


GROUNDING 
SWITCH 


Figure 4 (right). Con- 
nections of coupling ca- 
pacitor and line cou- 
pling unit to power line 


voltage drop across the coupling unit is 
less than 1 volt. The copper protector 
blocks with 0.0l-inch separation break 
down at around 1,200 volts and thus pro- 
tect the coupling unit for abnormal volt- 
age conditions. 

A grounding switch is provided to 
ground the capacitor lead solidly when 
maintenance work in the coupling unit 
is required. 

Coupling capacitors and coupling units 
are used to provide coupling for sub- 
scriber stations, common carrier ter- 
minals, and terminating units. The in- 
stallation of these units for the three 
cases will be discussed. 


Figure 5. Coupling capacitor and subscriber 
coupling unit installation 
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CASE CONNECTED TO VERTICAL 
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SUBSCRIBER STATION COUPLERS 


The installation usually is made on the 
primary pole nearest the telephone sub- 
scribers’ premises. It consists of a cou- 
pling capacitor and fuse, a line coupling 
unit, and a telephone drop wire to the 
premises. In many instances this in- 
stallation will be on the same pole as a 
distribution transformer, but it may be on 
a pole having only primary conductors. 
Figure 5 shows a typical installation for 
a subscriber’s station. The grounded 
capacitor bracket supports the capacitor 
in a vertical position above the neutral 
conductor. The fuse is connected be- 
tween the top terminal of the capacitor 
and a hot line clamp or connector which 
connects to the phase wire. The bottom 
capacitor terminal is connected to the 
line coupling unit with number 10 insu- 
lated wire over which wood molding is 
placed. The line coupling unit is mounted 
at least 40 inches below any power at- 
tachment or equipment (secondary, neu- 
tral, transformer case, and so forth). 
The metal case of the coupling unit is con- 
nected to the pole ground wire with a 
short jumper while another lead from 
within the coupling unit is connected di- 
rectly to the neutral conductor as shown 
in Figure 4. This double grounding ar- 
rangement insures that the coupling unit 
will remain grounded even if one of the 
ground connections becomes open. 
Where a coupling capacitor is installed, a 
pole ground is required. In cases where a 
distribution transformer protected with 
external fuse cutout is located on the 
pole where the coupling capacitor and 
the coupling unit are to be installed, it 
sometimes may be practicable to utilize 
the same fuse to protect both the capaci- 


~ tor and distribution transformer. 


After completing the installation of 


~ 


the line coupling unit and the coupling 
capacitor, the coupling capacitor can be 
connected to the phase wire by the power 
organization before the telephone com- 
pany installs and connects the drop wire 
to the coupling unit. 


COMMON CARRIER TERMINAL COUPLER 


The installation of the common cou- 
pling unit and its associated coupling ca- 
pacitor is similar to the installation at 
the customer premises. Generally the 


common coupling unit will be installed . 


on the power pole nearest to the central 
office, and will be connected to the com- 
mon carrier terminals over a short carrier 
drop. 


Isolating choke, coupling arrange- 


Figure 6. 
ment, and common carrier terminal installation 


TERMINATING UNIT 


The ends of a power line section and of 
taps over which carrier telephone service 
is to be provided must be terminated in 
approximately the characteristic imped- 
ance of the power line. When a tele- 
phone subscriber is located at the end of 
a tap or carrier section, a terminating sub- 
scriber coupling unit is utilized. This 
unit is similar to the subscriber coupling 
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unit and, in addition to coupling the sub- 
scriber terminal ‘equipment, provides 
an approximate characteristic impedance 
termination for the power line. The in- 
stallation of this equipment is the same 
as that for a subscriber station. 

If no subscriber is located at the end of 
a power line séction or tap, a terminating 
coupling unit is installed with a coupling 
capacitor, Except for the absence of the 
carrier drop, the installation of this unit 
is similar to that for a subscriber station. 

Common carrier terminals usually are 
located at one end of a carrier section and 
no separate means for terminating the 
power line is required, since the common 
carrier terminal always provides approxi- 
mate characteristic impedance at the 
carrier frequencies used. 


Carrier Equipment 

Installation of the carrier terminal 
equipment on the subscribers’ premises 
and at the common terminal end of the 
power line is made as follows: 


SUBSCRIBER STATION 


The subscriber catrier terminal is in- 
stalled in the same manner as a conven- 
tional telephone wall box at a location 


close to a 60-cycle power outlet, and the 


combined telephone set is located con- 
veniently near the subscriber terminal. 


- The installation of the carrier drop from 


the coupling unit to the subscribers’ prem- 
ises, and of the station protection and 
inside wiring to the subscriber terminal,-is 
the same as for a voice frequency rural 
station. 


ComMMON TERMINAL 


If circumstances permit, it is desirable 
to install the common carrier terminals in 
the central office and to connect them to 
the common coupling unit over a short 
catrier drop. This arrangement facili- 
tates installation and maintenance. In 
many cases, however, the power line over 


which carrier is to be transmitted will be - 


some distance from the central office and 
it will be necessary to install the common 
terminals in an outdoor housing mounted 
near the base of a telephone or power pole. 
A voice frequency pair between the cen- 
tral office and the common terminal loca- 
tion is required for each channel. The 
voice frequency facilities may .be the 
same as would be required to provide 
satisfactory transmission to a voice fre- 
quency station with local battery trans- 
mitter supply and located at the same 
point as the common terminals. A single 
carrier drop is used to connect as many as 
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six common terminals to the common 
coupling unit. Each common terminal 
is provided with a _ 120-volt 60-cycle 
power supply. Figure 6 shows one of the 
earliest installations of a pole mounted 
common carrier terminal and associated 
coupling arrangements. 


Carrier Frequency Losses 


With the modifications described pre- 
viously, the impedance of a single-phase 
multigrounded neutral power line in the 
150-455-ke frequency range is approxi- 
mately 500 ohms. The carrier frequency 
loss of the line depends upon a number of 
factors, the more important of which 
are the earth resistivity in the vicinity of 
the power line and the type of conductor 
used for the phase and neutral wires. The 
effect of these factors is illustrated by the 
curves shown in Figure 7. As shown in 
curve A, the loss per mile for number 
6A Copperweld-copper or number 4 
aluminum-cable-steel-reinforced conduc- 
tors ranges from about 0.8 decibel at 150 
ke to about 1.7 decibels at 450 kc, under 
conditions of low earth resistivity. Under 
other conditions, the losses may be sub- 
stantially higher, as shown in the figure. 
Data from additional installations will 
provide a more reliable basis for evaluat- 
ing the effects of various factors on the 
loss. 

In addition to the line losses, the over- 


‘all loss from the common carrier terminal 


to the subscriber terminal is affected by 
various bridging losses and by the losses 
through the coupling units. Bridging 
losses are contributed by taps used for 
carrier transmission, by taps not used for 
carrier transmission which are equipped 
with tap chokes, and by distribution 
transformers on the power line. Figure 8 
shows the bridging loss introduced by a 
transmission tap. The transmission 
choke also introduces a loss to transmis- 
sion to stations on the tap, as shown in 
Figure 9. The bridging loss of taps iso- 
lated from the carrier path by tap chokes 
is ordinarily of the order of 0.1 to 0.2 deci- 
bel each. The bridging loss from a dis- 
tribution transformer of 5 kva rating or 
smaller is also about 0.1 to 0.2 decibel 
Larger transformers probably will intro- 
duce higher losses, and it may be found 
necessary to connect them to the power 
line through chokes. 

The reactance of the operating coil used 
in reclosing oil circuit breakers may intro- 
duce a loss to carrier transmission of the 
order of 10 decibels. Preliminary informa- 
tionindicates that this loss may be reduced 


to about 0.5 decibel by shunting a non-— 
inductive 50-ohm resistance around the — 
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Figure 8. Carrier frequency loss to main line transmission introduced 
by tap equipped with transmission choke 
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Figure 9 (right). Carrier frequency loss to station on tap introduced 
by transmission chokes 


operating coil. Methods of mounting the 
resistance and its effect on the reclosing 
circuit breakers operation are being 
studied. — ; 


Design Considerations 


The performance of the rural carrier 
telephone system may be affected by at- 
mospheric static, by noise caused by 
power line sources, and by near-by radio 
stations or other carrier systems operat- 
ing in the same frequency range. The 
effects of atmospheric static are depend- 
ent on the severity and duration of 
thunderstorms, on the ground resistivity 
in the vicinity of the power line, and also 
on the frequency at which the carrier 
channel is operated. In regions of com- 
paratively low ground resistivity, of the 
order of 50 meter-ohms, and where the 
atmospheric static is low, adequate sig- 
nal-to-noise ratios usually can be se- 
cured with carrier losses up to 48 decibels 
(exclusive of coupler losses) from the com- 
mon carrier terminal to the most remote 
station. For normal static areas, these 
losses are reduced six to eight decibels. 
For very low ground resistivity areas (be- 
low 25 meter-ohms) the limiting losses 
may be about three decibels higher than 
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those specified for 50-meter-ohm ground. 
Where the ground resistivity is compara- 
tively high, the limiting losses must be 
reduced, possibly by as much as ten deci- 
bels. Further experience in applying the 
carrier system under different conditions 
will be helpful in establishing more defi- 
nite limiting losses. 

While the maximum noise on the car- 
rier channels ordinarily will occur only 
during peak periods of atmospheric static, 
there may be cases where noise will occur 
from power line sources. These sources 
are the same as those that may create 
interference with radio reception, such as 
punctured or cracked insulators, or loose 
hardware, and their location and elimi- 
nation is handled in accordance with 
usual power system practices. 

Signals from near-by radio stations or 
carrier systems operating in the same fre- 
quency range as the rural carrier tele- 
phone system in some cases may be a 
possible source of interference with tele- 
phone transmission. In engineering ap- 
plications of the carrier system, it will be 
desirable to avoid using carrier channels 
which operate at the same frequencies 
as radio stations in the vicinity of the 
power line. The design of the carrier 
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FREQUENCY IN KC 


equipment which provides the possibility 
of associating any pair of transmitting 
frequencies with any receiving frequency, 
as described in the companion paper,? 
facilitates the most effective use of the 
available frequency space which is free 
from external interference. The avoid- 
ance of the use of affected channels will 
reduce further the possibility of inter- 
ference with radio stations through opera- 
tion of the low powered carrier system. 
As at present designed, only one 6- 
channel carrier system can be applied 
successfully to any single section of 
power line. However, it appears prac- 
ticable to operate carrier channels at the 
same frequency on adjacent power line 
sections, provided suitable carrier fre- 
quency sectionalizing networks are in- 
serted between the power line sections. 
The degree of effectiveness required of 
the sectionalizing networks will vary 
depending upon the cross talk require- 
ments in each case. While the develop- 
ment work on these networks has not 
been completed, it is expected that they 
generally will consist of isolating chokes 
as series elements in combination with 
coupling capacitors as shunt elements. 
So far most of the applications of the 
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rural power line carrier telephone system 
have been made on single-phase power 
lines with multigrounded neutrals. How- 
ever, during the summer of 1946 an ex- 
tensive series of field tests were carried 
on to determine the conditions under 
which the application of the carrier sys- 
tem might be extended to multiphase 
lines with multigrounded neutral. The 
results of these tests indicate that in 
general it will be feasible to operate the 
carrier system over lines having two or 
three phase wires and multigrounded 
neutral. Ordinarily the carrier system 
will be coupled from one phase wire to 
neutral, and under this condition the line 
loss usually will be about the same as for 
the single-phase line. In some cases it may 
be found desirable to couple the common 
carrier terminal between the outer phase 
wires of a line having horizontal configura- 
tion, thus taking advantage of the lower 
line loss attenuation of the metallic 
circuit as compared with the loss of a cir- 
cuit composed of a phase wire with a 
return through the neutral and ground. 
In these cases, it generally will be prac- 
ticable to connect the coupling capacitors 
and coupling units for the individual 
subscriber stations between one of the 
outer phase wires and the neutral. This 
atrangement will provide a considerably 
lower loss. than where all terminals are 
coupled phase-to-neutral. Application 
of a carrier system is planned on a 3-phase 
power system without primary neutral. 
Preliminary information indicates that 
phase-to-phase coupling for the common 
carrier terminal with phase-to-ground 
coupling of subscriber stations may be 
feasible. The metallic circuit transmis- 
sion characteristics are expected to be 
comparable with those obtained on the 
multiphase line with primary neutral. 
The application of a rural carrier tele- 
phone system to a particular power sys- 
tem requires a knowledge of the physical 
characteristics and layout of the power 
line, including ‘all branches, the locations 
of prospective telephone customers to be 
served by the carrier system, as well as 
information regarding the earth resis- 
tivity, severity of atmospheric static, and 
location of near-by radio stations operat- 
ing in the same frequency range as the 
carrier system. With a knowledge of the 
line losses caused by the power line con- 
ductors and the various bridged taps, 
transformers, and so forth, it should be 
possible to apply isolating, tap, and trans- 
mission chokes, and terminations to pro- 
vide for satisfactory carrier transmission 
from the common terminal to any pro- 
posed customer. Divided code ringing 
can be provided by the carrier system if 
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the common carrier terminal and all sub- 
scribers served on the same channel can 
be connected to the same phase of the 
power line. This may have an effect in 
determining the location of the common 
carrier terminal on the power system. 
In making plans for the carrier system, it 
is desirable to take into account future 
extensions of the power system, in so far 
as practicable. Also, the provision of the 
proper types of chokes requires a knowl- 
edge of the normal load currents, and the 
magnitude and duration of short-circuit 
currents which may occur at various 
points on the power line. The comple- 
tion of satisfactory plans for such a car- 
rier installation requires close co-opera- 
tion between the engineers of the power 
and telephone organizations concerned. 
Also, since the conditions are likely to 
change frequently, it is important that 
adequate arrangements be made for con- 
tinued co-operation in engineering addi- 
tions to either the power or telephone 
systems. 


Maintenance Considerations 


After the carrier telephone system is in 
operation, under usual conditions very 
little power line maintenance should be 
required other than that normally re- 
quired in providing reliable power service. 
Power interruption to a telephone sub- 
scriber will cause an interruption to the 
subscriber’s telephone service. Power 
interruption to a common carrier ter- 
minal will make inoperative all telephones 
on the carrier channel. When mainte- 
nance work is required, close co-operation 
is desirable between local maintenance 
forces of the power system and telephone 
company. This will include arrange- 
ments for clearing of troubles, replace- 
ments of capacitors (or fuses) and chokes, 
advance notification of planned power 
system interruptions, and correction of 
power line conditions which create inter- 
ference with carrier transmission. 


Application to Telephone Pairs 


While the rural carrier telephone sys- 
tem is designed primarily for use over 
power lines, it is expected that it also will 
be found useful as a means of providing 
additional circuits over rural open wire 
telephone lines. One such application 


- already has been made and the results 


are satisfactory. 

The same carrier equipment is used for 
both power line and telephone line serv- 
ice with the exception of the coupling 
capacitors and heavy duty series chokes. 
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Low voltage capacitors associated with 
the coupling units are used to couple the 
carrier equipment to the telephone pair. 
Small carrier frequency chokes are used 
in series with the telephone pair to sepa- 
rate the carrier section from the purely 
voice frequency portions of the circuit. 
Methods of connecting branches used for 
carrier service to the main lines are also 
under development. 

Data available at present indicate that 
satisfactory transmission can be secured 
over copper or copper-steel metallic cir- 
cuits. The losses of steel pairs with light 
galvanizing are relatively high (up to 
seven decibels per mile at 450 kc) and 
the use of substantial lengths of such 
conductors appears impracticable. 


Field of Use 


The ultimate field of use of the power 
line carrier telephone system in compari- 
son with other means of extending rural 
telephone service will depend on several 
factors, which can be evaluated accu- 
rately only after considerable experience 
with the carrier system has been ob- 
tained. These factors include 


1. The cost of the equipment for the carrier 
system. 


- 2. The arrangements which are worked out 


between the telephone and power organiza- 
tions in connection with this type of service. 


3. The demand for rural telephone service 
in areas more remote from existing 
telephone facilities. 


4, The operating and maintenance experi- 
ence with the carrier system. (Probably the 
most important factor.) 


The results of preliminary studies of 
the probable field of use for the carrier 
system have indicated that it will be 
most attractive where the prospective 
telephone customers who are served by 
power distribution lines are remote from 
existing telephone pole lines. In general 
the carrier system appears worthy of 
study in cases where the prospective tele- 
phone customers are separated by dis- 
tances of the order of one-half mile or 
more. 

In deciding whether rural service 
should be extended by carrier or by wire, 
the relative flexibility of the carrier sys- 
tem deserves particular consideration. 
Telephone service can be furnished from 
any channel to customers located any- 
where along the section of the power 
system which has been modified for car- 
rier transmission. This permits maxi- 
mum utilization of the carrier channels 
installed initially and facilitates adding 
additional customers. 
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Conclusion 


Several installations of the rural car- 
rier system already have been made in 
various parts of the country and the ex- 
perience to date has been generally satis- 
factory. The early installations are pro- 


Discussion 


J. M. Dunham (Bell Telephone Labora- 
tories, Inc., New York, N. V2) be four 
types of choke coils used in equipping a 
rural power line for carrier were designed to 
meet certain requirements regarding impulse 
voltages, load, and short-circuit currents. 
While design tests were considered sufficient 
for load requirements, all types of choke coils 
from production are being tested for speci- 
fied short-circuit currents and impulse volt- 
ages. 

The short-circuit tests include, first, a 
preheating of the coils to operating tempera- 
ture at normal loads, and then the applica- 
tion of 500 amperes for one second. This is 
a rather severe test as short-circuit currents 
of this magnitude and duration will not be 
encountered frequently in contemplated 
rural power line carrier applications. 

Impulse voltage tests using a 11/2x40- 
microsecond wave are made at voltages 
above the breakdown of protective gaps on 
the coils. Gaps are blocked or removed for 
these tests. On the isolating choke, which 
has a protective gap from each terminal to 
the grounded tank and a third gap across 
the coil, three impulse tests are made. Each 
terminal of the coil is tested to ground and 
one test is made with voltage applied across 
the coil. These test voltages are 95 kv 
from terminals to ground and 55 kv across 
the coil. Impulse tests are made following 
short-circuit tests so that any movement of 
parts, resulting from the short-circuit cur- 
rent, which affects the impulse strength 
may be detected. 

The authors have given temperature rises 
of choke coils when carrying normal rated 
load. These temperatures are conservative 
for class A insulation. Also, in the isolat- 
ing choke, glass or glass and mica insulation 
is used throughout which puts the insulation 
of this coil in class B. Accordingly, while 
revised ratings have not yet been specified, 
indications are that the isolating chokes 
could be rated at 15 amperes continuous. 
The corresponding temperature rise for this 
current is 85 degrees centigrade as against 
about 50 degrees centigrade for 10 amperes. 

Although the smaller chokes were de- 
signed for 4 amperes continuous current, 
the short-circuit requirement of 500 am- 
peres for one second was the controlling 
factor in determining the size of the coil 
conductors. The isolating choke and the 
smaller chokes are wound with the same size 
conductors, equivalent to about number 11 
American Wire Gauge. This size conductor 
on the small choke coils makes it possible to 
increase their continuous current rating 
above those originally specified. Although 
the smaller choke coils are wound with glass 
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viding valuable experience in installation, 
operation, and maintenance of the system 
under a variety of coriditions. Improve- 
ments in the carrier system and in its 
application to power and telephone lines 
can be expected to result from this ex- 
perience. 


tape insulation, the phenol fiber used in as- 
sembling the coil is the limiting factor in the 
allowable temperature rise or rating of the 
coils. On a basis of 55 degrees centigrade 
tise, for class A insulation, the tap choke 
could be rated at 7 amperes, and the trans- 
mission chokes at 9 amperes (0.6 milli- 
henry) and 10 amperes (0.3 millihenry). 

Because, on some power lines equipped 
for carrier, peak loads may exceed the afore- 
mentioned choke coil ratings, curves of 
short-time overload currents will be made 
available. 


W. R. Brownlee (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The application of joint rural carrier tele- 
phone systems is a welcome development in 
the general program of extending communi- 
cation facilities throughout rural areas. 
Certain operating considerations warrant 
further study and improvement. 

The development of methods and pro- 
cedures for investigating failures of the 
communication channel is needed urgently. 
There does not seem to be any adequate 
method of determining in all instances 
whether a communication failure is the result 
of devices and equipment maintained and 
operated by the communication company 
or of one of the several pieces of equipment 
maintained and switched by the electric 
power company. Accordingly, it may be 
difficult to decide which maintenance crew 
should investigate first. 

The authors mention the possibility of 
interfering noise from cracked insulators, 
line hardware, and so forth, on the power 
system, and indicate that these may be 
handled in accordance with usual practices. 
One common method for locating interfer- 
ence involves a momentary interruption of 
the power line, noting whether or not the 
interfering noise disappears at the same 
instant. Such a method cannot be used to 
determine whether the trouble is originating 
on the distribution circuit, as de-energizing 
such a circuit also interrupts power supply 
to the carrier telephone equipment. 

Another operating feature of the joint car- 
rier system is that, in the event of a power 
failure, the customer cannot use his com- 
munication facilities to notify anyone. 


S. C. Bartlett (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The paper appears to bea very complete dis- 
cussion of the subject. There are, however, 
one or two points I thought worthy of further 
comment. In the first place the probable 
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field of application should be considered. 
The authors mentioned that this system par- 
ticularly was adapted for those areas having 
long circuit lengths between customers. A 
system such as this, which is actually joint 
use of both poles and conductors, appears to 
be practical, at least under present economic 
considerations in areas where subscriber den- 
sity does not exceed one or two per mile. In 
the territory served by the American Gas and 
Electric System, for instance, we find prac- 
tically no areas of such low density. How- 
ever, to make sure all technical advances 
such as this one are available to our custom- 
ers, we are co-operating with the telephone, 
company in the selection of test sites. It is 
our hope that at least four such installations 
will be made during 1947. There is always 
the possibility that economic considerations 
may change, making the scheme practical 
in areas of higher density. 

From the point of view of the carrier cur- 
rent engineer familiar with performance of 
carrier telephone equipment on high tension 
transmission lines, the over-all performance 
of this rural telephone system is very im- 
pressive. On main transmission lines we 
are forced to use a system which was de- 
signed for transmission of 60-cycle energy 
with no consideration of the characteristics 
at carrier frequencies. The resulting peaks 
and valleys in the transmission characteristic 
of the average power line are frequently so 
sharp that even the narrow side bands we 
need for intelligible speech cannot be passed 
without bad distortion. On a high voltage 
system the cost of corrective measures is 
usually so great that they are not employed. 

On this rural telephone equipment, how- 
ever, because of its lower voltage, it is en- 
tirely practical to provide proper termina- 
tions, traps, and so forth so that the result- 
ing performance is very satisfactory. In 
fact, observations by listening to conversa- 
tions on these circuits gives the impression 
that the quality is fully as good as that ob- 
tainable on ordinary open wire telephone 
lines. 


P. A. Jeanne (Bell Telephone Laboratories, 
Inc., New York, N. Y.): Reclosing oil circuit 
breakers used on rural power lines have oper- 
ating coils connected in series with the line. 
These coils, particularly those of smaller 
ratings, cause rather large transmission 
losses at the frequencies of the M1 carrier 
system. One type of reclosing oil circuit 
breaker, for example, produced a 10-decibel 
loss at 150 ke. Means for reducing the loss 
from this type of equipment have been given 
considerable study. Transmission computa- 
tions indicated that the loss would be re- 
duced sufficiently if the “recloser’” was 
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shunted by 50 ohms, either in the form of a 
resistor or a capacitor of equivalent imped- 
ance at the lowest frequency of the carrier 
system. 

A 50-ohm resistor has little affect on the 
60-cycle ratings of even the smallest size 
recloser. Of course, it would be desirable, 
from the standpoint of convenience of appli- 
cation to existing breakers, to connect a 
resistor or capacitor across the terminals of 
the recloser. However, a resistor so con- 
nected would prevent isolation of the line, 
and a capacitor, in case of its failure, would 
energize the line at full potential even 
though the breaker were open. These diffi- 
culties may be avoided if space and adequate 
dielectric clearance are available for con- 
necting a resistor or capacitor across the 
operating coil inside the recloser. 

The most logical choice for the by-pass 
element would be a capacitor, providing one 
of high enough dielectric strength and one 
small enough to fit into available space could 
be provided. It was desired, insofar as 
possible, to use the same type of by-pass 
element for the various types of reclosers 
now in the field. Some types of reclosers 
have their operating coils shunted with 
lightning protective elements but others do 
not. Partly because of this latter considera- 
tion, that is, lack of lightning protection 
around coils, and partly because of avail- 
ability in suitable shapes, a 50-ohm 125-watt 
plaque-type resistor has been used with 
reclosers so far modified. The wattage rat- 
ing is several times as high as that required 


by the continuous rating of reclosers. 
However, the resistor must withstand the 


load imposed on it during faults. The © 


heaviest duty on the resistor occurs when it 
is used with the smallest rating of recloser. 
For example, when used with a 3-ampere re- 
closer carrying rated current, the resistor 
load is approximately 40 watts compared 
with 35 kw for 0.17 second under maximum 
interrupting current conditions, if the re- 
closer goes through its complete cycle to 
lockout. The duty on the resistors decreases 


quite rapidly with increase in the rating of 


the recloser, which is a fortunate circum- 
stance as only a small per cent of the re- 
closers in service are of the lowest ratings. 

By-pass resistors increase somewhat the 
operating temperatures of the reclosers. 
Except possibly for the 3-ampere rated re- 
closers it does not appear that this increased 
temperature rise will be a limiting factor 
for reclosers now in the field. This matter 
is still under study. 

Pending final solution of this problem, 
which is being studied co-operatively with 
manufacturers, and to facilitate modifica- 
tion of recloses in the field, modification kits 
containing the resistor and necessary 
mounting brackets, and so forth, are being 
provided for the more frequently encoun- 
tered reclosers now in the field. Informa- 
tion has been received concerning several 
new models of reclosers now under develop- 
ment and the manufacturers have been 
asked for recommendations as to sttitable 
carrier by-passing means. Where designs 
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have not progressed too far it is hoped that 
provision might be made for the necessary 
elements and thus simplify this problem in 
the case of the newest designs. 


Lee E. Cook: The comments of the dis- 
cussers are timely and constructive. Dis- 
cussions by J. M. Dunham and P. A. 
Jeanne exemplify continuing progress in 
betterment of the devices. With respect to 
the comment by W. R. Brownlee, the excel- 
lent co-operation that has existed between 
power and telephone operating folks will be 
fruitful in operating and servicing the carrier 
system. 

Urban joint use of poles for electric and 
telephone lines has been practiced effectively 
and beneficially for many years. However, 
until recently opportunities for benefits in 
the rural situation have not been so appar- 
ent. The rural carrier system offers oppor- 
tunity for joint use in the more sparsely 
settled areas with substantial savings indi- 
cated in construction materials and operat- 
ing requirements. 

Equipment already in service gives reason- 
able appearance, and experience to date 
indicates acceptable operating character- 
istics from both the telephone and power 


points of view. Undoubtedly with the great _ 


public interest and apparent future demand 
for utility services on the farm, and with 
the economies afforded by the carrier tele- 
phone system on rural power lines, the 
system will find considerable application. 


~ 
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HE use of poles to carry both power 

and communication circuits is not new, 
having been employed before 1890. There 
are today more than 6,000,000 poles used 
jointly by power and telephone organiza- 
tions in the United States. The great 
bulk of these poles are located in urban 
areas where the voltages of the power 
circuits concerned are generally less than 
5,000 volts and the span lengths between 
poles generally do -not exceed about 150 
feet. 

As power and telephone lines were ex- 
tended into rural territory, new problems 
were encountered in the application of 
joint construction because of the use of 
longer spans and higher voltages for the 
power circuits and the increased noise in- 
duction in the necessarily longer ex- 
posures. However, progress in the art 
through co-operation of the telephone in- 
dustry with the Edison Electric Institute 
and the Rural Electrification Administra- 
tion has brought about the developments 
reviewed in this paper which now make 
long span higher voltage rural joint use 
feasible where conditions are favorable. 


Higher Voltage Joint Use 


A report! covering the safety features of 
joint use of poles by telephone circuits and 
6.9- or 13.2-kv power circuits was issued 
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in 1937. This report opened the way for a 
pattern which now facilitates joint use 
where power circuits of more than five 
kv are involved. One important con- 
dition which this pattern includes is that 
provision be made for co-ordinated elec- 
trical protection. This includes arrange- 
ments whereby the supply circuit will be 
de-energized promptly in the event of con- 
tact with the telephone plant, and the re- 
sulting voltages on the telephone plant in 
the event of accidental contact will be 
within the range of safe operating charac- 
teristics of telephone protective equip- 
ment. The 5th edition of part 2 of the 
National Electrical Safety Code provides 
that where this condition exists, grade 
C construction may be employed. This 
has an important bearing on the present 
problems involved in long span rural 
joint use. 


Joint use of poles for telephone circuits 
and power circuits operating at voltages 
over five kv has been employed on a gen- 
eral basis in a number of urban localities, 
and there are now in the order of 100,000 
or more poles involved in such construc- 
tion. In a majority of these cases, the 
telephone circuits are in cable, the sheaths 
of which may be effectively grounded, 
thus affording a low impedance path to 
ground in the event of accidental contact. 
Where open-wire telephone circuits are 
involved, 3-kv carbon gap protectors, de- 
scribed later, are associated with the tele- 
phone open wires for the same purpose. 
Wherever practicable the cable sheaths 
and the protectors are connected to 
grounds which are connected also to the 
multigrounded neutral of the supply cir- 


cuit. 

Some of these higher voltage joint use 
installations in urban areas have been in 
service for ten years or more, so that in 
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approaching the rural joint use problem, 
a considerable background of experience is 
available so far as co-ordination of elec- 
trical protection is concerned. Experi- 
ence from these cases as to noise co-or- 
dination is applicable less directly to the 
rural situation, 


High Strength Wires 


Some 25 years ago there began to be 
used types of wire which, while relatively 
small, had sufficient strength and con- 
ductivity for the construction of power 
lines with much longer spans between 
poles than the spans which predominate 
in urban areas. These wires are gene-ally 
of the stranded type in which strength is 
provided by one or more strands contain- 
ing steel, and their use has made prac- 
ticable a considerable reduction in the 
cost of pole plant. There are also avail- 
able both steel and copper-covered steel 
telephone wires which are suitable for long 
span construction. 


Joint Pole Practices 


In considering the long span construc- 
tion an attempt was made to approach the 
matter from the standpoint of the repre- 
sentative typical situation rather than the 
most adverse situation. It was assumed 
that both the power and telephone wires 
would be of the high strength types 
and, therefore, their sag characteristics 
would not differ sufficiently to cause con- 
tacts in the span under ice and wind load- 
ing or temperature changes if reasonable 
separations were provided at the poles. 
It was assumed also that a very large per- 
centage of the rural power circuits con- 
ce ned would consist of one phase wire _ 
located on a pin at the top of the pole and 
a multigrounded neutral located below it 
on a separate pin or on the secondary 
rack, or that the primary circuit would 
consist of two or more primary wires 
located on a crossarm at the top of the 
pole and that the multigrounded neutral, 
if present, would be located on the same 
crossarm or on the pole below the cross- 
arm. Practices for joint use were pre- 
pared,? the major provisions of which (with 


519 


respect to the vertical separations between 
the power and telephone conductors at the 
pole and in the span) are given as fol- 
lows. Because of limited experience with 
joint use in long spans, these practices are 
still tentative and are subject to modifica- 
tion in the light of experience obtained 
from their use. 


1. The minimum vertical separations be- 
tween supply and telephone wires at the 
pole and in the span comply with the pro- 
visions of the National Electrical Safety 
Code. These minimum vertical separations 
for supply circuits 0 to 8,700 volts are 40 
inches at the pole and 30 inches in the span; 
for supply circuits over 8,700 volts, 60 and 
45 inches, respectively. All voltages are 
the highest voltages between wires on the 
pole head. 


2. In addition the minimum vertical sepa- 
rations at the pole are so adjusted that under 
conditions of 60 degrees Fahrenheit, no 
wind and final unloaded sag, no supply con- 
ductor of 0 to 750 volts shall be lower at 
any point in the span than a straight line 
(line-of-sight) joining the points of supports 
of the highest communication cable or con- 
ductor on adjacent poles, and no supply 
conductor of more than 750 volts is lower 
at any point in the span than 30 inches above 
such line-of-sight. 


3. An exception is made in the case of the 
line-of-sight requirement where a power cir- 
cuit multigrounded neutral is located on the 
pole below the primary wires and secondary 
wires are not present. Where such construc- 
tion exists the normal separations as re- 
gards the neutral apply, that is, 40 inches be- 
tween the neutral and telephone wire or 
cable at the pole and 30 inches in the span, 
provided also that the line-of-sight 
requirement for separation between the pri- 
tary wires and the telephone wires or cables, 
as per item 2, is met also. 


4, The requirements just reviewed are 
based on the use of high strength conductors 
for both the power and telephone circuits, 
and when supply conductors having greater 
sag increases under temperature or loading 
are employed further increases in separation 
at the pole may be required. 


As will be noted, item 2 provides a line- 
of-sight basis for determining separations 
between power and telephone conductors 
at the pole. The objective is to provide 
‘separations between the power and tele- 
phone conductors so that during wire 
stringing and repair operations, telephone 
wires will not be swung into contact with 
energized power conductors if reasonable 
procedures are followed in such work. 
Where a multigrounded neutral is located 
below the energized power conductor, 
therefore, a somewhat relaxed require- 
ment is practicable, as indicated in item 3. 


It is possible that as experience is gained | 


with long span construction, further sim- 
plification can be effected. 

The minimum sze of power wire 
recognized by the National Electrical 
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Safety Code for grade C construction is 
number 8, American Wire Gauge medium- 
hard drawn copper. Where this wire is 
used in spans exceeding about 150 feet, it 
is necessary to provide more than 40 
inches separation between the power and 
telephone wires at the pole to meet the 30- 
inch separation requirement in the span. 
High strength wires as usually strung 
have, of course, much smaller sags than 
medium-hard drawn copper and there- 
fore, can be used in longer spans without 
the necessity of increasing the separation 
at the pole. As will be seen therefore, the 
necessity of adjusting the separation at 
the pole depends in large measure upon 
the power wires employed and the tension 
to which they are strung. The line-of- 
sight formula given in item 2 can be con- 
sidered as generally applicable. How- 
ever, for spans such as usually are em- 
ployed in urban areas, the separations 
provided by the NES Code have proved 
to be adequate and satisfactory. In the 
practical case, for vertical configuration 
with the phase wires at the top of the pole 
and the multigrounded neutral located 
three or four feet below, normal separa- 
tions at the pole can be employed often 
for spans exceeding 200 feet and in some 
instances exceeding 300 feet. A factor 
which has bearing on the design of joint 


use lines is that, for noise induction, 


reasons, the separations between the 
power and telephone circuits should be 
kept uniform as far as practicable without 
incurring undue costs or construction 
difficulties. It is believed that as experi- 
ence is gained it will be practicable to 
prepare pole-head diagrams which can be 
used for all but a few exceptionally long 
spans which may require special con- 
sideration. 

Another factor which is involved in 
long span construction is clearance above 
highways and ways generally. The 
NES Code specifies minimum clear- 
ances for both power and telephone wires 
along, or crossing highways, driveways, 
and so forth, but does not cover ways 
generally such as across fields. The NES 
Code also requires that for spans exceed- 
ing 175 feet in the heavy loading district, 
250 feet in the medium loading 
district, or 350 feet in the light load- 
ing district, certain increases in clearance 
shall be provided. Across fields or other 
ways which may be traversed by loaded 
vehicles or farm machinery adequate 


‘ground clearance should be provided. 


Ground clearances, together with the 
separations between supply and telephone 
conductors serve, in large measure, to de- 
termine necessary pole heights for joint 
lines. As span lengths are increased, pole 
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Table I. Summary of Measurements at Selma, 


Ala. 


(Alabama Power Company and Southern Bell 
Telephone and Telegraph Company) 


— at 


Ground Return; Ground Return; 
I-T =90;** I-T =275;+ 
Voltage TIF =19 Voltage TIF =12 


ry ee ar: a 
* » ~ 
Beg eho Gee. $84 
Length of 2-38 2 or ee 3 oa 
Exposure wee zo8 AAS Zo8 
Circuit 1— 
AG males. cise ae Le: Aes ea UB). amiss 54 
Circuit 2— 
Smnless.y eee aE recess 32 


* With tube station sets and well-balanced carrier- 
operator equipment. 


+ I: T constant throughout exposure. 
** T-T at start of exposure; tapers to zero at end. 


Notes: 
Receiver noise measured at last station on circuit 
with HAJ weighting. 


Noise-to-ground measured at outer end of circuit- 
with F1A weighting. 


I-T and voltage T/ F—tentative 1941 weightings. 


Recheck after about 16.months of operation indi- 
cates slightly lower receiver noise with about same 
noise-to-ground. 


heights and, therefore pole costs, increase 
and, as would be expected, a span length 
is ultimately reached where economies 
begin to decrease. In the practical case, 
however, topography, highways, locations 
of customers, and other factors generally 
result in span lengths well under this 
economic limit. 

As will be observed, the separations 
specified are based on the final unloaded 
sag of the supply conductors. This 
recognizes that in long spans there is often 
considerable difference between the string- 
ing sag and the sag after the wires have 
been subjected to ice and wind loading. 


Phase Conductor 


Telephone Conductors 


Typical pole head for rural joint 
use 


Figure 1. 


AIEE TRANSACTIONS 


— 


Table Il. Summary of Measurements at 
Centerville, Ala. 


(Alabama Power Company and Southern Bell 
Telephone and Telegraph Company) 


Ground Return; Ground Return; 
I-T =200;** I-T =1,000;+ 
Voltage TIF =20 Voltage TIF =35 


1 ' 
we ° we ° 
o * oO o * oO 
kor ba Fost oan 
Length of 3-3 a ‘3 8 Ss 3-2 S 3 ee 
Exposure w2@ 2568 we@ 258 
Circuit 1— 
8) Fomiles.. cites. VO) tina ses FRA peices PAT Aarne 60 
Circuit 2— 


TaD RPLCS 55% cist Baie dy ode ce Mola wereld ols LO estas ats 56 


* With tube sets and well-balanced carrier-operator 
equipment, 


+ I-T constant throughout exposure. 
4** T.T at start of exposure; tapers to zero at end. 


Notes: 
Receiver noise measured at last station on circuit 
with HA1 weighting. 


Noise-to-ground measured at outer end of circuit 
with FJA weighting. 


I: T and voltage TJ F—tentative 1941 weighting. 


‘Information concerning the sag charac- 
teristics of the various types of wire used 
for rural construction is provided by the 
wire manufacturers. 


Instances of Long-Span Joint Use 


There are a number of existing installa- 
tions where long-span joint construction 
has been employed as the best engineering 
solution of specific problems. The present 
objective is to work out arrangements 


Table Ill. 
Webster, S. D. 


(Lake Region Electric Association, Inc., and 
Northwestern Bell Telephone Company) 


Ground Return; Ground Return; 


I-T =45;t I-T =350;¢ 
Voltage TIF =25 Voltage TIF =12 
1 
Bs» $y By 2 ie 
maOog oF “so ® 
Length of 3.28 3 ae 3.28 3 328 
Exposure 20 268 waz 258 
Circuit 1— 
Ti miles**.~ o.. LO isat CAN itn 35 LO Mavis 53 
Circuit 2— ; 
OLS mnitlest* oe kane eure Be ha aie Wins eyes 50 
Circuit 3— 
Timile tives « iO) Me relays 22 


* With tube sets and well-balanced carrier-operator 
equipment, 

+ Exposed to two phases throughout. 

** Exposed five miles to two phases; remainder to 
single phase. 

}J-T at start of exposure; tapers to zero at end. 
¢@1-T constant throughout exposure. 


Notes: 


Receiver noise measured at last station on circuit 
with HAJ weighting. 


Noise-to-ground measured at outer end of circuit 
with F1A weighting. 
I-T and voltage T]F—tentative 1941 weightings. 
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Summary of Measurements at, 


whereby such joint use may be entered 
into more generally in rural areas much 
as it is now carried out in urban areas. In 
this connection five installations have 
been given specific study during the past 
two years, and have furnished data of con- 
siderable value. Three of these are 
located in Alabama, in the medium and 
light loading districts, one in South 
Dakota and one in Minnesota, the latter 
two being in the heavy loading district. 
In the Alabama installations, the spans 
average about 400 feet with maximum 
spans ranging between 600 and 800 feet. 
In the installations in South Dakota and 
Minnesota, the spans average around 320 
feet, with maximum spans about 400 feet. 
One of these five installations was com- 
pleted in the summer of 1945, and has 
proved satisfactory since that time. The 
other four have been completed only re- 
cently. 


Telephone Circuit Noise 


Rather complete measurements of 
noise and power system influence have 
been made in the five joint-use installa- 
tions mentioned previously. The results 
of these measurements are summarized in 
Tables I-V. Explanations of some of the 
terms used in these tables are contained 
in the appendix. 

In these tables noise values correspond- 
ing to two conditions of power circuit 
influence are given. In all cases, the lower 
of the two J: TJ values and the noise asso- 
ciated with it represent normal conditions; 
the higher J-T and associated noise values 
represent a condition existing when the 
magnetic influence was increased arti- 
ficially for test purposes by connecting a 
shunt capacitor across the power circuit 
at the end of the exposure. This was done 
in order to determine the increase in re- 
ceiver noise resulting if the power circuit 
influence, as measured by ground return 
I-T, were to increase for one reason or 
another. The effect of the capacitor on 
the voltage 7//* was in most cases small 
compared to the change produced in the 
I-T values; in some cases it decreased, 
and in some-it increased when the ca- 
pacitor was applied. 

The general indications in this connec- 
tion are summarized in Table VI which 
shows for the five cases, the relationships 
between J-7, noise-to-ground, and re- 
ceiver noise. It will be noted that in 
general the noise-to-groundfollowsthe I-T 
reasonably closely; in fact, because the 
telephone circuits are essentially grounded 
at the central office, the noise-to-~ 
ground measured at the outer ends of the 
circuits is probably a better indication of 
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the average J-T through the exposure 
than the recorded J: T measurements. On 
the other hand, the receiver noise in- 
creases less than the noise-to-ground, a 
fact which appears to indicate that for the 
cases studied, reasonably large increases 
in power system influence, at least to the 
extent that influence is measured by I-T, 
will not result necessarily in high receiver 
noise. 

The reasons for the relatively small in- 
crease in receiver noise compared to the 
increase in noise-to-ground with increas- 
ing I-7, were not conclusively deter- 
mined by the measurements made. A 
reasonable explanation appears to be that 
with the low values of I-T existing under 
normal conditions, the receiver noise 
primarily results from electric induction. 
Therefore, increasing the J-T will not 
directly affect the receiver noise until the 
I-T becomes high enough to be control- 
ling. 

Tables I-V give a good indication of the 
effectiveness of the methods used to keep 
receiver noiselow. One of the best over- 
all single indicators of the effectiveness of 
these methods is the ratio of receiver noise 
to noise-to-ground. The test results indi- 
cate that ratios in the order of —36 deci- 
bels (about 1 to 60) are obtained com- 
monly where the J-T is fairly high and 
that ratios as high as —42 decibels (1 to 
120) can be obtained in some cases. 
Ratios of these orders should be adequate 
in any but the most severe exposures and 
should continue to result in noise on rural 
joint-use circuits which compares favor- 
ably with that on urban party line circuits 
in cable. 

Among the reasons why these favorable 
noise conditions are obtained is that in 
joint use, the exposures can be made very 
uniform, an arrangement which facilitates 
obtaining a high degree of effectiveness of 
telephone circuit transpositions. A par- 
ticularly high effectiveness is obtained 
where the R1 system? with tandem 
brackets is used, because this system pro- 
vides frequent transpositions and an 
average wire spacing of only about seven 
inches. While this ystem was developed 
primarily for telephone circuits on sepa- 
rate lines its effectiveness and ease of in- 
stallation recommends it for joint use. 
Also, many of the exposures involve 
single-phase common-neutral power cir- 
cuits with vertical configuration (see 
Figure 1) for which the direct metallic 
circuit induction into a horizontal joint- 
use telephone pair is inherently low. 

The low receiver noise values noted in 
the tables, of course, can be obtained only 
when the telephone circuits are very well 
balanced. For example, the use of 
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directly grounded ringers (without tubes) 
of even the highest impedance types 
available is likely to increase the receiver 
noise in the order of ten decibels or more. 
Likewise, central office unbalances of the 
type frequently encountered and which 
are unimportant in connection with urban 
telephone service may produce, in rural 
service, increases of the order just men- 
tioned. 


It may be well to point out that the 
need for co-ordinat'on between the power 


about 4 decibels difference in the noise 
because of unbalances in the two cases, a 
difference which rarely would make a 
significant difference in the measures 
which would need to be applied to obtain 
co-ordination. 


Electrical Protection 


EAs pointed out earlier, the types of con- 
struction, clearances, and so forth, used in 
BR cintance lines are such as to minimize the 
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Figure 2. Current carrying ability of 99A pro- 
tector 


A—99A protector disassembled for illustra- 
tion 

B—Approximate current-carrying ability of 

99A protector, each of three successive shots 


and telephone circuits is not confined to 
joint use; it applies also when telephone 
circuits are on separate lines exposed to 
power circuits. The noise-to-ground on a 
telephone circuit at 50-foot separation 
from a power circuit is in the order of four 
decibels less than on one in joint use with 
power circuit having the same ground re- 
turn J-T. Thus there is in general only 
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chances of contact between power and 


telephone circuits. Experience with 
several million joint poles in other cir- 
cumstances indicates that the frequency 
of occurrence of such contacts will be very 
low, but electrical protective arrange- 
ments are incorporated which will provide 
a high degree of safety if a contact does 
occur. 
These protective arrangements are 


1. In the power system, fuses, circuit 
breakers, or other devices which will de- 
energize reliably and promptly the power 
wire in the event of a ground fault of rela- 
tively low impedance. 


2. Inthe telephone system, protective gaps 
connected between the telephone circuit 
and the common neutral (or other low re- 
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sistance ground) at intervals such that the 
impedance presented to ground by the tele- 
phone plant if a contact occurs will be low 
enough to insure proper operation of the 
power protective devices. 


As a general rule, the relaying and 
fusing arrangements used by power or- 
ganizations for their own purposes are 
more than adequate to provide prompt 
and reliable de-energization if a contact 
occurs. In any event, any changes which 
might be desirable, in general, would be in 
line with trends in power circuit protec- 
tion. 

The protective gaps used on the tele- 
phone circuits usually are 99A protectors. 
As shown in Figure 2, the 99A protector 
consists of three rugged carbon cylinders 
enclosed in a weatherproof container and 
separated so that the breakdown voltage 
between them is about three kv rms. Any 
two of the cylinders can be connected to 
a pair of line wires, the third being con- 
nected to ground. Placing 99A protec- 
tors at about 1/2-mile intervals usually 


- will provide sufficiently low impedance to 


insure proper operation of the power pro- 
tective arrangements for a contact at any 
point. 

Occasionally, in connection with the use 
of 99A protectors, consideration needs to 
be given to their current carrying ca- 
pacity. The cur.ents which these pro- 
tectors will carry for three successive 
shots are about as shown in Figure 2B. 
The power relaying and fusing arrange- 
ments used for power purposes in rural 
areas usually will provide adequate co- 
ordination with these characteristics. 


Telephone Open Wire Circuit 


eo block ogra 


Figure 3. Schematic diagram for drainage 
- device —~ 


The 99A protectors also can be used 
often to advantage on separate telephone 
lines involved in crossings with rural 
power circuits. : 

In case the telephone circuit should be- 


‘come disconnected from the central office 


equipment and the entrance cable for any 
reason, there may be a fairly high 60- 
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Table IV. Summary of Measurements at 
Alexander City, Ala. 


(Alabama Power Company and Southern Bell 
Telephone and Telegraph Company) 


Ground Return; Ground Return; 
I-T =120**; I-T =300}; 
Voltage TIF =9 Voltage TIF =11 


w . LI 
G siqe Fruiphey eae 
“os o fm Ca 
Length of 3 2 Ss 3 3 a 5 & Ss 2 58 
Exposuret 477A 258 g¢28 £58 
Circuit 1— 
12 miles..... TO ret thes BOue nee BR lita vn 47 
Circuit 2— 
AE Smiles: 10h) eke. Sty See 1 Fee 46 
Circuit 3— 
6.5 miles. ...10-14..... 7 lg ge LOM aris 35 


* With tube sets and well-balanced carrier operator 
equipment. 


{Z-T constant throughout exposure. 
**T-T at start of exposure; tapers to zero at end. 


t Includes 2.8 miles with low J: 7(32) for all test 
conditions. 


Notes: 


Receiver noise measured at last station on circuit 
with HAT weighting, 


Noise-to-ground measured at outer end of circuit 
with F1A weighting. 


I-T and voltage T] F—tentative 1941 weighting. 


cycle voltage between it and ground be- 
cause of electric induction under normal 
operating conditions. This voltage regu- 
lates through a very high impedance con- 
sisting of the capacitance to ground of the 
circuit so that only small current can be 
drawn. However, with long exposures, 
such currents can cause annoying electric 
shocks and in extreme cases cause false 
bell ringing or even damage to station 
ringers. 

While the occasions on which circuits 
are disconnected from central office equip- 
ment and entrance cables are infrequent, 
electrical drainage has been used to limit 
the open-circuit voltage. The devices 
which have been used to date consist of a 
capacitor of 0.25 microfarads and a re- 
sistor of 10,000 ohms from each wire to 
ground. The arrangement is shown in 
Figure 3. These devices usually are in- 
stalled at about 5-mile intervals. They 
also can be used to advantage in some 
cases on separate telephone lines exposed 
to power lines. 


. 


Summary 


While experience to date is still limited, 
it definitely has demonstrated the feasi- 
bility of higher voltage long span joint 
use in rural areas. Economic studies still 
in progress indicate that where new ex- 
tensions are to be made to provide both 
power and telephone service, worthwhile 
economies can be realized in most cases by 
such joint construction. Where power 
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lines already extend over the area, modi- 
fication of such lines to accommodate 
communication circuits of course will in- 
troduce an additional element of cost. 
Even in this case, however, it appears that 
there will be an over-all economic ad- 
vantage in favor of joint use as com- 
pared to separate lines. 

The relative field of application of joint 
use and of the carrier system discussed in 
a companion paper*® must be determined 
by experience. It is evident that they 
will supplement one another and taken 
together will further promote communica- 
tion coverage of rural areas. 


Appendix. Qualitative 
Explanation of Certain Terms 


Used in Tables I-V 


While the terms used in noise induction 
work have been publicized widely, a few 
brief qualitative explanations may be of 
some use to those who are not familiar with 
the work. 

The term, receiver noise, refers to the 
noise in the receiver of a telephone set, that 
is, the noise which is heard by the customer. 


Table V. Summary of Measurements at 
Pipestone, Minn. 


(Southwest Minnesota Electric Co-operative 
and Northwestern Bell Telephone Company) 


Ground Return; 
I-T =200;** 
Voltage TIF =11 


Ground Return; 
I-T =600;+ 
Voltage TIF =12 


reat et 20 
~~ ~ 

ig ane 6 Hele R eee & Ai 
Length of $28 Boa $28 23a 
Exposure ge 258 gee 25a 
Circuit 1— 

12)5 nallessoaee ate AO reer iii eae 60 
Circuit 2— 

18:O:miles ch tn Gene ie AQ! tenes 1 Yeeros 60 


* With tube sets and well-balanced carrier-operator 
equipment. 

+ Average J: T through exposure. 

** ]. T near start of exposure; tapers to zero at end. 
Notes: 

Receiver noise measured at last station on circuit 
with HAI weighting. 

Noise-to-ground measured at outer end of circuit 
with F/A weighting. 


I-T and voltage TJ F—tentative 1941 weightings, 


It is measured by measuring the audio-fre- 
quency voltages existing across the receiver 
terminals caused by induction (or some 
other noise source) using an instrument 
(usually a 2-type noise measuring set) 
which weights the various frequencies in 
accordance with their relative interfering 
effects and takes account of the impedance- 
frequency and efficiency characteristics of 
the receiver, because these characteristics 
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affect the power at the receiver input and 
output, for given voltages across the re- 
ceiver. 

Noise is expressed in decibels with relation 
to a small reference value. The number of 
decibels above this reference value is called 
“dba” to distinguish it from the-numerous 
other uses of the term decibel. For receiver 
noises up to about 17 dba the resulting im- 
pairment of telephone transmission is less 
than one decibel. For noises above 17 dba 
the impairment increases with increasing 
noise but not as rapidly as the noise until 
rather high levels are reached. 

In a metallic telephone circuit, the noise 
voltages existing between either (or both) of 
the wires and ground are much larger than 
those between the two wires of the circuit or 
across the telephone receiver, ratios of be- 
tween a hundred and several thousand to 
one being common. Therefore, if the noise 
to ground were to be measured with a noise 
measuring set having the same order of 
sensitivity as is used for receiver noise 
measurements, a very wide range instru- 
ment would be required and the quantities 
measured might be unwieldy. Also, in 
many cases, it is desirable to measure noise 
to ground without changing the magnitudes 
of the noise voltages. For these reasons, in 
noise-to-ground measurements, the sensi- 
tivity of the measuring set is decreased and 
the desired high impedances obtained by 
using a 100,000-ohm noninductive resistance 
input circuit and utilizing the voltages 
across only 600 ohms out of this total. 

The term tube station set refers to a type 
of equipment used at customers’ premises 
in which a cold cathode gaseous type tube is 
inserted in the ringer-to-ground connection 
so that this connection is open during the 
talking intervals and the ringer produces no 
unbalance during these intervals. When 
ringing voltages are applied, the tube breaks 
down so that the ringers can operate. 

The term J-T means the product of rms 


current and its TF, (telephone influence 


factor). Voltage TIF is the telephone in- 
fluence factor of the voltage. They are, 
respectively, over-all indications (linear) of 
the magnitudes and frequencies of the har- 
monics in the power line currents and the 
power line voltages. Ground return oe 
pertains to those harmonic currents which 
go out over the power wires and return 
through the ground 


Table VI. Comparison of Increases in Noise 
to Ground and Receiver Noise With Increase 
inl T 
RE ee i ie a es a 


Increase, 

I-T b 

; ‘. Increase a 5 
i 0 © o = O 
Test f2 qs a , $233 
Location S> He m@ A BOMz 
wet Gel eae 
Salordy cs cette A COs e PS e w Oonlbod..10 4 
Centerville......100..1,000..10..20 ..19 13 
Webster.......: DO, 850 AOn eden ean). 5 
Alexander City.. 60.. 300.. 5..14 ..11.. 1 
Pipestone..... +100. 600... 6:..15.5..20..2-10 


J Ie ee eee 
* One-half the values recorded in Tables I through 


Von assumption that average magnitude in expo- 
sure is one-half that at start. 
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The HA1 receiver and FYA line noise 
weightings refer to the conditions when the 
noise measuring set is so adjusted that the 
individual frequenciesare weighted in accord- 
ance with their interfering effects with the 
newer types of telephone station equipment 
using HA1 receivers and F1A transmitters. 
Tentative 1941 weightings refer to tentative 
telephone influence factor (TJ F) weightings 
which are consistent with HAi and FIA 
noise weightings. These 7/F weightings 
have not been standardized yet but are used 


quite widely in field investigations partially 
to secure data on which to base ultimately a 
standard set of weightings. 
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Discussion 


H. A. Enos (American Gas and Electric 
Service Corporation, New York, N. Y.): 
This discussion concerns the portion of the 
paper which covers the structural require- 
ments of the proposed part 5 of the joint use 
practices. Iam particularly interested in the 
application of these structural requirements 
to actual situations in the field. 

A partial study of the wide variety of con- 
ditions which may exist in the field has led 
to some interesting conclusions. It is true 
that for a given pole top arrangement and 
specific power and telephone conductors 
there will be relatively few span lengths 
under which the addition of telephone con- 
ductors, on one level, will require more pole 
height than would be required with those 
particular power conductors alone. This is 
only true, however, for perfectly level 
ground and where each pole is separately 
engineered. A superficial examination of 
the requirements of the proposed part 5 for 
separations at the pole would lead to the 
conclusion that the determination of pole 
heights with these requirements is a rela- 
tively simple matter. Further study, how- 
ever, will disclose that it is, on the con- 
trary, a rather complicated process. 

Under part 2 of the safety code for the 
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shorter span lengths it is possible to deter- 
mine pole height quite simply by adding up 
the required separations at the pole, to- 
gether with the normal communication 
wire sag and the depth of pole setting, and 
come out with a fairly standard pole height 
for a certain pole top arrangement. Under 
the requirements of part 5 it is not such a 
simple matter. Depending upon the type of 
power circuits involved, the pole height 
changes for every change in span length, 
and for every change in kind of conductor, 
both power and telephone; it is also dif- 
ferent depending on whether the lowest 
power conductor is secondary, multi- 
grounded _ neutral, or primary. Then 
again if the common neutral is on the side 
of the pole below the primary, a check will 
have to be made to see whether the sag of 
the primary wire or the sag of the neutral 
is the governing factor and, in addition, 
bearing in mind that the separation at the 
pole must be sufficient to provide a mini- 


mum of 30 inches separation between the . 


multigrounded neutral and the telephone 
conductor at 60 degrees Fahrenheit with no 
wind. If there is a secondary below the 
multigrounded neutral the separation at 
the pole will have to be such as to provide 
not only a separation equal to the final un- 
loaded 60 degrees sag of the secondary wire 


2. Part 5 or Jomnr Pote PRACTICES FOR SuPPLY 
AND ComMMUNICATION CrRcuITs, a tentative report 
for field trial. Joint Committee on Plant Co-ordi- 
nation of the Edison Electric Institute and the 
Bell Telephone System, May 1946, Edison Electric 
Institute (New York N. Y.). Publication number 
M12. 


3. APPLICATION OF RURAL CARRIER TELEPHONE 
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but, also in order to comply with the safety 
code, it will be necessary to make a further 
check to see that a minimum of 30-inches 
separation at any point in the span is main- 
tained between the lowest secondary wire 
and the highest telephone wire at 60 de- 
grees Fahrenheit with no wind. In other 
words, it cannot be determined easily which 
condition will be the governing factor in 
determining the separation. Furthermore 
both the power company engineers and the 
telephone company engineers will have to be 
thoroughly conversant with the sagging 
practice of both companies, under all con- 
di‘ions for all conductors, which are likely 
to be used, in order to determine the re- 
quired separations. 

It will require considerable study but it is 
probably worthwile doing to try to evolve 
some simpler means of determining separa- 
tions at the pole, not only to avoid the neces- 
sity for detailed engineering of each span but 
also to make the application of the joint use 
practices sufficiently simple and at the same 
time safe, so as to insure that the necessary 
calculations will be made and not by-passed 
because they are complicated and onerous. 
Whether such a simplification of the method 
would result in less economy is hard to 
determine until the necessary investigation 
has been carried through to a conclusion 
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~ Rural Radiotelephone Experiment at 
Cheyenne Wells, Colo. 


J. HAROLD MOORE 
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Synopsis: The first rural party-line tele- 
phone service by radio installations op- 
erating on the subscribers’ premises was 
inaugurated August 20, 1946. This paper 
describes the equipment used, how it oper- 
ates, and the results obtained during the 
preliminary testing and the initial period 
of regular operation. Radio is one of sev- 
eral new methods which the Bell System is 
exploring in its program for extension of 
telephone service in rural areas. It is ex- 
pected that experience gained in this ex- 
periment will aid in developing a standard 
rural radiotelephone system. 


N connection with studies of the prac- 
ticability of utilizing radio for extend- 
ing telephone service to remote areas, a 
rural subscriber radiotelephone experi- 
ment has been undertaken by the Bell 
Telephone Laboratories and The Moun- 
tain States Telephone and Telegraph 
Company, with subscriber participation, 
in the vicinity of Cheyenne Wells, near 
the eastern border of Colorado. 

As indicated in the general layout map, 
Figure 1, eight ranches are served, four 
being reached directly by radio and the 
remaining four being served by wire line 
extensions from the radio equipped loca- 
tion most remote from the central office. 
The complete installation comprises an 
8-station party line that functions in 
much the same manner as a conventional 
party line, and since August 20, 1946, has 
Paper 47-83, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE winter meeting, New York, N. Y., January 
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been providing regular telephone service 
to the eight ranches involved. 

The Cheyenne Wells locality was se- 
lected for the experiment because it is 
sparsely settled and does not now have 
telephone or power distribution lines 
in the outlying areas; furthermore, a 
number of ranchers in this area had indi- 
cated a desire’to obtain telephone service. 
The ranches involved in the trial are lo- 
cated from 11 to 21 miles southeast of the 
town, and the propagation paths between 
antennas at the central office and the vari- 
ous ranches are somewhat poorer than 
line-of-sight over relatively flat and open 
terrain. 

The experiment was undertaken using 
frequencies in the 44-50-megacycle band 
because equipment designed for mobile 
systems could be modified to accomplish 
the desired result and was readily avail- 
able. The 44-50-megacycle band is one of 
a number of locations in the spectrum 
where provision is made for rural tele- 
phone service under the Federal Commu- 
nications Commission’s frequency alloca- 
tion plan. One transmitting frequency is 
employed at the central office terminal, 
and two other frequencies are required for 
the subscribers’ transmitters The second 
subscriber frequency is utilized only for 
reverting calls between subscribers on the 
same system, in a manner similar to that 
described in a companion paper! discuss- 
ing the M1 carrier telephone system 


Operation of System 


The system is designed to operate as a 
common battery signaling rural line with 
a standard appearance in a manual tele- 
phone switchboard Subscriber stations 
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are called by the telephone operator of this 
board using 20-cycle code ringing. Each 
station telephone set is provided with a 
call key which forms part of the switch- 
hook assembly of an otherwise standard 
combined telephone set. The contacts of 
the call key are arranged to provide for 
listening only when it is not operated, and 
to provide: for simultaneous talking and 
listening when operated. It may be op- 
erated by the subscriber when the handset 
is off its cradle, and is restored automati- 
cally when the instrument is replaced. Its 
purpose is to turn on the system, and its 
use reduces the likelihood of accidental 
operation of the system and interference 
with calls in progress, and facilitates mak- 
ing reverting calls by permitting monitor- 
ing while the called station is being rung. 

Figure 2 shows a diagram of the elec- 
trical arrangement. Each subscriber sta- 
tion is connected over a pair of wires 
through a cutoff relay to a hybrid coil, 
with branches leading to the radio trans- 
mitter and receiver. Associated with the 
hybrid coil and cutoff relay are devices 
for converting d-c signals to transmitter 
carrier, for translating received carrier to 
direct current and for resupplying 20- 
cycle ringing current. Several subscrib- 
ers may be served from one radio- 
equipped terminal, the connection being 
extended by a wire line as illustrated. 
The central office installation includes a 
radio transmitter and two radio receiv- 
ers connected to branches of a hybrid coil, 
which is associated with a pair of wires 
leading to a jack in the switchboard and 
relays for converting and translating di- 
rect current and for converting 20-cycle 
current to carrier pulses. Normally all 
the receivers are energized ready to re- 
ceive a call and the transmitters are 
turned off. 

To make a call, a subscriber lifts his 
handset from its cradle and listens. If 
the circuit is busy, he replaces the hand- 
set; if the circuit sounds clear he operates 
the call key. This closes the wire line 
through the telephone and operates a re- 
lay which causes the radio transmitter to 
emit carrier at the regular frequency. A 
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portion of this carrier reaches the regular 
central office receiver and operates a re- 
lay which starts the central office trans- 
mitter and closes the switchboard loop 
causing the line lamp in the switchboard 
to glow. (This is the condition illus- 
trated in Figure 2.) The operator plugs 
in the switchboard cord and completes the 
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Figure 1. General layout 


A—Telephone central office in town of 


Cheyenne Wells, Colo. 


B, C, D, E—Ranches on party line connecting 
to central office by radio 


F, G, H, J—Ranches connecting to ranch E by 
wire line and thence by radio to central office 


call through the switchboard in normal 
fashion. When the call is ended, the sub- 
scriber replaces the handset on the 
cradle, which automatically restores the 
call key, opening the wire line and thus 
releasing the relays and turning off both 
the subscriber’s and the central office 
transmitters. 

On a call for a station from the switch- 
board, the operator connects the calling 
cord to the line jack and rings the desired 
code. This operates a polar relay inter- 
mittently, causing the central office trans- 
mitter to emit pulses of carrier frequency 
at a rate determined by the frequency of 
the ringing current. This causes opera- 
tion of relays in the subscriber’s radio 
equipment and the bells ring at all the 
subscribers’ stations. In the interval be- 
tween rings, all relays are restored to 
normal, and the central office carrier is 
turned off. Upon hearing his code, a sub- 
scriber answers by lifting his handset and 
then his call key, which turns on his trans- 
mitter. Reception of his carrier at the 
regular central office receiver causes the 
central office transmitter to emit steady 
carrier, as in a call originating at his sta- 
tion. 

On a reverting call, that is, a call be- 
tween subscribers on the same system, the 
subscriber placing the call restores his 


. call key while the operator rings the called 


station. When the called party answers, 
operation of his call key locks in his trans- 
mitter on the regular frequency and in 
turn causes the central office transmitter 
to be turned on. The transmitters of 
all the subscribers whose call keys are 
normal are automatically made ready to 
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STATION 


CALL KEY OPERATED 


* STATIONS 


Figure 2. Diagram of electrical arrangement 


Circuit shown in condition for originating a 
call hese 
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operate at the alternative subscribers’ 
frequency by the presence of continuous 
carrier from the central office transmitter. 
When the calling party hears the called 
party answer, he operates his call key, 
which causes his transmitter to emit the 
alternative frequency which is received 
at the central office in the second receiver. 
Each subscriber hears the other by re- 
transmission from the central office trans- 
mitter. Reception of the alternative 
frequency at the central office operates a 
relay which changes the impedance of the 
balancing network at the hybrid coil so as 
to provide this retransmission at the 
proper strength. 


Description of Equipment 


In the Cheyenne Wells system the cen- 
tral office frequency is 44.2 megacycles 
supplied by a crystal controlled trans- 
mitter with maximum rated output of 60 
watts. The carrier is keyed by 20-cycle 
input for signaling, and frequency modu- 
lated with maximum deviation of +15 ke 
by speech. Both the transmitter and re- 
ceivers, which are also crystal controlled, 
are powered from commercial 60-cycle 
110-volt supply. The antennas are ver- 
tically polarized half-wave coaxial type, 
fed by 72-ohm flexible polyethylene in- 
sulated coaxial cable 0.405 inch in diame- 
ter. The transmitting antenna is clamped 
to the top of a guyed 90-foot wooden pole. 
The two receiving antennas are mounted 
on crossarms atop a similar pole 50 feet 
away from the transmitting pole. © 

At the subscriber stations, the regular 
and alternative frequencies are 49.0 and 
49.2 megacycles respectively, and are sup- 
plied from crystal-controlled transmitters 
having maximum rated outputs of 10 
watts. Transmitters are frequency modu- 
lated by speech with maximum deviation 


Figure 3. Most remote radio-equipped 


\ ranch 


Figure 4. Subscribers’ “ 
equipment  cabinet— 
radio side 
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of +15 kc; signaling is by unmodulated 
carrier. Receivers are also crystal con- 
trolled. Antennas of the type used at the 
central office and some experimental J- 
type antennas are mounted on poles 
which range from 25 to 60 feet in height, 
depending on the distance from the cen- 
tral office. As shown in Figttrre 3, the 
transmitting and receiving antennas are 
supported by the same pole at opposite 
ends of a pair of crossarms. Lightning 
protection is provided by an air gap at 
the feed point of the coaxial antenna, and 
copper wires leading from the antennas to 
ground rods at the bases of the poles. 
These wires are bonded tothecablesheath. 
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Power for operating the subscribers’ 
radio and station equipment is supplied 
from customer owned power plants hav- 
ing 32-volt batteries which are charged by 
wind-driven and supplementary gasoline 
engine driven generators. Utilization of 
32 volts to supply the vacuum tubes in 
the radio sets is accomplished by a com- 
bination of 100-cycle synchronous vibra- 
tors together with transformers and fil- 
ters, by metallic disk rectifiers supplied 
with 100 cycles by the vibrators, and by a 
32-400-volt dynamotor for the trans- 
mitter plate supply. A source of 20-cycle 
ringing current controlled by incoming 
carrier pulses is supplied by a 20-cycle 
synchronous vibrator circuit. Figure 4 
shows the manner in which the modified 
mobile radio and telephone signaling 
equipment has been assembled on the cus- 
tomers’ premises. The cabinet also con- 
tains the power conversion equipment and 
normally is locked for protection. 


Results of Operation 


During the period of preliminary tests 
of this system in Colorado during June 
and July of 1946, principal difficulties 
encountered were the following: 


1. Sporadic interference from frequency 
modulation broadcast stations. 
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2. Bell taps from local thunderstorms. 


Initially, intermittent interference from 
frequency modulation broadcast stations 
in the order of 1,000 miles from Cheyenne 
Wells was encountered. The interference 
was observed at the subscriber locations, 
where at times the interfering carrier 
exceeded the desired signal from the cen- 
tral office transmitter by as much as 10 
decibels and, therefore, captured the sub- 
scribers’ receivers. From a survey, fre- 
quencies lying between the frequency 
modulation broadcast frequency assign- 
ments finally were selected—44.2, 49.0, 
and 49.2 megacycles, and operation at 
these frequencies has been found free of 
interference. 
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False operation of the subscribers’ bells 
occurred at first during local thunder- 
storms. Replacement of the initial sig- 
naling arrangement with one which is se- 
lective to 20-cycle pulses and is not oper- 
ated by single bursts, proved quite effec- 
tive. Since the system was placed in 
regular service in August 1946, the only 
troubles encountered have been of a mi- 
nor nature, involving tube and vibrator 
replacements. 

The participating ranchers, whose con- 
tinuing interest and co-operation have 
greatly facilitated the progress of this 
experiment, have expressed general satis- 
faction with the service provided by this 
system. While it is, of course, too early 


No Discussion 
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to draw any general conclusions from the 
rural radio experiment described here, 
the results of utilizing, for the first time 
in history, radio installations on the sub- 
scribers’ premises for furnishing regular 
telephone service are encouraging. It is 
expected that the experience gained will 
aid in developing a standard rural radio- 
telephone system especially designed to 
meet the requirements of this type of serv- 
ice. 


Reference 


1. A CARRIER TELEPHONE SYSTEM FOR RURAL 
Service, J. M. Barstow. AIEE TRANSACTIONS, 
volume 66, 1947, pages 501-07. 


AIEE TRANSACTIONS 


A Magnetic Compass With 
Cathode-Ray Sensing Element 


WALDO H. KLIEVER 
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HE remote indicating compass which 

has been named ‘‘Cathotrol’”’, was de- 
veloped -to meet the need for an aero- 
nautical one which would place the sensing 
element away from the engines and instru- 
ment panels and other disturbances, and 
produce an accurate remote indication on 
’ the panel as well as provide for automatic 
control. It was developed for airplanes 
but obviously permits other applications. 
Various other methods were considered 
and tested in our laboratory, including 


1. Magnetic needle with photoelectric 
pickup. 


2. Magnetic needle with capacitor pickup. 


3. Magnetic needle with potentiometer 
pickup (like German Patin type). 


4. Magnetic needle with inductive pickup. 
5. Rotating inductor coil. 


6. A-c saturated ferromagnetic inductors. 


For advantages enumerated in the fol- 
lowing text it was decided to concentrate 
on developing the cathode-ray method. 
Some work by others!~* has been done 
previously on cathode-ray compasses. 


Principle of Cathode-Ray Compass 


It is well known that when a cathode- 
ray oscilloscope is moved to different posi- 
tions in the laboratory the image, in 
general, is displaced on the screen because 
of deflection of the cathode rays by the 
earth’s magnetic field. This effect, gen- 
erally considered undesirable, is used to 
operate the cathode-ray compass. In- 
stead of a screen the tube has four target 
plates (Figure 1) which collect the beam 
current. The tube is mounted vertically 
so that only the horizontal component of 
the earth’s magnetic field deflects the 
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beam. The deflection is always at right 
angles to the field, that is, toward the 
west, if the beam is directed downward. 
This deflection causes the current to vary 
in the respective target plates. 

The system of measurement considers 
these plates in opposing pairs. To facili- 
tate measurement and amplification the 
cathode-ray beam is modulated in in- 
tensity with 400-cycle alternating current. 
Each opposite pair of plates is connected 
in a push-pull circuit and the output 
representing the difference in current be- 
tween the plates is proportional to the 
component of the magnetic field at right 
angles to the line through the centers of 
‘those plates. 

We obtain, thus, two outputs propor- 
tional to two components H, and H, of 
the earth’s horizontal magnetic field. If 
the tube is so aligned, for example, that 
H, is parallel with the longitudinal axis of 
the plane, and H, with the lateral, we 
have sufficient information to determine 
the plane’s magnetic heading. The re- 
solving mechanism to accomplish this 
will be described after we look at the 
cathode-ray tube in more detail. 


Cathode-Ray Tube Design 


The first cathode-ray compass models 
were made with tubes of the type used in 
oscilloscopes, except having target plates 
instead of a screen. They were up to 17 
inches: long over-all with sockets, were 
dependent upon high potentials of one to 
two thousand volts, and were designed for 
pin-point spots with currents of only a 
few microamperes. 

The first model was made with the tube 
horizontal and driven about a vertical 
axis by a servo motor. This motor ob- 
tained its signals from a target plate di- 
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vided into upper and lower halves and 
drove the tube to the position in which the 
beam would line up with the horizontal 
component of the earth’s field, corre- 
sponding to equal currents in the two 
halves of the target. In the second model 
a tube of similar design was mounted 
vertically to eliminate the need for rota- 
tion. 

While these models worked, it was obvi- 
ous that tubes designed for oscilloscopes 
were not at all suited to our requirements, 
and that the basis for a good cathode-ray 
compass lay in the development of more 
appropriate tubes. In initiating a new 
tube design in our own tube research 
laboratory the following conditions were 
imposed: 


1. _. Much smaller size. 


2. Lower accelerating voltage. 


3. Beam current measured in milliamperes 
instead of microamperes with larger focal , 
spots permitted. 


4, Suitability for a-c modulation of in- 
tensity. 


With regard to size, the present tube is 
one inch in diameter and seven inches 
long over-all with sockets. The deflection 
of the beam in a magnetic field varies as 
the square of the length, but there is also 
resultant gain because of the fact that the 
focal spot is reduced in diameter so that 
more current is transferred between target 
plates for any given deflection. There ts 
no evidence that the present size repre- 
sents a practical limit. 

The most important change was in the 
construction of the gun itself. To obtain 
larger beam currents the efficiency, that 
is, the ratio of target to cathode current, 
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Figure 1. Diagram showing the working 
principle of the cathode-ray compass 


had to be improved. It was not necessary 
to have a pin-point focal spot; and rather, 
the circuit which does not involve re- 
balance requires that the spot have suffi- 
cient dimensions to provide linear output 
over the desired deflection. Opening the 
apertures of a standard type gun did not 
give the desired improvement. The cor- 
rect potential distribution to “‘direct”’ the 
electrons through small apertures was 
found by using a cupped grid on nearly 
the same plane with the cathode and 
also imposing a curve on the first anode. 
Others!,> have done work on rectilinear 
electron flow using’ shaped electrodes 
with good results. A curved electrode 
also has been used for focusing X rays.® 
The new electron gun is shown dia- 
grammatically in Figure 2. Tests of this 
tube show an available target current of 
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Figure 2. Sectional diagram of cathode-ray 
gun 
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better than 1.5 milliamperes at 300 volts 
with 95 per cent of the cathode current 
teaching the targets as against about 20 
per cent for ordinary cathode-ray tubes. 
Figure 4 shows the cathode current and 
the target current plotted against the 
grid voltage for this tube. The ratio of 
target current to cathode current is 
shown on the same graph, 

Figure 3 shows the appearance of the 
tube which has been made up with two 
local sockets, one end furnishing connec- 
tions to the cathode-ray gun and the other 
one furnishing leads to the four target 
plates. It may be of interest also to note 


here that the target plates are bevelled so. 


that they overlap one another to prevent 
the loss of any electrons between the 
plates. This was found desirable not 
only because of the loss of current but 
because the stray electrons produced un- 
desirable charges at other points of the 
tube. It also has been found very im- 
portant to coat the inside of the glass 
with conducting coating to prevent charg- 
ing of the glass and resultant shift in the 
balance point. This coating is connected 
to the last anode. 

Additional tests have been conducted to 
determine the characteristics of this tube. 
Figure 5 shows the variation of target cur- 


Figure 3. Cathode- 
ray compass tube 
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rent with target potential for several grid 
voltages. There is noticeable secondary 
emission at low voltages. Figure 7 shows 
the effect of different load resistors in the 
target circuit. : 

The tube has a focal spot about 10 
millimeters in diameter and deflects 
about 1.6 millimeters with earth’s hori- 
zontal field of 0.16 gauss, when opera- 
ting at 300 volts. It operates in the 
model with 50 per cent modulation, with 
400-cycle alternating current on the grid, 
and a total average current of 0.5 milli- 
ampere. Under these conditions the dif- 
ference of alternating current between tar- 
get plates at right angles to 0.16 gauss is 
about 6 microamperes through an effec- 
tive impedance of 160,000 ohms, or after 
the transformers, 0.25 volt across 10,000 
ohms. 


Cathode-Ray Tube Mounting 


Figure 7 shows how the tube is mounted 
in a nonferrous metal housing on gimbals 
to maintain its vertical position. Con- 
nections are made through flexible leads. 
The tube is supported by rubber clamps 


' against the glass and the sockets, instead 


of being supports as in normal tube prac- 
tice, are floating on the tube. In order to 
minimize the number of flex leads a volt- 
age divider (Figure 9) also is made part 
of the tube mounting. 


Obtaining Compass Angle From 
Component Outputs—The Square 
Potentiometer Resolver 


As already indicated, the tube gives us 
two components of the earth’s magnetic 
field and leaves us with the problemi of 
converting this information into the angle 
of the principal magnetic vector. Perhaps 
the resolvers should be called synthesizers 
for thisreason. The square potentiometer 
resolver is composed of two wire wound 
cards of approximately square dimensions 


ATEE TRANSACTIONS 


RATIO Ip/Ic 


GRID VOLTAGE 


with a wiper which rotates in a circle as 
shown in Figure 8 (upper part). Whena 
voltage is applied across oné of these po- 
tentiometers, which is grounded at the 
center of the circle, then the voltage be- 
tween the wiper and ground will vary as 
the sine or cosine of the angle of the wiper, 
depending upon the position from which 
the angle is measured. As used with a 
compass, the two potentiometers are con- 
nected to the tube through transformers as 
shown in Figure 8. The theory of opera- 
tion is as follows (Figure 8): if we refer 
to the two axes as the x and y axes, with x 
being the direction of maximum deflec- 
tion for north heading, then the x 
potentiometér has a voltage across it 
equal to 


V,=2KH cos @ 
where 


Kis a proportionality constant depending 
on the deflection sensitivity, focal 
spot, and transformer characteristics 

6 is the angle that the earth’s horizontal 
magnetic field of intensity H makes 
with the forward direction of the tube 


Similarly, the voltage across the y 
potentiometer is 


V, =2KGH sin 6 


Now if we let the angle of the potenti- 
ometer wipers be represented by ¢, then 
the voltage between the wipers will be 
given by 
V=V, cos ¢— Vz sin ¢ 

=KH sin @ cos ¢—KH cos @ sin @ 


It will be noted that this voltage is equal 
to zero when @ is equal to ¢. It also can 


et >So 
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Figure 4. Curves showing efficiency of 
cathode-ray gun in transmitting cathode cur- 
rent to targets 


be shown that the voltage reverses sign 
when ¢ is made greater or less than 0. 
This gives us the signal necessary for 
controlling the servo mechanisms to 
drive the potentiometers until V equals 
zero in which case the angle of the 
potentiometer is a measure of the angle of 
the magnetic field. 

Another interesting variation of the 
square potentiometer involves two 
straight line potentiometers making up 
opposite sides of a square which is com- 
pleted by solid conductors across the other 
two sides. This is illustrated in Figure 8 
(lower part). Considering only the first 
45 degrees, it will be noted that the x 
potentiometer varies as the tangent of ¢, 
while the y potentiometer is constant. 
This gives us the equation 


V=KH sin 6— KH cos 6 tan ¢ 


This gives the same balance point as the 
previous equation as shown if we multiply 
through by cosine ¢. 


Obtaining Compass Angle From 
Component Outputs—The 
2-Phase Synchro Resolver 


In the 2-phase synchro resolver the 
principle is very much the same as with 
the square potentiometer except that it is 
the magnetic coupling of the output coil 
with the two input coils which varies ac- 
cording to the sine and cosine laws. 
This device also has been tested and 
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found satisfactory for operation with the 
compass. 


The Complete Circuits 
and Operation 


Having studied some of the principles 
and components of this compass, we show 
in Figure 9 a schematic diagram of the 
complete system. The voltage divider is 
in the tube mounting to save flexible leads 
and minimize stray pickup. The two 
coupling transformers are within a few 
feet of the tube as it was considered un- 
desirable to use long target current leads 
because of their high impedance. The 
amplifier and power supply unit is il- 
lustrated in Figure 10. 

A procedure has been developed for no 
field centering of the beam and for adjust- 
ing the compass to level suspension in the 
gimbals. If no field free space is available 
the former can be checked by lining up 
the tube parallel with the magnetic field 
as determined by varying the accelerating 
voltage. 


Compass Leveling Errors and 
the Slave Gyroscope 


Any magnetic compass gives a correct 
reading of the direction of the earth’s 
horizontal field only if it is level. It can 
be shown that the azimuth error EH caused 
by east or west tilt B is given by 


tan H=tan D sin B 
where 
D is the angle of dip 


At Minneapolis this means that one de- 
gree tilt produces 2.7 degrees error in 
azimuth reading, which is very important. 

One possible solution is to maintain the 
compass vertical with a vertical gyro- 
scope but we preferred to keep all iron 
away from the tube. As the compass was 
designed for use with our autopilot, which 
already has a directional gyroscope, it 
has proved advaritageous to mount the 
compass pendulously in gimbals and slave 
the gyroscope to it by means of a preces- 
sion motor in the gyroscope operated by 
the compass signals. The operation of 
this system is very similar in principle to 
that of a gravity erection system on a 
vertical gyroscope—the signals to the 
gyroscope are not instantaneously correct 
because of accelerations of the airplane, 
but they generally have an accurate aver- 
age, and the gyroscope has the ability to 
integrate them to obtain the average. 
During periods of known long-time ac- 
celerations, such as in turns, the preces- 
sion is switched off. 
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Figure 5. Curves showing characteristics of 

tube with various target potentials. Note 

secondary emission effects when Ip is below 
potential of anode 4 


As in the vertical gyroscope analogy, 
there are possible conditions of feedback 
between the gyroscope precession system 
and the airplane controlled by the gyro- 
scope. We will try to explain this condi- 
tion briefly for the compass. When flying 
north, consider a slight bank introduced 


Figure 6. Curves showing variation of target 
current with load resistors 
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by, say, rough air. The plane starts to 
turn in the bank, which tilts the compass. 
The latter, caused by the resulting azi- 
muth error, calls for precession of the di- 
rectional gyroscope which calls for more 
turning of the plane through the auto- 
pilot. After reaching the angle off course 
corresponding to the bank called for by 
the rate of precession, the process reverses 
and a continuous hunt follows. In flying 
south the feedback is negative, and there 
is stability. In flying east or west this 
azimuth hunt is not a problem, but some 
temporary changes in heading can result 
from longitudinal accelerations because of 
changes in power or attitude. These ef- 
fects have been studied both theoretically 
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and experimentally with good agreement 
and are not peculiar to this or any special 
compass design. The answer is a good 
gyroscope which can be operated with a 
low precession rate. Without going into 
too much quantitative detail, it can be 
said here that an unmodulated rate of 
about four degrees per minute has been 
found very satisfactory. 


An Alternate Design— 
The Rebalance Circuit 


To insure accuracy in the first model, a> 
null system was developed which differs 
from the one described. Figure 11 shows 
how this method operates. The 400-cycle 
modulated current from each opposing 
pair of target plates passes through a 
push-pull transformer and is amplified 
and again rectified. The resultant output 
is applied to a set of magnet coils at right 
angles to the respective target plates and 
operates to neutralize the component of 
the earth’s field in question. It has been 
found practical to rebalance to about one 
or two per cent of the original tube out- 
put, the remaining amount being neces- 
sary to operate the amplifier. This is 
done in both the x and y axes, and the 
two d-c rebalance currents are an accurate 
measure of the two components of the 
earth’s field. _For example, they may be 
the fore and aft and the lateral compo- 
nents with respect to the airplane. From 
this it is possible to get considerable in- 


Figure 7. Mounting of compass tube 
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formation; for example, we could deter- 
mine the total intensity of the earth’s 
horizontal field if desired. Because in a 
compass we are interested only-in angle, 
we can read this with no more additional 
equipment than a ratio meter using the 
two direct currents. This meter, shown 
diagrammatically in Figure 11, consists 
essentially of two coils at right angles 
and a permanent magnet. However, it 
usually is desired to obtain an electric 


Figure 9. Simplified diagram of circuit of 
cathode-ray compass and slave gyroscope sys- 
tem 
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Figure 8 (left). 


Diagram showing operation of square potentiometer resolvers 


Figure 10 (right). Cathode-ray compass power supply and amplifier 


signal to drive a control motor or slave a 
directional gyroscope, and in this case 
the same resolvers previously described 
are used. Both the direct motor-driven 
indicator and the slave gyroscope also 
are shown in the figure. 

This null method is adaptable to almost 
any desired accuracy but it has been found 
for practical purposes in an aeronautical 
compass that the linearity of response in 
the two axes can be made sufficiently ac- 
curate to use the tube current directly. 
This very considerably simplifies the ma- 
chinery required in the system as it elimi- 
nates rebalance coils, four flex leads, two 
amplifier channels and phased rectifiers 


TO PRECESSION 
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with filters for going from alternating to 
direct current for the two rebalance coils, 
and a vibrator or other device for convert- 
ing direct to alternating current for 
amplification to operate the gyroscope or 
servo motor. 


Advantages and Other Applications 


With regard to accuracy, we have 
talked with many pilots and they agree 
that they do not read compasses to bet- 
ter than one degree and that closer read- 
ings do not have much meaning because 
of uncertainties in drift. Therefore we 
have aimed at plus or minus one degree 
accuracy in the design, and we are well 
within this around the 360-degrees 
circle. However, the sensitivity is better 
than 0.25 degree, and the consistency of 
holding a course is considerably better 
than one degree. This accuracy is easily 
obtainable, and it has not been considered 
warranted to take the extra steps neces- 
sary to improve it for this particular 
application. 

For use as an aeronautical compass the 
cathode-ray system appears to have the 
following desirable features: 

1. There is no iron in the system to distort 


the earth’s field or get magnetized or de- 
magnetized. 


2. There is no northerly turning error of the 
type found in needle compasses. 


3. The electron beam has negligible time 
lag. 
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4 The output in each axis is linear with 
magnetic field to values beyond the maxi- 
mum horizontal field of the earth, so that it 
becomes easy to measure angles to the de- 
sired accuracy specified in the foregoing 
text. 


5. There is reasonable independence of 
readings from either voltage changes or field 
intensity changes. With changes of voltage 
of 25 per cent the changes in the angle have 
been consistently less than one-half degree. 
As mentioned under ‘‘The Complete Cir- 
cuits and Operation,’ changes of voltage 
are used in one method to establish the zero 
adjustment. 
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Figure 11. Diagram of cathode-ray compass 

circuit with null rebalance showing three inde- 

pendent methods of output—slave directional 
gyroscope, ratio meter, and servo motor 


6. The tube and system are rugged. 


In closing it may be worth suggesting 
other possibilities for the tube. It can be 
driven with motors in both axes to align 
itself with the earth’s field. This might 
be helpful in determining dip and latitude. 
With controlled voltage or rebalance coils 


“1. CarHopr-Ray Tuses, M. Von Ardenne. 


it can measure intensity as well as direc- 
tion of magnetic fields. We have detected 
field changes as small as one-half milli- 
gauss without difficulty. It could be used 
to control magnetic fields as, for example, 
to control large coils to produce a field- 
free space. 

The cathode-ray compass and slave di- 
rectional gyroscope system has been 
flown many thousands of qniles in several 
laboratory airplanes. It ~has demon- 
strated the ability to maintain heading 
over long periods and to determine accu- 
rate changes in heading through the auto- 
pilot. 
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Electronic Null Detectors for Use 
With Impedance Bridges 
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HE ADVANCEMENT of the science 

of electronics in the past decade has 
permitted the development of several 
types of null detectors for indicating a 
balanced condition of various forms of 
impedance-measuring bridges or for use 
with other a-c networks in which it is de- 
sired to establish zero potential difference 
between two points. It is the purpose of 
this paper to describe certain forms of 
these devices which have proved espe- 
cially useful. 


Indicating Systems 


An integral part of any null-balance 
detector must be a system which is re- 
sponsive to an alternating voltage. The 
actual indicating device may be either 
aural or visual in character. 

For a-c networks which are excited at 
some audio frequency to which the human 
ear is relatively sensitive, say from 300 
to 5,000 cycles per second, the use of 
ordinary headphones is a well-established 
practice. When operating in a noisy 
environment, or when the long continued 
use of headphones becomes fatiguing, 
some form of visual indicator is required. 
The use of a visual indicator is desirable 
when operating below 300 or above 5,000 
cycles per second and demanded at super- 
audible frequencies unless the latter are 
heterodyned to afford an audio beat-note 
response. 
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One form of visual indicator which long 
has been used at lower. frequencies, pre- 
dominately at 60 cycles per second, con- 
sists of a galvanometer which is responsive 
directly to alternating current. This may 
be either an Einthoven (vibrating-string) 
or a vibrating coil galvanometer, both of 
which have a permanent magnetic field. 
If a suspended coil galvanometer sup- 
plied with a synchronously excited a-c 
field from a laminated core and giving a 
steady deflection is used, a polarized de- 
tector, discussed later, is obtained. 

Because of its inherently high sensi- 
tivity a d-c microammeter of the D’ Arson- 
val type is used extensively. In this case 
the indicating instrument must be pre- 
ceded by some form of rectifier. A single 
rectifying element gives half-wave recti- 
fication. More efficient full-wave recti- 
fication can be obtained with two ele- 
ments, provided that a transformer having 
a center-tapped secondary winding is 
employed. To avoid the need for such a 
transformer and still achieve full-wave 
rectification it is common practice to have 
the D’Arsonval microammeter G consti- 
tute a cross branch of a rectifier bridge in 
which each of the four arms consists of a 
rectifying element, usually of the copper- 
oxide type, as shown in Figure 1. This 
combination constitutes, in effect, an a-c 
voltmeter. 

“ Extensive references are to be found in 
the literature to a-c vacuum-tube volt- 
meters,! any of which may be used as the 
indicating device. These instruments 
universally employ a D’Arsonval meter 
calibrated either in rms or peak volts, and 
rectification is accomplished electronically 
by the use of either a simple diode or a 
multielectrode tube operating with a non- 
linear characteristic. 


A diode rectifier, Figure 2, has a smalt 
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slope at the origin of its current-voltage 
characteristic which makes it relatively 
insensitive as a null indicator unless it is 
followed by d-c amplification. When an 
a-c input signal is applied to a multielec- 
trode tube, an increase in plate current re- 
sults if the tube has a fixed negative bias, 
Figure 3, while a decrease in plate current 
occurs if the tube is functioning as a grid- 
leak detector, Figure 4. The initial- (no 
signal) plate current is offset either by 
mechanically depressing the zero of the 
D’Arsonval meter, or by a suitable com- 
pensating circuit such as indicated in 
Figure 5. For use as null indicators, the 
customary vacuum-tube voltmeter cir- 
cuits sometimes are modified to produce a 
logarithmic response for reasons discussed 
later. The arrangement of Figure 4, in 
which rectification occurs in the grid cir- 
cuit, is inherently more sensitive than 
that of Figure 3. The circuit of Figure 3, 
however, can be made to have a higher 
input impedance than those of Figures 
2 and 4. 

As a result of self-capacitance a copper- 
oxide rectifier becomes increasingly less 
sensitive above 50 kc, while the vacuum- 
tube rectifier loses sensitivity above 100 
megacycles. When operating at ultra- 
high frequencies to obtain a minimum of 


(.) DETECTOR 
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Figure 1. Rectifying bridge with D’Arsonval 
galvanometer 


Figure 2. Typical diode rectifier 
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Figure 3. Triode detector (fixed negative bias) 


self-capacitance and to produce a rectifier 
of minimum physical dimensions, a single 
small crystal of silicon or germanium with 
a fine wire contact point has proved suc- 
cessful. 

A convenient and very compact form 
of visual indicator is to be found in the 
“magic eye’ as exemplified by the type 
6E5 electron ray tube. This unique tube 
has a small conical-screen electrode, which 
appears as an illuminated annulus except 
for a sharply defined dark or shadow sec- 
tor. When subjected to an alternating 
voltage, the radial boundaries of this 
shadow area become blurred and the 
angular opening of the totally dark sector 
diminishes as the applied signal is in- 
creased. Bridge balance thus is indicated 
by a “wide awake’’ appearance, that is, 
maximum dark area with sharply defined 
boundaries. 

The ordinary cathode-ray oscilloscope 
frequently is used as a visual null-balance 
indicator. It is customary to apply the 
detector voltage from the bridge to the 
vertical deflecting plates and to sweep the 
spot horizontally at the same or some 
lower frequency. A lower sweeping fre- 
quency gives a multiple-wave pattern on 
the screen which is reduced to a horizontal 
straight line when the bridge is balanced. 
In practice it is easier to remove minute 
convolutions in a straight line than to 
collapse an ellipse (synchronous sweep) 
into a straight line, and hence the use of 
a subsynchronous sweeping frequency in- 
creases the sensitivity of observation. 

The use of the cathode-ray oscilloscope 
is especially convenient when balancing a 
resonance bridge or other network for 
which an exact knowledge of the exciting 
frequency is required to interpret accu- 
rately the data obtained. A precisely 
known “‘standard” frequency, say one 
ke, may be used for the horizontal sweep. 
Then if the bridge is excited at any of a 
series of discrete frequencies, such as 8.0, 
8.5, 9.0, 9.5, 10.0 or 10.5 ke, a stationary 
multiple wave pattern with the corre- 
sponding number of loops appears on the 
screen. Any minute departure: of the 
exciting frequency from the true desired 
value is immediately observable as a slow 
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phase progression in the screen pattern. 
Thus the exciting frequency may be 
monitored accurately to the desired value 
at the time each bridge balance is made. 


Sensitivity Controls 


Most forms of indicating devices give 
an ‘‘off-scale’’ deflection if subjected to an 
excessive voltage when the impedance 
bridge is considerably off-balance. This 
condition, which may be detrimental to 
the device itself and which hinders the 
initial balancing operations, may be elimi- 
nated by providing a manually operated 
sensitivity control designed to apply only 
a portion of the voltage from the bridge 
to the indicator and thus reduce its sensi- 
tivity below the maximum value. Sensi- 
tivity may be adjusted progressively, or 
by discrete steps. Methods are available 
for giving the indicating device an auto- 
matic sensitivity control by causing its 
response to be logarithmic rather than 
linear in character, a procedure commonly 
designated as automatic volume control. 
An example of this will be cited later. 

When using headphones, a form of re- 
sponse control sometimes is employed to 
prevent an uncomfortable signal in the 
head phones with large detector signals. 
Reduced to its simplest terms this con- 


sists merely of shunting the headphones. 


with a thyrite or varistor element whose 
admittance increases with the voltage ap- 
plied across it. Series impedance in the 
generator is essential for its operation. 
For this purpose a nonrcctifying network 
composed of oppositely oriented copper- 
oxide rectifiers also may be used. Such a 
network easily may be obtained by taking 
the rectifier bridge mentioned and tying 
together its two d-c and its two a-c ver- 
tices respectively as shown in Figure 6. 


Selectivity Requirements 


Many impedance networks when bal- 
anced to the fundamental components of 
the exciting frequency are not balanced 
simultaneously to the harmonic compo- 
nents thereof, which may be present in the 
voltage exciting the bridge. Or, assuming 
pure sine-wave excitation, if any of the 
network elements (such as iron-cored in- 
ductors) possess’ nonlinear impedance 
characteristics, unbalanced harmonic 
components are generated thereby. 
Then, when the bridge is balanced com- 
pletely to the fundamental, these residual 
components prevent an absolute null re- 
sponse of the indicating system and render 
the determination of true balance quite 
difficult. It becomes, therefore, highly 
desirable to provide the indicating device 
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with selectivity, that is, frequency dis- 
crimination, attenuating all voltage com- 
ponents other than the fundamental fre- 
quency used in exciting the bridge. 

Vibration galvanometers mechanically 
tuned to the fundamental frequency pos- 
sess considerable inherent selectivity. 
The average headphones are constructed 
to give a maximum response at about one 
ke and, together with the response curve 
of the human ear, exhibit an inherent 
selectivity in the neighborhood of that 
frequency. Headphones also possess an 
additional pseudoselectivity in that a 
skilled operator can balance out the funda- 
mental while ignoring higher harmonics. 
Most visual indicators, such as vacuum- 
tube voltmeters, possess no inherent 
selectivity. 

The selectivity of any indicator may be 
increased electrically by the use of filter 
networks peaked at the fundamental fre- 
quency or designed to attenuate all har- 
monic components thereof. 


Selection of an Indicating System 


All null indicators may be classified 
either as power-operated or voltage- 
operated types. Power-operated indica- 
tors, which include a-c galvanometers, 
headphones, and copper-oxide rectifiers, 
have relatively low impedance values and 
derive their energy from the bridge cir- 
cuits. Their sensitivity rating thus is 
determined by the minimum input power 
required to give a perceptible response. 
When used with low impedance bridges 
their voltage sensitivity values also be- 
come significant. A maximum sensitivity 
may be attained by the use of a suitable 
transformer to match the impedance of 
the detector to the output impedance of 
the bridge system viewed from the detec- 
tor vertices. 

Voltage operated indicators, such as 
vacuum-tube voltmeters, the electron-ray 
tube, the cathode-ray tube, and any indi- 
cator preceded by a vacuum-tube ampli- 
fier, are energized by a separate source (B 
battery or equivalent) and, in general, 
have input impedance values which are 
quite large compared to the output im- 
pedance of the bridge so that their ap- 
plication does not appreciably modify the 


Figure 4. Triode detector (grid-leak type) 
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Figure 5. Method for balancing d-c com- 
ponent of plate current 


output terminal voltage of an unbalanced 

“pridge. It is thus desirable to rate the 
sensitivity of this type in terms of the 
minimum input voltage required to pro- 
duce a perceptible response. This sensi- 
tivity usually may be augmented by using 
a step-up input transformer, the turns 
ratio of which frequently is limited by 
transformer imperfections to something 
less than that corresponding to imped- 
ance matching. To cover a wide fre- 
quency range this ratio may not much 
exceed 3/1, while for spot-frequency opera- 
tion this ratio may be made as high as 
10/1, or perhaps 30/1 for low impedance 
bridges. 

While the choice of an indicating system 
for balancing an impedance bridge fre- 
quently is dictated by the instruments 
which are available or most readily ob- 
tainable, the following rough values of 
sensitivity for the types discussed may 
prove of interest. In Table I voltage 

sensitivities are given in microvolts and 
power sensitivities in micromicrowatts 
required to give a perceptible response. 

In Table I the data for the a-c galva- 
nometers are based upon a 1-millimeter 
deflection with a 1-meter scale distance. 
Head phones having an impedance of 20,- 
000 ohms and an a-c resistance of 6,000 
ohms give a threshold of audibility at 1 ke 
with a current of about 0.02 microampere. 
The copper-oxide rectifier bridge produces 
arectifier current of 2 microamperes, 1 per 
cent of full scale deflection on a 200-micro- 
ampere D’Arsonval instrument. Thirty 
millivolts changes the shadow angle of an 
electron-ray tube by about 1 degree 
while a perceptible deflection is obtained 
on the screen of a typical cathode-ray 
tube with a signal of 2 volts on the de- 
flecting plates. 

For balancing, at 1 kc, any impedance 
bridge whose output voltage is not lowered 
significantly by the addition of 20,000 
ohms, it appears that headphones are 
34 decibels (50 fold) more sensitive than 
a vacuum-tube voltmeter, ‘37.5 decibels 
more sensitive than the electron-ray 
tube, 42 decibels more sensitive than the 
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. Impedance, Cycles Per 
Indicator Thousands of Ohms Second Microvolts Micromicrowatts 
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Electron-ray tube 
Cathode-ray tube 


rectifier bridge specified, and 74 decibels 
more sensitive than the cathode-ray tube. 


Sensitivity Requirements 


The sensitivity of the null detector re- 
quired for balancing an impedance bridge 
depends upon the composition of the 
bridge. network, the magnitude of the 
incremental changes which can be made 
in the components of the network, the 
magnitude of the exciting voltage, and 
the precision of balance desired. The 
required detector sensitivity may lie 
within the wide limits of 1 microvolt and 
100 millivolts. For any given bridge less 
detector sensitivity is required as the ex- 
citing voltage is raised. There are, how- 
ever, practical limitations to such a pro- 
cedure; for example, dissipation ratings 
of resistors, dielectric strengths of capaci- 
tors, and voltage coefficients of iron-cored 
inductors when it is desired to measure 
their inductance as close as possible to 
initial permeability. 

The voltage sensitivity required for 
any given impedance bridge using a volt- 
age-operated detector may be computed 
as follows: let E be the terminal voltage 
of the exciting generator and Eg be the 
minimum detectable output voltage re- 
quired to balance the bridge and obtain 
a specified fractional precision 6 of either 
the resistive or reactive component of the 
unknown element. Let A and B be the 
impedance values of two arms across 
which the generator is placed and p equal 
the ratio A/B or its reciprocal. Then, for 
a high impedance detector, 


(1+p)? 


Ea (1) 
provided that A and B are both resistive 
or both reactive, and 


Eps 


acer (2) 


Ea 


if A is resistive and B is reactive or vice 
versa. 

As an example, consider the detector 
sensitivity necessary to measure to 
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0.00001 the dissipation factor of a 1- 
microfarad capacitor on a Schering bridge 
excited with 150 volts at 1 kc. A bridge 
ratio p of 1,000 is to be used, and it can 
be shown that the numerical precision of 
the dissipation factor is equal to the frac- 
tional precision 6 of the resistive balance. 
Using the first equation Eg is seen to be 
1.5 microvolts. 

Consider also the measurement of in- 
ductance to 0.01 per cent on the Owen 
bridge set up for a p value of 20, when the 
exciting voltage is limited to 5 volts. 
Using the second equation Ey equals 25 
microvolts. 


Use of Amplification 


Although any of the indicating systems 
described may be used directly as a null- 
balance detector, in general, their maxi- 
mum sensitivity as indicated by the fore- 
going data will be less than that required 
to balance the bridge with the desired pre- 
cision. 

To enhance the precision of balance by 
giving the complete detector system a 
sensitivity exceeding that inherent in the 
indicator alone, it is now quite universal 
practice to add a vacuum-tube amplifier 
to the indicating device. This may be 
either a d-c amplifier following the recti- 
fier element and magnifying its output 
signal, or an a-c amplifier interposed be- 
tween the detector terminals of the 
bridge and the actual indicating device. 
In the latter case sensitivity control may 
be accomplished by a manual adjustment 
of the amplifier gain or partial automatic 
volume control may be used to prevent 


Figure 6. Automatic volume control with 
; headphones 
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off-scale deflections. Pronounced auto- 
matic volume control should be avoided 
because it would render small changes in 
large input signals difficult to observe and 
hinder initial balancing operations. 

In the two examples cited, an amplifier 
voltage gain of 270/1 would be required if 
headphones were to be used in balancing 
the Schering bridge, and a gain of 1,200/1 
if the Owen bridge is to be balanced with 
an electron-ray tube. 

The use of an a-c amplifier offers the 
additional advantageous feature in that 
further selectivity may be incorporated 
into the amplifier itself. This often has 
been done by resonance methods such as 
the addition of a parallel inductance and 
capacitance antiresonant network into 
the input or output circuit of one or more 
of the amplifier stages. Changes in the 
resonant (maximum gain) frequency, of 
course, may be made by appropriate modi- 
fications in the values of either or both re- 
active elements. The components of such 
an antiresonant circuit should have high 
values of storage factor Q at the resonant 
frequency. The resonant impedance of 
this circuit should be a proper compro- 
mise between a value too high (loss of 
selectivity versus harmonics) and a value 
too low (excessive insertion loss). The 
location of such a resonant circuit in the 
amplifier is significant. If introduced at 
or near the output end, strong harmonics 
may tend to overload the amplifier and 
render more difficult the initial balancing 
operation. If introduced too near the 
input of the amplifier, the inductor of the 
antiresonant circuit may pick up sufficient 
fundamental voltage directly from the ex- 
citing generator or elsewhere to give a 
false balance of the bridge and yield er- 
roneous data. This situation is especially 
troublesome when balancing a 60-cycle 
network, as most laboratories are per- 
meated with a significant 60-cycle electro- 
magnetic field. An astatic inductor, such 
as one which is wound symmetrically 
upon a toroidal iron core with no air gap, 
has been found highly beneficial for this 
purpose. 

Elimination of inductive pickup and 
certain other advantages may be accom- 
plished in aselective amplifier by the use of 
aresistance-capacitance degenerative feed- 
back circuit introduced by Scott? which, 
with the parameters indicated in Figure 7, 
allows the amplifier its normal gain at the 
fundamental frequency, but which intro- 
duces progressively increasing amounts of 
degenerative feedback (loss of gain) for 
frequencies departing therefrom in either 
direction, This degenerative feedback 
must be applied over an odd number of 
direct-coupled amplifier stages to function 
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Figure 7. The degenerative amplifier. 


in the manner indicated. The frequency 
value for maximum gain may be changed 
by modifying appropriate R and C ele- 
ments in the degenerative network while 
maintaining the proper relationships be- 
tween them. 

The a-c amplifier may be given a pro- 


“nounced degree of selectivity at a single 


frequency, say 100 ke, by the use of piezo- 
electric quartz crystals as indicated in 
Figure 8. These have such sharp resonant 
peaks, because of their high storage factor 
values, that combinations of two or more 
crystals slightly detuned from each other 
frequently are used to produce a response 
curve having a flat top a few cycles in 
width. 

When any form of indicator is preceded 
by a vacuum-tube amplifier, the com- 
posite sensitivity of the combination can- 
not be increased indefinitely by raising 
the gain of the amplifier. A limiting value 
is reached when extraneous voltages, 
caused by thermal agitation in resistors or 
tube noises, obscure the desired minimum 
value of detector signal. Because these 
extraneous voltages cover a wide fre- 
quency spectrum, good selectivity, that is, 
a narrow band width, is quite essential in 
using a high gain amplifier. 


Heterodyne Detectors 


For many applications a null detector 
which is tunable over a wide range with 
uniform selectivity is desired. Conse- 
quently, it is common practice when 
working with frequencies below 20 ke to 
mix the detector signal with that from an 
independent tunable oscillator, and to 
amplify (and subsequently rectify) the 
restilting summation signal produced by 
the heterodyne action between the detec- 
tor signal and that from the local oscilla- 
tor. In this manner a tunable low-fre- 
quency detector is achieved in which a 


> Bt = 


«ll 


Figure 8. Amplifier with piezoelectric tuning 
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high and efficient gain is obtained at a 
single frequency, say 100 ke. The sensi- 
tivity of this heterodyne detector remains 
the same over a wide range of operating 
frequencies, which may be varied at will 
by relatively small changes in the tuning 
of the local oscillator. This arrangement, 
using piezoelectric crystals for tuning 
the amplifier and calibrated as a volt- 
meter, has been used successfully as a 
wave analyzer. 

When operating at radio frequencies, 
the superheterodyne principle, extensively 
used in radio receivers, may be employed. 
In this case the detector signal likewise 
is mixed with the signal from a tunable. 
local oscillator to give a constant differ- 
ence or intermediate frequency which 
may be of the order of 450 ke at which 
efficient and selective amplification is ob- 
tained. This amplified intermediate fre- 
quency signal then may be rectified and 
applied to a D’Arsonval meter. More 
commonly, it is applied to a second oscil- 
lating detector tube and heterodyned 
again down to an audio frequency whereat 
it may be observed aurally in headphones 
or a loudspeaker, or visually by a 
D’Arsonval meter in a rectifier bridge. 

A superheterodyne radio receiver thus 
becomes an excellent null detector for 
balancing impedance bridges at radio fre- 
quencies. It has been shown by Sinclair* 
that if the balance of the radio frequency 
bridge is frequency sensitive, it is essential 
to excite the bridge with an unmodulated 
radio frequency generator and to employ 
the necessary heterodyne action in the 
receiver, rather than to apply any modula- 
tion to the signal exciting the radio fre- 
quency bridge. In the latter case the 
bridge cannot be balanced simultaneously 
at the carrier and the side-band fre- 
quencies. When a radio receiver is used 
as a null detector, it is best to omit auto- 
matic volume control and to monitor 
its gain to provide the desired degree of 
sensitivity. 


Technique of Bridge Balance 


The complete balance of any impedance 
bridge requires the adjustment of two im- 
pedance elements of the bridge circuit. 
Manipulation of each element controls a 
component of the detector voltage. These 
two components have approximately a 
quadrature phase relationship. The bal- 
ancing procedure, using any ordinary type 
detector, consists_of an alternate adjust- 
ment of these bridge elements through - 
progressively reducing minima of detector 
response until both quadrature voltages 
(and hence the total observed voltage) are 
brought to zero value. This is a some- 
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what troublesome procedure, especially 
with those types of bridge circuits which 
inherently possess a “‘sliding zero’, 
meaning that the adjustment of one of 
the elements affects the values of both 
voltage components so that the initially 
apparent balance value of either element 
is displaced from its ultimate true balance 
magnitude. 


A Polarized Null Detector 


To facilitate the balancing operation 
the author has developed* a polarized 
null detector employing a small cathode- 
tay tube as the indicating device. The 
bridge detector voltage, suitably magni- 
fied by a degenerative amplifier, is applied 
to the vertical deflecting plates. The 
exciting voltage is passed to the horizontal 
deflecting plates through an adjustable 
phase-shifting network, Figure 9, first 
introduced by Turner and McNamara. 
Thus the phase of the horizontal sweep 
with respect to the vertical spot motion 
produced by the amplified detector signal 
may be varied at will. With the bridge 
off-balance, an elliptical pattern having 
inclined axes appears on the screen. In 
general, the manipulation of either bridge 
control towards balance simultaneously 
_will reduce the tilt of the ellipse and 
shorten its minor axis. 

If, however, the horizontal sweeping 
voltage is adjusted to become in exact 
quadrature to either one of the amplified 
components of the detector voltage, then 
any variation of that voltage component 
will vary uniquely the length of the minor 
axis of the ellipse without changing the 
inclination angle of the axes, while any 
variation of the second component of the 
detector voltage will tilt uniquely the 
ellipse without changing its minor axis. 
In such a polarized detector, the two com- 
ponents of the detector voltage may be 
observed separately and one bridge con- 
trol (chosen at will) may serve to align 
the major axis of the ellipse horizontally, 
while the other bridge control reduces the 
ellipse to a horizontal straight line at 
balance. This procedure is analogous to 
what may be accomplished by using a 
suspended coil galvanometer having a 
field synchronously excited with the 
proper phase. 

A polarized detector possesses two other 
advantages. If the value of only one of 
the balancing controls is required for the 
desired bridge data, a complete balance of 
the second control is not necessary. Thus 
the ellipse may be collapsed into a straight 
line without bothering to obtain an exact 
horizontal alignment of this line. Most 
detectors embodying a high gain amplifier 
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and directional null de- 
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Figure 9. Adjustable phase-shifting network 


require a suitable gain control which must 
be monitored to give increasing sensitivity 
as the balancing operation proceeds, or 
else amplifier overloading will make it 
difficult to approach balance with either 
control when, initially, both controls are 
considerably off-balance. This polarized 
detector may be left at full sensitivity at 
all times. Amplifier overloading results 
in a distorted loop pattern which, how- 
ever, undergoes a sudden definite change 
in its configuration as either control is 
passed through its approximate balance 
position. An over-all sensitivity of about 
100 microvolts is attained. 


A Polarized and Directional 
Null Detector 


The author more recently has developed 
another form of polarized detector which 
has the additional feature of being direc- 
tional. This arrangement likewise em- 
bodies a suitable degenerative amplifier, 
but the indicating device is a center-scale- 
zero d-c galvanometer of the D’Arsonval 
type. This galvanometer G, as shown in 
Figure 10, constitutes the cross-branch of 
a “modulation bridge” or ring modulator 
having a copper-oxide rectifier element in 
each of its four arms and discussed by 
Hellman’ and Caruthers. The amplified 


Figure 10. A polarized 


tector 
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PHASE SHIFT NETWORK 
6,- 8,=90° 


detector signal is applied to two opposite 
corners of this bridge. A suitable polariz- 
ing voltage obtained from the exciting 
generator is applied in pairs to all four 
corners of the modulation bridge through 
resistors R,, R,, and R, as indicated in 
Figure 10. Note that this ring modulator 
is quite different from the rectifying 
bridge shown in Figure 1. 

Analysis of the operation of such a modu- 
lation bridge shows that when either the 
polarizing signal, or the detector signal is 
applied individually, no response occurs 
in the galvanometer. However, if both of 
these signals are applied simultaneously, 
the galvanometer response will be pro- 
portional to the product of those com- 
ponents of each signal which are either 
in phase or directly opposite in phase. 
Hence there will be no response on the 
galvanometer when the detector voltage is 
zero. A phase-shifting network, men- 
tioned in the foregoing text is used to 
give, by throwing a switch, two alterna- 
tive phases 0 and 0+ 7/2 to this polarizing 
voltage. The angle @ is set so that, for 
each switch position, the polarizing volt- 
age corresponds to one of the quadrature 
components of the detector voltage. In 
this manner the galvanometer can be 
made uniquely responsive to either bridge 
control, thus furnishing a polarized detec- 
tor. In addition, the position (left or 
right) of the galvanometer needle, when 
the modulation bridge is polarized cor- 
rectly, indicates at once the direction in 
which the corresponding control of the 
impedance bridge should be turned to 
proceed towards balance. This is the 
convenient directional feature of this 
detector which, of course, is possessed by 
the familiar center-scale-zero galvanome- 
ter used to balance a d-c Wheatstone 
bridge. 

The operation of the modulation bridge, 
essentially, affords additional selectivity 
to this system at the frequency of the 
polarizing voltage which is the funda- 
mental frequency exciting the impedance 
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bridge. Even harmonics are obliterated 
completely because, during a cycle of the 
polarizing voltage, they are just as much 
in phase as out of phase with the polariz- 
ing voltage and thus integrate to a null 
response on the d-c meter. Odd har- 
monics are attenuated because, as their 
phase progresses with respect to the simul- 
taneous phase of the polarizing cycle, 
their components in quadrature with the 
latter contribute nothing to their inte- 
grated response on the meter. 

To avoid the necessity of monitoring 
the amplifier gain, the system is given an 
approximately logarithmic response to the 
detector voltage by interposing a resistive 
network between the amplifier and the 
modulation bridge. Each shunt arm of 
this limiter network contains a paralleled 
pair of oppositely-directed copper-oxide 


rectifier elements. The impedance of 
these nonlinear elements decreases with 
increasing applied signal, thus auto- 
matically reducing the over-all gain, but 
providing a partial automatic volume 
control which permits the system to ac- 
quire maximum sensitivity as balance is 
approached. This system may be as- 
sembled to have a sensitivity of about five 
microvolts. These several features all 
combine to give a very useful null detec- 
tor which facilitates the rapid and con- 
venient balancing of an a-c bridge or 
other impedance network. 
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Synopsis: Pulse echo measurements have 
been used on telephone and television facili- 
ties since 1940 to locate impedance irregu- 
larities and control quality in manufacture 
and installation. These sets send a pulse 
into a line and observe on an oscilloscope 
the echoes returned from irregularities. 
The shape and width of the pulse, the rate 
at which it is repeated and the pulse magni- 
tude are important in determining the ac- 
curacy of the results and the requirements 
of the measuring apparatus. The ‘‘coaxial 
pulse echo set” is used for factory and field 
testing of coaxial cables. The ‘‘Lookator”’ 
was developed for use on much narrower 
band systems such as spiral-four field cable 
' and open wire lines. 


HIS paper describes means of making 

pulse echo measurements on telephone 
and television facilities to locate irregular- 
ities and to control quality in manufac- 
ture and installation. The first practical 
use of this sort of measurement started 
in 1940! to control the manufacture of co- 
axial cable facilities by means of the “‘co- 
axial pulse echo set.’’ This set has been 
-improved and its use extended to include 
field testing of coaxial cables during and 
after installation to insure proper installa- 
tion methods, to set deviation limits, to 
locate irregularities, and so forth. The 
second practical device is the “Lookator,” 


built for the Signal Corps during the war ° 


to test spiral-four field cable, open-wire 
lines; and other facilities and tolocate gross 
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troubles and irregularities in such lines. 
The two devices have quite different fre- 
quency ranges and equipment require- 
ments, but are basically similar in their 
general principles of operation. 

The first part of this paper discusses 
general principles and limitations of such 
sets, the second part discusses the co- 
axial pulse echo set and the third part 
discusses the Lookator. 


General 


Figure 1 shows the general operating 
features of both types of pulse echo set. 
The base oscillator controls the device 
which originates the pulses, sending such 
pulses into the test line once every base 
oscillator cycle. It also controls the 
sweep generator, which in turn controls 
the horizontal progress of the trace on the 
cathode-ray oscilloscope, with one com- 
plete horizontal sweep every base oscil- 
lator cycle. The transmitted pulse goes 
through the hybrid coil and out over the 
connected line. Irregularities in the line 
reflect echoes toward the sending end, 
which are amplified and delivered to the 
vertical plates of the scope, thereby con- 
trolling the vertical motion of the cath- 
ode-ray trace. With a regularly repeated 
sweep and transmitted pulse, the result is 
a stationary trace on the scope with the 
horizontal scale showing time or distance 
along the test line and with the vertical 
height showing the magnitude of any ir- 
The hybrid 
coil and balancing network reduce the 
part of the original pulse that enters the 
receiving circuit directly so that overload- 
ing due to this pulse does not occur, thus 
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making electronic cutoff during the trans- 
mission of the pulse unnecessary. A 
terminating network at the far end of the 
line may be adjusted to terminate the 
line as well as possible, thus reducing the 
echo returned from the distant end. Al- 
ternatively, the normal working termina- 
tion may be used, or under some circum- 
stances the distant end echo may be ig- 
nored since it is separated in time. The 
adjustments of the balancing network and 
terminating network for minimum original 
pulse and distant end echo also indicate 
the impedances of the input and distant 
ends of the line, respectively. 

By means of the phase shifter between 
the base oscillator and the sweep genera- 
tor, the horizontal position of the pattern 
may be shifted back and forth as desired. 
A comparison of the phase shift setting 
which, say, lines up the part of the 
original pulse across the hybrid with a 
reference point and the later setting, which 
lines up the echo from an irregularity at 
the same reference point, determines the 
delay from the sending end to the irregu- 
larity and therefore the distance to the 
irregularity, 

The pulses used with these devices are 
d-c pulses rather than a-c pulses such as 
are used in radar. Figure 2 illustrates the 
approximate appearance of a repeated d-c 
pulse wave versus time. Here d is the 
pulse width normally measured at half 
of the maximum amplitude of the pulse 
and D=1/f, is the pulse spacing or repe- 
tition time, with f, being equal to therepe- 
tition frequency. These two factors plus 
the pulse shape and amplitude entirely 
define the pulse. 

The Fourier analysis. of such a succes- 
sion of pulses consists of the repetition 
frequency and all its harmonics to in- 
finity, plus a d-c component. To preserve 
the shape of the transmitted pulses or 
their echoes, the measuring set and the 
line on which it is used must be relatively 
free of delay and gain distortion through- 
out a wide frequency band. If excessive 
distortion were present, various amounts 
of the distorted frequencies would seem 
to appear in the part of the cycle between 
pulses where the current without echoes 
should be zero, thus confusing the inter- 
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Figure 1. Block diagram of pulse echo sets 


pretation when echo currents are received 
in that interval. 

The choice of a repetition frequency de- 
pends upon a number of -factors. The 
time between pulses must be long enough 
or the repetition frequency low enough so 
that all echoes it is desired to inspect 
and any longer delay echoes which are 
large enough to cause interference are 
returned before a second pulse is sent out. 
At the same time, the repetition frequency 
must be high enough so that excessive low 
frequency delay or gain distortion will not 
be encountered in the line or measuring 
SE 

The pulse width for a given shape needs 
to be small in order to accurately locate 
irregularities, to separate nearby irregu- 
larities and to observe the impedance 
over the desired frequency range for the 
facility in question. At the same time, 
the pulse should not be any shorter than 
is necessary, since for a given pulse shape 
the effect of line distortion and of measur- 
ing set distortion at high frequencies in- 
creases as the pulse width decreases. 

A resistance irregularity returns a copy 
of the arriving pulse and the accuracy of 
location is generally inversely propor- 
tional to the pulse width. In addition, 
when reactance irregularities are encoun- 
tered, as will be discussed later, the echo 
of a pulse assumes a shape which is 
approximately that of the derivative of 
the original pulse shape with both a 
maximum and a minimum. Under such 
circumstances, the maximum and mini- 
mum of the pulse echo are each roughly 


one-quarter pulse width from the true _ 


location, for the shapes of pulses con- 
sidered most desirable. 

If two irregularities are close together in 
a line, a wide pulse will return an inte- 
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grated total of the irregularities and the 
two may be very difficult to separate. 
This is because the return of the two 
echoes may differ in time by only a frac- 
tion of a pulse width so that the lesser 
echo may be hidden within the greater or, 
if both echoes are approximately the same 
size, only a single irregularity may seem 
to be present. In theory, with two such 
similar irregularities, the returned echo 
trace will be wider than with one irregu- 
larity and the two might be separated by 
means of that information. In practice, 
with different types of irregularities and 
with many small irregularities present, it 
is very difficult to separate irregularities 
which are much less than one pulse width 
apart. 

In order to inspect the entire frequency 
range of interest on the line being tested, 
it is desirable to have harmonics present 
over this entire range. This is particu- 
larly true if types of irregularities are 
present which vary in magnitude over the 
frequency range. On the other hand, it 
is desirable to have the magnitude of the 
harmonics decrease as quickly as possible 
above the range of interest because 


1. Such harmonics return irregularity in- 
formation which may be misleading. 


2. Line distortion generally is greater there 
than within the important range. 


3. The requirements on the delay and gain 
characteristics of the measuring set extend 
up to the point at which the relative power 
in the higher harmonics becomes small 
enough to be neglected. 


The shape of the distribution of such” 
harmonics is determined by the pulse 
shape. In general, the simplest thing to 
use is a half sine wave pulse and an 
approximation of this has generally been 
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used in devices built to date. However, 
from theoretical considerations, the raised 
cosine-wave pulse should be considerably 
better than a half sine wave pulse and 
either of these much better than a rec- ~ 
tangular pulse. A Gaussian law pulse is 
probably also good and may be easier to 
handle analytically. Figure 3 shows four 
pulses that were considered in some detail 
in selecting an optimum pulse. 

Figure 4 shows the distribution of 
harmonics of these various pulses plotted 
against the relative frequency of the 
harmonics. All harmonics are assumed 
to be positive in magnitude although 
alternate groups would have different 
signs. ,At a relative frequency of 1.0, the 
absolute frequency is 1/d (see Figure 3) 
for these pulses and the first zero magni- 
tude occurs at this point. The ampli- 
tudes are all expressed in decibels down 
from the magnitude of the repetition fre- 
quency current. 


It may be seen that the distribution of 
the harmonics up to a relative frequency 
of 1.0 is about the same for all the pulses, 
thus making them about the same from 
the standpoint of the criterion that they 
should cover all parts of the desired fre- 
quency range approximately equally. 
The main differences between the har- 
monic distributions for the various pulses. 
are at higher frequencies which are im- 
portant because there the harmonics may 
be distorted in amplitude or phase by the 
line or by the measuring equipment. 
When the power in these harmonics is 
quite small, it does not matter what is 
done to them in phase or extra loss or 
whether ornotsmall amounts of extra gain 
areinserted, Eliminating the higher har- 


-monics completely would be equivalent 


to adding similar harmonics of equal 
magnitude but 180 degrees out of phase. 
If such an addition is far enough down in 
magnitude, no effect will be observed on 
the oscilloscope. No amount of phase 
shift can be any worse than this. 

Just how far these harmonics must be 
down in a particular case is a complex 
combination of the hybrid balance at 
high frequencies, the irregularities in the 
line at such frequencies, the sensitivity 
of the measuring set, the rate at which 
further harmonics decrease, the way in 
which the remaining currents add, and so 
forth. As a first approximation, suppose 
it is assumed that when the harmonics 
beyond a given frequency are 30 decibels 
down, the higher frequencies may be 
ignored as far as loss or phase distortion 
is concerned. 

On this basis, the loss and phase dis- 
tortion may be neglected for the raised 
cosine wave above a relative frequency of 
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about 0.9, for the half sine wave above a 
relative frequency of 1.5, for the isosceles 
triangle above a relative frequency of 1.6 
and for the rectangular pulse above a 
relative frequency of about 10. These 
figures show in a rough way the relative 
difficulty of building satisfactory meas- 
uring equipment for the different pulse 
shapes. For example, if a receiving 
amplifier well equalized for gain and 
phase up to 5 megacycles were needed for 
a given width of raised cosine pulse, the 
half sine pulse of the same width would 
need an 8-megacycle amplifier, an isos- 
celes triangle pulse of that width a 9- 
megacycle amplifier and a rectangular 
pulse of that width about a 50-megacycle 
amplifier. 

Similarly, the weighted average line 
attenuation to a pulse is decreased by 
shaping the pulse in this way, even before 
the distortion becomes noticeable on the 
oscilloscope. Experiment has shown 
noticeable reduction in the pulse attenua- 
tion of a given type of coaxial cable for 
slightly more optimum pulse shapes. In 
looking at irregularities at considerable 
distances, the better shape of pulse is 
doubly important because the reduced 
attenuation permits the pulse echo to be 
larger as received and also because the 
total noise is less due to the reduced fre- 
quency band necessary in the receiving 


Figure 2. Repeated pulses 


circuit. Practically, the pulse attenu- 
ation and pulse delay are determined ex- 
perimentally by measurements on lines, 
The pulse loss per mile decreases as the 
length of line increases, particularly for 
the first part, because the higher fre- 
quencies disappear soon and further at- 
tenuation acts on lower and lower fre- 
quencies where the average attenuation 
is less. 

It is possible to insert equalizers in the 
sending or receiving circuit to correct for 
the line distortion to a pulse echo from 
any particular. point. This is of some- 
what limited value, in general, however, 
because nearby echoes then are more dis- 
torted. A compromise value is often 
worth while. 

The pulse magnitude to be used is 
partly a question of the needed signal-to- 
noise ratio for echoes versus the line and 
set noise, partly a question of what volt- 
age is permissible on the lines, and partly 
a matter of the magnitude which it is 
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.practicable to get from available tubes 


with available power supplies, and so 
forth. Within these limits, the higher 
the pulse magnitude is made, the better, 
because higher magnitudes permit over- 
riding noise and using minimum gain in 
the receiving circuit, but this should not 
be done at the expense of distorting the 
pulse. 


Description of Coaxial Pulse 
Echo Test Set 


The present coaxial pulse echo test set 
represents continued development of the 
original circuit which was first used in 
1940 for factory testing of coaxial cables. 
There have been changes in the direction 
of increasing the sensitivity and accuracy 
of measurement and the ease of measure- 
ment. 

On a smooth line, the present measur- 
ing equipment can detect an isolated 
irregularity which gives a_ reflection 
approximately 100 decibels below the test 
pulse. The location of an irregularity is 
dependent upon a number of factors such 
as pulse width and the nature of the irreg- 
ularity. With the 0.25-microsecond pulse 
in the present field test equipment, the 
position of an isolated irregularity not too 
distant from the sending end may be 
measured to about plus or minus 50 feet. 
Complex echoes make recognition and 
isolation of irregularities considerably 
more difficult and in the usual length of 
manufactured cable, echoes approximately 
75 decibels down from the transmitted 
pulse are about the determinable mini- 
mum. 

Figure 1, which is a general schematic 
diagram of the pulse echo sets, is repre- 
sentative of a coaxial pulse echo set. In 
the coaxial set, however, a compensating 
network to be discussed later is shunted 
across the coaxial cable at the sending 
end. The following is a detailed descrip- 
tion of a Bell Laboratories model used 
to measure coaxial cables in the field. 

Figure 5 is a schematic diagram of the 
pulse and sweep generators. The wave 
shapes indicated near the several compo- 
nents serve to represent the approximate 
shapes of the waves with no attempt 


being made to indicate their relative 


magnitudes or durations. The oscillator 
which is a sine wave resistance capaci- 
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tance oscillator is arranged to furnish 
either 56, 13, or 3.3 kc. The rates at 
which pulses are generated and at which 
the horizontal sweep is repeated are both 
controlled by the particular oscillator 
frequency and are thereby kept in syn- 
chronism. 

To generate the pulses required, the 
sine wave is first squared in an over- 
loaded amplifier, clipped, and used to 
trigger a start-stop multivibrator circuit. 
The output of the multivibrator is con- 
nected to a circuit tuned to produce the 
desired pulse width of 0.25 or 1.5 micro- 
seconds (a 0.08-microsecond pulse is now 
under development). A damping diode 
is also connected across the tuned circuit. 
The normal response of the tuned circuit 
to the square pulse output of the multi- 
vibrator would be a train of oscillations. 
However, the diode acts to absorb the 
energy in the tuned circuit after the first 
half cycle in the negative direction, which 
occurs at the front edge of the multi- 
vibrator pulse, and to greatly reduce the 
output by absorbing the energy in the 
trailing edge of the multivibrator pulse. 
The resulting pulse at the output of the 
tuned circuit is approximately a half sine 
wave and is fed into a pulse amplifier 
which includes an output stage biased 
beyond cutoff. This serves to remove 
most of the residual undershoot due to the 
imperfect damping action of the diode. 

The output of the pulse amplifier is con- 
nected to the hybrid coil circuit by means 
of an output transformer. The high im- 
pedance side of the transformer is termi- 
nated in a resistance so that its output 
looks like approximately 75 ohms. The 
transformer is designed to deliver 35- to 
40-volt positive pulses to a 75 ohm load. 

The portion of the base oscillator out- 
put which is used to derive the horizontal 
sweep of the oscilloscope is first fed 
through a phase splitting and inverting 
circuit and a variable phase shifting cir- 
cuit. The latter is a standard 4-stator 
variable capacitor where quadrature 
voltages are applied to the four plates 
and a single rotor used as a pickup device. 
The varying positions of the rotor give a 
change in phase over the full 360 degrees. 
The output of the phase shifter is ampli- 


Figure 3. Pulse shapes 
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Figure 4. Distribution of harmonic frequencies 
of various shapes of repeated pulses 


fied, squared, and differentiated to give 
positive and negative short pulses which 
are applied to a clipper tube. The posi- 
tive pulse is flattened while the negative 
pulse is amplified and used to trigger the 
multivibrator which in turn drives a 
sweep generator tube. The length of the 
sweep is determined by the length of the 
multivibrator pulse. The sweep genera- 
tor is a switching tube which is normally 
conducting and which is driven beyond 
cut-off by the output of the multivibrator. 
A capacitor in its plate circuit charges 
exponentially toward the positive plate 
supply voltage when the tube is cut off 
and by using only a small portion of the 
exponential rise a reasonably linear sweep 
is secured. 

The vertical deflection system for the 
cathode-ray oscilloscope employs essen- 
tially a 12-tube amplifier which is com- 
posed of three individual amplifiers for 
practical reasons. The amplifier com- 
bination has a reasonably constant time 
delay up to 5 megacycles and a gain char- 
acteristic which is flat to within plus or 
minus 2 decibels between 2.5 ke and 5 
megacycles. Above and below this fre- 
quency band, the gain of the amplifier 
decreases gradually, the 10-decibel points 
being at approximately 1 ke and 10 mega- 
cycles. The initial amplifier uses three 
stages of 6AK5 pentodes followed by a 
6J6 cathode follower. The second am- 
plifier uses three 6A C7’s, the first two as 
voltage amplifiers and the third as a 
cathode follower. The single tube out- 
put of this amplifier is phase inverted to 
give a balanced input to the third am- 
plifier which contains two 6AC7’s, two 
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6AG7’s and an 829 tube to provide three 
balanced stages of amplification. The 
vertical deflection plates: of the 5-inch 
cathode-ray tube are connected to the 
plates of the 829 output stage. 

The 4-winding hybrid coil (Figure 1) is 
used to transmit the pulses to the cable 
under test and to balance them out of the 
vertical deflecting circuit. A variable 
attenuator at the input of the vertical 
deflecting circuit serves as a gain adjust- 
ment and calibrating device. 
general, the cable under test is not directly 
accessible to the terminals of the test set, 
a 50-foot length of flexible coaxial cable 
is included for connection to the test 
sample. To simplify the balancing prob- 
lem, an identical electrical length of 
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flexible cable is used to connect the bal- 
ancing network to the conjugate winding 
of the hybrid coil. 

In order to secure the desired balance 
of approximately 80 decibels, the balanc- 
ing network would be necessarily complex 
since it must match the cable resistance 
and reactance to a high degree of accu- 
racy over a wide frequency range. How- 
ever, the use of a compensating network, 
as discussed later, serves to make the com- 
bination of the cable and network look 
like a pure resistance. The balancing 
network, therefore, can be a simple re- 
sistance network as shown in Figure 6. A 
small variable capacitor is included to 
correct any small deviations in cable 
reactance, and so forth. 

The cable under test also must be 
terminated accurately if large terminal 
reflections are to be eliminated. A com- 
plex terminating network which matches 
the cable impedance closely over a wide 
range of frequencies is necessary in this 
case. Figure 7 illustrates a typical net- 
work. 

As indicated in the general discussion, 
the application of a pulse to a resistance 
does not change the general shape of the 
pulse. The impedance of a coaxial 
cable, however, is not a pure resistance 
since it contains both resistance and 
reactance components. When a pulse is 
applied to coaxial cable, pulse distortion 
will occur. For example, when a voltage 
source which produces a small rectangular 


Figure 5. Coaxial pulse echo set sweep gen- 
erator and pulser 
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pulse of voltage is connected in series with 
a coaxial cable terminated in charac- 
teristic impedance, computations indicate 
that the resulting current produces a 
voltage across the near end of the coaxial 
cable which does not restore to zero im- 
mediately at the end of the pulse. It 
does fall to a small value and then de- 
creases very gradually. A network 
(shown in Figure 8) called a compen- 
sating network is therefore connected in 
parallel with the cable under test. This 
combination looks effectively like a pure 
resistance over the frequency band in- 
volved. The use of this network for all 
practical purposes eliminates the pulse 
distortion from this source and, as indi- 
cated previously, permits the use of a 
very simple balancing network. 

For quality control of manufactured 
cables, it is desirable to note the magni- 
tude of the echoes as well as their position 
in the reel. The magnitude of echoes is 
measured by initially opening or shorting 
the line side of the hybrid coil. This per- 
‘mits the pulse normally applied to the 
cable to be transmitted to the vertical 
deflection system. With an 80-decibel 
loss in the input variable attenuator, the 
variable gain control in the vertical 
amplifier is adjusted for a reference deflec- 
tion. The hybrid coil is then reconnected 
to the coaxial under test and the magni- 
tude of any echo may be determined by 
adjusting the variable attenuator for 
reference deflection. The difference in 
attenuator readings is then directly the 
ratio of the reflected pulse to the applied 
pulse. 

Measurements of distance to an irregu- 
larity are made with the phase shifter in 
the sweep circuit. Several methods of 
doing this are possible. For the set now 
being used in the field, the phase dial is 
divided into uniform divisions. Cali- 
bration curves for the several pulse 
widths and sweep lengths showing the 
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Figure 9. Coaxial echo 
traces 
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experimental relationship between phase 
dial divisions and known lengths of cable 
have been prepared. A small mismatch 
is inserted at the input of the section un- 
der test by degrading the balance across 
the hybrid with the balancing network. 
The reading of the phase dial to bring the 
initial echo to a reference line on the scale 
is then noted. The phase dial reading 
required to bring any particular irregu- 
larity to the same reference line is also 


noted. Distance along the cable to any | 


irregularity may then be determined by 
converting the two phase-dial read ngs to 
feet and taking the difference between 
them. 

Another method, where the length of the 
cable under test is known, is to degrade 
the balance across the hybrid coil with the 
balancing network to give a well defined 
echo at the sending end, and to adjust the 
phase dial so that this echo coincides with 
a vertical line on the oscilloscope scale. 
The terminating network may then be 
adjusted to give a sizable echo at the end 
of the cable section. The phase dial is 
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readjusted to bring the terminal echo to 
the reference line on the scale and the 
reading noted. The difference between 
the two phase-dial readings is the length 
of the cable in phase-dial divisions. 
With the networks restored to their 
normal operating condition, the phase- 
dial reading required to bring any particu- 
lar irregularity to the reference vertical 
line is noted. The difference between 
this phase-dial reading and the phase-dial 
reading locating the near end of the cable 
is the distance to the irregularity in 
phase-dial divisions. The distance to the 
irregularity in feet is then determined by 
proportion. This method is less accurate 
than the preceding one because it assumes 
a linear relationship between length of 
cable in feet and the phase-dial readings. 

In manufacture, the usual reel length 
of coaxial cable is approximately 500 to 
1,500 feet and the set has been used ex- 
tensively with this length of sample. It 
may also be used as a field test set where 
the lengths of cable in question may be up 
to that between repeaters, or about eight 
miles. The sensitivity for echoes re- 
turned from considerable distance is, of 
course, considerably less due to the at- 
tenuation of the pulses in the cable. 

The round trip pulse attenuation per 
unit length varies with the total length 
from the sending end to the irregularity 
Table I shows typical values determined 
for nominal 0.25- and 1.5-microsecond 
pulse widths on various lengths of 0.27- 
and 0.375-inch polyethylene disk insu- 
lated coaxials. 

Figure 9 shows irregularities on a rea- 
sonably smooth cable and on a cable 
which has several fair sized irregularities. 
The pictures were taken from each end of 
the two-1,265-foot cables. Those pic- 
tures designated “feeding inner’’ indicate 
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Round-Trip Attenua- 
tion—Decibels Per 


100 Feet 

Distance to Irregularity, 

Feet 1,000. .2,000. .20,000 
0. 27-inch coaxial, 

0.25 microsecond,........ O42). 0", 21 aS 
0.375-inch coaxial, 

0.25 microsecond......... Ox15...; OL. Open 
0.375-inch coaxial, 

0.07 


1.5 microseconds..........ss0++-> 07205. 


that the echo set was connected to the 
inner end of each coaxial on the reel and 
for those designated “feeding outer” the 
echo set was connected to the outer ends. 
The 0.25-microsecond pulse width and the 
56-ke repetition rate were used to obtain 
these pictures. The designated echoes 
are the same echoes measured from oppo- 
site ends of the reel. The figures in deci- 
bel indicate the magnitude of the echo at 
the point at which it exists. The loca- 
tions in feet are the distances from the 
measuring end of the circuit. It is in- 
teresting to note that the peak of the 
echo in each case turns over, that is, is of 
opposite sign, when measured from oppo- 
site ends of the reel. This would indicate 
that these were impedance irregularities, 
that is, a change in characteristic im- 
pedance so that the pulse went from low 
to high impedance when sent from one end 
and from high to low impedance when 
sent from the other end. 


Lookator 


An example of the practical application 
of the echo time measuring technique as a 
fault finding means on voice frequency tele- 
phone circuits is found in the Lookator.? 
When connected to a telephone circuit of 
favorable characteristics, the Lookator 
shows departures from the normal im- 
pedance of the circuit along its length by 
means of a trace on a cathode ray tube. 
If steady or swinging faults of a magni- 
tude sufficient to cause appreciable im- 
pedance irregularities are present, their 
general nature can be at once detected and 
their*distance from the Lookator meas- 
ured. The device is thus a fault locator 
that permits the operator in effect to 
“ook” out over the circuit and it seemed 
appropriate to call the instrument a 
Lookator. 

Figure 10 shows a front view of the 
Lookator with cover removed and ready 
for use. A 110-volt a-c power source 
capable of supplying 150 watts is re- 
quired for operation. The instrument is 
shown housed in a carrying case approxi- 
mately 19 by 19 by 15 inches and weighs 
approximately 100 pounds complete with 
case. 
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Figure 11 shows the functional setup 
used in locating faults by connecting the 
Lookator directly to a 2-conductor 
telephone circuit. The bridge-stabilized 
220-cycle oscillator feeds through a zero 
adjustment circuit into a pulse generator 
where the oscillator frequency controls the 
repetition rate. The pulses, having in- 
dividually the approximate shape of a 
positive half-sine 3-kc wave, are delivered 
to the line through a hybrid coil at a peak 
voltage of about 20 volts. An adjustable 
balancing network is provided which can 
be set to balance the particular type of 
line being measured. A balance setting 
sufficient to introduce an additional loss of 
25 to 30 decibels in the pulse energy that 
passes directly across the hybrid coil into 
the receiving amplifier will permit, with- 
out overloading, sufficient receiving sensi- 
tivity for ordinary fault finding. The 
pulses returning as reflections from faults 
in the line enter the receiving amplifier 
and appear as vertical deflections on the 
screen of the cathode ray tube. 

A second oscillator output feeds 
through the measuring circuit into the 
sweep circuit where it controls the fre- 
quency of the horizontal sweep. The 
zero adjusting circuit and the measuring 
circuit provide individual continuous con- 
trol of the phases of the voltages supplied 
to the pulse sending and sweep circpits 
respectively, thus 
permitting the times 
at which electrical 
events in these cir- 
cuits take place to 
be adjusted with re- 
spect to each other. 
A simple procedure 
measures the round- 
trip time of the re- 
peated pulses in 
terms of difference 
in phase between 
sending and meas- 
uring circuits. The 
result can be read 
from a single dial 


distance is then ob- 
tained from a sub- 
stantially linear plot 
between dial divi- 
sions and distances 
obtained —_experi- 
mentally or by sim- 
ple proportion when 
compared to the dial 
reading for an ar- 
tificial fault intro- 
duced at a known 
distance along a 
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particular line. The use of two phase 
adjustments permits measuring between 
any points along a circuit since the zero 
point can be set at any point desired 
along the circuit. 

The original requirement to which the 
Lookator was built specified operation 
particularly on loaded spiral-four cable 
(CC358), having a nominal velocity of 
18,000 miles per second. This 4- 
conductor cable is made in one-quarter 
mile lengths with bayonet connectors at 
the ends. , Locations were required to be 
made over a length up to 35 miles with a 
desired accuracy of plus or minus one 
quarter-mile loading section. In addi- 
tion, it was desired to operate the fault 
finding gear through carrier repeaters and 
other line equipment having a lower cut- 
off in the order of 200 cycles. A 200- 
cycle repetition rate would permit meas- 
urement of a total length of 45 miles with- 
out overlapping of pulses. A repetition 
rate of 220 cycles was selected so as to 
place the oscillator frequency equally dis- 
tant from the harmonics of 60- or 50-cycle 
power supply. If noise is present on a 
faulty circuit, this prevents the possi- 
bility of power harmonics synchronizing 


Figure 10. Front view of Lookator with 
cover removed 
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with the sweep which would cause 
troublesome standing patterns and possi- 
bly interfere with measurements. The 
220-cycle rate permits measurements on 
circuits up to approximately 40 miles 
long. . 

After some experience with an experi- 
mental model, a further requirement was 
added, namely, operation on copper open- 
wire lines. The velocity of transmission 
for these circuits is in the order of ten 
times that of spiral-four cable. A differ- 
ent set of circuit elements for oscillator, 
phasing, and sweep circuits would ordi- 
narily be indicated for open wire measure- 
ments in order to reduce cramping of the 
scale. In the instrument described here, 
however, only a single combination was 
provided, resulting in considerable sim- 
plification in equipment and operation, 
and retaining sufficient accuracy to meet 
requirements. 

The relatively flat attenuation and 
velocity characteristics of spiral-four 
cable and copper open-wire over a range 
of 200 cycles to, say, 16 ke, allows opera- 
tion over the required circuit lengths with 
a permissible amount of distortion of the 
pulse. If this same proportioned pulse 
were applied to a circuit of widely differ- 
ing high frequency attenuation charac- 
teristics, the top of the returning pulse 
might become too rounded to use for 
measuring. Again, if it were contem- 
plated to use this technique on circuits of 
very short electrical length, the measure- 
ment of much shorter time intervals 
would require a change in design of some 
of the apparatus components. 

The measuring procedure is as follows: 
After turning the instrument on, with no 
line connected, a trace appears on the 
cathode-ray tube screen as shown in 
Figure 12A. The sharp projection above 
the horizontal is the measuring pulse that 
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Figure 12 (left). Example of Lookator measuring procedure 


A—Measuring pulse 

B—Adijust initial zero 

C—Connect line and- 
note fault 
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GENERATOR 


HYBRID 
COIL 


RECEIVING 
CIRCUIT 


D—Measure distance to 

fault by turning meas- 

ure dial until fault pulse 
aligns with index line 


has passed across the hybrid coil because 
of the unbalance resulting from the open 
circuited line terminals. After placing 
the MEASURE dial on zero, the INI- 
TIAL ZERO dial is turned until the peak 
of the measuring pulse moves behind the 
vertical index line as shown in Figure 12B, 
thus setting the instrument on zero in 
preparation for a measurement. The 
circuit to be tested is then connected by 
operating the TEST key. Assuming a 
proper network setting, the original pulse 
at its normal position is now greatly re- 
duced by the increased loss across the 
hybrid coil. If a fault is present, it will 
appear in some characteristic fashion on 
the trace, and in a position along the 
trace that represents the distance to it. 
The height of the pattern can be adjusted 
for examination. Figure 12C illustrates 
an open (both wires) in a spiral-four cable 
pair 11 miles from the Lookator. To 
measure the distance to this fault, the 
MEASURE dial is turned to move the 
pattern toward the index line until the 
peak of the pattern aligns with the index 
line as shown in Figure 12D. The read- 
ing of the MEASURE dial is an indica- 
tion of the distance to the fault. 

From the standpoint of a measurement 
of time, one turn of the MEASURE dial 
represents 1/220 second, or 22.7 micro- 
seconds for each division of the 220 divi- 
sion dial. Each division of the dial repre- 
sents approximately 0.2 mile of spiral- 
four cable or 2.0 miles of copper open wire. 
Although the base width of the half-sine 
measuring pulse extends over several dial 
divisions, proper placement of the pulse 
tip permits a duplication of readings 
within 0.2-0.3 dial division, or a time of 
approximately 5 microseconds. 

Examples of several types of faults on 
spiral-four cable are shown on Figure 13 
which illustrates the possibilities of identi 


Figure11 (right). Block- 

schematic diagram of 

Lookator for testing 2- 
wire circuit 


PAIR 
UNDER TEST 
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Figure 13. Ex- 
amples of faults on 
spiral-four cables 


A—Open circuit 
(two wires) 
B—Short circuit 
C—Missing loading 
coil 


fying the nature of the faults. For the 
patterns shown, the balancing network 
has been adjusted off-balance inten- 
tionally to show the original pulse at the 
left of a sufficient height to indicate its 
position -with reference to the trouble 
pattern. With the network properly 
adjusted, the original pulse becomes very 
small when the test line is connécted. 
An open is indicated in Figure 13A, a 
short Figure 13B, and a missing loading 
coil in Figure 13C. The latter trace 
shows an open at the end of the 20-mile 
circuit in addition to the missing loading 
coil 10 miles out. This illustrates the 
ability of the Lookator to “look” through 
faults that are not gross faults and show 
others farther along on the circuit. The 
faults can be readily located whether they 
are steady or intermittent. Noise would 
tend to broaden the trace but even con- 
siderable amounts would not seriously 
interfere with the location of the irregu- 
larities. 

A supplementary terminating unit, 
although not required for the operation of 
the Lookator, is of assistance in definitely 
identifying a particular defective 1/4-mile 
section of spiral-four cable. This device 
can be connected into the cable at any of 
the bayonet connector points by inserting 
the unit between the two connectors. 
Test keys permit the circuit being tested 
to be connected back upon the opposite 
pair or toward either pair beyond, thus 
providing an option of several termina- 
tions. If a fault is indicated at the Look- 
ator with the pair in question connected 
normally through and disappears when 
terminated otherwise, then the fault is 
beyond this particular connection point. 
If, after connecting the terminating unit 
at a point farther along the circuit, the 
fault remains showing regardless of the 
termination employed, then the fault is 
between the Lookator and the terminat- 
ing unit. 

Figure 14 shows a special application 
for locating troubles in spiral-four cable 
beyond the first repeater section by meas- 
uring through one or more spiral-four 
carrier repeaters. The hybrid coil and 
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network circuit in the Lookator are 
switched out, and a small hybrid unit con- 
taining the equivalent equipment is con- 
nected in at the intermediate repeater 
point preceding the section in trouble. 
The Lookator in this case is connected on 
a 4-wire basis with the sending and receiv- 
ing sides of the carrier system used as 
long 4-wire leads to the hybrid coil cir- 
cuit. The Lookator zero is set with the 
faulty circuit disconnected from the hy- 
brid unit. The circuit beyond is then 
connected, and the result given by the 
Lookator is in terms of distance beyond 
the repeater point where the hybrid unit 
is being used. It is not expected that the 
nature of the faults will be as clearly 
defined in this type of measurement as 
when testing directly into a line. This is 
because of distortions which result when 
operating through the intermediate re- 
peaters with normal line settings. 

If the Lookator could always connect 
directly to a line of the same makeup 
throughout its length, conditions would 
be relatively simple. Unfortunately this 
is not always realized. On open wire, for 
instance, short runs of entrance cable, 
submarine cable, or insulated field wire 
may be encountered. Since there is an 
impedance change at points where the 
circuit changes, these irregularities will 
appear in the Lookator trace of the over- 
all circuit. In addition, since the velocity 
through different types of facility will not 
be the same, the slope of the calibration 
curve will change when the facility 
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changes, these read- 
ings will serve as a 
guide to sectional- 
ize trouble along the 
line. If then a read- 
ing is obtained be- 
tween two reference 
points where the 
circuit makeup re- 
mains the same, dis- 
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Figure 14. Block schematic of Lookator for 
testing through a repeater 


changes. For such cases, a sort of road . 


map interpretation of the Lookator trace 
will be necessary. If calibration or 
reference measurements are made at any 
convenient time to locate the strategic 
points on the circuit where the makeup 


Discussion 


B. G. Ballard (National Research Council, 
Ottawa, Ontario, Canada): The National 
Research Council of Canada has developed 
a transmission line fault locator employing a 
pulse-echo technique very similar to the tele- 
phoné line fault locator described in the 
paper. Three of these devices have been con- 
structed and are in use on both overhead and 
underground power lines. The results have 
been encouraging. Reflections are obtained 
from all discontinuities on the line including 
transpositions, and it has been found advis- 
able in some cases to compare the reflections 
on a faulty line with those which were re- 
corded when the line was in perfect con- 
dition. 

Instead of a phase shift arrangement for 
determining distance, the National Research 
Council fault locator employs a ranging pip 
generated in a ‘‘phanastron”’ linear control 
delay circuit. This method has the advan- 
tagethat the whole width of the oscillographic 
screen can be in use while measurements 
are being made, and it is possible to view the 
echo pattern of the whole line while making a 
distance measurement on any irregularity. 
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It does not preclude the expansion of the 
sweep to any desired degree for examination 
in detail of a particular echo, and it allows 
equally accurate distance measurements to 
be made while the sweep is thus expanded. 
In addition, as the lines being tested norm- 
ally have some interfering voltage at power 
frequency induced on them, a filter network 
has been provided in our unit which is cap- 
able of preventing this voltage from inter- 
fering with the receiver part of the set. This 
filter will withstand approximately 1,500 
volts. : 

No attempt has been made to incorporate 
the oscillograph in the fault locator instru- 
ment itself and the latter is used in. con- 
junction with standard commercially avail- 
able oscillographs. 


Harry R. Meahl (General Electric ‘Com- 
pany, Schenectady, N. Y.): May I direct 
your attention to some of the work done in 
England as reported by Roberts?? 

This method has apparently been found 
quite valuable in spite of the fact that it 
has been necessary to make what they have 
called a “road-map” of their distribution 
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proved worth while. 
Further development to widen the fields 
of usefulness of such devices and to use 
them for somewhat different purposes 1s 
in progress, 
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system. This was made necessary, of course, 
by the many interconnections of transmis- 
sion lines having unlike characteristic im- 
pedances and, therefore, propagating the 
pulses with different velocities. 

Have you had a similar experience in 
your work? 
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L. G. Abraham: The “road map’ plan is 
not used on coaxial systems because the 
lines consist, in general, of only one kind of 
facility. We do not, in long toll lines, have 
branching lines such as a power system does, 
because the loss and irregularity of such 
junctions are prohibitive. In open wire 
systems, however, where loaded or non- 
loaded entrance cables, open wire pairs of 
different gauges and spacings are used, the 
road map is used both to determine which 
echoes are due to new irregularities and to 
assist in locating them more accurately. 
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Effective Resistance of Isolated 


Nonmagnetic Rectangular Conductors 


HERBERT B. DWIGHT 


FELLOW AIEE 


HEN a long straight conductor 

carries alternating current, the re- 
active voltage drop is not the same at 
different parts of the cross section. This 
results in nonuniform current density and 
an increase in the effective resistance. 
Values of the resistance ratio R,,/Ra, have 
been computed for round conductors and 
for groups of such conductors, and the 
computed values have been confirmed by 
measurements. 

For rectangular conductors, complete 
computations are not available and reli- 
ance must be placed to a considerable ex- 
tent on measured values of the resistance 
ratio. Determinations of this ratio have 
been published in a number of papers and 
are now sufficient to give numerical values 
for almost any case encountered in prac- 
tice. 

In order to correlate the various de- 
terminations and to show where the ‘fre- 
quency is too low for the use of high-fre- 
quency formulas, it is desirable to collect 
the values of resistance ratio in one family 
of curves, as shown in Figure 1. It has 
been shown that for any conductor or 
group of conductors, of a given shape, 
there is a definite value of the resistance 
ratio R,./Ra; for each value of f/R,, where 
f is the frequency. This has been called 
the principle of similitude, and it is true 
at all frequencies. It makes it possible for 
measurements made at low frequencies to 
be plotted and compared on the same 
sheet with those made at higher frequen- 
cies. 

It has been shown further that for very 
high frequencies where the distortion of 
current is so extreme that the current 
flows chiefly in the skin of the conductor, 
the -resistance ratio is proportional to 
(f/Ra)'/*. If this quantity is used as a 
base, the curves become straight lines 
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when the frequency is high. Because of 
some calculated expressions for skin 
effect, it has been customary to use 
w=2rf, and to plot ratios for rectangular 
conductors on a base of 


P = (8nfab/p)'/? (1) 


The meaning of the letters is given under 
Figure 1. 

A very complete set of curves for non- 
magnetic rectangular conductors has been 
published by Forbes and Gorman.! This 
forms the basis of Figure 1. For compari- 
son, three low-frequency curves published 
by Kennelly, Laws, and Pierce? are shown 
by dotted lines, for b/a=8, 16, and 24. 
The first two curves are seen to agree 
closely with the others, as was shown by 
Forbes and Gorman in their Figure 4. 
The left-hand curve of measured values 


‘for square wire indicated by small tri- 


angles, given by Arnold,’ confirms the 
corresponding curve by Forbes and Gor- 
man. A curve for very thin strip (b/a= 
238) is plotted below the other curves. 
This is taken from Figure 22 of a paper 
by Kennelly and Affel.4 

The straight, broken lines in the right- 
hand part of Figure 1, which are asymp- 
totes of the curves, now will be described. 
A theoretical paper on this subject has 
been published by J. D. Cockcroft.6 It 
gives, in his equation 6, in the notation of 
this paper, the following solution which he 
stated to be for extremely high frequen- 
cies: 


oe /2 
Ruc/Rac= ae ( i) 
(b/c) 
on n2'/2 @) 


= 2M tq —*/2(E—k!2K)'/2(E! —k2K)'/2 
(K+K')P (3) 
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where 


(b/a) is a function, given by equation 3, of 
b and a the width and thickness of the metal 
strip conductor 

K and K’ are complete elliptic integrals of 
the first kind to moduli k and k’ 

E and E’ are corresponding integrals of the 
second kind 

k’=(1 — 21/2 


The modulus k may be considered as a 
parameter.. It is not given explicitly in 
terms of a and b, but a and b are given by 


a=thickness of strip = 2(E’ —k?K’) /k (4) 
b =width of strip = 2(E—k’2K) /k (5) 


where 
k? is greater than 1/2 


Values of & (b/a) may be read from Figure 
9 

The resistance ratio for a given value of 
b/a is plotted against P for each curve in 
Figure 1, and for this equation,2 or 3 
gives a number multiplied by P. For the 
various values of b/a this gives straight 
lines through the point (0, 0), the origin of 
co-ordinates (not shown on Figure 1 but 
somewhat below it). Portions of these 
straight lines are plotted as broken lines 
on the right-hand part of Figure 1. They 
are seen to be in good agreement with 
most of the curves of Forbes and Gorman, 
Figure 1, at the right-hand end of the 
curves where the frequencies are high. 

A set of measurements at about six 
megacycles has been published by W. 
Jackson,® and it confirms the results of 
equations 2 and 3 in the range R,,/Ra.= 
40 to 90. These results are plainly much 
beyond the range of Figure 1. 

It is evident from Figure 1 that the 
broken line asymptotes give values of 
Ra-/Rae Which are consistent with the 
measured values when R,,/Rz, is greater 
than about 2.6, but below that value the 
test curves bend away from the asymp- 
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totes; and when R,,/R,, for thin strips 1s 
as small as 1.5 the values given by the 
asymptotes bear almost no relation to the 
measured values. In fact, the asymptotes 
if continued a little farther to the left, give 
values of R,,/Ra: which are less than one, 
and that is plainly out of the question. 

An example of the usefulness of the 
curves of Figure 1 is to be found in Table 
II of a paper by Smith, Gregory, and 
Lynn.’ Four measurements of skin effect 
ratio of rectangular copper conductors 
were made, as follows: Rg-/Rac= 1.235, 
1.20, 1.525, and 1.45 for values of P=2.7, 
3.3, 4.7, and 5.6, respectively. The values 
of b/a were 42 and 58, or an average of 50, 
for which an asymptote is drawn in Figure 
1. The readings would be expected to lie 
between the curves for b/a=24 and 238, 
and they are reasonably close to that. 
However, the values of R,,/Ra are much 
less than 2.6 and for thin strips, as can be 
seen from Figure 1, there can be no expec- 
tation of making these readings corre- 
spond with the calculated asymptote, as 
was attempted by the authors of the 
paper. The asymptotes should be used 
only in the range where they are valid. 

In order to interpret and correlate the 
curves of Figure 1 to some extent, it is 
useful to examine the curve of Figure 3, 
which gives the calculated resistance ratio 
of two equal tubes forming a return cir- 
cuit, the axial separation of the tubes be- 
ing four times the radius, and the thick- 


ness being 0.005 times the diameter. 

This curve is computed from equation I 
of a paper by S. P. Mead,* which states 
that the resistance ratio of a tube in a re- 
turn circuit of two parallel tubes is equal 
to the resistance ratio of the tube when it 
is isolated; that is, its skin-effect ratio, 
multiplied by a proximity-effect factor, 
formulas and curves for which were given. 

The skin-effect resistance ratio Rjso../ 
Rac for a very thin isolated tube, is given 
by curve A, Figure 4. This is taken from 
the curve for t/d=0 published by the 


writer,? d being the outside diameter. of- 


the tube. Dividing the values in Figure 3 
by those of curve A, Figure 4, the prox- 
imity-effect ratio is obtained, as plotted in 
curve B, Figure 4. 

The curve of Figure 3 thus is seen to 
show first proximity effect and then at 
higher frequencies it shows also skin effect. 
The example was chosen especially so that 
the proximity effect would appear sepa- 
rately.1° 

By proximity effect, the current is 
crowded to the adjacent parts of the two 
tubes in the case of a return circuit, or to 
the more remote parts of the cross sections 
in the case of two tubes connected in 
parallel. The amperes per millimeter of 
circumference are not constant, and at ex- 
tremely high frequencies become the same 


in proportion as the density of charge in © 


the capacitance problem of the same con- 
ductors. This is because a magnetic line 


of force cannot cut through the metal at 
extremely high frequency but must be 
parallel to thé metal surface. In an elec- 
trostatic capacitance problem the equipo- 
tential lines are parallel to the metal sur- 
face, which is itself an equipotential line. 
Therefore, the electrostatic field map 
around the conductor has the same shape 
and proportions as the magnetic field map 
around the same conductor at extremely 
high frequency. This is a well-known 
principle in high-frequency skin-effect 
calculations, and was quoted and used in 
the paper by J. D. Cockcroft.° 
The loss at any point caused by a cer- 
tain value of amperes per millimeter of 
circumference is obtained by using the 
skin-effect calculation as if the tube were 
isolated. For high frequencies, the pene- 
tration formula may be used. By this, 
the loss is the same as if the current 
flowed in the outer skin of the conductor 
to a depth 6, the “effective penetration 
depth,” where 


p \3 
= a centimeters (6) 


where 


f=frequency 
p=resistivity in abohms per centimeter 
cube 


If the amperes per millimeter of per- 
iphery in the case of an isolated thin strip 
were uniform, the current would crowd 
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Figure 2. Values of 
the function  (b/a) 
for use in equation 2 


into the skin of the conductor on all sides, 
and the skin-effect resistance ratio at high 
frequencies—by the penetration for- 
mula—would be the ratio of ab, the cross 
section of the strip, to 2 (a+)6, the cross 
section of the skin of thickness 6. This 
ratio is 


ab sa 4n*f V2 
yen ; ) oy 


when a and d are the thickness and width 
of the strip and where 6 is given by 
equation 6. 

For the present purpose, the increase in 
resistance of an isolated strip caused by 
crowding of current toward the skin, at 
constant amperes per millimeter of per- 
iphery, may be called ‘‘skin effect’ and 
the ratio of increase caused by crowding 
of current toward the edges, producing 
changes in the amperes per millimeter 
from one part of the periphery to another, 
may be called ‘‘edge effect’’. 

Because conditions at a given part of a 
thin flat strip are the same’as for a tube 
with very large radius (¢#/d=0) and with 
the same amperes per millimeter of sur- 
face, the skin-effect ratio of the strip may 
be read from curvesA, Figure 4. For 
large values of the ratio the straight-line 
extension of curve A, given by equation 7, 
may be used. This ratio then should be 
multiplied by the edge-effect ratio, in 
order to obtain the measured resistance 
ratio, just as for the pair of tubes of Figure 
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3 the skin-effect ratio is multiplied by the 
proximity-effect ratio to give the com- 
plete, or measured, resistance ratio. 

It may be seen from curve A, Figure 4, 


that for values of less than 


ab 
2(a+b)6 
0.5 the increase caused by skin effect is 
almost zero, and all the increase in re- 
sistance in such cases would be caused by 
edge effect. 

In order to show an example of the 
latter case from one of the curves of Figure 
1, it is necessary to express equation 7 in 
terms of the constant of equation 1, 


es (ey 
p 
Equation 7 then becomes 
ey" 1 (2) 2 
p (a+b)\ 8 


Ti /s : 
E (2) e) 


Considering the curve for b/a=238 in 
Figure 1, the largest value of P on the 
curve is 9.4 


emitben, PS =m" 
2(a+b)s atb\ 8 


' 9.4 sey" 
239\ 8 


=0.38 i 
As this is less than 0.5, the meastired 
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curve for }/a = 238 shows edge effect only, 
just as curve B of Figure 4, or the first 


part of the curve of Figure 3, shows - 


proximity effect only. 

By equation 2 the product of skin- 
effect ratio and edge-effect ratio for ex- 
tremely high frequency is 


a 


te p 


Dividing this by the skin-effect ratio for 
extremely high frequency, namely, equa- 
tion 7, the high-frequency edge-effect 
ratio is 
&(b/a) sefah\"" Hee? ee te 
w p ab 4n?*f 
&(b/a) 2(a+b) 
g/t (ab) V2 


(9) 


Because this is independent of f, the 
edge-effect ratio approaches a maximum 
value, just as the proximity-effect ratio of 
a pair of tubes does in curve B, Figure 4. 
There is a different maximum value of 
edge-effect ratio for each value of b/a. 

The maximum value of the edge-effect 
ratio for b/a = 238 is, by equation 9, 


0.40 X 2X 239 


SSS SSS SS 
3.14X1.77X 15.4 


The measured curve for b/a=238 in 
Figure 1 shows that it is beginning to bend 
over to the right, but it would have to be 
extended to much higher frequencies be- 
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Figure 4 (below). Ra- 
tios for thin tubes and 
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fore it would approach its maximum 
value 2.2. Therefore, the curve for b/a= 
238 cannot be expected to approach its 
asymptote (shown on the lower right-hand 


corner of Figure 1) or to agree with equa- 
tion 2 or 3 until much larger values of P 
are reached than are shown on Figure 1; 
that is, until the edge-effect ratio has 


approached its maximum value and until 
the skin-effect ratio is large enough to be 
given by the penetration formula, equa- 
tion 6 or 7. 

In conclusion, the resistance ratio of 
isolated nonmagnetic rectangular con- 
ductors may be taken from Figure 1, and 
for frequencies higher than shown by that 
figure, for b/a up to about 24, Figure 2 
and equation 2 or 3 may be used. 
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CARL J, FECHHEIMER 


FELLOW AIEE 


HE foresight of a number of engineers, 
a little less than a quarter of a century 
ago, led to the successful development of 
hydrogen-cooled turbine generators. Un- 
til some 15 years ago many operating 


and manufacturing engineers were skep- 


tical about the safety of hydrogen as a 
cooling medium. Today those fears are 
dispelled and practically every large tur- 
bine generator built recently in the 
United States is hydrogen-cooled. 

By contrast, the writer ventures to 
say, present-day engineers look askance 
at the idea of liquid cooling, especially 
for the rotors of turbine generators. It is 
feared that the liquid can not be made to 
pass into, through, and out of, a high 
speed rotor without giving trouble. 

From the standpoint of gains to be 
achieved; provided the mechanical diffi- 
culties can be overcome, it is at least as 
large a step from hydrogen to liquid cool- 
ing as it was from air to hydrogen cooling. 
This paper covers the gains to be ex- 
pected, and proposed methods of sur- 
mounting mechanical difficulties. The 
paper is almost entirely nonmathematical, 
although a great deal of time was given to 
calculations of 100,000-kva 80-per-cent 
power factor generators at 1,800 and 3,600 
rpm. 


Gains by Liquid Cooling of 
Turbine-Generator Rotors 


It is recognized that, aside from mag- 
netic saturation and mechanical stresses, 
it is the temperature rise of the rotor 
winding that imposes the limitation as to 
the over-all dimensions when the load 
current lags behind the voltage. For to 
decrease the D*Z it is necessary to in- 
crease the ampere turns, and that gives 
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rise to increased J?R loss. Thus, one 
principal gain to be affected by liquid 
cooling of the rotor is that the /?R loss can 
be increased for a given temperature rise, 
and the machine can be made smaller, 
lighter, and cheaper for a given rating. 

A second important gain is that the 
rotor copper temperature will be nearly 
uniform, both radially and longitudinally, 
and consequently there should be no dam- 
age or deformation resulting from differ- 
ential expansion and contraction, as in 
gas-cooled rotors, as was brought out in 
the papers by Noest ! Juhlin,? and Coates 
and Pyle.® 

A minor advantage is that the tempera- 
ture of the copper and the steel above that 
of the entering liquid can be predicted 
within only a small percentage of error, if 
the losses and the various constants of the 
materials are known. With gas cooling, 
the highly turbulent flow in some places, 
the consequent uncertain heat transfer 
rates, and the complex heat flow defy 
calculation. 


Gains by Liquid Cooling of 
Turbine-Generator Stators 


For the stator, either transformer oil or 
Pyranol may be used. The gains are 


1. For a given internal stator diameter 
(determined by the previously chosen rotor 
external diameter), and for given magnetic 
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densities and voltage, the stator external 
diameter can be made smaller than for gas 
cooling. This is explained under the section 
entitled “Mechanical Construction of the 
Stator.” 


2. The stator copper temperature is nearly 
uniform. 


3. There is absolutely no corona. 


4.. The stator may be wound for consider- 
ably higher voltage than is practical with 
gas cooling. 


5. Fairly accurate temperature predeter- 
mination can be made. 


6. The rate of flow of the liquid can be 
regulated readily, and thereby the tempera- 
ture rise of the stator winding can be con- 
trolled to a large extent. 


7. The internal reactances are higher than 
with gas-cooled machines, thereby admitting 
of smaller external reactors, or possibly their 
omission. (This is because the number of 
effective stator ampere conductors is larger 
with liquid cooling.) 


Mechanical Construction 
of the Rotor 


The same liquid is used repeatedly in a 
closed-circuit system. In the external 
part of the circuit, not shown in the illus- 
trations, the liquid is cooled in some es- 
tablished heat exchanger, and in series 
therewith is a pump and some device for 
removing entrapped air (or other gas). 
The latter is needed when the machine is 
started, and probably may be by-passed 
when the machine has attained full speed. 
The front end is shown in Figure 1B, and 
the turbine end in Figure 14. Figure 2 
shows the end elevation. In Figure 3 a 
second scheme for connecting the shaft 
and rotor duct parts of the liquid circuit 
is shown. The drawings are intended to 
convey to the reader the construction and 
are only partly proportional to a ma- 
chine’s dimensions. 

Referring to Figure 1B, the stationary 
metal tube A-B, which clears the bore in 
the shaft, is welded to the plate C, which 


in turn is bolted to a rigid stationary 


plate D. The liquid flows from A to B 
and is discharged near B into the pocket 
E. It then passes through the radial 
holes F and G, into the casing H, then 
flows radially outward and then into 
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Figures 1A and 1B. Liquid-cooled turbine-generator rotor 
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Front end. Side elevation 


Figure 1B. 
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Figure 1A. Turbine end. Sid 
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axial ducts J and K. These ducts J and 
K are the main cooling ducts and extend 
the full axial length of the rotor body. 
The liquid then flows radially inward to 
H’, (Figure 1A), throughradial holesG ‘and 
F’, then axially through the hole L in the 
shaft, to the discharge radial holes M. It 
then collects in the annular space, NV, and 
later it passes through the external pump 
the heat exchanger in the external part of 
and circuit, back to the entrance tube A-B. 

During the passage of the liquid 
through the rotor body, the centrifugal 
action thereon at the incoming end (H to 
J and K) is balanced substantially by the 
centrifugal action at the leaving end (J 
and K to H’). However, the head gen- 
erated in the centrifugal pump at M is 
not balanced at the other end. This head 
generated from the shaft bore to the shaft 
external periphery is considerably more 
than is needed to overcome the sum of the 
hydraulic resistances opposed to the flow 
of the coolant from the entrance at E to 
the discharge in L. 

The large centrifugal action between 
the shaft bore and the rotor ducts will 
cause entrapped gases to collect in the 
pocket E at the incoming end, (Figure 1B) 
The gases then are drained off through 
the small stationary tube P and can be 
allowed to issue through a suitable trap, 
not shown. (Supports for tube P from 
the tube A-B are indicated.) A pressure 
gauge Q may be added to indicate the 
pressure at E To insure that the gases 
escape, the pressure at E should be 
slightly above atmospheric pressure, but 


should not be so high as to cause the « 


liquid to flow out between the shaft bore 
and the external periphery of the tube 
A-B. The pocket E is enlarged (shown 
tapered) so that centrifugal action will 
cause the liquid to flow into the radial 
holes F and G and not into the annular 
space between the shaft bore and the tube 
A-B even with the pressure in E slightly 
above that of the atmosphere. 

There may be several locations for the 
outlet ducts F and G, one being shown in 
Figure 1B. In some instances it may be 
advantageous to locate both the F and G 
ducts at the larger bore beyond the taper 
Also, the number of rows and number of 
ducts indicated are mere suggestions. 


At the turbine end (Figure 14), notaperis | 


shown, and the F’ and G’ ducts terminate 


at a shaft bore which is slightly smaller. 


than the bore beyond the taper at the 
front end. This smaller bore is desirable 
as it increases the rigidity ef the structure 
slightly, but it also reduces the pressure 
in the bore L. When a machine is de- 
signed, the proportions of such parts can 
be determined readily, and the en- 
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gineer should not have difficulty in de- 
ciding whether or not to make the shaft 
bore at the turbine end similar to that at 
the front end, or even to make the turbine 
end bore larger, so as to increase further 
the pressure there. 

There is appreciable resistance to the 
flow of the liquid through the rotor ducts, 
and the resultant loss of head is sufficient 
to reduce the pressure in the shaft bore at 
the turbine end to-a value below atmos- 
pheric; but with suitable proportions the 
pressure there should be appreciably 
above a vacuum. Thus, a reasonable loss 
of head through the rotor ducts is of the 
order of 20 feet, and with 34 feet of water 
as atmospheric pressure, added to the 
positive head at £, there is still ample 
pressure above vacuum. 

If the shaft diameter is determined by 
an usual value of working stress in torsion 
for the transmitted load, for a large gen- 
erator at either 3,600 or 1,800 rpm, the 
head generated by centrifugal action at 
M is several times the equivalent of sea- 
level atmospheric pressure. Conse- 

quently, there would be danger of cavita- 
tion in the shaft bore at the turbine end if 
there were no provision for absorbing the 
additional head. This is secured by re- 
stricting the discharge ducts near the 
shaft periphery, as shown, by means of 
orifices. To insure against cavitation at 
the entrance of the radial ducts M, the 
velocity of the liquid is made low by mak- 
ing the entrance section relatively large, 
and then curving, so as gradually to ac- 
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celerate the liquid. The curved portion 
terminates in a cylinder which continues 
to the orifice near the external diameter of 
the shaft. By applying Bernoulli’s- equa- 
tion at several shaft diameters, the pro- 
portions of the ducts joining M with NV 
can be made such as to insure that pres- 
sure will be well above vacuum at all 
points, generally increasing with di- 
ameter. 

After the liquid is discharged from M, 
it enters the annular space N at high 
velocity. This space fills rapidly and the 
liquid whirls and most of its kinetic energy 
is dissipated, and goes into heat. The 
calculated mean temperature rise of the 
liquid caused by this loss usually will be 
less than one degree centigrade. This 
means also that the power required to 
drive the centrifugal pump M is small and 
decreases the generator efficiency by an 
extremely small amount. 

The liquid next passes through the re- 
stricted areas V between the two annular 
spaces NV and N’ and is finally discharged 
from the bottom of N’ into suitable pipes, 
whence it flows into the heat exchanger 
and external pump, and is returned to the 
entrance tube at A. The whirling rings X 
should prevent the axial escapement of 
liquid while the rotor is running at normal 
speed. When getting ready to run at or 
near standstill, there may be a small es- 
capement of-liquid. Practically all of 
this may be caught in the gutters W and 
returned to the main part; the very small 
amount that still might leak out during 
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the starting period may be caught and 
drained. There also may be a little leak- 
age near the entrance at C, although this 
can be substantially eliminated by suit- 
able gaskets between the plates C and D. 
It will be noted that at standstill, or very 
low speed, the flow is produced by a low- 
pressure external pump. Consequently, 
the volume of flow is less than when run- 
ning at normal speed, and the leakage is 
very small. Although the volume of flow 
is less at very low than at normal speed, 
the temperature rise of the copper (above 
the ingoing coolant) for a given J?R loss 
should be nearly the same, because the 
duct surface temperature drop and tem- 
perature rise of the coolant are small, and 
there is negligible pole face loss at very 
low speed. 

The ducts in the rotor body, J and K, 
(Figure 1B) are shown as rectangular in 
section. Other suitable section, as trape- - 
zoidal, may be chosen. They are ma- 
chined (by milling or planing) from the 
external cylindrical surface, and the 
outer parts of the J-ducts are filled subse- 
quently by steel pieces, suitably welded 
in place. The small ducts, K, below the 
winding slots are cut in after machining 
the main winding slots, and their outer 
parts are covered then with suitable thin 
plates welded in place at the bottom of 
the main slots. (In the patents* circular 
holes instead of rectangular ducts are 
shown, but the difficulty in drilling long 
holes in a solid rotor precludes their use.) 
One of the larger ducts is in each of the 
rotor teeth, and in the central pole ad- 
jacent to the last slots. A small duct is 
located below each rotor slot. If the 
rotor is built of plates, circular holes can 
be drilled, and to prevent leakage of the 
liquid at the junctions of plates, thin 
walled metal tubes are pushed into the 
ducts, and they then are welded at the 
ends of the rotor body. 

One way of constructing the casings H 
and H’ is shown in Figures 1A and 2. 
They are fabricated entirely of steel 
sheets of such thickness that the stresses 
therein caused by liquid pressure and their 
own centrifugal forces will be of the usual 
order for safety. With the construction 
shown in Figure 3, the engineer is cau- 
tioned to keep the stresses and velocities 
conservative. 

In order to absorb the heat generated in 
the coil ends of the rotor windings, the gas 
at the ends is caused to circulate by centri- 
fugal action, passing through holes, 5, 
in the retaining rings, and passing over 
the surfaces of circularly bent tubes 
and between fins on the tubes R and 
R’, in a continuous closed circuit. These 


* United States Patents 2,381,122 and 2,285,960. 
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finned tubes are stationary and are 
suitably supported, as indicated. Water 
or other liquid is circulated within these 
coils to absorb the heat. The finned 
tubes may be placed in some other loca- 
tion in the gas stream. 

In order to reduce the windage loss, to 
improve the heat conductivity of the in- 
sulating wall in the rotor slots, and to im- 
prove the heat transfer between rotor coil 
ends and the circulating gas, and be- 
tween that gas and the finned tubes R and 
R’, the rotor is operated preferably in a 
hydrogen atmosphere. Safe operation is 
assured by extensive experience, during 
the past 15 years, with hydrogen-cooled 
turbine generators. The gland seals for 
minimizing the escape of hydrogen and in- 
filtration of air are indicated at T and T’. 
There are several successful schemes for 
constructing the gland seals, all employ- 
ing a lubricating liquid, and as details for 
the several constructions differ, they are 
not shown at T and T’. 

With this construction, calculations of 
the heating of the rotor coil ends in one 
atmosphere of hydrogen, when suitable 
blocking is provided to insure high gas 
velocities adjacent to, the coil surfaces, 
indicate that when running those parts 
will have about the same order of tem- 
perature rise as the copper in the em- 
bedded parts. 

Fitting snugly in the stator bore is a 
cylinder a of insulating material such as 
micarta. The flanged disks Z and Z’ are 
bolted to this cylinder, being separated 
therefrom by suitable gaskets, Y and Y’. 
Thus, a, Y, Z, and T (and a, Y’, Z', and 
T’) form the inner sides of the structure 
wherein the hydrogen gas is retained. 

In Figure 1B a suggestion is given as to 
how the rotor leads may be brought out 
from the winding to the collector rings. 
A direct-connected exciter is shown also; 
evidently, the omission of the exciter 
would not entail difficulties. Openings at 
U admit of inspection and replacement of 
the brushes on the commutator and col- 
lector rings. 

It is important that all welds be leak- 
less, and that they be tested with great 
care. 2 
Mechanical Construction 

of the Stator 


The liquid-cooled stator is illustrated in 
Figures 1B, 1A, and 2. The coolant is an 
insulating liquid, either transformer oil or 
Pyranol, which is circulated in a closed 
system, with an external pump and a suit- 
able heat exchanger inseries, the latter two 
being omitted in the illustrations. As 
shown, the liquid enters at the middle, at 
b, and is discharged at both ends, at d and 
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d’. For some ratings, the liquid may enter 
at one end and be discharged at the other 
end, (Evidently there are advantages 
and disadvantages to axial flow in both 
directions, as compared with axial flow in 
only one direction. Also, with a middle 
duct, the direction of flow could be re- 
versed.) 

Axial ducts are provided in the lamina- 
tions, at e and f* in Figures 1B, 1A, and 
2, the proportions of which can be calcu- 
lated by the designer. Such proportions 
are predetermined from the magnitude 
and distribution of the losses to be ab- 
sorbed, from the physical properties of 
the coolant, and from the assumed 
temperature rises. For the 100,000-kva 
generators that have been calculated, 
one middle radial supply duct, one inch 
or slightly less in width, is ample. 

The insulating walls of the stator coils 
can be made of materials like those used 
for transformer coils for the same voltage. 
As the insulating coolant permeates the 
solid insulation, the volts per mil of thick- 
ness can be taken to be that established 
by good transformer design. The wall 
thickness is then less than with air or 
hydrogen as the cooling medium. ie 
thermal conductivity is improved over 
that in air, and should be at least as good 
as in hydrogen. Furthermore the liquid 


coolant reduces the lamination tempera-’ 


ture below that obtainable with hydrogen. 
As a duct is in each tooth (f in Figures 1B 
and 2, the coolant is close to the coil, and 
the thermal drop in the steel teeth (in 
the favorable planes of the laminations) is 
not large. Consequently, the permissible 
thermal drop through the insulating wall 
may be higher than for hydrogen. From 
these several considerations it will be seen 
that the watts per square inch of copper 
surface (and the current density) may be 
higher with the liquid coolant. There- 
fore, the slot size, for a given number of 
ampere-conductors per slot, may be re- 
duced considerably. As the rotor ampere- 
turns are higher, the total number of 
stator ampere-conductors is also higher, 
with liquid cooling. Even so, it will be 
found that the stator slot depth may be 
less than with gas cooling. 

Owing to the much better thermal 
properties of the coolant (giving greatly 
improved heat absorption and heat trans- 
fer), the ducts (e and f) may be of such 
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* The f ducts are shown rectangular, but they may 
be advantageously trapezoidal, with sides parallel 
to the slot sides. 

+The physical properties are: Specific gravity, 
specific heat, thermal conductivity, and viscosity. 
Consideration is given to them under the section 
entitled ‘“Heat Absorption and Heat Transfer.” 
The values of the properties may be found in 
authoritative tables and other publications, See 
equation 2 under “Heat Absorption and Heat 
Transfer.” 
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Table |. Relative Heat Transfer and Absorp- 


tion with Turbulent Flow 


i 


Relative Relative 
Heat Heat 
Temp, Pressure, Trans- Absorp- 
Medium C Atmospheres fer tion 
AGT e Aiea clea 40%. ness 1 1.00.. 1.00 
Aittcn,.9 tema tee 2D. .genses I hie hea MEER Oe AS 1.05 
Hydrogen..... AQ eve i ec a pL Olnnes 0,99 
Hydrogen..... AOI etic 2 2 Dosis. 1.98 
‘Watertic: anaes 20 ems 1 530.0 ...3,700.0 
Waterline: OSs sok 1.0,...653.0 ...3,670.0 
Transformer 
(oS Ue raat PAS Sha reed TeOke ca) DUC a DM OrO! 
Pyranol 1,488. .25...... 1 a5 882) e500 
Turbine bear- 
THOT eleretena 7 a cr {2022 29.6 oad 240.0 
50 per cent eth- 
ylene glycol 


and water...25...... 1.0....258.0 ...3,240.0 


reduced proportions that the space 
occupied by them is very small as com- 
pared with the space for the ducts in a 
hydrogen-cooled machine. 

The ducts f, in the teeth, do not add to 
the external diameter. This fact, plus 
shallower slots, plus much less space for 
the ducts in the core, permit of a smaller 
external diameter of the stator lamina- 
tions for given internal diameter, mag- 
netic densities, and stator voltage, as 
stated in the paragraph on “Gains by 
Liquid Cooling of Turbine-Generator 
Stators.” 

In Figures 1B and 1A the stator is 
closed at each end by the diaphragm, /, 
which is separated from the frame flanges, 
by means of a fluid tight, oil resisting 
gasket, g. The rings, j, are interposed be- 
tween the heads of the bolts, k, and the . 
outer surfaces of the diaphragms, h. The 
diaphragms may be provided with one or 
more circular corrugations, 7, to increase 
their flexibility and prevent high stresses 
arising from transient pressure caused by 
a fault. The diaphragms have axial 
flanges, m, whose internal diameter is 
nearly the same as the bore of the stator 
laminations, and are separated from the 
cylinder, a, by means of gaskets, g. T hese 
flanges are pressed hard against the 
cylinder a through g by means of two 
clamp rings, p, (Figures 1B and 14). 
The flanges for these two rings are not in 
the same location circumferentially to in- 
sure positive pressure on the gaskets for 
all peripheral positions, and thereby pre- - 
vent leakage of oil. ; 

An advantage of the high dielectric 
strength of the stator coolant is that the 
stator can be wound for higher voltage 
than is the present practice in the United 
States. Thus, in some instances, step-up 
transformers may be eliminated. Fur- 
thermore, oil avoids corona formation. — 
The damage arising from corona in air is 
well known. (Although corona is present 
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with high voltage when hydrogen is the 
cooling medium, it is generally believed 
that then corona is not damaging.) 

The designer is sometimes in a quan- 
dary with large machines, especially for 
2-pole, as to how to secure a sufficiently 
small number of stator conductors with 
the desirable star connection when the 
voltage is of the order of 13,800. When 
the stator voltage is raised, this difficulty 
is reduced. Also, the switch-gear costs 
may be, and bus copper weights are, re- 
duced by adopting a higher voltage. 


Heat Absorption and 
Heat Transfer 


The heat absorption rate is 


Heat absorbed per unit of time by coolant 


Volume per unit time of flow X 
degrees temperature rise of the coolant 


It can be shown easily that for a given 
volume flow per unit of time and tempera- 
ture rise of the coolant 


The heat absorption rate is proportional 


C, is the specific heat (at constant 
pressure for a gas), and y is the weight 
density of the coolant. 

The heat transfer rate is 


Heat transferred per unit of time 


Surface of duct X 
degrees temperature difference 


An equation for turbulent flow inside 
smooth ducts, checks for which against 
many experimental data are given by 
McAdam. 


0.8 0.4 
HP _0.023 (2" “) (=) (2) 
k be k 


To assist the reader, the units in the 
centimeter-gram-second system are added 
as follows: 


h=heat transfer coefficient (gram calories 
+ seconds X square centimeters X 
degrees centigrade) 

D=diameter of duct, if circular, or 
oo for other shapes (centi- 

perimeter 

meters) 

k=thermal conductivity of the coolant 
(gram, calories + second X centi- 
meters X degrees centigrade) 

t=mass density of the coolant (gram 
mass per cubic centimeter 
= nearly to specific gravity) 

V=mean velocity of the coolant (centi- 
meter per second) 


{It is well known that to secure turbulent flow the 
Reynolds’ number should be greater than about 
2,000 to 3,000 for smooth ducts, 
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u=viscosity of the coolant (Poise =dyne- 
second per square centimeter) 

Cp =specific heat at constant pressure of the 
coolant 


The coefficient 0.023 should be increased 
for rough or laminated ducts. The equa- 
tion is written in the form given in equa- 
tion 2, because each of the three groups is 
dimensionless and is significant unto it- 
self, and each is named after an outstand- 
ing investigator; the first after Nusselt, 
the second after Reynolds,t and the 
third after Prandtl. (Consistent units 
must be used in each of the three groups). 

With the same values of D and V, for 
comparison of heat transfer rates with 
various coolants, # is then proportional to 


ae’ (Crip) (3) 


Evidently, the cooling is dependent 
upon these two: the heat transfer and the 
heat absorption rates. In Table I are 
given their relative values for a few fluids 
as referred to air at 40 degrees centigrade 
and at one atmosphere pressure, as ob- 
tained from equations 1 and 3. The 
values of the physical properties were ob- 
tained from various publications or by 
correspondence with producers. 

It will be noted from Table I that the 
gains to be affected by some liquids over 
air or hydrogen areenormous. At present 
many engineers are justifiably pleased 
with the gains of hydrogen over air, and 
especially if the pressure of hydrogen is 
about twice that of the surrounding air. 
But such gains are insignificant when con- 
trasted with liquids, especially with wate -. 
To be sure, the volume per unit of time, 
as adopted for machines, with liquids, 
would be much less than with gases. The 
velocities would be lower also. and the 
duct sections and surfaces smaller, but 
even so, with entirely practical values, the 
temperature rise of the coolant, and the 
thermal drop from the duct surface to the 
coolant are much smaller than with gases. 

In order to save space, in Table I only 
two petroleum oils are included: trans- 
former oil and turbine bearing oil; trans- 
former oil because either it or its equiva- 
lent, Pyranol, is a suitable coolant for 
the stator, and turbine bearing oil be- 
cause it is used by some generator manu- 
facturers as the bearing lubricant for 
large turbine generators. Oils are in- 
ferior to water as coolants, but greatly 
superior to gases. It should be noted that 
for the stator the velocity and volume of 
the coolant are controlled readily, and 
the temperatures are measured easily. 
Thereby the velocities can be raised, if 
need be, to insure turbulent flow. 

It would be desirable to operate the 


rotor-cooling system in parallel with the 
lubricating system. Unfortunately, the 
viscosity of the bearing oil considered is 
such that the flow in the ducts probably 
would be laminar, and therefore the heat 
transfer rate would be lower then given 
in Table I, for which turbulent flow was 
assumed. Other petroleum oils have been 
given consideration, and it appears that 
some of them have possibilities. The low 
flash point and consequent fire hazard of 
kerosene prompted its exclusion, although 
it is excellent as a coolant. 

Ethylene glycol plus an inhibitor is 
used extensively with water as an anti- 
freeze in automobile cooling systems. For 
this application it has splendid properties 
from the thermal standpoint. It is highly 
hygroscopic. It is listed in Table I for 
dilution with an equal weight of water. 
When a suitable inhibitor is added there 
should be extremely small corrosive action 
of the steel surfaces. 

Some special silicones may prove to be 
suitable for the rotor, and studies of the 
properties of the 500 series** with about 
2 centistokes kinematic viscosity were 
made. That and other silicones may war- 
rant further investigation. 

Without doubt, water is the best liquid 
coolant for the rotor from the thermal 
standpoint. The objection that may be 
raised is that it might cause corrosion or 
scaling of the steel surfaces. However, 
assurance has been given by a water- 
treatment expert chemist that, with a 
suitable inhibitor, and with the conditions 
obtaining in this application, such will be 
practically negligible. These conditions 
are 


1. Only distilled or deionized water with 
proper inhibitor will be used. 


2. It will operate only in a closed system. 


3. The temperature of the liquid will not 
exceed 70 degrees centigrade in any place 
in the closed circuit. 


The Reynolds number with water is so 
high as to insure desirable turbulent flow 
in the ducts. 

In Table II are given the calculated 
temperature drops in a 100,000-kva 80 
per-cent power factor 3,600-rpm, turbine- 
generator rotor at full load, with water as 
the coolant. The velocity in the ducts is 
about six feet per second, and the total 
water volume about 0.69 cubic foot per 
second. The properties of the water are 
those for 20 degrees centigrade, which are 
less favorable for heat transfer than for 
higher temperature. (See Table I.) 


It will be recognized that 
1. The percentage drop through the insula- 


** This is the designation of the Dow-Corning 
Company. 
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tion is large because the J?R loss per inch of 
length axially is higher than in a gas-cooled 
rotor. This means more ampere-turns and 
larger kilovolt-amperes for a given D?L. 


2. The small temperature rise of the coolant 
(2X1.3 degrees) means that the temperature 
axially for the full length of the rotor body 
is nearly uniform. 


3. With the small mean drop in the teeth 
is associated a small difference radially, of 
the order of only 4.5 degrees centigrade. 
These two small (axial and radial) tempera- 
ture differences mean that the steel and the 
copper temperatures are each nearly uni- 
form throughout the embedded portions, 
although the copper is necessarily consider- 
ably hotter than the steel. 


An important point is that with the 
large drop through the insulation there 
should be substantially uniform thermal 
conductivity of the insulating wall in 
order that this drop will not vary. 


Temperature Distribution in and 
Deformation of Rotor Windings 


Deformation of the rotor windings pro- 
duced by the temperatures in combina- 
tion with long lengths and large centri- 
fugal forces, in gas-cooled machines, is 
brought out in three papers and in the 
discussions thereon.!’?" 

If the copper is preheated at standstill, 
or at very low speeds, so that full-load 
copper temperature is attained then, and 
the rotor then is brought up to speed, 
without change in temperature, after 
which the same, or nearly the same, tem- 
perature is maintained, and if the cooling, 
(that is, ventilation in gas-cooled rotors) is 
the same at very low speed as at full 
speed, and if the copper and steel tem- 
peratures are uniform (though different 
from each other) then there will be no de- 
formation because of expansion or con- 
traction of the copper. (This assumes 
that the copper is not bound longitudi- 
nally by adhesion to the slot sides, which 
experience indicates is not the case). 
Then the copper expands uniformly as a 
unit, for its entire radial depth (while at, 
or near, standstill), and there are no 
forces to alter the axial length after nor- 
mal speed is attained. 

These conditions cannot be met in 
large modern gas-cooled machines, be- 
cause 


1. Such machines, as built in the United 
States are provided with internal fans, and 
therefore the ventilation can not be the same 
running as at standstill. 


2. The temperature distribution of the cop- 
per when running is not uniform either 
radially or axially. 


The two conditions however, can be 
nearly met in liquid-cooled turbine-gen- 
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Table Il. Thermal Drops in a Turbo-Rotor 


With Water as Coolant 
a 
Degrees Per Cent 
Centigrade 
Mean temp. rise of liquid....... les Ole opuene 1.89 
Surface drop at ducts........- T2025 aa 1.74 
Mean drop in steelin teeth..... 4 S05 ates 6.96 
Mean drop through insulation 
Wall). = / ke tsiscachatelars amma > 61. GOMe aac 89.41 
TORI mine arent ates None 68.90..... 100.00 


erator rotors. It will be recognized that 
for small changes in temperatures there 
is also a small internal stress in the cop- 
per (with no change in length) for which, 
even with soft annealed copper there 
should be no plastic deformation. (With 
soft copper the proportional limit is not 
clearly defined.) Thus, if we take con- 
servatively the proportional limit of soft 
copper to be 5,000 pounds per square inch, 
the modulus of elasticity 15,000,000 
pounds per square inch, then the strain at 
this stress is 5,000/15,000,000 = 0.00033 
inch per inch. For a coefficient of expan- 
sion of 0.000017 inch per inch per degree 
centigrade, the temperature change corre- 
sponding to ~this stress 0.00033 + 
0.000017 = 19.4 degrees centigrade. 
According to calculations, with water as 


coolant, the radial differences of copper- 


temperature can be kept to less than five 
degrees centigrade, and the calculated 
difference between the steel temperature 
at standstill and when running is of the 
order of only two degrees centigrade, as- 
suming excitation for full load in either 
case. It seems highly probable that there 
should be no deformation with water as 
the coolant, with careful proportioning, 
and with proper preheating,* and with 
soft copper, provided the current in the 
rotor winding is maintained constant 
when running. “This latter condition will 
be considered now. 
If after attaining steady-state tempera- 
tures at full load, the load is decreased, 
one helpful procedure is to keep the rotor 
current from falling by allowing the re- 
active kilovolt-ampere to increase, and 
decreasing it on paralleled synchronous 
machines. Recognizing that this can be 
done generally only to a limited extent, 
another possibility is to decrease the rate 
of primary water in the heat exchanger, 
so as to increase the temperature of the 
entering coolant. } 
Thus, for the rotor whose thermal drops 
are given in Table IJ, if the load decreases 
from full load to 70 per cent, at the same 
power factor of 80 per cent, the rotor 


* Preheating is further considered under ‘Starting 
a Liquid-Cooled Turbine-Generator.” 
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amperes being dropped accordingly to 
about 83 per cent of those at full load, 
and the primary water supply is decreased 
so as to maintain the same rotor copper 
temperature, but with higher steel tem- 
perature, the calculated steel temperature 
will rise from 7.3 to 26.6 degrees centi- 


grade above the ingoing coolant tempera-~ 


ture. (The steel temperature rise is taken 
as the copper rise—the drop through the 
insulation.) If centrifugal forces of the 
copper in the slots (pushing against 
the wedges, which expand axially “with 
the steel), produce an axial elongation 
of the copper with the steel, the following 
are the results: %Taking the linear coeffi- 
cient of expansion of steel to be 11.5/10® 
inch per inch per degrees Centigrade, the 
steel expands (11.5/10%) (26.6—7.3)= 
222/108 inch per inch. With the modulus 
of elasticity of copper of 15 X10° pounds 
per square inch, the tensile stress in the 
copper because of this enforced elonga- 
tion = (222/108) (15 X 10°) =3,340, pounds 
per square inch. = 

This should be well within the propor- 
tional limit, but the question of creep and 
relaxation may arise. From data in a 
paper by Evan A. Davis,’ the creep for 24 
hours at a stress of 4,000 pounds per 
squareinchesand at 165degrees centigrade 
is 1.91/104inch per inch. (165 degrees is 
considerably higher temperature than 
anticipated. All calculations are believed 
to be well on the safe side.) Inarotor 100 
inches from the center line to the end of 
the rotor body this will cause a creep of 
0.0191 inch,t and for 3,340 stress it is 


only about 0.016 inch, based on the as— 


sumption that the creep is proportional 
to the stress. During the relaxation 
period this creep will largely disappear, 
so that it is believed that there should not 
be any trouble from this source, even with 
soft copper, provided the precautions as 
given in the foregoing are observed. 
Further drop in kilowatts may be secured 
by increasing the reactive load. As an 
additional safeguard, hard-drawn copper 


_ may be used, as is the present practice, 


although that may prove to be unneces- 
sary. 

The Coates and Pyle* formula for com- 
puting the differential temperature be- 
tween the copper and the steel is 


= ibs) 
Temperature rise of the copper—775 Xtem- 


perature rise of the steel 


where 115/10’ and 170/10" are expansion 
coefficients of the steel and copper, re- 
spectively. Applying this equation for 
the above, the differential rise will de- 


eee ee aeons 
{ The rotor body length for the 100,000 kva at 


3,600 rpm is appreciably less than 200 inches, 
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crease from 63.9 to 50.9 degrees centi- 
grade, or a change of 13 degrees, when the 
load is reduced to 70 per cent of full load. 
This change is considerably less than 19.4 
degrees, corresponding to 5,000 pounds 
per square inches. The stress is 5,000 X 
13.0/19.4=3,340 pounds per square inch 
the same as computed above. 

It should be noted that the coolant 
temperature in no case should be elevated 
sufficiently to risk boiling when in the 
shaft bore near the turbine end where the 
pressure is below atmospheric pressure. 
At present it is believed that if the water 
temperature-does not exceed 65 degrees 
centigrade, for which the vapor pressure 
is 3.62 pounds per square inches absolute, 
there should be sufficient margin. With 
the pressure at E (Figure 1B) of 14.7+ 
2=16.7 pounds per square inches abso- 
lute, and duct resistance drop of 20 feet 
(8.65 pounds per square inches), the pres- 
sure in L (Figure 1A) is 16.7—8.65= 
8.05 pounds per square inches absolute, 
ot considerably above 3.62. 

Returning to the example, and referring 
to Table II, with reduced load and 83 per 
cent rotor amperes, the mean temperature 
rise of the liquid is raised from 1.3 degrees 
(for full load) to 22.5 degrees for the re- 
duced load and the same copper tempera- 
ture, 


26.6— (0.83)? (1.2+4.8) =22.5 


If at full load the temperature of the liquid 
going into the rotor is 40 degrees centigrade, 
then at reduced load the temperature of the 
liquid at L (Figure 1 A) 


=40+22.5-+ (0.83)?(1.3) 

=63.4 degrees centigrade, which 
should be safe, as the boiling tem- 
perature for 8.05 pounds per square 
inches is 84 degrees centigrade 


With hydrogen for the coolant, with 
high ratings at 3,600 rpm, and with the 
great effort that is being made to reduce 
the D?L, there may be high local tempera- 
tures in the rotor copper, even with hydro- 
gen at two atmospheres. It is the writer’s 
opinion that recent large 2-pole rotors 
built in the United States with hydrogen 
cooling are not operated at as high aver- 
age temperatures as those built in Great 
Britain for air cooling. However, those 
in this country are for 60 cycles, as con- 
trasted with 50 cycles in England, and the 
recent maximum kilovolt-ampere ratings 
here are at least three times those for ma- 
chines whose data appear in the Coates- 
Pyle paper. Is it not likely that in those 
very large American machines there is the 
possibility of serious deformation, even 
when wound with hard-drawn copper? 

Coates and Pyle’ state: ‘“‘The tempera- 
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Figure 3. Alternative method for joining rotor 
ducts 


ture difference between the top and bot- 
tom turns was sufficient to discolor ma- 
terially the bottom turns, the color 
change fading toward the top turns, which 
were the same color as when wound.” 
One of the discussers (Horsley) stated: 
‘The controlling factor is not the copper 
to iron temperature difference, but the 
temperature gradient in the copper in a 
radial direction.”” Another discusser 
(Kilner) told of the softening of hard- 
drawn copper. 

At the present writing there is no in- 
tention to state what are the limits of 
either hydrogen- or liquid-cooled rotors. 
But it seems evident that dangers from de- 
formation can (with reasonable and rela- 
tively simple precautions, as given previ- 
ously) be eliminated from a liquid-cooled 
rotor. Also, short-time large changes in 
rotor current will not cause deformation, 
owing to the storage of heat in the copper. 
These statements are for soft copper, and 
limits as to change in rotor current are 
greatly increased with hard-drawn copper. 

Some years ago an experimental and 
analytical study was made of ventilation 
of turbine-generator rotors. While a re- 
port was written, the findings were not 
published. It is beyond the scope of this 
paper to go into lengthy explanations of 
the factors that are productive of in- 
equalities of distribution of gas volumes, 
as an entire paper could be written on that 
subject. It is unfortunate that, while in 
operation under load there is no practical 
means for measuring the rotor copper and 
steel temperatures at selected points, as 
on stationary apparatus. While it may 
be possible to obtain an approximate esti- 
mate of the gas volumes for each radial 
vent duct and the volumes in the axial 


ducts, the highly turbulent states and re- 


sultant uncertain heat transfer rates, to- 
gether with the complex heat flow, make 
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the calculation of local temperatures well- 
nigh impossible. 

It is interesting that the temperatures 
produced by the J*R loss may be meas- 
ured at selected points in a liquid-cooled 
rotor at standstill, with results that are 
within a small percentage of those at full 
load. (Precautions to avoid pitting of 
the collector rings must then be observed.) 


Starting a Liquid-Cooled 
Turbine Generator 


The following procedure is suggested at 
this time: 


In a new machine, initially all ducts are 
filled with air. The insulating liquid coolant 
for the stator is caused to circulate with the 
aid of the external pump, there being a suit- 
able vent outside to allow air to escape; 
(later a valve in the vent is closed to prevent 
escapement of liquid). It is advisable to 
cause the liquid to enter a vacuum tank, or 
other deaerating device, before it passes into 
the stator, so as to exclude the air. Mois- 
ture should be removed also, as is the usual 
practice with transformers. The suggestion 
is offered to have instruments to indicate 
the pressure and volume of flow at all times. 
The coolant should be in the stator long 
enough to insure that it has penetrated the 
insulating walls before the machine is 
started. 


Hydrogen should be introduced around 
the rotor and maintained for a sufficient 
length of time for it to penetrate the 
rotor’s insulating walls. With the rotor 
stationary, the rotor coolant should be 
circulated long enough to insure the ex- 
pulsion of air everywhere, the initial pro- 
cedure being similar to that for the stator. 
If water is the coolant, it should be dis- 
tilled or de-ionized and treated with a 
suitable inhibitor. The volume of liquid 
per unit of time at standstill will be less 
than when running. The pressure needed 
for driving the liquid through the ducts at 
standstill is not large, and suitable gas- 
kets are provided between plates C and D- 
(Figure 1B) to eliminate leakage, or re- 
duce it to a very small amount. At the 
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discharge at N’ (Figure 1A), the pressure 
will have dropped so that the leakage 
there will be very small. What does leak 
will be gathered in the gutters, W, and 
drained into the outlet. 

When there is assurance that the rotor 
liquid is circulating without entrapped 
gases, the rotor is rotated at very low 
speed, and then electric current is caused 
to flow in the windings. The flow of the 
coolant through the rotor ducts should be 
maintained. During this preheating 
operation there should be little or no pri- 
mary water flowing in the heat exchanger, 
so that the temperature of the coil ends 
will not differ greatly from that of the 
embedded parts. The resistance of the 
winding should be measured by voltmeter- 
ammeter method at various times, and 
it is advisable to have a continual check 
on the resistance when at full speed. The 
temperatures of the ingoing and outgoing 
liquid should be recorded also on a chart. 

When full-load rotor copper tempera- 
ture is attained, the rotor should be 
brought up to speed, care being taken to 
adjust the excitation so as not to generate 
too high voltage. The generator should be 
synchronized rapidly and loaded, so that 
there will not be a large change in rotor 
temperature. The flow of primary water” 
in the heat exchanger should be started or 
increased when full speed is approached. 
As previously pointed out, small tempera- 
ture changes will not produce plastic de- 
formation of the copper. If future experi- 
ence so dictates, the deaerator may be by- 
passed; similarly for the stator deaerator. 


Notes on Size of Machine 


Attempts have been made to compare 
the calculated rotor and stator diameter 
squared times length for 100,000 kva, 80- 
per-cent power factor, 13,800 volts, 3 
phase, 60 cycle for 1,800 and 3,600 rpm for 
liquid-cooled machines with hydrogen- 
cooled machines at one and at two atmos- 
pheres. It is believed that the designs of 
the liquid-cooled machines are conserva- 
tive; the calculated rotor temperature 
rises above the ingoing liquid for 3,600 
rpmare givenin Table II. For this speed 
the calculated short-circuit ratio is 0.83. 
The D?L’s are around 80 per cent of those 
for hydrogen-cooled machines for two 
atmospheres, or about 66 per cent of 
hydrogen cooled generator for one atmos- 
phere. 

It should be noted that the limitation 
is not the average rotor copper tempera- 
ture, but the maximum rotor temperature. 
With the small differences in copper tem- 


higher average temperatures should be 
permissible, which would mean a further 
reduction in D*L. Also, with the better 
heat transfer in the heat exchanger from 
water to water than is obtainable from 
water to hydrogen, the temperature of 
the coolant entering the rotor should be 
lower than for hydrogen, thereby giving a 
larger temperature rise above the pri- 
mary water for the same maximum tem- 
perature. It is beyond the scope of this 
paper to indicate how much further gain 
thereby can be secured, but it is likely 
that, after some practical experience will 
have been obtained, there will be appreci- 
able further reductions in D?L. 


Comparison of Constructions for 
Hydrogen- and Liquid-Cooled 
Machines 


For a given D*L, there are some added 
costs, and some reduced costs of liquid- 
cooled generator contrasted with hydro- 
gen-cooled, as follows: 4 

Liquid-cooled machine reduced costs: 


1. Omission of internal fans. 
2. Omission of internal end-bell walls. 


Omission of large internal coolers (heat 
exchangers). 


Omission of multiplicity of vent ducts: 
for stator and rotor. 


5. Omission of duct work for flow of cool- 
ant to and from internal heat exchanger. 


Liquid-cooled machine added costs: 


1. Machining of ducts in rotor (nearly off- 
set by machining of rotor vent ducts for 
hydrogen). 


2. Welding of ducts and casings (Figures 
1A, 1B, 2 and 8) which must be leak-proof. 


3. Micarta cylinder (or equivalent) in 
stator bore added. 


4. External heat exchangers for stator and 
rotor, and internal heat exchangers R and 
R'. (These will be offset probably by the 
internal heat exchanger for hydrogen.) 


5. Pumps and deaerators for both stator 
and rotor. 


The writer is unable at present to give 
a comparison in dollars, but he is of the 
opinion that for equal D*L there will be 
little difference in first cost. But the 
smaller D?Z for liquid-cooled machine 
should make the cost appreciably lower, 
nearly in proportion to the D?Z. Of 
course, the reduction in floor space is im- 
portant to the power company. 


A Few Notes and Acknowledgments 


Thought has been given to liquid cool- 


giving serious consideration to practical 
means for constructing liquid-cooled tur- 
bine generators after reading a paper by 
A.B. Field,® who suggested the use of the 
insulating cylinder in the stator bore, and 
an insulating liquid for the stator coolant. 
No machines, nor models of machines, 
so far have been constructed according to 
descriptions in this paper. 

Doctor S. H. Mortensen, commenting 
upon an address on liquid cooling at a 
meeting of the Edison Electric Institute 
Electrical Equipment Committee in May 
1946, pointed out that while liquid cooling 
“might appear rather radical, the initia- 
tion some years ago of hydrogen, rather 
than air, cooling was likewise looked upon 
as a radical step.’’ He remarked that 
“while the present proposal will require a 
great deal of effort and much research, it 
may well mark the beginning of a new 
period in turbogenerator development.” 


It is the writer’s opinion that two 
models should be constructed and tested 
in order to check the-caleulations. One 
should simulate the rotor’s hydraulic cir- 
cuit, and the other the rotor’s heat circuit. 
The hydraulic model would be advisable 
in order to make certain that the hydrau- 
lic system will function properly in a 
large generator. The expense of con- 
structing and testing such a model would 
be relatively small. It could be built of 
pipes and plates, suitably fabricated, to 
which a limited amount of machining 
would be added. 


In the hydraulic model, and perhaps in 
the first machine, the determination of 
the rate of flow as affected by the diam- 
eter of the orifices at the outlet from the 
shaft, could be obtained by means of ori- 
fices of several diameters drilled into 
plugs that would be screwed successively 
into the shaft. 


References 


1, PREVENTION OF ROTOR-WINDING DEFORMA- 
TION ON TURBOGENERATORS, John G. Noest. 
AIEE Transactions, volume 63, 1944, July sec- 
tion, pages 514-19. . 


2. DEFORMATION OF TURBO ALTERNATOR ROTOR 
Winpincs Dur To TEMPERATURE Risz, G. A. 
Juhlin. Journal Institution of Electrical Engineers 
(London, England), 1939, pages 544-52. 


8. Tue OpPeraATION OF LARGE TuRBO-ALTERNA- 
TORS TO REDUCE ROTOR WINDING DEFORMATION, 
R. H. Coates, B. C. Pyle, and Discussers. Journal 
Institution of Electrical Engineers (London, Eng- 
land), part II, 1946, April section, pages 192-212. 


4. Heat TRANSMISSION (book), W. H. McAdams. 
Second edition, McGraw-Hill Book Company, Inc. 
(New York, N. Y.), 1942. Page 168. y 


5. Creer AND RELAXATION OF OXYGEN FREE 
Coprzr, Evan A. Davis. Journal of Applied Me- 
chanics (New York, N. Y.), June 1943, pages 101-5. 
6. Larcr AtTerNators, A. B. Field. Transac- 
tions of the First World Power Conference, volume 


peratures, in liquid-cooled machines, ingformany years. The writer first began 111, 1924, pages 791-806. 
560 Fechheimer—Liquid Cooling of A-C Turbine Generators _ AIEE TRANSACTIONS 


a 


Discussion 


S. H. Mortensen (Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis.): 
C. J. Fechheimer’s paper presents a num- 
ber of interesting features obtainable by sub- 
stituting liquid cooling for gas cooling in 
large turbogenerators. Some years ago a 
European firm designed and built turbogen- 
erators with water-cooled rotors. However, 
as the design proved costly the project was 
abandoned. The author demonstrates ad- 
vantages accruing from the use of water or 
oil for cooling generators. A number of 
features mentioned in the paper invites dis- 
cussion but for reasons of time and space 
limitations the following remarks are limited 
to some of the mechanical features in the 
author’s proposed 3,600-rpm generator de- 
sign. The possibility of obtaining smaller 
and lighter generators with liquid cooling is 
demonstrated as is the possibility of building 
machines of very large capacities with pres- 
ent-day materials. This feature will become 
increasingly important as requirements for 
generator capacities exceeding those ob- 
tainable with high pressure hydrogen cooling 
arises. For the time being, however, it ap- 
pears that the simple hydrogen-filled gen- 
erator operating with gas pressures of 15 
pounds per square inch or higher can be 
built for capacities well over 100,000 kw 
and fulfill all requirements encountered so 
far. 

To compete in ratings that come within 
the range of hydrogen ventilation the liquid- 
cooled machine must show lower costs, not 
only of required materials but also of labor 
involved. To this end the mechanical con- 
struction of generator parts should be as 
simple as possible. In the proposed design 
a number of features are involved which 
might cause difficulties; for example, ma- 
chining the longitudinal cooling ducts 
through the rotor teeth represent a problem. 
Drilling holes through a long rotor without 
excess drill run-out could not be accom- 
plished with common shop practice. If, in- 
stead of drilling, the ducts were obtained 
by planing, the moisture-tight closing of the 
top of the duct by welding hardly might be 
considered the best engineering practice in 
highly stressed rotors. The use of nonmag- 
netic tubes in the stator bore would intro- 
duce difficulties with installing the rotor 
without injuring the tube. Further a re- 
liable oil seal between the end of the tube 
and the stator end covers would not only be 
costly but also a possible source for oil 
leakage which in turn might cause outages. 
The oil seal proposed at the inner end of the 
bearing will require an elaborate design to 
insure against oil getting from the bearing 
into the machine and saturating the rotor. 
Furthermore, if the rotor is hydrogen-cooled 
as proposed, the hydrogen seal required be- 
tween the shaft and stator end cover will be 
located in a position most difficult for as- 
sembly and inspection. The usual comple- 
ment of seal- and hydrogen-control auxiliary 
would be required also. The use of hydro- 
gen requires an explosion-safe generator 
construction which would introduce diffi- 
culties with the use of a nonmagnetic tube 
in the air gap. 

The above are some of the features in the 
proposed design that is suggested to the 
author for further consideration both from 
an engineering and cost point of view. 
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The proposed design needs simplification 
but so did a great many of the complex solu- 
tions suggested during the past 50 years to 
turbogenerator designers for turbogenerator 
improvements. 

It would be possible to build generators 
along the lines suggested by modifying some 
of the ideas set forth by Fechheimer. 
However, the proposed construction based 
upon present-day shop practice would be so 
expensive as to limit the application of this 
type of cooling to generators of capacities 
too large for gas cooling or to installations 
where space requirements are at a premium. 
However, further developments also may 
alter this condition. 


M. D. Ross (Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa.): The design 
proposed in C. J. Fechheimer’s paper brings 
up many interesting features which deserve 
study. The use of liquid cooling for the 
stator of a rotating machine is, so far as I 
know, something that has not been tried in 
actual practice. Liquid cooling of the rotor 
was tried in Europe about 25 years ago but 
was abandoned because of certain diffi- 
culties in these early machines. I would be 
interested to know whether Fechheimer 
has investigated these early liquid-cooled 
rotor designs and whether his design over- 
comes the problems encountered in the 
earlier designs. 

When the idea of using hydrogen as a 
cooling medium was advanced in the early 
twenties, a number of problems had to be 
overcome before a commercial product could 
be produced. 

These problems included suitable sealing 
glands, a gas-tight enclosing structure, gas 
coolers, and suitable gas metering and con- 
trol equipment. Solution of those prob- 
lems covered a period of over ten years and 
involved a very considerable development 
expense by the manufacturers before hydro- 
gen-cooled turbine generators were put in 
operation. The design for the liquid-cooled 
machine would seem to entail solving as 
many problems as were involved in the de- 
velopment of hydrogen cooling. Whether 
the reduction in size would justify the de- 
velopment expense involved is a debatable 
item. p 

In evaluating the gains in reducing the 
size of the generator it should not be lost 
sight of that further reductions in size from 
those now established for hydrogen-cooled 
designs probably will involve increases in 
generator losses. We are already at the 
point in the design of hydrogen-cooled ma- 
chines where increasing the output will 
increase the losses faster than the output 
increase, resulting in a lower efficiency. 

So far as the United States is concerned, 
there has been little tendency to distribute 
large blocks of power at voltages up to 33 kv 
direct from the generator as is done in Europe 
in many cases. It usually has been found 
more economical to generate at voltages up 
to 16 kv.and step up the voltage through a 
transformer than to generate at voltage with- 
out the transformer. Should this condition 
change in this country, the oil-insulated sta- 
‘tor would certainly be a help in designing 
suitable high voltage windings. 

Fechheimer should be congratulated on 
the very thorough way in which he has dis- 
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cussed the problem of liquid cooling, and the 
suggestion made here should stimulate fur- 
ther analysis of this type of design. 


H. D. Taylor (General Electric Company: 
Schenectady, N. Y.): The considerable re- 
duction in dimensions and weight of the 
active material in turbine generators claimed 
by C. J. Fechheimer undoubtedly can be 
achieved by liquid cooling somewhat along 
the lines he describes. Also such other ad- 
vantages as uniformity of temperatures in 
both rotor and stator seem quite reasonable 
to expect. Numerous studies of various 
forms of liquid cooling have been made in 
the past, and these ideas were promoted ac- 
tively within the General Electric Com- 
pany by the late Henry M. Hobart, who was 
quite an enthusiast on the subject. Actual 
trials have been made from time to time. 
Tests on a water-cooled turbine-generator 
rotor made in 1915 are described in D. S. 
Snell’s discussion of this paper. In 1926 
tests were made in Schenectady on an oil- 
cooled stator arranged with an insulating 
cylinder in the air gap. This machine func- 
tioned quite satisfactorily, but the develop- 
ment did not proceed farther at that time, 
partly on account of the fire hazard, and 
partly because no demand developed for the 
extra high generator voltages originally 
contemplated. The development of Pyranol 
would now eliminate the fire hazard. A 
quite different type o° liquid cooling was 
applied to one of the first large 3,600-rpm 
generators made by General Electric Com- 
pany, a 50,000-kva unit for the Logan Sta- 
tion of the American Gas and Electric Com- 
pany, installed in 1937. In this machine, 
the usual gas ducts in the stator core were 
replaced by water-cooling pads, through 
which distilled water was circulated, with a 
heat exchanger in the external circuit. The 
rotorrunsin hydrogen. This unique genera- 
tor has operated very satisfactorily for 
nearly ten years. This construction has 
not been repeated because its manufacture 
was not economical, and the more conven- 
tional hydrogen-cooled machines proved 
entirely satisfactory. 

The present cooling system used on 
hydrogen-cooled machines is _ basically 
simple,—all the heat being gathered by one 
medium. Fechheimer’s proposal involves 
three media: oil for the stator, water for 
the rotor body, and hydrogen for the air- 
gap and rotor ends. The complicated con- 
struction required inside the machine, and 
the additional auxiliary equipment required 
outside, for such a combination, would in- 
volve not only a substantial cost increase to 
offset the reduction in active material of core 
and coils, but would offer numerous oppor- 
tunities for operating troubles, such as leak- 
age inside the machine, failure of the auxil- 
jaries, or inaccessibility for inspection and 
service. In short, it appears doubtful to the 
write whether the gains to be realized would 
be worth the complications and the possible 
sacrifices in reliability, which after all is 
probably the most important quality re- 
quired in these large generators. Much 
more developmental work and actual service 
experience would seem to be necessary before 
liquid cooling can be adopted generally for 
turbine generators. 
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E. D. Huntley (General Electric Com- 
pany, Schenectady, N. Y.): 


1. In the event of a leak in the rotor-cooling cir- 
cuit, or if for some other reason water is shut off, 
what kilovolt-ampere capacity in per cent of rating 
could be expected? 


In the beginning considerable importance 
was attached by some to this factor for air 
operation of hydrogen-cooled generators. 
With the proved reliability of hydrogen- 
cooling systems less emphasis is now being 
placed on this factor. 


2. From reading the paper, I am not sure whether 
the author is recommending preheating of liquid- 
cooled generators because of necessity or because 
the features of liquid cooling render it more feasible. 
With liquid cooling capitalized to give approxi- 
mately double the temperature drop between con- 
ductor and rotor body although having nearly uni- 
form radial and axial conductor temperature, is it 
expected that preheating would be necessary? 


On the basis of experience obtained dur- 
ing the last five to ten years it is the general 
feeling that old very large gas-cooled ma- 
chines, having so-called soft rotor conduc- 
tors, will be kept out of trouble by pre- 
heating, even with frequent starts and stops. 
With machines of up-to-date design having 
conductors with improved physical proper- 
ties obtained by alloying and some degree 
of cold work and with further progress 
realized in obtaining more uniform tempera- 
tures, preheating is considered beneficial but 
not necessary. 


D. S. Snell (General Electric Company, 
Schenectady, N. Y.): The great advantage 
of liquid cooling over gas cooling for the 
rotors of turbine generators has long been 
recognized, and many attempts have been 
made to obtain a practical design that would 
permit the utilization of this type of rotor 
cooling. One of the earliest attempts along 
this line was made by General Electric Com- 
pany in 1915, when a 7,812-kva 80-per-cent 
power factor 1,800-rpm turbine generator 
was built with a water-cooled rotor. This 
machine was tested at the factory both with 
air cooling and with water cooling with re- 
sults which clearly proved the efficacy, al- 
though not the practicability, of this type of 
cooling for generator rotors. Some of the 
results of these tests and the conclusions ob- 
tained therefrom are presented in this 
discussion. 

The construction of the water-cooled rotor 
is partially illustrated in the sectional view 
in Figure 1 of this discussion. Sixteen 1'/2- 
inch diameter axial holes were provided in 
the rotor body below the coil slots through 
which the cooling water was circulated, 
these holes being supplied from a 3!/2-inch 
hole in bore of shaft through 16 connecting 
radial holes located at the turbine end of the 
rotor body; the discharge from the axial 
holes was carried to an annular space at bore 
of shaft through 16 other radial holes, lo- 
cated at the collector end of rotor body. 
Water was supplied to the 3'/,-inch hole in 
shaft bore through a pipe entering from the 
collector end, the end of this pipe inside the 
bore carrying a friction séal against the bore 
surface. The annular space around the feed 
pipe, between seal and collector end of 
shaft, provided a passage for carrying to the 
outside the water discharged from the axial 
holes. 

The principal data from the heating tests 
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Figure 1. Partial cross section of a water- 

cooled rotor for a 4-pole 7,812-kva 1,800- 

rpm turbine generator, showing paths for heat 

flow from winding to the cooling medium for 

rotor cooled with air and for rotor cooled 
with water 


on this generator, made both with air cooling 
and with water cooling, are summarized in 
Figure 2 of this discussion. The tempera- 
ture rise of the field winding by resistance 
and of the armature winding and iron by 
temperature detectors from the tests are 
shown for different intensities of loss on the 
outside surface of field or armature coil. 
These temperature rises are all given with 
respect to the temperature of ingoing cooling 
water, the rises with air cooling having been 
reduced to this basis by assuming that a 
surface air cooler is provided and adding to 
the measured temperature rises above inlet 
air an assumed difference of seven degrees 
centigrade between inlet air and inlet water. 
The tests with water cooling were all made 
with the same water velocity (0.34 foot per 
second) in the axial holes. 


It is shown in Figure 2 of this discussion_ 


that for a loss intensity on field coil surface 
corresponding to rated field current in air, 
the use of water cooling in place of air cool- 
ing reduced the average temperature rise of 
the field winding above inlet water by about 
20 degrees centigrade, while for the same 
temperature rise of field winding as at rated 
load in air, water cooling of the rotor would 
permit an increase of about 28 per cent in 
watts per square inch of field coil. For the 
armature there is also a reduction in tem- 
perature rise of the winding and iron when 
water cooling is supplied for the rotor, be- 
cause of the reduction in the temperature 
rise of the air in the air gap effected through 
water cooling of the rotor. 

The considerable reduction in temperature 
of the rotor winding of the test generator ef- 
fected with water cooling may be explained 


Figure 2. Temperature 
rise of field winding by 
resistance and of arma- 
ture by temperature 
detector for -different 
watts per square inch 
of armature and field coil 
for a 7,812-kva 1,800- 
rpm turbine generator 
with rotor arranged for 
water cooling. From 
tests with rotor air cooled 
and with rotor water 
cooled. Temperature 
rises with air cooling 
given above water en- 
tering surface coolers 
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readily by calculating the different tem- 
perature drops in the thermal circuit for the 
two conditions shown in Figure 1 of this 
discussion. Considering two tests with the 
same kilowatts input to the field winding, 
the one made with air cooling, the other with 
water cooling, the calculated temperature 
rise of the body part of field winding with 
air cooling was 90.3 degrees centigrade 
above inlet air and with water cooling 60.2 
degrees centigrade above inlet water. 
With air cooling the calculated temperature 
drops were as follows: 


Insulation—33 degrees 

Tooth iron—11 degrees 

Gap surface—17.2 degrees 

Air rise plus rise from pole. face loss—29 degrees 


With water cooling the calculated tem- 
perature drops were 


Insulation—30 degrees 
Tooth iron—16 degrees 
Water film—14.2 degrees 


It will be apparent from this analysis that 
the rotor temperature with water cooling 
could have been reduced further had it been 
possible to obtain higher water velocities in 
the axial ducts, thus reducing the drop in 
water film; also the provision of cooling 
ducts in the rotor teeth, as well as below the 
slots as suggested by Fechheimer, would 
have eliminated most of the drop in tooth 
iron. However, trouble was experienced in 
the operation of the test machine because of 
entrapment of air in the water passages, 
causing unbalancing of the rotor, and making 
higher velocities unobtainable; and no 
practical method was thought of for provid- 
ing passages for the cooling water in the 
rotor teeth. 

The tests on the generator provided with 
water-cooled rotor confirmed the view-that 
substantial gains in output from a given 
weight of material are possible with liquid 
cooling, but also revealed many obstacles 
to the practical application of this cooling 
method, obstacles which up to the present 
have appeared to be insurmountable. Also, 
considering that the principal temperature 
drop in the thermal circuit of the rotor, 
the drop in insulation, is reduced by nearly 
one half by the use of hydrogen in place of 
air as the cooling medium, the use of liquid 
cooling for the rotor interior to obtain a 
reduction in the remaining temperature 
drops at present does not appear to offer 
sufficient advantage over the use of hydrogen 
cooling for both interior and exterior of the 
rotor to offset the complication involved. 
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C. J. Fechheimer: Attention has been called 
by M. D. Ross and S. H. Mortensen to the 
fact that liquid cooling of turbine-generator 
rotors was tried in Europe, and H. D. 
Taylor and D. S. Snell inform us that it 
was tried in 1915 at the company with which 
they are associated. I presume that the 
European machines were built by the Par- 
sons Company. Figure 3 of this discussion is 
a photograph from the Parsons British 
patent number 16,986 of 1914. It appears 
evident that the General Electric experi- 
mental rotor construction was the same as 
Figure 3, except for a detail of the cooling 
ducts. 

Replying to D. S. Snell, it was because 
the seriousness of air getting into the water 
passages was recognized that I provided for 
its prevention, first by using a deaerator 
while at rest, and second, when running, by 
draining out air through the small tube, 
shown in Figure 1 in the paper. I am quite 
certain that it was not air entrapment alone 
that prevented securing of a higher water 
velocity. Before the water emerges it must 
flow through the annular channel, 2, 
(Figure 3 of this discussion), between the 
bore in the shaft and the external surface of 
the pipe. The water enters this region in an 
axial direction, but the circular movement 
at the shaft’s bore soon causes the water to 
move in a helical path, and the pitch of the 
helices becomes very short before the water 
leaves the annular channel. The effect is 
to create high fluid resistance which opposes 
the flow, and this is the principal reason why 
the water velocity was so low. The tem- 
peratures were consequently higher than 
they should have been. 

Another reasom why there was not a 
greater gain over the air-cooled rotor was 


' that the distance that the heat had to flow 


to the ducts was greater than desirable 
Snell recognizes the importance of having 
ducts in the teeth in addition to those below 


. the slots, and states that most of the 


thermal drop in the teeth thereby would 
have been eliminated. Yet, with all these 
unfavorable conditions, about 28 per cent 
more watts per square inch were obtainable 
than with air cooling. I estimated that for 
the same temperature rise as in that test, 
about five times as high watts per square 
inch are obtainable with my proposed water 
cooling as in the experimental rotor with 
water cooling. 
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Figure 3. Parson's liquid-cooled rotor of 1914 
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Other objectionable features in the Par- 
son’s construction are that the inner rubbing 
seal w .(Figure 3 of the discussion) would 
be liable to become troublesome, and the 
radial holes h become too crowded near the 
shaft bore. There was not a sufficiently 
great reduction in temperature to warrant 
its use. 

Snell stated that “the principal drop in 
the insulation is reduced by nearly one half 
by the use of hydrogen in place of air.” 
In the calculations of the liquid-cooled rotor 
in a hydrogen atmosphere I have assumed 
that the thermal conductivity of the insula- 
tion is increased by 50 per cent over that in 
air, which figure is based upon some early 
tests. If the conductivity is as high as Snell 
states, there would be further improvement 
and the D?Z could be reduced more. 

Mortensen believes that there may be 
difficulty in machining the longitudinal 
ducts and welding them subsequently in the 
rotor. An experienced manufacturing engi- 
neer told me that they could be cut readily 
on a milling machine, but not on a planer. 
An authority on welding stated that the 
welding for the ducts in the teeth does not 
present difficulties. It is doubtful whether 
the stresses are increased thereby, and in 
case of doubt, relief can be secured by heat- 
ing after welding. The sections in the teeth 
are such as to secure lower stresses adjacent 
to the ducts than at the bottom of the teeth. 

When installing the rotor, the nonmag- 
netic tube should be protected with metal or 
other material, which subsequently could be 
removed. I disagree about the high cost of 
the seal at the end of the tube, and I see no 
reason why it cannot be made leakless. 
There is now an oil seal at the end of a bear- 


ing in a hydrogen-cooled generator, and its ° 


relation to the hydrogen gland is the same in 
the design that I propose. Windows in the 
structure not shown in the drawing, would 
admit of inspection of the outside of the 
gland seal, and parts adjacent thereto. 
The present hydrogen-cooled generators are 
as inaccessible as the proposed liquid- 
cooled generators would be; yet they are 
considered to be safe. 

If the parts that enclose the hydrogen are 
to be explosion-proof, that is a far simpler 
problem than in the large diameter stators 
with* hydrogen on the inside, in which the 
enclosing end bells must be curved and 
ribbed, and constitutes a rather expensive 
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high cost are justified. 


construction. The forces acting on the en- 
closing end in a liquid-cooled generator 
are much lower, as the diameter is smaller. 
The stress produced in the nonmagnetic tube 
in the event of an explosion in the 100,000- 
kva 3,600-rpm generator, with an internal 
pressure of 100 pounds per square inch, and 
0.75-inch thick tube, would be only 2,600 
pounds per square inch. 

I do not believe that the criticisms about 
There are some 
items that will cost more and some less than 
for hydrogen cooling. In the comparison in 
the paper I failed to include the lower cost 
of the outer end bells referred toabove. The 
auxiliaries for the liquid-cooled generator 
are small and should not be costly. 

Answering H. D. Huntley, there neces- 
sarily would be a large reduction in capacity 
if the water is shut off. After a little experi- 
ence, the liquid-cooled generator should 
prove to be at least as reliable as one cooled 
with hydrogen. I believe that preheating is 
important for a large rotor with a large 
number of ampere-turns, in order that the 
copper will have expanded to the same di- 
mensions at or near standstill, as would 
correspond to the temperatures when run- 
ning. 

H. D. Taylor’s comments on the work of 
the late eminent H. M. Hobart, and upon 
the tests on an oil-cooled stator are very 
interesting. His remarks about the compli- 
cations and auxiliaries remind me that we 
accept complications and auxiliaries for 
large steam boilers and steam turbines. 
Also, we do not now know how well the very 
large hydrogen-cooled generators at two 
atmospheres will withstand the test of time. 

The efficiency of a liquid-cooled turbine 
generator probably would be about the same 
as one cooled with hydrogen. In the latter 
the maximum efficiency occurs at an appreci- 
able overload, for which the constant and 
variable losses are equal. Hence a decrease 
in constant losses and increase in variable 
losses would lower the maximum efficiency 
point. This would apply to the liquid- 
cooled machine, the iron and windage losses 
being decreased, and the J? R and stray losses 
being increased. 

Experience has shown that two paths for 
the air were insufficient for largestators. In 
the rotors, however, there is no feasible way’ 
to increase the number of parallel paths, and 
regardless of size, the cooling gas enters only 
at the two ends. The ducts in the teeth or 
below the slots can not be made of sufficient 
cross section for cooling long rotors, espe- 
cially those with deep slots and large J?R 
loss. The gas temperature is then too high 
as the middle of the rotor is approached to 
be effective for cooling. Yet it is the cooling 
in those ducts which must be depended upon 
to help secure an approximation of uniform 
temperature radially. With water the heat 
absorption per degree rise is so large that the 
coolant’s temperature rise is very small. 
(See Tables I and II of the paper.) 

Since writing the paper a few minor points 
have occurred to me as follows: 


The calculations of the 100,000-kva, 3,600-rpm 
generator were based upon very conservative as- 
sumptions. If the water volume were reduced to 


- one half, the total temperature rise of the rotor 


copper would be incréased by only about 3.5 de- 
grees, and the fluid resistance drop would be de- 
creased to about 5 feet. The pressure in the shaft 
bore near discharge then would be nearly atmos- 
pheric. 
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It may be advisable to attach stationary gutters 
to the plate D, like W, at the turbine end, so that 
the water that might leak between the shaft bore 
and the plate C, with the rotor stationary, can be 
caught and drained back into the system. 


Difficulty might be experienced in drawing up the 
bolts which secure the insulating tube a to the 
flange Z. These two parts could be fitted firmly to 
each other and held together with bolts, without a 
gasket between them, A gasket then can be placed 
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The Multistage Rototrol 
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HE amplidyne is a 2-stage amplifier 

with a pole ratio of 1:1; that is, in the 
amplidyne both stages of amplification 
have the same number of poles. Another 
kind of a 2-stage amplifier, is the 2-stage 
Rototrol. This new type of 2-stage am- 
plifier has a pole ratio of 1:2. It is the 
aim of this paper to describe a multistage 
Rototrol, an amplifier with more than two 
stages of amplification. It will be shown 
that a 4-pole d-c machine may be 
adapted to operate as a 3-stage amplifier 
with pole ratios of 1:1:2, and that, in 
general, a d-c machine with p poles may 
be made to operate as a (p-1)-stage am- 
plifier. 


Possible Number of 
Stages of Amplification 


A rotating amplifier with m stages of 
amplification contains m magnetic cir- 
cuits interlinked with a single armature. 
The m magnetic circuits having in part 
different number of poles should not inter- 
fere with each other; that is, the iron 
should have no saturation. It is evident 
that the number of brush studs necessary 
for all magnetic circuits will be a mini- 
mum, namely, equal to that necessary 
for the magnetic circuit with the largest 
number of poles, and that the arrange- 
ment for good commutation will be the 
simplest if the brush studs necessary for 
the different magnetic circuits are made 
to coincide. The conditions under which 
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this occurs and also the maximunf pos- 
sible number of stages of amplification 
will be discussed. 

The winding used is a lap winding, 
without equalizers. The coil pitch is 
made equal to the pole pitch of the mag- 
netic circuit with the largest number of 
poles. The winding is then fractional- 
pitch (chorded) with respect to all other 
magnetic circuits. 

In general, for a full-pitch winding, the 
coil pitch is equal to. 360/p mechanical 
degrees; the lower layer is moved with 
respect to the upper layer 360/p mechani- 
cal degrees, and the brush position for 
maximum voltage is shifted 180/p me- 
chanical degrees with respect to the pole 
axis. When the winding is chorded 8 
mechanical degrees, the coil pitch is equal 
to (360/p—8) mechanical degrees; the 
lower layer is moved with respect to the 
upper layer (360/p—8) mechanical de- 
grees, and the brush position for maxi- 
mum voltage is shifted (180/p—8/2) 
mechanical degrees with respect to the 
pole axis. Consider Figure 1 which shows 


Figure 1. Influence of chording on brush 
position for maximum voltage 
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at the end and held securely with a steel ring suitably 


bolted in. place. 

It is important to note that in the proposed con- 
struction there are no rubbing seals, such as are 
liable to be troublesome. 


a 2-pole magnetic circuit and a chorded 
armature winding. Upper and lower 
layers of only one path are shown. The 
chording is 8 degrees and the brush posi- 
tion for maximum voltage is shifted 
(90—8/2) degrees with respect to the 
pole axis. If a position of the brushes is 
assumed other than that shown in the 
figure, it will be found that the electro- 
motive force is smaller than for the post- 
tion shown. Also it will be found that 
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Figure 2. A 2-pole magnetic circuit super- 
imposed on a 4-pole magnetic circuit 


when the brushes are-in the position ab, 
the electromotive force induced between 
them is zero; that is, the brush position 
for zero voltage is shifted with respect to 
the brush position for maximum voltage 
by 2(180/p— 8/2) mechanical degrees. @ 

In Figure 1 the chording 6 is assumed 
90 mechanical degrees and the brush posi- 
tion for maximum voltage is shifted 
(180/2—90/2) = 45 mechanical degrees 
with respect to the pole axis msi. In 
Figure 2, a 2-pole magnetic circuit (m- 
51) is superimposed on a 4-pole magnetic 
circuit (NSNS). Because the winding 
has the coil pitch of the 4-pole circuit, it 
is chorded 90 mechanical degrees with 
respect to the superimposed 2-pole flux, 
and the brush position for maximum 
voltage is (180/2—90/2) = 45 mechanical 
degrees with respect to the poles ms); that 
is, it is the same for both magnetic cir- 
cuits. However, if the polarity of the 
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brushes B, and B; is minus with respect to 
the 4-pole magnetic circuit, it is for these 
brushes minus and plus, respectively, 
with respect to the superimposed 2-pole 
magnetic circuit. 

The superimposed 2-pole flux (Figure 
2) does not induce an electromotive force 
between the brushes B, Bs, because these 
brushes are moved 2(180/2—90/2) = 90 
mechanical degrees with respect to the 
brushes B, B3. In general, the smallest 
number of field coils will be necessary in 
the amplifier, when each magnetic circuit 
is arranged to induce voltage between as 
many brushes as it has poles. This is 
achieved when all magnetic circuits are 
symmetrical with respect to the armature 
winding; that is, when for each magnetic 
circuit all armature paths have the same 
number of turns. 

Consider the magnetic circuit with the 
largest number of poles ~;.' Because for 
this magnetic circuit the winding is full- 
pitch (@=0), the distance between pole 
axis and brush axis (for maximum volt- 
age) is a,=180/p: mechanical degrees. 
The width of an armature path, in each 
layer, is b;=360/p; mechanical degrees. 
For any other magnetic circuit with p» 
poles (p2<f1) with respect to which the 
armature winding is symmetrical, the 
width of an armature path in each layer, 
is b2=360/p. mechanical degrees, and, 
therefore, the chording is 62=b2.—bi=360 
(1/po—1/p:1) mechanical degrees. The 
distance between pole axis and brush 
axis (for maximum voltage) is for this 
magnetic circuit 
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It is the same as for the magnetic circuit 
with the largest number of poles. 

The superimposed 2-pole flux m s; in 
Figure 2 produces a voltage between the 
brushes B; B3. The load circuit is con- 
nected to the brushes B, B; and Bz By. 
The voltage induced between the brushes 
B, and B; by the 2-pole flux m s; produces 
a circulating current through the arma- 
ture and these brushes. The axis of the 
armature magnetomotive force Mrs, re- 
sulting from this circulating current coin- 
cides with the axis of the poles 2 and 4 and 
produces a second superimposed 2-pole 
flux. This flux induces an electromotive 
force between the brushes B, By which 
are brushes of same polarity with respect 
to the 4-pole flux NSNS and the load 
circuit. Therefore, a second circulating 
current will flow through the armature, 
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Figure 3. A 2-pole magnetic circuit super- 
imposed on an 8-pole magnetic circuit 


but this one will flow over the brushes 
B, By The armature magnetomotive 
force Mx produced by this circulating 
current has its axis along the axis of the 
flux m s; and counteracts this flux. The 
armature magnetomotive force M2, must 
be compensated as exactly as possible. 
If the circulating current between the 
brushes By By (Figure 5)-is used to excite 
the field coils of the 4-pole magnetic cir- 
cuit, the 4-pole machine, Figure 2, is able 
to operate as a 3-stage amplifier with the 
following three stages of amplification: 


1. Control coils producing the 2-pole flux 
mS; and the armature between brushes B,B3. 


2. 2-pole flux produced in the axis of the 
poles 2 and 4 by the circulating current be- 
tween B,B; and the armature between 
brushes B2B,. 


3. 4-pole flux excited by the circulating 
current between BB, and the armature be- 
tween brushes B,B2B3By. 


The connections of the field windings are 
shown in Figures 5 and 6. 

If control coils are arranged on the poles 
1 and 5 of the 8-pole machine, Figure 3, a 
2-pole flux m2 s_ will be superimposed. 
This flux induces an electromotive force 
only between the brushes B; B;. Be- 
cause these brushes have the same polar- 
ity with respect to the 8-pole flux, a circu- 
lating current will flow in the armature 
over these brushes. The armature flux 
caused by the circulating current has its 
axis in the pole axis 3-7. The circulating 
current B, B; can be used in order to 
excite another 2-pole or 4-pole superim- 
posed flux giving one more stage of ampli- 
fication. In this case the armature flux 
through the poles 3-7 produced by the 
circulating current B, B; must be com- 
pensated. Instead of using the circulat- 
ing current for feeding of field coils, the 
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Figure 4. Brush polarities of an 8-pole ma- 
chine with superimposed 2-pole and 4-pole 
magnetic circuits 


brushes B, B; can be short-circuited and 
the armature flux through the poles 3-7 
can be used as superimposed 2-pole flux. 
It will produce a voltage between the 
brushes B; B3; which are again brushes of 
the same polarity with respect to the 8- 
pole flux. The circulating current 
through the brushes B; B; can be used in 
order to excite a further 2-pole or 4-pole 
superimposed flux giving a further stage 
of amplification. 

Figure 4 shows the brush polarities for 
the 8-pole flux, for a 2-pole flux superim- 
posed on the poles 1 and 5, and for a 4-pole 
flux superimposed on the poles 1, 3, 5, 
and 7. The 4-pole flux induces voltages 
only between the brushes B, B; Bs Bz. 
The polarity of the brushes B, Bs is 
minus with respect to the 4-pole as well 
as with respect to the 8-pole flux. How- 
ever, the brushes B; B; have the polarity 
plus with respect to the 4-pole flux and 
minus with respect to the 8-pole flux. 
The armature currents resulting from 
the 4-pole flux are, therefore, circulating 
currents able to produce another stage of 
amplification. The total number of 
stages of amplification possible in an 8- 
pole machine is 7, namely, four 2-pole 
stages, two 4-pole stages and one 8-pole 
stage. In general, the possible number of 
stages is 


Sap Sete ) 
=p); Sale oa 


Only those terms have to be counted 
which yield an even integer or one. The 
first term gives the number of 2-pole 
stages, the second term the number of 
4-pole stages, and so forth. For example, 
a 4-pole machine has 4/2=two 2-pole 
stages of amplification and 4/4=one 4- 
pole stage of amplification. 


565 


The 3-Stage Rototrol 


Two coil arrangements for the 3-stage 
amplifier are shown in Figures 5 and 6. 
In Figure 5 field coils are arranged on 
the poles 2 and 4 which are fed by the cir- 
culating current I5,s,, and which increase 
the armature reaction flux produced by 
this current. The field coils on poles 2 
and 4 together with the armature reaction 
flux provide the excitation of the second 
stage of amplification. In order that the 
load current does not influence this exci- 
tation, two coils with equal number of 
turns are placed on each of the poles 2 
and 4 (C, and Ds, and C, and Du, respec- 
tively). The two C-coils as well as the 
two D-coils are connected in series and 
the lead to the load is connected to a tap 
between the C-coils and D-coils. The 
four coils are wound in the same direction 
so that they cancel out on each pole with 
respect to the load current 4, while all 
four coils add up with respect to the excit- 
ing current Ip,,,. The coils C; to Cy and 
D, to Dz which are fed by the circulating 
current I,.,, and provide the excitation 
for the third stage of amplification are 
connected in a manner similar to that of 
the coils C.C, and D2D,. 

If the C-coils and D-coils in the circuit 
BB, all have the same number of turns, 
the machine operates as a pure amplifier 
and all circuits carry no current under 
steady-state conditions. If operation as 
a generator under steady-state conditions 
is desirable, either the coils C, to C, and 
the coils D, to Dy, in the BB, circuit, 
have to be given different numbers of 
turns or four special coils have to be 
placed on the poles 1, 2, 3, and 4 to pro- 


vide self-excitation. These coils may be 
series or shunt-connected. 

In Figure 6 the coils C,C; and D.D4 on 
the poles 2 and 4 are omitted, and the 
excitation for the second stage of ampli- 
fication is provided only by the arma- 
ture flux resulting from the circulating 
current between the brushes B, and B3. 

The armature flux caused by the circu- 
lating current between the brushes By and 
By opposes the control flux and-must be 
compensated either by a distributed 
compensating winding in the pole shoes 
of poles 2 and 4 or by concentrated wind- 
ings on the poles 1 and 3. In both cases 
the coils must be fed by the current 
Tpon, Because the amplification of the 
3-stage amplifier is very high, the com- 
pensation of the armature reaction is not 
so critical as in the 2-stage amplifier, 
under stable operating conditions. 

Under transient conditions, the current 
distribution in the armature is not sym- 
metrical. To provide good commutation, 
several commutating coils are needed on 
each interpole as in the 2-stage Rototrol. 


The 3-Stage Rototrol under 
Transient Conditions 


The transient conditions will be investi- 
gated for the arrangement shown in Fig- 
ure 6 under the assumption that special 
series coils are provided for self-excitation 
under steady-state conditions. 

Because the control coils on poles 1 and 
3 make these poles north and south, while 
the C and. D coils and also the series 
field coils make these poles north and 
north, there is no mutual induction be- 
tween the control coils and the C and D 


Figure 5. Coil arrangement for the 3-stage 
Rototrol 
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Figure 6. Coil arrangement for the 3-stage 
Rototrol 
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coils or series coils. However, mutual 
induction exists between the; control 
coils and the resultant of the armature 
between the brushes B,B, and the com- 
pensating winding, if the compensation is 
not perfect. Further, mutual induction 
exists between the C and D coils and the 
series field coils. 

In Figure 7 the different circuits are 
denoted by 0, 1, 2, and 3. The fluxes 
caused by armature reaction are rep- 
resented by the coils ARs and ARy. 
CF is the control field, CW the compen- 
sating winding, and SF the series field 
for self-excitation. With the assumption 
that the compensation is not perfect, the 
voltage equations for no-load are 


ey = Roto + Lopio— Mospia (1) 
Koto —Kei2= Rati + Lipiy (2) 
Kyi = Rei2+ Lopi2 — Manin (3) 
Kvis=es (4) 


where Koto,Kgi2,Kiti, and Kote are rota- © 
tional electromotive forces. For load 
conditions, equations 3 and 4 become 
Kywn= Roi2+Lopi2 — Mxpiy+ Mo3pi; 
Koiot Ksis= Rsis+Lspi3t+ Maprr 


(3a) 
(4a) 


Further there exists a relation between é 
and 13 which depends upon the applica- 
tion of the Rototrol. For example, when 
it is applied to voltage control, this rela- 
tion can be assumed as 


eo= —Ay 
a —AK31; (5) 


where e is the deviation from normal of 
the generator voltage, 

Equations 1, 2, 3a, and 4a can be 
solved forts; With 


the current 7; becomes = 


Pus [KoK1+RiMop(1+ Tip) |Ko(1 —top) ee 


s Dip) 
(6) 


where 


D(p) = RoRi(1+ Top) (1+ Tip) X 
[K2Mzp(1 —tsep) +Re(1+ Tap) X 
- (Rs—Ky+Lsp)]—(Rs—Ks+Ls) X 
[KoKi Map —KqKiRo(1+ Top) + 
(Myop)?Ri(l+Tip)] (7) 
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iyi ts 


For perfectly compensated armature re- 
action caused by the circulating current 


Tp.p, 


and 
ee, (8) 
D'(p) 


where 


D'(p) =RoRi(A+Top) (1+ Tip) X 
[KoMgp(1—tyop) +Ro(1+T2p) X 
(R3—Ks+Lsp) } (9) 


EXAMPLE: 3-STAGE ROTOTROL APPLIED 
TO VOLTAGE CONTROL 


The following constants apply to a 
large turbogenerator: 


Ry=14.7 ohms (Resistance of control field 
coils) 
R,=14.7 ohms (Resistance of regulator for 
maximum power transfer) 

Ro=14.7+14.7 
= 29.4 ohms 

Ly =3.90 henrys 

Ko=17.9 volts per ampere 

R,=0.0176 ohm 

R,=0.0214 ohm 

I,=0.00188 henry 

L,=0.00289 henry 

K,=0.366 volt per ampere 

K.=0.653 volt per ampere 

R;=0.286 ohm Proportional to slope 

L;=0.865 henry of saturation curve 

K;=21.0 volts per }at normal voltage of 
ampere the generator 

K,=0.286 volt per ampere 

M,.;=0.0010 henry 

Mo =0.0045 henry 

K,g=0.012 volt per ampere 

T)=0.183 second 

T, =0.107 second 

T»= 0.135 second 

tz2 = 0.00153 second 


The Rototrol is slightly undercompen- 
sated. However, it will be assumed at 
first. that the compensation is perfect, 
that is, Mo= Mo and K, will be set equal 
to zero. Equations 5 and 8 yield then 


AK oKi1K2K3(1 —tnp)+D'(p) =0 (10) 


Inserting equation 9 for D’(p) and sub- 
stituting the system constants, 


p'+24.57p3+200.0p?+ 
540.5(1 —13.834)p+4,886,0004 =0 


With this equation in general form 


ayp + ap >t ap? + asp + aa= 0 


the system will be stable, if 
a>0 


_ id — As >0 é 


3(@1a2 — ads) —asa,? >0 
a>0 (11) 
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The first condition is satisfied. The 
second condition 


@1@2 — a3 = 24.57 K 200 — 
540.5(1 —13.834) >0 


is satisfied by any positive value of A. 
The third condition is satisfied when A 
<0.000801. The fourth condition is satis- 
fied when A > 0. 

Putting A=0.000801, the highest fre- 
quencies can be found for which the sys- 
tem is stable. 


p'+24.57p3+ 200.0p2-+534.5p+3,194=0 
p= —12.29 +75.40 
p=0+j4.66 


() 


CF controt FIELD 
CW COMPENSATING WINDING 


SF series S)eLD 


Figure 7. The circuits of the 3-stage Rototrol 
for calculating the transient conditions 


UII 
ese fa nm sal 
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That is, in this case there is a highly 
damped oscillation of 0.860 cycle per 
second and an undamped oscillation of 
0.743 cycle per second. 

Experience has indicated that satis- 
factory damping will be obtained, if A is 
made 30 to 40 per cent of the critical 
value. The response to a sudden change 
of reference voltage will be determined for 
A=0.00025 by the methods developed 
by Gardner and Barnes. 

The transfer function for the controlled 
system is 

KoKiK2K3(1—t2p) 


Cal) areca (12) 


and for the controller is 
Gu=—A (13) 


Substituting these equations into equa- 
tion 48! with D,(p)=0 and D2(p)=1/p 
(unit disturbance) 

D'(b) ab 
PID’ (p) +A Ko Ki K2K3(1 —ts2p) | 


es(p) = (14) 


Substituting the system constants here, 


p?+24.57p2+200p+ 540.5 
p'+24.57p3+ 200p?+538.6p-+ 1,221.5 


e4(p) = 


or 
es(p) = 
(p+7.52) (p+7.69) (p+9.35) 
[((p+11.03)2+ 14.01] [(p+1.253)?+7.426] 


From the operational form of ea, es(¢) can 
be found by the Bromwich integral 


1 
es(t) =—— iE e“ex(z) dz 
2rj J Bn 


Figure 8 (below). Response of the 3-stage 
Rototrol of the example to sudden change in 
reference voltage 


ea(t) =0.244€-1-0% x 
sin (3.743t+81.5 degrees) + 
LEszes tx 
sin (2.725t+37.44 degrees) 


This function is plotted as curve A in 
Figure 8. For a response similar to that 
shown in this figure, the 2-stage Rototrol 
needs a regulator with about 30 times as 
much voltage amplification as the 3-stage 
Rototrol. 

The imperfect compensation now will 
be taken into account. Equations 6 and 
7 for is will be used and for the constants 
Mn=Mvy and K, the values given pre- 
viously will be substituted. It should be 
pointed out that these values for Mz and 
K, represent the difference of two large 
and nearly equal quantities and are, 
therefore, not very reliable For instance 


Mo. = 0.0739 —0.0694 
= (0.0045 henry 


where the first term is the mutuai induct- 
ance between the armature and contiol 
coils and the second term is the mutual 
inductance between the compensating 
winding and the control coils. The com- 


pensation which corresponds to Mu= 


0.0045 henry is 94 per cent. 
From equations 5 and 6 


AK, [KoKit+RiMs.p(1+ Tip) |K2X 
(1—t2p)+D(p)=0 (15) 


Inserting equation 7 for D(p) and sub- 
stituting the system constants, 


~ 


p*+17.04[1+0.01505Ro — 0.000574 lp?— 
511 [1 —0.00855Ro —0.0122A ]p?+ 
225.7 [Ry —33.0A ]p+4,900,000A =0 


For reasons which will become apparent 
later, Ry has been left as a general con- 
stant to be varied. 

The stability conditions, neglecting 
the relatively small A terms in the first 
two brackets, are 


Ry—33.0A 


38.57(1 —0.00855 Ry) +-——__—— 
[ és = d+ ne | 


ce —33.0A)+ 
27,920A (1+0.01505Ro)? 
(Ro—33.0A) +38.57 (1 —0.00855 Ko) X 
(1 Nia S: 
A>0 
The first condition yields 
Ry > 279.8(1 —0.0778A) 


The second and third conditions yield 


—279.8)( Me 
o<ac| Ro(Ro —279.8) (Ro+27.78) ] 


1,308( Ro? + 118.0Ro+4, 100) 


The first of these two equations is con- 
tained in the (R)—279.8) term of the 
second; for this reason the second equa- 
tion is plotted in Figure 9 as the sole 
criterion of stability. 

For example, the calculation has been 
carried through for two points, namely, 
for Ry =500, A =0.050 and Ro=1,000, A= 


0.40, respectively. The result in the first 
case is 
ex(t) = 1.024€-2-" 4.0,0799€- #9" x 

sin (27.99t —17.5 degrees) 


and in the second case | 


ea(t) = 0.9722€-*-4* 40,3157 i X 
sin (28.28t+5.04 degrees) 


In both these cases the contribution of the 
fourth root is negligible. 

These two responses are plotted in 
Figure 8 as curves B and C along with the 
response of the perfectly compensated 3- 
stage Rototrol exciter system (curve A). 
As mentioned previously, these two curves 
cannot be trusted quantitatively, because 
My and_K, are not trustworthy as a re- 
sult of the nearly perfect compensation. 
However, the analysis shows that nega- 
tive damping caused by partial compen- 
sation can be made negligible by supply- 
ing the control field from a high resist- 
ance source. Such a high resistance -in 
the control field circuit has the advantage 
of reducing the control field time delay 
but has the disadvantage of increasing 
the power of the regulator. For the 
same response, the 3-stage Rototrol al- 
ways will need a regulator with less 
power than the 2-stage amplifier, or for 
the same power of the regulator it always 
will be faster than the 2-stage amplifier. 


Reference 


1. TRANSIENTS IN LINEAR SYSTEMS, VOLUME I, 
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Field Investigation of Lightning Surges 
at Substations 


I. W. GROSS 


FELLOW AIEE 


HIS investigation, undertaked through 

co-operative efforts of the American 
Gas and Electric Service Corporation and 
the Westinghouse Electric Corporation, 
was begun in 1939 with the original pur- 
pose of studying the frequency, magni- 
tude, and wave shape of the lightning 
currents discharged by lightning arresters 
in stations. The results obtained after 
the study had been in progress three years 
were reported in an earlier paper.! Five 
surge-current measuring stations were set 
up originally at different 3-phase arrester 
locations in substations of The Ohio 
Power Company in Ohio, and the Ap- 
palachian Electric Power Company in 
Virginia. The arrester current studies 
have been continued with certain changes 
in the location and character of the re- 
cording stations. Also, the scope of the 
investigation has been increased to in- 
clude the measurement of the crest surge 
voltages at the terminals of both the 
arresters and the transformers being 
protected. 


Description of Investigation 


In the initial stages,! the investigation 
was conducted at two substations of The 
Ohio Power Company and three of the 
Appalachian Electric Power Company. 
At the end of the 1942 lightning season 
the:installations in Virginia‘were discon- 
tinued and the investigation in Ohio am- 
plified with additional recording instru- 
ments installed at the two substations al- 
ready under study, and the addition of re- 
cording equipment at a third station. 
Pertinent information on the character- 
istics of the substations, the years under 
study, and the frequency of arrester dis- 
charges are given in Table I. The 
basic surge-current recording installations 
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G. D. MCCANN 


MEMBER AIEE 


originally consisted of a high-speed ful- 
chronograph and surge crest ammeter 
links in the ground lead of each arrester 
phase leg and a slow-speed fulchrono- 
graph, surge-crest ammeter links, and a 
magnetic surge front recorder in the com- 
mon arrester ground. In addition, 
cathode-ray oscillographs were connected 
in the common ground at the Twin City 
and Stone Creek substations. These in- 
stallations and the recording instru- 
ments have been described previously in 
detail. As indicated in Table I mag- 
netic surge front recorders were installed 
in each arrester phase leg and removed 
from the common ground at the two Ohio 
substations at the start of the 1943 light- 
ning season. Photographic surge current 
recorders’ were installed also in the com- 
mon ground to record the very low magni- 
tude continuing surge currents and power 
follow. 


SURGE VOLTAGE RECORDERS 


Magnetic surge voltage recorders were 
installed at the same time in the Twin 
City substation. These were located at 


Paper 47-97, recommended by the AIEE commit- 
tees on protective devices and power transmission 
and distribution for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. Manuscript submitted October 11, 1946; 
made available for printing December 13, 1946. 


I. W. Gross is an electrical research engineer with 
the American Gas and Electric Service Corporation, 
New York, N. Y. G. D. McCann, formerly affili- 
ated with Westinghouse Electric Corporation, East 
Pittsburgh, Pa., is now with the department of elec- 
trical engineering, California Institute of Tech- 
nology, Pasadena, Calif. 
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G. D. Lippert of the American Gas and Electric 
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and of Edward Beck and O. Ackerman of the 
Westinghouse Electric Corporation for their con- 
tributions in the lightning arrester and oscillograph 
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each terminal of the transformer and 
arrester to measure the phase-to-ground 
surge voltages at these six locations. 
Similar installations were made at the 
Stone Creek substation, and the Midvale 
substation at the beginning of 1944. The 
complete recording installation at Mid- 
vale consists of the voltage recorders and 
surge crest ammeter links in the arrester 
ground leads. The surge voltage recorder 
is shown schematically in Figure 1A with 
an actual installation illustrated in Figure 
1B. It consists of a noninductively 
wound resistance, small low inductance 
coils for magnetizing magnetic links, and 
dry-disk rectifiers to prevent reversal of 
the magnetizing field polarity. The crest 
magnitude of both polarities of the volt- 
ages is recorded through two sets of the 
coils and rectifiers. The potentiometer is 
isolated from the line with a special ar- 
rester-type gap set to break down at 
voltages ten per cent below that of the 
actual arrester at the station. This gap 
will quench the very low power follow cur- 
rent through the resistor, thus permitting 
a lower power rating on the poten- 
tiometer. The shunt capacity of the recti- 
fiers is such that a small percentage of 
reverse current is permitted to flow 
through the magnetizing coils for very 
high frequency oscillations. However, 
through the use of multiple links situated 
in different parts of the magnetizing coils 
these small oscillations can be calibrated 
partly for giving an over-all accuracy of 
plus or minus 20 per cent. It should be 
pointed out that because the voltage re- 
corder gaps break down at a lower voltage 
than the arrester gaps, voltage records can 
be obtained with no accompanying 
arrester discharge record. 

’ The field installations were serviced on 
an average of once every week or two 
during the lightning season, and usually 
after each lightning storm. 


General Discussion of Records 


Fifty-five separate sets of arrester dis- 
charge current records have been ob- 
tained now, involving 112 single-phase 
arrester records that provide data on 153 
individual component discharges The 
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Table |. Summary of Installations 


Substations of The Ohio Power Company 


* At start of 1943 season magnetic surge front recorders were put in each arrester phase leg ground lead; also surge voltage recorders were installed (see text). 


Se ne Huntington 
Twin City Stone Creek Midvale Court 
Substation Substation Substation Substation 
Type of station: ):).,.ntoenreistae totems oie taetelors Delta Delta .. Delta Grounded Y 
Miles to nearest grounded source,.........-. 20 10 aseeO 0 
Circuit voltage. ic cet sleverereetelvia ols -retaletris 33 kv .33 kv ae oouey 12 kv’ 
Arrester ty pe...c cree steroiticss uorsincs oi teors oieletetera ie Line Line ....Station Station 
Arrester ratingintes, oct sis ctscinele eae a eretria tnt eke 30 kv .30 kv wat KV, 12 kv 
Arrester ground resistance, ohms.........+.. 0.5 = tele cB one | Men eetayendVeumtoreiettiate tauataliegeneie Om 
Earth resistivity, meter ohms...........-.+5 15-40 16=70 “ghondts abate ueseree 55-220 
Conductor length, from lightning arrester 
to transformer, :ftisiecisiereisusaelsiei<to/elerr six <)s olen 50 32 « BOD, PPT Fee tale tascla’ssete 
INtiniber Of LHe. em crere eerepsicteie!s alalptislat slaolele 2 2 oe 2 
Ty perof limes Pye svieteleeinis cislote iets sb erelerennivials Wood Wood . .Wood Wood 
Period under investigation........s++++eeee+ 1940-1946*,...1940-1946*....1944}-1946.... 1939-1943 
.Number of-years of study. ......c.sssceocee 6 +36 sme A 
Number of composite 3-phase records**...... 22 -.20 ia med 
Apparatus standard basic impulse level, 
EITOWOIUS rsa te tepsia ccaserore: etelialelateceusPetttee Pal [arte 200 -200 .200 110 
Number of records exceeding basic impulse 
level. if, no arrestersis.... 2552 isos sere ere 15 12 eo 1 
Number of discharges per individual ar- 
FEStEL POL], <5 nisi Arele oie alasial ete Mssicleamuatenes relane mas 35 28 5 2 
phase. 10% ne 1.83 nce ates) Preece bets) eae 
Average discharges per year |e YS ee 2.0 Pas oti) the Oi pO ee OS 
phase 3....... 2.15 Briel UaCr wae e050 0 


Christiansburg Reusens Rocky Mount 
Substation Substation Substation 

eaters Delta dpcere elite wa oe eLtsS 

Sri ies 6 Abncitee 73 shinee 

s oneaeta 12 kv Mant Looren 666 aod. KV: 
Sesion: Line _...-Station .....Station 
Pcie 12 kv wate 109 Tey. wee SUNK, 
nAeisteaie phelte ee taerecere 4 Meine 

he Eiken, alivaa hares Oates 45-250 ....-.120-220 
Sit Se ROn ee ea oee 6 

AP a 1 meta eee By es! 

erates Wood wna efesteel ...-. Wood 

grounded 
wre Mid 1939- .....1940-1943.....Mid 1941- 
Mid 1941 1943 

Gg aekers 2 wets renee Oe 

2 38E 1 jones ite den 

one ate 110 edtie = G00, svnee 200 

sforetsis 1 roatee aideee 

ree 3 vie eee Sv eagen 

ee 0.5 Pelessoili On Pete Ake 

Seeaee 0.5 ete Le 6s) aay aeveS 
Bass 0.5 fe fen es) Ke Dae 


+ Surge voltage recorders and magnetic links only were installed (see text). 


** Includes those for which only vo.tage surges wer: recorded. 


frequency, magnitude, and wave shape of 
these data are summarized in Tables I 
through IV together with Figures 2 
through 6. Illustrative surge current 
records are shown in Figures 7 and 8. 
Figure 8B is of interest as it is one of the 
most complete records obtained. 
Twenty-two sets of surge voltage 
records have been obtained. These are in- 
cluded in Table I. As indicated in Table 
IV, arrester discharge currents were re- 
corded for only eight of the surge voltage 
records, as the remaining surges were not 
severe enough to produce measurable 
arrester discharges. For the last two 
years reported here the lightning seasons 
have not been very severe in the Ohio 
region, and only a few of the higher cur- 
rent surge records have been obtained. 
The distribution of arrester discharge 
frequency is summarized at the bottom of 
Table I and in Figure 2, which compares 
the average annual frequency of per phase 
arrester discharges with that obtained in 
other investigations. The discharge fre- 
quency is markedly higher for this in- 
vestigation probably because of the fact 
that the recording stations were chosen 
from past records which showed more 
than the average number of surges. 
Twenty-four of the 51 composite surge 
current records involved all three phases, 
14 two phases, and 13 only one phase. 
Because any one record may be the result 
of several strokes, analysis of the indi- 
vidual components is of greatest sig- 
nificance. Thirty-six or 22.5 per cent of 
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the 153 component discharges were of 
positive polarity. 


Crest MAGNITUDE OF DISCHARGE CUR- 
RENTS 


Percentage distribution curves giving 
the frequency of occurrence of crest mag- 
nitudes are shown in Figure 3. They are 
plotted both for individual components 
and for the maximum component of each 
phase record. It is of interest that the 
two curves are quite close together. It is 
also interesting that there is fairly good 
agreement with the Gross and McMorris 
curve obtained from a considerably 
larger number of substations. The 
higher percentage of low magnitude 
records as obtained by them is  pri- 
marily the result of their higher limit of 
sensitivity which was about 300 amperes 
as compared to about 50 amperes for the 
data reported here. This indicates that 
although (as shown by Figure 2) the sta- 
tions of this study have greater than 
average lightning exposure from the 
standpoint of frequency of surges, the 
percentage of surges producing dis- 
charges above a given magnitude is not 
appreciably different. Although it is 
known that higher currents can occur in 
arresters at stations, the highest so far 
measured in this investigation out of 153 
component discharges is 9,600 amperes. 
The maximum positive polarity surge 
current recorded is 2,800 amperes (see 
record 340, Figure 7 and Table IV), and 
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only 9 per cent of the positive surges ex- 
ceeded 500 amperes. This together with 
the much higher percentage of positive 
records (30 per cent) as compared to those 
for direct strokes (5 to 10 per cent)®® in- 
dicates that most of the positive records 
result from surges induced by indirect 
strokes. 


WAVE FRONTS 


The wave front data as obtained with 
the magnetic surge front recorder and 
cathode-ray oscillograph are listed in 
Tables II and III, respectively. Proba- 
bility curves plotted from these data are 
shown in Figure 4 compared with a curve 
for direct strokes. All cathode-ray 
oscillograms are for the current in the 
common arrester ground. The surge 
front recorder data contain records of 
both the common ground currents and the 
individual arrester phase leg currents as 
shown in Table II. The previously de- 
scribed phenomena! of the initial steep 
front as the arrester starts to discharge 
are verified further by the more recent 
data. This is illustrated by the oscillo- 
grams of Figure 7, most of which had 
initial rates of rise too steep to be re- 
corded. All surges below 500 amperes 
have fronts less than 0.5 microsecond, and 
all but one below 1,000 amperes had fronts 
less than one microsecond: This effect 
is shown quite clearly by the two curves of 
Figure 4. One of these applies to all surge — 
front records and the other to those above 
500 amperes for phase leg currents and 
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* In addition, there were ten records with crests below 1,000 amperés and fronts less than one microsecond. 


} In addition,.there were six recorded phase discharges with crests less than 500 amperes and fronts less 


than 0.5 microsecond. 
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* Not recorded with magnetic surge front recorder. 
In addition, there were 27 component discharges re- 
corded and having fronts less than one microsecond 
that were not recorded with magnetic surge front 
recorders. : 
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Figure 5 (above). Probability curves of times 
to half value of arrester discharge currents as 
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ATEE TRANSACTIONS 


above 1,000 amperes for the common 
ground current data. Comparison with 
the direct stroke curves shows rather 
close agreement. It would be expected 
that the lower magnitude surges would 
have shorter fronts than direct strokes, as 
they do. It would be expected also that 
except for the arrester discharge effect, 
arrester surges would have longer fronts 
than direct strokes because of attenuation 
with wave propagation along the line. 
This is borne out by the higher percentage 
of long fronts and the maximum front of 
25 microseconds as compared to 10 micro- 
seconds, the maximum recorded for direct 
strokes.® 


TIMES TO HALF VALUE 


The times to half value data of this 
study have been plotted in Figure 5 to 
show the effect of current magnitude. 
Direct stroke curves are plotted also for 
comparison. These curves show a larger 
percentage of shorter tails for lower mag- 
nitude. arrester surges and considerably 
shorter tails for arrester surges as com- 
pared to direct strokes. The first of these 
differences may be caused by the sensi- 
tivity limit of the recording instru- 
ments.1:? However, it is thought that the 
shorter tails for the arrester discharges as 
compared to direct strokes are also the re- 
sult of the fact that most severe surges re- 
sult from direct strokes to the line that 
initially feed high current into the ar- 
rester until a line flashover occurs, at or 
close to the point of stroke contact. Then 
the lower impedance flashover path car- 


ries most of the surge current in effect 
robbing the arrester. 


DURATION OF COMPONENT DISCHARGES 


Such a phenomenon is indicated also 
by the duration data of Figure 6. The 
durations as recorded by the fulchrono- 
graph with a sensitivity limit of 50 am- 
peres are considerably lower than for 
direct strokes. Only ten per cent of the 
recorded components exceeded a duration 
of 300 microseconds. Another factor that 
previously has been shown to shorten the 
duration of the low magnitude continuing 
currents through the arresters is the sys- 
tem grounding.147 The systems! under 
study are all solidly grounded. Fifty per 
cent of the higher current discharges were 
quite short (100 microseconds or less). 
More detailed data on the lower magni- 
tude surge and power follow currents are 
given in a companion paper.’ 


CREST SURGE VOLTAGES AND ARRESTER > 


PROTECTION 


The surge crest voltage records are 
summarized in Table IV together with the 
crest magnitudes of the arrester currents 
wherever a surge was accompanied by an 
arrester discharge. This occurred for only 
8 out of the 22 cases where voltages were 
recorded as the latter two lightning 
seasons covered by this study have been 
very mild. ; 

To compare the recorded field records 
with the performance of the arresters, 
actual laboratory tests were made of the 
arresters at two of the substations, Twin 


Table IV. Summary of Crest Voltage Records 


AGlak¥ 


Figure 9. Laboratory oscillograms showing 
discharge voltage characteristics of the 30-kv 
line type arresters at Twin City Substation 


City and Stone Creek. Typical oscillo- 
grams from these tests are shown in Fig- 
ure 9. This gives the higher breakdown 
voltages recorded with a maximum of 
about 100-kv crest. Examination of the 
records shows that the crest voltages at 
the transformer terminals are frequently 
somewhat higher than at the respective 
arrester terminals. In Table I is given the 
length of phase conductors between the 
arresters and transformers. The highest 
voltage recorded at the transformers is 
155 kv. This is about 48 per cent above 
the laboratory test breakdown voltage of 


Crest Voltage and Current at Arrester 
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the arrester alone, and 8 per cent above 
the voltage actually recorded across the 
arrester and its grounding circuit for this 
surge. The highest ratio obtained be- 
tween the transformer and arrester 
voltages occurs for record 450 in which the 
arrester recorder gap did not discharge, 
but 132 kv was indicated at the trans- 
former terminals. The highest voltage 
recorded at the arrester terminals was 137 
kv. Because the basic impulse level for 33- 
kv equipment is 200 kv, a good margin of 
protection is indicated for all surges so far 
measured. 


It is of interest to consider the number 
of arrester discharges produced by surges 
that might have damaged the trans- 
former insulation if arresters had not been 
present. A basis for such a determination 
has been given already.! In Table I are 
listed the composite records that had any 
discharge currents sufficiently high to in- 
dicate a voltage in excess of the basic im- 
pulse level with no arresters connected. 
Forty-five of the 66 composite records had 
currents above this critical value. Sev- 
enty-five per cent of the 153 recorded dis- 
charge current components were above 
this critical value. 


Summary and Conclusions 


1. A 9-year lightning investigation has 
been conducted at seven substations on 12- 
to 132-kv systems. The bulk of the data 
was obtained at 33-ky substations con- 
nected to non-ground wire lines. The fre- 
quency of arrester discharges, the polarity, 
magnitude, and wave shape of the discharge 
currents, and the crest magnitude of the 


surge voltages at both the arrester and trans- 
former terminals have been recorded. One 
hundred twelve single-phase arrester dis- 
charges were recorded providing data on 153 
individual surge components. Twenty-two 
composite crest voltage records were ob- 
tained. ang 


2. The average frequency with which a 
single-pole arrester discharges varied from 
0.2 to 6 times per year with a general 
average of about two per year. Thirty per 
cent of the surge components were of posi- 
tive polarity. The maximum recorded posi- 
tive discharge current was 2,800 amperes. 
The maximum negative discharge current 
was 9,600 amperes. 


8. The wave shapes of the lightning dis- 
charge currents were of the same general 
character as for direct strokes. However, 
the fronts, times to half value, and measur- 
able durations-were markedly shorter. The 
wave fronts are characterized by an initial 
high rate of rise as the arrester starts to dis- 
charge, and low magnitude surges have very 
short fronts. 


4. The wave fronts ranged from less than 
0.5 microsecond to one maximum value of 

over 25 microseconds, but only 10 per cent 
exceeded 6 microseconds, with 8) per cent 
less than 2 microseconds. For those surges 
of sufficient magnitude that the fronts could 
be recorded the highest average rate of cur- 
rent rise was 3,200 amperes per microsecond 
for a surge with a crest of 7,600 amperes. 
The times to half value ranged from less than 
5 to 120 microseconds. Only 10 per cent ex- 
ceeded 45 microseconds whereas about 50 
per cent of the direct stroke discharges ‘are 
indicated to exceed this value. The meas- 
urable durations are considerably shorter 
than for direct strokes with a maximum of 
15,000 microseconds and only 10 per cent 
exceeding 250 microseconds. 


5. The fact that nearly one-half (75 of 153) 
of the current components measured through 
the arresters would have permitted surge 


Discussion 


J. H. Hagenguth (General Electric Com- 
pany, Pittsfield Mass.): The paper gives a 
valuable addition of data showing the crest 
values of lightning discharges through 
arresters in stations. With crest values of 
the order ‘of 10,000 amperes, the modern 
arrester is capable of keeping the line voltage 
in the station well below the basic insulation 
levels. 


Of considerable interest are the results of 
the voltage measurements with the mag- 
netic surge voltage recorders, which, in 
general, indicate that the arrester is holding 
line voltage to about 50 per cent of the basic 
insulation level on the 33-kv delta system 
even though wood-pole lines are used. It is 
not stated whether ground wires are used 
near the stations. 

It is, however, unfortunate that the ac- 
curacy of the recorder is not better than 
plus or minus 20 per cent. Theoretically, 
it has long been known that long connec- 
tions between arrester and transformer 
should be avoided, because for steep-fronted 
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waves the voltage at the transformer may 
be considerably in excess of the arrester 
voltage. If definitive proof of overvoltages 
at the transformer terminal were obtained, 
this would constitute a valuable confirma- 
tion of the theory as well as an indication of 
the steepness of the voltage waves entering 
the station. 

Judging from the test results shown in 
Figure 9 of the paper, the variation in gap 
spark-over voltage of an individual arrester 
is relatively small, varying between 90 and 
99 ky or plus or minus five per cent for six 
impulses and a maximum of 106 kv for the 
wave-shape calibration. Assuming that the 
arresters for phases one, two, and three of 
Table IV of the paper were not changed dur- 
ing this investigation, it is difficult tosee why 
the arresters should not discharge even 
though the voltage measured across the ar- 
rester was as high as 1387 kv. Likewise, an 


~ arrester discharge of 1,800 amperes resulted 


ina voltage measurement of 96 kv, while 800 
amperes through the same arrester caused a 
drop of 185kv. Onereason for this might be 
the inductive drop inthe arrester lead. How- 
ever, with a 2,800-ampere discharge and only 
a slightly lower rate of current rise, only 98 
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voltages above the apparatus basic impulse 
level, if the arresters had not been present, 
indicates that the arresters are supplying the 
required protection. 


6. Surge voltage values at the transformer 
terminal were measured as large as 32 per 
cent greater than at the arrester for the same 
surge, thus indicating the necessity of lo- 
cating arresters close to the apparatus they 
are intended to protect, if the maximum pro- 
tection is to be obtained under field con- 
ditions. 


Inductive voltage drop in the arrester 
leads and high rates of voltage rise of surges 
are indicated from the data (Table IV) 
wherein voltage drops higher than the 
arrester characteristic were measured across 
the arrester plus 30 feet of ground lead. 
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kv was recorded. It would seem, therefore 
that the voltage recorder accuracy is not 
sufficiently high to draw conclusions as to 
actual arrester discharge voltages. 
Likewise, of course, the readings at the 
transformers may be affected similarly. 
Thus, while an increase in voltage at the 
transformer of 32 per cent over the arrester 
is stated in the paper, the actual increase 
may have been considerably less. It is 
hoped that the accuracy of this device, 
which seems to be a very simple means of de- 
termining line voltages, can be improved if 
further measurements are to be made. From 
the over-all point of view of insulation and 
test levels, it is very important that ac- 
curate statistical facts become available. 


P. L. Bellaschi (Westinghouse Electric 
Corporation, Sharon, Pa.): This contribu- 
tion by I. W. Gross and G. D. McCann adds 
further, and significantly, to the knowledge 
of lightning surges at substations. Only too 
often in prior field investigations entirely 
disproportionate attention has been given to 
the lightning-current phase of the problem 
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and not enough to lightning-surge voltages 
From this as well as the prior contributions 
by Gross and Lippert!»? pertinent data on 
lightning-surge voltages at substations be- 
come available. 

These recent field investigations on light- 
ning should give industry a further oppor- 
tunity to compare and assess present prac- 
tices in relation to actual service conditions 
and from all this it may be possible to ration- 
alize further our present methods and ways 
of doing things. When viewed in the light of 
these recent findings, it would seem that the 
present reference values as now in use for 
purposes of insulation co-ordination and 
testing, for instance the 11/,x40 microsecond 
wave and the steepness of front in front-of- 
wave voltage testing, do not appear too far 
from the mark on the whole. 

There are a few questions I would like to 
raise on this paper that might clarify further 
the significance of the data presented. In 
Table IV of the paper under the column en- 
titled “Crest Kilovoltsat Transformers,” is it 
correct or incorrect to construe that the cor- 
responding voltages at the three transformer 
terminals appear simultaneously? Second, 
in Table I of the paper the impulse levels in- 
dicated as 200 kv, 110 kv, and 650 kv refer, 
respectively, to the 34.5-kv, 15-kv and 138- 
ky classes. Glancing at Figure 1B one would 
get the impression that some of the station 
apparatus apparently antedates the time 
when present basic impulse levels were es- 
tablished. Is it possible that the impulse 
levels of the stations in question actually are 
lower than present basic impulse values be- 
cause of the presence of apparatus of old 
vintage? 

Are we to conclude from Table I of the 
paper that had the lightning arresters been 
removed or were not present, failure of the 
apparatus would have resulted? Finally, 
referring to Table IV of the paper, some dis- 
crepancies appear to exist between the volt- 
age records on the arresters and correspond- 
ing voltages recorded at the transformers, 
which may be accountable to the inherent 
difficulties in measurement encountered in 
the field. Perhaps the authors may have 
some comments on this point. 

I was much interested to note in this paper 
that considerable importance is attached to 
the lead effect. This is a matter to which 
much study and attention have been given 
during the past 15 years. For instance, in 
many of the large and small transformers 
now built arresters are installed on the tank 
proper as integral parts of the transformer 
installation, thus minimizing lead-drop volt- 
ages and to that extent enhancing the degree 
of protection attain able. 
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E. C. Starr (Oregon State College, Corvallis, 
Oreg.): This paper is a distinct contribution 
to the growing fund of information in the 
field of transmission-circuit protection. 
The quantitative data presented make it 
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possible to analyze rather completely the 
performance of a number of lightning arres- 
ters in several substations having moderately 
severe lightning exposures. The number of 
installations studied and the period of time 
covered should give the data obtained a 
fairly representative cross section. 

Several noteworthy observations can be 
made. Among them are 


1. The arresters afforded definite protection to the 
transformers with which they were associated. 


2. The maximum discharge currents recorded were 
low in comparison with a substantial percentage of 
direct-stroke currents. 


3. The surge voltages appearing at the trans- 
formers were, on an average, essentially the same 
as those appearing at the arresters. 


The following tentative conclusions might 
be drawn from these observations: when the 
discharge currents involved are relatively 
small, such as those associated with travel- 
ing waves or light direct strokes, the protec- 
tion afforded by lightning arresters is excel- 
lent. This would indicate that from the 
standpoint of apparatus protection the prac- 
tice of employing lightning arresters in con 
junction with ground wires over the substa- 
tion and extending out on all radiating 
lines at. least a few thousand feet is satis- 
factory. A good common ground for all 
apparatus and arresters at the station is 
necessary. It is not shown that the ar- 
resters would fail to provide protection in 
the event of moderately severe direct strokes 
to unshielded substation conductors. The 
authors’ comments will be appreciated. 

The relatively low order of all recorded 
atrester discharge currents in comparison 
with direct-stroke data indicates that little, 
if any, field information has been obtained 
on the performance of arresters under close 
proximity direct-stroke conditions. It is 
recognized that the stricken conductors as 
well as the arrester grounds provide stroke 
discharge paths, but the relative impedances 
are such that, in the absence of insulation 
flashover, the arrester should discharge the 
major portion of the current. 

Although it is recognized that ideally the 
arrester should be connected by leads of 
minimum length directly across the insula- 
tion to be protected, the data presented in 
this paper indicate that even in the 33-kv 
voltage class, lead lengths up to 80 feet be- 
tween arrester and transformer have little if 
any influence on protection. The average 
ratios of transformer surge voltages to cor- 
responding arrester voltages in Table IV of 
the paper are as follows: 


Twin City substation (18 cases, arrester 
distance 50 feet)—1.025 

Stone Creek substation (7 cases, arrester 
distance 32 feet) —1.13 

Midvale substation (15 cases, arrester dis- 
tance 80 feet)—0.985 


Thus the greatest arrester distance, with 15 
cases included in the average, gave the 
lowest voltage ratio, a value less than 
unity. 

It is significant to point out that the 
largest and smallest voltage ratios recorded 
were within the stated limits of accuracy 
(plus or minus 20 per cent) of the measur- 
ing equipment, and hence should not be 
given too much individual weight. 

Previous studies of lightning arrester per- 
formance employing artificial surges! indi- 
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cated that the method of lightning arrester 
connection has a very important influence 
on the voltage developed across protected 
equipment some distance beyond. Thus if 
the V connection is employed in which the 
arrester, with very short leads, is shunted 
between the line and a common ground, the 
surge voltage developed even 120 feet be- 
yond the arrester at the end of an open line 
is very little higher than that across the ar- 
rester for traveling waves of moderately 
steep fronts. The presence of a transformer 
on the end of the line would reduce this 
voltage because of the capacitance of the 
bus, bushing, static plate, shields, and so 
forth. 

These points are brought out because of 
the desirability at times, for various reasons, 
of locating the arresters a short distance from 
equipment to be protected. The authors’ 
comments will be appreciated together with 
a description of the exact methods of light- 
ning arrester connections employed in the 
substations named above. 
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Philip. Sporn (American Gas and Electric 
Service Corporation, New York, N. Vee 
The report on lightning conditions at sta- 
tions and the duty on arresters given in the 
authors’ paper, indicates clearly that definite 
progress has been made in obtaining accu- 
rate knowledge so necessary to apply light- 
ning protection on a sound engineering basis. 

As far back as 1927 we initiated an in- 
tensive study of protection of equipment by 
the then available lightning arrester. It 
was soon apparent that the arrester could 
be, and should be, reduced in rating and 
thus increased in protective value if it were 
to provide the protection against lightning of 
which it was capable. At that time we 
decided to really put the lightning arrester 
to work. Asa result arrester ratings on our 
132-kv system were reduced drastically 
with a very appreciable lowering of the pro- 
tective level, and with a substantial margin 
of protection between the arrester and equip- 
ment. The next step was a study of arrester 
protective levels and equipment impulse 
strength with the result that some 13 years 
ago we placed in service on our 132-kv sys- 
tem a transformer with closely coupled ar- 
resters, the arresters being mounted directly 
on the transformer tank. Thus protected, 
the transformer was actually impulse-tested 
in the factory and the protective value of the 
arrester and satisfactory impulse strength 
of the transformer definitely proved. This 
transformer with closely coupled arresters 
was placed in service in the field and is oper- 
ating still without any trouble having been 
experienced to date either on the arrester or 
the transformer proper. 

The practice of closely coupling arresters 
to equipment is now standard practice in 
our company. It is significant, also, that 
the practice of using derated arresters having 
lower protective levels has now spread and is 
being followed on a number of other power 
systems. This does not apply to the prac- 
tice of checking insulation co-ordination by 
actually impulse-testing large and important 
high voltage transformers with steep front, 
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chopped, and full wave lightning surges 
which we have followed for some 12 years 
orso. But it has seemed to me that proper 
protection involves three important ele- 
ments; 


1. Knowledge of the insulation strength of the 
transformer. 


2. Knowledge of the arrester protective level. 


3. A relationship between the two to allow an ap- 
propriate margin between them. 


Testing assures this. Such -tests have 
picked out imperfections in design and faulty 
workmanship and material, and our experi- 
ence shows that they are thoroughly justi- 
fied. The results of this practice, which, as 
stated, has been followed for over 12 years 
on our 132-kv system, have produced econo- 
mies not only in the cost of arresters and 
transformers, but also complete freedom 
from failures of equipment protected in this 
way. 

It will be noted from Table I of the 
paper that in four of the seven stations 
where tests were conducted, the arresters 
have reduced ratings even though the 
transformer bank where the arresters are 
located is delta-connected. In other words, 
the solid grounding of the system itself still 
has permitted the use of reduced rated 
arresters even at delta transformer banks. 

The application of reduced rated arres- 
ters offers two advantages: one is the greater 
protection of equipment, which is particu- 
larly valuable where older equipment with 
insulation strength not equal to present-day 
values is in service, but still has years of 
useful life; and the other is that by reduc- 
ing the arrester rating within practical limits, 
lower insulation than is generally recog- 
nized as standard in transmission practice 
today can be used. This latter advantage 
is one which needs to be given more con- 
sideration and actively explored under 
present conditions to effect greater economy 
in cost of system transmission and distri- 
bution facilities, and to improve continuity 
of service. Field experience data of the type 
presented by the authors should be of value 
in helping this work along. 


I. W. Gross: J. H. Hagenguth has pointed 
out that the lightning arresters as used on 
the 33-kv system hold the voltage to about 
50 per cent of the basic insulation level. 
The basic insulation level for a 33-kv system 
is 200 kv, and the recorded voltages shown 
in Table IV of the paper average about 50 
per cent of this value. In setting up the 
protection that has to be supplied against 
impulse voltages in a station due considera- 
tion must be given to the few high voltage 
surges as well as the average values which 
appear throughout the year. It should be 
mentioned also in this connection that al- 
though the transformers were delta-con- 
nected, the system itself operated with a 
solidly grounded neutral and ‘the arresters 
were rated 30kv. Thisisa so-called reduced 
rated arrester as compared with the 37-kv 
nominal rating which is standard throughout 


the industry for the isolated neutral system,, 


thus providing additional margin between 
the arrester and transformer. 

Regarding ground wire protection at 
stations, only in two cases (Midvale and 
Reusens) were ground wires installed. 

The accuracy of the voltage recorders used 
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to determine voltage at the arrester and 
tranformer has been commented on by 
several discussers. It was hoped that al- 
though the accuracy of these instruments 
was not all that could be desired, some useful 
information such as trends could be estab- 
lished which might be used as worth-while 
support of theory. 

Hagenguth has pointed out the small vari- 
ation (plus or minus five per cent) on the gap 
breakdown of the arrester characteristic 
which is shown in Figure 9. It is recognized, 
of course, that with average distribution ar- 
resters, gap breakdowns and JR drops can 
vary much more than this between different 
arresters. 

While a great deal of speculation can be 
gone into to justify the variation in readings 


, shown in Table IV of the paper, two points 


must be recognized: first, that the voltage- 
measuring device does not have the accuracy 
of commercial indicating instruments; and 
second, that commercial arresters do vary 
one from another as has been pointed out 
in past Institute committee reports on ar- 
rester discharge characteristics. 

P. L. Bellaschi raised a question concern- 
ing Table IV of the paper as to whether the 
voltages given are simultaneous in all three 
phases. It would be too optimistic to say, 
“yes,” but it is a fact that these voltages 
were obtained at regular field inspection 
periods and can be assumed to have occurred 
during the same lightning disturbances; 
however, they might have occurred during 
one lightning storm but separated by several 
seconds or minutes. There was no timing 
device used to accurately tie the records to- 
gether. 

It was also possible, as pointed out by 
Bellaschi, that the impulse levels of the 
equipment in the station may not conform 
to present-day standards. Some may be 
lower and some are known to be higher. 

Bellaschi has asked also if it is reasonable 
to assume that failure of apparatus would 
have resulted if no lightning arresters had 
been present. The number of failures with- 
out arresters, of course, cannot be pre- 
dicted. The point which we attempted to 
make was that the basic insulation level of 
voltages would have been exceeded in a 
number of cases; but whether the apparatus 
would have failed would depend, of course, 
on a number of other factors such as im- 
pulse strength of the equipment including 
not only its safe limit but its single shot 
breakdown. 

E. C. Starr has pointed out that the maxi- 
mum arrester discharge currents were quite 
low in comparison with direct stroke cur- 
rents stich as measured on transmission 
lines and in towers. This is to be expected 
and seems to indicate that at the stations 


covered by this investigation direct strokes - 


are very rare, at least. 

As pointed out in the paper, the objective 
was to study field lightning conditions in 
and adjacent to stations and determine the 
duty on protective devices and their ability 
to perform. With measuring instruments 
available for determining the characteristics 
of lightning currents and voltages, it is 
well known that accuracies of measurements 
do not approach those of commercial indi- 
cating instruments and errors in the order 
of 10 to 20 per cent in measured values may 
well appear. To attempt to draw any hard 
and fast conclusions with data so obtained 
requires a considerable amount of study, 
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analysis, and screening of data, and consider- 
ation of theoretical aspects if worth-while 
results valuable to future use are to be ex- 
pected. 

Several of the discussers have commented 
on the variation in surge voltages recorded 
at the arrester and transformer terminals, 
although the two pieces of equipment were 
located some 30 to 80 feet apart. It was 
pointed out that the highest ratio voltage 
(with the transformer being the higher) was 
132 per cent. This general result can be 
expected from theory if the incoming voltage 
surge is steep and also checks quite well with 
laboratory tests where voltages under some- 
what similar conditions have appeared at the 
transformer terminal in the order of 150 
per cent of that measured at the arrester 
where the arrester was 50 feet distant from 
the transformer. 

While the records have been presented as 
obtained in the field, and discussed in the 
light of the authors’ analysis, it is appreci- 
ated that others may wish to place different 
interpretations on some parts of the data. 
It should be pointed out, however, and this 
is backed by a great deal of experience in 
lightning field investigation work, that 
while a great deal of data must be obtained 
on any particular feature under investiga- 
tion, the average values in any particular 
case are apt to be misleading or certainly 
may result disastrously if due consideration 
is not given to the maximum values. This 
has been appreciated in insulator mechanical 
strength where a weak link in the insulator 
string can ptit an entire transmission line 
out of service. Likewise, the average ratio 
of voltages at the transformer to those 
measured at the arrester is a figure which 
must be used with care; otherwise, the in- 
frequent high voltage at the transformer, 
which is indicated from our data as possible, 
may result in station equipment failure 
which is intolerable, 

Starr has summarized some of the 
modern thinking on the protection of equip- 
ment within the station by pointing out the 
desirability of shielding the line as it enters 
the station, the necessity for good grounds, 
and the desirability of short leads between 
the arrester and equipment. Just how far 
each one of these features is to be carried 
must be determined by local conditions, the 
degree of protection desired, and the im- 
portance of protecting equipment in service. 

Regarding the methods of lightning pro- 
tection in the stations reported in the paper, 
the practice has been followed of using the 
lowest rated arrester consistent with the 
system over voltages expected and placing ~ 
the arrester as close as practical to the 
equipment which it is intended to protect. 
It must be recognized that in any station 
there are other pieces of equipment and 
apparatus in addition to the transformer 
such, for example, as fuse mountings, dis- 
connecting switches, bus insulators, poten- 
tial transformers, and in larger stations, cir- 
cuit breakers and coupling capacitors. It 
is impractical, not economical, and not 
necessary, as shown by experience, to place 
an arrester at each one of these pieces of 
equipment, and final decision is usually left 
to the experience and judgment of the de- 
signing engineer. The general practice on 
which lightning arrester protection in sta- 
tions of the system under investigation is 
applied is outlined in the discussion by 
Philip Sporn. 
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Photographic Study of Lightning 


J. H. HAGENGUTH 


MEMBER AIEE 


HE lightning investigation in Pitts- 
field was started in 1935 for principally 
two reasons: 


1. To obtain information on lightning 
strokes to open country as a check or sup- 
plement to the Empire State investiga- 
tion.’ 2 


2. To obtain a large amount of statistical 
material concerning lightning character- 
istics. 


For this purpose cameras were chosen 
as the principal means of investigation. 
Cameras have the advantage of giving 
a very great range of observation, and 
therefore are well adapted to obtaining 
data on a large number of. strokes. 
Cameras have, however, certain limita- 
tions which will be discussed in the text. 

The investigation was carried on for 
seven consecutive years. The investiga- 
tion gradually was discontinued during 
1940 and 1941, and completely halted in 
1942 on account of the war. 

In this paper only the most important 
items will be discussed. Such items as the 
intensity of the lightning stroke through- 
out its length, the relative intensity of 
multiple current peaks, and so forth will 
be discussed in a later paper. 

The valley around Pittsfield is at an 
elevation of about 1,100 feet above sea 
level. This valley is bounded by the 
Taconic Hills (elevation—2,200 feet) in 
the west, Washington Mountain (ele- 
vation—2,200 feet) in the east, Mount 


Paper 47-98, recommended by the AIEE commit- 
tees on power transmission and distribution, and 
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winter meeting, New York, N. Y., January 27-31 
1947. Manuscript submitted November 12, 1946; 
made available for printing December 11, 1946. 
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Greylock (elevation—3,500 feet) in the 
north and a host of lesser hills in the 
south, and it is part of the Berkshire 
Hills. 

The average number of days per year 
during which thunder is heard, recorded 
over a period of 30 years by the United 
States Weather Bureau, is 27 days. 

For the purpose of this investigation 
an observatory was built and special 
cameras were used 


Observatory 


In 1935 a lightning observatory was 
built on top of one of the office buildings 
of the General Electric Company in 
The observa- 
It has essen 


Pittsfield, Massachusetts. 
tory is shown in Figure 1 


Figure 1.- Lightning observatory erected at 
Pittsfield works of the General Electric Com- 
pany for study of lightning and thunderstorms 


Hazgenguth—Photographic Study of Lightning 


tially three parts. On the platform below 
the structure the multiple stroke camera is 
mounted. A ring equipped with a series 
of small holes and fed with high pressure 
air is provided to produce a curtain of air 
around the camera and thus keep the 
rain away from the lenses. Directly above 
the camera is a small room from which 
the camera can be operated and which 
also serves as a recording station. Above 
this well the main part of the observatory 
contains 16 windows, providing an un- 
obstructed view of the surrounding 
country towards the hills, ranging from 
5 to 20 miles. In the center of this room 
curtains can be lowered to provide a dark 
room for changing films. 

The observatory is mounted on four 
posts, and all wiring, supply piping, and 
guying 1s arranged in line with these 
posts; likewise, the two lightning rods 
shown in Figure 1 Thus, a minimum of 
interference with the field of view of the 
camera is attained 


Cameras 


The principal camera used for this in- 
vestigation was the multiple stroke 
camera. This camera is shown in Figure 
2. It has 12 lenses which cover the whole 
horizon. The fields covered by adjacent 
lenses overlap slightly. The film is 
stored on two spools inside of the re- 
volving drum, a storage spool and a take- 
up spool. To obtain photographs the 
film is wound around the outside of the 
large drum (right of Figure 2) which has a 
periphery of 100 centimeters and is 
driven at 78.26 revolutions per minute 
by means ofa constant-speed phono- 
graph motor. 

The lenses have stops of f7.9 to f32. 
For night photographs, the largest stops 
were used. Each lens covers a field of 56 
by 75 centimeters on the film. 

A second camera which proved of con- 
siderable value was a stereoscopic camera 
with two Tessar f4.5 lenses, with focal 
lengths of nine centimeters, each lens 
projecting an image of 52 by 55 centi- 
meters on the film. The photographs 
taken with this camera have served two 
purposes: one to provide a still image of 
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the strokes photographed, and the other 
to obtain a relatively good measure of the 
location of the ground terminal of the 
stroke by means of the stereoscopic 
viewer. 

During several years a medium-speed 
Boys camera was operated also because 
of the ease with which its film can be 
changed and because a similar camera was 
in use at the Empire State investigation. 
This camera is shown in Figure 3 and has 
been described elsewhere.*? A high-speed 
Boys camera has been used? for several 
years. The results obtained with - this 
camera were not of sufficient value to 
warrant a description. 


Auxiliary Equipment 


A direction finder, graduated in degrees, 
was used to determine the angular posi- 
tion of the strokes with respect to the ob- 
servatory. This finder was placed in the 
window facing the storm center and the 
pointer adjusted at the time of the light- 
ning discharge. The number of the win- 
dow and the degrees indicated by the 
finder resulted in a relatively good posi- 
tioning of the stroke in a radial direction. 

A stop watch was used to time the 
stroke and thus obtain the approximate 
distance of the stroke from the observa- 
tory. This is, of course, a fairly rough 
measure because it not only depends on 
the reaction time of the person using the 
watch, but also to a considerable extent 
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Figure 2. Multiple 
stroke camera— interior 
view 


t 


Figure 3. Medium-speed Boys camera. 
Bottom lens rotates at 120 revolutions per 
minute 


on the configuration of the stroke relative 
to the laboratory. Some strokes have 
horizontal parts of considerable length, 
and the top and bottom portion may 
have different distances from the observa- 
tory. In general, the stop watch will be 
operated when the first thunder is heard 
which should result from the closest por- 
tion of the stroke. 

In spite of the inaccuracy this method 
has proved to be very successful when 
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184 PROTECTOR TUBE RECORDS 
619 PHOTOGRAPHS 


Figure 4. Number of 
current peaks in light- 
ning _ strokes. (All 
photographs are of 
strokes to open ground)! 
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checked against actual distances known 
because of the damage produced by the 
stroke. For instance, for an actual stroke 
distance of 4,400 feet, a distance of 4,700 
feet was determined by stop watch. In 
general, the accuracy was of the order of 
plus or minus 20 per cent. This could 
be improved materially in those cases 
where stereoscopic photographs of the 
stroke were available. 

A dictating machine with lapel micro- 
phone was used to take all records during 
the storm. These were later transcribed. 
This has proved itself to be a very reliable 
and speedy method of recording. 


Discussion of Results 


The principal results to be obtained 
from a photographic and visual investiga- 
tion of lightning are 
Multiplicity of strokes. 

Duration of strokes. 

Time interval between current peaks. 
Continuity of strokes. 

Current peaks. 

Branching. 

Leaders. 

Cloud-to-cloud strokes. 

Stroke height. 

Stroke density. 


These are discussed in the following 
paragraphs. 


Multiplicity of Strokes 


Figure 4 shows a composite plot of 
multiple stroke data by various investi- 
gators. The curve marked “McEachron 
—619 photographs’! gives the results of 
this investigation. Because of restriction 
of the photographic method, these are 
minimum values. While there is consid- 
erable difference - between individual 
curves,°*7 it is evident that approxi- 
mately 50 per cent of all strokes have two 
or more current peaks. If the strokes ; 
are adjusted for visibility during the 
storm and distance from the observatory, 
the 50-per-cent point from this investiga- 
tion falls more nearly on three or more 
current peaks. 

A typical multiple stroke is shown in 
Figure 5 which shows the beginning and 
the end of a 22-current-peak stroke to 
ground. To conserve space the interme- 
diate portions are not shown. The time- 
table for their discharge is given in Table 
J. The maximum number of current 
peaks in a stroke recorded during this 
investigation is 26. 


Duration of Strokes 


Figure 6 shows stroke durations as ob- 
tained by various investigators.45° The _ 
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curve marked ‘“McEachron—619 photo- 
graphs” gives the results of this investi- 
gation. The values are minimum values. 
The maximum duration obtained was 
0.80 second. As pointed out under 
camera limitations the actual maximum 
duration may have been considerably 
greater. Fifty per cent of all cloud-to- 
ground strokes had a duration of at least 
600 microseconds. From data not shown, 
using selected strokes only, 50 per cent 
had a duration of 3,500 microseconds or 
more. On the basis of multiple strokes 
only, 50 per cent had a duration of at 
least 12,000 microseconds. The strokes 
were selected for good visibility and rela- 
tive closeness to the observatory. These 
strokes comprise about eight per cent of 
all strokes. 

It is of interest to note that the duration 
of a stroke is largely independent of the 
number of current peaks. This is indi- 
cated by Figure 7 showing the limits ob- 
tained for the duration of strokes having 
a given number of current peaks. A 
stroke with two current peaks may have 
a duration of a few hundred microseconds 
and also as high as 500,000 microseconds. 
However, as the number of current peaks 
increases, a marked increase in minimum 
duration is indicated. 


Time Interval Between 
Current Peaks 


Figure 8 shows the values obtained by 


various investigators.4°:° The curve 
marked ‘‘McEachron—939 values’ was 
obtained from this investigation. This 


curve shows that 50 per cent of the values 
are 15,000 microseconds or greater. A 
maximum of 500, 000 microseconds was 
recorded. 

The photograph in this case gives 
maximum values. The Pittsfield curve 
shows a large number of current peaks 
occur at time intervals of 1,000 micro- 
seconds or less. In the long time interval 
range, the results of different investigators 
are of the same order of magnitude. 


Persistence of Illumination 


Of late years the continuing type of cur- 
rent discharge has become of consider- 
able importance. It has been proved by 
McEachron! that current flow as indi- 
cated by oscillographic measurements is 
coincident with illumination of the stroke 
path as indicated by the photographic 
camera. Therefore, persistence of illu- 
mination in the present investigation can 
be considered as current flow and the ex- 
istence of a continuity of current. 

However, the data obtained, which 
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TIME §N-. SECONDS 


give uninterrupted persistence in a stroke, 
and shown in Figure 9 are minimum 
values and definitely too low. The cur- 
rent in continuing discharges is of rela- 
tively low amplitude, and conditions 
must be very favorable if a current of less 
than ten amperes can be photographed 
if the stroke distance is in excess of a few 
thousand feet. The curve shows that 30 
per cent of the current peaks had a per- 
sistence of at least 100 microseconds, 
5 per cent—10,000 microseconds, with 
a maximum persistence of at least 500,000 
microseconds. 


General Discussion of Value of 
Camera Investigation 


As stated, the camera is capable of 
taking a vastly larger number of light- 
ning stroke photographs than can be ob- 
tained with measuring devices such as 
oscillographs, magnetic links, fulchrono- 
graphs and others in fixed positions. This 
is of great value from an economic point 
of view to obtain a large amount of sta- 
tistical data in a relatively short time. 
As long as the limitations of this method 
are kept in mind the results are of con- 
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Figure 6. Total duration 
of lightning strokes to 
ground. (All photo- 
graphs are of strokes to 
open ground)! 
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Record of 22-discharge multiple 


Figure 5. 
lightning stroke taken with multiple stroke 
camera 


siderable value to increase our knowledge 
of the lightning stroke phenomena, 

The limitations of the camera study are 
principally the sensitivity of the camera 
lenses and films. Also, the intensity of 
the light received at the camera will be a 
function of the haze, fog and rain existing 
between the camera and this stroke 
channel. Because the amount of light 
available from the stroke decreases at a 
rate between the square of the distance 
and the distance, it is apparent that a 
current peak of threshold intensity at a 
distance of one mile will not record when a 
stroke of equal intensity has a distance 
greater than one mile. 

Consequently, the number of current 
peaks recorded for strokes at great dis- 
tances may be too small because current 
peaks of low current amplitude may not 
be recorded. This readily accounts for 
the apparent lower record of number of 
current peaks for the Pittsfield investiga- 
tion as compared with results from other 
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Figure 7. Multiple 
strokes—relation be- 
tween number of cur- 
rent peaks and duration 


NUMBER OF CURRENT PEAKS 


investigations (Figure 4). However, the 
larger number of strokes photographed 
would be expected to cancel out some of 
the differences because of other causes. 
Likewise, the persistence of illumination 
obtained from all films must be consid- 
ered much too short, because the currents 
involved generally are of much lower 
order than the current peaks. It is, how- 
ever, significant that even on this basis, 
five per cent of the strokes exceed 10,000 
microseconds. Similarly, the total dura. 
tion of strokes gives minimum values 
partly because the last few weak current 
peaks may not be recorded and persist~ 
ence of-illumination towards the end of 
the stroke may be of insufficient inten- 
sity. The Pittsfield curve of Figure 8 
probably is too low at the short time 
duration, principally because of inability 
of the camera used to record the per- 
sistence of illumination. 


Figure 8. Time interval between successive 
discharges of multiple strokes* 
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It is of some interest that the duration 
and number of current peaks obtained on 
a line equipped with expulsion protector 
tubes and by photographs in Pittsfield 
check fairly closely indicating that the 
photographic results have considerable 
value as far as effects of lightning strokes 
on transmission lines are concerned 


Current Peaks 


One of the very difficult tasks to deter- 
mine from the photographs is the amount 
of current flowing in the stroke. As a 
result of the war and reconversion condi- 
tions, this has not been done, but it is 
hoped to obtain such data and report it 
at alater time. Doctor J. W. Flowers has 
done preliminary work from records of 
strokes to the Empire State Building 
which gives very promising results."° 

There are, however, a few obvious ob- 
servations which can be made. In gen- 
eral, the first current peak in a multiple 
stroke indicated the highest intensity, 
and therefore, presumably the highest 
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current amplitude. In a few strokes, the 
subsequent current peaks had as high or 
even higher intensities. In Figure 5, 
current peak F, is of considerably higher 
intensity than the first current peak A. 
In many of Malan and Collens’ ° 
photographs, the intensity of light given 
off by the return stroke channel decreases 
abruptly when reaching branches. In 
this investigation the change in intensity 
along the channel is not nearly as great, 
indicating some considerable differences 
in the mechanism of the stroke. It is 
quite probable that the change in illu- 
mination is not because of the branches, 
but rather caused by availability of 
charges in the ground. In many of 
Malan and Collens’ photographs it 
definitely appears as if the charges in the 
ground were insufficient to neutralize 
the stroke channel charges and the return 
stroke of high amplitude degenerates 
into a cloud-to-ground discharge of low 
amplitude, similar to the Empire State 
strokes. Further studies along this line 
will be made on the available photo- 
graphs. ; 


Branching 


It has been established from field and 
laboratory data that branching is always 
in the direction of propagation of the 
leader strokes, and, therefore, branching 
indicates whether a stroke started at the 
cloud or from the ground. In this inves- 
tigation an attempt has been made to 
evaluate branching statistically. It was 
found that if all strokes were taken into 
account, about 50 per cent of the strokes 
showed downward branching, indicating 
the cloud as the stroke origin. From se- 


Figure 9. Persistence of illumination of light- 
ning strokes 
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SR Figure 10. Example of 


a change of stroke path 
of a cloud-to-ground 
c stroke at cloud end as 
well as at ground end 

d of stroke 


a B C D E F 
A COMPLETE STROKE TAKEN WITH STEREOSCOPIC CAMERA 
8,C,0,E,f STROKE COMPONENTS TAKEN WITH MULTIPLE STROKE CAMERA 
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RESPECTIVELY AT O, 0.09, 0.095,017, 0 25 SECOND 


lected photographs, 94 per cent showed 
downward branches, while 6 per cent did 
not show any branches. It is assumed 
that if conditions were perfect some 
downward branching would appear on all 
strokes indicating that all strokes started 
at the cloud. 

Quite a number of the still photographs 
show upward branching, mostly close to 
the cloud. In all such strokes where the 
time sequence of the stroke components 
is available, it can be shown that the ap- 
parent branching results from either a 
cloud-to-cloud discharge, which later 
developed during the sequence of the 
stroke as shown in Figure 10, or a change 
of cloud terminal, or a combination of 
these conditions. 

The branching on cloud-to-ground 
strokes usually occurs on the first current 
peak only, although a few records wete 
obtained where branching occurred on 
subsequent current peaks. 

In many of the.strokes the branches 
are of considerable length (Figure 11) 


Figure 11. Lightning stroke showing profuse 


branching of great length 


without contacting the ground; in other 
strokes two ground termini result (Figure 
12) where A is the still image. Under 
the conditions of two ground termini, 
these may be established simultaneously 
(Figure 12) or may be the result of change 
in stroke path (Figure 13). The largest 
horizontal separation between two ground 
termini of a stroke was recorded as 8,000 
feet. 

In no case have upward streamers been 
recorded. Figure 14 shows a stroke to a 
patch of weeds about 20 feet from the 
lakeshore, approximately 1,200 feet from 
the observatory (Stroke A, still image 
A\-Az, two close current peaks taken by 
rotating lens). It is interesting to note 
that neither of the two tall smoke stacks— 
the further one is approximately 400 feet 
from the stroke terminus—show signs of 
upward streamers. The stroke proper 
indicates.a split about 10 feet up from the 
water extending for a distance of approxi- 
mately 28 feet, with a maximum separa 
tion of about 4 feet. This may indicate 
upward streamers, of about 38 foot 
lengths, or it might have been produced 
by wind action changing the stroke path 
Such splits have been identified as the 


terminus of a streamer with long labora- 
tory discharges, 

Schonland’ mentions the large number 
of air discharges which were observed 
during his investigations. In this investi- 
gation only very few streamers from the 
cloud not connected with a cloud-to- 
ground stroke were observed. It is quite 
likely that these are streamers from a 
cloud-to-cloud discharge with insufficient 
energy available to reach the ground 


Leaders 


Of considerable interest in the explana- 
tion of the formation of the lightning 
stroke are the leaders. In this investiga- 
tion the results obtained were not as nu- 
merous as for the other stroke character- 
istics, principally on account of the photo- 
graphic limitations. However, 54 leaders 
were photographed and could be ana- 
lyzed as to the velocity of propagation. 
The values are shown in Figure 15 and 
indicate a range of values similar to those 
found by Schonland’ and others.} 

The curve marked “initial continuous 
leaders’’ undoubtedly represents initial 
stepped leaders; the steps, however, could 
not be identified from the photograph. 

A relation of about 1:10 exists between 
the velocity of propagation of the initial 
leaders, preceding the first current peak 
in a stroke, and subsequent leaders, pre- 
ceding the remaining current peaks in 
the stroke, 


Figure 12. Lightning stroke with two ground 
termini occurring within not more than 200 
microseconds (A—still image) 
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Figure 13. Example of 


/ change in stroke path 


of a _ cloud-to-ground 
stroke at the ground end 


A COMPLETE STROKE TAKEN WITH STEREOSCOPIC CAMERA 


STROKE COMPONENTS TAKEN WITH MULTIPLE STROKE CAMERA 
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Figure 14. 

weeds about 20 feet from the lakeshore. 

Bottom end of still image A gives indication 
of possible upward streamer 


Lightning stroke to a patch of 


Two stepped leaders were photographed 
which are not included in Figure 15. 
They had a velocity of propagation of 1.6 
feet per microsecond and 3 feet per mi- 
crosecond. 

The velocity of the return strokes could 
be measured in four cases, with an average 
of 209 feet per microsecond, a minimum 
of 136 feet per microsecond, and a maxi- 
mum of 253 feet per microsecond. 


Cloud-to-Cloud Strokes 


The number of cloud-to-cloud strokes 
photographed is of the order of 20 per cent 
of the cloud-to-ground strokes. The 
data obtainable from the photographs 
are very meagre because very little of 
the stroke path is visible. In most cases 
the cloud-to-cloud discharges were of the 
continuing type, although in one case a 
distinct number of weak current peaks 
were visible. A few leaders were ob- 
‘served with estimated velocity of propa- 
gation of the order of the initial leaders of 
the cloud-to-ground strokes. However, 
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the calculation of the velocities is much 
more uncertain than for cloud-to-ground 
strokes because the distance of the stroke 
to the camera is very difficult to deter- 
mine accurately. 


Stroke Height 


Of more than academic interest is the 
height of lightning strokes. An attempt 
has been made in this investigation to 
obtain statistical data which are shown 
in Figures 16 and 17. 

The largest number of strokes have a 
height above ground of between 2,000 and 
7,000 feet. Fifty per cent are longer 
than 4,000 feet, and the maximum meas- 
ured was 16,000 feet. : 

These measurements are based on the 
height of the stroke up to the bottom of 
the cloud. In many cases the strokes ex- 
tend high up into the cloud as indicated 
by the illumination visible above the 
cloud. 

Therefore, the values shown are mini- 
mum values. These statistics are of 
particular interest in the study of light- 
ning effects on airplanes. From the data 


‘ obtained it is quite evident that airplanes 


flying even at 16,000 feet altitude are 
subject to cloud-to-ground discharges. 
Evidence obtained from airplanes indi- 
cate that a considerable percentage of 
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Figure 15. Velocity of 
leaders 
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strokes to airplanes are associated with 
current peaks of relatively high magni- 
tude. 


Stroke Density 


Of considerable interest from the point 
of view of protection is the number of 
strokes per square mile to be expected. 
Golde® has made a very skillful attempt 
to determine such values from statistics 
obtained on transmission lines. The 
results obtained in Pittsfield by photo- 
graphic and visual observation, prin- 
cipally during night storms, are shown in 
Figure 18. The data are plotted as 
strokes per square mile against various 
size areas over which the strokes were 
averaged. Thus, if only strokes over an 
area with a radius of one-half mile were 
counted or an area of 0.75 square mile, a 
density of 19 strokes per square mile was 
obtained in 1938 and 10.2 in 1939. If, 
however, a larger radius was used, say 
three miles or an area of 28.2 square 
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Figure 16. Vertical height of cloud-to- 
ground strokes—5-year average (181 strokes) 


miles, stroke densities of only 2.9 and 
4.4 strokes per square mile were obtained 
for 1938 and 1939, respectively. 

This, of course, indicates that it not 
only is very difficult to obtain accurate 
values by observation but that the num- 
ber of strokes in a given area vary widely. 
If a still smaller circle with a radius of 
~ 1,200 feet or 0.16 square mile is used, an 
average of 45 strokes per square mile per 
year was obtained in a three-year period, 
the maximum being 65 and the minimum 
19. A period of three years, of course, 
is not sufficiently long to judge for a long- 
time average. It is, however, significant 
that extraordinary high stroke densities 
can occur. 

It should also be mentioned that the 
observatory and its lightning rods with a 
height of 129 feet and two nearby smoke 
stacks never once have been struck dur- 
ing the seven years as was verified by 
magnetic links. On the other hand, a 
180-foot high radiator of the local radio 
station has been struck three times in 
four years while under observation. This 
radiator is only 2,000 feet away from the 
observatory. 


Such observations make it very difficult” 


to reconcile the value of statistical evi- 
dence as far as the protection of single 
objects is concerned. 


Storm Days 


This investigation would not be com- 
plete without an evaluation of the num- 
ber of storm days in the various years. 
The average per month over the 7-year 
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Figure 17. Vertical height of cloud-to- 
ground strokes—5-year average (181 strokes) 
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Figure 18. Number of lightning strokes per 
square mile as affected by area of observation 
(cloud-to-ground strokes) 


period is shown in Figure 19. It shows 
that June, July, and August are by far 
the most productive months. The aver- 
age number of storm days per year was 
found to be 27.2, with a minimum of 22 
storm days and a maximum of 43 storm 
days. These results check the 30-year 
average of the United States Weather 
Bureau very well. 


Conclusions 


1. The photographic method gives a very 
good tool to obtain a considerable number of 
valuable statistical information on the char- 
acteristics of lightning strokes at minimum 
expense. 


2. It has been confirmed that a large num- 
ber of strokes have long durations and that 
continuing currents are of frequent occur- 
rence, both factors being important in the 
operation of transmission and distribution 
circuits. 


3. The investigation has shown that light- 
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Figure 19. Storm day expectancy chart. 
Average storm days per month from 7-year 
investigation (1935-1941) 


ning phenomena in Pittsfield are of essen- 
tially the same character as in other parts 
of the world. 
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Discussion 


E. A. Evans (General Electric Company, 
Pittsfield, Mass.): J. H. Hagenguth has 
shown that a photographic and observa- 
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tional study of lightning can yield informa- 
tion of substantial value to the electrical in- 
dustry. 

One very important result of such a study 
is that it gives the investigator a vivid con- 
ception of the physical and electrical charac- 
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teristics of thunderstorms which he cannot 
secure by any other means. It will help him 
to plan and interpret the measurements 
which must be made to arrive at a quantita- 
tive understanding of lightning phenomena. 
It will also help in evaluating the results of 
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Figure 1 


Figure 2 


Figure 3 


Figures 1-3. Discharges influenced by the 
proximity of two discharge centers 
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laboratory tests and the conclusions appear- 
ing in the literature which have been based 
on idealized thunderstorm.models. 

An observer who studies lightning under 
the conditions of unrestricted vision and 
on the scale of the investigation described 
in this paper soon sees that conditions in 
actual thunderstorms are far from the 
idealized diagrams shown in the literature. 
He sees that thunderstorms frequently have 
several active discharge centers and that 
several storm clouds can pass over a region 
at approximately the same time each with 
its active storm centers. These clouds often 
become so intermingled that it is impossible 
to tell where one ends and the other begins. 
The charged regions in these clouds interact 
on each other to produce lightning dis- 
charges under complicated and continually 
changing electric field conditions. Io com- 
plicate the picture still further, each center 
of charge accumulation has its own life 
history during which it may be relatively 
inactive for a pe iod, then increase greatly 
in activity, and finally die out. This 
probably results largely from changes in 
moisture supply to the convective centers as 
the storm travels over the country. 

Figures 1-3 of this discussion,! which were 
taken from Devil’s Head Lookout, Colo- 
rado, are examples of discharges influenced 
by the proximity of discharge centers. 
These three discharges were taken within a 
period of approximately three minutes 
Figure 1 was a cloud-to-cloud discharge be- 
tween two near-by centers. The next dis- 
charge, about a minute later, was not 
photographed. The next two discharges, 
which occurred about one minute apart, are 
shown in Figures 2 and 3. In Figure 2 the 
discharge started from the left-hand center 
and terminated under the right-hand center. 
In Figure 3 the discharge started from the 
right-hand center and terminated beneath 


the left-hand center. (Figure 3 has been re- 


touched to improve reproduction. ) 

It is of interest to note that these photo- 
graphs were taken in the daytime. This 
was done by timing the period between 
several previous discharges and opening the 
camera shutter a few seconds before a dis- 
charge was expected. Discharges from any 


one~ center frequently occur at regular 
enough intervals so that this can be done. 
This method was used by me many times 
during two 3-month periods spent in ob- 
servation of thunderstorm phenomena at 
Devil’s Head. 

The superposition of fields from more 
than one charged region probably explains 
why electric fields of low intensity have been 
measured frequently at the ground just pre- 
vious to and at the time of cloud-to-ground 
strokes. The field at the ground is the re- 
sultant of all fields acting at the point. 
Strongly charged regions of opposite polarity 
acting on the same point on the earth can 
result in a very low field there, even though 
the field close to each charged region in the 
cloud may be of sufficient strength so that 
discharges are occurring from it to ground. 
This condition was shown to occur at Devil’s 
Head in 1930 by corona measurements from 
a fine wire when two storm clouds met near 
the lookout. The corona current measure- 
ments showed that one of the centers was 
positive and the other negative. Both were 
discharging to ground. 

Hagenguth found stroke durations lasting 
as long as 0.8 second. Figures 4A-4C! of 
this discussion show stroke durations of 0.2 
0.3, and 0.6 second obtained at Devil’s 
Head. Initial breakdown occurred at the 
extreme left of each picture. These pictures 
were obtained by swinging the camera 
through an angle of about 60 degrees in one 
second. Even longer times were experienced 
visually. On several occasions, while watch- 
ing one discharge center, a discharge oc- 
curred from a center in back of me. I had 
time to turn completely around and observe 
the discharge. 

Another indication of the duration of some 
discharges is given by one of the methods 
used to photograph lightning in the daytime. 
This method was based on the fact that dis- 
charges at any one time from one center are 
usually a mixture of single and so-called 
fast-multiple discharges or, less frequently 
are predominately of the slow-multiple type. 
A fast-multiple discharge is one which lasts 
a very small fraction of a second. A slow- 
multiple discharge is one which lasts a large 
fraction of a second. When slow-multiple 


Figure 4. Moving camera records of multiple discharges 


Initial breakdown occurred at the extreme left of each figure 


A—Multiple discharge 
lasting approximately 
0.2 second 


B—Multiple discharge 
lasting approximately 
0.3 second ~ 


C—Multiple discharge lasting approximately 0.6 second 
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(B) 


Figures 5A and 5B. Lightning discharges 
having multiple ground termini 


discharges predominated, I frequently pho- 
tographed lightning discharges by tripping 
the shutter by hand upon seeing the start of 
the discharge. This procedure resulted in 
catching some of the later components of the 
stroke. 
- Hagenguth’s Figures 12 and 13 of the 
‘ paper show discharges which had two ground 
.termini. While not common, these dis- 
charges occur sufficiently often so that the 
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Lightning striking plains in 
eastern Colorado 


Figure 6, 


Figure 7. Lightning striking in foothills of 
Colorado Rockies 


electrical industry should be familiar with 
them as an aid in interpreting certain field 
experiences. Two other such photographs 
obtained at Pittsfield in 1934 are shown in 
Figures 5A and 5B of this discussion. In 
Figure 5A the discharge struck the ground 
at three and possibly at four points. In 
Figure 5B, which was the next discharge 
from this center, the discharge struck the 
ground at two points. 


These multiple termini discharges -have 
been photographed also in Colorado. 
Figure 6 of this discussion shows a stroke 
which struck the plains of eastern Colorado 
at two points. A third branch nearly reached 
the ground. 

Figure 7! shows another such discharge 
with two ground termini which struck in the 
foothills just east of the front range of the 
Rocky Mountains about halfway between 
Denver and Colorado Springs. 

In this discussion the following points 
have been covered: 


1. The value of a photographic and observational 
study of lightning in giving the observer a clear 
conception of actual conditions in thunderstorms 
has been pointed out. 


2. An example has been shown of the influence of 
field conditions on the path taken by lightning 
discharges. 


3. A suggestion has been advanced explaining 
why, as frequently observed, lightning discharges 


_ can occur to ground during periods when the field 


at the ground is very low. 


4. Stroke durations in Colorado have been shown 
to be of the same order as in Pittsfield, Mass. 


5. Further evidence on strokes with multiple- 
ground termini has been presented showing that 
these occur both in Pittsfield, Mass. and in Colorado 
sufficiently often so that their existence should be 
kept in mind by the electrical industry in inter- 
preting field experiences. 
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1. A StTupy oF THE MECHANISM OF THE LIGHT- 
NING DiscHARGE, E. A. Evans. Stanford University 
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J. H. Hagenguth: I want to congratulate 
E. A. Evans on the fine work he has done in 
Colorado in photographing lightning dis- 
charges, and the good information he ob- 
tained from these studies. 

Of particular interest are the photographs 
taken during the daytime by timing the 
opening of the camera shutter from corona 
observations. 

There is no question that by means of 
photographic studies of lightning valuable 
information can be obtained concerning 
many of the characteristics of the stroke. 
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Accuracy of Temperature Measurements 


on Coil Surfaces 


H. MARTIN BEEDE 


NONMEMBER AIEE 


Synopsis: In this paper the authors show 
the relationship to be expected between 
observations of surface temperature rise 
by various methods of measurement. Pre- 
dictions based on laboratory tests are shown 
to be borne out by practical tests on induc- 
tion motors. The data presented provide a 
basis for comparing a number of methods of 
temperature measurement from the stand- 
point of repetitive accuracy and the degree 
to which they indicate the true surface 
temperature. 


HE NEED for data showing the basic 
Teas between observed values 
of surface temperature for different meth- 
ods of observation has been suggested at 
numerous conferences concerned with 
the establishment of temperature stand- 
ards. This paper has been written for 
the purpose of discussion of the basic 
problem of temperature measurement 
and to demonstrate by test data the 
limits of accuracy for various methods 
of observing the temperature of the sur- 
faces of insulated coils and other parts of 
electrical devices. The work in this 
paper is limited to surfaces which re- 
main stationary thus permitting the tem- 
perature measuring device to be in place 
during the entire test. Particular atten- 
tion is given to surface temperature meas- 
urements of induction motor stators. - 

The results of tests made by the au- 
thors (see Tables I and II) show that the 
difference between indicated temperature 
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thermore, the results show that thermom- 
eters such as those tested almost never 
will indicate nearer than about 90 per 
cént of the true rise while the minimum 
indication might be as low as 80 per cent 
of the true rise. 

When using 10-mil thermocouples en- 
closed in a small lead pellet and mounted 


MEMBER AIEE : : 
with a special putty and a felt covering, 
the average indicated temperature rise 

and true surface temperature varies was found to be about 99 per cent of the 


greatly with the type of temperature 
sensitive element used and the means of 
attaching it to the surface. Errors appear 
to be greatest for mercury-in-glass ther- 
mometers regardless of the method of 
mounting. Minimum error was obtained 
by using thermocouples made from small 
wire (10-mil diameter) embedded in a 
metal pellet and attached with a pliable 


plastic compound, and covered with a, 


felt pad. When thermocouples made of 
larger wire were used, the error under 
some conditions was as great as with 
mercury-in-glass thermometers. 

For mercury-in-glass thermometers the 
average indicated temperature rise was 
found to be about 85 per cent of the true 
temperature rise of the surface. Fur- 


true rise. The minimum ever to be ex- 
pected for this method would be about 


- 95 per cent of the true rise. 


To obtain the foregoing results the 
authors planned a series of tests to deter- 
mine the normal error of observation for 
a number of devices installed in several 
different ways for observing the surface 
temperature of a coil of insulated copper 
wire in still air. The laboratory tests 
were made in still air rather than moving 
air because temperature standards for 
electrical devices are based on shut down 
temperatures, not running temperatures, 
unless the latter happen to be higher. 

Types of temperature sensitive explor- 
ing devices vary fromrelatively large glass 
thermometers to relatively minute ther- 


Table I. Summary of Data From Test Coil Arranged in Order of Increasing Correction 


Average Standard 
Correction Deviation 
Type of Temperature Method of Per Cent Per Cent 
Sensitive Element Application of Rise of Rise 
f 

1. 10-mil thermocouple, small pellet*....... Duxseal** under feltf......... OO Aorta Geli 1.4 

2. 10-milthermocouple, small pellet......... Belt SoFe Saree iF ls siviole w cbsieies ieee a lee cere erro nace 1.2 

3. 10-mil plain thermocouple.............-. Daas hac RCS  EucreaCre Cae ROP KG ceTCO De Oe hares eicisustainus 1.5 

4, 10-mil plain thermocouple..............- Ditxseal 2. cs dasic wo cre emer Si Diareneee othe eens 2.0 

5. 10-mil plain thermocouple............. SPIRGLE o's Leae lene a ats oe hares sles ae BIRO 5 EOC Oc 3.9 

6. 20-mil thermocouple, large pellet......... REET EY satis aoe ae AI eee Bs einige MENON 3:1 

7. 10-mil thermocouple, small pellet........ PI KSEAL HS! as arte ner cL Or incous, hae hey ster ps | 

8. 10-mil thermocouple, small pellet........ Patty: 4 raise chars ns saeccaeeerelene eet As Theale Seeateiais zane 2.4 

9. 20-mil plain thermocouple............... Patty ies ts ie ee BNO oh ae tt Ars 1.8 
10. 20-mil thermocouple, large pellet......... Puttyisn cows wate oeileebsisre aioe Le ech 2.7, 
11. 20-mil thermocouple, small pellet........ Duxseal under felt............. BO) eset siala dol 1.6 
12. 20-mil thermocouple, large pellet......... Dixseally as use aretene spake reset CSGise, soeaeren bier 1.4 
13. 20-mil plain thermocouple............... ArtatOne ere oust wiaileart syesre tens SB ic) Ree aca 2.6 
14, 20-mil plain thermocouple..............- Duxsealsi, nectoeeata hele copious caare Bi Behram the 2.6 
15. 20-mil thermocouple, small pellet........ Duxseal’, crascetomns se. soca en » LOAD syetens ort ccaisteae 2.0 
16: “Thermometer t.440..c.<aoeeeeeot Boa eipars PULP co corehva leh Giakesisae tthe) aie Gre ik: Metal ie oi tears mao 
17. 20-mil plain thermocouple............... Belts ipslotes cisco sree eweeeare as sincere USisGteatresteie ne oes 3.4 
18: “IMiermometer’, « Jeun.arte.Soceaeehions ete ab elt (extra darge)ing Jo-nievieterets V2 Oe a Wena coe DES. ¢ 
19) “Dhermometerg..2j5;..2sic,0,<10 cine eras loge olel voter Duxsedlic sav ay crass ris. avers VB. TG crert aystaysletvets 1.4 
20,0 Thermometer tote on ase eee ae amet Felt 20/5 Sehteenaiveses aaa Nes Pere ni rie ants 3.2 
* Junction enclosed in a cast lead pellet 1/4 by 8/18 by 1/10 inch. 
** Duxseal is a trade name for a special putty described in text. 
+ Felt pads 1 by 1 by 1/¢ inch. 
$ Mercury-in-glass thermometer 0-110 degrees centigrade, 1/« inch diameter by 6 inches long. 
° _ * u 
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RESISTANCE OF STEM 


Ta TB 
Ts 
{ 
: CONTACT 
RESISTANCE 


RESISTANCE 
OF COVERING 


(8) 


Figure 1. Simplified diagram of the thermal 

elements of a typical thermometer installation. 

The parallel resistances shown in B are com- 
bined in C to give a single resistance 


mocouples. Also, the methods of apply- 
ing these exploring devices to surfaces 
vary widely. For the studies reported 
in this paper the authors tested a total of 
20 different combinations. 

A comparison of various methods of 
observing the temperature rise of station- 
ary surfaces in electric apparatus from 
the standpoint of basic accuracy and 
reliability should evaluate the following 
requirements: 


1. From the standpoint of accurate cor- 
relation of data, it is important that the 
average departure of the indicated tempera- 
ture from the true temperature be as small 
as possible. 


2. From the designer’s standpoint, an im- 
portant feature of temperature measurement 
is ability to obtain the same temperature 
reading each time the test is repeated. A 
factor representing the degree of dispersion 
is therefore important. 


Ta Tp Ts 
A /J\/\\\— NS + — 
Ro Ri 
(c) 


Laboratory tests were conducted in 
such a manner that it was possible to 
determine the average departure from a 
reference temperature very close to the 
true temperature. It was also possible 
to determine the standard deviation or 
dispersion factor (see the appendix) 
for each method of measurement. The 
results are shown in Table I. 

A series of tests also were taken on open 
induction motors comparing two methods 
of surface measurement. The laboratory 
tests showed that one of these methods 
had high basic accuracy while the other 
had relatively low basic accuracy. The 
results which are shown in Table II 
agree closely with the laboratory tests. 


Analysis of Temperature 
Measurement Problem 


In order for any device to measure the 
temperature of a surface such as the 
surface of a coil, it is necessary for the 
temperature sensitive portion of this de- 
vice to be at the same thermal level as 
the surface. An analysis of this problem 


Table Il. Comparison of Two Methods of Surface Temperature Measurement on a Number 
of Induction Motors . 


Rise A Rise B 


Average Temperature Rise* 
Rise A Divided by Divided by © 
Frame Method Method Divided by Resistance Resistance 

Size RPM A 3B Resistance Rise B Rise Rise 
208 secs 33 15200. SiS ees. 33 (Siac - BO JG macesiakes 07934 sete cate OR DTO seutevecousis 1.039 
DAS etc 200 te eas DO ie Bite Sats ts 29 FB wr tawitns QB Os a scerdioierate 0: 890s ee, « OJ945 seen 1.061 
DO tee oe 1 SOOM ers Sa Sar cose DOR ley coe stave 64:.Ois erecta OV O16 soaccie OSG ie sess ait 0.934 
D548 BS oc At BOO nis tees 30 Bi et Saves S433 5 ees 31, 0B eens O 890.5 hens 0,984 ee Ae Sc 1,105 
p< eee 1,800), shor stars (RE ie eee ees re a Fi 49.5 .e Sesto OST see aie 0.930 ciichistestere 1.060 
25450s 8 1200 5 fae ZELOPEH 2BN6i. ne bieerstese B2 Ouencergeras 0944. ance 0, 844.025 cok 0.894 
pi ee J B00n ees PS Oa ee AG). Bist Nave atevsts 50.04 eewct ORC YL Seine tec n ONSG5 5... cite este 0.990 
Deans. Riaay 3/600)5.<.cys Sonate. cocci: QO Be. chee race O8IOF cera ares OS840. soem ects O85. 5 cevsieses 5 1.018 
Pek S600. ASO has CG ae ECE 45 Ons. armen #025) rer O;96Le adams 0.939 
S24 oc, cn DOO crs: ayehai 20) ennara es CA a ae aan 31 SO). ete eertia: OFS Gea een O826 \s.cumte <icty 1.012 
24524. E200) ance «8 PAY: Soak the lb a DELO cers ostcle SS JOn eters: 02922 ages Qn S25r stricter 0.895 
324 Dee. 15200). Ges. 43% ere. asetss DOL Basten en’. B50 Rae <2 O.B54e oon O84 eae 0.918 
S20 ietnireis 3 Q00 fe «secs Bo | Siac Jek ee ce RC eae, ae BE SORS., take ate O: S6Ge 0.960. k..03,5%5 1 
BLO tec 120023254 - 30/55 6 eas Be. Mien ae. B30). saiewener 0.8067 de. ue: OB O25 cream eitie « 1.060 
326 aie sist 3,000, 0 59.5 BT Ow iat Bhee AOS Pasi te. + BG ie itayn O,866 28 Aa ae 0.87 1 ie. stmams 1.005 

AVCTAZE. dow ute tis aes OlS95) ace. O89 4 rims, cs cae 1.003 

Standard deviation. .............. O068 Saeis shee 0.064 


* Temperature rise shown is the average of four readings, two on each end of stator. 
Method A corresponds to item 17 and method B to item 1 in Table I. 
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from a temperature and heat flow view- 
point can be presented by referring to the 
typical thermometer installation (Figure 
1A) and accompanying heat flow circuit 
of Figure 1 showing the thermal resist- 
ances involved. Figure 1B shows the 
major resistances which must be con- 
sidered. Figure 1C shows these com- 
bined into two basic resistances R; from 
the surface to the bulb and R, from the 
bulb to the air. The temperature of the 
bulb T, will be at some temperature be- 
tween the surface temperature Ts and 
the temperature of the surrounding air 
T,4. The bulb temperature Ty will ap- 
proach the surface temperature T's as 
the ratio Ri to R, approaches zero. 

To minimize the resistance R; between 
the bulb and the surface it is necessary 
to make sure that adequate contact is 
provided between the bulb and the sur- 
face. To make R, large it is necessary to 
provide insulation over the bulb. 

The matter of insulating the bulb from 
the air is a very critical part of tempera- 
ture measurement. If too much insula- 
tion is applied the temperature of the 
surface under the insulation will be in- 
creased. If too little insulation is used 
the ratio R, to Ry will be such that T; 
will not approach Ts. The selection. of 
the material used in applying the bulb to 
the surface is therefore extremely im- 
portant. An ideal material would be 
one having high thermal conductivity. 
The material then would take on the 
temperature of the surface being meas- 
ured. However, no such plastic ma- 
terial is known. Another ideal insula- 
tion would be one which provided good 
thermal conductivity between the bulb 
and the surface but had low conductivity 
from the bulb to the air. This suggests 
the use of two materials such as putty 
with a felt covering. The last method 
together with several others was tried 
out in the laboratory tests. 


Laboratory Tests 


The usual procedure for determining 
the accuracy of any measuring device in- 
volves taking a number of successive 
measurements of the same quantity. 
This procedure becomes impractical for 
this type of temperature measurement 
because adhesive cement and other ma- 
terial used in applying the temperature 
sensitive element cannot be removed com- 
pletely. Successive measurements there- 
fore would be influenced to some extent 
by the previous measurement. 

To avoid the problems of successive 
measurement at a single point a method 
was devised for making ten simultaneous 


587 


measurements on a uniform surface. 
These then would be equivalent to ten 
successive measurements at a_ single 
point. The surface used for the purpose 
was made to simulate the surface of the 
winding of. an electric machine. This 
was done by winding a large coil approxi- 
mately ten inches in diameter by ten 
inches long using number 16 enameled 
copper wire. The wire was wound one- 
half inch deep on a wood spool and was 
treated with insulating varnish. Figure 
2 is a photograph of this coil.with five 
types of thermocouple installations ready 
for testing, each type located in a separate 
band. For each class of installation 
there are ten thermocouples installed 
around the circumference of the coil. 

Each installation in a group of ten 
was located on the same circumferential 
strip of coil surface, as shown in Figure 2. 
The reference temperature for the group 
was determined by embedded thermo- 
couples wound in place under the two 
outer layers of the coil. There were 
three’ such thermocouples for each test 
group equally spaced around the cir- 
cumference making a total of 15 reference 
thermocouples for the entire coil. It was 
recognized that the temperature of the 
point where the reference thermocouples 
were located would be slightly higher 
than the temperature at the surface. 
However, this difference would be small 
because of the high thermal conductivity 
of the copper. The “precise difference 
between the reference temperature and 
the true surface temperature of course 
could not be determined, but the data 
show that it would be less than one per 
cent. The temperature of the coil also 
was determined by resistance measure- 
ment as a check on the reference thermo- 
couples and the results obtained agreed 
very closely. 

The coil was heated by direct current. 
It was placed in a vertical position as 
shown in Figure 2 and located so that 
convection cooling would be uniform. 
The surface temperature for the tests 
was approximately 100 degrees centi- 
grade with an ambient temperature of 
approximately 25 degrees centigrade. 


Table Mt. 


The temperature was found to be quite 
uniform over any given circumference. 

The correction shown in Table I was 
determined by taking the difference be- 
tween the observed temperature and the 
temperature of the nearest reference 
thermocouple. The average correction 
for the ten thermocouples is shown in 
Table I as a percentage of the average 
temperature rise for these thermocouples. 

The selection of different types of 
temperature sensitive devices and dif- 
ferent methods of mounting was based 
largely on a program intended to de- 
termine the best practical means of ob- 
taining accurate measurements on coil 
surfaces. The device must be applicable 
to production testing and for this purpose 
it should be 


1. Inexpensive. 


2. Easy to install correctly by relatively 
inexperienced workers. 


3. Easy to read correctly and accurately. 

4. Applicable to any size machine. 

5. Small in size in order to fit into relatively 
inaccessible places. 

6. Designed so that it will not change ap- 
preciably the thermal characteristics of the 
body under test. 


7. Capable of withstanding the terapera- 
tures encountered. 


8. Able to adhere to surfaces in any posi- 
tion. 


9. Noninjurious to the surfaces where it 
will be used. 


Figure 3 shows four of the types of 
temperature measuring devices used in 
the investigation. The various combina- 
tions of device and method of application 
are listed in Table I. 

A special putty known as Duxseal 
compound was used for comparison with 
ordinary putty because it does not soften 
at elevated temperature and because it 
can be used on commutators without 
leaving an objectionable oil deposit. 
Duxseal is a trade name for a compound 
used for sealing the space between cables 
and the inside of the duct in electrical 
conduits. Felt, held by adhesive at its 
edges, was used over the putty to provide 


Standard Deviation for Rise o) Resistance 


Standard Deviation 


Standard Deviation Standard Deviation Standard Deviation of Rise by 
for One Reading, for Average of Four of Ratio of Surface to Resistance, ** 
Per Cent Readings,* Per Cent Resistance, Per Cent Per Cent 
Method Aiix'oid shtnns sree Bibel nelels saieideiretactnn De Us etscstetena nee sal eter ee Gi, te veretenstels. sleneteie ty 6.17 
Method 2 ve, siiteussainad Lid. Seis Siar ete ORT sc ota tefenetat ab erate GA. a aasseral tert oun 6.35 


* The standard deviation for the average of four readings is the standard deviation for individual readings 


divided by the square root of four. 


** The standard deviation for rise by resistance is computed by taking the square root of the difference of 


squares of the second and third columns. 
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easier to use. 


Figure 2. Coil used in laboratory tests for 

evaluating basic accuracy of various methods 

of observing surface temperature. Photo- 

graph shows five sets of thermocouples ready 

for testing five different methods of measure- 
ment 


stronger adherence to the surface and to 
provide surface insulation. Small diam- 
eter thermocouple wire (10-mil) was 
used to reduce conduction along the wire 
and because it is more flexible and hence 
Thermocouples enclosed 
in pellets to increase the contact surface 
of the thermocouple junctions were used 
to improve the probability of good sur- 
face contact. Without the pellet there is 
always the possibility that a small move- 
ment of the junction might easily change 
its temperature a considerable amount. 
This is especially true when thermo- 
couples are used under felt without putty. 
Table I shows that the installations using 
felt alone tend to have the greatest 
standard deviation. 

The method of pack mercury-in- 
glass thermometers might be improved 
by further study. However, the limited 
use of this method did not appear to 
justify further work on it. 


Tests on Induction Motors 


_In order to obtain practical data for 
comparing two methods of temperature 
measurement on induction motors a 
series of heat runs was made on 15 dif- 
ferent open motors under various operat- 
ing conditions. The tests were conducted 
by several different operators over a 
period of three months. Duplicate sets 
of four thermocouples each were installed 
for each test. One set consisted of four 
20-mil thermocouples under felt corre- 
sponding to item 17 of Table I. The 
other set consisted of four 10-mil ther- 
mocouples in small lead pellets covered 


AIEE TRANSACTIONS 


an Mins ils tea ic 
io ay a Snr at gore le cat NaS Eee 


‘ 
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Figure 3. Thermometer and thermocouples 
used in tests. Top to bottom these are 10-mil 
thermocouple, 20-mil thermocouple, 10-mil 
thermocouple enclosed in small lead pellet 
(1/4 by 3/16 by 1/16 inch), mercury-in-glass 


thermometer 


with Duxseal and a felt pad corresponding 
to item 1 of Table I. The two sets were 
installed in pairs consisting of one of 
each type. Figure 4 shows one end of a 
motor with the end shield and rotor re- 
moved and with the two sets of thermo- 
couples in place. One of each type of 
thermocouples may be seen at the top 
and at the left side of the end winding. 
Additional thermocouples were installed 
on the opposite end not visible in the 
photograph making a total of eight ther- 
mocouples, The results of the induction 
motor tests are shown in Table IT. 

The grand average for the ratio of the 
rise by plain thermocouple to the rise by 
pellet thermocouple for all the induction 
motor tests was 0.895. That is, the 
pellet type thermocouple installed under 
Duxseal and felt indicated on an aver- 
age a 10.5 per-cent higher temperature 
rise than the plain thermocouples in- 
stalled under felt. From Table I the 
laboratory tests would indicate that this 
difference would be 13.6 per cent minus 
0.9 per cent, or 12.7 per cent, which is 
a very reasonable agreement. 

Comparison of the rise by resistance 
with rise by the two thermocouple 
methods gives a very interesting result. 
The laboratory tests indicate that method 
Bis much more accurate than method A. 
(See standard deviation in Table IL.) 
However, Table II shows that the stand- 
ard deviation, or dispersion factor for the 
ratio of surface rise to resistance rise is 
the same for both methods. This can 
be explained by computing the standard 
deviation for the resistance ‘measurement 
from the data by both methods, The 
results are essentially the same for each 
and are shown in Table III. 


1947, VoLuME 66 


SET Zep dpb ch tenn 5 4) pln BO MPO AEN EELS, IOS NEAR CE Sb Bd Lie tdi tg 


The standard deviation for rise by re- 
sistance thus computed refers to the rela- 
tionship between observed rise by resist- 
ance and true surface temperature. It 
therefore includes both testing error and 
variation caused by differences in the 
machines tested. How much each con- 
tributes to the variation cannot be de- 
termined without further data. 


Conclusions 


Accurate measurement of surface tem- 
perature is not a simple matter of apply- 
ing a thermometer to the surface. To 
obtain an accurate measurement it is 
necessary to give careful consideration to 
the design of the temperature sensitive 
element andthe method of applying it 
to the surface.» Methods which are com- 
monly accepted may upon close examina- 
tion prove to be less reliable than is de- 
sired. 

To measure surface temperature ac- 
curately the following are important; 


1, It is necessary to have a low thermal 
resistance between the temperature sensi- 
tive element and the surface. A thermo- 
couple having its junction enclosed in a 
metal pellet or soldered to a metal tab will 
provide a good contact if held firmly against 
the surface. 


Figure 4. Induction motor with end shield 

and rotor removed showing installation of 

thermocouples for comparing two methods of 
applying thermocouples 
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2. The temperature sensitive element must 
be held firmly against the surface. This can 
be done by covering it with a pliable but 
fairly firm putty which will not soften at the 
temperature to be measured. Wires leading 
from the thermocouple junctions should be 
sufficiently flexible so that there will be no 
tendency for stiffness of the wire to lift the 
junction off the surface. 


8. Itis necessary to provide a good thermal 
insulation between the temperature sensi- 
tive element and the surrounding air. Al- 
though the putty covering may be adequate 
for this, it is advisable to provide an addi- 
tional covering of thin felt larger than the 
pad of putty and attached to the surface by 
adhesive cement at its edges, In addition 
to providing thermal insulation this felt 
covering gives added assurance that the 
putty will not become loose. Without this 
covering the temperature sensitive element 
may become dislodged sufficiently to cause 
an error and yet not be noticeably loose. 
Use of small size wire (approximately 10-mil 
diameter) for thermocouples is also impor- 
tant. Large wires provide a relatively low 
resistance path from the junction to the 
surrounding air. Use of small wire greatly 
increases the thermal resistance of this 
path, 


Appendix. Explanation of the: 
Use of Standard Deviation 


The deviation of an individual observa- 
tion is the amount that the observed value 
differs from the average of a number of ob- 
servations. The “standard deviation” is 
calculated! by taking the rms of the devia- 
tions for all the observations. Standard de- 
viation has a known relation to the distri- 
bution of the data only when the distribu- 
tion follows a normal symmetrical pattern. 


Data conform to a normal distribution 
when each observation has an equal chance 
of being above or below the average. An 
observation of temperature however theo- 
retically cannot be greater than the true 
temperature although it might be any 
amount less than the true temperature de- 
pending upon the accuracy of the method. 
Temperature readings therefore will have a 
skewed rather than a symmetrical distri- 
bution. 

The authors have chosen to ignore the 
fact that errors in temperature measurement 
follow a skewed distribution. By applying 
the usual rules for normal distributions it 
has been possible to demonstrate relation- 
ships between various methods which are 
qualitatively correct although not precisely 
exact. The values of standard deviation 
which are shown in the tables are an index 
to the degree of dispersion of the data. 
They should not be used in the usual sense 
of standard deviation. 
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Discussion 


C. P. Potter (Wagner Electric Corporation, 
St. Louis, Mo.): This paper demonstrates 
quite clearly that it is necessary to take 
certain precautions in order to obtain true 
measurements of the temperatures on coil 
surfaces. If this information had been avail- 
able before earlier tests were made,!? it is 
quite likely that the results obtained would 
have been more consistent. 

The tests which were reported by the 
writer at that time were made using thermo- 
couples 12!/2 mils in diameter which were in- 
serted in the crevices between adjacent coils 
and then covered with a layer of sealing 
compound which becomes quite hard and is 
not affected by temperatures ordinarily ob- 
tained in motor windings. 

Beede and Cain recommend the use of a 
lead pellet covered with putty and felt, and 
because of the fact that we have not tried 
this method, we do not know whether it will 


give results comparable with those which we 
obtained. 

It seems quite likely that every company 
employs a slightly different method of 
attaching and protecting thermocouples in 
temperature tests and it would be well 
worthwhile for all of us‘to compare the 
methods we have been using with those pro- 
posed by the authors of the paper. 

Beede and Cain are to be congratulated 


‘for attacking the fundamental problems in- 


volved in the measurement of surface tem- 
peratures, and completing the record by 
submitting the results of their tests. It is 
hoped that more and more motor designers 
will become interested in the apparently 
simple problem of determining motor wind- 
ing temperatures, and that the literature on 
the subject will soon be quite complete. 
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J. G. Rosswog, C. P. Potter. AIEE TRANSACTIONS, 
volume 64, 1945, March section, pages 124-8. 


2. INVESTIGATION OF Hot-Spot TEMPERATURES 
In FractionaL-HorsEPOWER Morors, L. H. 
Hirsch, R. F. Munier, M. L. Schmidt, L. W. 
Wightman, F. S. Himebrook, T. C. Lloyd, O. G. 
Coffman, C. P. Potter, AIEE TRANSACTIONS, 
volume 64, 1945, March section, pages 128-36. 


John L. Fuller (Reliance Electric and En- 
gineering Company, Cleveland, Ohio): The 
paper has pointed up the need of more 
accurate than usual method of temperature 
measurement on electric apparatus. It also 
shows that properly measured surface tem- 
perature rise on induction motors is nomi- 
nally equivalent to rise by resistance. 

Our experience over the last three years 
using thermocouples instead of thermome- 
ters for engineering test data has proved that 
far greater consistency of results can be ob- 
tained by this means. Thermocouples of 
0.020-inch diameter and a plastic putty have 
been used. A few tests using 0.010-inch 
thermocouples with lead pellets secured from 
Beede and Cain have shown that approxi- 
mately 10 per cent higher rise may be ob- 
tained for a well ventilated open motor, 
whereas the difference compared with the 
larger thermocouple wire becomes much less 
for a totally enclosed fan cooled motor. 

As a laboratory check, tests were made to 
compare how well various thermocouples 
might follow a changing temperature. To 
accomplish this, a long brass strip of uniform 
cross section was heated by passage of cur- 
rent. A thermocouple was soldered into a 
small hole and was assumed to read the true 
temperature. Two other couples were 
placed adjacent and within 1—4-inch of the 
soldered-in couples, and all three covered 
with a single piece of putty. Starting from 
room temperature, the strip was heated at 
various rates. Results are shown in Table I. 

These results show a very definite ad- 
vantage when measuring rapidly changing 
temperatures in the use of a small couple, 
and some advantage for the lead pellet. 
Presumably more advantage for the lead 
pellet would show up when taking tempera- 
tures of a surface having a lower heat con- 
ductivity than the brass strip investigated. 

The adoption of a standard for apparatus 
temperature limits equal to those for rise by 
resistance when using this applied detector 
method seems justifiable. 
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Internal Corona Discharges in 


Insulated Cables 


E. W. GREENFIELD 


MEMBER AIEE 


N recent years there has been con- 

siderable interest in the study of in- 
ternal discharges associated with elec- 
tric apparatus operating at high-voltage 
stresses. Experience has indicated gen- 
erally that insulated cables or other elec- 
tric apparatus have a higher mortality 
rate when operated with internal dis- 
charges present. Usually such discharges 
take place at an interface between gas and 
liquid or solid, the gas phase becoming 
ionized and thus conductive. All organic 
materials in the discharge area suffer pro- 
found chemical and physical changes be- 
cause of the localized heating and elec- 
tronic bombardment. Progressive dam- 
age with resulting premature failure of the 
insulation then occurs. 

Early investigation! disclosed that 
electric discharges always produced high- 
frequency components in the voltage 
wave. The magnitude of these ripples is 
influenced by the electrical stress and 
volume of ionized regions, whereas the 
range of frequencies is determined by the 
distribution of relaxation times of the 
many local discharge circuits. The de- 
tection and measurement of internal dis- 
charges therefore simplified to the detec- 
tion and measurement of the discharge 
harmonics in the voltage or current wave 
applied to the object under test. 

In 1933, Paine, Tykociner, and Brown? 
developed several forms of discharge 
bridges and applied these to cable. In 
1936 Armon and Starr® described a num- 
ber of practical cable discharge-detecting 
circuits and for the first time utilized the 
Schering bridge as a means to suppress ex- 
traneously-produced harmonics. Quinn‘ 
used a simple high-pass filter and cathode- 
ray oscilloscope to detect discharges in 
transformer bushings and other high- 
voltage equipment. Extending Armon 
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and Starr’s technique, Whitehead and 
Shaw’® described studies of internal dis- 
charges in paper-cable models using the 
Schering-bridge type detector. 

Regardless of differences in method and 
apparatus there is, however, common 
agreement as to the importance of sup- 
pressing discharges within‘electric equip- 
ment and cables. In the latter particu- 
larly, it is agreed that internal discharges 
must be absent at maximum operating 
voltage, if the cable is to realize its good 
inherent properties and ultimate life. 

In 1938, the author became interested 
in the use of an internal discharge detector 
for determining cable quality. Whereas 
power factor and dielectric loss for many 
years have been used as criteria of high- 
voltage cable quality, for the most part it 
is the interpretation of these parameters in 
terms of gaseous ionization which has 
given them their practical significance. 
In many cases where the correlation has 
not been clear, the interpretation has been 
misleading. On the other hand, direct 
detection and measurement of internal 
discharges are readily accomplished, and 
interpretation of therecords unmistakable. 


A simplified form of internal discharge. 


detecting and measuring equipment has 
been developed, based principally upon 


Paper 47-91 recommended by the AIEE committee 
on power transmission and distribution for presen- 
tation at the AIEE winter meeting, New York, 
N. Y., January 27-31, 1947. Manuscript sub- 
mitted November 8, 1946; made available for print- 
ing December 18, 1946. 


E. W. GREENFIELD is engineer-in-charge, electrical 
laboratory, Anaconda Wire and Cable Company, 
Hastings-on-Hudson, N. Y. 


The author is indebted to many of his engineering 
associates who have assisted in the development 


‘and construction of the detector, test program, and 
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Clute, G. E, Kinsley and E. S. Rohrbach, all with 
Anaconda Wire and Cable Company, Hastings-on- 
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Arman and Starr’s original circuit. This 
equipment has been used for the past five 
or six years in the evaluation of type CB 
(carbon-black) impregnated-paper-in- 
sulated cable. In this application, the 
outstanding beneficial effects obtained by 
incorporating highly adsorbent conduc- 
tive carbon-black paper tapes within the 
structure of an impregnated-paper cable 
have been demonstrated conclusively. 
Also, interesting information has been re- 
corded regarding deterioration produced 
by silent discharges, associated with the 
so-called solid ionization within the in- 
sulation. _ . 


Corona Detection and 
Measurement 


The final form of the internal corona 
detector was controlled by three principal 
considerations: 


1. To be completely self-contained and 
portable. 


2. To be applicable to all types of cable 
(within its voltage range) including flexible 
rubber or synthetic-insulated and shielded 
as well as lead-covered cable. 


3. To be applicable to paper-cable model 
tests where the sample is set up in separate 
sealed containers. 


As shown in Figure 1, the final equip- 
ment consists of four component parts; 
power, high-voltage, bridge, and detector 
circuits. Figure 2 shows the completed 
self-contained unit. 

Although the circuit diagrams are al- 
most self-descriptive, a few remarks con- 
cerning some of the special features will be 
required. 


POWER CIRcuIT 


The filter and isolating transformers 


(items F and T) were found of benefit in 


decreasing audio- and radio-frequency 
disturbances from the power line. 


HIGH-VOLTAGE CIRCUIT 


The high-voltage transformer was de- 
signed especially for this installation, tak- 
ing every precaution to make the windings 
and terminals corona-free. Enclosing 
copper electrostatic shields grounded to 
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leads from opposite corners of the bridge 
are brought to a double-pole double- 
throw switch which connects directly to 
either an external terminal for amplifica- 
tion calibration determination or to a 
special shielded bridge transformer which 
permits operating the oscillograph and 
amplifier at ground potential. The low- 
voltage bridge arms are located in a 
doubly shielded section at the upper-right 
of the cabinet. 


POWER CIRCUIT HIGH-VOLTAGE CIRCUIT 


CABLE 
UNDER TEST 


HIGH VOLTAGE TERMINALS 


DETECTOR CIRCUIT 


(B) PRIMARY SELECTOR SWITCH 


(®) TRANSFORMER 500 vA, 60 cps 
PRI-115/230 V, SPECIAL SEC-30 Kv (1) TEST CABLE 


©) HIGH-VOLTAGE, OIL-FILLED 
CORONA- LESS GONDENSER - 


CORNELL- DUBILIER FILTER ()F-28) 
LAMP 
@) THORDASON TRANSFORMER (i8VO!) 


@) MAGNETIC SWITCH 


PUSH BUTTON 


© OVERLOAD RELAY 


From the shielded transformer the out- 
put is fed directly to a flat voltage re- 


©) GATE SWITCHES GENERAL RADIO VARIAG 5 AMPS 


BRIDGE CIRCUIT 


©) DPDT VM SWITCH, 3-POSITION (VY) VOLTMETER,0-3-15-30¥ | 


DETECTOR CIRCUIT 


©) 20,000 OHMS RHEOSTAT 

©) 10,000 OHMS, IW, RESISTOR 

©) 1,100 MMF CONDENSER @© oPOT SWITCH 

(©) (3)0.00005 MF.CONDENSERS (H) SHIELDED TRANSFORMER 
@) EXTERNAL TERMINAL 


(@) GROUND 
@ 


(B) 10,000 OHMS, IW, RESISTOR 


Figure 1. Wiring diagram, internal corona 
detector 


core and case are used between the 
primary and secondary windings. As 
shown in Figure 3, the high-voltage ter- 
minal of the transformer connects directly 
to the high-voltage side of a corona-free 
oil-filled variable capacitor through a 30- 
kv oil-filled bushing. This capacitor con- 
sists of a fixed (lower) and a movable 
(upper) brass plate each 1/2-inch thick 
and ten inches in diameter with all edges 
rounded. An approximate rule for setting 
the capacitor plates is to allow 10,000 
volts for each 0.100 inch of plate separa- 
tion. The capacitor is filled with a high- 
grade insulating oil (Dow Corning silicone 
fluid number 500 has been found satis- 
factory). 

Figure 3 shows the high-voltage corona- 
free terminals mounted one at each end of 
the 30-kv bushing arms. These ter- 
minals, called flower pots, were designed 
especially for sheathed cable testing. 
Figure 4 shows a cross section of a flower 
pot. The terminal is made of brass 
machined to a log-log flare to obtain con- 
stant longitudinal stress on the dielectric 
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.) AMPLIFIER 

3) HIGH-PASS FILTER 

) RCA CATHODE-RAY OSCILLOGRAPH, (TYPE-155C) 

) BALLANTINE VAGUUM-TUSE YOLTMETER (MODEL 300A) 


medium below the discharge point up to 
30 kv. A banana jack is located in the 
bottom of the holder with a guide (of in- 
sulating material) to facilitate the in- 
sertion of the cable end. One or more 
cylindrical polystyrene barriers are placed 
in the oil space extending almost to the 
top of the terminal. This allows free 
passage of oil (through small openings) 
but provides barrier action to prevent oil 
ions from lining up. The terminals may 
be filled with clean dry transformer oil 
before testing, but silicone fluid will be 
found more satisfactory and durable. 
Each flower pot may be rotated readily 
about its support and drained into the 
catch pans shown in Figure 3. 


BRIDGE CIRCUIT 


The bridge circuit shown in Figure 1 
contains two arms which are in the high- 
voltage compartment. One consists of the 
high-voltage oil-filled capacitor and the 
other, the cable or model under test. 
Shielded leads, as shown in Figure 3, con- 
nect the cable sheath and the movable 
plate of the capacitor to opposite corners 
of the Schering bridge. The junction of 
the low-voltage arms is grounded, and 
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sistanee-capacitance amplifier with a 
maximum gain of 400. This unit provides 
sufficient gain over and above the oscillo- 


- graph amplification to detect the smallest 


types of relaxation oscillation (frequencies 
determined by 1/RC of the discharge cir- 
cuit). The amplifier is varied by screw- 
driver control through a small opening in 
the side of the cabinet. A calibration 
terminal can be used to determine or 
set the over-all amplification of the am- 
plifier and oscillograph. This is accom- 
plished by placing a known source of 
1,000-cycle voltage across an attenuating 


_ network and varying the gain to give the 


required sensitivity in microvolts per inch. 
From the amplifier the circuit is continued 
to a 3-section high-pass filter which has a 
very sharp cutoff at 1,000 cycles. - It has 
a stop band from 60 cycles through the 
first 11 harmonics with an attenuation of 
over 45 decibels. The output of the filter 
goes directly to the cathode-ray oscillo- 
graph. 

For quantitative determination of the 
volume of ionization taking place in the 
discharge, a sensitive vacuum-tube volt- 
meter is inserted in parallel with the oscil- 
lograph. This instrument has a range 
from 30 microvolts to 100 volts, with high 
input impedance, and permits obtaining a 
value for ionization which is proportional 
to the average value of the complex dis- 
charge voltage wave (including har- 
monics) up to 150 kilocycles. 


Table | 
Cable 
Sample 
Group 
Number Description 


LL-1 and 2...Standard solid-type cable with round, 
stranded conductor; no conductor 
shielding 


LL-3 and 4...As above, except conductor shielded 


with intercalated aluminum-foil- 
backed paper (foil side inwards) and 
similar outside core shielding (foil 
side outwards) 

LL-5and6...Type CB cable (carbon-black tapes 
replace three insulating tapes over 
the conductor and three insulating _ 
tapes over the core) 
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THEORY OF OPERATION 


Operation of the circuits used is com- 
paratively simple. Sixty-cycle voltage 
applied to the upper and lower corners of 
the bridge produces a voltage across the 
detector terminals proportional to the un- 
balance in magnitude and phase between 
the high-voltage capacitor and the test 
object. Manipulation of resistance and 
capacitance elements in the low-voltage 
arm restores bridge balance, and the 
voltage across the detector terminals will 
be reduced to zero provided there are no 
harmonics present in the bridge currents. 
Whereas the capacitance balance of a 
Schering bridge is universal for all fre- 
quencies, the phase-angle balance is 
unique. Therefore, perfect balance is 
obtained only for the condition that no 
harmonics are present. When discharges 
occur in the test sample, the fundamental 
is modulated by unit functions which pro- 
duce a varying degree of higher frequency 
waves, and it is the in-phase or loss com- 
ponents of these high-frequency discharge 
waves which pass through the bridge into 
the detecting circuits. The function of 
the high-pass filter is to remove any of the 
usual harmonics which may be present in 
the applied voltage from the transformer. 


APPLIED VOLTAGE 


Discharges occur initially on the peaks 
of the voltage wave, and as the voltage is 
increased the region of discharge spreads. 
Hence, it is the peak value of the applied 
voltage which is of most importance in de- 
termining discharge characteristics. For 
this reason, the voltmeter is calibrated in 
rms volts determined from peak readings 
obtained by means of a precision high- 
voltage crest-voltmeter. 


SAMPLE PREPARATION AND 


MEASUREMENT 


If the cable to be tested is sufficiently 
flexible, it is wrapped loosely about the 
high-voltage capacitor, and both ends 
suitably prepared to eliminate end dis- 
charges are inserted in the oil-filled 
terminals. Larger lead-covered cables are 
formed into inverted U shapes and the 
ends brought through bushed holes in the 
top of the cabinet down into the high- 
voltage terminals. 

Where the cable under test is inserted 
directly into the high-voltage compart- 
ment, end preparation is very simple. The 
conductive sheath is cut back about 3/2 
inches, belled out slightly, a foil cylinder 
partly inserted, and then bent back over 


the sheath edge to form a smooth rounded ~ 


surface.. Finally, a standard banana plug 
is attached to the conductor. When the 
test cable must be located externally to 
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the unit, special high- and low-voltage 
leads are used to extend the sample arm of 
the bridge. The high-voltage lead is more 
than 0.6 inch in diameter and sufficiently 
smooth so that it produces no discharges 
up to 30 kv. Itis necessary to insure that 
the whole high-voltage system external to 
the test cable itself be free of electric dis- 
charge at the maximum test voltage. 

With the test cable connected into the 
bridge circuit, a moderate voltage is ap- 
plied and the Schering bridge balanced 
for both phase and magnitude until a per- 
fectly smooth straight line is obtained on 
the screen of the oscilloscope as shown in 
Figure 5a. The voltage is increased then 
until the first signs of a ripple or a pip or 
jagged saw teeth appear. This is the 
initiation voltage. The voltage then is 
decreased slowly until all signs of ripple 
disappear, This is termed the extinction 
point. The latter always occurs at a 
lower value because of the reduced energy 
required to maintain the ions in motion. 
Figure 5b shows the oscilloscope screen 
after the voltage has been increased some- 


‘what beyond the initiation point. 


Once the discharge is started, the 
vacuum-tube voltmeter is connected into 
the oscilloscope circuit, and ripple po- 
tential may be measured directly because 
the gain of all amplifiers is known from 
previous calibration. 

A word about over-all gain is required. 
It appears certain from our experience 
that the determination of discharge initia- 
tion and extinction voltages is somewhat 
dependent on the amount of amplification 
provided by the detection system. Elec- 
tric discharges in minute voids distributed 
within the insulation apparently go 
through all the phases of dark discharge, 
brush, and finally visual corona as the 
stress is increased gradually. Each of 
these stages introduces harmonics on the 
voltage and current waves which progres- 
sively increase in amplitude and frequency 
characteristics. The higher the gain, the 
lower the order of discharge which can be 
detected. Sufficient gain must be avail- 
able so that the start of true ionization can 
be observed. On the other hand, exces- 
sive gain will show apparent discharges 
which actually may be of an electronic 
nature rather than the more commonly 
considered relaxation type because of 
ionization. For this work a maximum 


gain of about 250-microvolts-per-inch > 


oscilloscope deflection has been adopted. 


Type CB Cable Tests 


In a previous paper,* it was shown that 
the application of carbon-black paper 
tapes, containing an enormous surface 
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area of a special electrically conductive 
and chemically adsorptive colloidal car- 
bon, produced impregnated-paper cable 
which was in every way superior to 
standard types. It is known now that 
carbon-black tapes of correct composition, 
quantity, and distribution in the cable 


Figure 2. Internal corona detector 


Cable sample is totally enclosed in high-voltage 
compartment while test is being conducted 


High-voltage test compartment 
internal corona detector 


Figure 3. 


Shows high-voltage capacitor, flower-pot 
high-voltage corona-free terminals, and cable 
sample under test 
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structure exert a 4-fold benefit as ex- 
plained in the following: 


1. Avidly adsorb oxidation products pro- 
duced in the oil as a result of heat, stress, 
and catalysis. Reduce formation of metal- 
lic soaps (copper and lead) by screening the 
electrode metals. Adsorbed products (elec- 
trolytes) held-owtside of dielectric field in- 
fluence becatise of shielding by high con- 
ductivity.of carbon. 


2. Eliminate strand stress concentrations 
at conductor thus reducing maximum stress 
by more than 25 per cent. Eliminate possi- 
bility of stress between loose sheath and 
insulated core. Because the carbon-black 
tapes form the cable’s electrodes, the fit of 
the paper insulation to the electrodes is 
better than that obtained by any other 
means not excepting highly polished metal 


cylinders. 


3. The high stress electrode is transferred 
from a metal (copper) with a high-work func- 
tion to a nonmetal (carbon) with a low-work 
function. This has an important influence 
on the character of the electric discharge. 
At a given gradient, the discharges from 
carbon are much less severe than those from 
copper. 


4. Impulse strength of the cable insulation 
is increased because the carbon-black tapes 
act as distributed series resistors of suffi- 
cient value to damp the wave fronts of 
surges of external origin. 


The internal corona detector described 
in the afore-mentioned has been found 
very useful to evaluate type CB cable. 
Several of these experiments, involving 
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Figure 4. High-voltage 
corona-free terminal 


\nternal corona detector 


Figure 5 (below). Os- 
cillogram of internal 
corona. Polyethylene- 
insulated coaxial cable 


a—Trace on oscillo- 
graph screen after bal- 
ancing bridge at a volt- 
age below discharge 
initiation point 
b—Trace of discharge 
waves at a voltage 25 
per cent above initiation 
point 
c—Timing. wave, 1,000 
cycles per second 


POLYSTYRENE 
TUBING 


LOG -LOG "FLARE 
POLISHED BRASS 


BANANA JACK 


both cable and models, are described as 
follows: 


CABLE TESTS 


A number of lengths of single-con- 
ductor impregnated-paper lead-covered 
cable were prepared. See Table I. These 
cables all were rated nominally at 12 
ky; all had 4/0 American Wire Gauge 
standard stranded conductors, 0.172-inch 
paper insulation (including CB tapes), 
0.086-inch lead sheath. 

Table II is a summary of the cable con- 
structions and calculated operating 
voltage stresses. The standard construc- 
tion shows the highest maximum stress as 
a result of strand concentrations. How- 
ever, the decrease in actual insulating wall 
for the other constructions partially off- 
sets their strand shielding features so that 


the maximum stresses are not greatly 
different for all cable types. (For higher 
voltage cable (thicker walls), this is not 
true; strand shielding reduces maximum 
stress very appreciably.) 

Particular care was exercised to secure 
uniform high-quality taping, 60/40 per 
cent overlays with butt spaces varying 
from 0 to 5 per cent maximum; all sec- 
tions were taped in one length. The 
cables were dried and impregnated to- 
gether in a single tank under standard 
treatment procedures. 

After routine factory acceptance tests 
to Association of Edison Illuminating 
Companies specifications, two 12-foot 
lengths of each construction were sub- 
jected to thermal aging’cycles as follows: 


1. Initial measurements of power factor, 
corona initiation and extinction voltage, 
and volume of discharge at twice operating 
voltage, all at room temperature. 


2. Ends sealed with foil and sealing tapes 
and cables placed in an aging oven held at 
125 degrees centigrade for 5-, 15-, and 
30-day periods, respectively. 


3. After each aging period the cables were 
removed from the oven, allowed to cool for 
24 hours and then remeasured per item 1. 


Table IV is a summary of the results 
obtained during the heat-aging tests; the 
averaged results of each construction are 
shown graphically in Figures.6A and 6B. 
These results are indeed striking. All 
cable lengths started with power factors 
very nearly equivalent, variations in the 
same type exceeding differences between 
types. The corona initiation voltage, 
however, showed distinct differences by 
type. The standard cable exhibited start 
of discharge at less than twice operating 
voltage. The foil-backed paper conduc- 
tor-shielded construction was appreciably 
better, discharge beginning at almost 20- 
per-cent higher voltage. The type CB 


cable with carbon-black tape electrodes. 


showed no internal discharges up to al- 
most three times operating voltage and in 
this respect was much superior to either 
of the other types. The initial volume of 
discharge (as defined by the effective 


Table Il. Cable Construction and Operating Voltage Stresses 
Cable Sample Group LL 
Insulation Thickness Operating Voltage Stress 
Cable ————— 
Sample *Total Effective Average Maximum 

Number Construction Mils Mils - Volts Per Mil Volts Per Mil 

if-andese ac Standarth-eS 5. peti WED icv, ses, siarscate EDs irs Sop tata OU aera Oto cea 66.0 

PLES and ye eee Conductor shielded. ...... UPS ocazyreee 152 40 e. cee AG UON eesti s <9" 58.5 

(foil-backed paper) 

LL andiGacc a. Dy pe CBR. cetyl chetiorns V2 ec eae AD... «eyecare AGB inrcias\pas o's 60 2202.50) 

Greenfield-—Cables AIEE TRANSACTIONS 


IONIZATION VOLUME 
AT 13.9 KV & 25C-—MICROVOLTS 


Tae ed 
neh ake 


CORONA INITIATION AT 25C - KV 


20 25 30 
AGING TIME AT 125 C — DAYS 


SE conten snc _ 
— Se aT 


inaietanes ——} 


POWER FACTOR AT 25C - PERCENT 


@ STANDARD (LLI,2) 
@ COND’R SHIELDED (LL3,4) 
O TYPE CB (LL5,6) 


WER FACTOR 
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Figure 6A. lonization characteristics during 
aging .sealed paper-lead cable samples 
(group LL) 


lonization volume and corona initiation voltage 


microvolts of the in-phase discharge har- 
monics at twice operating voltage) also 
showed large differences as would be ex- 
pected considering the observed initiation 
voltages. 

Progress of aging at 125 degrees centi- 
grade showed deterioration of electrical 
characteristics in all the cables under test, 
the amount varying widely among the three 
constructions. At the end of 15 days, the 
standard cable showed initiation of in- 
ternal discharges at operating voltage and 
at the end of 30 days the initiation point 
had dropped to 4.0 ky, less than 60 per 
cent of operating voltage. During this 
same period, the volume of discharge in- 
creased almost 15 times. The foil-backed 
paper conductor-shielded cable also 
showed a continuously decreasing initia- 


tion point and after 22 or 23 days aging 
exhibited internal discharges at operating 
voltage. The volume of ionizatiori rose 
steadily to over six times initial, and the 
disruptive character of the discharge was 
emphasized. Only the type CB cables ex- 
hibited discharge stability. During the 
entire aging period the initiation voltage 
was reduced by only 3 kv, from approxi- 
mately 20 to 17 kv. The volume of dis- 
charge remained remarkably low through- 
out the test as expected because the initia- 
tion point never dropped as low as 14 kv, 
the applied voltage at which volume of 
discharge was determined. 

Figure 6B shows how the power factor 
varied during the aging period. The in- 
crease in gaseous ionization is shown 
clearly by the relative values of power 
factor at 100 and 20 volts per mil for each 
cable type. Reference to Table II indi- 
cates that the maximum stress at oper- 
ating voltage (6.9 kv) for all cables was 
approximately 66 volts per mil. There- 
fore, because the corona initiation voltage 
after the first few days of aging had de- 


Table Ill. Cable Model Construction and Test Voltage Stresses 
Cable Model Set R 


Test Voltage Stresses 


Cable cee 
Model Effective Insulation Average Maximum 
Number Construction Thickness, Mils Volts Per Mil Volts Per Mil 
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100 VPM 
20 VPM 


AGING TIME AT 125 C-DAYS 


lonization characteristics during 
cable sample 


Figure 6B. 
aging sealed paper-lead 
(group LL) 


Power factor at 20 and 100 volts per mil 


creased in the case of the standard and 
foil-backed paper conductor-shielded 
cables to below 10 kv, power factor meas- 
urements at 100 volts per mil were made 
under discharge conditions whereas at 20- 
volts-per-mil measurements they were 
not. This accounts for the good agree- 
ment between power factor and discharge 
measurements. In the case of type CB 
cables, there were no measurable dis- 
charges at 100 volts per mil at any time 
Hence the power factor difference between 
100 and 20 volts per mil remained un- 
changed, and the relatively small increase 
in power factor level must be accounted 
for by chemical changes alone. | 

Figure 7 is a group of oscillograms 
taken during the course of the cable tests. 
Each row represents a single cable as 
designated and the photographs from left 
to right were taken initially and after 5 
days, and 30 days aging. These oscillo- 
grams were made immediately following 
the tests described above with all cables at 
room temperature. The upper trace in 
each picture is the result of internal dis- 
charges within the cable; the lower trace 
is a 1,000-cycle timing wave. All oscillo- 
grams with the exception of the 30-day 
aged standard cable were taken at a gain 
level of 250 microvolts per inch; the ex- 
ception was made at one half that gain. 
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CONDUCTOR 
SHIELDED 
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STANDARD 
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IONIZATION OSCILLOGRAMS — 25 C, 13.9 Ky 


Figure 7. Oscillograms of internal corona 


Sealed paper-lead cable samples (group LL) 


Here is revealed clearly and unmis- 
takably the character of the internal dis- 
charges, providing visible confirmation of 
the numerical data shown in Figure 6. 
Type CB cable shows a remarkable record 
of discharge stability; the trace is almost 
flat initially, and at the end of the 30-day 
period its harmonic content is still negli- 
gible. On the other hand, the standard 
cable shows a small amount of discharge 
initially and this increases in intensity and 
complexity to a point where the amplifica- 
tion had to be reduced in order to photo- 
graph the trace amplitude. The foil- 
backed paper conductor-shielded cables 
after starting with almost no trace of dis- 
charge soon developed a very high-fre- 
quency type of wave shape containing 
sharp pulses repeated at one-half to one 
millisecond intervals. The harmonic 
amplitudes increased with aging so that at 
the end of the 30-day interval, discharge 
could be classed as very severe. 


CABLE MopEL TESTS 


In these tests on cable, the aging was 
so conducted as to emphasize gaseous 
ionization as well as the effect of high 
temperature. Heating of the sealed 
‘cables for long periods of time caused 
sheath expansion and ‘creep with con- 
sequent redistribution of impregnant, 
formation of voids, and so forth. In ad- 
dition, chemical reaction of the cable 
materials with residual air and gases was 
greatly accelerated at 125 degrees centi- 
grade. 
made on a group of cable models, con- 
tinuously immersed in oil so that gaseous 
ionization as such was suppressed. On the 
other hand, the models were aged at high 
temperature with continuously-applied 
electrical stress, and the tanks in which 
they lay were exposed to air during this 
time. Hence, oxidation and electrolytic 
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The tests described later were 


30 DAYS. 


Figure 8. Typical cable model 


16 inch, 4/0 American Wire Gauge, stranded, 
60 to 70 mils insulation, fully shielded and 
guarded 


ionization were the factors emphasized. 

Four cable models (set R) were pre- 
pared each with different treatment of its 
conductor. These models are similar in 
design to those previously described.® 
Briefly, they are paper tape-wound on a 
lathe and equipped with outer electrodes 
by hand. The insulation is wrapped 
cable fashion on a 16-inch long number 
4/0 American Wire Gauge stranded ¢on- 
ductor with 60 to 65 mils of high-density 
(air resistance, 250 seconds per mil) wood- 
pulp insulating paper, 60/40 per cent 
overlay, 0.5-per-cent butt space. A 5 1/s- 
inch outer wrapping of perforated lead 
foil acts as the low-voltage electrode or 
sheath, and, on both sides of this, 51/2-inch 
flared paper end-re-enforcements are in- 
stalled to permit operation up to 30 kv. 
Guard electrode foils cover the re-en- 
forcements and overlap the main electrode 
slightly. Figure 8 shows a typical cable 
model completed and ready for test. 

The equipment used for treating and 
testing these models has been built es- 
pecially for this purpose. There are two 
12-gallon storage and degasser tanks 
equipped with vacuum pump, heaters, 
resistance thermometers, and oil atomiz- 
ing devices for properly storing, degassing, 
and dehydrating the impregnant. The oil 
is piped from these tanks to each or all of 
four square-section test tanks in which the 
dry cable models are mounted. These 
test tanks are mounted in an insulated air 
bath provided with circulating blowers, 
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electric heaters, and thermostat. Booster 
heaters under each test tank enable-all 
tanks to be. maintained at the same tem- 
perature. Each test tank is provided with 
vacuum and oil inlets as well as metallic 
bellows so that they may be operated 
either at high vacuum, or constant gas or 
oil pressure up to 200 pounds per square 
inch. Shielded circuits bring a-c and d-c 
measuring and guard leads into the tanks, 
and high-voltage entry is provided by 
sealed bushings capable of operating up to 
40 kv under all test conditions. In ad- 
dition, all high-voltage leads, bushings 
and terminations are built to operate with 
no electric discharges present up to 30 kv. 
Resistance. thermometers are mounted 
closely adjacent to the cable models. All 
tanks and components are of monel metal 
and may be quickly disassembled for 
cleaning before each test run. Once the 
models are installed in the test tank and 
the covers sealed they are not touched 
again by hand until the aging tests are 
completed. All operations of drying, im- 
pregnating, measuring, and aging are con- 
trolled externally. The model accelerated 
life testing (MALT) unit thus permits 
control to the closest degree possible of 
the variables entering into the manifold 
operations of assembly, treating, testing, 
and aging of impregnated-paper cable. 
Figure 9 is a general view of the MALT 
unit, and Figure 10 is a bird’s-eye view 
looking into the test tank group showing 
the cable models in place ready for sealing 
and processing. 

Difference in make-up of the four 
models in set R were as follows: 


Model R-5 had two 5-mil carbon black tapes 
wound over the stranded conductor prior to 
applying insulating tapes; this is the usual 
type CB model. 

Model R-6 differed in that a highly polished 
heavily tinned solid copper cylinder «was 
used in place of the usual stranded con- 
ductor. No carbon black types used. 


Model R-7 had two aluminum-foil-backed 
paper tapes over a stranded conductor with 
metallic side toward the conductor; this is 
the usual type of conductor-shielded model. 


Model R-8 represented standard construc- 
tion, stranded conductor with no shielding 
of any kind. 


Table III is a summary of model con- 
structions and calculated average and 
maximum test voltage stresses. 

» After mounting in their individual test 
fact the models were dried at 105 de- 
grees centigrade at a vacuum of 600 
microns mercury for a period of 30 hours. 
They then were impregnated under these 
conditions with high-grade cable oil hav- 
ing a power factor of 0.0015 at 50 volts per 
mil and 85 degrees centigrade, and a vis- 
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cosity of 96 seconds Saybolt (0.187 
poise) at 100 degrees centigrade. After 
impregnation but still under vacuum, 
the temperature was allowed to drop 
slowly and electrical measurements made 
at five points. At the end of the tem- 
perature run the models were supplied 
with a continuous source of dry air at at- 
mospheric pressure, the temperature in- 
creased to 100 degrees centigrade, a po- 
tential of 6.3 kv applied to give 106-volts- 
per-mil average stress, and the life test 
started. At 2-week intervals a cold cycle 
was obtained. During this time, the 
temperature was lowered to ambient tem- 
perature over a 24-hour period. 


During aging of the models, power fac- 
tors, capacitances, and insulation re- 
sistances were measured. In addition, 
the’ internal corona detector was used to 
determine corona initiation and extinction 
voltages and volume of discharge at three 
times test voltage, or 18.9 kv. Oscillo- 
grams of the discharge traces at 18.9 kv 
also were taken at intervals during the 
test. In order to establish a reasonable 
time limit for these tests, it was decided to 
remove any model whose 100-degrees- 
centigrade power factor reached five per 
cent or more or whose volume of dis- 
charge reached 500 microvolts or more. 


The history of the aging is well repre- 
sented by the changes in electrical charac- 
teristics shown summarized in Figure 114 
(ionization data) and 11B (dielectric 
data). The tests lasted for more than 90 
day: during which time model R-8 
(standard) was removed after 27 days and 
model R-7 (conductor shielded) after 71 
days both having attained high values of 
power factor and internal discharge. At 
the start of the test all initiation voltages 
were well above test voltage, the tinned 
cylinder conductor being highest and the 
plain stranded standard conductor lowest. 
At the end of only five days, the initiation 
voltage of the standard model had fallen 
to test voltage level, and consequently its 
aging proceeded under discharge condi- 
tions which continuously increased in 
severity, as shown by the volume of dis- 
charge curve. 

The conductor-shielded model R-7, 
after 40 days aging, showed a sharp de- 
crease in initiation voltage to the test 
voltage level. Thereafter the volume of 
ionization increased rapidly, being re- 
flected also in a sharp power factor in- 
crease. Models R-6 (cylinder conductor) 
and R-5 (type CB) both performed ex- 
cellently. Neither was under particularly 
active discharge throughout the test, but 
at the end of 92 days the type CB model 
showed the highest initiation voltage and 
lowest volume of discharge. The large 
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difference in power factor between these 
two models at the end of test cannot be 
explained by differences in their discharge 
characteristics but rather by differences in 
deterioration of impregnant. The im- 
pregnant in the type CB model was pro- 
tected by the adsorbing properties of the 
colloidal carbon and was therefore in 
much the best condition. 

Perhaps the best view of the tests is 
shown by the series of oscillograms in 
Figure 12 taken during the course of 
aging. The upper group was made at 
100 degrees centigrade, the lower during 
the room temperature cooling cycles. For 


Figure9. Model accelerated life test(MALT) 


general view 


Oil treatment tanks, model test tanks (behind 
screen), and control panel 


Figure 10. Model test tanks (MALT) bird's- 
eye view 


Models mounted and ready for processing 
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the initial and 5-day pictures the gain was 
set at 250 microvolts per inch, but beyond 
this time it was necessary to reduce it to 
500 microvolts per inch in order to accom- 
modate the large discharge amplitudes 
developed by some of the models. Start- 
ing with complete freedom from discharge 
harmonics, there developed a wide diver- 
gence of behavior between the several 
models. The standard model showed up 
poorly, whereas the type CB model ex- 
hibited almost complete ionization sta- 
bility. The foil-backed paper conductor- 
shielded model, although starting well, 
soon was in trouble and developed con- 
siderable internal discharge as shown by 
the long spiked streamers in the oscillo- 
grams. The tinned cylinder conductor 
showed up very well as far as the 50-day 
point; thereafter the oscillograms show 
development of appreciable discharge. 
The oscillograms taken at room tempera- 
ture show much less discharge than at 100 
degrees centigrade. This would appear 
to indicate that the oil bath surrounding 
each model actually supplied oil to the 
cable structure as it breathed. 

As each model was removed from test, 
the insulation was dissected carefully for 
examination and tape-by-tape power 
factor tests. Visual examination revealed 
carbonization of the paper and thickening - 
of the impregnant at the oil channels for 
the first three paper layers from the con- 
ductor in the standard construction. 
The conductor-shielded model showed 
carbonization of the paper along the 
edges of the foil backing. The discharge 
here was evidently very intense because 
the adjacent paper showed some den- 
dritic patterns. No carbonization was 
found in the tinned cylinder model, but 
the impregnant near the conductor was 
darkened as was also the case for the two 
previously described models. The 
carbon-black model showed no evidence 
of stress on the paper or any impregnant 
deterioration except at the outside tape 
where the model was in immediate con- 
tact with the bath oil. 

Results of radial (tape-by-tape) power 
factor tests are shown in Figure 13. In 
the main, these simply corroborate the 
findings previously indicated. It appears 
definite that the carbon-black tapes act to 
keep the impregnant in good condition in 
the oil channels near the conductor region 
in addition to reducing the discharge in- 
tensity. 


Discussion and Summary 
A portable self-contained apparatus has 
been developed which permits rapid and 


accurate quantitative determination of 
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IONIZATION CHARACTERISTICS — 100 C, 18.9 Ky. 
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100 volts per mil, 60 degrees centigrade 


internal corona within insulated cable. 
The present equipment is limited to 30 kv 
but could be modified readily for use at 
higher voltages. Minor modifications also 
can be made to apply the method to 
capacitors, transformers, and other forms 
of high-voltage electric apparatus. 

Two applications of the internal corona 


Table IV. 


detector in the study of type CB cable 
have been presented. In one case lead- 
covered cable was used and the test con- 
ducted so as to emphasize void formation 
as well as thermal deterioration. Under 
these conditions, the standard (unpro- 
tected) stranded construction deteriorated 
steadily to a point where it supported in- 
tense internal discharges below rated 
operating voltage. Conductor shielding 
by means of metal foil-backed paper 
tapes, while helpful in reducing the rate 


Internal Corona During Thermal Aging 
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NUMBER OF TAPES —SHEATH TO CONDUCTOR 


Figure 13B. Radial power factor after aging 
cable models (set R) 


100 volts per mil, 60 degrees centigrade 


of deterioration, also was found to permit 
development of destructive internal dis- 
charges the character of which appears to 
be somewhat different than for unpro- 
tected strands. The remarkable stabiliz- 
ing effect of carbon-black protected cable, 
shown clearly in Figure 7, appears to be 
the result of 


1. Reduction of stress at the smoothed 
conductor electrode. 


2: Suppression of discharge intensity at 
the carbon-black electrode. 


8. Maintenance of good impregnant qual- 
ity by adsorption of electrolytes. 


Presumably all cables had impregnant 
movement and void formation alike. It 
also appears likely that void formation 
contributing most importantly to internal 
discharges occurred right at the conductor 
electrode. Here it is that the sharp 
metallic edges of the foil-backed tapes 
must have discharged directly across the 
voids and oil channels. The increase in 
power factor at low stress of both stand- 
ard stranded and conductor-shielded 
cables also indicates, in this case, a cer- 
tain amount of deterioration of the im- 
pregnant which contributed further to the 
discharge. 

The model tests were conducted under 
what amounts to oil-filled cable conditions 
with the exception that the bath oil 
(reservoir) was exposed continuously to 
oxidation at elevated temperature. In 
this case, too, it was shown that the de- 


599 


tection of internal discharges is a direct 
clue to insulation condition and that the 
type-CB-cable principle provides perhaps 
the best insulation protection. 

The steady decrease in corona initiation 
voltage and increase in volume of dis- 
charge with aging time appears to cor- 
relate closely with power factor increase 
and to some extent with insulation re- 
sistance decrease. Because the careful 
thorough method of impregnation and the 
fact that the models all operate continu- 
ously in hot-oil baths appear to preclude 
any appreciable amount of gassy void 
formation, it must be concluded that the 
observed effects are caused principally by 
production and action of ions in the liquid. 
Deterioration of the impregnant in the 
butt spaces under high stress and high 
temperature produces ions, and it ap- 
pears that the more ions the greater the 
volume of discharge and the higher the 
losses. One known source of these ions is 
through the interactions of the electrode 
metals and oil which form metallic soaps 
and organic electrolytes. The ions 
bombard the fibre structure at definite 


Discussion 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper pre- 
sents a report on further progress on a sub- 
ject that we were interested in as a project 
of the Utilities Research Commission some 
20 years ago, as indicated in references 
by the author. At that time, we found that 
the apparatus developed at the University 
of Illinois was not suitable for detecting 
ionization in ordinary lengths of cable several 
hundred feet long. Can the author’s appa- 
ratus be used for such applications? I 
should think this apparatus could be adapted 
to advantage in testing other insulation 
than cable insulation. 

It is gratifying to me to learn that the 
author’s test indicates a definite advantage 
in using conductor shielding. We have been 
specifying this construction for the past few 
years as a result of accelerated aging tests 
made on samples of cable with two types of 
conductor shielding. In these tests we have 
found no particular difference between the 
two types of shielding, although the tests 
have been rather severe from both the stand- 
points of voltage and conductor tempera- 
tures. Perhaps longer tests or more severe 
tests would bring out some differences. 
We have a number of lengths of 3-conductor 
cable with reduced insulation in service on 
12-kv lines, and the results of examinations 
and tests of these cables after having been 
in service over a period of years may be of 
assistance in connection with the points 
raised by the author. 

Regarding the author’s tests on the 
samples of cable, he indicated that the 
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portions of the potential wave build-up 
depending on temperature, stress and 
number of ions present. The bombard- 
ments cause unit function discontinuities 
in the current wave corresponding to each 
ion group discharge. They also cause 
permanent damage by carbonization, to 
the paper structure as was very. evident 
upon dissection of the models. 

Where ion generation or mobility was 
reduced, there immediately was found less 
discharge and lower losses. For example, 
every model showed much less internal 
discharge at room temperature than at 
elevated test temperature. This might 
not have been the case if dealing with 
true gaseous ionization. Also where 
strand stress was reduced as in the case of 
the foil-backed tape conductor-shielded 
model the ion generation and mobility was 
reduced, and hence the volume of dis- 
charge was reduced. In addition, where 
the stress was reduced further and the 
electrodes heavily tinned (cylinder con- 
struction) the oil deterioration again was 
reduced and consequently the ionization 
was less. The carbon-black protected 


cables had a rating of 12 kv although the 
insulation thickness was 172 mils. That 
was the rating a few years ago, but for the 
past 11/, years the rating for that insulation 
thickness has been almost 15 kv. 

In the model tests, the author states that 
the conditions amount to oil-filled cable 
conditions, except that the oil is exposed to 
oxidation. Such test conditions give some 
information, but I think that more convinc- 
ing information comes from tests on cable 
with simultaneous application of heating and 
cooling and overvoltage. 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The principles embodied in E. W. 
Greenfield’s equipment for the detection of 
corona discharges are very useful and have 
been employed in a modified form over a 
long period of time. The simplest applica- 
tion is perhaps that in which the charging 
current (or part of it) of a section of cable, 
insulated or bare, or other high-voltage ap- 
paratus, is coupled inductively to the input 
circuit of a radio receiver. This receiver 
then responds to the abundant radio-fre- 


quency components of the corona current. 


The audio output then can be used to drive 
a loudspeaker or an oscillograph. 
properly cleaned-up set-up, the inception of 
radio interference in the 500- to 1,500-ke 
band is coincident with the start of ordinary 
corona. This is a simple application of a 
band-pass filter to remove the large normal- 
frequency charging current and to pass the 
r-f components resulting from corona. 

If it is desired to separate all ionization- 
current components from the normal charg- 
ing current or C(de/dt) components, a simple 
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model is unique, however. In addition to 
reducing the stress greatest locally, the 
colloidal carbon also reduces free ions by 
adsorbing them within its structure out of 
the electric field, so that ion production 
not only is retarded but also actually 
may be reduced by continued aging. 
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balancing circuit can be employed. The 
composite charging or dielectric current of 
the test specimen is passed through a non- 
inductive resistor which also carries the 
charging current of an ionization-free ca- 
pacitor supplied with a voltage from the test 


‘source but with phase shifted 180 degrees. 


To effect complete balance of the normal 
charging current 


Ci Ky = C,E2 


where the subscripts one and two refer to 
the test specimen and balancing capacitor, 
respectively. The voltage drop across the 
resistor is then caused by ionization-current 
components only and may be observed di- 
rectly or amplified. as required. This 
scheme has been employed to study radio 
interference caused by conductor and insu- 
lator corona.! 

Corona discharges can be produced in 
which no high-frequency current compo- 
nents exist. If the discharge is caused to 
occur from an electrode of high specific re- 
sistance, some semi-conducting material 
such as carbon-black paper tape, the elec- 
tron avalanches responsible for the current 
surges that give rise to the high-frequency 
components cannot occur. Radio inter- 
ference or high-frequency currents are then 
no longer an indication of ionization or 
corona discharges. The second method 
described is better adapted to detecting 
discharges of this character. The neces- 
sary resistivity of electrode material to pro- 
duce this type of discharge in air is of the 
order of 200,000 ohms per inch oube. 

The periodic nature of the discharges 
recorded in some of Greenfield’s observa- 
tions are somewhat similar to the periodic 
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character observed in a study of high-volt- 
age d-c point discharges.2 It was found 
that the burst frequency, both positive and 
negative, was related to the type of electrode 
employed and to the magnitude of discharge 
current. 
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Roger M. Peirce and Victor Siegfried 
(Electrical Cable Works, American Steel and 
Wire Company, Worcester, Mass.): The 
author has presented a clear and complete 
description of a very useful tool to aid in the 
effective use of insulation in the design of 
electric cable. He is to be congratulated 
on a skilled development of pioneer circuits 
to give a highly sensitive detection system. 
The bridge type of circuit probably is most 
desirable in a highly refined type of equip- 
ment. The device should be applicable to 
all forms of dielectrics whether in insulators, 
capacitors, alternators and motors, trans- 
formers, or cable constructions. Our ex- 
perience with a similar, though simpler, 
detector has led to placing a great deal of 
confidence in the determination of corona 
starting voltage as a measure of quality of 
design. We would not recommend it at 
this time as a standard for purchase speci- 
fication, however, because of the many fac- 
tors which may be involved that are not too 
clearly definable nor sufficiently familiar 
throughout the industry. 

In the manufacture of radar pulse cable 
during the war, using this method showed 
conclusively the need for a low-resistance 
conducting rubber (100 ohms per inch cube) 
supplementary shielding between the insu- 
lation and the copper braid. Conducting 
rubber of too high resistance (10,000 ohms 
per inch cube or higher), or just bare insula- 
tion and copper braid in contact, reduced 
the voltage of corona starting below toler- 
able levels. 

The use of end-bells as described should 
prove very helpful, and we are glad to have 
a design that will reduce the time factor and 
suppress incipient corona at the ends, where 
spurious discharges may discredit the design 
of the cable itself unfairly. 

The corona starting voltage tester should 
be used more widely in the art of dielectrics. 
Lest the formidability of the bridge circuit 


Figure 1. Corona starting voltage detector 
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used in the Greenfield apparatus seem a bar- 
rier to prospective users, we offer the sim- 
plified circuit of Figure 1 of this discussion 
which has been found adequate for cable 
testing up to 25-kv and sufficiently sensi- 
tive to detect even minor deficiencies. 
This circuit is very similar to that described 
by Miller! in connection with elimination of 
radio interference from porcelain insulators. 

A corona detector depends on the voltage 
drop appearing across a radio-frequency in- 
ductance carrying the 60-cycle charging cur- 
rentof an air capacitor energized by the same 
voltage source which produces the corona in 
the specimen. The corona disturbance is 
mirrored in this inductance, as a circuit of 
low impedance for high frequencies is formed 
in the right hand loop of the system shown 
in Figure 1 of this discussion. 

This circuit employs a corona-free capaci- 
tor and a battery-operated radio receiver as 
its principal components. Both are readily 
obtainable and should permit application of 
this tool even for a field investigation. 
Audio response can be used in the radio, 
although the cathode-ray oscilloscope is a 
valuable option so as to know what types of 
discharges are involved and thus distinguish 
corona from line disturbances. The magni- 
tudes of the Land C values shown are quite 
flexible but should be chosen to give a 
resonant frequency of about one megacycle 
to provide rhaximum sensitivity where the 
harmonic components of corona discharge 
are richest. The choke is desirable but not 
vitally necessary, as it serves only to in- 
crease sensitivity through directing the high 
frequency currents into the inductance of 
the detector, rather than permit them to be 
bled to ground through the capacitance in- 
herent in transformer windings. It is most 
effective if its L is several times that of the 
main detector inductance. 

Although this circuit does not balance out 
the 60-cycle voltage, its effect on the meas- 
urements is negligible, as the trace on the 
cathode-ray oscilloscope is only slightly rip- 
ply because of it. 

The material presented in the paper re- 
garding the use of carbon black paper 
shielding is to be commended also. We are 
in entire agreement with the assertions of 
the second and third benefits made in the 
paper in “Discussion and Summary” from 
our own test data which show decreased 
deterioration of paper cable under aging 
tests where carbon black paper is incorpo- 
rated in the insulation. 

The importance of good bonding between 
the conductor and the dielectric cannot be 
over-emphasized. This is the most strategic 
place to avoid ionization because of the 
higher gradients involved. Shielding ma- 
terials of the same physical characteristics 
will expand and contract in conformity with 
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the rest of the insulation and thus ease the 
transition from conductor to insulating 
paper regardless of load cycle performance. 
This is likewise true on the outer surface of 
the insulation, where other materials always 
may not be in intimate contact with the 
dielectric under all conditions. 


REFERENCE 


1. ESTABLISHES MeTHOD OF MEASURING RADIO 
INTERFERENCE, Charles J. Miller, Jr. Electrical 
World (New York, N. Y.), volume 3, March 11, 
1939, pages 690-2. 


F. H. Gooding (The Okonite Company, 
Passaic, N. J.): E. W. Greenfield has de- 
veloped methods of detection and measure- 
ment of ionization in dielectrics stressed at 
60-cycle voltages in which he seems to have 
divorced very effectively the high-frequency 
component of the charging current from the 
60-cycle component. The visual recording 
of the high frequency oscillations resulting 
from ionization may lead to the possibility 
of analysis of the type or radial location of 
the ionizable spaces, or to discrimination 
between electronic ionization in oil-filled 
cavities and gaseous ionization in void 
spaces. The principles involved in the 
measurement are not new, but freedom from 
corona discharge up to 30 kv and the high 
sensitivity are notable improvements. 

The essential difference between Green- 
field’s measuring circuit and that of Arman 
and Starr is that Greenfield uses his Schering 
bridge to balance out the 60-cycle compo- 
nent, whereas Arman and Starr use their 
bridge for balancing out the high-frequency 
voltages resulting from discharges in the cir- 
cuit external to the specimen under test. 
The author relies on conducting surfaces of 
large radius, immersed in dielectric solids or 
liquids. The English authors record meas- 
urements up to 100 kv on cables and up to 
600 volts per mil on capacitors. It is possible 
that at values of voltage above say 50 kv, 
it may be desirable to balance out the dis- 
charges from the high-voltage transformer 
and leads rather than to try to eliminate 
them by changes in design. 

The change in power factor as the voltage 
is increased in perfectly impregnated cable 
may become a factor of importance in high- 
voltage cable, and the apparatus described 
seems to be particularly well suited for this 
type of measurement, especially because 
of its sensitivity. 

The comparisons made between test re- 
sults on a conductor wrapped with metal- 
lized paper and one wrapped with carbon 
black paper may be very misleading. ' The 
precise method of application of metallized 
paper tapes over the conductor, and the type 
of tape used, have been the subject of years 
of research involving extended stability and 
aging tests, and the comparison with carbon 
black paper has not been overlooked. Inter- 
calation of metallized paper tapes has long 
been discarded, as it presents a saw-tooth 
electrode surface to the insulation. In- 
stead, two metallized papers are applied 
with an open gap in such a way as to main- 


--tain contact with the conductor, and a third 


metallized paper is then applied, with the 
metal side toward the conductor and having 
a very small gap between turns. This re- 
sults in the conductor being sheathed in an 
almost perfectly smooth tube of aluminum 
with no sharp edges projecting into the 
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paper dielectric, and yet permittmg im- 
pregnation of the conductor by way of the 
narrow gap between the turns of the wrap- 
ping. Impregnation of the conductor has 
been found to be important, particularly as 
it provides a reservoir of oil for the inner 
papers. The unexpectedly high ionization 
after five days on the tinned cylinder (sample 
R-6), as reflected in the oscillograms of 
Figure 12 of the paper, is no doubt a conse- 
quence of a gas film formed at the surface 
of the unperforated cylinder after impregna- 
tion, although the gas ultimately may dis- 
solve in the oil. 

Aging tests carried out by Balsbaugh and 
others have shown that oil heated with 
copper deteriorates much less when cable 
paper is immersed in the oil, the paper ab- 
sorbing products which contribute to dielec- 
tric loss or conductivity in the oil. Ad- 
vantage has been taken of this phenomenon 
in using special paper for backing the metal 
foil which not only forms a barrier between 
the highly catalytic copper conductor and 
the inner layers of insulation, but which also 
absorbs the deterioration product such as 
metallic soaps formed by chemical reaction 
between the copper and oil. 

The effectiveness of the metallized paper 
layers in maintaining low power factor and 
ionization has been well demonstrated. 
Two lengths of cable so protected were held 
at 100 degrees centigrade in an oven for one 
year. At the end of this time, the power 
factors were 0.34 per cent and 0.33 per cent, 
respectively. A standard aging test ap- 
plied to 12-kv cable for 26 days with maxi- 
mum temperatures of 115 degrees centigrade 
on the conductor resulted in power factors 
of 0.5 per cent at 25 degrees centigrade and 
ionization of 0.1 per cent; at 115 degrees 
centigrade the power factor was 0.8 per cent 
and the ionization was 0.5 per cent. These 
values are much lower than indicated for 
shielded conductor cable in Figure 6B of 
the paper. The power factor values of 
paper tapes, measured by a utility after 
their own aging test had been applied to a 
cable, are only a fraction of the values pre- 
sented in Figure 13A, and the upturn at 
the electrode surfaces is insignificant when 
the correct kind of metallized paper and the 
proper method of application are used. 
Also a sufficient number of these papers 
must be used so that the outer surface is not 
corrugated with strand ridges. 

The carbonization of the paper along the 
edges of the foil backing reported by the 
author seems to confirm the unsuitable 
wrapping method, which results in salient 
metallic edges. Carbonization has never 
been found in cables wrapped with metal- 
lized paper tape as described herein. 

It is stated in the paper that the carbon 
black tapes act as series resistors of sufficient 
value to damp the wave fronts of surges of 
external origin. Is it possible that the series 
resistance of the carbon black tapes damps 


the oscillations resulting from the ioniza- - 


tion which are being measured, so that they 
are already attenuated or reduced by the 
time they arrive at the surface of the copper 
conductor? 

Finally, the intercalated metallized paper 
construction has been found to present a 
barrier to the necessary flow of oil radially 
between the stranded conductor and the 
insulation as the cable is heating and cool- 
ing, and for this reason also this construc- 
tion is unsuitable. 
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With reference to the conditions of aging, 
while some accelerated temperature aging 
may be desirable, reactions may occur at 
125 degrees centigrade or in the presence of 
air which have little relation to what takes 
place in a cable in which the upper tempera- 
ture limit is probably 85 degrees centigrade 
and in which the oxygen content is less than 
one-tenth of one per cent. 

While taking issue with some of the 
author’s constructions and preparation of 
cable ends for typical dielectric tests, we 
are indebted to him for the development of a 
piece of apparatus that appears to have 
great possibilities for detecting and evalu- 
ating the earliest stages of gaseous ioniza- 
tion, and ionization in the oil. The latter 
we may perhaps justly refer to as electrolytic 
ionization. 


W. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
New apparatus for telling us what is hap- 
pening inside a cable is always welcome and 
usually serves a useful purpose for a time 
but does not survive unless of proven reli- 
ability. The several predecessors of E. W. 
Greenfield’s apparatus have had local use in 
certain laboratories but have not com- 
manded sufficient confidence to come into 
more general use. 

The reason, I believe, is that too much 
confidence should not be placed in any ap- 
paratus of very high sensitivity for detecting 
and measuring ionization caused by the 
liability of the instrument to show something 
that is not ionization. 

As an instance of this, I will raise three 
questions about one set of readings in Table 
IV of the paper. ~ 


1. The ionization volume is the voltage across the 
oscilloscope at twice the operating voltage or at 
2X12/V¥3=14 kv. The type C Bcables, however, do 
not begin to ionize until voltages of 16.5 to 21.7 kv 
are reached. How can ionization require such a 
high voltage to start if there is considerable volume 
of ionization at a lower voltage? 


2. Referring to the initial readings of Table IV of 
the paper, although ionization volume is apparently 
two or three times as great on the standard cables 
as on the CB cables, this is not reflected in the rise 
in power factor. This is shown by Table I of this 
discussion, 


Another circumstance that makes me 
suspicious of this highly sensitive apparatus 
is the strange form of the waves in Figure 


Table | 
Power Factor 
- abt 
rs =| to S:n 07 
ie Car >be | Ss 3 = gA 
a Ba ty ane c=] Gries Boe 
rn So of mB 8S 8 Sco 
Oe OH = AY ah A Are marr 
LL-1,.Stand- ; 
ard. .0.411..0.381..0.030..35 ..1,170 
LL-2..Stand- 
ard, .0.391..0.322..0.069..33 .. 480 
LL-5..CB....0.362, .0.316..0.046..12.5.. 270 
LL-6..CB....0.355..0.341..0.014..18 ..1,285 


How are these variations in the ratio from 270 to 
1,285 to be explained? 


3. Again referring to Table IV of the paper, how 
are the variations in initial ionization volume of 
CB cable to be explained unless either the over-all 
gain of the oscilloscope had changed or unless the 
apparatus was subject. to extraneous influence? 
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7 of the paper. These should be compared 
with the form in Figure 5 of the paper. It 
will be noted that whereas Figure 5 of the 
paper shows very high frequencies, a mere 
fuzz, in fact, compared with the 1,000-cycle 
timing wave, Figure 7 of the paper shows a 
series of distorted waves of about 180-cycle 
frequency. These are not characteristic of 
ionization, as revealed in our laboratory 
tests, although the ripples on them may be, 
and these ripples are common to all three 
types of cable. One cannot help suspecting. 
that a third harmonic from the supply sys- 
tem is sneaking around the wave filter. We 
have made innumerable oscilloscope studies 
of paper cables and have always found 
ionization to be characterized by a high 
frequency fuzz like Figure 5 of the paper. 

I have confined my remarks to the LL 
or 12-foot samples as I think that the R 
tests on 16-inch samples have little or no 
significance because of the presence of oxy- 
gen in the oil, oxygen in such quantities not 
being present in operating cables because 
the degasification of oil and the evacuation 
and carbon dioxide treatments they receive 
in manufacture. 

In one sense, the term standard cable used 
by Greenfield is rather unfortunate becatse 
the data presented are pertinent only to 
high-voltage cables, and, in general, such 
cables are shielded with a copper shielding 
tape which prevents ionization between 
insulation and sheath, whereas his standard 
cables had no such protection. If he had 
made tests on stutch a shielded cable, it 
would have been easier to differentiate be- 
tween ionization at the conductor and that 
at the lead. We made a large number of 
load cycle tests on 3-conductor cable having 
122 mils instead of 172 mils of insulation and 
provided with a copper shielding tape over 
the insulation. These cables were tested 
at 24,000 volts and at temperatures ranging 
from 20 degrees centigrade to 115 degrees 
centigrade for over 30 days and suffered no 
increase of power factor measured at 60 
degrees centigrade, and actually had a drop 
in ionization as the test proceeded 

We also have made many load cycle 
tests to 85 degrees centigrade on cables 
with 220 mils of insulation at 203 volts per 
minute maximum stress lasting up to 300 
days during the course of which ionization 
developed and became fairly intense. Ex- 
amination invariably revealed waxing but 
not carbonization. Greenfield’s model 
cables showed carbonization after operation 
for only 27 days at 126 volts per mil. 
Our cable compound contained rosin; 
Greenfield’s, apparently, did not. I can- 
not help wondering what was wrong with 
the author’s standard cables. 

Some of the discussers have referred to 
metallized paper conductor shielding as if 
its function were primarily to give a smooth 
surface to the conductor and thus reduce 
While this is undoubtedly one 
of its functions, a more important one, in 
my opinion, derives from the fact that the 
aluminum foil is cemented to the paper, so 
that no discharges can occur from the face 
of the metal to oil or void space. - Although 
a metallic edge is exposed, I have never seen 
any evidence of deterioration starting at an 
edge. Indeed, tests to check this character- 
istic of metallized paper have just been re- 
ported from our Laboratory and confirm the 


' statement completely. 


The metallized paper, therefore, acts like ~ 
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the CB paper, as an inhibitor of electronic 
avalanches and, therefore, adds to the di- 
electric strength both at 60 cycles and on 
impulse test. 


Edwin J. Merrell (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
E. W. Greenfield is to be commended for his 
excellent arrangement of the tools now avail- 
able for the study of corona discharge in 
cables. In our research work we have em- 
ployed circuits virtually equivalent and 
other variations as well, and likewise have 
found that study of the characteristics of 
cable discharge provides much information 
helpful to carrying on the development of 
dielectrics in general. 

Unfortunately, we cannot agree that the 
tests to which Dr. Greenfield*has applied 


his corona study are particularly pertinent ’ 


to the evaluation of cable quality or stability. 
Thus, both his methods of cable aging are 
essentially ways of inducing excessive and 
unlikely chemical breakdown and degrada- 
tion; in the 125 degrees centigrade case, of 
the paper component; and in the 100. de- 
grees centigrade exposure to air, of the oil 
and the paper. The end result is that he 
has employed an electrical measuring means 
to illustrate the affects of chemical aging. 

While we appreciate the many valuable 
aspects of experiments of this nature, we are 
inclined to consider them in a secondary 
sense when judging cable constructions. Of 
primary concern is a demonstration of elec- 
trical stability on long time load cycle 
tests of actual cable, at two to three times 
rated voltage continuously, and temperature 
cycled daily between ambient and maximum 
rated conductor temperature by passage of 
conductor loading current. 


A. D. Pettee (General Cable Corporation, 
New York, N. Y.): The author is to be 
congratulated in having prepared an inter- 
esting and provocative paper. Because he 
has selected conditions for his tests on actual 
cables and models which are definitely out- 
side of the normal operating ranges, he has 
made it quite difficult to evaluate his results 
on short notice by comparison with existing 
test data which have generally been obtained 
under conditions which more nearly ap- 
proach those occurring in normal operation. 
I have, however, a few test data which are 
pertinent. 

Of particular interest is the rapid increase 
in the low voltage power factor of the metal- 
lized tape shielded cable sample as shown in 
Figure 6B of the paper. This is explained 
by E. W. Greenfield as ‘‘a certain amount of 
deterioration of the impregnant which con- 
tributed further to the discharge.”” With- 
out speculating as to the reason for this, I 
have taken the liberty of plotting the 20-vpm 
power factors at 25 degrees centigrade of 
the type CB cable and the metallized paper 
tape shielded sample as shown in Green- 
field’s Figure 6B, and have superimposed 
on this plot the low voltage power factor at 
room temperature and at 125 degrees centi- 
grade of a cable recently tested in our re- 
search laboratory (Figure 2). This test 
was made for another purpose but the con- 
ditions were sufficiently close to those of 
Figure 6B of the paper to be of interest. 
This 40-foot length had metallized paper 


1947, VoLUME 66 


¥ 


Figure 2. Low volt- 
age power factor 
during aging of 
paper lead cable 


1, GREENFIELD METALLIZED PAPER TAPE (25C) 
2. GREENFISLD CB TAFE (25C) 

3. GENERAL CABL2 CORPORATION METALLIZED PAPER TAPE (125C) 
4. GENERAL CABLE CORPORATION METALLIZED PAPER TAFE (25C) 


samples 


Figure 3 (below). 
Effect of aging at 
100 degrees centi- 

grade change of E 
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tape strand and insulation shielding, was 
provided with a loose sheath to facilitate 
drainage, was suspended as an inverted 
U with open ends, and aged without voltage 
at a temperature of 125 degrees centigrade 
for 41 days. 

Due to three cooling periods, the cable 
had ample opportunity to breathe in air 
from the room. The sustained low voltage 
power factor value of 0.32 per cent at room 
temperature and of 0.65 per cent power fac- 
tor at 125 degrees centigrade illustrate the 
fact that insulation which is stable under 
these very. adverse conditions can be manu- 
factured with metallized paper shielding 
tape and without the use of carbon black 
paper. 

Supplementary evidence that the power 
factor of impregnated paper cable made 
without carbon black shielding does not 
necessarily rise under severe heat aging con- 
ditions is found in tests of the power factor 
of sealed samples aged continuously at 100 
degrees centigrade without voltage. We 
have found with Doctor Davidson that this 
is a very sensitive and informative test. 
The low voltage power factors in this case 
have been measured at 100 degrees centi- 
grade over a period of more than four years. 
Figure 3 shows power factor curves which 
are outstandingly flat for a test of such se- 
verity and duration. 

Radial tape-by-tape power factor read- 
ings taken before and after aging also 
furnish reliable evidence of the effect of aging 
cycles. Figure 4 shows the initial and aged 
radial power factor at 60 degrees centigrade 
on a length of our standard 12-kv cable 
shielded with metallized paper tape. These 
data were reported originally by Halperin 
and were published first in a paper! The 
cyclic aging test was of the combined heat 
and voltage type designed to break the cable 
down in about 30 days. The test voltage 
was in the order of 240 volts per mil on the 
net insulation wall. The flat curves before 
and after aging are practically coincident 


-and show the degree of stability which may 


be attained with metallized tape shielding. 
I might add that the metallized paper shield- 
ing tapes on this cable were applied in a 
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Figure 4. Radial power factor at 60 degrees 

centigrade before and after accelerated aging 

test on type H cable with conductors shielded 
with metallized paper tape 


manner different from that described by 
Doctor Greenfield for his tests. 

I have not attempted in this brief discus- 
sion to evaluate the merits of carbon black 
paper shielding, but simply have tried to 
suggest that there is still much to be ex- 
plained satisfactorily concerning the prac- 
tical aspects of Doctor Greenfield’s re- 
ported differences in the effect of heat aging 
and differences in ionization in cable made 
with metallized paper and carbon black 
paper shielding. 


REFERENCE 
1, Conpuctror SHIELDING IMPROVES PAPER 
Casie, Faucett, Atkinson. Electric Light and 


Power (Chicago, Ill.), July 1940. 


R. W. Atkinson (General Cable Corpora- 
tion, Bayonne, N. J.): Shielding of insu- 
lation commonly has been understood to 
refer to the Hochstadter construction, where 
a metal or metallized paper surrounds the 
insulation. It is worthy of emphasis that 
the present discussion has to do with shield- 
ing over the stranded conductor—under the 
insulation. The chief function of such 
conductor shielding is, however, the same 
as for the Hochstadter shielding; namely, 
the elimination of stress from insulation that 
is electrically weak. This is illustrated in 
Figures 5 and 6 presented herewith. 
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Extensive laboratory testing and long time 
field experience show that Doctor Green- 
field’s data concerning cable shielded with 
metallized tape are wholly nonrepresenta- 
tive. As a colleague will give significant 
data on what is obtained on such cables 
when they are made properly, this discus- 
sion is confined chiefly to Greenfield’s tests. 

It is true that cable model tests such as 
Greenfield describes seem to have great 
possibilities. Moreover, some very im- 
portant information has been obtained with 
them, notably by Whitehead. But the 
significant data obtained by Whitehead 
were obtained on models operated at little 
above room temperature (40 degrees centi- 
grade). Moreover, Whitehead’s models 
were operated at many times higher elec- 
trical stresses than these reported by Green- 
field; thus, for a much shorter time to failure 
and giving much less time for oxidation and 
for diffusion of oxygen and oxidation prod- 
ucts from the bath into the test sample. 
When such models are operated in an 
exposed bath at high temperatures, new con- 
ditions enter that vitiate the results in 
application to the operation of sheathed 
cables. Thus, the value and importance 
of Whitehead’s data (including those White- 
head obtained at high temperatures) in no 
manner constitute support of the validity 
of the model tests reported by Greenfield. 

Beginning fully 20 years ago, we carried 
out tests on many scores of samples with a 
procedure substantially the same as on 
Greenfield’s model cable tests. Chiefly our 
tests differed from his in that they were at 
75 degrees centigrade instead of 100 degrees 
centigrade, and extended for many thou- 
sands instead of hundreds of hours, and were 
at a stress of 250 volts per mil instead of 
100. The results were very similar. The 
dissolved oxygen and oxidation products 
diffused into the cable strand, deteriorated, 
and continued the migration into the test 
dielectric, raising-the power factor for some 
saturants even to fantastic values. After a 
rather extended experience with these tests, 
we concluded they were a waste of time. We 
concluded that they have little more relation 
to cable operation than would, for example, 
tests made to study the behavior of the oil 
as an automotive lubricant. Greenfield 
says he used ‘‘good’”’ cable oil. Suppose we 
do not dispute that; where is the significance 
of his using ‘‘good”’ oil, when that is mixed 
promptly withseriously deteriorated oil? For 
our part, we were reluctant to abandon a lot 
of data that, at first, had seemed so valuable, 
but it was a great deal better to stop fooling 
ourselves with tests that had no relation to 
cable operation. 

It should be noted in passing that it is 
possible to use a cable saturant which is far 
more resistant to the conditions of Green- 
field’s tests than that he used. It may be 
of interest to compare some of the data 
presented in advocacy of carbon black with 
what can be obtained without carbon black 
but with a different saturant. We started 
with a piece of insulated unimpregnated 
cable having metallized paper shielded 
strand. Models from this length were pre- 
pared and saturated under laboratory tech- 
nique and then tested in an exposed bath of 
the impregnating oil at 125 degrees centi- 
grade and at 125 volts per mil. Three 
similar samples were prepared, one being 
maintained without voltage except during 
power factor measurements, the other two 
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with voltage. Initially, after 7 days, and 
after 10 days, the power factor at 100 de- 
grees centigrade and 100 volts per mil was 
0.48 per cent plus.or minus 0.05 per cent. 
The highest value was for the unstressed 
model, and there appeared a slight tendency 
for the power factor on all samples to de- 
crease with time. These tests are being 
continued. The power factor at about 30 
degrees centigrade of these models initially, 
and at the end of the 10 days, was about 
0.32 per cent both at 20 and 100 volts per 
mil. 

Greenfield’s models were maintained and 
tested at 100 degrees centigrade and 100 
volts per mil. His CB model seems to have 
had an initial power factor of slightly over 
one half per cent, the value decreasing toa 
minimum of perhaps 0.3 per cent after 
about 11 days. Similar data were reported 
by Greenfield’s associate, Rosch.! Rosch’s 
tests were carried on at 125 degrees centi- 
grade and 125 volts per mil, and power fac- 
tor shown for 100 degrees, as were the tests 
reported herein. Rosch’s carbon black 
samples, as well as Greenfield’s were cited 
to show their superiority over samples with- 
out carbon black. Rosch’s Figure 3 shows 
an initial 100 degrees centigrade power fac- 
tor of substantially zero, 6 per cent in 5 
days, and about 8 per cent in 10 days. 

The impregnant used in our afore- 
mentioned tests, based upon the evidence of 
extensive experience and of a large number 
of tests of various significant types, is out- 
standing in its properties as a cable saturant. 
However, we have not considered that the 
evidence of the open bath model test adds 
particularly to other pertinent and complete 
evidence of the remarkable practical value 
of this saturant. Likewise, we do not con- 
sider that the evidence furnished concerning 
such tests by Rosch and Greenfield alone is 
sufficient to condemn their oil as an unsatis- 
factory cable saturant. 

Sources of error in Greenfield’s ionization 
data on cable samples are not so easily 
determinable from the data presented. 
However, entirely aside from the wholly 
contrary data of our tests, the inherent evi- 
dence of his tests shows clearly that his 
relatively poor showing for the metallized 
paper shielding is attributable to some major 
variable not intended in the test procedure. 
This may be shown by specific reference to 
the initial ionization tests. 


Figure 5. Styrene water of cable 


Greenfield—Cables 


Even with his freshly prepared cables, the 
initial ionization voltages of the unshielded, 
the metallized paper shielded, and the CB 
cables are reported in the ratios of approxi- 
mately 1.0, 1.2, and 2.0, respectively 
That is, the first two differ from each other 
by a relatively iasignificant amount, but 
differ greatly from the third, the CB model. 
Consider this result in the light of the 
geometry of these cables. Refer to Figure 5 
of the discussion showing a styrene wafer of 
a cable of the dimensions described by Green- 
field. Halation makes the butt spaces in the 
insulation appear fainter and wider than they 
are in fact. It is easy to observe that their 
radial depth is very small compared with 
the size of the interstices of the strands. The 
sketch in Figure 6 of the discussion shows 
these relative dimensions with greater clarity. 
In the cable, shielded with either metallized 
paper or CB, the inner two or more tapes 
are conducting, and the depth of film sub- 
ject to liquid or gaseous ionization is con- 
fined to the depth of the butt spaces. In the 
cable without shielding, the much greater 
depth in the strand interstices is under stress 
and subject to liquid or gaseous ionization. 
It is not surprising that (as reported by 
Greenfield) ionization in this space in the 
unshielded cable occurs at perhaps half the 
voltage required to produce ionization in the 
cable shielded with CB, where the ioniza- 
tion can occur only in the thin butt spaces. 
But if there are no differences not covered 
in the description, the geometries of the 
metallized paper and CB cables are alike. 
The matter of the voltage for initial ioniza- 
tion ‘‘the initiation voltage’ is not particu- 
larly affected by any stated differences in the 
cables. The ‘‘work function” of the carbon 
and metal is not pertinent to the initial 
ionization, nor is the ‘“‘distributed series’ 
resistance of the CB, whether or not it 
should have an effect on the amount of 
ionization after that has started. More- 
over, sharp edges can not be argued within 
the dimensions of the spaces. I do not be- 
lieve Greenfield will attribute the difference 
on these tests to sorption characteristics of 
the CB. In short, there are no inherent 
differences due to type of these two shielded 
cables that can explain the large difference - 
in initial ionization of the freshly prepared 
sample. However, there are: various in- 
adequacies of the preparation of the cable 
samples which, if present, well might pro- 
duce results of the nature he has reported. 
Thus, there might be mentioned, for ex- 
ample (1) possible failure to assure that the 
foil of the strand shielding is in electrical 
contact with the conductor, (2) possible 
difference in degree of impregnation arising 
from improper control of saturating pro- 
cedure. It is incredible that such results 
would be reported in an AIEE paper with- 
out proper care having been taken in these 
respects, but, to me, a reasonable analysis 
of the geometry, even without our extensive 
and wholly contrary data, makes it even 
more incredible that the initial ionization 
values reported are representative of the 
two types of shielded cable and are not the 
results of some inadvertently introduced and 
unrecognized test condition. Of course, 
whatever unintended, and thus undescribed, 
test condition produced the change in initial 
properties, it readily can have lead to in- 
creasing differences in performance during 
the course of the testing. 

Taking up one other phase, one seems to 
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read between the lines that Doctor Green- 
field’s expectation that ‘Impulse strength of 
the cable insulation is increased since the 
carbon-black tapes act as distributed series 
resistors of sufficient value to damp the wave 
fronts of surges of external origin’? may be 
an afterthought—perhaps a pious hope. 
No data are given, and such practical and 
theoretical’ data as we have challenge the 
conclusion. From the theoretical (or test) 
standpoint, does Doctor Greenfield consider 
that his conclusion applies to frequencies, 
such as are encountered in switching, and 
does he consider that the resistivity is high 
enough to produce the required damping 
directly over a strand wire on which the 
tapes chance to press tightly? If thete is 
sufficient resistance in this location, what is 
the case where the charging current must be 
carried not merely radially but also cir- 
cumferentially, as in the space between 
strands or perhaps where one or more con- 
secutive strands may chance not to make 
contact? May not the resistance here be 
too high and the space not be shielded ef- 
fectively, resulting in an arc—actually a 
large area of arcing—from the conductor to 
the CB tape? Would he consider such arc- 
ing objectionable? Finally, if the resistance 
is sufficiently high always to accomplish 
damping at switching frequency, will it 
not be so high that at lightning frequency 
many areas will behave as though not 
shielded at all? Doctor Greenfield’s state- 
ment concerning impulse strength hardly 
can be considered seriously without further 
data or analysis. 


REFERENCE 


1. THe Tyee CB IMPREGNATED PAPER CABLE, 
Samuel J. Rosch. AIEE Transactions, volume 
59, 1940, pages 1041-50. 


James Bower, Jr. (General Cable Corpora- 
tion, Bayonne, N. J.): In the outline of his 
internal corona detector, Doctor Greenfield 
describes a high pass filter connected be- 
tween the amplifier and measuring circuit 
“which has a very sharp cutoff at 1,000 
cycles,”’ yet most of his oscillograms consist 
to a large extent of irregular waves seeming 
to be at frequencies much below 1,000 cycles. 
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Figure 6. Scaled 
cross section of taped 
insulated conductor 


19 wire, 4/0 Ameri- 


"VALLEYS" OR "BUTT SPACKS® can wire gauge 


The circuit described is adapted to the 
measurements which the author intended to 
make (gaseous ionization measurements); 
but apparently it does not so function, in 
that the filter permits frequencies below 
1,000 cycles to pass through. His filter 
appears to be poorly designed, or it is being 
by-passed. He may believe that the type 
of measurements he has obtained has more 
value than those he originally attempted. 
If this is the case and he wishes to study con- 
ditions other than internal gaseous ioniza- 
tion, then his circuit needs modification for 
facility of interpretation. Some of his 
oscillograms appear to have considerable 
1,000 cycle pickup, possibly from the timing 
frequency. 

The measuring device is shown as a Bal- 
lantine vacuum-tube voltmeter, model 
300A. The minimum reading of this 
instrument, according to the manufacturer’s 
catalogue, is 1 millivolt. The paper indi- 
cates sensitivities to 30 microvolts. Has 
he obtained this sensitivity with catalogue 
instruments, perhaps by means not ex- 
plained? 


Figure 7. lonization 
detector 
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Our laboratory has used for voltages up 
to 30 kv a very simple ionization detector 
similar to that described by Quinn (reference 
2 in Greenfield’s paper). In this no bridge 
balance is made. The detector is made to 
reject the low frequencies, actually leaving, 
however, a very appreciable fundamental 
frequency. Ionization is shown by high- 
frequency oscillations at the crest of the 
60-cycle waves. 

Figure 7 shows this unit in operation on 
polyethylene radar cable, for which it has 
been extensively used. Though it is much 
simpler in design and operation than Green- 
field’s bridge, it seems very satisfactory up 
to 30 kv for this type of cable. 

The author, properly, goes to some length 
to emphasize that, for his ionization tests, 
it is necessary to eliminate completely ioni- 
zation in the terminations, leads, and supply 
circuit. This follows from the fact that the 
method cannot distinguish between ioniza- 
tion in the specimen under test and ioniza- 
tion on the test terminals, the leads, or even 
the source of supply. The author suggests 
that his test method may be applied di- 
rectly at voltages above the 30 kv, the 
maximum value at which his tests have been 
made. This is true, except for the vital 
qualification that the difficulty of eliminat- 
ing ionization on the terminals, leads, and 
source increases rapidly with increased test 
voltage. 

We greatly reduce the effect of ionization 
in the leads by use of a device proposed and 
used by Whitehead. A source of external 
corona which Whitehead. calls a “spark 
generator’’ is connected deliberately to the 
high voltage leads for a preliminary balance 
at voltages below that at which measure- 
ments are to be made, and the bridge is 
balanced to be insensitive to this discharge, 
though remaining sensitive to cable ioniza- 
tion. 

We have measured ionization by means of 
this method upto 75kv. For such measure- 
ments the standard capacitor has been a high 
voltage high gas pressure cable equipped 
with capacitor terminals. The capacitor 


terminals are important here not from the 
standpoint of dielectric strength but as a 
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convenient means of freeing the termina- 
tions from corona for voltages upward of 
75 ky. The supply voltage is from a 250-kv 
transformer that is essentially corona-free 
also at least upward of 75 kv. 

We have used this device for measuring 
ionization in a high gas pressure cable. We 
have varied the ionization point of the cable 
by varying the gas pressure and thus could 
make a critical study of the ionization 
measurements. In comparison with 60- 
cycle power factor measurements, the ioniza- 
tion detector method was found to give re- 
sults quite comparable to the 60-cycle 
measurements with which it was compared, 
though it was somewhat more sensitive. 

The difficulties produced by ionization 
external to the sample under test result is a 
serious limitation of the practical usefulness 
of the ionization detector, though it has 
some uses in supplementing 60-cycle deter- 
minations. 


A. E. Widmer (Anaconda Wire and Cable 
Company, Hastings-on-Hudson, N. Y.): 
It was near the close of 1948 that the armed 
services altered the JAWN-C-17 coaxial 
cable specifications to include an internal 
corona test for the majority of the required 
cable types. This corona limitation usually 
stated that, at a certain specified minimum 
voltage, the cable should be free of corona. 
Corona-free operation was deemed es- 
sential, as the ionic bombardment occurring 
during the discharge eventually would 
‘cause failure because of the waxy nature of 
the polyethylene insulation. In addition, 
the many harmonics present resulting from 
the corona discharge would interfere with 
the signal transmission requirements. 

The first equipment used by the Anaconda 
Company for corona testing of coaxial cable 
was placed in operation about February 
1944. This consisted of a single “‘flower pot”’ 
placed atop the high voltage terminal of a 
test transformer. The associated Schering 
Bridge, amplifier, and oscillograph were 
placed outside the test area. This arrange- 
ment was employed until portable equip- 
ment similar to that described was com- 
pleted. 

The standard RG-type cable lends itself 
readily to this type of test. The end prepa- 
ration is most simple, consisting of 4*/2 
inches of jacket removal followed by a wrap 
of marker tape over the braid 3!/: inches 
from the end. The braid is removed to 
within an:inch of the wrap and then fanned 
out and folded back. After the loose ends 
have been bound down firmly, the braid 
termination presents a smooth rounded ap- 
pearance, causing no danger of external 
corona discharge when inserted into the 
special oil-filled high voltage terminals. A 
single General Radio type 274/ U plug with 
all sharp edges machined smooth is soldered 
to the inner conductor. Both ends are 
prepared in this way, and in addition about 
1 inch of jacket is removed for lead connec- 
tion to one corner of the bridge circuit. 
Figure 8 shows completed end preparation 
of an RG-8/ U coaxial cable. 

The cable simply may be wrapped around 
the high-voltage corona-free capacitor and 
fed directly into the ‘‘flower pots,”’ or, as in 
the case of larger diameter cables, where 
sharp bends may cause the solid inner con- 
ductor to pull away from the insulation, 
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Figure 8. Completed end preparation of an 
RG-8/U cable 


the samples are formed into an inverted U 
and allowed to pass through two large holes 
in the top of the detector to the high voltage 
terminals. 

All types of coaxial cables have been 
tested with this equipment from diameters 
of 0.200 inch to 1.20 inches and with corona 
requirements from 2,000 volts to 14,000 
volts. 

During the war period, this equipment 
was used mainly for production control work 
on coaxial cable. Operators 
trained in a few hours to prepare and test 
cable samples. A person need have very 
little technical background to observe and 
record the voltage readings. 

Such test methods allow checking for 
voids in the insulation due to improper 
cooling or extrusion practice, also for loosely 
extruded cores or inner braids which are not 
tight. 

Cable in process also may be spot-tested 
for corona value. That is, cable without a 
wire braid cover can be placed in a water 
bath, if care is taken to prevent air bubble 
formation along the insulation and it is 
tested quite rapidly. This test repeated at 
night upon a cable with many voids will 
cause the sample to glow brightly. 

The equipment described is simple to 
operate, and in the case of coaxial cable, 
sample preparation is simple. Tests can 
be made rapidly and reproduction of results 
has been proved. 


B. Jore (Anaconda Wire and Cable Com- 
pany, Hastings-on-Hudson, N. Y.): The 
author has shown ably the usefullness of the 
internal corona detector in: laboratory in- 
vestigations. My purpose in presenting 
this discussion is to give an example of how 
the detector can be of great service to the 
production man in selecting the proper 
manufacturing procedures. 

During the investigation of polyethylene 
insulated power cables, we found that the 
length of time a cable could withstand a 
specified voltage varied considerably on 
samples from different runs. Adjacent 
samples then were subjected to test with 
the internal corona detector, and we found 
that those performing poorly on the long 
time tests showed internal corona at volt- 
ages below the test voltage. 

The internal corona consisting of elec- 
tronic and ionic bombardment in the voids, 
create sufficient heat to melt the poly- 
ethylene in local spots and finally result in 
complete breakdown of the insulation. 

It is known that polyethylene has a rela- 
tively high coefficient of thermal expansion, 
hence, if improperly cooled, voids are created 
especially near or at the conductor surface. 
This void formation is particularly serious 
in cables with small conductors and a ratio 
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of over-all diameter to conductor diameter 
in excess of 3. 


The factors affecting void formation are 


1. Length of cooling trough. 


2. Actual temperature and temperature gradient 
of cooling water. 


3. Temperature of conductor. 
4, Die design. 
5. Extrusion speed. 


Varying these conditions, corona discharges 
were detected at voltages as low as 2.5 kv, 
whereas in other samples of the same type 
and size, no corona was detected at 30 kv. 

In this manner the internal corona de- 
tector was a valuable tool in selecting ex- 
trusion conditions that produced cables 
with no corona discharge at voltages well 
above the rated value. This in turn assures 
satisfactory service performance of the 
cable. 


E. W. Greenfield: The many discussions 
and the wide range of comments contained 
therein indicate considerable interest in the 
subject matter. This is, of course, gratify- 
ing to the author. It is hoped that the 
use of internal corona detecting devices will 
increase and that more exact information 
thus will be obtained as to the electrical 
performance. characteristics of insulated 
cables. With regard to the general ques- 
tion of type CB versus ordinary conductor 
shielding, it is of interest to note that the 
latter was not used to any extent in this 
country prior to the introduction of type 
CB cable. 

In reply to Halperin, it is my belief 
that this ionization (corona) detector can 
be used, if suitably modified, for testing 
ordinary lengths of cable several hundred 
feet long. For cable on a reel, we have 
applied the Schering bridge balancing tech- 
nique successfully, using arms which can 
carry the higher current adequately. Where 
the cable is installed, we have experimented 
with draining off some of the sheath current 
and analyzing this for harmonics. In this 
ease the filter circuit should be arranged to 
pass only frequencies greater than several 
hundred kilocycles. By this means it may 
be possible to measure the corona current in 
a given length of the cable, as terminals 
and/or joints can become effective imped- 
ance barriers at these high frequencies, 
thus isolating the particular length of cable. 
It would be of great interest if this phase of 
the use of corona detectors could be investi- 
gated thoroughly. 

The equipment is adapted very readily 
to the determination of corona discharges in 
bushings, circuit breakers, transformers, 
capacitors, and other similar electrical 
structures. All that is required is that the 
apparatus to be tested shall form one high 
voltage arm of the Schering bridge. Care 
should be taken to make the high voltage 
leads to the sample under: test corona-free. 
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Halperin pdints out that the test 
data indicate definite advantage for con- 
ductor shielding. I agree with him, but 
wish to emphasize again that there are 
several types of conductor shielding avail- 
able. Of the types used, the intercalated 
foil-backed paper types appear to be less 
effective than type CB cable, in which per- 
fect conductor shielding is obtained as only 
one of many benefits. 


The model tests and oven-aged cable 
tests cited in this paper were set up specifi- 
cally to investigate internal ionization. To 
the best of our knowledge to date, no such 
data have been obtained on any cable 
tested with simultaneous application of 
heating and cooling and overvoltage. We 
agree that such cyclic-loading tests most 
nearly simulate service conditions. The 
superiority of type CB cable in this type of 
test was reported to the Institute previously 
(see reference 6 of the paper, Figures 12 and 
16) Additional confirmatory data are being 
prepared for presentation. 

Starr states that, if the electrode 
resistivity is greater than about 200,000 
ohms-inch, the discharge will give no 
avalanche bursts of electrons, and thus no 
high-frequency components will be found. 
This thought-provoking discussion indicates 
that he has made experiments in this con- 
nection which certainly should be published. 
We, too, believe that, as electrode resistivity 
goes up, the avalanche bursts decrease and 
the oscillatory character of the discharge 
decreases, but it would seem to follow also 
that the destructive energy of the discharge 
also will decrease. That this is so is demon- 
strated amply by the condition of the im- 
pregnated paper in the sample protected 
by carbon black compared with those having 
metallic electrodes. The resistivity of our 
carbon-black tapes is on the order of 50,000 
to 100,000 ohms-inch, It is not desirable 
‘ to use higher resistivity because of its pos- 
sible influence in increasing power factor 
and reducing shielding action. 


Peirce and Siegfried describe a choke type 
corona point detector which was used ex- 
tensively on radar cable testing during the 
war and now is used in power cable develop- 
ment. The equipment described is quite 
interesting and resembles somewhat that 
described by Quinn (reference 4 of the paper). 
However, as in that case, incomplete elim- 
ination of the 60-cycle component probably 
reduces the sensitivity severely. Even if 
the radio receiver is tuned sharply to 
some narrow high-frequency band, there 
still must be considerable 60-cycle modula- 
tion. Also, does the operator have to take 
readings at various settings of the receiver 
tuning circuit in order to explore the char- 
acter of the ionization? 


We are very happy to find confirmation of 
our data from the discussers on their own 
aging tests on cables. It should be pointed 
out, however, that the special feature of 
carbon-black paper in adsorbing impurities 
must not be overlooked; it often has been 
demonstrated and may be demonstrated 
readily in their own tests. 


Conductor shielding by means of inter- 
calated foil-backed tapes, which Good- 
ing says “‘was discarded years ago,” was 
copied for purposes of-these tests from com- 
mercial cables recently fabricated by other 
manufacturers. We agree that this con- 
struction has serious limitations, as brought 
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out in the paper. The particular construc- 
tion described by Gooding as incorporat- 
ing filtering in addition to shielding charac- 
teristics is not a construction used generally 
by the cable industry. As a matter of fact, 
it is a proprietary construction. We are 
interested to note that this is an acknowledg- 
ment of one of the advantages of the type 
CB cable principle, in which a highly 
adsorbing medium is used to protect the 
cable dielectric. It is of further interest to 
note the relative complexity of this design 
as compared with the exceedingly simple 
type CB application. 

As I understand it, there are two purposes 
in Gooding’s shielding design. The first is 
the use of a metallized layer to act as an 
electrostatic shield in order to prevent the 
filter medium he employs from becoming 
part of the electric field. The second is the 
use of a metallized shield in order to force 
the fluid medium longitudinally through the 
filter tapes. With this construction, it ap- 
pears that the metallized layer is used in a 
manner which does not comprise a true elec- 
trostatic shield, as the metallized tapeis sepa- 
rated both from the high voltage conductor 
and the sheath by the filter medium. As the 
filter medium consists of paper, the metal- 
lized tape will take up a voltage which is a 
function of the thickness of the filter aid and 
the over-all dimensions of the cable. In this 
respect, the metallized tape is neither a 
shield nor is the filter medium free from the 
electric field. Only if the filter medium has 
sufficient conductivity, will the voltage dif- 
ference between the metallized tape and the 
conductor be small enough to give the tape 
shielding effects. In this case, however, the 
necessity for the foil backing is not obvious. 
Of course, if the outer filter tapes are inter- 
calated with a metallic shielding tape, such 
as used in type H cable, shielding then will 
be achieved at that point. 

With regard to the barrier action of the 
metallized-foil layer, it is believed that this 
is indeed a disadvantage rather than an 
improvement. Gooding’s theory of con- 
tamination apparently is based on the pro- 
duction of contaminated oil at the copper 
and lead only. Thus, by interposing “‘bar- 
riers,’”’ he desires to hold this contaminated 
oil in these regions. We believe the fluid 
dielectric is everywhere within the cable 
exposed to contaminating influences and 
that this contamination is a function of the 
impurities in the paper, the electric fields, 
and the presence of metals. Hence, we 
would suppose an ideal system would per- 
mit as accessible a flow as possible for dif- 
fusion of the dielectric fluid through and 
in continuous contact with the filter medium. 
If liquid is forced to travel longitudinally, 
it definitely will not travel longitudinally 
through the tapes but will by-pass it and 
travel along the faces of the tapes. 
therefore evident that a system such as sug- 
gested by Gooding will have much less filter 
surface readily available for adsorption than 
the construction as embodied in our carbon- 
black design. 

Regarding damping of external oscilla- 
tions, there are no oscillations due to ex- 
ternal causes in the apparatus nor connect- 
ing circuits. This is checked carefully prior 
to any test. The means for doing this are 
readily available within the equipment itself. 
Any discharge damping occasioned by the 
carbon black is that which occurs within 
the insulation itself. 
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With reference to the conditions of aging, 
accelerated temperature aging at 125 degrees 
centigrade was conducted on sealed cable 
samples within which the conditions closely 
approximate those in actual service. Air 
(oxygen) was excluded by sealing, and the 
temperature is not too much higher than 
that permitted for emergency operation. 
Furthermore, all cable constructions were 
tested alike, therefore the results are com- 
parative. 

Del Mar indicates that he does not 
believe internal corona detecting equip- 
ment is very reliable and, therefore, should 
prove of little help in evaluating cable con- 
structions. His appears to be the only dis- 
senting voice with regard to the value of 
this tool. I do not hesitate to say that in 
its present form the internal corona detector 
can be much improved. However, I believe 
such improvement eventually will come and 
that internal corona measurements will 
become equally as important and as wide- 
spread as the accepted use of power fac- 
tor. In fact, one of Del Mar’s associates 
(E. J. Merrell) has indicated in his discus- 
sion that the use of the corona detecting 
equipment is very helpful in carrying on 
development in cables. 

Referring to data presented in Table IV 
in the paper: 

1. As pointed out in the paper, discharges 
in paper cable go through all stages of in- 
tensity, and the limit of their detection be- 
comes a function of instrument sensitivity 
In the case cited, the initiation voltage is 
determined by observation of the cathode- 
ray oscilloscope screen; the volume of ion- 
ization is read from the vacuum-tube volt- 
meter whose limit of sensitivity is between 
12 and 15 microvolts. Therefore, readings 
below 20 microvolts do not represent ‘“‘con- 
siderable’ volume of ionization, but, rather, 
are near the limit of sensitivity of the appa- 
ratus and represent little, if any, relaxation 
discharges. 

2. Del Mar’s arbitrarily calculated ratios 
have no significance, as the power factor 
change between two voltages may or may 
not bear a relation to internal discharge. 
When the discharge arises from gaseous 
ionization, there is a directional relation 
between power factor increase and dis- 
charge, but the quantitative relation varies 
considerably with local conditions. When 
the discharge is electrolytic in nature or there 
is moisture present, the power factor will 
show little rise, although considerable dis- 
charge may be present. Armon and Starr 
in their paper (see reference 3 of the paper) 
give a number of examples of this. 

3. Variations in initial ionization volume 
of type CB cable are minor and are explained 
by the fact that the values lie close to the 
limit of sensitivity of the equipment. Also, 
the data presented represent tests on differ- 
ent cable samples. 

Referring to the wave forms shown in 
Figures 5 and 7, as noted, the high-frequency 
components in each of the cable or cable 
model types displayed are quite different. 
For example, in the 5- and 15-day aging of 
sample LL-4 (Figure 7) there are many 
exceedingly sharp-pointed “‘fuzz’’ groups, as 
Del Mar terms them, and again in many of 
the pictures shown in Figure 12. With re- 
gard to the lower-frequency components 
present, these appear to be due to the 
periodic nature of the discharges (as also 
pointed out by another discusser, E. (er 
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Starr). By this it is implied that the high- 
frequency needles and ripples represent the 
individual discharges and the lower-fre- 
quency periodicity, found only in the poorer 


cases, represents the burst frequency of the- 


grouped avalanches. Careful examination 
of these cases reveals no uniformity between 
samples nor even in a single sample. They 
definitely bear no systematic relation to the 
usual harmonics of the 60-cycle source 
Even a casual observation confirms the fact 
that these burst periodicities are not present 
initially but only appear when appreciable 
discharge has developed. 

I would like to point out that, in the case 
of the models, the paper clearly indicates 
that all samples have a 2-mil perforated foil 
electrode bound down tightly over the insu- 
lation. This foil electrode is unquestionably 
superior to the usual intercalated copper 
shielding tape, insofar as providing ioniza- 
tion suppression «between insulation and 
electrode. Generally, commercial single- 
conductor cables do not have a supple- 
mentary shielding tape between insulation 
and lead sheath at voltages below 40 or 69 
kv and in many cases not even at 69 kv. 

We are interested in the cyclic loading 
data presented by Del Mar but are at a loss 
as to how to draw comparisons with our 
results, as his cables are of various sizes and 
contain an entirely different impregnant. 
The fact that on his 300-day load test he 
obtains intense ionization, and as a result 
finds waxing of his compound ‘‘but no car- 
bonization,”’ would indicate his cables to be 
far from stable. Our own load-cycle tests 
on type CB cable under more severe loading 
conditions never have revealed any appreci- 
able ionization nor any waxing of the 
compound. The fact that carbonization 
may be obtained in a nontype CB model 
test derives from the essentially greater 
severity of this test. 

If cementation of the foil to the paper 
does not permit gaseous (void) ionization 
at this interface, it certainly does not pre- 
vent discharges of other types involving 
electrolytic material. 
Del Mar claims never to have seen it, we 
have, on a number of occasions, observed 
the carbonization damage to the paper in 
the regions opposite the sharp metallic 
edges caused by outward curling of the foil 
backing. This happens particularly when 
the cable is bent or handled but is also pres- 
ent in carefully made laboratory samples. 
We also have observed rather high power 
factors associated with the paper backing 
of the foil. As this paper backing is un- 
shielded, it contributes to the over-all losses 
of the insulation. In the case of rosin- 
blended compounds used with aluminum 
foil-backed tapes as conductor shielding, we 
also have observed electrolytic action be- 
tween the aluminum foil edge and the copper 
conductor. This resulted in rather heavy 
black spiral markings on the conductor sur- 
face. 

Accelerated tests, questioned by Mer- 
rell, in general are a means to an end. 
Admittedly they may not simulate service 
aging conditions. Model tests are designed 
specifically to accentuate the effects of cer- 
tain variables under controlled testing con- 
ditions. On this basis, the results obtained 
are comparable, and they readily may be 
interpreted in terms of cable operation. ~ 

We agree that long-time cyclic-load tests 
of actual cable are very valuable, probably 
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In addition, although ~ 


more so than any other single test. How- 
ever, they also are accelerated tests, and 
the conditions of testing are not entirely 
standardized throughout industry. Never- 
theless, they do more nearly approach 
service operating conditions. The results of 
such tests on type CB cable were presented 
to the Institute in paper reference 6. 
With reference to Pettee’s discussion in 
general, it is improper engineering analy- 
sis to plot together data taken with dis- 
similar apparatus, dissimilar test struc- 
tures and dissimilar variables of construc- 
tion. In the case of the inverted U test, 
Pettee obviously is describing a cable 
impregnated with a so-called nonmigrating 
compound, which cannot be compared with 
those impregnated with a light mineral oil 
as used in our tests. It would appear that 
this impregnant is of a synthetic origin 
probably one of the hydrogenated high 
polymers recently made available to the 
industry. These impregnating oils have 
been evaluated in our laboratories with 
results similar to those presented by the dis- 
cusser. 

The oven-aging tests on sealed cable 
samples reported in the paper were essenti- 
ally the same as those previously sponsored 
by the Brooklyn Edison Company (Doctor 
Davidson), except that in our case we used 


‘a slightly higher temperature (125 degrees 


centigrade versus 100 degrees centigrade) in 
order to keep the testing time within reason- 
able limits. In addition we used a much 
more sensitive measuring technique (in- 
ternal ionization versus power factor) to 
evaluate the effects of the accelerated aging. 

Regarding the radial power factor data 
obtained on a 30-day cyclic-loading test, 
the reference cited covers tests on cables 
incorporating changes in impregnant, paper, 
and construction. It is not clear that the 
flat radial power factor curve was entirely 
due to the foil-backed paper tape conductor 
shielding, nor is it clear that the particular 
curve referred to applies to all three conduc- 
tors of the cable or is limited to just one. 

In the first two tests outlined by 
Pettee, no electrical stress was applied to the 
samples. 
nothing to do with conductor shielding 
properties and are largely tests of the satu- 
rant stability (both as to oxidation and me- 
chanical movement) which was outside the 
scope of our paper. The foil-backed paper 
tapes for the tests described in our paper 
were obtained from the same source and ap- 
plied in the same manner as observed in 
recent General Cable Company paper-lead 
cables. 

The use of models in cable research has 
taken much unwarranted abuse from 
Atkinson and other: discussers. It is sig- 
nificant to realize that most of those who 
discount model tests have used them ex- 
tensively, and by their own admissions are 
continuing to do so. The results obtained 
with our carefully designed models, tested 
in accordance with a carefully thought out 
program are far from worthless. It is 
only by means of such tests that the multiple 
variables entering into cable construction 
and operation can be controlled reasonably. 
Although the conditions imposed on models 
may be very severe, it is to be appreciated 
that control models carried with each new 
development serve to form an accurate base 
line for estimating the efficiency of any new 
design. Oxidation is an enemy to cable 
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Hence, these tests have little or 


saturants. In the cabie model tests con- 
ducted by Whitehead, as in those conducted 
by the author, the models were exposed 
continuously to dry atmospheric air. Thus 
the ability of a given design to withstand 
the effects of oxidation are evaluated readily. 
How much better it is to make such tests 
in the form of cable models than in the form 
of beakers of oil in an aging oven. In the 
cable model the various components of a 
cable and their geometry are correct, and 
the techniques for measuring the effects are 
perfected. Again in the study of ionization 
the drained model provides the closest con- 
trol of the void-forming variables entering 
than any other form of such testing. Of 
course, it is necessary that the interpretation 
of the results of model testing be carried out 
udiciously. In this same respect it is neces- 
sary to interpret carefully the results of 
cyclic load tests on cables when predicting 
their behavior under, service conditions. In 
our laboratory, the model tests serve to 
complement tests carried out on commercial 


size cable under cyclic loading conditions. 


I do not believe that Whitehead’s work, 
for example, with MacWilliams on the ef- 
fects of long-time stress and high tempera- 
ture on cable models! is worthless. Here he 
shows that at high temperatures the rate 
of deterioration of impregnated paper may 
be many times that at 40 degrees centigrade 
and also that oxygen actually played a small 
role and electrolytic dissociation a primary 
role. I also would remind the discusser 
that my paper discusses results of tests on 
actual cable as well as cable models. 

Regarding the model-test data presented 
by the discusser, we wish to point out again 
that attempting to compare results of dis- 
similar tests can lead to misleading con- 
clusions. Our tests were not made to evalu- 
ate the impregnant. We used a good quality 
light mineral oil for al] the tests presented 
in this paper, so that it would constitute one 
of the uniform, controlled variables in, the 
test. The main object of the tests was to 
determine differences in internal ionization 
with different cabie constructions, and all 
other factors in the test setup were main- 
tained constant, so that only those factors 
which were varied deliberately would have 
a bearing on the comparable results ob- 
tained. When a different type of im- 
pregnant has been used, numerical values of 
the results have been different. No matter 
what impregnant is used, we doubt seriously 
that there would be any change in relative 
results. 

In the case of the sealed cables, the corona 
initiation voltage at the start of the test 
was in the ratio of 1.0-1.2-17 (not 1.0— 
1.2-2 as indicated by Atkinson). For the 
models the ratio was 1,0-1.1-1.2. The dis- 
cussion on cable geometry presented by the 
discusser is voluminous but not completely 
understandable, and hence I cannot com- 
ment on it. However, the difference in 
corona initiation voltage as between the 
carbon-black model and the model equipped 
with foil-backéd conductor shielding is pri- 
marily due to the sharp edge of the inter- 
calated foil (as corroborated by Gooding’s 
comment). Secondarily, it is due to the 
difference in the character of the electrode, 
namely metallic, as compared with carbona- 
ceous. Furthermore, the adhesive between 
the paper and the foil backing is a high-loss 
material and must contribute materially to 
electrolytic ionization, The uSe of noninter- 
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calated tape application, indicated by the 
discusser as being their present practice, 
may tend to minimize the effect of curled 
foil edges, but it certainly cannot obviate 
other deficiencies due to the character of the 
tapes. 

Atkinson’s implications as to test tech- 
nique and sample preparation are not 
warranted by the facts and in deed are ir- 
relevant. : 

Regarding the impulse strength of type 
CB cable, the discusser seems to have missed 
the point of the argument entirely. The 
series resistance of the carbon-black tapes 
referred to is to be considered longitudinally 
along the cable. A lightning or switching 
surge propagates a steep wave front down 
the cable, which is accentuated further by 
reflections from impedance discontinuities 
such as terminations and joints. The steep 
wave front and high frequency currents 
must be attenuated by the resistance of the 
conductor and losses in the dielectric. In 
the case of a type CB cable, it is considered 
that the longitudinal attenuation of a surge 
may be much more rapid. The high-fre- 
quency currents flow mostly on the outside 
of the conductor, where are located the 
carbon-black tapes, and, as their resis- 
tivity is much higher than that of copper, 
the attenuation must be much greater. 
Atkinson is referred to the paper by 
Komives,? in which surge tests were made on 
type CB cable among others. Here the 
type CB cable gave values which were con- 
siderably better than for standard con- 
struction (breakdown stress in type CB 
approximately 30 per cent higher than in 
standard construction). 

Reference also to data presented by 
McCabe? shows that the impulse strength 
of type CB cable is 35 per cent higher than 
that of standard cable, whereas similar 
cables with foil-backed paper conductor 
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shielding made by two different manufac- 
turers gave 17!/2. and 32 per cent increase 
respectively. The low value obtained on 
one of the foil-backed paper shielded samples 
was ascribed to the formation of wrinkles 
in the foil-backed tapes, thus forming a 
sharp discharge surface. 

Further evidence of the effective selective 
damping or attenuation of steep-fronted 
(high frequency) waves is given by the per- 
formance of the ‘‘lossy’’ radar cable de- 
veloped by the Anaconda Company (patent 
applied for). In this construction, CB tapes 
are applied under the outer conductor of the 
coaxial cable. Attenuation increases of 10 
to 100 times can be obtained, depending on 
the longitudinal resistance of the CB tapes. 
At frequencies below one megacycle, how- 
ever, the presence of the CB tapes causes no 
increase in attenuation. 

With regard to whether or not the CB 
tapes have sufficient conductivity to consti- 
tute an effective shield, this has been demon- 
strated repeatedly. Data have been pub- 
lished in two papers (reference 6 of the pa- 
per and the paper) and well established 
in service by over five million feet of in- 
stalled cable. 

Regarding the design of the filter circuit 
mentioned by Bower, we believe it is 
more than adequate. It consists of a 3-stage 
ladder-type unit with tunable elements and 
is adjusted to give over 45-decibel attenua- 
tion against 60 cycles, and the first 11 har- 
monics thereof. It was made by one of the 
foremost filter design laboratories in the 
country. With regard to the 1,000-cycle 
pickup, this was impossible as the timing 
waves were not obtained simultaneously 
but made after the discharge trace was 
photographed. 

The model 300-A Ballantine vacuum- 
tube voltmeter is supplied with a decade 
amplifier (model 220), so that the combina- 
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tion has a minimum reading of ten micro- 
volts. The sensitivity of the equipment (the 
readable difference voltage) is in the order 
of ten microvolts. 

It is agreed that the type of apparatus 
described by Quinn is simpler in construc- 
tion than the bridge equipment. It is, 
however, not simpler in operation. The 
greatest trouble with this equipment is its 
lack of sensitivity. In this respect it is so 
sharply limited by the fact that a large 60- 
cycle component is always present that it is 
generally not usable for nongaseous types of 
discharges. With regard to the bridge 
method used by Bower, I do not wish to de- 
tract from Doctor Whitehead’s work in the 
least. However, it is necessary to point out 
that the credit for developing a bridge 
balanced on an extraneous source of high- 
frequency disturbance must go to Arman 
and Starr, who published this work in great 
detail in their paper (reference 3 of the 
paper). My objection to this circuit is that 
the bridge must be balanced on a band of 
frequencies resulting from the extraneously 
produced discharge. The inphase compo- 
nents of a great proportion of these fre- 
quencies thus may ride through to the de- 
tector circuit. Indeed, where possible, it 
seems much the preferred method of clean- 
ing up the external circuit, so that no corona 
within the limit of voltage of the equipment 


- is present. 
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Synopsis: The planning of modern power 
system expansion demands that voltages, 
phase angles, power flow, and reactive power 
flow throughout the network be determined 
in advance of actual system changes. De- 
termination by calculation of these quanti- 
ties increases in difficulty to such an extent, 
as-the system increases in size, that, for 
large interconnected systems, it heretofore 
has been considered necessary to use a net- 
work analyzer for this work. Since the 
first a-c network analyzer was put in service 
at the Massachusetts Institute of Technol- 
ogy in 1929 the scale model method of hand- 
ling complex power system problems has 
grown in popularity, and the number and 
size of analyzers in the United States has 
been increasing steadily. To date, 14 net- 
work analyzers have been constructed, and 
more are on order, all at a total cost ap- 
proaching two million dollars. A wide- 
spread, but misguided, belief prevails among 
power system engineers that the foregoing 
problems are not solvable practically except 
with the aid of an analyzer. It is the pur- 
pose of this paper to set forth certain prin- 
ciples and methods which so facilitate the 
handling of problems of power flow in net- 
works that the mathematical solution ap- 
pears more feasible than the analyzer solu- 
tion. The methods and equations presented 
in this paper have been tested by recomput- 
ing an actual network analyzer study by 
mathematical means for comparison. Data 
and answers from this study are tabulated in 
this paper. The mathematical solution was 
first made with a key calculating machine. 
It later was recomputed by punched-card 
accounting machines to determine experi- 
mentally the time required and to stand- 
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ardize card design, coding, plugboards, and 
machine sequences to be suitable for the 
solution of any power network. It was 
deemed advisable to Hmit this paper to the 
electrical and mathematical features of the 
method rather than to lengthen it unduly 
with the many details of card design, coding, 
and machine sequences. Although many 
papers have stressed the saving of time by 
computing network problems with the net- 
work analyzer, it is the belief of the author 
that, as mathematical understanding of the 


problems increases and machines for com- 


putation are improved, this saving of time 
will so diminish as to favor the mathematical 
solution over the analyzer solution. The 
sample study presented in this paper indi- 
cates that load studies may be computed 
in about the same time that they are pres- 
ently being solved with the aid of network 
analyzers, and that the mathematically 
computed solution will be of greater accu- 
racy and will have been computed with less 
chance for error than the analyzer solution. 
If the network problem to be solved is ex- 
tremely large, or contains a number of phase- 
shifting transformers, the advantage of the 
mathematical solution over the analyzer 
solution further increases. The aforemen- 
tioned standards of speed and accuracy may 
be reached by performing the computations 
in the mathematical method with standard 
punched-card accounting machines. 


Statement of Problem 


HE method of solving power networks 

described in this paper has been de- 
signed to fit a standardized problem, as- 
suming that certain quantities are known 
and that certain other quantities are de- 
sired. In case the actual knowns and un- 
knowns fail to fit the standardized prob- 
lem, it is necessary to assume values to 
convert the problem to standard form and 
to check the answers against the desired 
knowns. Methods are described in the 


paragraphs on ‘Making Changes’ which ~ 


may be used to check the reasonableness 
of assumed values by computing some few 
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answers which are critically dependent 
upon the assumed values without com- 
puting the entire network. 

The standardized problem consists of a 
set of known values, a set of answers to be 
computed, and a set of conditions to be 
satisfied by the answers: 


Known values: 

(a). The circuit of the network. 

(b). The resistance of each impedance. 
(c). The reactance of each impedance. 


(d). The capacitive susceptance of each 
impedance. 


(e). The voltage ratio of each transformer. 
(f). The phase shift of each transformer. 


(g). The power load (or generation) at each 
bus in the network except one which is re- 
served to take up the slack due to system 
losses. ~- This bus is referred to as the ‘‘slack- 
take-up bus.” 


(kh). The reactive power load (or genera- 
tion) at each bus in the network except one. 


(i). The voltage at any one bus in the net- 
work. 


(j). .The phase angle at any one bus in the 
network. 
Answers to be computed: 


(k). The power flow at each end of each 
impedance. 


(1). The reactive power-flow at each end of 
each impedance. 


(m). 
(n). The phase angle at each bus. 


The voltage at each bus. 


Conditions to be satisfied: 


(0). The summation of power at each bus 
must equal zero, that is, the power entering 
any bus must equal the power leaving it. 


(p). The summation of reactive power at 
each bus must equal zero. 


(qg). Around each loop the summation of 
voltage drops must equal zero. 


(r). Around each loop the summation of 
phase angle drops must equal zero. 


These four conditions to be satisfied are 
merely restatements of the laws of Kirch- 
hoff; that the summation of all currents 
at a point must equal zero, and that the 
summation of all voltages in acircuit must - 
equal zero. Each of the two laws breaks 
into two conditions; the current is divided 
into two rectangular components, for each: - 
of which the law must hold; and the 
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voltage is broken into two polar compo- 
nents, and again the law must holdfor each 
component. For purpose of application 
of the law regarding voltages in a circuit, 
“circuit” means loop in the network, 
rather than the actual power circuit 
through loads and generators, for the 
concept of a power network being repre- 
sented by a singleline, single-phase 
common-ground network. 

Initial data for the sample problem are 
given in Figure 1 and in Tables I and II. 
Figure 1, the master diagram, gives the 
circuit of the network; this is item a of 
the known data. Table I indicates the 
line data corresponding to items }, c, 
and e of the known data; and Table II 
indicates the bus data corresponding to 
items g and h of the known data. Line 
numbers and loop numbers in Table I and 
bus numbers in Table II are taken from 
the master diagram, Figure 1. It should 
be noted that item d of the known data, 
namely, the capacitive susceptance of 
each impedance, is not given in the line 
data, but instead the susceptance has 
‘been distributed among the busses and is 
included in the bus data because informa- 
tion was furnished the author in this form. 
Item f, the phase shift of each trans- 
former, has been omitted from the initial 
data since the sample study contained no 
phase-shifting transformers. Item 7 of 
the original data for the sample study, the 
voltage at any one bus in the network, was 
1.0700 per unit volts at bus number one; 
and item 7, the phase angle at bus num- 
ber one, was 0.7156 radians. 

As in the case of network analyzer 
solutions, it is most convenient to work in 
the per unit system. Thus, all voltages, 
impedances, susceptances, powers, and 
reactive powers are expressed in the 
per unit system. For the sample problem, 
the power base was 50,000 kva and the 
voltage bases are as indicated for each bus 
in Table II. Because of the method of 
working with the small differences be- 
tween the tangents and angles, it is 
necessary that phase angles be expressed 
in radians. 


Master Diagram 
The master diagram, Figure 1, pro- 


vides the link between the power network 
under consideration and the sequence of 


computations required to solve it, just as _ 


the plugging diagram in network analyzer 
studies serves to co-ordinate the network 
analyzer units with the actual system 
being studied. The network is so thor- 
oughly coded by means of the master 
diagram that computations may proceed 
for any desired set of loadings and trans- 
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L4 


Loop 2 


former ratios without ever referring back 
to the master diagram. Despite the 
thoroughness with which the network is 
coded, the construction of a master dia- 
gram is a simple task which may be ac- 
complished by mere inspection and mark- 
ing on a single-line diagram. 

The following information is indicated 
on, or derivable from, the master diagram: 


(a). Each network element is assigned 
either a bus number or a line number. All 
network elements having a direction of flow 
of power or reactive power are assigned line 
numbers. Bus numbers are assigned to: 
points in the network where loads, gen- 
erators, synchronous condensers, or stuscept- 
ances are attached, junction points, and any 
other points at which it is desired to compute 
voltage. 


(b). Each loop in the network is assigned a 
loop number. 


(c). The network is divided into ‘‘tracks,”’ 
each of which is assigned a track number. 


(d). A positive direction of flow is indi- 
cated for each network element bearing a 
line number. The positive direction of flow 
serves also to differentiate between the two 
ends of lines, sending and receiving. 


(e). Each network element in each track 
is assigned a track sequence number. 


The combination of line numbers, bus 
numbers, loop numbers, track numbers, 
and track sequence numbers is sufficient 
to describe a network completely. Given 


this information, one could draw the 


single-line diagram for the most complex 
network. The positive direction of flow 
was not included in the foregoing data be- 
cause the positive direction is indicated by 
the track sequence numbers. 

Certain precautions should be observed 
when preparing a master diagram. The 
arrows indicating positive direction of 
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Figure 1. Master diagram for test problem 


flow, in any loop, must be all in the same 
direction, either clockwise or counter- 
clockwise. Since there should be only one 
positive direction for any particular line, 
attention should be given to the meshing 
of loops so that no arrows conflict. This 
point is illustrated in Figure 1 by the 
manner in which loop 3 was meshed with 
loops 1 and 2. After loops 1 and 2 had 
been meshed and the decision made to 
make loop 3 a counterclockwise loop, it 
was necessary that loop 3 include lines 
23, 11,14, 15, 16517, 18; and 13. Had it 
been decided to make loop 3 a clockwise 
loop it would have been necessary to in- 
clude lines 12, 18, 17, 16, 15, and 14 in this 
loop. It is of some advantage to choose 
loops so that they mesh with as few other 
loops as possible, as this has the effect of 
increasing the number of zero coefficients 
in the sets of symmetrical simultaneous 
equations which will arise in the solution. 

In network computation, tracks serve 
the dual function of referring all loads and 
losses to the slack-take-up bus, and of 
referring a voltage or a phase angle at the 
slack-take-up bus to all points throughout 
the network. Tracks start either with the 
ends of radial lines, at loop junctions where 
the directional arrows divide as opposed 
to the confluence of directional arrows, or 
at the slack-take-up bus for loops contain- 
ing this bus. They then proceed through- 
out the network following the directional 
arrows toward the slack-take-up bus. 
Directional arrows on radial lines must be 
toward the slack-take-up bus. Thus, the 
number of tracks equals the number of 
loops plus the number of radial lines; and 
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loop tracks start with lines; and radial 
line tracks start with busses. Obvi- 
ously, tracks will merge as they approach 
the slack-take-up bus so that, in gen- 
eral, lines near the slack-take-up bus will 
be included in more tracks than lines re- 
mote from this bus. A track sequence 
number is assigned to each network ele- 
ment in order in each track, starting with 
the element most remote from the slack- 
take-up bus. Table III indicates the 
tracks and track sequence numbers in the 
sample study as derived from the master 


Table |. Initial Line Data for Test Problem 
Resist- Re- Voltage 

Line ance actance Ratio 

Number Loops (b) (c) (e) 
Oe oe 1 ..0.0112..0.0720.. 0.0000 
aE ase tess 1.2.3 ..0.0080..0.0500.. 0.0000 
Sonne 123 ..0.0000. .0.1200. . —0.0800 
te e=t 1 ..0.0120..0.0400.. 0.0000 
Dare 1 ..0.0080. .0.0330.. 0.0000 
Tes ii: 1 ..0.0125..0.0490.. 0.0000 
ees 1 4 ..0.0250..0.0380.. 0.0000 
Some 1 4 ..0.0110..0.0160.. 0.0000 
D:.n eieee 1 5..0.0190..0.0560.. 0.0000 
Bem 1 . 0.0000. .0.0270.. 0.0500 
a eects 23 . .0.0240..0.0760.. 0.0000 
tae 2 ..0.0390..0.1240.. 0.0000 
AS ra Wiaes 23 ..0.0000. .0.0420.. 0.1400 
AS: Ae 3 ..0.0490..0.1560.. 0.0000 
LD eieiaws.s 3 ..0.0000. .0.3100. . —0.0300 
LG 5 5 ite 3 . 0.0840. .0.2240.. 0.0000 
ile Pegawrr ve 3 ..0.0000..0.3900.. 0.0000 
BN ott 3 ..0.0570..0.1790.. 0.0000 
TG 5.2 ee eeuada seis Snioretes 0.0625..0.2000.. 0.0000 
3 ....0.0220..0.0700.. 0.0000 
BAe ee 4 ..0.0000..0.0820.. 0.0000 
DINER. 4 :.0.0190..0.0300.. 0.0000 
Wee ie S02 4 ,.0,0210. .0.0320... 0.0000 
4 ee 4 ..0.0000. .0.0600.. —0.0500 
ee 5. .0.0195..0.0620.. 0.0000 
PLU Rea es 5..0.0024..0.0080.. 0.0000 
PH ihe ue hee, <a ROE 0.0000. .0.1220.. 0.0000 
ZS tink hee ete ee oye 0.0310. .0.0520.. 0.0000 
Table Il. Initial Bus Data for Test Problem 

Sus- Re- 

Bus ceptance Power active Base 
Number (d) (g) (h) Voltage 
Le races 0.1400... . (Slack-take-up bus). .200.00 
yes 0.0000... —1.8400.. 0.7000..100.00 
aes crates 0.2400... 2.4800.. 0.6800. .200.00 
a a 0.0400... —1.2000.. —0.6000. .100.00 
Bsc ae 0.0300... 1.3000.. 0.0800. .100.00 
Gs cae 0.0200... 0.0000.. 0.0000..100.00 
€ Baie 0.0000...—0.0400.. 0.0000.. 57.40 
be Se oseuehe 0.0200... 0.0000.. 0.0000. .100.00 
Deak 0.0000...—0.5000.. 0.0800.. 57.40 
LO wo at 0.0500... —0.4400. . —0.1900..100.00 
1 epee 0.1000... 0.0000.. 0.0000. .200.00 
i hee 0.0200... —0.2200. . —0.1000. . 100.00 
AS tenes 0.0400... 0.0000.. 0.0000. .100.00 
5 2 eA 0.0000... 0.0000.. 0.0000.. 50.00 
te 0.0000... —0.8400..—0.2100.. 3.96 
Gee 0.0000... —0.9600. . —0.0400. .100.00 
iy Sonar ae 0.0000... —0.7800. . —0.6000. .100.00 
6b Rink eee 6.0000...—0.5200,. 0.4200.. 50.00 
TOs ones 0.0300... 0.0000.. 0.0000. .100.00 
DOs cae 0.0000...—0.7600.. 0.1400.. 50.00 
is caine 0.0000...—0.4400.. 0.0000..100.00 
2 Tg 0.0500... 0.0000.. 0.0000. .100.00 
23.....0.0300...—0.8200. . —0.1200..100.00 
BAF hoe 0.0500... 0.0500.. 0.1500..100.00 
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diagram, Figure 1. Note that each bus is 
listed in only one track, although each 
line may appear in several tracks. This is 
explained under ‘‘Load-Loss Flows.”’ 


Load-Loss Flows 


For convenience in computing, the 
power flow in any particular network 
element is assumed to be composed of: a 
known component, designated the load- 
loss component; and a set of components 
to be solved for as variables in loop- 
balancing equations, one variable com- 
ponent for each loop containing that 
particular network element. Each vari- 
able component is assumed to circulate 
around its loop, thereby satisfying, for all 
busses in the loop, Kirchhoff’s law that 


the sum of all currents flowing to a point 


is zero. Thus, if the load-loss components 
are also made to satisfy this law, the flow 
obtained by combining the components 
likewise will satisfy it. The set of load- 
loss power flows is any set of flows satis- 
fying equation 1 of the appendix for each 
bus in the network, and equation 7 for 
each line. 

Consider, for example, that the simple 
2-loop network shown in Figure 2 were to 
be solved in such a manner that the sum- 
mation of the products of flows times 
reactances for lines in each loop be zero. 
No losses are assumed for this case, that 
is, the input of 50 equals the sum of the 
loads. A diagram similar to Figure 3 
might be drawn by inspection, and the 
simultaneous equations written and 
solved. It is the function of load-loss 


flows to systematize the derivation of the 
equations in Figure 3, and the function of 
the master diagram to obviate the neces- 
sity of computing on the diagram in this 
figure. 


In the simultaneous equations in 


Table Ill. 


Figure 3, the coefficients of the variables a@ 
and b are the sums of the reactances of the 
lines in each loop containing these vari- 
ables, and each equation contains a con- 
stant term which may be computed by 
summing the products, for each line in the 
loop, of the reactance times a flow com- 
puted from the network loadings. This 
latter flow is termed the load-loss flow. 

Figure 4 is a master diagram for the 
network shown in Figure 2 and is used as 
the basis for the complete network coding 
tabulated in Table IV. This table also 
lists the line reactances (symbolically) and 
the bus loads. Table V illustrates the 
computation of load-loss flows by arrang- 
ing lines and busses by tracks in order of 
track sequence ntimbers, taking progres- 
sive totals of loads down each track, and, 
finally, combining the progressive totals 
by line numbers. Note that these load- 
loss flows are the same as those computed 
by inspection in Figure 2. 

In the general case, line losses must be 
considered as well as bus loads in com- 
puting load-loss flows, and, for reactive 
load-loss flows, E?(1/2)ZY (the charging 
kilovolt-amperes, see Appendix I, sym- 
bols) for each bus also need be included. 
Thus, when taking progressive totals 
down a track, all three of these quantities 
must be included in the totals instead of 
merely the loads which were used for 
simplicity in the illustrative case of Figure 
2. It is also important that no duplica- 
tion exist in the progressive totals, that is, 
each bus load, line loss, and bus E?(1/.)2 VY 
be added only once. Duplication in loads 
may be avoided simply by listing each bus 
in only one track, as was done in the 
example in Tables IV and V, but, since 
lines may not be omitted from tracks, 
duplication in line losses is avoided best 
by assigning each line loss to a specific 


Tracks in the Test Problem 


Track Track Track Track Track Track Track Track Track 
Sequence 1 2 3 : 4 5 6 7 8 9 

1 eeoutieee pe: a p Oy & eee Se 1 bap Fu niet yo Naga de) ee B23. 4c0 5 B21 B15 B05 
BPR or oe ee BOS... Ski re B08..... RtSe oe Baers Is, £9 Ao8s 1059" Ua Ty 2072 L 28 
Si stisarcaraae BeOS Ric. ate Te 12s ick Link Urcnit AS ee ee E26 we iris SOU CRC TOG s. ./3a i, 23. Sope6 L 08 
Os & So Stee Baler: DS WY Gees EHC ns Sec B14 face O08 c rag TOBE sas Te OF esters Dj 24 ostre L 09 
SeeeMaeasee TRUS ayer: 1 ogg) Ie ee LAG F230 30 <y, BE W0s.ts3 TOF) wires 1, O85. 2 LOY OR oe L 10 
Bie cpacieteane Beazes. OZ Sets B OTT. ae ‘B20. oaanseeers iD O8cnire% L092 me. L 08 

NJ othacinen. iO Aks.; EOS nneice 3 ae eae k DL Oe GS se £509 aca aus 1 Oat (ears L 09 
8.5.) Scena B24 sence OS Sci OO se ae Ee OF fa sioaes puererees L 10. eae, L 10 

OES. ekaete 5 DiOb Ie. E06 Ac he}: See L 08 # % 

AD cea ds meee Bi 22s sarah BOGS. care AS. etd 09 

D1 digas pews Ee OGeraarchs EiOU aac. Le 02 ones L 10 

12 Se eS ee B19. Jom yo a, ee L 03 

ASO aight LEST Ty Aare aa E095 a5. L 04 

EF arene ser Bylo caate LTO ic L05 

1 Eat OS asia nersteteans tis ssh OG x 

NS cetararehs Bans aes L07 

UO. 2B Seles 35.00 tian cere L 08 

bh ae See BO2i ao. esse .L 09 

19.180 en ys Tee ea. cre neers .L 10 
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Figure 2. Circuit and loadings for explanation 
of “load-loss flows” 


track. As illustrated by the example, 
loads must be assigned a negative sign for 
computing load-loss flows. From this, it 
follows that line losses must also be nega- 
tive, while generation and £?(1/,)2Y 
must be positive. 

Although each line has two load-loss 
flows, the receiving flow being less than 
the sending flow by the line loss, the pro- 
cedure outlined here will compute only 
the receiving load-loss flow. The proce- 
dure was so devised because all equations 
are based upon computing with receiving 
end quantities, and the sending load-loss 
flows are unnecessary. If they are de- 
sired, however, they may be computed 
either by adding losses to receiving load- 
loss flows, or by making a double entry of 
each line in each track for progressive 
totals, assigning the line loss always to 
the entry with the higher sequence num- 
ber. 

Table VI shows the load-loss power 
flows for the first approximation in the 
computation of the sample problem. The 
sending and receiving load-loss flows are 
equal in this case because of the initial 
assumption of zero power loss for the 
first approximation which is explained 
under “Successive Approximations.”’ 


Solutions About Loops 


The satisfaction of conditions g and r, 
that around each loop the summation 
of voltage drops (2 AZ) and phase angle 
drops (2 A@) must equal zero, leads to the 
simultaneous solution of loop equations in 
AE and in A@. By the method of suc- 
cessive approximations, the solution to 
make the summation of the voltage drops 
zero about loops is a separate process from 
the solution to make the summation of 
the phase angle drops zero about loops, 
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Figure 3. Solution of Figure 2 by inspection 


O = aX, + (a—5)X%, + (a+b — 30)X;+ 
(a—50)X, 


O = (a+b — 30)X; + bX; + b — 15)X- 
or 


0) 


(Xi + Xo + Xe + Xia + X3b — 5X, — 
30X; —50X;, 


O = Xsa + (X; + X; + Xe)b — 30X,—15X, 


the former involving a set of reactive 
power loop equations and the latter in- 
volving a set of power loop equations. 
Thus, each set of simultaneous equations 
contains only one variable for each loop, 
instead of two as would be the case if both 
the summation of AZ and A@ were made 
zero in a single step. Further simplifica- 
tion is effected by holding the voltage, 
power loss, reactive power loss, and 
trigonometric functions to be known 
quantities, thus making the simultaneous 
equations linear. 


The sets of simultaneous equations to 
solve for Pv or Qu are obtained by sum- 
ming up the values of the parts of equa- 
tions 26 or 31 for all of the network ele- 
ments in each loop. Thus, an equation 
will result for each loop, and, in general, 
these equations must be solved: simul- 
taneously. It is possible to visualize a 
network in which none of the loops meshes 
with any of the other loops and for which 
the equations would not have to be solved 
simultaneously but this would be a special 
case of zero coefficients. The coefficients 
of the variables in the power equations 
are seen to be the summations of X’ for 
all network elements in the loop through 
which the particular variable flows, and, 
for the reactive power equations, these 
coefficients are the summations of X”. 
X’ and X”" are defined in equations 14 and 
16, respectively, of the appendix. Thus, 
the summation of X’ or X” for any loop 
must be largest for the variable flowing 
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Figure 4 Master diagram for Figure 2 


Figure 5. Vector diagram, basis for equations . 
11 and 12 


around that loop, and the summation of 
X’ or X” for any other. variable must be 
the same as the summation of X’ or X” 
for the given variable in the loop equation 
for the other variable. Therefore the sets 
of simultaneous equations must be sym- 
metrical, because, wherever two loops 
mesh, in each loop equation the coefficient 
of the other variable must be the sum of 
the common reactances X’ or X”. 
Similarly, wherever two loops donot mesh, 
the sum of the common reactances is zero, 
and zero coefficients appear in the equa- 
tions. The solution to any of the sets of 
simultaneous equations is much simpli- 
fied by the symmetry and by the presence 


‘of zero coefficients. 


Although two approximations of a net- 
work solution are required to give network 
analyzer accuracy, and two approxima- 
tions necessitate the solution of four sets 
of simultaneous equations, the solution of 
the equations is usually a small portion of 
the whole network solution. In the solu- 
tion to the test problem of 5 loops, 24 
busses, and 28 impedances, using a desk 
calculating machine, the solution to the 
simultaneous equations took between two 
and three per cent of the total computing 
time. However, as the network to be 
solved grows larger, the importance of 
simultaneous equation solution increases, 
because, for symmetrical equations, the 
difficulty of solution varies with the cube 
of the number of variables, whereas the 
rest of the work will vary directly with 
the size of the network. 
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In making changes in a computed solu- 
tion, the simultaneous equation solution 
may assume greater importance, because 
only a small amount of additional compu- 
tation may be required to obtain the 
equations or to expand the results. Thus, 
if the effects of a large number of changes 
are to be investigated, it may be of ad- 
vantage to invert the matrix, that is, 
compute a set of coefficients which, when 
multiplied by the constant terms of the 
original equations, will give the variables 
directly. Since, for symmetrical equa- 
tions, the inverted matrix is also sym- 
metrical, the amount of computation re- 
quired to invert the matrix is only slightly 
greater than the computation in a single 
solution to the equations. Table VIII 
shows a set of simultaneous equations, 
their solution, and the inverted matrix. 

Table VII indicates the computation of 
equation 1, the set of simultaneous equa- 
tions used in the test problem to solve for 
Po (the power component circulating 
about each loop) in the first approxima- 
tion. In this computation X’=X, and 
the constant term is obtained by summing 
P,,X. Table VIII shows these equations 
and their solution. If the variables in this 
table are combined with the load-loss 
power flows in Table VI, the first approxi- 
mation of power as given in Table IX will 
be obtained. 


Expansion of Loop Solutions 


After the simultaneous loop equations 
have been solved, it is necessary to expand 


the variables and other data into a com- 
plete network’ solution for that approxi- 
mation. For example, after the power 
equations have been solved, it is possible 
to compute power flow and voltage phase 
angle throughout the network. After 
reactive power equations have been 
solved, it is possible to compute reactive 
power flow and bus voltage throughout 
the network. Computations of the flow 
of power or reactive power may be 
made either by combining the variables 
with the load-loss flows, or by the same 
process that load-loss flows were com- 
puted with the extra component for the 
variable inserted and removed at the 
proper place in each loop track. 

Having obtained the flow of power, or 
reactive power throughout the network, 
AO or AE, as the case may be, can be 
computed for each line by equations 28 or 
33. Assume, for example, that AE had 
been computed for each line, and it is de- 
sired to compute £ for all busses. The 
voltage at each point in the network is 
computed from the known voltage in the 
initial data by subtracting from the 
known voltage all voltage drops (AE) in 
a path following the directional arrows 


from the known voltage to the particular . 


point. Since AE is a voltage drop from 
sending to receiving end of a line, it also 
may be viewed as a voltage rise from re- 
ceiving to sending end. Thus, the voltage 
at the desired point in the network also 
could be obtained by adding to the known 
voltage all voltage drops in a path oppo- 
site the directional arrows between the 


Table IV. Coding of Simplified Example Shown in Figure 2 — 


known voltage and the desired point. 
This process may be used to advantage by 
assuming the slack-take-up bus to be the 
known voltage and taking progressive 
totals of AE down all tracks in negative 
sequence, that is, bucking the directional 
arrows. Each progressive total then will 
be the voltage at that point in the track, 
and, when all tracks are completed, the 
voltage will be known at every bus in the 
network. Overlapping work may be 
avoided by working each track out from 
its confluence with a previously solved 
track, although with automatic com- 
puting machines more effort is consumed 
in avoiding overlapping work than in per- 
forming it. This process makes the 
tracks and track sequence numbers serve 
a dual function: by summing the tracks 
in positive sequence, loads and losses are 
all referred to the slack-take-up bus; by 
summing the tracks in negative sequence, 
a voltage or phase angle at the slack-take- 
up bus is referred to all busses in the net- 
work. 

Obviously, the foregoing method of 
computing voltages throughout the net- 
work, using a starting voltage and a AE 
for each line, will work equally well for 
computing phase angles throughout the 
network, using a starting phase angle and 
a AO for each line. When computing E 
or 0, it is desirable to close all loops to 
check that the summation of AE and A 9 
equals zero about each loop. 


Successive Approximations 
Equations must be set up and values 


of P and Q solved for so that conditions, 
o, p, q, and r are all satisfied. Rigorous 


“equations for a direct solution for P and 


Line Dat : 
es Bur Date eee Q throughout the network would be diffi- 
Line Loops Reactance Bus Load Sequence Track 1 Track 2 cult to solve; hence, a method of succes- 
sive approximations has been developed. 
x AO Doe ; Fayeltiayatelci sie _ 4 Best Sched x Siate eos err otorete sive ioe ; Lohans ees : We ainvae J x ; It may be demonstrated for any power 
LIS. Sk ty ee yer ene. Kshs aaa B Sayer, S10 pra eB wee ct Caeser Ph LN network that the phase-angle drop for 
Oe ee tade ae en es see Bg aoe Seen ire Bac: 15h ee AN neraee aac: Bis ne L3 ; 
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solved for when equating 2 A@ to zero 
about each loop, and by holding P a 
known constant and Q the variable to be 
solved for when equating 2 AZ to zero, 
thus having the number of simultaneous 
equations and variables by performing 


flow of reactive power, and, similarly, 
voltage drops are more dependent upon 
the flow of reactive power than upon the 
flow of power. This circumstance may be 
used to advantage by holding Q to be a 
known constant and P the variable to be 


Table VII. Computation of Coefficients for Simultaneous Equations 
a EE ———————————————E———— 
Line Loops Py Pv Py; Py Pyvs K 
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* Blanks indicate that values were not read in analyzer study. 
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these solutions separately. Further sim- 
plifications result from holding the volt- 
age, power loss, reactive power loss, and 
trigonometric functions to be known 
quantities when computing any one suc- 
cessive approximation. 

The successive approximation method 
involves a series of steps as follows: 


(a). Assume a set of voltages and power 
and reactive power flows. 


(b). Compute power losses for each net- 
work element. 


(c). Compute an improved power flow, in- 
corporating the computed losses and making 
the summation of the phase-angle drop zero 
around each loop. 


(d). Compute reactive power losses for each 
network element, using the assumed voltage, 
reactive power flow, and the improved 
power flow. 


(e). Compute bus charging reactive power, 
using the assumed voltages. 


(f). Compute an improved reactive power 
flow, using the computed losses and im- 
proved power flow, and making the summa- 
tion of the voltage drops zero around each 
loop. 


(g). Compute the voltage E and the phase 
angle @ throughout the network, using the 
improved values of power flow and reactive 
power flow. " 


The cycle should now be restarted, 
using the improved values of power flow, 
reactive power flow, and voltage. 

Convenient initial assumptions for net- 
work solution by successive approxima- 
tionsjare "PP i—0 Os — 0; sandek — al, 
throughout the network. Even using 
such crude starting values, it was found 
that the first approximation was of suffi- 
cient accuracy for purposes of adjusting 
the study to fit desired operating condi- 
tions, and the second approximation was 
of approximately the same accuracy as 
the network analyzer solution. In most 
cases it is believed that a third approxi- 
mation would be of greater accuracy than 
are results obtainable from any network 
analyzer thus far developed. Computa- 
tion of the first approximation is consid- 
erably simpler than the computation of 
the second, and any succeeding approxi- 
mation, because of the initial assump- 
tions of zero flow. ~ 

The initial assumptions mean, physi- 
cally, that power losses are zero, voltages 
are constant at the nominal value 
throughout the network, tangents of 
phase angles due to impedance drops are 
equal to the angles (or that the differ- 
ences between angles and tangents can- 
cel around each loop), and that phase 
shifts due to reactive power flow are zero 
(or cancel around each loop). Power 
systems ordinarily are designed to have 
small power loss and good regulation. 
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Generally, they operate with small angles 
between busses, usually less than 10 
degrees and seldom exceeding 35 degrees. 
Phase shifts due to reactive power flow are 
also negligible compared with those due 
to power flow because, for most network 
elements, resistance is smaller than react- 
ance and reactive power flow is smaller 
than power flow. Thus, although the 
first approximation for power flow is 
computed from very rough initial as- 
sumptions, it is fairly accurate, and all 
subsequent computations for power and 
other network quantities have better 
starting values than the first power com- 
putation. 

The symbols and equations are dis- 
cussed in detail in Appendixes I, II, and 
III. Equations for AE and A@ were 
derived from the vector diagram, Figure 
5. This vector diagram illustrates that, 
for any line, the sending voltage equals 
the receiving voltage plus the impedance 
drop, and shows the impedance drop di- 
vided into components expressed in terms 
of power and reactive power. In order to 
make the equations for AZ and Aé@ gen- 
eral, the effects of transformer ratio and 
transformer phase shift were considered. 
The analytical network solution makes 
use of the fact that the equations derived 
from Figure 5 are general and may be 
used for either positive or negative values 
of power flow, that is, the receiving end 
may be physically either a receiving or a 
sending end. 

The fact may be noted that the trans- 
former ratio in equation 31, and all other 
equations in which it appears, is multi- 
plied by the receiving voltage. This has 
the effect of putting all of the trans- 
former impedance before the ratio, speak- 
ing in terms of the directional arrows ‘in 
the master diagram. The problem of 
exact placement of the ratio in a trans- 
former is not discussed in this paper, but 
it was found expeditious to standardize 
computations by assuming the ratio to be 
at the receiving end. A more general 
representation of the transformer would 
use two impedances in series with the 
ratio between (at the receiving end of the 
first one, according :to the standardized 
methods herein), as this would allow any 
desired apportionment of transformer 
impedance between primary and second- 
ary. 
The equations used to carry through 
the steps in one cycle of the method of 
successive approximations are shown in 
Appendix III, and consist of equations 5, 
and 26 through 34. The first step is to 
compute power loss from equation 5, 
which is merely the familiar J?R equation 
with IJ expressed as two perpendicular 
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components, P/E and Q/E. Power loss 
must be zero for the first approximation, 
if the initial values of P and Q are zero. 
Load-loss power flows are next computed 
by arranging losses and loads in tracks by 
track sequence numbers, taking pro- 
gressive totals down the tracks, and com- 
bining the progressive totals by line 
numbers as discussed under ‘‘Load-Loss 
Flows.” Having the load-loss flows, Pv 
for each loop may be computed from 
equation 26, solving this equation simul- 


loss reactive flows are then computed, 
using the reactive power losses, the re- 
active loads and generation from the 
initial data, and the H?(!/.)ZY reactive 
power generated at each bus. Having 
the load-loss reactive power flows, Qu 
may be computed for each loop from 
Equation 31, solving this equation simul- 
taneously for all loops. Equations 32, 33, 
and 34 may then be used to determine 
reactive power flow and voltage through- 
out the network. The computed values 


Table X. Convergence of Reactive Power Flow From Initial Assumption to Second Approxi- 
mation With Network Analyzer Reactive Power Flow for Comparison 
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* Blanks indicate that values were not read in analyzer study. 


taneously for all loops. In the first ap- 
proximation, QR’ and the trigonometric 
function (A0’—tan A6@’) are zero, and 
X’' is equal to X in equation 26. Thus, 
for the first approximation for’ cases 
containing no phase-shifting transformer, 
equation 26 breaks down into the familiar 
device of power engineers, of making the 
summation of PX zero about power loops. 
Having obtained Pv, the improved values 
of P, Ad, and @ throughout the network 
are computed from equations 27, 28, and 
29, using methods discussed under “Ex- 
pansion of Loop Solutions.” 

A similar process is used to obtain im- 
proved values of Q and £ through- 
out the network. First, reactive power 
loss is computed for each network ele- 
ment by equation 30, which is the ordi- 
nary I?X equation with IJ expressed as 
two components, P/E and Q/E. Load- 


Dunstan—Machine Computation of Power Network 


of power flow, reactive power flow, volt- 
age, and phase angle throughout the 
network may then be used in place of the 
initial assumptions to obtain improved 
values by repeating the cycle. 

The trigonometric functions sec AQ’ 
and (A6’— tan AQ’) must be evaluated in 
order to carry through the steps just out- 
lined. Experience indicated that it. was 
most convenient to evaluate these func- 
tions by using the first two or three terms, 
as necessary, of the infinite series when 
computing with key calculating ma- 
chines, but with automatic punched-card 
accounting machines, the functions were 
evaluated most readily by preparing 
punched-card tables, so that angles 
could be sorted into the tables and de- 
sired functions reproduced automatically. 
Since the punched-card accounting ma- 
chines were not capable of division, 
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punched-card reciprocal tables were pre- 
pared, also to be consulted mechanically. 

The rapid convergence of the various 
quantities as solved for by the method of 
successive approximation is illustrated 
in Tables IX, X, and XI which show: the 
initial assumptions; the computed first 
and second approximations; the second 
approximations converted from the per 
unit system to actual values; and, for 
comparison, the answers as read from the 
network analyzer. It is believed that the 
second approximations and the network 
analyzer answers, as presented in these 
tables, are of approximately equal accu- 
racy because the answers agree closely, 
and the slight differences are comparable 
with known inaccuracies in the network 
analyzer solution. Network analyzer 
errors may be detected in cases where the 
flows entering and leaving busses do not 
check exactly, and cases of power losses 
in units for which the initial data indicate 
zero resistance. High losses occur in 
_ the transformers where the resistance 
should be about one per cent of the 
reactance, but the network analyzer react- 
ance unit has a ratio of resistance to reac- 
tance of about four per cent, and es- 
pecially in transformers where an auto- 
transformer unit was used in the network 
analyzer to obtain the proper ratio, due 
to losses in the autotransformer unit. 


Making Changes 


One frequently cited disadvantage of 
mathematical methods of power network 
solution is the difficulty in making 
changes in a study once it has been com- 
pleted. Experience indicates, however, 
that changes may be made readily in a 
completed, or partially completed, solu- 
tion being computed by the methods out- 
lined in this paper. The general method 
of solution may be divided into three 
processes: 


(a). The funneling of a vast quantity of 
data into a set of simultaneous equations. 


(b). The solving of the set of simultaneous 
equations. 


(c). The expansion of the simultaneous 
equation solution into a vast quantity of 
network answers. 


When it is desired to investigate the effect 
of a change in a network study, the in- 
formation usually desired is the effect of 
the change upon a very limited number of 
network quantities. This problem may 
be solved readily by building upon a pre- 
viously computed solution, because the 
amount of additional information to be 
incorporated into the simultaneous equa- 
tions is limited and the equation solution 
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need be expanded only to the extent 
necessary to obtain the desired informa- 
tion. 

For example, suppose it were desired 
to investigate the effect of a change in a 
reactive power load on the voltage at a 
particular bus. Only the track contain- 
ing the given load will be altered; load- 
ings in all other tracks remain the same. 
The changed reactive load will alter by a 
constant amount the load-loss flow in all 
lines in the track containing the given 
load, between this load and the slack- 
take-up bus. This will affect only the 
constant terms in the loop reactive flow 
equations for the loops containing these 
few lines. The change in these constant 


had been inverted, no simultaneous equa- 
tions would have to be solved to compute 
the effect of the change. 

The effect of altering a transformer 
ratio is less difficult to determine than the 
changing of a load, since changing the 
ratio merely changes by a constant 
amount the constant terms in the simul- 
taneous reactive flow equations for loops 
containing the transformer. Similarly, 
altering the phase shift of a transformer 
merely changes the constant terms in the 
simultaneous power flow equations by a 
constant amount for loops containing the 
phase-shifting transformer. 

The effect of changing a network im- 
pedance is somewhat more difficult to 


Table XI. Convergence of Bus Voltage From Initial Assumption to Second Approximation 
and Bus Phase Angles and Charging Kilovolt-amperes With Network Analyzer Answers for 
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* Computed from first approximation of E. 


t It is believed that this voltage was read or transcribed incorrectly. 


terms may be computed by summing the 
X" for this group of lines by loops and 
multiplying the sums by the reactive load 
change. After solving the simultaneous 
equations, the voltage drops (AZ) need 
be computed for only the lines in a path 
between the lead-off voltage and the par- 
ticular bus desired. This whole compu- 
tation is extremely simple as compared 
with the initial solution of the whole net- 
work. The solution to the simultaneous 
equations may be readily built upon a pre- 
vious solution, if only the corfstant terms 
are altered, and it may be that all of the 
variables need not be solved for to com- 
pute the desired voltage. If the matrix 


Dunstan—Machine Computation of Power Network 


7 


~ 


evaluate than the changing of loads or 
ratios. This change will alter not only the 
constant terms in equations for loops 
containing the given impedance, but also 
the coefficients of variables. The solu- 
tion to the set of simultaneous equa- 
tions is, therefore, more difficult in this 
case. 

’ Attention is directed to the fact that 
this discussion of the effect of a change 
upon a computed network solution is 
based upon starting with the computed 
solution and working through a small 
portion of a single approximation. If 
greater accuracy is desired, other suc- 
cessive approximations must be solved, 
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necessitating complete solutions to the 
network instead of short-cutting from 
the change to its effect as illustrated 
above. 


Conversion and Correction 
of Answers 


After the computation of a network 
has progressed to the point where the 
solution is of sufficient accuracy and bears 
sufficient similarity to the desired condi- 
tions, the results need be converted to a 
form readily presentable for reports or 
other purposes. This process involves: 
correcting reactive power flows for (1/2)- 
E*Y, adding a constant angle to all phase 
angles to make the lowest one zero in 
some cases, converting data from the per 
unit system to actual quantities, convert- 
ing phase angles from radians to degrees, 
and listing the answers in suitable form. 
All of this work may be done mechani- 
cally. Only the “‘correction”’ of reactive 
power flows will be discussed further. 

The solution of a power network, using 
nominal pi representation for the trans- 
mission lines, introduces a problem in that 
the reactive power flow in each end of 
each line is in error by the amount (1/2)- 
E’Y and the busses each have an extra- 
neous reactive power load of #7(1/.)ZY. 
In the case of network analyzer solutions, 
this situation frequently is left uncor- 
rected, and improper line flows and extra- 
neous busloads arerecorded. Thisis done 
to save time, thought, and calculation 
by avoiding the necessity of apportioning 
each bus reactive power among the vari- 
ous lines attached. In the case of the 
analytical solution, however, the reactive 
flows in lines may be readily corrected by 
mechanical computation. The compu- 
tation consists merely of a set of multi- 
plications to obtain the product (1/2) E?Y 
for each end of each line, and a set of 
‘additions to. combine +(1/,)E?Y to the 
reactive power flow at the receiving end 
of each line, and —(1/,)E,?¥ to the reac- 
tive power flow at the sending end of each 
line. 


Punched Card Equipment 
and Methods 


The International Business Machines 
equipment consisted of a 601 multiplying 
punch, 405 tabulator, 513 reproducing 
summary punch, and 080 sorter. These 
machines are briefly described as follows: 


Multiplying Punch. This machine is de- 
signed to multiply groups of numbers which 
it reads from a card, and to punch the result- 
ing product in the same card. The capacity 
of the machine is limited to 8-digit factors 
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and a 16-digit product. At least 1,125 
computations per hour may be performed 
when operating with 4-digit multipliers, the 
actual speed being somewhat higher owing 
to machine cycles being eliminated whenever 
zeros appear in the multiplier. The multi- 
plying punch is also capable of addition, and 
certain combinations of multiplication and 
addition of groups of numbers read from a 
card may be performed and the result 
punched in the same. card. 


Tabulator. The tabulator is a combined 
adding, subtracting, and printing machine 
designed to read groups of numbers from 
cards, and also to respond to control punches 
in the cards. Groups of numbers on a single 
card may not be added together, but 
rather these numbers may be added to 
groups of numbers on other cards passing 
through the machine. By connecting the 
tabulator to a reproducing punch, summary 
cards may be punched with the same totals 
being printed, the process being termed 
“summary punching.’’ The tabulator func- 
tions at speeds up to 150 cards per minute 
when merely accumulating, and at slower 
speeds when printing totals or when sum- 
mary punching. 


Reproducing Summary Punch. This ma- 
chine is used to perform reproducing, sum- 
mary punching, and gang punching. Re- 
producing is transcribing all, or any part, 
of the information punched on one set of 
cards into another set of cards, either in the 
original or in an altered sequence. Sum- 
mary punching is the punching of a set of 
totals accumulated on the tabulator into a 
set of cards. Gang punching is the punching 
of identical information, copied from a 
master card, into a group of detail cards. 
The reproducer operates at 100 cards per 
minute for reproducing and gang punching. 


Sorter. The sorter serves to divide a set of 
cards into several sets in accordance with the 
number punched in a particular column. 
If the several sets are then arranged in 
order into a single set, the original set of 
perhaps random sequence will have been 
rearranged into numerical sequence of the 
numbers in the particular column sorted on. 
The sorted set may be resorted in accord- 
ance with the number punched in another 
column to give a resulting set arranged in 
ntimerical sequence of 2-digit numbers 
formed by’ the two columns sorted on. 
Thus, 999 cards may be sorted from random 
sequence into numerical sequence by sorting 
three times, first on the units column, next 
on the tens column, and finally on the 
hundreds column. Since the sorter operates 
at 400 cards per minute, this process would 
take 7!/, minutes. The cards may be 
sorted into either positive or negative se- 
quence, depending upon whether the sorted 
sets are arranged in positive or negative se- 
quence. The sorter is used either for ar- 
ranging a set of cards into a desired se- 
quence, or for separating a set of cards into 
several sets. 


It is necessary that each card used in 


_ computing bear sufficient coding that the 


quantity on the card can be identified, 
and that the card may be sorted into any 
sequence required for computing. Posi- 
tive identification is possible from the line 
number (or bus number) on each card and 


a set number consisting of a number for 
each set of cards required in an approxi- 
mation plus an approximation number. 
The line or bus members, loop numbers, 
track numbers, and track sequence num- 
bers comprise the coding necessary for 
sorting the cards into sequences required 
for computing. 


Each item of initial data is key punched 
into a separate set of cards. Thus, items 
b through 7 in “Statement of Problem” 
are punched in nine sets of data cards. 
The initial data also contain sets of cards 
showing the base voltage for each bus, 
blank line cards for all tracks, blank line 
cards, blank bus cards, and breaker cards 
(control cards to be sorted in at the end 
of each track to clear the tabulator total 
before starting another track). 


After initial data cards are prepared, 
computation of load-loss power flows is 
the first step in the network solution. 
Initial data bus cards containing power 
loads, item g in “Statement of Prob- 
lem,” together with the blank line cards 
for all tracks and the breaker cards are 
sorted into the order of track sequence 
numbers, considering the track number 
as the first digit (two digits had there been 
more than nine tracks) of a larger se- 
quence number. This large set of cards, 
made up from the three smaller sets, then 
is run through the Tabulator, taking a 
progressive total for each line number and 
summary punching the progressive totals. 
The summary punched cards next are 
sorted by line numbers and the sorted 
set then run through the tabulator, this 
time taking a total each time the line 
number changed, and summary punching 
the totals. This second set of summary 
punched cards will contain the load-loss 
power flows for the first approximation 
as shown for the sample problem in Table 
VI, and may now be run through the re- 
producer with the set of initial data cards 
containing the reactance of each line, to 
transcribe the load-loss flows and reac- 
tances to a set of cards for multiplying. 
A run through the multiplier produces 
the product P,,X on this set of cards, 
which is then ready to sort by each loop 
number in turn and tabulate, thus giving 


_ the constant terms for the set of simul- 


taneous power equations for the first 
approximation. This is the manner in 
which the —0.5346 in equation 1 in Tables 
VII and VIII was computed. The co- 
efficients of the variables in the simul- 
taneous equations are obtained by sorting 
by each loop a set of cards containing 
reactances, and then resorting the cards 
in each loop by each of the other loops, 
tabulating the results of each sorting. 
A schedule of operations similar to the 
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foregoing, but resulting in the preparation 
of 50 sets of cards, is involved in the com- 
putation of one complete approximation 
of a network solution. 

For purposes of division and trigono- 
metric functions, punched-card tables 
were prepared. The multiplying punch 
required two plugboards, one to multiply 
field I equals field II times field III, and 
the other to interpolate the tables of re- 
ciprocals, sec AO’, or (tan A0’— A6’). 
The reproducer required three plugboards, 
one for summary punching or for gang 
punching from the tables, another for 
reproducing card identification and field 
I into field II or field III, and another for 
reproducing and gang punching the in- 
formation for a given line into enough 
cards to accommodate all the loops con- 
taining that line. The tabulator board 
was arranged to perform either of two 
operations, depending upon the shifting 
of the total controlimpulse. In one case, 
it performed ordinary accumulation and 
summary-punched the results by control 
groups. In the other case, it tabulated 
the coefficients of the simultaneous equa- 
tions to be solved, and printed them in 
suitable form. 

Nearly all of the operations are illus- 
trated in the computation of X’=X+ 
(#?+PR+QX). With reference to Table 
XII, all the punches in the fields II and 
III were obtained on nine separate re- 
producer runs, reproducing from which- 
ever set of cards already contained these 
quantities in field I. Thus, field III in 
set 248 was reproduced from field I in set 
247. Field I of sets 218, 238, 241, and 
249 was obtained by multiplying field II 
times field III. Set 247 was obtained by 
sorting and tabulating sets 218, 238, and 
241, and summary punching the results. 
Set 248 was sorted -into the reciprocal 
table, gang punched, and multiplied using 
the interpolating plugboard. | 

Every operation was reduced to a rou- 
tine, requiring only the changing of plug- 
boards and following of a fixed schedule. 
Fifty sets were required for one complete 
approximation, and two approximations 
were sufficient to give the results with 
the required accuracy. 


General Discussion 


The multitudinous numerical com- 
putations involved in the solution of a 
network by the method outlined in this 
paper may be handled expeditiously by 
-punched-card accounting machines of the 
variety in daily use in most cities through- 
out the United States, and, in fact, in use 
for billing and payroll purposes in many 
of the larger power companies. While 
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it is not this paper’s purpose to imply that 
accounting machines are ideally suited to 
the solution of network load studies, it 
is maintained that such machines can 
solve load studies without limitation as to 
size, and that load studies of the size and 
complexity presently being handled by 
network analyzers can be solved in com- 
parable time with accounting machines. 
Progressively superior machines for com- 
puting purposes constantly are being 
developed, and if such a machine were pe- 
culiarly adapted to the solution of power 
system problems, in all probability it 
could out-perform a network analyzer in 
speed, accuracy, versatility, and perhaps 
cost. 


Table XII. Sample Sets of Computing Cards 
Set Field I Field II Field IT 
218.. PR eres Beals a iP 
238.. E? Sheet E 
241.. OX Bree uh is Q 
247.. (E?+PR+0X) 

(#2+ PR+0QX) 


2485.1 / (EB? PR--OX,) ene. oa 
249.. x’ -2.&...1/(E?--PR+0X) 


The test problem discussed herein was 
solved in approximately 70 hours com- 
puting time with a desk calculating ma- 
chine, but required only 10 hours to com- 
pute using a punched-card tabulator, 
sorter, multiplier, and reproducer. Of 
such 10 hours, the machines were idle 
approximately one-third of the time be- 
cause of time consumed in card handling, 
checking, and analysis. A total of ap- 
proximately 4,000 cards was used in 
computations. Among the discoveries 
during the punched-card computation of 
the test problem, in addition to minor im 
provements in the system, was the fact 
that a larger study, perhaps ten times 
larger, would be a more appropriate size 
for the method. The test study had 28 
impedances and 24 busses, so that many 
of the operations were performed on 
only 24 or 28 cards which would run 
through the reproducer in about one 
quarter of a minute, or through the 
multiplier in about 1'/, minutes. A 
larger study could be performed more 
efficiently because the time of starting 
and stopping the machines would be a 
smaller percentage of the operating time, 
and the running time would be long 
enough for the operator to prepare the 
next run, or perhaps to keep two or more 
machines running simultaneously. 

Comparison of the mathematical 
method of network load studies with the 
network analyzer method indicates cer- 
tain advantages and disadvantages of 
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each over the other. The methods are 
not directly comparable since, with a cal- 
culating board, some solution to the net- 
work is always available for the reading 
whenever the board is plugged and ener- 
gized, and the problem is to adjust the 
board so that the solution fits the desired 
loading and voltage conditions. With 
the analytical method the solution is not 
available until computed, but the com- 
puted solution will fit the desired loading 
with great precision. Small changes may 
be made readily in a board solution at the 
time it is in progress, but such changes 
would require some portion of the com- 
puted solution to be rerun, although, if 
the computing cards are preserved, the 
change may be made at any subsequent 
time. The board solution is subject to 
human errors of plugging, setting, and 
reading which are not detected readily, 
whereas, in the punched-card solution, 
all transcribing and computing, except 
for the punching of the original data, is 
done mechanically and may be listed me- 
chanically for future reference and check- 
ing. The initial data and final answers 
may be printed in a form suitable to be 
incorporated into a report directly from 
the cards used in computing; whereas, 
with an analyzer solution, it is customary 
to have the answers drawn up in the 
drafting room for reports. Because of the 
greater accuracy of the computed solu- 
tion, power losses may be tabulated for 
all network elements, and, if desired, 
losses attributable to any particular load 
may be ascertained by computing load 
studies with and without the particular 
load. 

A special advantage of a punched-card 
solution to a network is that all of the 
punched-card computations may be listed 
mechanically, and the list preserved for 
future reference. If, then, a modification 
of the original study be desired at some 
future time, the original computations 
may serve as a basis and the few required 
additional computations may be per- 
formed conveniently with a desk calcu- 
lating machine. The methods outlined 
under “Making Changes’ may be used 
for this purpose. 

The advantages and disadvantages of 
the analytical method over the network 
analyzer method of making load studies 
may be summarized briefly: 


ADVANTAGES 
1. Greater accuracy. 


2. Less chance for error. 


83. Neatness of automatically printed data 
and answers. 


4. Easier and more effective filing of data 
for use in subsequent studies. 
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5. Computations may be automatically 
listed so that a study may be easily modified 
with a desk calculating machine at any sub- 
sequent time. 


6. Reactive flows in lines may be auto- 
matically “‘corrected”’ for (1/2) E? Y. 


7. No limitation to the size of the network 
analyzed. 


8. Phase-shifting transformers offer no 
special difficulties. 


9. Nontechnical help can perform com- 
putations. 


DISADVANTAGES 


1. The computed solution is more difficult 
to modify than the network analyzer solu- 
tion at the time it is being prepared. 


2. The computed solution has not yet been 
systematized and mechanized for fault 
studies and transient stability studies. 


3. Computed solutions lack a psychological 
advantage enjoyed by network analyzer 
solutions where in measurements are taken 
on an actual electric circuit. 


Appendix |. Symbols 


R=resistance of an impedance 

X =reactance 

‘Y=susceptance 

(1/2)5 Y=susceptance at a bus (for nominal 
pi representation of lines the bus 
susceptance equals half the sum of 
the susceptances of all lines connect- 
ing to the bus) 

P=receiving power 

Q=receiving reactive power (lagging power 
factor if P and Q have same sign) 

E=receiving voltage 

6=phase angle of receiving voltage 

Ps=sending power 

Qs =sending reactive power 

Es=sending voltage 

6s =phase angle of sending voltage 

AP =power loss (Ps—P) 

AQ=reactive power loss (Qs—(Q) 

AE=voltage drop (Es— E) 

A@=phase angle drop (@s—é@) 

Ratio=transformer buck in direction of ar- 
row in Figure 1 (Hs/E—1) 

6t=phase angle buck in direction of arrow 
in Figure 1 due to phase-shifting 
tranformer (fixed component of A@ 
for phase-shifting transformer) 

Py,=l1load-loss power 

Qr1i=I1oad-loss reactive power 

Py, Pv, etc.=a power flow circulating 
around loops 1, 2, etc., to be solved 
for as a variable in equations to make 
= A@=0 around those loops 

Qu, Qve, etc. =a reactive power flow cir- 
culating around loops 1, 2, etc., to 
be solved for as a variable in equa- 
tions to make 2AH=O around those 
loops 


In these symbols the receiving and send- 
ing end refers to the head and tail ends, 
respectively, of the directional arrows in the 
master diagram (Figure 1), irrespective of 
the actual direction of power flow. 
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Appendix Il. Equations 


From conditions o and p in “Statement of 
Problem’’: 


At each bus 
=P=0 (1) 
ZzQ=0 (2) 


From conditions g and r in “‘Statenrent of 
Problem’’: 
Around each loop 


>Ad=0 (3) 
DAE=0 (4) 


Loss equations: 


AP = CEI") Ry 7 (5) 
AQ=(P?+Q?) X/E? (6) 
Line equations: 

Ps=P-+ AP (7) 
Qs=Q+ AQ (8) 
Es=E+ AE (9) 
6s =0+ Ad (10) 


From vector diagram, Figure 5, 
PX—QR 

—— en oe 

F?+PR+O0X 


AE=(E+PR/E+QXE/) sec (A9—61) + 
(E) (Ratio) —E (12) 


A@ =(‘an (11) 


For simplification let 


A6’ = Ad—6 (13) 
X!=X/(#*+PR+QX) (14) 
R’=R/(E?+PR+0QX) (15) 
X"=(X/E) (sec A6’) (16) 
R" =(R/E)(sec A6’) (17) 


Substituting equations 13 through 17 into 
equations 11 and 12 


Ad=tan—! (PX’—QR’') +6; (18) 
AE=PR"+QX"+E(sec Aé’+Ratio—1) 
(19) 


Let P in equation 18 and Q in equation 19 
equal, respectively, 


P=P,,+Pu:--:- (20) 
Q=Qrr+Qu--- (21) 
where Py - - - or Qu - - - represents the sum 


of Pv or Qv for all of the loops which in- 
clude the particular line for which P or Q 
is being solved by equations 20 or 21. 

Substituting equations 20 and 21 into 
equations 18 and 19 


Ag=tan—! (Py,X'+Pov+++-X'—QR') +6; 
(22) 
AE=PR'+QprX"+Q0-+- X"4 
E(sec A@’+Ratio—1) (23) 


Substituting equations 22 and 23 into 
equations 3 and 4, around each loop 
0=2[tan—! (P,,X’+Pu---X’— 

QR’)+6:] (24) 
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O=Z[PR"+Qr1.X"+Qv ae xX”+ 


E(sec A@’+Ratio—1)] (25) 


Appendix Ill. Network Solutions 
by Successive Approximation 


In these equations the asterisk indicates 
an improved approximation of a quantity 
computed from previous approximations. 


Power and Angle Solution 
AP =(P?+(Q?)R/E? (5) 


From equation 24 by separating the vari- 
ables from the knowns, and by substituting 
for the angle, the tangent of the angle plus 
the difference between the angle and its 
tangent in the previous approximation, 
around each loop, ; 


O=ZPov* - ++ X’4+2(P ,X’—OR’+ 
6:+ Ad’— tan A6’) (26) 
where the quantity after the first summation 
sign is composed of the products of vari- 
ables times reactances, and the quantity 
after the second summation sign is a con- 
stant. The summation of the reactances 
by loops in each loop, as illustrated for 
loop 1 in Table VII, forms the coefficients 
for a set of simultaneous equations. 
From equation 20 


P*=P,,+Pv* see (27) 


From equation 22 with substitution for 
the angle, the tangent of the angle plus the 
difference between the angle and its tangent 
in the previous approximation 


Ae* = P*X’—QOR’+61+ Ad’— tan Ad’ 
(28) 
From equation 10 


6s* —9*+- Ab* ° (29) 


Reactive Power and Voltage Solution 


From equation 6 


AQ=(P**+- 0?) X/E? (30) 


From equation 25 by separating the vari- 
ables from the knowns, for each loop, 


O=ZQu*-- - X"+D[P*R"+0,,X"+ 
E(sec A@’*+Ratio—1)] (31) 

where the quantity after the first summation 

sign is composed of the products of vari- 

ables times reactances, and the quantity 

after the second summation sign is a con- 

stant. 

From equation 21 


Q*=Qr11+Qv* --- 
From equation 23 


AE*=P*R"+Q0*X"+ 
E(sec A6’*-+-ratio—1) (33) 


(32) 


From equation 9 
Es*=E*+ AE* (34) 
Cycle may be restarted using P*, A0*, 
Q*, and E* in place of previous assumptions. 
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Discussion 


R. B. Squires and H. P. Peters (Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa.): This paper gives a very inter- 
esting method for simplifying the mathe- 
matical analysis of network performance. 
The author compares his method with the 
network calculator solution, which has been 
the only practical means of solving compli- 
cated networks easily and accurately. 
Since the writers of this discussion are as- 
sociated closely with network calculators 
and have participated in over 500 calculator 
studies they feel justified in taking certain 
exceptions to the author’s comparisons. 

The claim of greater possible accuracy 
with a mathematical solution is undoubtedly 
true. However, the data used in calculator 
studies are always more inaccurate than the 
answers obtained. For instance, if future 
loads are used in the study, as they usually 
are, they must be estimated. The chance of 
the load growing exactly as predicted is 
very remote. Probably a more practical 
definition of accuracy would be the accuracy 
of the differences between two or more con- 
ditions using the same general set of load 
and line impedances. The network calcu- 
lator will give these differences very ac- 
curately. 

The chance for error on the network cal- 
culator, with two operators checking each 
other, is very remote. The possibility of an 
occasional incorrect instrument reading is 
always present, but these are usually simple 
to correct. 

Most power system engineers prefer to 
have the results of their studies plotted on a 
copy of the system diagram. With the Net- 
work Calculator this can be done directly, 
and, with a little care, in sufficiently neat 
manner to be put directly into a report. 
The tabulated data obtained from the ma- 
chine calculation would have to be tran- 
scribed onto a diagram before it could be 
analyzed satisfactorily. Thus the tabulated 
data are a disadvantage, rather than an ad- 
vantage, of the machine method. 

The problem of the distribution of charg- 
ing current to give correct line readings has 
been solved on several network calculators 
now under construction by the inclusion of 
pi circuits. These circuits consist of an 
impedance circuit with an adjustable ca- 
pacitor at each end. Circuit readings are 
made outside the capacitors so that the 
values obtained are true line values. One of 
the new network calculators has 72 such 
circuits. On calculators not equipped with 
pi circuits, the line charging correction often 
is neglected, as it would have a negligible 
effect on the line current. In the Northwest 
systems, with which the author had most of 
his calculator experience, the high voltages 
and long lines of course required that this 
correction be made. 

The sample problem cited is not the usual 
problem encountered in power system work. 
This problem has the following known 
quantities: the load kilowatts or kilovolt- 
amperes, the generator kilowatts and kilo- 
vars, the transformer taps, and the voltage 
at one bus. The problem as usually en- 
countered has the following known quanti- 
ties: the load kilowatts and kilovars, the 
generator kilowatts (but not kilovars, ex- 
cept for maximum values) and the voltage at 
several busses (usually generator busses). 
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The unknown quantities in the sample prob- 
lem are the voltages at all the busses and 
the kilowatt and kilovar flow in the lines. 
In the usual problem the unknowns are, in 
addition to these: the transformer tap 
settings and the generator kilovars. The 
addition of these unknowns will complicate 
materially the mathematical solution. 

The time comparison between the mathe- 
matical and network calculator methods is 
interesting. The author solved the problem 
by use of machines in ten hours. This pre- 
sumably means starting from complete basic 
data. Starting from the same point the 
writers set this problem up on a network 
calculator and obtained an answer in two 
hours with the result plotted in final form 
on the system diagram. 

Over half of this time was consumed in 
setting up and checking the network and the 
impedances. Subsequent studies could have 
been made in much less time. 

This is not, however, a good comparison. 
With the usual power system problem, one 
finished network calculator study actually 
may be equivalent to several studies. For 
instance, if optimum transformer taps are 
to be determined, it may be done very 
rapidly by trial and error methods on the 
network calculator, whereas by mathe- 
matical calculation each tap change would 
require a set of calculations, and a new solu- 
tion to the sets of simultaneous equations 
involved. This same condition would arise 
if capacitors were being distributed through 
a network to maintain a required voltage 
level or generator loading. Most power sys- 
tem engineers will agree that a network cal- 
culator study usually is not made to deter- 
mine how a system will perform with a given 
set of conditions, but to determine what 
conditions must be met for satisfactory 
operation of the system. For this type of 
problem mathematical solution cannot com- 
pare with network calculator solution. 


F. S. Rothe (General Electric Company, 
Schenectady, N. Y.): In this paper the 
author has shown that, givena set of known 
values in a power system network, with the 
aid of standard punched card accounting 
machines one can calculate the power and 
reactive flow throughout the network and 
obtain the voltages at the various busses. 
As an example, a small network problem 
was computed in a time of ten hours. 
Based on these data, the author has con- 
cluded that load studies of the size and com- 
plexity now being handled by a-c network 
analyzers can be solved in comparable time 
with accounting machines. We do not feel 
that this conclusion is justified from the data 
for two reasons. 

First, certain values in a power system 
network which the author has assumed as 
known are in fact not generally known. 
They are the voltage ratio of each trans- 
former and the reactive generation at each 
generator bus. Instead bus voltages more 
often are known at several points in the 
network and the reactive generation and 
transformer ratios are adjusted to obtain 
these desired voltages. This would make the 
computation by machines a cut and try 
procedure unless another method of calcu- 
lation could be found which would make use 
of these known values of bus voltage. In 
any case, it is probable that the time of 
solution would be increased, whereas on the 
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network analyzer the time is decreased if the 
voltages at a number of generator busses are 
known. 

Second, comparisons involving time to do 
a problem are very hard to make without 
knowing all the factors included. However, 
we do not believe that the author has given 
sufficient data to substantiate his statement 
that accounting machines can handle a net- 
work problem in comparable time to an a-c 


network analyzer. For example, the figure of 


ten hours given for the time of solution of the 
sample problem on accounting machines is 
at least double the time required for the 
solution of the same problem on any modern 
a-c network analyzer. 

In addition to the question of the relative 
efficiency of the two methods as applied to 
the solution of load flow problems, there is, 
as the author has pointed out, a very decided 
psychological advantage in favor of the net- 
work analyzer since it bears such a close 
resemblance to the actual power system both 
in the similarity of its elements and in their 
operation 

Although, for these reasons accounting 
machines may not be well suited to the solu- 
tion of load studies on power networks, we 
do wish to point: out that there is a wide 


-range of problems for which they are especi- 
‘ally well suited. 


Such problems include 
those which can be solved by equivalent elec- 
tric circuits but which are beyond the range 
of accuracy or size of present network 
analyzers. 


C. H. Hoffman (Public Service Electric and 


Gas Company, Newark, N. J.): This 
paper is a timely reminder that a network 
analyzer is not the only method of solving 
networks, although:most engineers familiar 
with network-analyzer technique probably 
will be reluctant to change to punched-card 
computation. The fact that the computed 
solution is more difficult to modify, as 
pointed out by the author, constitutes a 
serious disadvantage in the study of com- 
plex interconnected systems. 

One of the advantages of the network 
analyzer is the ease with which adjustments 
can be made to arrive at satisfactory operat- 
ing conditions for future system arrange- 
ments. Even after considerable experience 
with analyzer studies of one system, it is 
not possible to forecast exactly the com- 
bination of generator outputs, bus voltages, 
and transformer taps most satisfactory for 
system arrangements involving previously 
unstudied facilities. Before obtaining the 
first balanced condition which justifies a 
complete set of readings, it is usually neces- 
sary to make a dozen or so minor changes 
from the original assumptions of tap settings, 
synchronous-condenser outputs, and gen- 
erator outputs, as spot checks of critical 
locations indicate changes are necessary. 
The network analyzer is ideal for this pur- 
pose, since the spot checks are made readily, 
and the effects produced by adjustments are 
available immediately on the meters. 

A second advantage of the analyzer is its 
flexibility when there are more specified 
conditions to be met simultaneously than 
are mathematically permissible. Generator 
output conditions frequently are specified in 
voltage as well as in megawatts and in mega- 
vars, voltages have to be maintained at 
more than one bus in the network, and even 
the duties of the slack-take-up bus may be 
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assigned to several generator busses. Ob- 
viously, it is not possible to meet exactly all 
of these conditions. The result must be a 
compromise, obtained by a number of small 
departures from the specified values. The 
analyzer permits making the required ad- 
justments simultaneously so that, as far as 
practicable, the departures are few in 
number, small in magnitude, in the prefer- 
able direction, and remote from the area of 
interest. 

These two important advantages of the 
analyzer solution should be given considera- 
tion when any further development is made 
in the method of machine computation. 


J. B. Ward (Purdue University, Lafayette, 
Indiana): This paper presents a very inter- 
esting application of network theory and a 
promising contribution to power system 
analysis. The following comments come to 
mind in studying this new method: 


1. The author claims greater accuracy of results 
as one of the advantages of his method over the net- 
work analyzer solution, yet the accuracy of the ma- 
chine computation depends on the convergence to a 
true solution of a series of successive approxima- 
tions. The question naturally arises as to means of 
evaluating the maximum error in any line flow or 
bus voltage upon the completion of one approxi- 
mation to determine the necessity of carrying 
through another approximation. 


2, In many system planning studies approximate 
projected loads are used, and as a result a high de- 
gree of accuracy is of little significance. 


3. Frequently in a study of proposed lines and 
system connections the performance of a once fa- 
miliar system is changed drastically. Establishing 
a satisfactory operating condition may involve 
considerable trial and error adjustment of tap set- 
tings, capacitor loadings, and source voltages. In 
other words, the boundary conditions or known 
values are not established definitely at the begin- 
ning of the study. It seems that the network 
analyzer solution gains a definite advantage in 
speed and convenience in studies of this type. 


4. One of the major assets of the machine computa- 
tion method is that it offers a solution to the difficult 
problem of accurately determining system losses. 


Lester LeVesconte (Sargent and Lundy, 
Chicago, Ill.): The author has presented a 
very interesting system which probably will 
be useful in some companies having access 
to the necessary machines and having per- 
sonnel with sufficient interest in the method 
to master and understand the technique. 
It is questionable if the system could be set 
up on a co-operative basis between several 
companies, similar to several of the network 
calculator arrangements, because of the diffi- 
culty of the power system engineers in pre- 
senting the basic data to an operator not 
thoroughly familiar with the system. This 
observation is based on experience in operat- 
ing a network calculator. It isan exceptional 
case that can be set up and operated cor- 
rectly without some changes in the original 
data, the need for such changes becoming 
evident as the adjustments are being made. 
The fact that the power system engineer 
can observe the operation of the system in 
units with which he is familiar, and detect 
the need for changes during adjustment, is 
an advantage far greater than psychological 
as listed by the author in the last statement 
of the paper. 

Although greater accuracy can be ob- 
tained by computation, from the practical 
standpoint an accuracy greater than that of 
the original data is not justified and most 
network calculators easily can'equal that. 
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While there may be less chance for error 
after the cards have been started through the 
machines, there are all the same chances for 
error in the preparation of the data and less 
chance of detecting the errors during the 
process. 

Although the automatically printed data 
and answers may be neat, the significance of 
the answers can not be understood thor- 
oughly until they are plotted on a system dia- 
gram. On modern network calculators the 
readings are recorded directly on the dia- 
gram where they are immediately available 
for analysis. 


Glenn W. Bills (Bonneville Power Admin- 
istration, Portland, Ore.): It is my belief 
that the author has devised an excellent tool 
in the study of power system networks. 
Such a unique use of an accounting machine 
might have caused: many who read his paper 
or heard the presentation to overlook the 
powerful method of analysis inherent in his 
use of successive approximations together 
with the logical approach used in setting up 
the load flow study. His treatment of the 
problem is superior to that which uses the 
accounting machine only as a device to solve 
the determinants of the groups of simul- 
taneous complex linear equations. In most 
load studies, it is impossible to arrive at a 
practical solution from a rigorous approach 
on the first attempt because of certain con- 
ditions, such as bus voltage limitations, 
which must be met. Dunstan’s techniqtie 


is much like that used on the calculating - 


board where the final system equilibrium 
is achieved by a cut and try process in- 
volving the manipulation of board genera- 
tors and the adjusting of load units. Of 
course the increase in the number of board 
units needed to satisfy the representation of 
a load flow problem makes this board pro- 
cedure somewhat tedious and involved. 

The fact that for the machine computa- 
tion an increase in size of the network to be 
studied results only in the increase of coding 
cards and computation time is interesting 
to us who are in direct contact with network 
analyzers. We have found that as the inter- 
connected systems of the Northwest have ex- 
panded, not only have the fixed number of 
board elements created limits, but that the 
time required for adjusting complex net- 
works increases rapidly, and skilled and alert 
operators are essential to obtain the most 
efficient use of the board. In fact, we have 
been considering schemes which would make 
board balancing easier and faster. One idea 
that seems time saving would be the use of 
negative resistors in parallel with capacitor 
units to represent system generators. 
Then by using one board generator for that 
machine in the system which takes up the 
slack real and reactive power, the balancing 
should be much more rapid than when at- 
tempting to juggle 18 board generators. 
This method parallels that used by Dun- 
stan in his employment of a slack-take-up 
bus. 

It must be admitted that phase-shifting 
transformers have not been represented 
easily in network analyzers but, fortunately, 
few systems have required such transformers. 
However, the use of stable negative resist- 
ances together with the use of accurate trans- 
former equivalents should eliminate the 
troubles previously experienced when phase- 
shifting transformers appeared in networks 
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being studied and were placed on the board. 

One disadvantage of the Dunstan process 
which should have been noted under ‘‘dis- 
advantages’ is that a check on line loadings 
and ‘bus voltages is not possible at all times 
as they are on a network analyzer. 

One distinct advantage which Dunstan 
claims for the machine computation is that 
the wearisome and time consuming recording 
and transcribing of load studies is elimi- 
nated. To prepare a report from the ac- 
counting-machine results, the various net- 
work values for voltage and power flow 
would have to be placed in a one-line diagram 
of the system under consideration. We 
understand that since the paper has been 
presented, a modification in card coding 
makes it possible to print results directly 
on the circuit diagram which eliminates 
much chance for error and greatly speeds the 
preparation of reports. 

A special advantage of the mathematical 
procedure is in the determination of power 
system losses. Network analyzers, though 
possessing good accuracy for most network 
quantities are unable to discern accurate 
differences in system losses for different 
loading conditions. In attempting to find 
the exact losses attributable to Bonneville 
Power Administration transfer loads (BPA 
loads carried by and on other utilities 
through a power exchange agreement), the 
network analyzer has not been entirely ade- 
quate. 

It seems probable that this mathematical 
method could be extended to short-circuit 
studies. This would indeed be a boon to 
power system engineers, since such computa- 
tions are extremely tedious on large systems, 
and because of mutual inductance effects 
between lines in some systems, ordinary 
short-circuit calculating boards are inade- 
quate to cope with the problem. 

It is our belief that Dunstan has a method 
for solving network problems which will be 
of considerable value to power system engi- 
neers. Electric utilities which have no net- 
work analyzers, but do have access to ac- 
counting machines should welcome this con- 
tribution to power system theory. 

It is felt that a more exhaustive study 
should be made to determine the relative 
advantages of Dunstan’s procedure when 
compared to the a-c network analyzer 
method. This comparison should include 
time required to prepare the study, make it, 
and evaluate the results. It may be that 
one method is outstanding for certain fields 
of investigation while the other is superior 
along other lines of investigation. 


Joseph J. A. Jessel (Federal Power Commis- 
sion, Washington, D. C.): Perhaps - the 
most important factor in Dunstan’s tech- 
nical paper is the organization and presenta- 
tion of circuit analysis in a systematic 
manner. This makes possible the solution 
of many ordinary, though tedious, problems 
by means of ordinary business machines 
with the employment of nonengineering 
operators once the basic data are set up. 
This, in turn, makes the method generally 
usable to a greater percentage of the elec- 
tric utility engineers. 

It is well to note that the method of analy- 
sis developed by Dunstan is well adapted to 
the relative magnitude of circuit constants 
usually prevalent in most electric networks. 
It appears, however, for low-voltage rela- 
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tively high-resistance networks without 
transformers in any of the loops, that the 
convergence of the approximate to the nearly 
correct answers may be at a slower rate 
than ordinarily expected and the number of 
successive approximations may have to be 
increased by one to yield results comparable 
to those obtained for the more common high- 
voltage networks. Perhaps Dunstan has 
given consideration to this matter and his 
comments thereon could be rather enlighten- 
ing. 


Myron M. Moore (Federal Power Commis- 
sion, Washington, D. C.): It appears that 
the author of this paper has developed a 
mathematical process which, in addition to 
enabling him to mechanize the calculation 
of system load studies on existing punched 
card machines, also simplifies the calcula- 
tions to the point where it is practical to 
perform such network calculations on stand- 


ard desk-type calculating machines with_ 


considerable facility. 

I have used the author’s method for cal- 
culating a family of load studies on a net- 
work of two loops and eight busses for the 
purpose of planning a representative system 
for transmitting specified amounts of power 
to several given load centers. I found that 
the first approximation gave adequate indi- 
cation. of the division of load on various 
lines, voltages, and angular displacement for 
planning circuit capacities and load reac- 
tive requirements. After making changes 
indicated by several first approximations the 
general characteristics needed for the system 
were determined; the second approxima- 
tion gave the refined answers for the load 
flow diagram. 

It will be noted that by the author’s 
method the line losses can be obtained with 
reasonable accuracy. In the use of the cal- 
culating board, the readings cannot be 
relied upon to give losses since meter ac- 
curacy as well as the interpolation required 
in reading meters may make loss calculation 
by this method unreliable. 

In the calculation of studies “‘by hand”’ on 
standard calculating machines all sorting, 
multiplication, and addition must be per- 
formed by the operator for each step. In 
this manner the fallibility of the human ele- 
ment causes errors which require time to 
locate and correct. The introduction of 
standardized procedures set up on plug- 
boards, which are simple to install and re- 
move from the machines, throws the respon- 
sibility for sorting and setting up multiplica- 
tions on the machine. This eliminates the 
weakness of the human element in the chain 
of calculations and since the machine per- 
forms the operations faster than can be done 
by. hand operation, it cuts down the-time 
required two-fold. 

It is noticed in Tables IX and X that 
values of P and Q may vary from 10 to 15 
per cent between the first approximation and 
the second approximation. It would be of 
interest to see the third approximation com- 
pared to the second approximation. This 
comparison would probably be of only 
academic interest since the author claims, 
and the tables tend to verify the statement, 
that the convergence toward actual value is 
rapid. The proof would be more convinc- 
ing if the third approximation were given to 
indicate just how rapid the convergence was. 
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Walter C. Johnson (Princeton University, 
Princeton, N. J.): The author is to be con- 
gratulated for bringing a fresh point of view 
to a subject in which the methods of com- 
putation have been regarded as very nearly 
fixed. His paper is significant not only be- 
cause of its particular subject matter, but 
also because it is one of the first reconsidera- 
tions of old engineering problems in the light 
of the methods made available by present 
day digital computing devices. Recent de- 
velopments in the field of computers will 
undoubtedly stimulate further re-evaluations 
of this kind. 

I believe it helps in fixing a perspective to 
remember that no new method of computa- 
tion ever has displaced an old one com- 
pletely. Even the ancient abacus is still a 
useful device, to judge by newspaper reports. 
The introduction of a new method results in 
a temporary readjustment, after which the 
old methods and the new serve side by side 
and are utilized in a complementary man- 
ner. It appears that digital methods will be 
essential in problems where high accuracy is 
necessary, but that analogy devices will con- 
tinue to be useful in many applications where 
moderate accuracy is adequate. This seems 
to be true in the present proposal, where the 
analogy method still offers certain advan- 
tages in the way of speed and flexibility. 
However, new computing devices now are 
being developed, and this field will bear 
close watching by the many engineers who 
have to struggle with difficult problems in 
computation. 


J. M. Shepley and C. B. Walton (nonmem- 
bers; Federal Power Commission, Wash- 
ington, D. C.): The mathematical solution 
of problems in connection with power net- 
works operating under steady load condi- 
tions differs from those involving pure im- 
pedance networks because in the former 
load points are specified which have given 
values of real and reactive power regardless 
of the voltages at these points. The nature 
of such problems makes them practically 
impossible of solution in closed form whereas 
the solutions for the impedance network 
problems can be made in closed form. 
Practically all mathematical solutions of 
the power network problems fall into two 
groups, namely, the superposition method 
and the impedance method, the former be- 
ing generally recognized as the more prac- 
tical method of the two. The superposition 
method yields answers which are approxi- 
mately correct but successive applications of 
the method are required to get more accu- 
rate answers. In this method a number of 
complicated a-c networks having one source 
of supply and one load are solved and the 
solutions are grouped together for a com- 
posite solution. Needless to say these 
manipulations involve a great deal of work 
using the algebra of complex numbers, 
usually requiring numerous Y-delta and 
other circuit transformations, and, when 
successive applications are required for a 
more accurate solution, the required time 
and effort usually becomes prohibitive. The 


Hardy-Cross method found in recent years _ 


to be useful for network analyses offers 
another possible means of solution by suc- 
cessive approximations but appears to be a 
difficult method to apply to the type of prob- 
lem at hand. By manipulating with single 
loops instead of all loops simultaneously the 
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Hardy-Cross solution converges too slowly. 

The author of this article has devised 
herein a new successive approximation 
method of solution for this problem which 
utilizes no complex algebra and which takes 
advantage of the fact that the power angles 
throughout the network mostly are depend- 
ent upon real power flows while voltage 
drops throughout the network mostly are 
dependent upon reactive power flows, and 
hence the solution converges rapidly. The 
author has also systematized the steps of the 
problem thereby reducing the amount of 
time and work involved immensely. He 
has also adapted it for use with machine 
computers thereby further reducing the 
time and effort required once familiarity 
with thé method has been acquired. 

The presently accepted means for solving 
power network problems is of course the 
network analyzer. In order to make the 
author’s method acceptable it is not neces- 
sary for it to compete with the analyzer for 
solving problems particularly suited to that 
machine. As the author has shown, there 
are certain problems which fall outside the 
capacity of the analyzer, or for which greater 
accuracy than that obtainable from the 
analyzer is desired; the author’s method 
offers a practical solution for these problems. 


L. A. Dunstan: The author is indebted to 
the discussers for bringing out points which 
were not covered adequately in the paper. 

Squires, Peters, and Rothe suggest that 
the knowns and unknowns in the standard- 
ized problem discussed do not fit the usual 
knowns and unknowns in actual system 
studies. They point out that generator re- 
active power, and transformer ratios and 
phase shifts, ordinarily are not known in 
advance, and, ordinarily, the voltages, or 
voltage limits, are known for more than one 
bus. The problem was standardized in the 
manner described in the interest of logic to 
avoid giving data in a heterogeneous fashion, 
that is, reactive loads at some busses and 
voltages at others, although the problem 
readily may be set up in other manners if so 
desired. It has been the author’s experience 
that frequently more conditions are to be 
satisfied than are necessary for complete 
mathematical description of the problem. 
This situation is resolved with a calculating 
board by cutting and trying until the board 
operator is satisfied with the balance. It 
was the writer’s thought that, although the 
standardized problem may not fit the de- 
sired, cutting and trying with computing 
machinery is quite feasible just as with the 
network analyzer. . 

The thought also arises that perhaps the 
knowns and unknowns commonly used for 
network analyzers have been influenced by 
that instrument’s greater facility in handling 
data in one form than in another form. 
Thus, 18 years of network analyzer experi- 
ence to date may have influenced the engi- 
neer’s thinking, and have caused more atten- 
tion to be paid to voltmeters than to var- 
meters. It has been the author’s experience 
in studies involving generators at the end 
of long high-voltage transmission lines that, 
in some cases, the generator reactive power 
was more to be watched than its voltage, in 
order to avoid having the generator drawing 
excitation from the line and operating with 
such a weak field as to endanger stability. 
The relative paucity of studies containing 
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phase-shifting transformers also tends to 
bear out the thought that perhaps studies 
have been tailored to fit the analyzer, since 
phase shifters offer considerable difficulty 
in analyzer work. 

The afore-mentioned discussers, and, in 
addition, Hoffman and Ward, point out that 
frequently analyzer studies involve cutting 
and tryiiig which is carried out more readily 
with an analyzer than by computation. 
The author is cognizant of this fact, and the 
paper mentions it as a disadvantage. How- 
ever, the section entitled ‘‘Making Changes”’ 
menticns the many short cuts which may be 
used toadvantage. The short cuts are based 
on computing a small portion of a single 
approximation from an existing solution. 
This corresponds in a sense to the network 
analyzer practice of making a change and 
reading its effect roughly without bothering 
to rebalance the system. Thus, although 
changes, are not as readily computed as they 
may be read with an analyzer, the computa- 
tion method is not impractically slow. The 
multiple-track method of coding a network 
was described in the paper rather than the 
single-track method (which is considerably 


faster than the multiple-track method) be- 


cause multiple tracks allow the effects of 
changes in loads or generation to be investi- 
gated quickly. Several discussers have men- 
tioned the ease with which transformer tap 
changes: may be investigated with an 
analyzer. Significantly, changes in trans- 
former taps (or changes in phase shifter 
settings) are the types of changés most 
readily investigated by computation meth- 
ods. The computation of the effect of a tap 
change upon a single reactive power flow or 
upon a single voltage may be reduced to a 
single multiplication and addition by manipu- 
lation with an inverted matrix. A com- 
plete listing of all flows and voltages as a 
result of a tap change may be obtained with 
relatively few machine steps. This sim- 
plicity may be obtained by using a previously 
computed inverted matrix and by taking ad- 
vantage of the fact that a separate set of 
flows and drops due to the change only may 
be computed and combined with the previ- 
ous answer to obtain the new answer. 
Discussers have mentioned that the 
sample problem, which was computed in ten 
hours, could be solved in considerably less 
time with an analyzer. Squires and Peters 
report that they set up, balanced, and read 
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the study in two hours. This time compari- 
son is not unfavorable when it is considered 
that two men, with an experience of 500 
studies, using an equipment designed espe- 
cially for the purpose managed in two hours 
(four man-hours) what one man, not an elec- 
trical engineer and with no previous network 
analyzing experience, pioneering with new 
techniques, and using accounting equipment 
of not the most modern type, managed to 
compute in ten hours. Consideration of the 
fact that 28 lines having a power flow and 
reactive flow at each end, and 24 busses 
having a voltage, phase angle, and charging 
power, results in 184 readings indicates that 
the analyzer operators were fairly busy dur- 
ing the two hours. As pointed out in the 
paper, the computation method is more effi- 
cient for large studies than for small ones 
because the set up and card handling time 
becomes a smaller percentage of the total 
time as the study becomes larger. Much of 
the computing time was devoted to multi- 
plication. Two-punched card multiplying 
machines have been developed which are 
considerably faster than the one used for 
the sample study. One of these machines is 
capable of multiplying six times faster than 
the machine used, and the other operates 
about twice as fast and is capable of per- 
forming short sequences of computations 
including multiplication, division, addition, 
and subtraction in a single run of cards 
through the machine. Use of these improved 
machines undoubtedly could speed the com- 
putation method. 


LeVesconte, Bills, Squires, and Peters- 


have mentioned that answers to a load study 
cannot be analyzed properly in tabular form 
and must be transferred to a system diagram 
for study. It has been determined that 
system diagrams may be prepared to a suit- 
able scale with directional arrows in the 
assumed positive direction so that prints 
may be run through the tabulator and all 
network quantities printed directly on the 
diagram in the proper place. Card coding 
for this operation is not complex, and, once 
it has been fitted to a system diagram, the 
same diagram and coding may serve for 
innumerable studies. Little imagination is 
required to note that special type bars with 
directional arrows could eliminate the print- 
ing of negative quantities and would result 
in a printed study in the form with which 
power engineers are now accustomed. 
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Bills suggests that the method might be 
extended to short-circuit studies. Al- 
though this is quite possible, as is the deriva- 
tion of a method of computing swing curves, 
little attention has been given this matter 
by the writer. 

Jessel, Ward, and Moore suggest that, 
since the method is a successive approxima- 
tion method, attention should be given to 
the matter of the convergence of the approxi- 
mate answers to the correct answers. One 
method of checking the accuracy of any par- 
ticular approximation is to carry through 
more approximations until the point is 
reached where an approximation repeats the 
previous one. It is unfortunate that equip- 
ment was not available to the writer for 
carrying through more approximations. 
Studies may be proposed for which there is 
no answer, and, obviously, the method 
would not converge for such situation. It 
is possible to visualize a situation near the 
border line between possible and impossible 
operating situations for which successive 
approximations might be erratic rather than 
converging. As Jessel points out, the 
method will converge more slowly for sys- 
tems having high resistance to reactance 
ratio, but it is the thought of the writer that 
power networks usually contain’ enough 
transformers with high reactance and negli- 
gible resistance to bring the relative magni- 
tude of circuit constants into favorable 
range for the method. 

Moore mentions his experience with car- 
rying through the steps with a desk calcu- 
lating machine. It is the thought of the 
writer that an accurate study, computed 
and listed for all steps by accounting ma- 
chines, could serve as a basis for future hand 
computed modifications performed with key 
calculating machines. From this standpoint, 
a mechanically computed study is of con- 
siderably greater future usefulness than a 
network analyzer study. 

Johnson makes general comparison be- 
tween digital computing and analogy de- 
vices. He points out that recent develop- 
ments in the field of computers should stim- 
ulate further investigation as to the value of 
analogy methods. It is the belief of the 
author that presently developed com- 
puters may compete economically for much 
of the work. now being performed with 
analogy devices, especially the more expen- 
sive devices such as network analyzers, wind 
tunnels, and model basins. 


AIEE TRANSACTIONS 


a 


. 


Field Research on Lightning 
Arrester Discharges 


G. D. McCANN 


MEMBER AIEE 


OR the past seven years the Westing- 
inghouse Electric Corporation, in 
co-operation with a number of public 
utility companies, has been engaged in a 
study of the frequency, magnitude, and 
wave shapes of the lightning currents dis- 
charged by arresters, both in substations 
and on distribution circuits. This paper 
presents a summary and analysis of all of 
the data obtained in this investigation, 
including data previously published.’ 
Because of the many variables and the 
fortuitous nature of lightning discharges, 
the data have been collected and pre- 
sented on a statistical basis. An investi- 
gation of such wide scope covering the 
effects of the various types of systems 
located in different areas of the country 
is possible only through the co-operation 
of a number of utilities whose help is 
acknowledged gratefully. The co-oper- 
ating utilities are listed in Tables I and II, 
together with a summary describing the 
system, the type of lightning recording 
installations, and the period for which the 
stations were under study. The number 
of substations investigated was 19, with 
operating voltages from 6,900 to 138,000 
volts, providing data on 133.5 single pole 
arrester years of operation. The dis- 
tribution arrester study was conducted 
on six systems ranging from 2,300 to 6,900 
volts, covering 160 arrester years of 
operation. 
The recording instruments used and 
details of the installations have been de- 
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scribed in earlier papers.1~* In most of 
the substations the recording instruments 
consisted of high speed fulchronographs, 
surge crest ammeter links, and surge indi- 
cators in each arrester phase leg with a 
slow speed fulchronograph, surge crest 
ammeter links, a surge indicator, and a 
magnetic surge front recorder in the com- 
mon arrester ground lead. This type of 
installation is designated in Table I as 
3-phase fulchronograph. Modifications 
and additions to the equipment are noted 
in the tables. It should be noted that the 
sensitivity limits of the instruments, ex- 
cepting the photographic surge current 
recorder is of the order of 50 amperes. 
The photographic recorder can register 
currents from 150,000 amperes to as low 
as 0.2 ampere, thus assuring the recording 
of the total duration of the discharges in- 
cluding power follow current. 


Number of Records Obtained 


The data obtained on lightning ar- 
resters in stations comprise 226 records of 
single pole arrester discharges having a 
total of 294 individual components. 
Ninety distribution arrester records were 
obtained with 114 individual components. 
Statistical summaries of the frequency of 
arrester discharges, number of compo- 
nents recorded, crest magnitude, polarity, 
fronts, times to half values, and durations 
are given in the curves of Figures 1 to 8, 
inclusive. 

The curves of Figure 1 show the proba- 
bility of the average number of discharges 
per single pole arrester per year over the 
period for which each arrester was under 
observations. The maximum number of 
discharges recorded for arresters in sta- 
tions was six in contrast to two for dis- 
tribution arresters. Fifty per cent of the 
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arresters in stations discharged an average 
of 11/2 times per year compared to 1/, dis- 
charge per year for distribution arresters, 
These curves are not necessarily typical of 
an average group of arresters since the 
recording stations are at locations known 
to be subject to especially severe lightning 
conditions. Comparison of the two 
curves shows that the station arresters 
discharged more frequently. This has 
been shown also by earlier data and would 
be expected from the consideration that, 
in general, there is a lower density of sta- 
tion arresters per mile of line than for 
arresters on distribution circuits. How- 
ever, distribution arresters are usually 
lower in voltage ratings and will discharge 
for a higher percentage of disturbances. 
The first factor appears to have more 
weight, 


Number of Components 


The number of components per com- 
posite record obtained by the fulchrono- 
graphs and by the photographic recorders 
in substations is shown in Figure 2. It is 
recognized that the data may be subject 
to corrections since it is possible that the 
effects of more than one stroke may be re- 
corded. It was not practical to service the 
distribution arrester stations as frequently 
as the substation installations, therefore, 
such data on distribution arresters have 
not been considered sufficiently significant 
to be included in the curves. The installa- 
tions in substations were serviced on an 
average of about once a week and usually 
after every storm. For purposes of com- 
parison, Figure 2 also includes the 
probability curves for the number of com- 
ponents in direct strokes. The photo- 
graphic recorder data obtained on two 
systems (see Table I) indicate a larger 
number of components probably because 
the photographic recorder measures cur- 
rents too low in magnitude and duration 
to be detected by the fulchronograph. 
There are several factors that cause the 
arrester data to differ from the direct 
stroke curves. The arrester data, as re- 
corded by the fulchronograph, shows less 
components than measured in direct 
strokes probably because not all the com- 
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Figure 1.. Average number of 

single-pole arrester discharges per 

year in the period under observa- 
tion 
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ponents were detected and probably be- 
cause not all stroke components produce 
arrester discharges. The photographic 
recorder curve lies above the direct stroke 
curves in certain regions. This may be 
due to the fact that the effects of several 
strokes were obtained on one record. 


Crest Magnitude and Polarity 


Probability curves on the crest magni- 
tudes of arrester discharges are given in 
Figures 3 and 4. Comparisons are made 
on the basis of the types of installations 
studied and the polarity of the discharge 
currents. Although lightning arresters in 
stations discharge more frequently, crest 
magnitudes are lower than in distribution 
arresters. It is of interest that the curves 
for the crests of the individual compo- 
nents do not differ much from those for the 
maximum components in each record. 
The highest crest current so far recorded 
. is 10,000 amperes. It must be recognized, 
however, that considerably higher cur- 
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Figure 2 (below). Statistical dis- 

tribution of the numbers of com- 

ponents in records of arrester dis- 
charge currents 
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rent than this can occur infrequently. 

The curves of Figure 4 show a higher 
number of negative currents than positive 
as would be expected. The maximum 
positive current recorded was 2,800 am- 
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peres whereas the maximum negative 
current was 10,000. Twenty-six percent of 
the individual components recorded were 
positive, whereas the direct stroke data‘ 
indicate that not over 5-10 per cent of 
all direct stroke components are positive. 
The greater number of positive currents 
in arresters is the result of surges induced 
by nearby strokes, a considerable number 
of which appear to be of sufficient magni- 
tude to discharge arresters. 


Wave Fronts 


The data on wave fronts are summa- 
rized in Figure 5. The maximum recorded 
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RECORDER (3! RECORDS) 
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wave front was 25 microseconds as com- 
pared to 10 microseconds for direct 
strokes.4 It has been shown previously? 
that the low current discharges have 
fronts usually less than 1 microsecond in 


Table |. Recording Installations on Anresters at Substations 


Company Description of Station Type of Installation Study 
1. American Gas and Electric Co. 
(a). Appalachian Electric Power Two 12-kv; one grounded Y, one delta; grounded Three-phase fulchronograph 1939,1943 - 
Co. system wood poles 
One 33-kv delta grounded system, wood poles - 
One 138-kv delta grounded system, steel towers Three-phase fulchronograph 1941 ,1943 
with ground wire 
(b). The Ohio Power Co, Two 33-kv delta grounded syStem, wood poles Three-phase fulchronograph; cathode-ray os- 1940, 1946 
cillograph* : 
2. West Penn Power Co. Three 25-kv delta resistance grounded system, Three-phase fulchronograph plus photographic 1939 , 1946 
wood poles recorderst 
3. Consumers Power Co. Two 44-ky delta system, wood poles One is 3-phase photographic recorders and 1943 ,1946 
surge-crest-ammeter links; other has photo- 
graphic recorders and surge-crest-ammeter 
: links; in ground only 
4. Monongahela Power Co. One 22-kv delta system, wood poles Three-phase fulchronograph 1939 ,1943 
5. Duquesne Light Co. Two 22-kvy delta resistance grounded system, wood Fulchronograph in common neutral 1939, 1941 
poles . 
6. Mississippi Power Co. One 110-kv grounded Y, wood poles Three-phase fulchronograph 1939 ,1941 
7. Georgia Power Co. Two 9-kv delta, wood poles Three-phase fulchronograph 1939 ,1941 
8. Lower Colorado River Au- One 132-kv grounded Y, wood poles, two ground Three-phase fulchronograph 1941 ,1944 
thority wires f 7 
* Cathode-ray oscillograph installed in common arrester ground. 
} Photographic surge current recorders in each arrester phase leg at two of the substations, 
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Table Il. 


Recording Stations at Distribution Arresters 


Years 
Pes Type of Under 
Company Description of System Recording Instruments Study 
1. Wisconsin Public Service Corp. 6.9 kv, wood pole, single phase, delta source 10 with fulchronographs and surge crest ammeters; 1940-1945 
10 with photographic recorders, surge-crest-am- 
meter links, and integrators 
2. es Carolina Electric and 4.6 kv, wood pole, single phase, delta source 12 with fulchronographs and surge-crest-ammeter 1939-1943 
as Co. links 
3. Union Electric Co. of Missouri 4.16 kv, wood pole, single-phase extension 4 with fulchronographs and surge-crest-ammeter 1942-1944 
from grounded-Y source links 
4. Green Mountain Power Co. 2.3 kv, wood pole, single phase, delta source 2 with fulchronographs and surge-crest-ammeter 1942-1945 
links 
5. ae Lighting and Power 12 kv, wood pole, grounded-Y source 3 with fulchronographs and surge-crest-ammeter 1941-1945 
O. links - 
6. Public Service Co. of North- 2.4 kv, wood pole, single phase, delta source 2 with fulchronographs and surge-crest-ammeter 1941-1943 
ern Illinois links 
duration. In higher current discharges tails because of the sensitivity limit of the records above 1,000 amperes, and all 


also, the current initially rises more 
quickly for a short period.. This is 
brought about by the abrupt change in 
surge circuit resulting from the sudden 
spark-over of the arrester gap. This 
effect is shown clearly in Figure 5 by 
the curves for discharges below 1,000 
amperes. Because of attenuation by wave 
propagation, it would be expected that the 
higher current discharges would have 
longer fronts than direct strokes. This is 
indicated also by the curves for discharges 
in excess of 1,000 amperes. One surge of 
less than 1,000-ampere crest had a front of 
20 microseconds.?, As shown by the 
cathode-ray oscillogram in reference. 2 it 
has an abrupt front followed by slow rate 
of rise to the crest. 


Times to Half Value 


Figure 6 gives the data on times to half 
values for arrester discharges as com- 
pared to direct strokes. The times to half 
value for arresters in stations are shorter 
than for distribution arresters or direct 
strokes. There are several factors that 
may cause the wave shape of the tail of 
arrester discharges to differ from those of 
direct strokes. The lower magnitude 
surges, in general, should show shorter 
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fulchronograph and also because an appre- 
ciable number of surges are induced by 
indirect strokes. Such induced surges 
have shorter tails than direct stroke cur- 
rents.> Conversely, attenuation from 
propagation will tend to make the times to 
half value greater. However, direct 
strokes close to arresters, if they cause line 
flashover, usually should shorten the times 
to half value of the arrester discharge be- 
cause the flashover path, if of low im- 
pedance, will tend to rob the arrester of 
current. The data for both types of 
arrester installations, substation, and dis- 
tribution were analyzed in terms of those 


Figure 3 (below, left). Statistical 
distribution of the crest magni- 
tudes of the currents discharged 


distribution of the durations of the 
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arresters, measured by the mag- 
netic surge front recorder 
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records. The distribution arrester data 
showed little effect and was not plotted 
separately. However, the station data 
showed shorter tails for the lower magni- 
tude surges. 


Duration of Components 


Figures 7 and 8 summarize the data on 
durations of individual component dis- 
charges as recorded with the fulchrono- 
graph and photographic surge current re- 
corder. Of particular interest is the 
markedly greater durations recorded with 
the more sensitive photographic recorder. 
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The curves for distribution arresters show 
longer durations than those for arresters in 
stations, and the Wisconsin Public Service 
Corporation data show appreciably longer 
durations than for any other system. 
The maximum durations as recorded by 
the fulchronograph are of the order of 
15,000 microseconds for arrester dis- 
charges as compared with 300,000 micro- 
seconds for direct strokes. Only ten per 
cent of the discharges in stations exceeded 
a duration of 250 microseconds as re- 
corded by the fulchronograph whereas ten 
per cent of the distribution arrester dis- 
charges showed durations ten times as 
long and direct strokes 100 times as long. 

Photographic surge current recorder 
data were obtained at substations on two 
systems. A segregation of these is given 
in Figure 8 as shown by Table I. These 
two systems are similar except that the 
West Penn Power Company system is 
resistance grounded through 18 ohms 
while the Consumers Power Company 
system is ungrounded. Also, they are in 
different parts of the country. On the 
Consumers Power Company system more 
records: per arrester-year were obtained 
with more component discharges per 
record. The Consumers Power Company 
data also show somewhat longer durations 
with a maximum of 34,000 microseconds. 
The discharge producing this record con- 
tained a little over three half cycles of 
power follow current. Of particular im- 
portance is the fact that only about 25 per 
cent of the component discharges had a 
duration equivalent to a half cycle of 
power follow. This is probably because in 
a large number of cases the combination 
of the wave shape of the lightning surge 
and the system voltage is such that zero 
current through the arrester occurs and 
the arrester clears itself before the normal 
current zero of the power follow current 
produced by the system. 

On the Consumers Power Company 
system three records indicated power 
follow current of three half cycles and six 
of two half cycles. On the West Penn 


Power Company system there were two © 


of almost three half cycles and two with 
two half cycles. 


Conclusions 


Comparing the data on arrester dis- 
charges with the currents measured in 
direct strokes,‘ it appears that the crest 
magnitudes and durations ef arrester dis- 
charge currents are appreciably less than 
those in direct strokes. Thus, the amount 
of charge or coulombs discharged by 
arresters is less than that in direct strokes. 
The durations of the fronts of the arrester 
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Figure 6, Times to 
half crest value of all 
individual compo- 
nents as recorded by 
fulchronographs 
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Figure 7 (below). 
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currents are, except for the low current 
discharges, about the same or longer than 
those in direct strokes. The average time 
to half value of currents in distribution 
arresters is of the order of that in direct 
strokes, but for currents in arresters in 
stations, it appears to be less. <A 
higher percentage of positive currents 
wete found in arresters than in direct 
strokes, and about 14 per cent of the 
negative discharge currents were higher 
than the highest positive current. 

The frequency with which arresters in 
stations discharge was found to be higher 
than for distribution arresters, but the 
crest magnitudes, times to half value, and 
durations of the components in distribu- 
tion arrester discharges are greater. 
Practically all of the data on distribution 
arresters was obtained on delta systems. 
Similar data on 4-wire multigrounded 
systems might show somewhat different 
results in the matter of time to half value 
and duration. 

There appears to be a considerable 
number of discharges with crest magni- 
tudes or durations or both less than the 
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sensitivity of the fulchronograph. These 
currents would be of the order of 50 am- 
peres or less or shorter than 20 or 30 
microseconds. Such discharges probably 
are caused by low voltage surges of the 
order of the spark-over voltages of the 
arresters resulting from induced voltages 
or system disturbances. ‘ 

From the data obtained on the prob- 
ability of multiple strokes as indicated by 
the number of components, it is likely 
that some arrester discharges are of the 
multiple type with more than one com- 
ponent. The data of Figure 4 show that 
more components were recorded by the 
more sensitive photographic recorder than 
by the fulchronograph indicating that 
many of the components were of low mag- 
nitude. It is possible that records with a 
number of components may have been 
produced by several separate and distinct 
strokes occurring in the interval between 
servicing as Figure 4 does not necessarily 
imply that the components are entirely 
the result of multiple strokes, but it is 
concluded that a number of them are. 

The data on distribution arresters indi- 
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cate some important differences between 
systems. On the Wisconsin Public Serv- 


ice system the records indicate that the 


frequency of arrester discharge, the crest 
magnitude of current, and the time to 
half value are of the same order as on the 
other distribution systems studied. The 
durations, however, were two and three 
times as great indicating a greater pro- 
portion of discharge currents with long 
tails and greater charge. The Wisconsin 
Public Service study was carried out in a 
small area where lightning arresters have 
been damaged, and the region is one of 
high soil resistivity which may affect the 
lightning current wave shape. The sys- 
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Figure 8 (right). Sta- 
tistical distribution of 
durations of arrester dis- 
charge currents on two 
different systems as 
measured by the photo- 
graphic surge current re- 
corder 
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tem was delta at the time the study was 
carried on. This will tend to increase the 
probability of long tailed arrester cur- 
rents, but practically all of the other dis- 
tribution systems were delta also, so that 
this is not the principal reason. 

The photographic recorder data indi- 
cated that about 25 per cent of the com- 
ponents have durations equivalent to a 
half cycle of 60 cycles. This indicates 
that many discharges are not accom- 
panied by full power follow. This has 
been suspected from certain laboratory 
tests. Some discharges indicate more 
than a half cycle of power follow. This 
can be caused by a long tailed discharge 


which keeps the arrester in its conducting 
state or it may be the result of restriking 
of arresters. Laboratory tests indicate 
that restriking is probable when the 
system voltage applied to the arrester 
terminals exceeds the arrester rating. 

The duty on lightning arresters appar- 
ently varies from place to place and from 
year to year. There is no typical dis- 
charge current. However, it appears that 
the tests recommended in the AIEE 
Standards for lightning arresters are 
sufficiently severe to assure good lightning 
arrester performance. While it is recog- 
nized that discharges more severe than 
any recorded in this investigation may 
occur occasionally, this probability ap- 
pears to be small. The principal risk of 
damage to lightning arresters resides in 
an unrecognized or unforseen system 
voltage condition that applies voltage to 
the arrester line and ground terminals in 
excess of its rating. 
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Discussion 


S. B. Howard (General Electric Com- 
pany, Pittsfield, Mass.): The data pre- 
sented by McCann and Beck on the crest 
magnitude of discharge currents through 
arresters in stations check closely with that 
reported by Gross and McMorris in 1940.1 
The highest crest current recorded in the 
earlier investigation was 15,000 amperes, 
with 3.5 per cent of the 459 recorded dis- 
charges having a crest value at least as 
great as 5,000 amperes. A maximum of 
10,000 amperes is reported by McCann and 
Beck, with 4 per cent of the 226 recorded 
discharges having a crest value at least as 
great as 5,000 amperes. About 25 per cent 
of the recorded discharges in both investi- 
gations had a crest value at least as great 
as 1,500 amperes. 

The data from several investigations have 
established that the crest values of arrester- 
discharge currents will be much lower than 
the crest values of the currents in direct 
lightning strokes, when considered on an 
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expectancy basis. However, it is of interest 
to compare the times to crest of the arrester- 
discharge currents, as reported by McCann 
and Beck, with similar data on direct light- 
ning strokes reported by K. B. McHachron 
in 1941.2 For times to crest of three 
microseconds or more, the data from the two 
investigations show a high degree of con- 
formity; for example, 80 per cent of the re- 
corded direct-stroke peaks and 70 per cent 
of the recorded arrester-discharge currents 
reached crest in not more than three micro- 
seconds, with 97 per cent and 90 per cent, 
respectively, reaching crest in not more than 
six microseconds. However, McEachron 
found that approximately 30 per cent of the 
recorded direct-stroke current peaks had a 
time to first crest not greater than 0.5 
microseconds, whereas none of the arrester- 
discharge currents reported by McCann 
and Beck reached crest in less than 0.5 
microsecond. 

The McEachron data on the time to crest 
of direct-stroke currents were obtained by 
oscillograph, while most of the data on 
arrester-discharge-current fronts presented 
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by McCann and Beck apparently were ob- 
tained by magnetic surge-front recorders. 
In view of this fact, I would like to ask the 
authors if the characteristics of the latter 
instrument might not have affected seriously 
the measurements in the region below about 
three microseconds, and possibly have 
created an artificial ‘‘threshold”’ of 0.5 micro- 
second for the time to crest of the recorded 
arrester-discharge currents. 

McCann and Beck conclude that the 
duration of arrester-discharge currents are 
appreciably less than those of direct-stroke 
currents. While this may be true as regards 
total duration, I would like to point out that 
the times to half value of the two currents 
are comparable, even for discharges through 
arresters in stations. Over the range from 
10 to 40 microseconds, which includes 75 
per cent of the data on time to half value 
from either investigation, a comparison of 
McEachron’s measurements on direct 
strokes with those on station-arrester-dis- 
charge currents reported by McCann and 
Beck shows that the percentile curves of 
time to half value check within 20 per 
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cent between the two investigations. 

In conclusion, McCann and Beck are to 
be congratulated for bringing these data to 
the attention of the industry. I am sure 
that the information will be of great interest 
to both users and manufacturers of lightning 
protective equipment. 
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G. D. McCann and Edward Beck: How- 
ard has pointed out the difference between 
the statistical data on the times to crest of 
lightning arrester discharge currents shown 
in Figure 3 of the paper, and the data re- 
ported by McEachron on time to crest of 
the currents in direct strokes to the Empire 
State Building. In our opinion differences 
in the measurements are to be expected. In 
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the case of the Empire State Building, the 
current is measured at the lightning stroke. 
In the case of lightning arresters, the current 
usually arrives over some length of line, 
hence there is attenuation particularly of 
currents which may have been steep in the 
stroke. It does not appear surprising that 
there is a similarity between the data for 
times to crest greater than three micro- 
seconds and a difference at shorter times be- 
cause of this effect. 

Moreover, it is probable that in the case of 
the Empire State Building steeper rates of 
rise may occur than in strokes to open 
ground or to transmission lines, The Em- 
pire State Building is a large metallic mass 
which becomes charged during the process 
of charge separation that leads to lightning 
strokes. The upper part of the structure 
may discharge into the stroke channel very 
quickly after contact has been made. 

In regard to the times to half-value, 
reference to Figure 5 of AIEE technical 
paper 47-97, “Field Investigation of Light- 
ning Surges at Substations,” by I. W. Gross 
and G. D.-McCann, indicates considerable 
similarity between the data for arrester dis- 
charges, McEachron’s data, and the Mc- 
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Cann data. The times to half-value re- 
ported on the Empire State Building are 
somewhat less than the McCann data which 
were obtained on strokes to much lower ob- 
jects. Here again, the differences may be 
caused by the special characteristics of the 
Empire State Building: great height, con- 
siderable conducting mass, and grounding 
to the widespread counterpoise of pipes and 
cables that underlies New York. 

In reference to the accuracy of the mag- 
netic surge front recorder, it is not as 
accurate as a reliable cathode-ray oscillo- 
graph. Its accuracy is less for times to 
crest shorter than 0.5 microsecond than for 
longer times. However, since most of the 
very short times to crest were measured on 
discharges of low current where the opera- 


' tion of the arrester affects the wave shape of 


the discharge current, it was not considered 
that great accuracy at the very short times 
was essential. None of the oscillographic 
records of the arrester discharge currents has 
indicated very short times to crest. The 
presence of the recorder in the arrester 
ground lead circuit will not affect the 
character of the surge current as the re- 
corder is of negligible impedance. 
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The Equivalent Circuit of the 
Capacitor Motor 


SHELDON S. L. CHANG 
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ASED on the cross-field theory of the 

capacitor motor! an equivalent cir- 
cuit is derived from which the following 
are obtained: 


1. A method for performance calculation 
which involves no more than a few hours 
labor for the complete speed, torque, effi- 
ciency, power factor curves. 

2. An accurate and comparatively simple 
expression of the maximum torque of the 
capacitor motor. (See equation 36.) 

8. An approximate and very simple expres- 
sion of the maximum torque for design 
estimations. (See equation 42.) 


4. A condition for good efficiency and low 
noise which allows itself to be expressed 
very simply in terms of. motor constants. 
(See equation 35.) 


5. An expression for the pulsating torque 
at any speed. (See equation 45.) 


6. A comparison of the equivalent circuits 
of the capacitor motor, the polyphase motor, 
and the plain single-phase motor, which is 
not only an interesting correlation of the 
fundamentals but also enables a designer to 
know what he can and ought to expect from 
his designs. 


The Equivalent Circuit 


The equivalent circuit of Figure 14 
and the corresponding torque equation 1 
are derived from the fundamental equa- 
tions of the cross-field theory. Because 
the derivations are not essential to the 
understanding of the circuit, and hence 
the capacitor motor, we shall start from 
the equivalent circuit itself. Readers 
interested in the derivations are referred 
to Appendix I at the end of this paper. 
At present it is only necessary to state the 
following: 

1. In deriving the equivalent circuit and 
the torque equation from the cross-field 


theory, no assumptions or approximations 
have been made. The equivalent circuit is 
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as exact and general as the cross-field theory 
itself. 


2. The cross-field theory does not take into 
account the existence of two separate skin 
effects in rotor conductors or the effect of 
space harmonics. When these effects are 
considerable, the cross-field theory and, 
therefore, the equivalent circuit would not 
hold good. In general, if there are two or 
more coils per phase per pole, and if the fre- 
quency is not high enough to give unusual 
skin effects, the equivalent circuit can be ex- 
pected to give accurate results. 


Figure 1A is the equivalent circuit of a 
capacitor motor with both the capacitor 
phase and main phase connected to the 
same power source. However, in setting 
up an equivalent circuit in which current 
from both phases must feed into the rotor 
circuit, represented by one set of con- 
stants, such rotor currents must be 
represented as in phase with each other 
on the circuit to correspond to the 
actual motor condition of being in 
time quadrature. This can be done 
by using the j-operator on the ca- 
pacitor winding applied voltage, even 
though it must be kept in mind that the 
two windings actually are connected to 
the same source. Because motor per- 
formance can be identified by volts per 
turn, the correct effect of the capacitor 
winding (with different number of turns) 
requires that the capacitor winding be 
divided by the ratio a. Hence the actual 
applied voltage on the capacitor winding 
Paper 47-101, recommended by the AIEE com- 
mittee on electric machinery for presentation at the 
AIEE winter meeting, New York, N. Y., January 
27-31, 1947. Manuscript submitted October 28, 
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is multiplied by —j/a through these con- 
siderations. 

The circuit parameters of Figure 14 
are characteristic reactances and resist- 
ances of the capacitor motor. The reader 
is referred to the table of symbols at the 
end of this paper for their significance. 
For any capacitor motor it is only neces- 
sary to solve the circuit of Figure 1A for 
[,’, I,, I,', I, from which the torque, 
line current, efficiency, power factor, 
and so forth are calculated readily. 

The iron loss is represented by the real 
components of Y,, and Y,. Because the 
iron losses are proportional to the square 
of the air-gap voltages E,, and E, for a 
good range of voltage, this approxima- 
tion can be expected to hold for the en- 
tire performance range, that is, 0.7< S< 
1. The friction and windage losses 
should be deducted from the generated 
torque. 


T=RI?+ 


2f2 
6 / 
1225 oy X 


cos (I,’, I,) synchronous watts (1) 


The torque equation 1 consists of two 
terms. The first term is the power ab- ~ 
sorbed by the virtual resistance R. It 
represents the major part of running 
torque but vanishes as R vanishes at zero 
speed. The second term represents ex- 
clusively the starting torque. Its effect 
on the running torque usually amounts to 
only a few per cent for an adequately 
designed motor. An examination of this 
second term shows 


1. When the angle between J,’ and I, is _ 
small, the second term is positive, and the 
generated torque in synchronous watts is 
higher than the energy absorbed by the vir- 
tual resistance R. Better efficiency would 
be realized under this condition. 


2. When the angle between J,’ and Jy, is 
larger than 90 degrees, the second term is 
negative. The total current J is reduced 
also. The torque would be small, and the 
efficiency would be poor. 


Physically, a small angle between J,’ 
and J, means that the capacitor phase 
and the main phase are matched so that 
they supply the virtual load R jointly. 
If a flow of energy exists either from the 
capacitor phase to the main phase or vice 
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Figure 1A. The equivalent circuit for the ca- 
pacitor motor. On this diagram 


Sre 
ee 
l=1,'+l, 


Capacitor winding current=/, 
jl,’ 


a 


Main winding current=!,, 
Line current=/,+1,, 
Line voltage =V 


versa, the angle between J,’ and I, 
would be larger than 90 degrees, and the 
efficiency would be poor. 

A relationship between the motor con- 
stants which guarantees satisfactory 
operation in this light will emerge from 
later developments. 


Solution of the Equivalent Solution 


The circuit of Figure 1A can be solved 
readily by taking the voltage and currents 
at the virtual resistor R as a starting 
point. Either looking into the right or 
into the left from this virtual resistor, we 
see a T-circuit connected to a power 
source. Let the yoltage- across R be 
called E. The voltage E,, across the 
magnetizing branch Y,,, i$ then 


Ep, = E+I,Z,' (2) 


The current in the magnetizing branch is 
[,,—I,, and this current should be equal 
to E,, Ym. So we get 


In—ly=EnYn * (3) 


The above equation is converted readily 
into 

In =Ty+ Em¥m (4) 
The terminal voltage V is equal to E,, 


plus the voltage drop across the imped- 
ance Zim. 


InZim+Em= V (5) 


substituting equation 2 in equation 4 we 
get 


I =Ty(14+¥inZa') FEV i (6) 


Substituting equation 6 in equation 5 we 
get 


V=E(14+Zim¥m)+ 
I, (Z,’ 4Zimt+ZimY¥ mZ2’) (7) 
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Figure 1B (below). 

Equivalent rotor cir- 

cuit of the capacitor 
motor 


JXim Vim 


Figure 2. Simplified equivalent circuit view- 

ing from the rotor. This circuit gives correct 

rotor currents for various speeds but gives no 
idea what the stator currents are 


Figare 3. Approximate equivalent circuit at 

maximum torque point. The capacitor phase 

is assumed to supply its own magnetization cur- 

rent, the iron loss, and the friction and windage 
loss 


Eliminating I, between equation 6 and 
equation 7 


V(1+Y¥imZ2’) a ‘m(Za' +Zim+ 
ZimY¥ n£x')=E (8) 


Equations 7 and 8 can be written as 


1, =YimV—YomE 


=Igm—YomE (9) 
PIDEY VeVae 

iy Ay ed (10) 
where 
Vij ie (11) 

Zo + Lim + LimZ2'Y¥m 

Yom = (1+ZimY m) Yim (12) 
Yom = (1+2Z2'¥mn)¥im (13) 
Gey, (14) 
De Vag (15) 


The same procedure can be applied 
to the circuit to the left of R and we ob- 
tain 
1, =Igs—YosE 
I! =Ies—YtsE 


(16) 
(17) 
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where 
Ya marr AS (18) 
2 Zp +Zis' +Lis'LZo'VY 5 
Yo,=(1 +Zis'a?Ys)¥is (19) 
Y.5= (1 +2Z1'a*Y5) Ys (20) 
AY 
Ia=¥e i”) (21) 
a 
Ae 
I,s= Yul -*) (22) 
a 
Adding equations 16 and 9 
f=1,' +1, 
= d stl 1m) —E(¥,s+ Yom) ; 
=I,—EY, (23) 
where 
To=Mostlom (24) 
Yo=YostYom (24a) 
From equations 10 and 17 
1’ 
Tine =I,+j— 
a 
iT, iY, 
- (ion+%2) -(Yint! ‘Ne (25) 
a a 
Substituting the relation HE = IR 
in equation 23 we obtain 
je (26) 
PaillGA & 


For a given motor at a given speed J, 
and Y, can be calculated by going through 
equations 11-15, 18-22, and equations 
24 and 24a. From equation 26 we ob- 
tain J and E. From equations 9, 10, 
16, and 17, J,, In, I,’, I,’ can be caleu- 
lated. The generated torque is calcu- 
lated from equation 1.° The efficiency 
and power factor are evaluated from 
I,,, I, and the torque. But Z2’ is de- 
pendent on S through the term 72/1+S. 
That means that all the Y’s are depend- 
ent on S, and it is therefore necessary to 
recalculate for every point on the per- 
formance curve if an exact result is re- 
quired. However, sufficiently accurate 
results can be attained by using 


Z2' =0.55re+-jx%2 


As S varies from 0.7 to 1, r2/(1+S) 
varies from 0.59 72 to 0.50 rz. The ap- 
proximate equation 27 introduces an er- 
ror of at most 0.05 72 to Z2’. Its effect on 
the currents and torque are well below 
one per cent. 

With the introduction of the approxi- 
mate equation 27, it is only necessary to 
calculate equations 11-15 and 18-22 
once fora motor. After that calculation 
of performance is no more complicated 
than for a balanced polyphase motor. 


(27) 
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A few samples of such calculations are 
given under Appendix II. 

The torque expression corresponding to 
equation 27 is 


T= RI?+1.1 rel z'Iy cos (Ip’, Ty) (28) 
Designer’s Formula for 
Good Efficiency 


From the point of view of a designer, 
it is not desirable to have all of the operat- 
ing characteristics of a proposed design 
unknown until a complicated calculation 
has been made. However, if the angle 
between J,,’ and if is made small, we can 
be certain that the efficiency of the motor 
would be somewhere near the highest ob- 
tainable under the lamination and ca- 
pacitor restrictions. The relation be- 
tween the angle (I,’, Z,) and the ef- 
ficiency is seen first from equation 1 and 
will be illustrated more completely later, 
where comparisons between the capacitor 
motor, polyphase motor, and plain single- 
phase motor are made. 

A condition between the motor con- 
stants which predicts a small angle 
between J,’ and I, for all speeds is de- 
rived as follows. Multiplying equation 9 
by Zym which is the reciprocal of Y,,, 
we obtain : 


E=ImZom —I,Zom 


= Eom—lyZom (29) 
Similarly, equation 16 becomes 
E= Eos—I,'LZos (30) 


Equations 29 and 30 lead to the equiva- 
lent circuit of Figure 2. If the angle be- 
tween I,’ and I, is made small for all 
values of R, it should be small for R= © 
under which conditions [,’+J,=0, or 

7 =—I,. That means, when R=—, 
both J,’ and J, must vanish, or they 
must be equal and opposite to each other. 
The latter possibility is inconsistent with 
the assumed condition of a small angle 
between J,’ and J,. The former pos- 
sibility leads to 


Eos = Egm (3 1) 


Figure 4. The equivalent circuit of a balanced 
2-phase motor as a special case of the ca- 
pacitor motor 


% Ix IX2 ws Ws JX2 
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If equation 31 holds, we have from equa- 
tions 29 and 30 


Eom—E 
Son aay ie 

pi eene 
: Los 


Therefore the angle between J,’ and I, 
is the angle between Z,,, and Z,, and our 


_condition, that the angle between J,’ and 


I, should be small for all speeds, is equiva- 
lent to 


1, Eos=Eom 


2. Theangle between Zp, and Z,, is small. 


These two conditions lead to one condi- 


tion between the motor constants. By 
definition and equations 14 and 12 
Eom 7 TomZom 
1 
=Y¥-V: 
tm v.. 
eerie (32) 
14-Zim¥m 
A similar set of equations leads to 
Ae 
= 
pee ea (33) 
 14-Zis'a?Y s 


Substituting equations 32 and 33 into 


condition 1, we obtain 
jo(1+-Z,,'a?¥ ) =1+-ZinY ma (34) 


By definition Z;,/=(Z,,+2Z,)/a?; equa- 
tion 34 reduces to 


Ja(1+ (Zig t+Ze)Vs) =1+ZimY¥ m (35) 


Zom and Z,, in terms of the motor con- 
stants are, by definition, 
Ly! + Lim+ZLim: 2 Ym 
14-ZimY m 
2 im 
1+ZimY m 
Z, 2) +Lis’+LZis'Z'a'Y 5 
of A 4-Zy'0*Y,) 


Zom= 


+2,’ 


niles Zeraunagt 
1+Z;,/a°Y; : 


Figure 5. The equivalent circuit of a balanced 
2-phase motor seen from each phase 
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If equation 35 is satisfied, the angle be- 
tween Z,,,—Z,' and Z,,—Z»’ would be 


Z(Zom—Z2') — Z(Zos —Z2') 
= £Zi,—90 degrees— 2Z,,’ 


In general, the angle of Z;,, is in the range 
of +20 degrees to +50 degrees, corre- 
sponding to a range of 1/,=0.4 to 1.4. 
The angle of Z,,’ is around —70 degrees. 
Therefore the two vectors Z,,,—Z,’ and 
Z,;—Z,' deviate in general not more than 
30 degrees. Hence Z,,, and Z,, deviate in 
general not more than 30 degrees. 

The above deductions establish the 
condition represented by equation 35 as 
the necessary and sufficient condition for 
good efficiency over a whole range of 
speeds. However, because of the fact 
that Z,, is much larger than Z,,,, the 
condition of equation 35 is not too critical. 
We can obtain a good motor whenever 
the relation is nearly satisfied. 

Readers familiar with circuit theories 
easily may observe that equations 9, 
16, 29 and 30 are Thevenin’s theorem in 
its constant-current and constant-voltage 
forms. The equations 10 and 17 are 
direct results of the reciprocal theorem. 
All the equations listed in the preceding 
section and the first part of this section 
can be verified from circuit theories. 


. The Maximum Torque 


It seems that any attempt to derive an 
exact expression for maximum torque 
of a capacitor motor is bound to lead to 
complicated calculations with third order 
equations. The equivalent circuit theory 
is certainly no exemption if the circuit of 
Figure 1A and the torque expression of 
equation 1 are used without approxima- 
tions. But such a procedure is hardly 
justifiable, because some unaccountable 
factors may introduce an error far larger 
than an approximation of Figure 1A and 
equation 1 introduce. These factors are 


1. The two separate skin effects of the 
rotor. 
2. The variation of stator and rotor re- 
sistances as a result of temperature varia- 
tions. 


Figure 6. The equivalent circuit of a plain 
single-phase motor as a special case of the ca- 
pacitor motor 
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Figure 7. Performance curves of Morrill's 
1/4-horsepower 4-pole motor 


3. The effect of space harmonics. 


4, The variation in air-gap length resulting 
from temperature variations of stator and 
rotor. This variation is especially appreci- 
able under successive starting. 


The combined effects of these factors 
introduce an error which may well amount 
to a few per cent. 

The maximum torque can be evaluated 
readily by assuming 


1. The approximate equations 27 and 28. 


2. The variation of the term 1.172I,’IyX 
cos (I,,’, I,) can be neglected so that we can 
assume the maximum torque occurs when 
RI? is maximum. 


From equation 26 it is evident that RI? 


4 é 1 
is maximum when R=—. Hence 


0 


1.1reIz’Iy cos Iz’, Ty) (36) 


I,’ and I, are evaluated at 
ar 
0 
In general, the term 1.1 72 I,’ I, cos 
(1,', I,) amounts to not more than 5 
per cent of the total torque at the speed of 
maximum torque. Neglecting its varia- 
tion introduces an error well below that 
introduced by the factors mentioned at 
the beginning of this section. 
A further simplified maximum torque 
expression is obtained by neglecting the 
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second term completely. Then equation 
36 becomes 


Teel 2 


o 
Tmax ee 


(37) 


The coefficient K, depends on the angle 
of Y, only. Let 6 be the angle of Y,, then 
1 2 
Yo 
Ty, 
| 1 
1+ 


Ky= 


2 


3 
: “ (38) 
cos'= 

a 


Equation 37 is simple enough to ap- 
ply when the preliminary calculations 
have been made to determine the per- 
formance. But as both J, and Y, are 
complicated expressions of motor con- 
stants, this formula is still somewhat un- 
wieldy for the purpose of design estima- 
tions. 

In general, at the speed of maximum 
torque, the major portion of rotor current 
is' supplied from the main winding. It 
can be assumed without much error 
that 


1. The capacitor phase supplies the cross- 
field magnetizing current and the portion of 
energy that overcomes friction and windage 
losses as well as iron losses, while the main 
phase alone supplies the power that converts 
into a measurable torque. With this as- 
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Figure 8. Performance curves of a 12-pole 
1/10-horsepower motor 


sumption, the equivalent circuit becomes 
that of Figure 3. 


2. The maximum torque occurs at the 
speed of maximum rotor input. 


From Figure 3 it is clear that not all 
the rotor input converts into torque ex- 
pressed in synchronous watts. 


12 - : 

Rotor input =/,%4 R 39 
otor inpu m( +25) (39) 
Synchronous watts=J,?R (40) 


Dividing equation 40 with equation 39 
we have 


Synchronous watts = 
Rotor input 12 
ca 
Ste 
1—S? 
+ Ste fo. 
1-—S? 14+8 
=S (41) 


Equation 41 is useful in establishing a 
relation between the maximum torque of 
a capacitor motor and that of its corre- 
sponding polyphase motor. The methods 
of calculating the latter is well developed. 
Let Tomax be the maximum torque of a 
straight 2-phase motor with each of its 
_-windings exactly the same as the winding 
of the capacitor motor. Then Tomax is 
equal to the maximum rotor input of this 
2-phase motor or two times the maximum 
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rotor input of the capacitor motor. 
From equation 41 we have 


Tomax 


Tmax = 
: 2 


=0.5.ST max (42) 


Equation 42 is verified for a number of 
cases. The agreement between the tested 
and calculated values turns out surpris- 
ingly well. A numerical comparison be- 
tween equations 36, 37, 42, and a tested 
result will be given in Appendix ITI. 

It is important to note that the speed 
for maximum rotor input of a capacitor 
motor is not the same as that of its 
corresponding 2-phase motor, and the S 
in equation 42 stands for the former. 
Let S, denote the speed of the 2-phase 
motor at which its rotor input per phase 
is equal to the rotor input of the capacitor 
motor of Figure 3 at speed S. The rotor 
resistance reflected to the stator is, for 
12 12 


the capacitor motor, R+ =——, and 
1+S 1—S? 

for the 2-phase motor per phase;; 5 ‘ 

wee 


Equating these two expressions we get 


S?=S2 (43) 


The starting torque of a capacitor 
motor is obtained readily by substituting 
S=0O into equation 1. We get 


Starting torque =272Iz9'Tyo cos (Izo', Iyo) 
(44) 


where I,,’, I, are values of I,’, I,, 
S=0. I,’ and I,, are the same as I,, 
and J,,, of the preceding section with 
Z./=ro+jX2 But in éalculating J,, 
and I,,, for performance calculation the 
approximation of equation 27 for Zz’ 
is used, and that leads to somewhat dif- 
ferent values of [,,and I,m. However the 
latter values can be used in equation 44 to 
yield an approximate result. 


The Pulsating Torque 


If the effects of space harmonics are 
neglected, the generated torque of a ca- 
pacitor motor consists of a constant com- 
ponent and an a-c component of twice 
the frequency of the power source. The 
amplitude of the pulsating torque is de- 
fined as 


Maximum instantaneous torque — 
minimum instantaneous torque 


2 


Tp>= 


The above definition implies that if T, > 
T, the constant component of the gener- 
ated torque, the instantaneous torque is 
negative for some part of a cycle. 

In Appendix V, a relationship between 
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T, and the rotor currents is derived as 
presented in the following: 


T,=R|I,?—1,’?| 


=£|I,—I, | (45) 


Both J, and I,’ are a-c vectors of effective 
values as used throughout this presenta- 
tion. The difference between the squares 
of these two vectors is a vector difference. 
Equation 45 is as exact as the cross-field 
theory. 

By comparing equation 45 and equa- 
tion 1, a picture of the instantaneous 
torque can be visualized. The compari- 
son is made for three different cases. 


1. The angle between J,’ and I, is 90 de- 
grees. This implies as a special case that 
one of the two currents is zero. Equation 1 
reduces to 


T=RI? 

=R|I,’+1,|? (46) 
Ty _ \fy?—Ir"| 
Tr |ty+4.'|? 

_|_-h' 

eee x 

=1 (47) 


The vector sum and difference of two vec- 
tors 90 degrees apart from each other have 
the same magnitude. 


Equation 47 implies that the instantaneous 
torque is zero at some instant during the 
cycle, but it is never negative. 


2. The angle between J,’ and J, is larger 
than 90 degrees. In this case, the term 


tis. zx y COs rs4y 
and 

T. L,-L. 

2 —|4 7/510 
RI? Uy-El,y' 


Because a smaller quantity plus a negative 
quantity is still smaller, T is smaller than 
Ty. The instantaneous torque is negative 
during some part of a cycle. 


3. The angle between J,’ and I, is smaller 
than 90 degrees. In this case 


2 
EEE MMI est 
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It is clear from the above comparison 
that a small angle between J,’ and J, is 
desirable not only to maintain good ef- 
ficiency but also for quiet operation with- 
out excessive vibration. A motor so de- 
signed is smoother running and favorable 
to long bearing life. 


Reduction to Polyphase 


A polyphase motor can be considered 
as a special case of a capacitor motor in 
which 


1. Two identical windings are used. 
DeamZic— 0) 


3. A voltage jV is applied to the capacitor 
phase instead of V. 


Making the corresponding changes in 
Figure 1A, we obtain the diagram of Fig- 
ure 4. 

To prove that Figure 4 is exactly the 
polyphase circuit diagram, two points 
need to be established. 


1. The apparent rotor resistance seen from 


each phase is i z 


—S. 


2. The generated torque in synchronous 
watts as given in equation 1 is equal to the 
rotor input. 


Because the circuit of Figure 4 is en- 
tirely balanced, it can be split into two, 
each of which is as shown in Figure 5. 

The apparent rotor resistance is 


12 4+2R= 12 yee 
i LC fAS nS? 
— re 
BES 


That establishes the first point. 

The second point is a consequence of 
the following general theorem: 

The generated torque of a capacitor 
motor in synchronous watts is equal to or 
less than the rotor input of the said motor 
at said speed; the equality holds if, and 
onlyift-T ==. 


1+S Z : : 
RI?>T, Rotor input from Figure 1A is 
ihe ie 
r r 
: bs lott weelge oR 
The instantaneous torque is always positive. 1+ 5 14S 
Table | 
pa rs ie i ee eee eee 
Method Im Is Input Net Output 
Oe Pe ee ar ee a A ee ee rs et 
ow yg a Ue Sven Sencar CHI 2.47\59°3) min....,.. 0.948/38°46 min....... 221-424. 6... 3 177 
Lyon and Kingsley*?........ 2.57\55°48 min?...... 0.935/38°40 min....... aOes  Mstsriesy' 165 
Prmgats cscs. «<<a oe olawlel's 2.57\56°30 min....... 0,948/40°50 min....... Cb pate ees 162 
Cross tel dt oe. 221s susie (oh sfetote 2.64\58°36 min....... 0.954/39°O min....... 233 4-24....... 177 to 179.8 
yexact Circuit sa). ssleiie’ «10 GU NGG cate ea eletei trons OFO50/302 Fe -Faie es < V5 168 
Approximate Circuit....... DY OENOG Lom |e craters GE D50/ 390 ee Weis asters 236s Wie cadiee 165 
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Generated torque by equation 1 is 


2re 
I,’I, cos (I,", Ly) 


RP 
“14S 


The difference of these two expres- 
sions is rotor input — generated torque 
in synchronous watts = 


ts 
iq gle *+h?—2r'ly cos Iz’, Iy) ] 
12 
A isle’ Hl 2>0 (48) 


The equality sign holds when, and only 
when, the two current vectors [,’ and 
I, are equal. 

From equation 45 of the pulsating 
torque it is clear that a non-pulsating 
torque is obtained when, and only when, 
the two current vectors J,’ and I, are 
equal. The significance of this fact and 
the foregoing theorem is twofold. 


1. This verifies the equivalent circuit of 
Figure 1, the d-c torque equation 1, and the 
pulsating torque equation 45 in the known 
special case of a balanced polyphase motor. 


2. This proves that the highest efficiency 
and the smoothest running condition of a 


capacitor motor are realized for a certain 
speed, if the two current vectors equal each 
other at that speed. 


In general, it is not possible to realize 
this quasi-polyphase condition for all 
speeds. But it always can be realized at 
any single designated speed if we are 
free in choosing the capacitor and the 
capacitor winding. 


Reduction to Plain Single-Phase 


A plain single-phase motor is equiva- 
lent to a capacitor motor in which the 
capacitor impedance approaches infinity. 
With this modification the equivalent 
circuit of Figure 1A reduces to that of 
Figure 6. This diagram has been derived 
from a number of different sources. 
effect it may be derived from both the re- 
volving-field theory and the cross-field 
theory. 

Showing J,’ on this diagram in the 
direction indicated for the capacitor 
motor, it now takes a negative value. 
Hence it is evident that the angle be- 
tween I,’ and I, is always larger than 90 
degrees. That implies that the efficiency 


1G) 


of a plain single-phase motor is lower than 
that of a properly designed capacitor 
motor and that there is always some in- 
stant of time in each cycle in which the 
instantaneous torque is negative. 

The comparisons so far show that in all 
respects, torque, efficiency, and constancy 
of torque in the capacitor motor are in 
between the polyphase and plain single- 
phase motors. The difference of the 
three types of motors is smaller if the 
per-unit rotor resistance and the per-unit 
magnetizing admittance are smaller. 
The advantages of a capacitor motor over 
a plain single-phase motor are better 
realized when these quantities are high. 

However, an inadequately designed 
capacitor motor is more likely to lead to 
very poor results than a plain single- 
phase motor. Because the per-unit mag- 
netizing admittances are usually much 
smaller than unity, I,’ is in general a 
small quantity. That insures an upper 
limit for T, and a lower limit for the ef- 
ficiency. In an inadequately designed’ 
capacitor motor, transfer of energy be- 
tween the main phase and the capacitor 
phase usually takes place. In such cases 


Table Il. Detailed Calculations 
1 2 3 4 5 6 7 8 9 10 
s R RYo 1+RYo I’?R (1—S)PR Net Output E=IR Vouk 
O99 205 eee 3318 /'—50v6 wee 29 A 926 1 een - (2503/3000 VaR as of 11 Bae Le Ae S8r ae 1O3/Sr 20 2 ee 15.65/—44.8°.... 
BEAL 49 8 ooo. wicdiciaie do Fondishe bya (one elena ot AS ee ioe STC: ee en ee 11-1 71202 see 
0.98..-5.- 10 Mion, Set 16.55/—50.6..... MCG =71920 eee 1 00/42 Soe eee LOTS eee 99:1, eee Sia de LOL Sole eee ts 15/85/2642 oe te 
17. B5f = 48%. oa ctcscnem Se ee eer 1st 2 eine ae ee tr eT Bar cee race 10.62—J11.09.... 
0. 06cee.7. BOS fo ac8.01/— 50-62 amee 6.27 -—36142 ac: 12.92) ORO Caen 18623 2 7 Sees ope eee 165m. eee 07/0169) aie 14.76/—48.6°.... 
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CECE oe Boe PIS he 4,68/—50.6 ..2-: 3107 7S Oli ee 3720 eR cess PA IE Noy 8 DIR OY es 260s cee CEC Clie 52 8 13.90/51. 8% pore 
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0: 804s CE eres 1 1/50 Ouse A 96-7174 6 es (Viale Oke S20 hoe oan AON Sg oh eae AOS tier 69.5/—15.4% .... 10.56/—63.4 .... 
SDS 30:. BOM nay ET eld Os RTE ae Es Oe ee ot ee 4,.77—j9.52 .... 
UsGiR= cine 706) eeF 17165 /—G0s6hee ele 7490.90" aon $,83/=1810% 8 5505 WR RE th a 00a 62.3/—18.9°...... 9.47/—66.9°.... 
OGL AS27 {BS lhe cy, toh atic negene e ) NAs ateeP toe o RL 3.72—j8.70 .... 
11 12 13 14 15 16 . 17 18 
In jY¥tsE s line Input Power Factor Efficiency ober ed Per 
ute 
550505 72 18 828 eae O07 /178 4 eee 0.782+70.639....... Os830 71a Tai, ee ee OIG ahacexare 0) <4 Pie a eh BIB aici oeiec 1,782 
46218) = 88.72 e eee —0.706+7.020....... TS OL/ 39.20 = 2 eee 1.93/—64.4 
“50:53 —J2 TUT es O.694/177 eae... 0.768+j0.623....... 1.30=7149) oe. ok 143 0.656 ee a we COS Be erorsanee eed 
LSP IR/ = TRAGeomeeeee —0.692+7.036....... (0190/3051 oan. 1.98/—49° 
+31 A0=—92. Lb wee ee 0.665/174.6 ....... 0.73884+70.596....... 2 NA Fl 56 ehen ates B36 yeh casein ats ORSIGOE eer tas oe TO). Oiraeeee see ae 1,728 
2.81818 ane —0.662+7.063....... 0).950/80 eo ect. 2.64/—35.9° 
oD 5590 00) maa 0: 628/171 45 eee 0.697+70.565....... 3 b= 7 72 ee ay Ea eine Fe Of8SB ides cade renee OA ie ailins Sie es 1,674 
8 AS / = 41. 99a ee —0:6214+7.094....... O5808/30°) Oe: 2Soce 3.67/—28° 
..3.64—j2.56 ....... 0.590/168.4 ....... 0.654-+0.541 ....... A B0—J2I02".. oo te BU Bs ere ee tev OLD05 HE 2.5 cap tor 65.0 ec eet fon 1,620 
ed 45/3620 oat —0.57847.118.. 04... (0860/30.5° Me aneoe 4.75/—25,2° 
wie 19 == 9S a Oe aie 0),530/163.8e0e ee 0.585+j0.511....... 5.78—J2,59 .e.6.0s CER Senet BASE NAIR, rinses Hes Ape Pes ee Ge ical (O30) 
. .6.06/—30.8°....... —0.509-+7.148....... OTC /41e2o eee 6.34/—24.1° 
..6.38—73.68 ....... 0)477/15908 see 0.523470.494....... 6.90—j3.18 ...... : 750) See pO egies ke ete sie UB 1 Sie pate eet eed 
788) B30? eee —0.447+9.165....... 01720/4a 40 eee 7.60/—24.7° . : 
apf 4G JAEBO) ates 0. A28/166.3) > een 0.468-+j0.487.......7.90—j4.01 ....... 869 Fant BUS> Acanen 1g AGO hetero Go0) 
8:69/=31.2°. 42... —0.39247.172....... (0.876/40 Aes meee aee 8.86/—26.9° ; 
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Table Ill 


—— 


1 2 3 ee 5 6 7 8 9 10 11 12 13 
Ss R 1+RYo I E EYte lline [’R Torque Output Input Eff. Power 
Factor 
0.995. .997 ..25.3—j31.5 ..0.10/6.3° Pphzes99 7/6.3 .2,62/—51.3° ...0.81—j1.09 ... 10 Ole Vereverae Qo gen oe 98 iste 20 ..0.595r 
BORA femib DS ecpcis oo Wty regres vleyaisiriclis)4 eee tele si's e rhale 1.64—32.04 _...1.36/—53..4° 
0.98 ..247 ..1.0—97.8 0.387/2° .95 7/2° 12452 /—5526°) 7. 0371051). . 37 ede ars Ove ZOO tains 118.4. ...22;4, ..0.684 
NORA T (A Sie tere Meta nay sagen axole ollegefohertsialial o1.efa la las lle, (so is,e 1.42—j2.08 ...1.47/—46.1° 
0.96 ..122 ..3,96—73 .86 Un eo iaaien oa aoe 4/—1.7° .2.35/—59 3° .. L.25—j1.11 BST Di ie OO Dr. oer os BSVOniis «x 144 Meret pO 29 
POY AERO ale fie ere orate aracot OPN  leXGiin..vis| Vinipicer.s (oie 1.20—j2.02 ...1.67/—41.6° 
6°93) ~., (69 . .2'.68=92.18 ..1.17/=6.9° 80.8/—6.9° QS i 64,09 4 pls Sle 2b en  GLIO. cas SbicOle are ors Oren sie 176 . .44.6...0.784 
SAG Hi OO IL tre chet owllat cictltis a. «1 iaye  allee woler'n)oiiasimiia 4 @aeu 0.92—j1.92 ...1.95/—38.4° 
ON00", 47,4.092.15=—71750 2. 1755/=11 12. 78 5/—11.1°...1.932/—68.7°....1.75—j1.33 ...114 yO4erve ee. O85 «tos 201 ,. 46,5. .79.6 
DCD fas Oe a aah Shia cite tora teed Malet oles ony. ea eis ae eles 0.70—j1.80 ..2.20/ —37.2° 
0.85 .. 30.6...1.743-0,.967 ..2.04/—17° ...62.5/—17° .-.1.645/—74.6°...2.01—j1.55 ...127.5....117.5..... LOO® Misi 231 _ .43.3...0.792 
PO Oy — OSs Mitek caedeacle oie cyeuy oils resol whigs aouar Male le. 0.44—j1.58 ,.2,54/—37.6° 
1,’ is nearly equal to =f; Pets inflated circuits. J, ane ee are rotor eee 7 the The equations 57 and 58 become : 
: : : capacitor and the main axis. J, and J; are 
while efficiency is depressed. the stator currents. E, and E, are the air- E,! =(Z2’+R)I;'+Rly (59) 
gap counter electromotive forces in the main En = (Zo! +R)Iy+RIy! (60) 


Conclusion and Acknowledgment 


The equivalent circuit introduced in 
this presentation is by no means limited 
to the study of capacitor motor alone. 
By modifying constants of the auxiliary 
‘phase it can be used to study the re- 
sistive split-phase and the inductive 
split-phase motors. 

The maximum torque equation 42 and 
the good efficiency equation 35 can be 
used as a starting point for capacitor 
motor design. These will be studied in 
detail in a companion paper. 


Appendix |. Derivation of the 
Equivalent Circuit 


This analysis is based on seven equations 
from the cross-field theory. They are 


Em+ImZim= V (49) 
E,+1,(Zis+Z;) =V (50) 
Ey ae ‘ 
ZAGH Ent jy Xs) alas (51) 
nd eg se. 
—Ent isl =a iateX:) =—I,Z, (52) 
En= ‘mm —Ly) (53) 
E,=Z,(I; —I,) (54) 
: Es - 

Dh=ab yl; sin (a } fp te nx 

sin (I,, Es) , (55) 


The subscripts m and s denote the main 
and capacitor windings, respectively. The 
subscripts 1 and 2 denote stator and rotor 
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and capacitor windings. Em, Iy, Zim, Zm, Zo 
are in main winding terms. E,, I;, Zis, Zs 
are in starting winding terms. For the 
detailed meaning of these symbols, the 
reader is referred to the nomenclature at 
the end of this paper. 

Each of the Z’s, E’s, I’s is a vector quan- 
tity. The line voltage V is taken as a refer- 
ence vector for the voltage and currents. 
Therefore its angle is zero. 

All equations connecting these vectors and 
their conjugates are understood to be vec- 
tor equations, and the rules governing vector 
sum, difference, multiplication, and division 
are implied. 

Whenever the plain magnitude of such 
vector expressions is referred to, the abso- 
lute sign // is used. The vector operation 
rules still hold within these two bars. 

Equations 49 and 50 are stator equations. 
Equations 51 and 52 are rotor equations 
with due account of the speed electromotive 
forces. Equations 53 and 54 express the 
magnetizing effect. Equation 55 is a scalar 
expression of the torque. In vector form 
equation 55 becomes 


T =Real part of | -i{ar. conj En— 


I, conj =) (56) 


Equations 51 and 52 can be solved for 
E, and E, and yield 


E, jSte e Y2 
aie Lastly tieXla ts ole (57) 
E —jSf2 I ‘ Lo I 

m= rae S27 tjXaly +7 os v (58) 


with the introduction of the symbols 
Sro 


R= 


_iEs 


E,'= 


ee —ial, 
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Equations 59 and 60 are recognized readily 
as the mesh equations of the circuit shown 
in Figure 1B. 


Equation 56, in terms of the new notation 
E,’, I’, becomes 


T=Real part of [I;’ conj Em+J, conj E,’] 
(61) 
_jconjE, 
aires 


Note that conj E,’ 


Substitute equations 59 and 60 into 61. 


T =Real part of [I,(conj Z:’+R) X 

conjI,’+ RI, conj y+,’ X 

(conj Z2’+R) conj Iy+ RI,’ conj I;’] 

= Real part of [conj Z:’ (I, conj I,’+ 

I,’ conj Iy) + RU, conj I, +I, X 

conj I,’+I,,’ conj I,+I,' conj I,')] 

=Real part of [conj Zo’(I, conj I;’+ 

I,! conj Iy) + R(Iy+4r')conj (Iy +z’) | 
(62) . 


Note that I, conj 1-41, con fy =2ie Ly x 
cos (I,’, Iy). The real part of the expression 
on the left of equation 62 is equated to T. 


. 2r. 
T= stl cos (I, Ly) +R fy +e’ |? 
This is the torque equation 1. 


Multiply equations 50 and 54 with 
—j/q and note that 


ae ed alla 
a 
I,’ = —jal; 
I,'= —jal, 
Zis Z\ -jV 
et ts( 24%) 2" (63) 
a a a 
Z. 
E,’=—(I,'—I,’) (64) 
a 


The equations 63, 64, 49, and 53 can be 
used to add stator parameters to the rotor 
circuit Figure 1B. The result is Figure 14. 
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Appendix Il. Example of 
Performance Calculation 


To illustrate the application of the equiva- 
lent circuit theory in performance calcula- 
tion, two examples of calculations are shown 
in this section. One is the motor for which 
constants are given in Morrill’s paper.? 
The other is a 12-pole motor with very low 
magnetizing reactance for which ordinary 
approximations do not hold. 


Example 1 


The values for this 1/4-horsepower 110- 
volt motor are 


tim= 2.02 
f4g=5.12X 1.18? 
=f 1d 
t2=4.12 
7,-=9.00 
Xim=2.79 
Xis=2.31X1.18? 
=3.22 
X2=2.12 
X-= —172.0 
a=1.18 
Xm= 66.8 
X ,=92.9 
=66.8X 1.18? 
Friction and windage loss= 13 watts 
Iron losses = 24 watts 
= 110? .001 2 


From these values, and making the ap- 
proximation of equation 27 


Zy' =2.27+ 52.12 


The iron loss is absorbed in each of the 
magnetizing branches as a conductance of 
0.001 mho. 


aY;=Y,, 
=0.001—j0.015 


The approximation, generated torque= 
RI’, is used for the calculation of perform- 
ance curves. For the point S=0.04, an 
exact calctilation is made, and both the re- 
sults are compared with results of former 
papers on the same motor. See Table I. 

The differences between the results of the 
equivalent circuit and the cross-field theory 
originate from the fact that in the former 
the iron loss is taken care of by the conduc- 
tive component in the magnetizing admit- 
tance, while in the latter, the iron loss is 
treated as an additional loss to the power 
source. 

The small deviation between the exact 
and approximate results justifies the use of 
these approximations. The approximate 
methods for performance calculation is 
given below. From 


(11) Yim=0.152/—48.0° 
(12) Yom=0.159/—49.5° 
(13) Yem=0.1572/—49.8° 
(14) Iom=16.7/—48.0° 

(15) Iem=17.3/—49.8° 

(18) Y¥ts=0.0081/85.2° 

(19) Yos=0.0070/—75° 

(20) Yes=0.0084/83.4° 

(21) Ips=0.755/—4.8° 

(24) Ip=17.3/-46.2° 
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(24a) ¥Yp=0.165/—50.6° 


(22) He =0.664/83.4° 
(18) 1% 0.00686/175.2° 


Then calculate 


4.125 
=i as 
(3)=(2)X Yo 
(4) =1+-(3) 
(5) =10/(4) 
(6) = (5)?X (2) 
(7) =SX (6) 


(8) =(7) —13 watts 

(9) = (5) x (2) 
(10) = Yim X (9) 
(11) =Iem— (10) 
(12) =0.00686/175.2° x (9) 
(13) =0.664/83.4°— (12) 
(14) = (18)+ (11) 
(15) =real part of (14) 110 
(16) =cosine of angle of (14) 


SB) 
(7) = 45) 


It is advisable to calculate each step for 
different slips at the same time. The result 
is plotted in Figure 7. 


Example 2 


In this example, an actual motor is cal- 
culated with measured constants. The re- 
sult is compared with experiment. In case 
only the line current instead of the two 
separate currents is of interest, the process 
of performance calculation can be simplified 
considerably. This will be illustrated in 
this example. A 1/10-horsepower 12-pole 
115-volt 60-cycle motor has the following 
constants, 


Z,=22—7660 

LOS 14.0 

Xig= 106 

Rim=12.1 

Ris= 121 

X2=10.0 

a=3.13 

a?Y,=Ymn ; 


= 0.0012 —70.0154 
F&W=10 synchronous watts 


From 

(27) 2Z’=5.5+ 710.0 

(11) Yim=0.0306/—51° 
(12). Yom=0.0380/—58.9° 
(13) Yenm=0.0355/ —54.3° 
(18) Yts=0.0169/72.5° 
(19) Yos=0.00478/10.5° 
(20) Ye 0.0196/69.2 y 


(24a) Yo=0.0399/—52.4° 
Tom=3.52/ —51° 
Toy=0.62/=17.5* 
Ip=4.05/—46° 
Vie 
Yre= Yint— 
=0.0263/—57.6° 


I, = Yon 2) 
a 


= 2.45 —j3.13 ‘ 
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Then calculate - 


(3)=14+(2)X Yo 

(4) =1,/(3) 

(5) = (4) X (2) 

(6) = (5) X Ve 

(7) =I, — (6) 

(8) = (4)? (2) 

(9) = (8) —10 watts 
(10) = (9) X (1) 


The result is plotted in Figure 8 and com- 
pared with experimental values, which are 
shown as dots on Figure 8. 


Appendix Ill. An Example of 


Maximum Torque 


For the two motors specified in Appendix 
II, the maximum torques are calculated with 
different formulas, and the results are com- 
pared with experimental value for the 12- 
pole motor. See Table IV. The values of 
R=1/Y,, I,’, and I, are calculated by (9) 
and (16), respectively. The exact coinci- 
dence between the experimental value and 
the accurate formula is by chance. It is, 
however, interesting to note that in these 
widely different cases the formula 0.55 Tomax 
still holds good. It has been verified for a 
number of other cases; the agreement be- 
tween the 0.5STonax value and the measured 
values is always within ten per cent. (The 
only exception is this quoted 12-pole motor, 
which shows a difference of about 11 per 
cent). 

' The starting torque of this 12-pole motor 
is calculated and compared with experiment. 
Tom and Ig, are calculated on the approxi- 


mation Z,’=0.55r2+jX2. 
Appendix IV. Comparison 
Among Polyphase, Capacitor, 


Plain Single-Phase Motors 


The maximum torque, the torque at four 
per cent slip (with F and W deducted), and 
the pulsating torque at four per cent slip 
are calculated for Morrill’s motor, operating 


1. As a 2-phase motor with the winding of each 
phase exactly as the main winding. 


2. Asa capacitor motor. 


3. Asa plain single-phase motor. 


The results are tabulated. See Table VI. 


Appendix V. Derivation of 
Pulsating Torque Expression 


A set of complex instantaneous current 
and voltage vectors is defined as 


in= VB ne 
i 4/ 21,69" 
es= /2E,€ 1 
en= V2Ee- ies 


AIEE TRANSACTIONS | 


‘on 


The real part of these vectors represents the 
instantaneous values of voltage and currents. 
A complex instantaneous current vector 
multiplied by an impedance vector forms a 
complex instantaneous voltage vector. The 
sum or difference of two complex instan- 
taneous vectors forms a complex instantan- 
eous vector, the real part of which represents 
the sum of the two instantaneous values. 
However, the product of two such vectors is 
utterly meaningless, and the real part of the 
product does not represent the product of 
the two instantaneous quantities, because 
the product of the associated imaginary 
parts of the two vectors is real and insepa- 
rable from the product of the real parts. 
Such difficulties can be met by the use of 
complex conjugate vectors to eliminate the 
imaginary part. For instance, if we want to 
find the instantaneous value of the product 
of a current and a voltage, we need only 
separate the real part from the product. 


i e+ conje 
2 


The instantaneous torque in synchronous 
watt is 


: Ys. 
Tins = of ena") 
a 


where ¢m, y’ are the total flux linkage of 
main winding and capacitor winding with 
the rotor, respectively. Both gm, ¢’, and 
ix, ty are real instantaneous values. If we 
introduce the notation of complex a-c vec- 
tors, the foregoing equation becomes 


(65) 


Tins =real part off -) at, (em+ 


conj Ym) —*er+ conj ¢;) ) (66) 


Because 


dos ° 
Cg OPS 


dt 
€m=Joem 
conj es= —7w conj ¢s 
Conj em = —jw conj ym 


Equation 66 becomes 


Tins =real part off 5 | ai (conj €n—em) — 


Bieeni €s—es) t] 
a 


By definition 

e;=\/ 2E,e-F# 

em=V 2Eme st 

conj e;=+/2 conj E,e7# 


(67) 


conj em=+/2 conj Ene 


Equation 67 becomes 


Tins =real part off _ i al, conj En— 


a conj E; t Hele al,E,— 
wig, eet] . 
Bea! 
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Table IV 
Max Torque 12-Pole De- 
of Morrill’s sign Max 
Formula Motor Torque 
(36) RI?+1.1raIz'IyX 
cos (Iz’,Iy)—F&W....... DEG iw etersietsre 121 
(37) RI2—F&W......5...... DAD. sheds treks 115.5 
(42)"0.. 5S Tmax: ic vcs icte and aes S61 ames 108 
Experimental Value... ......0.020% 121 
Table V 
Start- 
ing 
Torque 
Syn- 
chronous 
Method Formula Watts 
Exact calculation. .272Iz0’IyoX 
cos (Izo’Iyo) — 
F Werte 


Approximate cal- 
Cilationi. =o. <> 2rel omlos X 
cos (Iom, Ios) — 
F&W....26.4 


Weasnred by FeSt soe ago yscelevare/o) ooiatel esi evemiers 25.6 
Table VI 
Pulsating 
Torque 
Torque at at 4- 
Max 4-Per-Cent Per-Cent 
Type Motor Torque Slip Slip 
2-Phase Motor...... LB 2 ire seats <i cvateler sve eral 0 
Capacitor Motor.... 566...... Ui diver eteverers 144 
Plain Single-Phase 
WEOtOR Scere 3 eens B95 ate 6 PAT Sree 300 


All the values are in synchronous watts. 


The first term is the constant torque as 
given in equation 56, and the second term 
is the pulsating torque. The amplitude of 
the pulsating torque is 


=|I;'En—I,E;' | (69) 


Substituting equations 59 and 60 into equa- 
tion 69 we get 


Ty=R|I,'*—I,}| 


as the cross products cancel each other. 


Appendix VI. Nomenclature 


V=applied volts (Used as reference vector) 

Em=the counter electromotive force in the 
main axis 

LZim=timt+jX im 
=the local impedance of the main 

stator winding 

Z,=the rotor impedance in main winding 
terms 
=fet+jXe 

E,=the counter electromotive force of the 
starting winding 
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Zis=tistjXis 

=the local impedance of the stator 
starting winding 

Z-=capacitor impedance 
=1-—jXe 

I= the stator current, main axis 

I,=the stator current, starting axis 

I,=the stator component of the rotor cur- 
rent, main axis 

I,=the stator component of the rotor cur- 
rent, starting axis 

Z;=magnetizing impedance in the S-axis 

Zn=the magnetizing impedance in the 
M-axis 

Ymn=magnetizing admittance of 
winding 

1 

“7. 

Y,=magnetizing admittance of capacitor 
winding 


main 


effective starting winding turns 


a= 


effective main winding turns 
actual revolutions per minute 


Get a 
synchronous revolutions per minute 
12 
Za jX 
2 1 “ std 2 
(Its approximate expression = 
0.557%2+7X2) 


1 
Zi3'=— (2. + Zis) 
a 


Lm=Zimt Le! +LimY mZ2' 
1 

Yim Z,. 

Yom = (1 +ZimY m) Yim 

Yem = (1 +Z2'Ym) Yim 

Zom = on 

Zs =LZ3' +LZo'+Zis'Z2/Y¥ sa? 

1 

Yis Zz 

Yos= (1+Z;5'a?¥ 5) Ys 

Yest(1+2Z:'a?¥5)¥15 

Los Y,. 

Y¥o=YostYom 

R=virtual load resistance 

Sr 

aie $8 

Iom=short-circuit current at R from main 
phase alone 

Tem= values of Im, when R is short-circuited 

I,,;=short-circuit current at R from ca- 
pacitor phase alone 

I,;= values of J,’ when R is short-circuited 

I,=short-circuit current at R 
=I os tl, om 

T=current through virtual load R 

E=back electromotive force across R 

E,m=main phase open-circuit voltage, de- 
fined as Igm/Yom 

E,s=capacitor phase open-circuit voltage, 
defined as I,;/Yos 

I,’ =capacitor winding current in main wind- 
ing terms with 90 degrees backward 
phase shift 
= —jal, 
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J,‘=capacitor axis rotor current in main 
winding terms with 90 degrees back- 
ward phase shift 
= —jal, 


T=d-c component of the generated torque 


Tmax =maximum d-e torque of the capacitor 
motor 

S2=per unit speed of equivalent polyphase 
motor 

Timax=maximum torque of the 2-phase 


motor, the windings of which are 
identical with the main winding of 
the capacitor motor 

Tp =amplitude of the pulsating torque 

F & W=friction and windage 
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Synopsis: Air-borne magnetometers de- 
veloped during the war for the detection of 
submerged enemy submarines now have be- 
come important tools for aerial geophysical 
exploration. The instruments described 
utilize. the second harmonic outputs pro- 
duced by the magnetic field in saturated 
core inductors for field measurement and 
for control of servo stabilizing systems acting 
around two axes to maintain the measuring 
element in alignment with the earth’s field. 
The field to be measured is compared con- 
tinuously with that produced in the meas- 
uring inductor winding by an accurately 
controlled direct current. The sensitive ele- 
ment usually is towed in a bombshaped 
bird sufficiently removed from the airplane 
to escape the effects of its magnetic field. A 
continuous record is produced which, when 
keyed with position records obtained by pho- 
tography or shoran, may be used in the 
preparation of maps of total magnetic 
field intensity. 


AGNETIC measurements have 

played an increasingly important 
part in geophysical exploration since the 
seventeenth century, when iron ore bodies 
were located in Sweden with the help of 
crude compasses and magnetic dip 
needles.* 

In recent years magnetic methods have 
been employed by geophysicists in recon- 
naissance of extensive areas to designate 
limited sections for intensive study by 
more elaborate methods. The presence 
of certain anomalies in the intensity of 
the earth’s magnetic field often can be 
correlated with features of the subsurface 
structure associated with petroleum or 
minerals.2 Many deposits of iron ore, 
oil, copper, and gold have been located 
with the aid of magnetic surveys.* | 

Until recently, magnetic surveys have 
been carried out on the ground with mag- 
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netometers requiring accurate leveling 
upon a firm base.‘ Mapping of an area 
has involved correlation of a multitude 
of discrete measurements at accurately 
spaced stations. A typical survey em- 
ploying quarter-mile spacing might pro- 
ceed at a rate of five miles of contour or 
about 1!/, square miles per day in favor- 
able terrain. 

Employing the air-borne magnetometer, 
the United States Geological Survey and 
the Naval Petroleum Reserves have been 
able to cover as much as 1,000 miles of 
contour per day over inaccessible terrain. 
An additional advantage of the aerial 
method resides in the continuous nature 
of the record and freedom from the influ- 
ence of surface magnetic irregularities. 

The impetus for the development of 


ments and measurements for presentation at the 
AIEE winter meeting, New York, N. Y., January 
27-31, 1947. Manuscript submitted December 3, 
1946; made available for printing December 19, 
1946. 
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practical air-borne magnetometers or 
magnetic air-borne detectors (MAD in 
naval parlance) was furnished by the 
advent of the submarine menace of World 
War II. Many agencies set to work upon 
the problems involved, with their efforts 
co-ordinated by the United States Navy 
and by NDRC (National Defense Re- 
search Committee of the Office of Scien- 
tific Research and Development). Aided 
by their previous experience in magnetic 
research and development, the Bell Tele- 
phone Laboratories, General Electric 
Company, and Gulf Research and Devel- 
opment Company were progressing on 
NDRC contracts well before the Pearl 
Harbor attack. 

The Airborne Instruments Laboratory, 
operated by the Columbia University 
Division of War Research, produced 
AN/ASQ-1 systems employing multi- 
winding balanced peak-type magnetom- 
eter elements similar to those described 
by Vacquier.® ; 

The development carried on by the 
Bell Telephone Laboratories under con- 
tract with the Naval Ordnance Lab- 
oratory led to the manufacture of the 
AN/ASQ-3 and -3A systems by the Wes- 
tern Electric Company for the United 
States Navy Bureau. of Aeronautics. 
These instruments employ single-winding 
second-harmonic-type magnetometer ele- 
ments. This paper is concerned with the 
AN/ASQ-3 and -3A systems and the sub- 
sequent modifications of the latter for use 
in geophysical exploration. These are 
popularly called ‘aerial doodlebugs”’. 


The Air-Borne Magnetometer 


Air-borne magnetometers measure the 
variation in the magnetic field at the 
detector as it is moved through space. 
This variation is recorded as a function of 
time, and when the speed of the vehicle 
is known, and the scales are adjusted 
properly, the record gives a magnetic 
profile of the path. 


THE SATURATED INDUCTOR 


The method of detection consists of 
placing in the field under investigation an 
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open core of high permeability and easily 
saturable magnetic material and super- 
posing on the unknown field a sinusoidal 
magnetomotive force large enough to 
saturate the core. The electromotive 
force produced by the time variation of 
the flux in the core in a winding surround- 
ing it, then is fed into an electronic circuit 
where its wave shape is analyzed in such 
a manner as to indicate the magnitude 
of the field producing the flux. 

The operation of such saturated induc- 
tor may be understood by considering 
that the flux density B produced in a 
magnetic material by a field H is an odd 
function of the field. Analytically, neg- 
lecting hysteresis, this is expressed by 


B=b,h+b3h?+5;h5 eter ty (1) 


where the coefficients b are determined by 
the shape and the material of the core. 
If 


H=the field to be detected 

H,=the impressed field 

p=2rn times the frequency of the impressed 
field 


we have 
h=H, cos pt+H (2) 


By inserting this value of h into equa- 
tion 1, expanding the binomials, express- 
ing the powers of the cosines as cosines 
of multiples of p, and collecting the terms 
of the same frequency, we get 
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Figure 1. Idealized and 
measured magnetization 
characteristics of induc- 
tor. The hysteresis 
effect is neglected 


Figure 2 (below) 


(a). Variation of flux. 
with time for an ideal- 
ized B-H characteristic 


(b). Electromotive force 

per turn corresponding 

to variation of flux in 
Figure 2(a) 


ae 
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| 
| 
| 
| 
| 
| 
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(b) 


This can be written in a simpler form. 


B=B)(H>, H)+B:(H,, H) cos pi+ 
B,(H,,H) cos 2pt+B3(H»,H) X 
cos 3pt+ B,(H,,H) cos 4pt (4) 


Here the B’s with even subscripts are odd 
functions of H and even functions of Hy 
while the B’s with odd subscripts are even 
functions of H and odd functions of Hp. 

The electromotive force per turn ob- 
tainable in the winding is then 


e=1078AdB/dt 


A=the effective cross sectional area of the 
core 


ACTUAL CHARACTERISTIC 
IDEALIZED 


RELATIVE SENSITIVITY 


VARIATION OF SENSITIVITY 
WITH THE DRIVING FIELD Ho 


Figure 3. Variation of induetie sensitivity. 
with driving field 


Inserting the value of B in the foregoing 
expression we get : 


e= —10-8A(pB; sin pit+2pBe sin 2pt+ 
3pB; sin 3pt+4pB, sin 4p) (5) 


Because every one of the coefficients B 
is a function of H, any one of them or com- 
binations of them may be used for the 
purpose of detection. Use can be made 
of the even and odd function properties 
of the coefficients to build multiple ele- 
ment detectors in which the even har- 
monics are segregated from the odd har- 
monics. However, the ASQ-3 and -3A 
systems use a single frequency, the second 


‘harmonic, for detection. While a multi- 


frequency broad-band detector utilizes 
more of the available energy, it presents 
the problems of broad-band amplifica- 
tion and balance for both amplitude and 


phase. The single frequency system, . 


although using a smaller source of energy, 
benefits from the simplicity of narrow- 
band amplification, lends itself to a de- 
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sign free from balance requirements in 
manufacture or in flight, and is adapted to 
efficient production and inspection meth- 
ods. It permits the use of a 2-terminal 
inductor, markedly simplifying design. 


THE SENSITIVITY OF A SINGLE 
FREQUENCY DETECTOR 


The series representing the values of 
the coefficients B in the foregoing discus- 
sion, although convenient for qualitative 
analysis, converge too slowly for the pur- 
pose of investigation of the sensitivity, 
when applied to measured characteristics. 

Simpler results are obtained by resort- 
ing to Fourier analysis. Figure 1 shows a 
typical field strength—flux density char- 
acteristic as obtained from measure- 
ment, together with a simplified charac- 


teristic composed of straight lines on™ 


which the analysis is based. In Figure 
2(a) is shown the variation of the flux 
with time for the simplified characteristic 
when a sinusoidal field Ho cos pt is im- 
pressed upon the inductor which is placed 
ina field H. The flux is seen to alternate 
between positive and negative values 
over unequal time intervals 4 and h. 
Figure 2(b) shows the correspondigg vari- 
ation in the electromotive force per turn 
and gives the limits of integration for the 
coefficient of the Fourier series. For the 
second harmonic we get 


Han( 
—4 
5 See es sin « sin 2 x dx 
Tv ce Bm+pH 
asin 1( AEE 


The integration, which can be performed 
easily, gives 


; _ 4pNAH 10-8 E Hm+H\?}2 
eee rigt 1 Jeks 
| = zy 5/2 
= 
- ( Hy | ) 
The sensitivity of the instrument is de- 
fined by the derivative of the output 


electromotive force with respect to the 
field. For small values of field this is 


approximately 
( ) 
H, 


The agreement between the computed and 
the measured values (see Figure 3) shows 
that the possibilities of the method of de- 
tection were fully exploited by the present 
design, that the simplified idealized char- 
acteristic is adequate for the purpose of 
approximate analysis, and that there is no 
point in trying to obtain sharper satura- 
tion characteristics, because the sharpest 
possible characteristic has little more sen- 
sitivity than the actual one. 


dex _8pNAwX10*, Hm 
dH x Ho 
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Figure 4. Details of [ 
construction of inductor 


—MI 
PERMALLOY SHEET 


FOR CORE 


ROLLED CORE 


AXIAL AND TRANSVERSE 


A more elaborate computation, based 
on a better approximation to the B—H 
curve, B=k tan—(h/a) where k and a are 
empirical constants, yields results not 
much different from the foregoing one. 
An analysis based on a double character- 
istic, accounting for the hysteresis loop, 
yields the result that the hysteresis does 
not affect the foregoing results. Further 
analysis reveals that keeping the induc- 
tance of the inductor constant, at the 
optimum value from the circuit design 
standpoint, the sensitivity is independent 
of the cross section of the core and in- 
creases with its length. For mechanical 
reasons small inductors are desirable, and 
for this reason the length of the core was 
limited to 11/2 inches. 

In examining the result of the fore- 


going analysis for factors affecting the 


sensitivity of the instrument, it is impor- 
tant to remember that yu is not the perme- 
ability of the material of the core. The 


latter is high while the length of the core ~ 
As a result of the large demag- 


is small. 


lo00~™ 
BAND PASS 
FILTER 


Figure 5. Block diagram of fun- 
damental inductor circuit 


DETECTOR 
INDUCTORS 


netizing factor of the core, uw depends on 
its shape and very little on the perme- 
ability of the material. The curve show- 
ing the variation of the sensitivity with 
the input current exhibits a maximum, a 
circumstance which is exploited by oper- 
ating the inductor at the maximum sensi- 
tivity point in order to make it fairly inde- 
pendent of voltage variations in the driv- 
ing oscillator. 

Assuming an optimum circuit design 
the sensitivity is limited by the highest 
impedance which can be maintained at 
the grid of the first vacuum tube with a 
satisfactory stability. At constant im- 
pedance, the sensitivity increases with 
the length of the core and is affected very 
little by its cross sectional area. In a 
well-balanced design the core length will 
be such that the magnetic noise at the 
inductor caused by uncontrollable mo- 
tions of the inductor in the earth’s field- 
and the motion of nearby magnetic ob- 
jects is somewhat larger than the elec- 
tronic noise in the detecting circuit. A 


ay CABREL as 
i] 


6 
a gee Rae 


INDUCTOR 


ELECTRONIC DETECTOR 
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shorter core would cause the electronic 
noise to limit the over-all sensitivity. A 
longer core would increase the size of the 
equipment at the point where compact- 
ness is most important, without simplify- 
ing the amplifier design by a worth-while 
amount. The 1.5-inch length adopted 
yields a sensitivity of better than ten 
niicrovolts per gamma at the output of the 
2,000-cycle filter. A third source of noise 
limiting the sensitivity of the instrument 
is found in the Barkhausen effect. This 
is, at present, much lower than the over- 
all noise of the system in flight which is of 
the order of 0.25 gamma. (1 gamma= 
10—* oersted) 


CONSTRUCTION OF THE INDUCTOR 


Figure 4 shows the construction of 
typical inductors. A strip of permalloy 
sheet one mil thick is rolled into a core 
about one tenth of an inch in diameter. 
The use of the thinnest practicable ma- 
terial reduces the eddy current losses. 
The rolled core has barely more than one 
convolution. An inside turn would be 
shielded by the outside convolution and 


would not add to the sensitivity, but 


would increase the required driving 
power. 

Although the sensitivity of the inductor 
differs little for different materials as 
pointed out, the driving power required 
by the inductor does depend on its choice. 
The best material was found to be stand- 
ard 4-79 molybdenum permalloy. After 
the core is annealed, it is slipped over a 
glass tube which then is inserted in a 
lucite spool as shown. The spool carries 
a single winding which is used both to 
feed the input current to the inductor and 


to detect the useful output. In static 


field measuring applications this same . 


winding also carries the direct current for 
nulling and compensation purposes. 
With the proportions of the cylindrical 
core as shown, the output of the inductor 
is independent of the field at right angles 
to the axis of the cylinder and depends 
only on the component of the field paral- 
lel to it. The inductor has therefore a 
very definite magnetic axis which coin- 


INDUCTOR OUTPUT 


i iF 
78 
ie) 


OSCILLATOR VOLTAGE 


cides with the axis of the cylinder. It 
also is found that to a sufficient degree for 
this application the output is proportional 
to the applied field. For ‘any field H we 
have therefore e=H-D where e is the 
output voltage and D is a constant vector 
representing in magnitude and direction 
the sensitivity of the inductor. 


INDUCTOR CIRCUIT 


The circuit to which the inductor is con- 
nected consists of a 1,000-cycle oscillator 
which feeds the driving current to the 
inductor through a filter which elimi- 
nates all other frequency components, the 
most important of which is the second 
harmonic which could add a spurious sig- 
nal to the useful output of the inductor. 
The current is fed over a long cable as 
shown in Figure 5 which removes the in- 
ductor from the vicinity of the rest of the 
apparatus and its magnetically disturbing 
effects. The second harmonic current 
generated in the inductor returns over the 
same conductors and is fed into the elec- 
tronic detector through a narrow pass 
and filter which eliminates all frequency 
components except the second harmonic. 
In particular it eliminates the 1,000-cycle 
current from the oscillator and the third 


and other order harmonics generated in’ 


the inductor. Each filter offers a high 
impedance in the attenuation band so as 
not to introduce an insertion loss to the 
other. The large capacitance of the cable 


Figure 7. Inductor 
orientation error 


Figure 6 (below left). 


Variation of inductor 
output with driving 
voltage 


Figure 8 (below right). 
Three-inductor system 
mounted on gimbals 


presented a problem which was solved by, 
absorbing it as a part of the filter configur- 
ation. 

The nonlinearity of the inductor as an 
inductance has brought about a special 
filter design problem because the react- 


‘ ance of the inductor also forms part of the 


filter network. This difficulty was turned 
to advantage by designing the input filter 


as a voltage regulator so as to make the 


inductor output independent of the driv- 
ing voltage. The relation between the 
driving voltage and the inductor output 
is shown in Figure 6. 

Even this refinement is not sufficient 
to provide the required output- stability 
with extreme variations of the voltage 
of some airplane power supply systems. 
For this reason the oscillator output is 
regulated by an automatic level control. 
The control voltage is obtained by rectify- 
ing the alternating plate voltage of the 
oscillator output stage. 


ORIENTATION OF THE INDUCTOR 


In the design of air-borne magnetom- 
eters the proper selection of the inductor 
axis is a matter of primary importance be- 
cause the variation AH to be measured is 
usually small in comparison with the total 
value of the field. 

This can be seen by considering that as 
the instrument is carried from O to O’ 
(Figure 7) the component of the field 
along the axis of the detector changes 
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from H cos 0 to H cos (0+ AO)+ AH cos 
a where 


A@ =the variation in the angle between the 
field and the detector 


AH =the change in the field being measured 
and 

a=the angle between AH and the axis of the 
detector 


For small values of AO we may write for 
the variation 


A(H cos 90) =H sin 90A@+ AH cos a 


where the first term represents an error of 
the instrument while the second term 
represents the desired result. 

To form an opinion as to how serious 
the difficulties are, we may consider a 
specific case. In the neighborhood of the 
city of New York the value of H is about 
57,000 gamma, while it is desired to detect 
a field variation of one gamma. If the 
x—-x axis were to be held so as to measure 
the component of AH perpendicular to 
H the variation A@ that would be toler- 
able would have to be small in comparison 
with 0.001 of a degree, requiring a sta- 
bility of motion difficult to achieve, par- 
ticularly in flight. If the inductor were 
held vertically, by a gyroscope, such a 
situation would exist near the equator 
where the earth’s field is horizontal. 

The form of expression for the error 
given indicates that the error is smallest 
for @=0. We now can not use this ex- 


pression for computing the error, but 
must use a higher approximation 


sH=H sin @AO+(H/2) cos O(A9)? 
Nowif0=0, 


8H=. 2)(ae)? 


and we see that to keep the error within 
one gamma at a place where the field 
is 57,000 gamma the stability need only 
be of the order of one fourth of one de- 
gree. 

This principle of maintaining the detec- 
tor parallel to the earth’s field is embodied 
in the magnetically oriented detector sys- 
tem shown in simplified form in Figure 8. 
This employs two auxiliary inductors, if 
and A, which control servomotors in 
such a manner as to keep their axes per- 
pendicular to H and therefore the axis of 
the inductor D parallel to H. 

Although this is theoretically a per- 
fectly sound system, in practice it is diffi- 
cult to build a sufficiently sensitive servo 
system that does not require adjustment 
in flight. 

One way to avoid the servo difficulties 
would be to measure a scalar function of 
the field instead of a vector. Such a func- 


tion is found to be the square of the field - 


H:-H=H?, a quantity proportional to the 
energy of the magnetic field. Such a sys- 
tem may be built using the fact that the 
square of a vector is equal to the sum of 
the squares of the components along three 


Figure 10. Orienting mechanism 


Figure 12 (right). TBF airplane flying a bird from underwing cradle 


Figure 11. PBY patrol airplane equipped with plywood tail ex- 
tension for magnetometer 
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mutually perpendicular directions. If 
three inductors are mounted with their 
axis in an orthogonal system, and their 
outputs are squared electronically, and 
added to produce an indication propor- 
tional to the energy of the field, this indi- 
cation will be independent of the position 
of the axis and therefore of the position 
of the system. 

A few simple computations show that 
the requirements. for the mechanical. 
alignment of the three inductors, their 
linearity, and the stability of the squaring 
circuits are too severe to be practical, 
except in the case when the angle formed 
by one of the inductors with the earth’s 
field is less than two degrees. 

The indications of the two systems are 
essentially alike. The first measures the 
change in the field AH. The second 
measures the variation in the energy of 
the field AH?=2H AH which differs from 
the preceding expression by the factor 2. 
In the first case the sensitivity is inde- 
pendent of the magnitude of the field; 
in the second it increases linearly with the 
field. If, however, a proper adjustment 
of the scales is made, the indications of the 
two systems for small field changes are 
the same. 


The AN/ASQ-3 Magnetic 
Air-Borne Detector 


The AN/ASQ-3 magnetic air-borne 
detector employs a combination of the 
two schemes described and is shown sche-. 
matically in Figure 9. One of the induc-. 
tors, called the dector inductor, is oriented 
by means of two auxiliary inductors called 
axial and transverse, while the apparatus 
records the variations in the sum of the 
squares of the outputs of all three. The 
device may be considered to be a squaring 


a." 


Figure 13. 


Inductor mounting with three 
orthogonally disposed inductors, drive pulley, 
and slip rings 


detector with partial orientation to keep 
it in the most favorable operating posi- 
tion, or a magnetically oriented detector 
with a compensating system for disturb- 
ances caused by small deficiencies in 
orientation. 


ELECTRONIC CIRCUITS 


Each of the three orthogonal inductor 
outputs is connected through a 2,000- 
cycle filter to the grid of a separate vac- 
uum tube. These tubes have a substan- 
tially parabolic grid voltage-plate current 
characteristic. If @ is the coefficient of 
the square term in the expression for the 
plate current in the tube, then the 2,000- 
cycle tube inputs eg=H,cos 2pt, e,= 
H,cos 2pt, and eg=H,cos 2pt will pro- 
duce a combined plate current which will 
have components a/.H?+-(a/2)H? cos 4pt 
because H,?+H,?+H?=H?. 

From this it follows that either a direct 
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current or a second harmonic 4,000-cycle 
current may be used to obtain a response 
proportional to the square of the input. 
The objection to the use of direct current 
is that it is superposed on the zero input 
space current of the tube. This is not 
only large, but is not very stable. It is 
affected by variations in the supply volt- 
ages, by accelerations, and by the rotation 
of the tube in the magnetic field of the 
earth. The fourth harmonic current is 
free from these objections. 

The outputs of the three parabolic 
tubes are combined as shown on Figure 9 
by connecting their plates together at the 
input of a 4,000-cycle filter. This rejects 
unwanted modulation products and de- 
livers across the low frequency amplifier 
input a voltage which is proportional to 


RECORDER 


OPERATING SPARES 


REGULATED POWER SUPPLY 


connected in series with the recorder. A 
control box permits the operator to ad- 
just the sensitivity of the instrument to 
10, 25, 50, or 200 gamma full scale. 

As shown on Figure 9 the inputs to the 
amplifiers which energize the servomo- 
tors are in parallel with the inputs of the 
squaring tubes. The frequency of the 
signal is lowered to 130 cycles by hetero- 
dyning against a 2,130-cycle oscillator. 
The driving motors are of the induction 
type with a very light aluminum cup type 
rotor to provide a high torque-to-inertia 
ratio, One winding of each motor is sup- 
plied by the signal which originates in the 
inductors, and which changes in sign 
when the angular departure of the induc- 
tor from the equilibrium positions is re- 
versed. The other windings of the mo- 


PILOT’S 
INDICATOR 


SENSITIVITY 
CONTROL BOX 


OSCILLATOR 


CONVERTER 


Figure 14. AN/ASQ-3 system electronic units 


the energy of the field, and, as stated _ 


above, independent of the orientation of 
the detector in- the earth’s field. The 
4,000-cycle voltage is linearly rectified and 
the resulting direct voltage is blocked by 
a capacitor while the low frequency signal 
passes through an equalizer which deter- 
mines the frequency response of the de- 
tector. The output is recorded on an 
Esterline-Angus ink recorder. A meter 
which may be observed by the pilot is 


tors are energized by a voltage obtained 
from a modulator in which the second 
harmonic of the inductor driving oscillator 
is heterodyned against the 2,130-cycle 
oscillator. This system has the advan- 
tage that, once the phase difference be- 
tween the two motor windings is ad- 
justed to quadrature, it remains constant 
and independent of variation in phase in 
either oscillator. In order to obtain dy- 
namic stability without sacrificing the 
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speed of response, a capacitor connected 
from the rotor winding to the preceding 
amplifier feeds back the motor electromo- 
tive force which is induced by the rotation 
of the armature. This dynamic feedback 
introduces damping which prevents hunt- 
ing. 

Power for the operation of the entire 
system is derived from the 28-volt air- 
craft supply through a dynamotor unit. 
Because in actual practice the 28-volt 
supply often fluctuates violently, an elec- 
tronic voltage regulator and a ballast 
lamp for regulation of the filament cur- 
rent of the critical tubes are provided. 


M®ECHANICAL CONSTRUCTION 


The mechanical design of the system is 
governed by the necessity of preventing 
magnetic disturbances from reaching the 
inductors. 

The closest disturbing magnetic mass 
happens to be that of the servomotors 
which in the interest of good servo per- 
formance cannot be too far from the in- 
ductors. A satisfactory balance of these 
conflicting factors was obtained by 
mounting the motors and the inductors 
at opposite ends of an aluminum frame- 
work less than three feet long as shown in 
Figure 10. At this distance the magnetic 
effect of the motors is not negligible but 
can be compensated readily although the 
length of the cord drive is not excessive. 

This entire unit called the “orienting 
mechanism” is located as far as possible 
from magnetic parts of the airplane, par- 
ticularly the engines. In a large airplane 
such as the PBY sufficient isolation is ob- 
tained by mounting the unit in a plywood 
tail extension as shown in Figure.11. The 
electronic apparatus then is mounted 
forward in the airplane. 


TOWED BirRD 


In the case of smaller airplanes such as 
the TBF the unit is housed in a stream- 
lined nacelle called a ‘‘bird’’ towed about 
70 feet beneath the airplane (Figure 12). 

Aerodynamic stability is achieved by 
attaching the towing cable by gimbals on 
the geometrical axis of the bird slightly 
ahead of and above the center of gravity 
and ahead of the center of pressure. By 
the addition of lead weights it is possible 
to adjust the center of gravity so that the 
gimbal suspension can be mounted con- 
veniently on the frame as shown on Fig- 
ure 10. This arrangement gives the bird 
a small component of lift which facili- 
tates handling in flight. The bird itself 
is made of resin bonded molded plywood 
to which is attached a rugged aluminum 
tail section. The nose is removable to 
provide access to the mechanism. A 
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Figure 16. Control box of AN/ASQ-3A 


system 


manually operated winch equipped with 
a brake, ratchet, and slip rings is used 
to lower the bird from a cradle in the 
bomb bay or beneath the wing. 

The towing cable which is less than 
one-half inch in diameter contains seven 
conductors which convey the currents to 
the three inductors, return their outputs, 
and energize both of the 2-phase servo- 
motors. The ground conductor of silicon 
bronze also serves as the strain member. 


THE ORIENTING MECHANISM 


The inductors are mounted in a cylin- 
drical block of cast methacrylate shown 
in Figure 13. Because of its homogeneity 
this material possesses 3-dimensional 
stability to a satisfactory degree. Four 
slip rings are provided for taking off the 
connections. These slip rings are gold- 
plated phenol fiber in order to reduce the 
volume conductivity, which causes eddy 
current difficulties. Monel metal ball 
bearings at each end of the inductor 
mounting fit into beryllium copper pivot 
screws in a methacrylate inner gimbal 
which in turn rotates in similar bearings 
in the outer gimbal frame. Rotation 
about the two perpendicular axes is ef- 
fected by two cord drive systems one of 
which passes through the hollow bearings 
in the outer gimbal ring. This feature to- 
gether with the slip rings permits un- 
limited rotation about both axes, so that 
under no circumstances can the system 
become locked. 

The cord drive which combines the 
attributes of low inertia and flexibility of 
arrangement employs a nylon covered 
linen cord which is both long wearing and 
relatively immune to the effects of -hu- 
midity. Tensioning devices on the drive 
unit provide uniform cord tension without 
introducing elasticity in the servo system. 

From the kinematic properties of the 


gimbal structure shown in Figure 8, 1t 
follows that the velocity of turning of the 
outer gimbal ring may approach infinity 
as the direction of the field approaches 
the direction of the outer gimbal axis. 
Such a situation could arise near the 
equator where it is horizontal. To avoid 
this, an alternative mounting position is 
provided by simply rotating the entire 
unit by 90 degrees so that the outer axis 
becomes vertical. Then for similar 
reasons the mechanism can not be used 
far from the equator. However, the two 
mounting positions have a generous zone 
of more overlap. 


ELECTRONIC UNITS 


The electronic units are housed in 
shock-mounted frames as shown in Figure 
14. The main electronic unit is in two 
drawer sections. The upper one called 
the oscillator contains the driving oscil- 
lator and servo amplifier while the lower 
or converter contains the detector and 
squaring circuits. Only the small sensi- 
tivity control box and the recorder need 
be located at the operator’s position. 


The AN/ASQ-3A System 


The AN/ASQ-3A system was de- 
veloped for applications at lower aircraft 
speeds which required an extension of the 
frequency range downward. It is capable 
of measuring changes in static field 
strength. The basic principles and most 
of the apparatus units are identical to 
those employed in the AN/ASQ-3 sys- 
tem. The principal departures in design 
involve a different converter unit and the 
addition of a control box. 

As shown on the block schematic dia- 
gram, Figure 15, the field in the detector 
inductor is reduced to approximately 
5,000 gamma by a d-c suppression current 
flowing in the inductor winding. This 
direct current is obtained from a dry cell 
battery and a calibrated current control 
network in the control box. The 2,000- 
cycle output of the detector inductor 
which is linearly proportional to this 
5,000-gamma residual field is amplified 
and linearly rectified. This rectified 
voltage is amplified in a d-c amplifier and 
applied to the recorder and indicating 
meters. Hence, as long as the suppres- 
sion current remains constant, the re- 
corder and meters indicate changes in the 
magnitude of the earth’s field. 

In contrast with the AN/ASQ-3 the 
sensitivity of this system is independent 
of the field strength. The suppression 
current may be adjusted by controls to 
permit operation in ambient fields of 
25,000 to 75,000 gamma. 
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The squaring arrangement for com- 
pensation of small angular motions differs 
considerably from that used in the AN/ 
ASQ-3 system. The 2,000-cycle outputs 
of the axial and transverse inductors are 


amplified and rectified by parabolic recti- 
fiers. The output currents of these 
rectifiers which are proportional to the 
squares of their inputs are added to the 
suppression current in the detector induc- 
tor. Although this compensation method 
is based on an approximation, it is entirely 
adequate for angular departures up to 
two degrees. A series resistor ganged to 
the coarse suppression current control 
serves to proportion the compensating 
current to the ambient field. 

The control box shown in Figure 16, in 
addition to the fine and coarse suppres- 
sion current controls, includes a sensi- 
tivity control and a selector which pro- 
vides three optional frequency responses. 
The lowest extends the response down- 
ward to direct current, while the other two 
have blocking capacitors which obviate 
the necessity of frequent suppression cur- 
rent adjustments at higher aircraft speeds. 

The oscillator unit, orienting mecha- 
nism, power unit, and recorder are similar 
to those shown in Figure 14. 


The Air-Borne Magnetometer for 
Geophysical Exploration 


The air-borne magnetometers which 
have been used by the United States 
Navy and the United States Geological 
Survey of the Department of the Interior 
for geophysical exploration are modified 
AN/ASQ-3A systems. 

In geophysical application the instru- 
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ment measures changes in the absolute 
magnitude of the earth’s magnetic field. 
To obtain the desired precision of plus or 
minus one per cent plus one gamma for 
measurement of changes in field it is 


Figure 17 (above). 
AN/ASQ-3A system 
modified for geophysi- 
cal use, with control 


box, battery box, 
winch, and bird 


Figure 18. Installation 

of geophysical instru- 

ment in United States 

Geological Survey air- 

plane (looking from 
rear) 


Note winch at right, 
bird in bomb bay rack 
below electronic units, 
and control box and 
recorder forward 


necessary to maintain the suppression 
current to better than 0.01 per cent in 
spite of wide variations in ambient tem- 
perature. 

The AN/ASQ-3A system is provided 


with a special control box for geophysical 
use and the converter unit is slightly 
modified. Advantage is taken of the fact 
that a maximum sensitivity of 50 gamma 
full scale is adequate compared with the 
10 gamma full scale sensitivity of the 
AN/ASQ-3A. The introduction of ad- 
ditional feedback at several points in the 
circuit improves the stability of the con- 
verter with respect to supply. voltage 
changes and shock so that such effects are 
less than one gamma. 

The suppression current is derived from 
a large 221/.-volt dry battery in a ther- 
mally insulated portable box. To insure 
stability a constant current of 700 micro- 
amperes is drawn continuously from this 
battery, even when the instrument is not 
in use. By preaging this battery and 
maintaining its temperature above 50 
degrees Fahrenheit, it is possible to reduce 
the current drift to less than 0.01 per cent 
per hour over a useful battery life of over 
six months. 

The special control box shown with the 
complete geophysical instrument on Fig- 
ure 17 is equipped with a 3-decade sup- 


pression current control having steps of 
50, 500, and 5,000 gamma. A mechanical 
linkage between the dials steps the next 
higher dial automatically one position as 
each is turned through step nine to step 
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zero. A thermal compensation scheme 
maintains the required accuracy of the 
current control resistors with ambient 
temperature changes. The sensitivity 
control provides normal recorder scales of 
100, 200, 500, 1,500, and 5,000 gamma full 
scale. 
desired by an adjustment in the converter. 
Flexible shaft connections are attached to 
all four controls so that a number stamp- 
ing device may be used on the recorder to 
indicate the control settings. Three 
indicating meters on the control box moni- 
tor the airplane power supply voltage, the 
suppression current, and the recorder 
indication. 
An installation in a United States 
Geological Survey airplane is shown in Fig- 
ure 18. This SNB airplane is particularly 
well adapted to this work because of its 


These values may be halved if. 


range, performance, and the built-in 
bomb bay.® 

Similar installations have been made in 
R4D (Douglas DC-3) airplanes for the 
1947 United States Navy expedition to 
the Antarctic. 

The noise level of the geophysical in- 
strument in flight is less than one gamma. 
Instrument drift is less than ten gamma 
per hour and the accuracy of measure- 


ment of field changes is in the order of one: 


per cent. In practice it has been found 
that this performance is ample for mag- 
netic mapping even in areas of low mag- 
netic gradients.” 
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A Design Method for Capacitor Motors 


T= CC EEOYB 


MEMBER AIEE 


1‘ designing a permanent split capaci- 
tor motor, the designer is faced with 
many choices. Both main and auxiliary 
windings are to be determined, as well 
as the rating of the capacitor. Any 
tentative design might prove unsatis- 
factory because of a poor selection of 
windings, an incorrect ratio of turns, or 
excessive voltage across the capacitor. 
Even a satisfactory design might lead to 
the suspicion that a more favorable ar- 
rangement might have resulted in a 
reduced capacitor size or a less expensive 
motor. 

By the equivalent circuit for the cross- 
field theory and the analyses which result 
from it, certain relationships are clarified 
so as to simplify greatly the choices of 
the designer. 

It will be shown in this paper how the 
main winding can be designed directly 
to yield a desired maximum torque. 
It can be proven that the maximum 
torque of a capacitor motor is practically 
independent of the auxiliary winding. 
With the increased emphasis in the in- 
dustry on defining the horsepower of a 
motor by maximum torque bands, this 
method of design seems doubly desirable. 

Several methods are available for cal- 
culating the starting torque of a per- 
manent split capacitor motor. The de- 
signer is more frequently interested in 
the reverse problem of determining the 
winding and the capacitor necessary to 
yield a predetermined starting torque and 
starting current. 

It is possible to prepare a set of curves 
based on ratios of winding parameters 
which enable the auxiliary winding to be 
selected. The derivation of such datais 
given here. 
range of winding and capacitor combi- 
nations which can give the desired results, 
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Because of the apparent 


SHELDON S. L. CHANG 


STUDENT MEMBER AIEE 


the prepared curves offer the double bene- 
fit of saving time in calculation, and show- 
ing more readily the effect of varying fac- 
tors under the designer’s control. 

The equivalent circuit for the capacitor 
motor has indicated desirable ratios of 
constants for minimum torque pulsation 
and maximum efficiency. Possible com- 


binations of auxiliary winding and ca- 


pacitor can be examined in light of these 
ratios to obtain predetermined results. 


Rotor Current From the 
Auxiliary Phase 


It has been shown in a previous paper! 
that the capacitor motor equivalent cir- 
cuit can illustrate the change in per- 
formance from plain single phase to per- 
fect polyphase by the change in position 
and magnitude of the rotor current J,’ 
arising from the auxiliary winding. The 
highest efficiency and lowest pulsation in 
torque is realized when J,’ is nearly equal 
to, and in phase with, the similar rotor 
current J, from the main phase. 

However, because J,’ is nearly inde- 
pendent of speed, while 7, varies from 
five to twenty times in magnitude (over 
the speed range) the approximate realiza- 
tion of this balanced condition at the full- 
load point would mean that J,’ is rela- 
tively unimportant at the pull-out point. 
It can be assumed that the auxiliary phase 
supplies the cross-axis magnetization cur- 
rent, as well as the friction, windage, and 


Paper 47-102, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE winter meeting, New York, N. Y., January 
27-31, 1947. Manuscript submitted October 28, 
1946; made available for printing December 9, 
1946. 


T. C. Lroyp is chief engineer of Robbins and 
Myers, Inc., Springfield, Ohio, where SHELpon S. L, 
CHANG is an engineer, 


Lloyd, Chang—Design Method for Capacitor Motors 


core losses at the point of pull-out. The 
energy transferred to the rotor from the 
main phase is converted to the measurable 


torque For such a case, the maximum 
torque is 

P= 0 BS lee (1) 
where 


S=the speed (as a decimal fraction) at 
which the maximum torque o the 
capacitor motor occurs 

Tm =the maximum torque of a 2-phase 
motor with windings identical to the 
main phase of the capacitor motor 


The maximum torque of a permanent 
split capacitor motor is always more than 
that obtained from plain single-phase 
motor action although less than the 2- 
phase value. This increase results from 
the necessity for the plain single-phase 
motor to supply its own cross-magnetizing 
exciting current and losses. 

The pulsating torque has been shown to 
be dependent upon the relative magnitude 
and position of the two rotor currents, 
I,andJ,’. As investigated in numerical 
examples in this paper, the pulsating 
torque in synchronous watts equals 


T,=R\I,y?—I,"?| (2) 


These quantities can be further identt- 
fied by reference to Figure 1. 


Calculation of 
Maximum Torque 


The maximum torque of a 2-phase 
motor in pounds-feet can be calculated 
readily. 


7.05 V2 


F Synchronous speed ( Rew R?2+X?) 
(3) 


Png 


Or by a more accurate formula 


AOSV hehe 
Dh a Se (4) 
Synchronous speed (X) 
where 7 
Xo—-X 
K 
i oa 
X=total leakage reactance, main winding, 
and rotor 


X,.=total reactance 


AIEE TRANSACTIONS 


aie fe+his jXis 
Sey “ae 


K=/+0.1(1-K,) 


By transformation, the leakage reactance 
necessary to produce a desired maximum 
torque is? 

7.05V?K,K 


X= : (5) 
Synchronous speed T%. 


With the permeance of all leakage paths 
equal to P,, it follows that 


X =2nfC2P,10-8 (6) 


Method 


It is assumed that the main winding for 
a capacitor motor is unknown, but that 
the lamination stack and a tentative rotor 
cage have been selected. It is then pos- 
sible (through selecting a relative dis- 
tribution for the winding) to determine 
Ri/X, Ro/X, K,. 

The desired maximum torque is Typ. 
This can be obtained by designing the 
winding to yield a 2-phase torque. 


Tn, 
T me = : (7) 


SOS 
The slip at which the maximum torque 
occurs in a 2-phase motor is 
R3/X(5—K,) 
4 (Ri/XF+1 
The speed (as a decimal fraction) at which 


a capacitor motor displays maximum 
torque is then approximately 


GaAs (9) 


By equations 5 and 6 it follows that the 
series conductors needed to produce this 
torque are 


Fe lo 
2nfPy 


An example of these calculations is given 
in Appendix I. 


(8) 


(10) 


Verification of Assumptions 


The fact that most acceptable capacitor 
designs are so proportioned as to yield 
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Figure 1. The equiva- 

lent circuit of the capaci- 

tor motor. (Cross-field 
theory) 


jXim Tim 


negligible effect from J,’ at the point of 
maximum torque can be investigated in 
two ways. 


1. A grotp of existing motors, used indus- 
trially and designed with no reference to 
this procedure, is analyzed in Table IIT. 


2. <A design in which ratios of turns be- 
tween auxiliary and main windings (and 
also capacitor ratings) are changed over a 
considerable range has been investigated 
for maximum torque under each condition. 
These data are presented in Appendix IT 
and show only a few per cent change for the 
range of designs made. 


Table III shows tests and calculations on 
seven capacitor motors of various speed 
and horsepower ratings. Calculated 
maximum torque values based on equa- 
tion 1 compare favorably with test values 
of column (2) of the table. It is of in- 
terest to note how much the capacitor 
motor offers over the plain single-phase 
values as shown by the ratios of column 


(6). 


Calculation of 
Auxiliary Winding 


The method followed in determining 
the capacitor winding is based on the 
viewpoint described below. 

1. The main winding has been fixed by the 
maximum torque. 


2. The size of the capacitor (although not 
always the allowable voltage rating) has 


been assumed. Any system which makes X, 
a dependent variable is likely to require re- 
calculation because capacitors are usually 
purchased in definite steps of ratings. The 
time involved in investigating a second ca- 
pacitor size, if necessary is not great, if a 
definite value can be assigned in the initial 
calculations. 


3. The starting torque required for the 
design is used as the basis for determining 
the auxiliary winding. 


4. A definite area has been allowed in the 
stator slots for auxiliary winding. A winding 
distribution is assumed. Without knowing 
the number of turns it is still possible to 
calculate 


(11) 


5. Because of the possible difference in 
winding distributions, the ratio of rotor re- 
sistance to total leakage reactance in auxili- 
ary winding terms may be different from 
R2/X. 


6. A system of curve sheets plotted for 
various values of R»/X and R;/X, is advo- 
cated as a time-saving device. A _ brief 
derivation of the equations is given in Ap- 
pendix III and one curve sheet is shown in 
Figure 2. 


7. Choices in number of turns required for 
the desired starting torque can be shown by 
the curves as to the effect on the noise, pul- 
sating torque and voltage across the capaci- 
tor, to enable an intelligent choice to be 
made 


Procedure 


The starting torque in ounce-feet is 


KGa Ke Rs 
= as 
mens a2) 
where 
y2 
TR (13) 


Synchronous speed V/ X, 


The term C; is read from Figures 2 


Figure 2. The relation 

between ratio of trans- 

formation and_ starting 45 Bes 

torque is a function of 0.30 
these G, Cs curves 


0.35 
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or 3. C; is plotted as a function of C; 
defined as the ratio 


C.=aW X/X, (14) 


The value of C3; necessary to produce a 
required starting torque with a fixed ca- 
pacitor is obviously 


T; synchronous speed a/ XX 


Cs = 
V?K,Ra/X 


(15) 


This is independent of the ratio of turns 
but is influenced as the square root of the 
capacity reactance. 

From the correct curve for R,/X, and 
R,/X, the value of C, pertaining to C; 
can be read. 

Then the ratio of effective conductors 
in the auxiliary winding to effective con- 
ductors in the main winding is 


(16) 


It has been shown from the equivalent 
circuit! analysis that the efficiency, torque 
pulsations, and motor noise are influenced 
by the ratio of certain constants. The 
significant ratio is (refer to Appendix V) 


Xe 
We< <1 
Iyer (17) 
Because 
Cy=a af 
N x, 
It follows that 
ony y= 
Xe Xo 
x 
(1 to 1.5) @— (18) 
wis rs . 


When (;, falls close to the smaller value, 
the efficiency is higher, and the pulsa- 
tions reduce to a very small value. As Ci 
approaches the larger value, torque pulsa- 
tions increase in magnitude, approaching 
the plain single-phase case. Beyond this 
point, one winding may load another at 
various values of load and speed, making 
for very inefficient and noisy operation. 


Example 

The 1/,-horsepower 8-pole motor for 
which the main winding was designed in 
Appendix I will be designed for a starting 
torque of 10 ounce-feet. 
that an 8-microfarad 330-volt capacitor 
will be used. X, equals 331. 

For the slot area available for the auxili- 
ary winding 


Rs/X4=0.842 
Rys/X 40.425 
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It is assumed” 


0.3 0.4 0.5 0.6 a7 


Figure 3. G, versus Cs curve for one value of 


Rm/X and R;/Xs 


Then from equation 11 
R;/Xs=1.20 


From equation 15 the correct value of 
Cs to yield 10 ounce-feet of starting 
torque is 


_10.0X900X-V/331 X5.92 


_ 72.5 
; 1102X0.84X0.54.. 


Refer to Figure 3 which reproduces 
from the complete curve sheet the value 
R,/X, of 1.20 pertaining to this problem. 
For C3 = 72.5, C, is read as 0.43. 

Check the allowable values of C, from 
equation 18. 


Coys 5 
i= x 


0.4 to 0.6 


Dotted vertical lines are drawn in at these 
values on Figure 3. Note that this design 
is close to the point of maximum efficiency 
and minimum torque pulsation. The 
design is probably satisfactory but still 
must be investigated for voltage across 
the capacitor. 
From equation 16 it follows that 


[x 
a= 2 C, or 3.21 


Then because the main winding is known 
to have 732 series conductors with a wind- 
ing factor of 0.831, and the winding factor 
for the auxiliary winding is 0.985, the 
series conductors of the auxiliary winding 
must equal 


0.831 
=3.21 X732 —— or 2,000 
aad 


It will be noted, of course, that a varies 
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as C}. On this design it would be possible 
to obtain considerably higher starting 
torque, going to Cs;=130 before per- 
formance became inferior to plain single- 
phase motor action. By proportion, the 
torque would be 


10 oe 17.9 feet 

79.5 or .J ounce-ree 
With C; going to 0.6, the turn ratio a be- 
comes 4.5. The effect of this ratio will be 
investigated later. 


Effect of Change in Capacity 


The effect of capacitor rating is well 
illustrated by these curves. Consider 
that the use of 5- and 10-microfarad ca- 
pacitors are to be investigated for this mo- 
tor. Because C3 varies as the square root 
of the capacity reactance 
C;(5 microfarads) = \ not 


2s le 
331°° 2.5 or 91.6 


[265 
C,(10 microfarads) = agi or 64 7 


The corresponding values of C; can be 
read from Figure 3. 

Note that the 5-microfarad capacitor 
can produce the desired torque but only 
at.the expense of motor noise and effi- 
ciency. Ten microfarads produce prac- 


tically negligible pulsating torque. 


Change in Resistances 


Referring to the more complete curve 
sheet of Figure 2, it will be noted that a 
change in R, has little effect on CG, and 
therefore is unimportant so far as the 
starting torque is concerned. But in 
order to achieve best efficiency with little 
torque pulsation it is important to keep 
the current densities in the main and 
auxiliary windings as close as possible at 
the full load point. Equation 18 with 
C,=+/X/X, is intended to give a small 
angle between J,’ and J, for all speeds. 
It gives no idea of their relative magni- 
tude. Too little copper for the auxiliary 
phase causes, not only excessive heating of 
the auxiliary winding and poor efficiency, 
but also increased torque pulsation result- 
ing from reduced J,’. 

In case of a many-pole motor, where 
X/X, is as high as 0.3 or more, a good 
motor can usually be obtained by using 
the same winding distribution and same 
amount of copper in both main and auxili- 
ary phases. Incase of a motor with fewer 


- poles, where X/X, is low, the amount of 


copper in the auxiliary winding should be 
reduced to give approximately equal cur- 
rent densities in both windings. In this 


AIEE "TRANSACTIONS 


ae 


respect, the permanent split capacitor 
motors should be different from the ca- 
pacitor start motors, where the amount of 
copper of the starting winding is usually 
one third to one quarter of that of the 
main winding. In the latter case, the 
auxiliary phase is cut off during running 
while in the former it continues to carry 
the load as long as the motor is energized. 
Any advantage of the capacitor motor 
over a plain single-phase motor would be 
nullified, if too high a current density 
exists in the auxiliary phase. 


Starting Current 


The locked rotor current of a capacitor 
start motor is the vector addition of both 
winding currents. Usually the capacitor 
winding current is small enough and of 
such phase position as to add little to the 


total. Then 
I7=Iy 
eS (19 
= Ve ) 
1 - 
V 1+ (Rn/X)? 


C, can be read from Figure 4. 


Voltage Across the Capacitor 


While the equations for plotting the 
torque curves involve the ratio C2, (which 
gives a measure of voltage across the 
capacitor) actually this voltage is always 
low at the starting point in permanent 
split capacitor motors. Hence it is not as 
significant as the running voltage, which 
may limit the design. As the voltage at 
no load can be determined more readily 


Figure 4. Curve for determination of starting current in main winding 
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ve 
rj 


through solution of the equivalent circuit, 
this voltage will be calculated. It is 
usually slightly higher than the full-load 
value. The relative change is shown in 
Appendix VI. 4 

At no load, consider that the equiva- 
lent circuit can be reduced to the form 
shown in Figure 5. Solving for V,, w 


obtain 
Ve& 
V0.+jak,’) 
1+jwC[Rista2(Rot+ Rim) +j(X s+a?X)] 
(21) 
e V(i+jaK,2) 
= a*?X Ris 
ise x EG 24) (22) 


This equation is derived in Appendix IV. 

Either form of this equation can be 
used as convenient. For the example 
given above 


110(1+73.21 X0.84?) 


1+377 X8X10-* X2.312X5.92X 
[—2+7(0.797+0.842)] 


Ve= 


_ 110X2.48 


0.707 or 385 volts 


The use of 5 microfarads, for the same 
starting torque resulted in a transforma- 
tion ratio of 4.62. In this case 


110(1+74.62 X0.842) 
14377 X5X 10-6 X4.622X5.92X 
[—2+3(0.797-+0.842)] 
1103.41 


=—— or 574 volts 
(652008 


It is obvious that if 330-volt capacitors 
are to be used, the use of an 8-microfarad 
rating is necessary to keep within the 
allowable overvoltage range; 5 micro- 
farad would require a special capacitor. 


Conclusion 


A method of design 
has been shown here 
whereby the wmaxi- 
mum torque of a per- 
manent split capaci- 
tor motor can be used 
to determine the main 
winding and _ the 
starting current. 

The auxiliary wind- 
ing can be deter- 
mined from a pre- 
determined value of 
starting torque, se- 
lecting the ratio of 
transformation and 
hence the number of 
conductors, on that 
basis. However, if 
starting torque is not 


Lloyd, Chang—Design Method for Capacitor Motors 


critical it is possible to determine the 
ratio of transformation needed to give a 
good balanced operation with maximum 
efficiency. 

For any combination of main and 
auxiliary windings it is possible to deter- 
mine by methods shown here, the maxi- 
mum torque, the starting torque and cur- 
rent, the voltage across the capacitor at 
no load, and the relative degree of torque 
pulsation and efficiency. All of these can 
be found without detailed solution of the 
equivalent circuit 
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Example of Main Winding Designs 


A 1/,-horsepower 8-pole 60-cycle motor of 
the permanent split capacitor type is to be 
designed for a maximum torque of 54 
ounce-feet (3.37 pound-feet). The main 
winding is to be determined. 

The cage is tentatively selected and the 
stator winding distribution is assumed. 
Calculated ratios of constants which result 
from the lamination and core length are 


R2/X =0.54 
= 0.84 


From equation 9 the fraction of synchro- 
nous sp eed at which maximum torque occur 
is 
S=V/1—0.535 

= 0.68 


Where the slip at which the 2-phase motor 
maximum torque occurs, 


i O5e b= 0 et 
a/(0.344)2+1 4 
= 0.535 


The winding must be designed for a 2- 
phase maximum torque as determined from 
equation 7, 

3.37 pound-feet 
0.5 X0.68 
'=9.9 pound-feet 


Tima = 


To yield this torque requires a main wind- 
ing with a leakage reactance (equation 5). 


pe: 7.05 X 110? X0.84 X0.74 
900 X9.9 
= 5.92 ohms f 


Where 


6 =0.3444 V/ 0.344241 or 1.399 
1 
=——+0.1(1—0.842) or 0. 
[309 t 0-1 (1 — 0.84%) or 0.74 


The permeance of all leakage paths has been 
calculated as 2.93 and hence the series con- 
ductors of the main winding should be 
(equation 10) 


5.92 X 108 
“Venom 732 
C= Va77x2.93 & 


655 


Calculated in the usual manner, the winding 
constants are then 


Ri, =2.04 
R2=3.20 
X =5.92 
Xo=37.1 


This winding will produce a maximum 
torque of 54 ounce-feet when supplemented 
by any reasonable capacitor winding. (Test 
value was 54.0 ounce-feet). 
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Influence of I,’ on the Maximum Torque 


Analytical and experimental data indi- 
cate that within practical ranges of design, 
the rotor current supplied by the auxiliary 
winding has little influence on the maximum 
torque. The point will be further illustrated 
by investigating the 1/,;-horsepower 8-pole 
motor used elsewhere in this paper as an 
example, and also through calculations on a 
1/;-horsepower 4-pole design. 

Changing the capacitor but keeping the 
starting torque constant through ratio 
change modifies the equivalent circuit con- 
stants and naturally affects the running per- 
formance. For a constant starting torque of 
10 ounce-feet the 1/,-horsepower motor dis- 
plays values as shown in Table I. 

On a 1/3-horsepower 4-pole motor a some- 
what similar investigation is made and indi- 
cates a similar agreement 


Appendix III 


Derivation of Curves for 
Starting Torque 


The fundamental starting torque equation 
as used here is 


T,=2aK, Roel ly Sitt Ons 


(synchronous speed) (23) 


The problem is to express this in terms of 
ratios of constants, eliminating the ratio of 
transformation a, or rather absorbing it in 
such a manner that it need not be known to 
use any of the other ratios. 

After this equation is expanded into ratios, 
a suitable range of values can be assumed, 
the resulting terms calculated, and plotted 
as curves. 


Let ‘ 

ie 
G= es 
Then 

Xa? 
X~= C2 
or 
x 

Where 


X,; =the total leakage reactance of the auxil- 
iary winding and rotor, in auxiliary 
winding terms 
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Figure 5 


A—The approximate equivalent circuit for no-load 


conditions 


B—The reduced equivalent 


X, =the reactance of the capacitor - 
Let 


V,(the voltage across the capacitor) 


CQ, V 
Then 
C2V 
L=— 
XG 
Let 
Atal 
G3=225.4¢6;C.—— sin Oms 
Zu 


Where 


Zy =the total impedance of the main wind-- 


ing circuit 
=V (Ri +K,R2)?+X? 


Let 


S45 POR |e 
Ry \? 
y:+( x ) 


The starting torque in ounce-feet is then 


: V?K,C; Ry 


i, maa speedV/ XX xX ia) 
or 

Ke Cas Ry 
sha 0 2 2) 
where 
= = (26) 


Fe Synchronous speedV X, 


This is the final form of the equation. 


Table | 
$8 : 
es] Per Cent 
ee ax 
Ze Cs Ci a Torque Tos 


5+..91.6..0.49, .4.62..102.2....1.066/—18.2° 
8....72:5. 0.48. .8.21..100 ~2,1,068/— 12008 
10.....6457,/.0.40.,.267... 96.38..5..1,16: f=1292 
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But to prepare curve data .n a straight- 
forward manner, all of the C constants given 
here should be expressed as functions of 
angles which can be assumed as the inde- 
pendent variables The method is: 


> 


CONVERSION OF CONSTANTS 


Define the angle 6. as that by which the 
auxiliary winding current leads the applied 
voltage. Then 


: ae 
tan 6;= 


or 


1 
C= 


qe: 
=== fair a 
5 os 


Define the angle @ as that between the 
voltage across the auxiliary winding and the 
auxiliary winding current Then 


(27) 


tan @.-++ tan 6; : 
CS (28) 
sec 4, 


=(1+ 3 ‘i cos 6, 
CAS as eo ee Ue /X, 


For any assumed value of R,/X. the 
angle which the main winding current makes 
with the applied voltage is fixed Call 
this 0,,,. 


(29) 


Om+Os =Oms 


For corresponding values of R»/X and 
R;/Xs, as assumed, C; and C, ean be cal- 
culated to plot curves of C; versus C, as 
shown in Figures 2 and 3. 
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Determination of Voltage Across the 
Capacitor at No Load 


The equivalent circuit, at no load, is a 


modification of Figure 1, as shown The 
Table Il 
os Pie Ee 
Ss Modified — 
aS a Circuit 2-Phase Measured. 
16....1.83..38.2= ..38.5= ...38.2= 
: 100% 100% 100% 
24... 1750. 39,5" "eae oe 
103.3% 100.7% 
AIEBE TRANSACTIONS 
vie = ¥ © 


i 


value of R is so chosen as to absorb only the 
friction and windage loss. An approxi- 
mation can be made, so that the circuit con- 
denses conveniently to that shown in Figure 
5A. Now the middle branch absorbs both 
magnetizing currents and the core, friction 
and windage losses. This circuit in turn 
is equivalent to that of Figure 5B. 
Then 


V 
= 30 
es anys, (30) 
Zi 
Ag 23 1 31 
6g ati + YZ, (31) 
eect (32) 
Zc+a*ZLeq 
Ve= ol Vos Y (33) 
1+jwCZ,,a* 
As an approximation, it follows that 
V.= 
: V(1+jaK;?) 
1+joC[Rista?(Rin t+ Re) +j(X s+@?X)] 
(34) 


Appendix V 


Favorable Ratios of Constants 


In reference one the following equation is 
derived as a condition for good efficiency and 
low pulsating torque under the lamination 
and capacitor size restrictions. The angle 
between J,’ and I, would be small for all 
speeds when this equation is satisfied. 


ja{1+(Zis+Z-) Ys] =1+Zim Yu 
Usually 


eve, 


(35) 


and 


Making these substitutions in equation 35, 
1 ~s 

= =Rimmt+jX mm, 
Ym 


dividing by Y~», letting 
and neglecting R,, we obtain 


ee. eT 
of Rom rE im +X mm) =| 


a~it 
a? 


=Rimm+ Rimt+j(Xim+X mm) (36) 


Equating real and imaginary components 
we get 


R 
a( Rant) = Ximt X mm 


=Xo (37) 
and 
x 1 
—<—Xo=(RmmtRim)- 
a a 
Ris\1 
af Rent) 
a* Ja 
xX 
=~ : (38) 
a? 
Equation 38 reduces to 
xX 
= =a?+1 (39) 


) 


Equation 37 is not a critical condition, be 
cause any rotor load component current 
taken by the windings can be similarized by 
a conductance parallel to Ym, or Ys and 
absorbed by it. That makes Rmm a de- 
pendent variable fixed by a rather than an 
independent variable fixing @. Equation 39 
should be used to fix the turn ratio a. 
However, in absorbing the load component 
of current into VY», or Ys, the effective value 


of X, is reduced to approximately 
2 
1/ ( +au 7) of its normal value. Because 


o 
its normal value rather than this reduced 


value is used in design calculations equa- 
tion 39 should be replaced by 


Run\? a+1 (40) 
xo 14(Se") | 
or 
Dp a?+1 
ie 
Xo 
=a? (41) 


The condition expressed by equation 41 is 
desirable from the efficiency and constancy 
of torque viewpoint but is undesirable from 
the viewpoint of starting torque. An in- 
creased turn ratio usually results in higher 
starting torque. 

2X ¢ 


. 


o 
Referring to the equivalent circuit, this con- 
dition means that the capacitive admittance 
neutralizes the magnetizing admittances of 


The upper limit of a is fixed by a?= 


Table Ill. Torque Comparisons Fixed Main Winding and Rotor Winding 


% % 
Max. Torque Max. Torque 
Max. Torque 


Max. Torque Max. Torque Max. Torque : 
Calculated Tested Capaci- Plain Single 2-Phase Single Phase 
Item ge) tor Motor Phase 2-Phase* Capacitor Capacitor 
tS ee od OSs eee: mn) ee 20 Ae AA Te ee & ee 1 GO | To er Sh BU era tir ve eee 243 
Di sralt ntk DEG cere ai x 2 OB Sic HP TLO coeds 2/F cone BiG cos amps QLD, pee Shee axe 186 
She tes O50: aowk ey 9/80. Ries oon DOD acta, <1 PA Un Eee pats eee Pes pers ic 174 
Wat Tone ohe CANAL E OW Sc aye 2OSOG aaa ee LSE OPS eee ae Gy Se rere ZOOS eek tiers 1255 = 
waren ee OU as tater 7 LADO meas eet BA Pye oe 186.0 SOROS ouse re niece 172 
Khasi: OURO eben 85d 20) =e ee oho ee oe ee POST ASE ee eee RAO ca tah ae ee ae se 
(et, ae See aia. sues bee BS22007 cocina So, aie So, tale OS: Gown Acar BOs dane covers 127 


* Using two windings identical to the main winding, or a capacitor winding designed for perfect balance 


at the maximum torque point. 
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both the main and capacitor phases. Thus 
instead of being magnetized by the main 
phase, the capacitor phase magnetizes 
the main phase. The main phase current 
becomes the power component alone. In 
spite of increased power factor, this type of 
operation approaches plain . single-phase 
operation so far as the efficiency and pulsat- 
ing torque are concerned. 


Appendix VI 


Torque Pulsation, Efficiency and 
Transformation Ratio 


The statement has been made throughout 
this paper that the change in capacitor, and 
ratio of transformation between auxiliary 
winding and main winding affect the pulsat- 
ing torque, noise, and efficiency. 

The approximate rule has been developed 
in Appendix V, that for workable results 


Xx, 
ei 
ee Ce 


Vas 


or in terms of the constant C, used for cal- 
culating starting torque 


C, = (1 to 1.5) Vx. 
X, 


It has been pointed out that when the 
lower value is used for C;, the efficiency is 
high and the pulsating torque is a minimum 
Actually this desirable condition results 
from the relationship of J,’ and J,, and it is 
obviously impossible for a fixed relationship 
to be maintained over the entire working 
range of speed, because 7, varies so much 
more widely with the load than does I,’. 

This entire field remains to be illustrated 
by numerical work. The 1/,-horsepower 8- 
pole motor will be used, and the circuit cal- 
culated for 4-per cent slip. Designs utiliz- 
ing five, eight, and ten microfarads will be 
shown. Asan aid to the reader in further in- 
vestigation, detailed tabulation of significant 
quantities will be given. 

Results shown in Table IV require com- 
ment. At a speed of S=0.96, the most 
favorable ratio of X,/a2X, results in a mini- 
mum pulsating torque of 129 synchronous 
watts. This can be zero at some other 
speed. The unfavorable ratio resulting from 
five microfarads gives a pulsating torque of 
406 synchronous watts, or 3.15 times as 
high. For the eight microfarads actually 
used in the design, the pulsation is not zero 
but is comparatively low. 

Statements made concerning efficiency are 
effectively illustrated. The unfavorable 
ratio of constants resulted in a motor with 
only 49.0 per cent efficiency as against 60.5 
for the ten microfarads case and 57.1 for 
the compromise design. 

It is interesting to note also that the 
voltages across the capacitor reduce from the 
approximate no-load values. That is, at 
no load the voltage across the 5-microfarad 
capacitor was 574 volts, versus 500 at 
S=0.96. Similarly the 8-microfarad ca- 
pacitor calculated 385 at no load and 320 at 
S=0.96. This is of some importance in 
keeping below maximum safe values on 
motors such as fan-duty types, in which no- 
load operation can not occur. 
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Table IV 
Rating—/, Horsepower, 8 Poles, 110 Volts, 60 Cycles 


Rr =2, 
R:=3.20 
Item X=5.92 
a. RGF oc, ti em ess hes sees 
RRP SARE GIES SS 10 Ter ee 
Pia Oa See O. 2947 — 86.29 Ll OE 
Sas mn eee 3 45/39.3" Ss. eerie 
Sen: © Sek 3.57/36 .0° 
Se eee 4.10+36.08 
Wee ~ >. Ase 0Q_136/ —56° 
ee 14.-95f—56" <n ences 
Za" ee ee RO ee 
bs ee Q: 0282/7887 > ...~.~.02% - 
eee ee po eee 
SHOR os dake conn wank 232... eee ee 
I re ere Re 
lp te seer 4. 3-7. 0.50—}j0.08 
ps 1 BES. Se ee 1. 8S8—}0.06 
eS ee ee eee ae —3.4° 
+ eee ee 224 watts 
1 Tha TS ae eae 
Pritctiom © 2... 2eeee ees 7 watts 
aes 
WG ees eee §.07+70.212 
Im aware Bo eS 
eS A ee ee ee 4_22/—41.3° 
ae ee 349 watts 
Ei” Ste eee 60.5% 
ap ® © 125. See 129 syn watts. 
M6 (fered Cees 290 
Xo 
20 
> er 1.000 


Ros7a a0 
=37.1 = 
Ris/Xs= 0.842 
aaa 3.21 eee Se ae 
eect $s Rg RRR 
eee et eae 3.45/59.3° 
pease $3..95/—56" ~~... yeh ee ee ee 
aman 31. 8/—70.2? eects te ee 
Eee 0.0311/77 8° ...........-.. .0.0448/71.8° 
< ee 2 O63 f — 18.8. Seo e oo OS S— 1S 2S 
Sve 0.96. pn, eS 
So asin deen 2.47/—9.1° +? 
o< deh ogee —0.54—j1.33 
20 teh SSRANESE ES ey 94 
Ne | =e 97 .0/—9.1° iz 
Solid Ss oot ai eee 240 watts _ 


—10 watts 


See reference one for complete explanation of these symbols. 
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VY=applied volts 

V.=the voltage across the capacitor 

E=the back electromotive force across R 

Ty=the stator current, main axis 

I,=the stator current, auxiliary axis 

J, =the stator component of the main axis 
rotor current 

J,"=the rotor current of the cross axis in 
main winding terms, with 90 degrees 
backward phase shift 


Nomenclature 


Ty=the total motor current at starting 

Tom=the short-circuit current at R from the 
main phase 

J,.=the short-circuit current at R from the 
auxiliary phase 

J =the current through the load resistance R 

T,, =the maximum torque of the permanent 

~ split capacitor motor 

=the maximum torque of the 2-phase 

motor . 
T;=the starting torque 
T,=the pulsating torque 


Tm 


‘ 


R,=the stator winding resistance 

Ris=the stator winding resistance, auxiliary 
phase 

R.=the resistance of the Sapeneieir 

R,=the rotor resistance in main winding 


terms 

Re2;=the rotor resistance in auxiliary wind- 
ing terms 

X =the total leakage reactance main wind- 
ing terms 


X,;,=the total leakage reactance auxiliary 
winding terms 

Ximm=the magnetizing reactance of the 
main winding circuit 

X,=the sum of magnetizing and a 
reactances 

X,=the reactance of the capacitor 

a=the ratio of transformation, auxiliary to 
main windings 

C=the series conductors of the main winding 

C,;=the series conductors of the auxiliary 
winding 

Kywm=the winding factor, main 

Kys=the winding factor, auxiliary 

S=actual speed/synchronous speed 

s=the slip as a decimal fraction 

Y,,=magnetizing admittance of main wind- 
ing 

Y,=magnetizing admittance of the auxili- 
ary winding 
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Discussion 


P. H. Trickey (Diehl Manufacturing Com- 
pany, Somerville, N. J.): In our experience 
with capacitor motors, we have found that 
we can change the shape of the speed— 
torque curve, particularly regarding the 
speed at maximum torque, by varying the 
capacitor, from a shape very much like that 
of a single-phase motor when small capacity 
is used, to a shape more nearly like that of a 
polyphase motor when large values are used. 
Many unit heater 3-speed motors have high 
values of rotor resistance and many control 
motors have resistances even higher. The 
2-phase slip at maximum torque may be as 
highas 1.5. I would like toask the authors 
three questions: 


kL. Does the method of this paper apply only to 


2. How should equation 9 of the paper, S= Vi-—s, 
be mterpreted or used when s is greater than 1.0? 


3. Does this paper give a means of obtaining. 


quickly the no-load watts and amperes? 
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Sheldon S. L. Chang: The scope of applica- 
tion of the design paper is limited by the 
assumptions made in deriving equation 42 
of the paper. Quoting reference 1 of the 
companion paper,! 


“The capacitor phase supplies the cross- 
field magnetizing current, and the portion of 
energy that overcomes friction and windage 
losses as well as iron losses, while the main 
phase alone supplies the power that converts 
into a measurable torque.” 

“Tt is further assumed that the maximum 
torque occurs at the speed of maximum 
rotor input.” 

Quoting the design paper, 

“However, because J,’ is nearly inde- 
pendent of speed, while J, varies five to 


twenty times in magnitude, the approxi-— 


mate realization of this balanced condition 
at the full-load point would mean that J,’ 


From the foregoing, 9 is ccar tine 
et ae 
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ciency and is balanced at the full-load point and 
thereabouts. 


2. The rotor resistance is not too high, so that the 
point of maximum rotor input is not far away from 
the point of maximum torque. This point will be 
better defined in the following discussion. 


Itshould be emphasized that the condition 
of balance at the full-load point or there- 
abouts as defined in this paper with the angle 
of J,’ and Jy in view imposes no limitation 
on the capacitor size if the starting torque 
is not fixed. A small capacitor with more 
turns or a large capacitor with fewer turns, 
as governed by equation 17, gives good per- 


formance at no-load and full-load points, - 


with the starting torque varying as the 
square root of the capacity, approximately. 


= ‘H. Trickey’s statement about the ef- 


Ne aoe ee 


sa = 
. 


29 


' 
‘Ny 


turns of the starting winding increase both 
the starting torque and full-load efficiency? 
When a large capacitor is used, so that the 
shape of the speed—torque curve is very 
much like that of a polyphase motor, would 
the watts and vibration at no load and full 
load be acceptable without a proper de- 
crease in the number of turns of the starting 
winding? The authors wonder how many 
motors are on the market which belong to 
the extreme. 

A capacitor motor with too few turns in 
the starting winding is of little or no use. 
The capacitor-start induction-run motors 
have too many turns if judged from the same 
point of view as for the permanent capacitor 
motors. As the point of view is different, 
this class of motors is not discussed here. 

The approximations made in this paper 
are in view of obtaining a simplified and us- 
able maximum torque expression. Although 
each approximation may not be correct in 
itself, their errors usually oppose each other. 
For instance, the speed of the maxitnum tor- 
que as given by equation 9 of the paper is 
lower than the actual speed. But the maxi- 
mum rotor input is always higher than the 
rotor input at the maximum torque point. 
The net effect is that the expression of the 
maximum torque holds for a larger range 
than the expressions for speed and rotor 
input at the maximum torque point. 

In our experience, for the motors with 2- 
phase slip at maximum torque less than 0.5, 
the approximation is reliable. With this 
value in between 0.5 and 0.7, the result is 
fair. With this value larger than 0.7, the 
approximation no longer holds. 
tation on the 2-phase slip at maximum 
torque in turn fixed the limitation on the ro- 
tor resistances. 

However, the only class of motors which 
call for a high rotor resistance and an earlier 
balance are the torque motors which are 
used in such a fashion that the time of ac- 
celeration and the time of running are com- 
parable, and to which the control motors 
Trickey mentioned belong. As in the case 
of the multispeed motors for the unit heater 
or other fan and ventilating duties, it some- 
times has been the practice to use low re- 
sistance rotors to obtain high efficiency at the 
high-speed operation. The other speeds are 
obtained by weakening the main winding 
by either introducing an extra inductance or 
by using series and parallel connections. 
Only the high speed is higher than the speed 
of maximum torque while the other speeds 
are lower than the speed of maximum torque. 
Because the torque required to run a fan 
varies as the square of the speed, the operat- 
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ing points at the low speeds are stable 
enough. 

The advantage of this fashion of speed 
control lies in the fact that its high-speed 
efficiency is high, and it is the high-speed 
efficiency which determines the maximum 
temperature rise. In designing a motor for 
continuous running at substantially constant 
loading for a given maximum temperature 
rise, it is not the horsepower rating but the 
total loss which determines the amount of 
material required to build such a motor. 
For instance a motor of 70-per cent efficiency 
requires about 6/7 X3/4=64 per cent of the 
material of a motor of 60-per cent efficiency 
of the same horsepower to give the same dis- 
sipation per unit weight. If a high rotor 
resistance is used to lower the speed of maxi- 
mum torque to a point lower than the low 
speed, the high speed efficiency would be 
reduced seriously. Far more material would 
be required to prevent overheating at high 
speed as compared with the former method. 
The latter method gives better efficiency at 
lower speeds, but the loss at low speeds are 
low anyway. 

Whereas the torque motors are not 
treated in this paper, their design can be 
facilitated by the analysis introduced in the 
companion paper.! The problem of de- 
signing a torque motor is to accelerate a 
given inertia from rest (or full speed in the 
opposite direction) to full speed within 
given duration of time with as little total 
loss as possible. For a polyphase motor, 
in which the rotor input is equal to the 
torque in synchronous watts, the rotor 
loss during the accelerating period is approxi- 
mately equal to the energy stored in the 
moving mass. For a single-phase motor 
the difference between the rotor input and 


A; 122 
synchronous watts is —— |J,’—I,|?#, and 
y i+S | 7) | 


this loss is added to the rotor. The problem 
would become 


1. To allocate more loss to the rotor as compared 
with that to the stator, and 
2. To minimize the value 
speeds, 


| Iz’—I, | at various 


The variation of speed of maximum 
torque with capacitor size can be explained 
by the companion paper.! The maximum 
torque occurs at the speed where R is equal 
to Yy. As Yo; varies with the capacitor size, 
so does the speed. But in this connection, 
the neglecting of the variation of the term, 
aiglal ', cos ( I,J,’,) introduces also more 
error in the speed location than in the value 
of maximum torque. 


Lloyd, Chang—Design Method for Capacitor Motors 


This paper does not give a means of ob- 
taining quickly the no-load watts and am- 
peres. However if the motor satisfies the 
condition represented by equation 17 of the 
paper, and at full-load point the current 
densities in the main and auxiliary windings 
are nearly equal, the motor would give no- 
load watts somewhere in between that of 
the same motor operated as a plain single- 
phase motor and that of the 2-phase motor 
depending on the value of the significant 
ratio introduced in equation 17 of the paper. 
The no-load amperes in the main winding 
would be lower than that of a plain single- 
phase motor. ~The no-load amperes in the 
starting winding is given by equation 34 of 
the paper. 

In the companion paper,! a method can 
be evolved to calculate the exact no-load 
watts and amperes of any capacitor motor, 
no matter whether equation 17 of the paper 
is satisfied or not. It is given in the follow- 
ing. At no-load point 


2r: 
T=RP + de'ly cos (Iz’, Iy)—F and W 
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Yo 
at Xmm 
risey (22) 


S=1 


After I, and —J,’ are calculated in the 
above equation, R can be determined by 


as Xan 
R Xo 
~ [yre+F and W 


After R at the no-load point is obtained, 
the no-load performance can be calculated 
just as other load points are calculated. 
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Power Distribution in Textile Plants 


J. D. McCCONNELL 


ASSOCIATE AIEE 


HE RECORD of change and growth 

in the textile industry, particularly in 
the South, is tied closely to the history of 
availability and application of electric 
power. The first cotton mills were lo- 
cated on water power sites by reason of 
having to be within mechanical transmis- 
sion distance of the power source. The 
high atmospheric humidity of such loca- 
tions was known to be needed for the 
proper processing of cotton and was also 
a factor. The development of the steam 
engine was the first step made in moving 
the mills away from streams, though be- 
fore the advent of mechanical air condi- 
tioning efforts were made to locate mills 
in geographical areas of high humidity. 
The first mechanical air conditioning 
came just after the advent of a reason- 
ably economical steam engine and the 
industrial migration away from the 
streams started. In the early days in 
the South, availability of labor in loca- 
tions immediately adjacent to the pro- 
posed mill was not too much of a factor 
as it was standard practice to build vil- 
lages at the mills for the help to live in 
because towns were small and widely 
separated as in any- essentially rural 
economy. 

As high voltage transmission of power 
became practical and economical and its 
availability increased in the South, tex- 
tile plants began to be built with the 
availability of labor considered as more of 
a factor. The advantage of nearness to 
raw material supply is obvious. 


Lighting 


The first major application of electricity 
in textile plants was for lighting. Oil 
lamps and gas lamps were the first light- 
ing means used; but these offered obvious 
hazards from fire in an industry that 
works a material that catches fire at a low 
temperature and burns, when loose and 
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fluffed, at a very high rate. Rather early 
applications of the enclosed are lamps 
therefore were made and this lamp was 
used widely until about 1912, the last are 
lamps in a southern cotton mill being re- 
moved in this year. 

Incandescent lamps then were applied 
and a great deal of trouble was had in get- 
ting satisfactory life from the early ones 
with their brittle filaments. As the his- 
tory of change in industries shows that 
much progress is made because of pres- 
sure for development from the final user, 
it is only fair to assume that the textile 
industry helped to apply the pressure for 
development that resulted in the ductile 
tungsten filament for incandescent lamps. 
It also appears reasonable to assume that 
there was pressure for development in this 
field from the groups carrying insurance 
on mills because fire in the early plants 
was much more of a hazard than it is 
today, though it still is a considerable 
risk compared to yee: important indus- 
tries. 

The textile industry has been quick to 
adopt the latest lighting developments, 
and is today one of the important users of 
the fluorescent lamps as the seeing tasks 
in many departments of textile mills are 
quitesevere. The severity of these seeing 
tasks has caused intensities of illumina- 
tion to climb steadily, a recent modern 
mill specification calling for an intensity 
of 40-foot candles in a fine-goods weave 
room with the fixtures calculated on a 
basis of 65 and 70 per cent for dirt, utili- 
zation, and aging. 


Electric Drives 


The first completely electrically driven 
cotton mill of record was put into opera- 
tion in Columbia, S. C., April 15, 1894. 
The motor installation in this plant com- 
prised 17 65-horsepower 550-volt 3-phase 
36-cycle motors with a no-load speed of 


- 


McConnell—Power Distribution in Textile Plants 


535 rpm. These motors were fed by two 
550-kw water-wheel-driven generators. 
The motors were of internal resistance 
construction, operated line shaft groups 
by either counterbelts or direct connection 
to the line shaft and ran until 1927. Some 
of the engineering decisions made in favor 
of electric drive are quoted in the follow- 
ing paragraph from the memoirs of one of 
the men associated on the project. 


Theoretically the manufacturing buildings 
should be located between the canal and the 
river, but in this case such an arrangement 
was impracticable, as the only space for this 
purpose was inadequate. Moreover, the 
Congaree River was subject to severe 
freshets. There was, however, an ideal mill 
site on an elevation about 700 feet from the 
canal, which would avoid all danger of 
freshets and which would permit the loca- 


“tion of the mill adjacent to the railroad. In 


order to use the canal for power purposes it 
would be necessary, however, to locate the 
wheel pits beneath the mill and carry the 
penstocks from the canal to the mill and 
build a tailrace from the mill under the canal 
to the river. As an alternative a wheel- 
house might be erected between the canal 
and the river, and the power transmitted to 
the mill by rope drive. Another alternative 


was to drive the mill by steam power. © 


Either alternative would involve a large 
expenditure, and the use of a steam plant 
would have resulted in the abandonment of 
the canal and the water rights. 


After presentation of the motor drive 
idea to the designing engineer, and his 
recommendation of it, the treasurer of the 
mill asked where he could inspect such an 
installation. He was told that no such 
installation had ever been made, and 
after only a moments conversation with 
the engineer decided to risk the operation 
of this mill on a theory. 


Distribution Systems— 
Voltages and Frequencies 


It is interesting to note that these 
motors were designed for 550 volts, still 
the standard voltage used in the textile 
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industry, and apparently based on some 
engineering decision made in the very 
early days. Alternating current also was 
chosen, and this decision was taken when 
the a-c-d-c question was productive of 
violent argument. Between this early 
choice of voltage and today’s present 
standardization to all practical purposes 
on 550-volt 3-phase 60-cycle current is a 
record of trying many voltages, frequen- 
cies, and phase arrangements. All of the 
following types of current have been 
operated in southern textile mills between 
these two times—on voltages 1,040; 
2,080; 2,200; 550; and 220 volts. As to 
frequencies, 25, 40, 50, 662/3, and 60 
cycles have been used. Two-phase cur- 
rent, mostly 4-wire and some 3-wire, has 
been used though 3-phase 3-wire current 
long has been popular and is now almost 
standard. The early choices of fre- 
quencies were guided in great measures by 
lamp flicker. 


Textile Machinery Requirements 


The present design of textile machinery 
and its associated electrical equipment 
was in large part evolved through pressure 
for change from the following factors: 


Increased prodtiction. 

Reliability. 

Safety from fire. 

Ease of installation and maintenance. 


Sek l 


The pressure for increased production 
per hour of operation or per unit of mill 
area took the form of increasing the oper- 
ating speed of the machinery and increas- 
ing the package size of the product made. 
These two factors operated in different 
proportions in the various departments of 
the mill, increase of operating speed being 
greater than increase of package size in 
the weave room and the situation being 
reversed in the spinning room. In the 
roving, drawing, carding, and picking 
departments the changes have been 
minor in package size, the speeds have in- 
creased some, and the most marked 
tendency has been to cut out as many 
processes as possible in the path from 
bale of cotton to finished product. 

The development of the high speed 
loom and the general increases of loom 
speeds in the late 1920’s to middle 1930’s 
changed many weave rooms from belt to 
individual motor drive, as belt drive has 
not proved generally satisfactory for 
speeds above the range of 160 to 170 picks 
per minute. 

In the spinning room, ring sizes and 
spindle speeds were increased in step until 
we have reached a temporary maximum 
today of about 8,000 rpm of the spindle in 
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a ring about 3 inches in diameter, with a 
yarn weight on the bobbin of nearly half a 
pound on number 10 (coarse) yarn. A 
spinning frame must be stopped to re- 
move the full bobbins and replace them 
with ‘empties’ and most efforts have 
been aimed at making this stopping time 
as productive as possible in pounds of 
yarn yielded by running the frame a long 
time between doffs. 

Both of these trends increase the 
amount of power per unit of area in the 
mill and have been factors in increasing 
the amount of power needed in the textile 
country. Replacing the textile machin- 
ery of 25 years ago with the machinery of 
today would increase the demand for 
power almost 20 per cent in any given 
spinning and weaving plant. 

From the standpoint of reliability, 
pressure from the textile industry was 
probably not much greater than from 
other industries, except for the develop- 
ment of small control equipment, sleeve 
bearings from which oil would not siphon 
out, and for small motors that would 
stand shock loadings. The reliability of 
cables in standard insulations when prop- 
erly installed has been satisfactory. The 
mechanical reliability of motors used on 
individual drives with short centers and 
rather high belt tensions has been in- 
creased markedly by the increasing use of 
ball bearings for such motors. 


Continuous Power Supply 


The matter of a constant power supply 
is dealt with differently in mills that gen- 
erate all or a part of their power and those 
that buy from a public utility. In those 
that generate, a schedule of dropping 
load either manually or by relays usually 
is set up, and in mills that purchase power 
the installation of time-delay under- 
voltage devices is very common, particu- 
larly because automatic reclosing breakers 
have become common on utility systems. 
These devices enable the production 
machinery to coast over a failure of short 
duration, and some comments on the 
action of various machines under power 
failure conditions will explain their worth. 

A power failure in the opening and pick- 
ing departments is not too severe in its 
effect on the stock or the machines, be- 
cause these rooms usually can be restarted 


without the machinery choking up or, 


making an uneven product. This situa- 
tion does not apply in the card rooms, 
where machine speed must be held even, 
where group drive is very nearly standard 
practice, and where starting duty is quite 
severe because of the fly-wheel-type 
load of the carding engine. A power fail- 
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ure in a card room calls for all the belts to 
be pried manually onto the loose pulley 
of each card before the shafting can be 
started and the cards put back to running. 

Somewhat the same line of reasoning 
applies on the fly or roving frames used 
in the next process, though these machines 
are started more easily than a card. 

Spinning frames usually can be stopped 
without too much damage to the stock in 
process, restarting the room requiring 
only that the operator go to each machine 
and start it. 

Stopping looms properly requires skill 
and timing on the part of the operator, 
and if a power failure occurs there is a 
fair prospect of having looms stopped in 
such position that the operator manually 
must put each machine in proper posi- 
tion for starting and then set it going, 
thus costing seriously in production. 

In those parts of the plant either dye- 
ing or processing goods across heated 
cylinders, there is prospect of ruining the 
goods by too long exposure to heated cyl- 
inders or having goods in a dye bath so 
long that the shade becomes uneven. 

Also in connection with reliability, the 
trend on the protective elements of motor 
control has swung very strongly to ther- 
mal overload equipment designed to heat 
in step with the motor load and to trip 
at motor heating safe limit. As much tex- 
tile machinery is quite long, is set on 
floors subject to settling, and has many 
bearings on long shafts, overloads can 
creep up on motors by reason of slow 
changes in building alignment. Also, it 
is much easier to match protective equip- 
ment to starting conditions with this type 
of overload device and lint collections do 
not jam it easily. 


Fires From Electrical Causes 


The question of safety from fires which 
started from electrical equipment entered 
in the change of feeder design from open 
wiring to the present universally used 
conduit wiring. It also has had its effect 
on questions of motor control and protec- 
tive equipment design because the lint 
that flies from the cotton being processed 
will get into control equipment, and if 
kindled by an arc will add its share of 
ionized gas to that contained in the con- 
trol cabinet and help push the equipment 
to a condition that could mean a flash- 
over with attendant projection of hot gas 
from the control case. This question 
also has contributed largely to changes in 
motor design so motors. will not offer 
places where lint can collect and either 
become mechanically jammed between 
moving surfaces that through rubbing 
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will raise its temperature to the kindling 
point or be exposed to sparks from brush 
arrangements that would set it afire. 

Also. to be considered from the fire 
standpoint is the question of what hap- 
pens to electrical apparatus when thor- 
oughly doused by sprinkler heads opened 
by a fire, or by fire buckets and extin- 
guishers. This was probably one of the 
things that led to the early adoption of 
completely enclosed control equipment 
in the cotton mills. 

On the factors of ease of installation 
and maintenence, it is interesting to note 
that the present combination line starter 
with magnetic switch and short-circuit 
protective equipment installed in the 
same case is a development coming from 
the textile industry. This construction 
offers a number of advantages in ease of 
mounting and wiring and in ease of re- 
placements of parts. Because textile 
mills are by nature units containing many 
similar machines this development has 
proved to be logical, and has been ac- 
cepted rather widely in other industries. 


Feeder Design 


The feeders employed in cotton mills 
followed, in general, the design of the 
shafting they in effect replaced. The 
feeders in the early mills were of radial 
design, often quite large, and grew longer 
as the mills grew. Because transformer 
banks furnished by the public utilities 
were quite large many of the 600-volt 
feeders were installed in sizes from 500,- 
000 to 1,000,000 circular mils with an eye 
to putting up as much copper as possible 
for a labor dollar spent. The first wiring 
was open on porcelain cleats tied to the 
building structure with lag screws and had 
slow-burning insulation. The problems 
of carrying many such feeders through 
parts of the mills where fires occurred 
rather often, and in carrying these feed- 
ers from floor to floor of multistory mills, 
often caused installations that were none 
too safe from the standpoint of fire or me- 
chanical damage. Conduit construction 
then became standard as it is today. 

One problem that exists in certain parts 
of the cotton mill that does not appear to 
be common to any other industry is one 
of floor and structure vibration. The 
loom throws an oscillating load on the 
floor supporting it which is transmitted 
not only to the main span elements of the 
structure but also to the walls and through 
the walls to the roof. This vibration is at 
a frequency, in general, in time with the 
oscillation of the loom lay, or shuttle 
guide, and increases and decreases in 
intensity as the looms in a given area 
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swing into and out of synchronism. It is 
quite common to see weave rooms with 
an easily detectable motion by either eye 
or feel, and in severe cases the wiring in 
the conduit can be bounced around 
enough to cause abrasion on the conductor 
jackets. This often leads to grounds on 
the system where wiring comes through 


conduit bushings or similar fittings. Also 


in connection with feeder design is the 
problem of sealing the wiring from en- 
trance of water if the wiring is run on the 
ceiling of a room to feed motors on the 
floor above and a fire on the top floor 
floods the floor from open sprinklers. 

As mills grew the radial feeders became 
longer and longer, and 600-volt feeders 
over 1,100 feet long and in sizes up to 
1,000,000. circular mils are in operation 
today. It is interesting to note that the 
present economic length of 600-volt feed- 
ers has been calculated as 700 feet. 

Capacitors have beert used on long 
feeders not only for the power factor cor- 
rection commonly associated with their 
application, but for voltage control. 


Switchgear Interrupting 
Capacity 


Handling feeder power in such large 
blocks as indicated, particularly when a 
plant is fed by a large transformer bank 
has put many textile mills in the position 
of not having enough interrupting ca- 
pacity in their switchgear to handle the 
short-circuit currents that can obtain if 
trouble comes on one of these large feed- 
ers. 

For many years trouble did not occur 
with such installations in small mills be- 
cause the public utilities supplying the 
power were operating rather long radial 
feeders whose characteristics served to 
limit short-circuit currents to the ca- 
pacity of existing protective equipment. 
This condition has been changed in re- 
cent years by stiffening the high-voltage 
backbone of the public utility systems, 
and the ratio of protective equipment in- 
terrupting capacity to short-circuit am- 
peres available has changed markedly. 

This change, and the recognition of its 
consequences, has led the cotton mills to 
start installation of unit substations fed 
from a mill-owned 13-ky or 2;200-volt 
circuit, the feeders being equipped with 
modern air circuit breaker equipment, 


usually of draw-out design. This breaker 


by its speed of action has served to limit 
the severity and consequent damage of 
short circuits by decreasing the total 
amount of power fed into an arc over its 
duration time, the severity of a failure as a 
cause of fire apparently being tied rather 


McConnell—Power Distribution in T: extile Plants 


closely to the total amount of power 
liberated in an arc and also to its attend- 
ant projection of hot gas out of an en- 
closure. 


Control Design 
and Duty 


It is interesting to note the changes in 
control design that have occurred in the 
cotton mills, the first application of in- 
dividual-drive control equipment being a 
direct operated shipper-rod oil switch 
which was applied about 1923. This ap- 
plication of a direct operated switch was 
primarily a price consideration as the 
smallest contactor available at that time 
was 75-ampere rating and cost $35.00. 
The progression from this direct operated 
switch was to the combination starter 
and a shipper-rod switch carrying con- 
trol current only. This type of switch 
commonly is applied on spinning frames, 
twisters, and roving frames. 

From the standpoint of control duty, 
some of the cotton mill applications, par- 
ticularly on spinning frames, are quite 
severe. In the operation of setting up the 
spinning frames for removing the full 
bobbins, an operation called doffing, the 


" motor is started repeatedly while the ring 


rail carrying the spinning rings is worked 
down to low elevation. This calls for 
the magnetic switch to take about a 
dozen shots of locked-rotor current, or 
very nearly this current, within a minute. 

This is a duty that older magnetic 
control and direct operated control often 
failed on but the modern contactors ~ 
handle very satisfactorily. 


Fly Lint 


Many of the’ problems concerning the 
operation of electric equipment in a 
cotton mill arise by the nature of the 
cotton fiber that allows us to make yarn 
and cloth of it. A cotton fiber is‘a some- 
what flattened cylinder in section, quite 
kinky, and resembles a dried pea hull 
more than anything else. Both the 
roughness of the fiber surface and its 
kinkiness make individual fibers cling 


- one to the other. 


This property makes cotton fibers felt 
or form a mat that will increase in thick- 
ness if additional fibers float by and touch 
the surface of the mat. This mat is quite 
a good heat insulator, and the felting action 
complicates the operation of any air cooled 
apparatus in a cotton mill, particularly 
any depending on rather small ventilating — 
ducts and low velocity air currents. One 
of its few advantages is that it can be 
made into a self-building filter layer. _ 


AIEE TRANSACTIONS 


Atmosphere Control 


Power distribution in a cotton mill 
has a most interesting sequel in the ques- 
tion of atmosphere control from the 
standpoint of temperature and humidity. 
A very small percentage of the power 
going into a cotton mill goes into actual 
work done in stretching the cotton or in 
sliding the fibers one across the other to 
draft a strand of cotton into a finer yarn. 
The major part of the power goes to 
mechanical friction in the bearings of the 
machines and into whipping the air 
surrounding a strand of rapidly moving 
yarn. Almost all the power going into a 
given area of the mill therefore appears as 
mechanical heat in this room because the 
stock does not take any appreciable heat 
out of the room in moving to the next 
process. To keep the individual fibers 
contained in a strand of yarn it is neces- 
sary that the static generated by slip- 
ping one fiber over another be kept at a 
minimum and this is handled by keeping 
the humidities in the rooms rather high, 
the humidities in the various departments 
of the mill running from 60 to 80 per cent 
relative. To maintain this humidity re- 
quires spraying water into the air by one 
means or another and the latent heat de- 
mand of transferring this sprayed water 
from the liquid into the vapor phase sops 
up a portion of the heat liberated. If 
adequate ventilation is maintained 
through the room and the proper amount 
of water sprayed, it is therefore possible 
to chill the air in the room by evapora- 
tive cooling to a temperature of some 16 
degrees above outside wet bulb tempera- 
ture. With an outside average wet bulb 
in the summer months of 72 degrees 
Fahrenheit, as ‘exists in the Piedmont re- 


. 
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gion of North Carolina, this gives an 
average temperature in the room of 88 de- 
grees Fahrenheit. Some of the synthetic 
fibers that now are being run either 
alone or in combination with cotton do 
not run well at such temperatures, re- 
quiring a maintained temperature of ap- 
proximately 80 degrees in the room under 
operating conditions. Maintaining these 
conditions calls for mechanical refrigera- 
tion and it is worthy of note in this con- 
nection that the design of a mill now under 
construction calls for roughly 1,000 kw of7 
motor load on the processing machinery 
and a 400-horsepower motor load from the 
air conditioning compressor only: This is 
a development that reasonably can be ex- 


. pected to progress as more information is 


obtained on economies of operation ef- 
fected by better temperature control, as 
employee comfort and efficiency becomes 
more of a factor, and will bring into the 
mills motors and control larger in size 
than have been used for manufacturing 
purposes previously. 


Conclusion 


It appears safe to state that the trend 
in power usage in the cotton textile mills 
is upward both from the standpoint of 
killowatts per square foot of mill area and 
per employee. This trend will increase in 
rate of change as various mechanical 


- limitations to higher speed in the textile 


machinery are removed by future de- 
velopments. The speed, for instance, 
on spinning frames now is limited by the 
traveler-and-ring assembly used in spin- 
ning and the yarn tension that can be 
carried. The speed of looms at present 
is limited by braking methods on the 
shuttle and to some extent by the weight 


No Discussion 
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of the reciprocating parts of the loom. In 
other machinery speeds are limited not 
only by the tensions that the strand of 
fibers can carry, but also by questions of 
bearing and gear design in the details of 
the unit. - 

Coupled with these possibilities should 
be considered the fact that the cotton 
industry is not static in its pressure for 
development, and that other branches 
of the textile industry are just as aware 
that there is constant change in the com- 
petitive situation and customer demands. 
It is also well to note that this industry, 
which for many years had few technical 
men working in it, now recognizes the 
importance of the engineering and research 
approach to its problems. 

The industry has built few new plants 
in recent years and for a very long time 
will be restricted by having to use ex- 
isting buildings, some of them 75 years 
old. Some new plants now are being 
built in a windowless completely-air- 
conditioned design with the machinery 
functionally arranged with ease of trans- 
port of stock in process as a prime con- 
sideration. The full impact of recent 
developments probably will not be felt 
for three to five years, but the industry is 
conversant with such things as infrared 
and radio frequency heating, control of 
static electricity by high-voltage and 
radioactive ionization, stroboscopic ob- 
servation and photography, the applica- 
tion of vacuum tube devices for measure- 
ment and control of temperature, mois- 
ture content, machine speed, and color 
values. Many more could be mentioned, 
concerned with what are rather narrow 
details of the industry’s operation, but 
from the mass of these small changes will 
come the next great advances. 
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utility and industrial power en- 
gineers have raised questions regarding 
the effect of resistance welding machine 
loads in producing voltage changes in the 
system supplying power to the welders. 
This paper will present data, largely in 
the form of curves, relating to the effects 
of the following types of welding loads: 


1, Single-phase electronically controlled 
welders operated from 3-phase systems 
through delta-delta and Y-delta step-down 
transformer connections. 


2. Electronically controlled resistance 
welders equipped with series capacitors for 
reduction of kilovolt-ampere demand and 
improvement of power factor. 


3. Leading-power-factor loads obtained by 


the use of series capacitors for overcom- 


pensation of welder reactance. 


4. Three-phase electronic frequency con- 
verters. Such converters rectify 3-phase 
a-c power to single-phase low-frequency 
power thereby reducing the amount of re- 
active kilovolt-amperes required to circulate 
welding current through the inductive 
secondary circuit. 


Resistance Welding 


Resistance welding is a process of weld- 
ing under pressure with the heat for the 
weld produced by the flow of current 
through the resistance of the metal parts 
being joined and the resistance at their 
area of contact. No metal is added to the 
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weld so that the weld nugget is the same 
as the parent metal. A resistance weld is 
made in a fraction of a second. The ma- 
jority of welding machines in use today 
are single-phase spot and seam welders, 
operated directly from industrial 3-phase 
or single-phase power systems, which in 
turn usually are fed from 3-phase utility 
distribution lines. 


As a result of the speed of this process 


and the short heat time—such as approxi- 
mately one-half second for a spot weld in 
one-eighth-inch sheet steel—accurate con- 
trol of the timing and the amount of cur- 
rent is an absolute necessity if welds of 
uniform strength are to be obtained. 
Electronic contactors and timers make 
possible this accurate control. 

An ignitron contactor for current con- 
trol of a single-phase welder, as shown in 
Figure 1, is used to control the flow of 
current to the welder while auxiliary elec- 
tronic controls are used to initiate and 
time the duration of this current. Ig- 
nitron contactors consist of two sealed 
ignitrons connected in parallel; with the 
anode of one connected to the cathode of 


aterm ssp te 
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A-C Suprly 


Thyratron 


Grid 


the other, so when each has passed a half 
wave of current of the correct polarity a 
complete cycle of current has been applied 
to the welder. 

The amount of current passed by an 
ignitron contactor can be reduced by re- 
tarding the starting point of current dur- 
ing each half cycle, beyond the point of 
current zero at the natural power factor 
angle. This is effected by means of elec- 
tronic “controls connected in the ignitor 
circuits of the ignitrons. Controls used 
for this purpose are called phase-shift heat 
controls. Such control often is used for 
fine variations of the current of spot 
welders after coarse adjustment has been 
made by means of taps on the primary of 
the welder transformer, although full re- 
duction of current can be obtained by 
phase-shift control alone. Seam welders 
normally are furnished without primary 
taps so that all control of current is ob- 
tained by phase shift. 

When phase-shift control is used, the 
wave form of current is not sinusoidal, as 
will be evident from inspection of current 
traces in Figure 2, showing discontinuity 
of current during each half cycle of time. 
A logical question arises as to what is the 
effect of such current in producing voltage 
drop which might influence lights, other 
resistance welders, or other electric equip- 
ment. 


Figure 1. Ignitron contactor with electronic 
heat control 
Welder 
Ignitrons pe 1 Thyratron 
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Voltage Change Caused by Single- 


Phase Sine-Wave Current 


As a basis of reference for voltage 
changes caused by the nonsinusoidal cur- 
rent produced by phase control, those 
changes caused by sine-wave single-pha e 
currents flowing in a 3-phase system are 
shown in Figure 3. It is to be noted that 
a single-phase load produces voltage 
changes in all three line-to-line voltages of 
a 3-phase system. The nature of the 
change will depend upon the magnitude 
and power factor of the single-phase cur- 
rent, as well as upon the magnitude and 
reactance-to-resistance ratio of the im- 
pedance of the supply lines and trans- 
formers. Figure 3 indicates the line-to- 
line voltages at the single-phase load. The 
same curves will apply for voltage changes 
on the system near the utility substation, 
provided the intervening voltage trans- 
formations are made through delta-delta 
connected transformer banks. As an ex- 
ample consider the case of a welder draw- 
ing 100 kva at 0.4 power factor from a 3- 
phase system haying a_ short-circuit 
capacity of 20,000 kva and with system 
X/R ratio of one to one. The ratio of 
single-phase kilovolt-amperes of the welder 
to the 3-phase short-circuit kilovolt- 
amperes is 0.005 per unit. Multiplying 
this figure by the ordinates read from the 
curves in Figure 3, the voltage changes 
per unit voltage drop are as follows: 


Loaded phase = ().0094 
Lagging phase = 0.0008 
Leading phase = 0.0039 


It will be noted that the limiting volt- 
age drop occurred on the loaded phase 
and was read from the curve at a point on 
a solid line. The other line-to-line 
voltages were not limiting and were read 
from portions of the curves formed by 
broken lines. 

If there is a Y-delta transformation be- 
tween the power system and the welder, 
the voltage changes on the primary can be 
determined from Figure 4. With a Y- 
delta transformation, the primary voltage 
changes are not the same as with a delta- 
delta transformation. Using the same ex- 
ample as previously used, the voltage 
changes per unit voltage drop are as fol- 
lows: 


Voltage BC=0.0086 

Voltage CA =0.0054 

Voltage AB=no change (multigrounded 
system) 


The effect of other load power factors 
and line X/R ratios will be apparent from 
a study of the curves given in Figures 3 
and 4. 

These curves have been calculated 
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Figure 2._ Heat controlled current waves 


upon the assumption of equal post- 
tive and negative phase sequence im- 
pedance. It should be noted that voltage 
drop has been plotted as the positive 
ordinate and voltage rise as the negative 
ordinate. As most of the voltage changes 
will be voltage drops, this convention 
makes possible easy reading of the curves. 

The curves also have been calculated 
on the basis of the assumption that the 
principal change in voltage is in phase 
with the reference voltage and that any 
right-angle component of voltage can be 
neglected. This is true for small voltage 
changes, which are generally the only 
changes that can be tolerated on re- 
sistance welding systems and on power 
distribution systems stpplying both 
welders and other loads. 


Method of Determining Voltage 
Changes Caused by Phase 
Controlled Current 


Accurate calculation of voltage changes 
caused by phase controlled current cannot 
be made easily. Furthermore, it is tedious 
and costly to run tests on welders with 
different power factor and where line im- 
pedance must be varied to obtain various 
X/R ratios normally encountered in prac- 
tice. Instead a circuit was set up on the 
transient analyzer! to duplicate in minia- 
ture the welder and line circuits as shown 
in Figure 5. Thyratrons were used in 
place of ignitrons and, because the circuit 
voltage was low, batteries were connected 
in series with each thyratron to cancel out 
the voltage drop across the tube so that 
this loss would not affect the value of load 
impedance. The rms voltage was meas- 
ured at the load with constant voltage 
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maintained at this point for all conditions 
of load.’ The difference between the no- 
load and full-load rms voltages divided by 
the welder voltages considered as unity 
gave the per-unit voltage change. The 
voltage changes have been expressed by 
curves both as per-unit change per 0.01 
system impedance or as a factor which is 
multiplied by ratio of single-phase welder 
kilovolt-amperes divided by the 3-phase 
system short-circuit kilovolt-amperes to 
obtain per-unit voltage change. 


Voltage Changes Caused by Phase 
Controlled Current 


Using the miniature system, tests were 
made to determine the effect of phase con- 
trolled welder current. With a range of 
welder power factor between 0.2 and 0.8, 
the limiting voltage changes were found to 
occur on the loaded lines and are shown in 
Figure 6. In Figure 7 are shown the 
changes in the three line-to-line voltages, 
either at the welder or on the distribution 
system, without Y-delta transformation. 
It will be noted that the line-to-line volt- 
age changes are reduced almost linearly 
with current. 


Welders With Series Capacitors 


Series capacitors have been used for 
power factor correction of individual re- 
sistance welders with considerable suc- 
cess.?"3 The circuit is shown in Figure 8. 
One electronic welder control is used to 
control the series circuit of welder and 
capacitors. The more common arrange- 
ment is to provide sufficient capacitors of 
the proper voltage rating to cancel out the 
reactance of the welder, thus correcting 
the power factor to unity. The relation- 
ships between the current and various 
voltages existing in the series resonant 
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Primary or secondary line-to-line voltage chang 


phase load connected line to line on secondary winding of delta-delta 

transformation, and primary line-to-neutral voltage change. (multi- 

grounded neutral) caused by single-phase load connected line to line 
on secondary winding of Y-delta transformation 


Solid lines indicate that voltage change is the 


voltage changes encountered for given line X/R ratio and welder 


power factor 


circuit are shown in Figure 8 also. A 
charge is maintained on the capacitor 
units between welds so that synchronous 
starting can be effected, thus making 
every half cycle of current the same, even 
during a short heat time. 

It can be appreciated that because it is 
necessary for capacitor reactance to bal- 
ance the welder reactance in order to 
achieve unity power factor, any change in 
welder reactance, such as might be oc- 
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e caused by a single- 
2 
maximum of the three th 


casioned as a result of changing the trans- 
former turn ratio to effect change of 
welder heat, would disturb the circuit and 


cause relatively large change in current. 


Therefore, it is the usual practice to oper- 
ate the welders as much as possible at one 


welder transformer tap setting and with 


fixed arrangement of the arms of the 
welder, so as to keep the reactance as 
nearly constant as possible. Under this 
condition, it is necessary to make adjust- 
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ments of welder current by means of 
phase-shift heat control. 

With series capacitors applied to cor- 
rect the circuit to unity power factor, the 
limiting voltage change without Y-delta 
transformation increased as the welder 
current was reduced by phase-shift heat _ 
change was found to occur at rms cur 3 
between 0.8 to 


rent. A typical set of curves is sh 


0.9 of full sine-wave cur-— % 


Figure 9. It will be noted that here the 
drop on the loaded lines of the circuit with 
no Y-delta transformation increases to a 
value 1.43 times greater than the voltage 
drop at full-wave current, even though 
the current has been reduced to 0.9 per 
unit. 

With the Y-delta transformation be- 
tween load and system, the limiting volt- 
age changes on the system were reduced at 
reduced current for variations of welder 
power factor of from 0.2 to 0.8 and all line 
X/R ratios. 

The ratios of limiting voltage changes 
with phase controlled current to the 
limiting values of the changes with sine- 
wave current without Y-delta transforma- 
tion are summarized in Figure 10 for vari- 
ous uncorrected welder power factors and 
system X/R ratios when series capacitors 
are used to correct to unity power factor. 
Using the previous example of a 100-kva 
0.4-power-factor welder on a 20,000-kva 
short-circuit system, with X/R ratio of 1 
to 1, the uncorrected welder caused a 
limiting line drop of 0.0094 per unit. With 
series capacitors used to correct to unity 
power factor, the maximum drop with 
sine-wave current is 1.41 X 0.40 X 0.005 
= 0.0028 per unit. To determine the 
limiting drop with phase controlled cur- 
rent, multiply the drop on the loaded line 
by the factor 1.15 taken from Figure 10 


«< 
a 8 8 
V <(he 


VOLTAGE 
OROP 


WW 


VOLTAGE 
RISE 


AV 


to get a limiting drop of 0.032 per unit. 
Since phase control is used on nearly all 
series capacitor welders, it would not be 
correct to figure on more than a 3-to-1 im- 
provement from the use of series capaci- 
tors for this particular set of conditions. 


Leading Power Factor Operation 
With Series Capacitors 


Occasionally, when a system feeding a 
resistance welding load has relatively 
more resistance than reactance, correction 
of a welder to unity power factor still 
leaves considerable drop on the loaded 
line. Then it sometimes is suggested that 
leading power factor operation be ob- 
tained to cancel out this resistance drop. 
From the curves in Figure 3 for no Y-delta 
transformation, the voltage change on the 


Figure 4. Voltage change in per-unit value 


single-phase kilovolt-amperes of load 


=AVX 


3-phase short-circuit kilovolt-amperes 
of system at point in question 


Primary line-to-line voltage change caused by 

single-phase load connected line to line on 

secondary winding of Y-delta transformer bank 

Solid lines indicate that voltage change is the 

maximum of the two voltage changes encount- 

ered for given line X/R ratio and welder 
power factor 
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other pairs of lines probably will become 
limiting so that not much improvement 
can be gained. However, if leading power 
factor operation is used, the tests which 
were made show that the voltage changes 
occurring when current is reduced by 
phase control are greater than the limiting 
values at sine wave and, more important, 
the limiting drops are, in general, greater 
than those that would have occurred if 
correction had been made to unity power 
factor only. Figure 11 will serve to illus- 
trate the behavior of a series capacitor 
circuit applied for 0.9 power factor leading 
where the welder alone has a power factor 
of 0.2. Figure 11 shows the wave form of 
phase controlled currents and also shows 
the corresponding voltage changes for 
system X/R ratio of 5 to 1. Here when 
the current supposedly was reduced by re- 
tarding the firing point of the electronic 
contactor, the rms current actually in- 
creased to a maximum of 1.16 per unit 
and did not return to unity until the firing 
point was retarded about 90 degrees. At 
this point, the maximum voltage drop ex- 
ceeded the limiting voltage drop with sine- 
wave current by about 20 per cent. 

In explanation of the effect of phase 
controlled current to increase voltage 
changes when series capacitors are used, 
the effect of phase control can be con- 
sidered as increasing the reactance of the 
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In this system voltages were measured at thg 

sine-wave generator terminals and at A-A’ to 

determine system voltage changes produced by 
phase controlled resistance welder load 


System impedance =Rs+jXs 
Welder circuit impedance =R,+K{X,—Xerz) 
circuit and hence introducing lagging 


power factor where unity or leading power 
factor was obtained with full sine-wave 
current. The effect of this lagging power 
factor is to increase voltage drop even 
though the current may have been re- 
duced by phase control. While voltage 
change can be calculated approximately 
on this basis, the curves given in this 
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changes which occur. 


Low-Frequency Welders 


Operation of a welder from a low-fre- 
quency power supply reduces the reactive 
kilovolt-ampere drop in the secondary 
circuit of the welder. As most single- 
phase a-c welders operated at line fre- 
quency have a fairly low power factor as a 
result of the inductance of the secondary 
arms which are spaced some distance 
apart, it will be seen that improvement in 
the kilovolt-ampere demand of a welder 
can be effected through the use of low 
frequency. In order to obtain low-fre- 
quency power, 3-phase 60-cycle power is 


Figure 6 (left). Voltage 
drop for phase controlled 
Welder currents 


Figure 7 (below). Voltage 

change on 3-phase lines at 

welder caused by phase 
control of welder current 


System X/R = 2.0 
Welder power factor = 
0.40 


rectified and applied to the primary 
winding of the welder transformer. 
Welding current flows in the secondary 
windings as the current builds up in the 
primary winding. Voltage of opposite 
polarity from the rectifier then is applied 
to the welder transformer so that current 
is built up in the opposite direction, 


' thus obtaining a low-frequency alternat- 


ing welding current. A typical converter 
consists of a 3-phase single-way rectifier 
with a pair of oppositely connected ig- 
nitrons connected to each of the three 
secondary windings of the transformer. 
The problems of applying such con- 
verters for resistance welding have been 
discussed in a previous paper by R. L. 
Longini.* In that paper there were given 
data on the relative voltage drop pro- 
duced by the load drawn by such fre- 
quency converters applying low frequency 
to resistance welding machine for one 
X/R ratio of line impedance. Although 
the voltage change produced by such loads 
on a 3-phase system can be calculated, 
such procedure becomes quite tedious 
when attempting to evaluate the effect 
of changing the frequency, the reactance- 
to-resistance ratio of the low-frequency 
load, and the reactance-to-resistance ratio 
of the 3-phase line impedance. However, 
by representation of the system in minia- 
ture on the transient analyzer as shown in 
Figure 12, results were obtained readily. 
As in the previous studies, thyratrons 
were used in place of ignitrons and small 
batteries were connected in series with 
each thyratron in order to eliminate the 
relatively constant voltage drop across 
the tube. A small synchronous motor was 


used to drive mechanical switches which 
initiate the firing of the thyratron tubes in 
the proper sequence in order to produce 
the desired positive and negative half 
of voltage output from the fre- 
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(quency converter. By making appro- 
priate changes in the gearing between the 
synchronous totor andthe mechanical 
switches, various low frequencies were ‘ob- 
tained. 

Control of voltage output from the fre- 
quency converter was obtained by phase 
control of the reetifying tubes, by means 
of a small self-synchronous transmitter 
which can be rotated to displace the 
thyratron grid voltage with respect to the 


anode voltage and thus reduce the amount - 


of voltage rectified by each tube. 

In Figure 13A it is shown how each 
positive and negative loop of low-fre- 
quency voltage is obtained from the fre- 
quency converter. Here for 60-cycle 
loops make one-half cycle at low fre- 
quency. For this combination, the low 
frequency is exactly 20 cycles per second. 


The voltage loops making up each half 


cycle are seen to be the same for each half 
cycle of the low-frequency current. Un- 
equal currents, therefore, exist in the 3- 
phase 60-cycle line. This is illustrated by 
the oscillograms of Figure 13B and 13C 
showing the low-frequency load current 
and the 3-phase line currents. 

As the voltage,can be rectified only in 
integral numbers of loops of 60-cycle 
voltage, some frequencies will be found to 
give equal values of 60-cycle line current, 
while other frequencies will give unequal 
currents. As the frequency is reduced, 
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the amount of inequality in the 3-phase second. These inequalities in the line 


line currents will be reduced because of 
the increased number of 60-cycle loops 
going to make up each half cycle of the 
low frequency. When the number of 60- 
cycle loops equal V & 3 or N X 3 minus 1 
equal currents will flow in the 3-phase 
lines. When the number of 60-cycle loops 
equal NV X 3 plus 1, the currents will be 
unequal. For example, equal currents are 
obtained at ‘255/;, 134/13, 10!/17, and 
529/s, cycles per second of low-frequency 
power. Unequal line currents would be 
obtained with 20, 12, and 8*/; cycles per 


Figure 8. Welder with 
series capacitors 
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current have a slight effect in producing 
unequal line-to-line voltage drop on the 
3-phase lines as will be shown later. 

As pointed out in the previous paper by 
R. L. Longini, when the inductance and 
resistance of the welder circuit are such 
that upon reversal of the low-frequency 
voltage the current requires longer than 
1/120 of a second to decay to zero, the 
thyratron continues to conduct even 
though the voltage is building up in the 
opposite direction. One thyratron then 
carries single-phase 60-cycle power which 
is applied across the primary of the welder 
transformer. Such a condition has been 
designated as a commutation fault. This 
condition persists until the current goes to 
zero at which time the negative half cycle 
of voltage is applied to the welder trans- 
former at low frequency. In general, this 
condition is not encountered on low-fre- 
quency systems where the power factor of 
the load at 60 cycles is above 25 per cent. 
Commutation faults can be eliminated by 
means of inverter operation of the rectifier 
which permits the energy stored in the 
magnetic circuit of the welder to be re- 
turned to the 3-phase lines while rectifier 
current decays to zero. However, in 
studies made in this paper, no inverter 
operation of the rectifiers was provided 
and welder impedances were used which 
did not cause commutation faults. 


Voltage Changes Caused by Low- 
Frequency Converter Loads 


Before indicating voltage changes ob- 
tained caused by low-frequency con- 
verter loads, it is necessary that a refer- 
ence load or base be defined for the pur- 
pose of plotting system voltage changes 
and load currents in per-unit values. In 
order to make the procedure for the de- 
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Y-A TRANSFORMATION AT LOAD, 
VOLTAGES MEASURED AT PRIMARY 


PER UNIT CURRENT I, 


PU. VOLTAGE CHANGE FOR EACH .O| RU. SYSTEM IMPEDANCE 
P.U. VOLTAGE CHANGE FOR EACH .O| RU. SYSTEM IMPEDANCE 


Figure 9. Voltage changes on 3-phase lines 
when welder with power factor = 0.40 is cor- 
rected to unity power factor by series capaci- 
tors and current is reduced by phase control 


System-X/R = 9.0 


termination of voltage changes similar 
to the calculations made on a welder 
drawing a single-phase load from the 3- 
phase system as described in the earlier 
part of this paper, the base load was taken 
as the single-phase low-frequency kilo- 
volt-amperes calculated on the basis of 
the required current (effective) and the 
impedance at the low frequency selected. 
Since the voltage wave and resulting 
current wave are non-sinusoidal, the 
actual single-phase low-frequency kilo- 
volt-amperes will be in excess of the cal- 
culated: kilovolt-amperes based on the 
impedance at low frequency. The har- 
monic currents and the voltages add to 
the kilovolt-amperes calculated. Also, 
as is well known, the 3-phase kilovolt- 
amperes resulting from rectified load is in 
excess of the kilovolt-amperes of the load. 
For a 3-phase single-way rectifier without 
any losses in the rectifying transformer or 
in the tubes, the ratio between the 3- 
phase kilovolt-amperes and the rectifier 
output kilowatts is 1.21. If to the fore- 
going values are added the losses in the 
rectifier transformer and tubes, it is obvi- 
ous that the 3-phase kiloyolt-amperes 
drawn from the lines will be somewhat 
greater than the calculated single-phase 
kilovolt-amperes of the welder. The 
voltage changes measured on the analy- 
zer were those caused by the total 3- 
phase kilovolt-amperes but have been ex- 
pressed in terms of the calculated single- 
phase kilovolt-amperes of the welder. 
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A-& TRANSFORMATION 
VOLTAGES AT WELDER OR 
ON SYSTEM 


Figure 10. Maximum 
3-phase line voltage 
drop caused by current 
of phase controlled 
welder with series ca- 
pacitors for correction to 


a 


unity power factor. 
Delta-delta transforma- 
tion 


Maximum drop in per 
unit of maximum drop on 
any pair of lines with 
full sine-wave current 


MAX. DROP AT REDUCED WELDER CURRENT 1, 
MAX. DROP AT FULL WAVE WELDER CURRENT I, 


| 
MAX. DROP VBC REDUCED], | 
MAX. DROP VBG FULL WAVE I, | 


Certain assumptions concerning the 
similarity between an actual welder and 
representation of this circuit in miniature 
were made. 


1. - The resistance of the welder was repre- 
sented as a constant value for the funda- 
mental and harmonic of the low frequency. 
Actually, the secondary resistance of a 
welder varies with frequency because of the 
skin effect of the current which flows in the 
large arms of the welder. The amount of 
such variation in the resistance will depend 
upon the frequency and the size of the welder 
arms and will vary for various types of 
welders. However, as the principal kilo- 
watt loss is caused by the fundamental cur- 
rent and resistance, the error caused by 
variation in the amount of loss due to har- 
monic currents which flow in the secondary 
circuit of the welder is not large and is well 
within the limits.of accuracy claimed for this 
analyzer. Actual calculation of the har- 
monic currents and losses based on oscillo- 
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Figure 11. Half cycle current traces of phase controlled welder with series capacitors to give 
0.9 power factor leading. Welder power factor without capacitors is 0.2 power factor 
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Figure 12. Méiniature system studied 


Resistance welding loads using 3-phase to 
single-phase frequency converters 


graphic measurements of a low-frequency 
welder substantiate this. 


2. The inductance of the secondary circuit 
isconstant. Here again changes in the path 
of the fundamental and harmonic currents 
will produce slight changes in the flux link- 
ages or inductance; effectively, however, 
the reactance varies almost linearly with 
frequency. Constant inductances were 
used in the transient analyzer study. 


3. Regulation of the rectifier will be 
approximately 25 per cent when drawing 
maximum welder current. As welders are 
operated intermittently economy dictates 
that the welder and frequency converter be 
overloaded above the continuous capacity 
during the short weld time. Losses in the 
system are naturally greater under this con- 
dition and 25-per-cent regulation is reason- 
able. In this paper, regulation is defined as 
100 times the ratio of the calculated voltage 
drop through the rectifier when considered 
as a straight rectifier divided by the voltage 
across the welder. This voltage is equal to 
the product of rms current and low-fre- 
quency load impedance referred to the pri- 
mary of the welder transformer. For a 3- 
phase single-way rectifier, the voltage drop 
would be the sum of the resistance, commu- 
tation, and ignitron are drops which can be 
calculated as follows: 


IR=I (effective) Xresistance in ohms per 
phase of the rectifier transformer windings 
and secondary leads referred to the second- 
ary-winding of the transformer 


Commutation drop for 3-phase single way 
10k (effective) X3 
2a 


phase of the rectifier transformer windings 
referred to the secondary winding 


rectifier Xreactance per 
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ae 


TO TUBE GRIDS 


MECHANICAL SWITCH TO 

‘ CONTROL TUBE FIRING AND 
OBTAIN DESIRED SINGLE 
PHASE FREQUENCY AT LOAD 


Arc drop=approximately 15 volts constant 
drop for ignitrons 


For the miniature circuit used, the commu- 
tation voltage drop was approximately one- 
half of the total drop. 


The per-unit voltage drops determined 
from the tests with representative sys- 
tems in miniature are shown in Figures 
14, 15, and 16 for load frequencies of 84/, 
(unequal line currents), 13!"/,3 (equal line 


Figure 13A. Twenty 

cycles per second alter- 

nating voltage obtained 

from frequency con- 
verter 


currents), and 20 (unequal line currents) 
cycles as functions of the X/R ratios of 
the line and of the welder load. With the 
calculated low-frequency kilovolt-am- 
peres of the welder as base kilovolt-am- 
peres and for a 25-per-cent regulation in 
the rectifier transformer and tubes, the 
curves are remarkably similar in showing 
the maximum drops which occur on any 
of the three line-to-line voltages. 

Except for line impedances with high 
X/R ratios, the results indicated that 
maximum drops occurred at maximum 
current and not at reduced current ob- 


. tained by phase control as illustrated in 


Figures 17A and 17B. These figures show 
also the unbalanced voltage drops result- 
ing from the unbalanced line currents. 
For comparison, Figure 17C shows the 
balanced voltage drops obtained at the 
frequency of 13/,3 cycles and Figure 17D 
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LINE CURRENT 


shows the greater unbalance in voltage 
changes at the frequency of 20 cycles. 
Tests indicatéd that the magnitude of the 
voltage changes on the 3-phase line were 
not affected by a Y-delta transformation 
between the line and the primary winding 
of the frequency converter. 


Comparison With Actual Welder 


Tests on a welder operated from a 25°/;- 
cycle frequency converter served to sub- 
stantiate the results of the tests made on 
the analyzer. At this frequency, the 
welder power factor was 0.5, calculated 
regulation was 25 per cent, the X/R ratio 
of the line impedance was 3.8 to 1. The 
voltage change per 0.01 line impedance 
was 0.015. The miniature system, with 
the same relative impedances, gave a 
voltage change of 0.014, showing very 
good agreement. 


Comparison of Low-Frequency 
Welder With Series Capacitor 
Welder 


Comparison of the effect of the load 
drawn by a frequency converter supplying 
power to a welder with the effect of a 
single-phase series capacitor corrected 

. welder can be made only if the impedance 
of the welder at low frequency is known. 
It is particularly necessary that the re- 


LOAD CURRENT 
Ty, 


Ta 


-Ib 


Ic 


Figure 13B (above right). Full heat welder 
load current and system line currents for unity 
power factor load at 20 cycles 


Figure 13C (above left). Full heat welder 
load and system line currents for welder 
X/R =2 at 20 cycles 
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sistance of the welder at low frequency be 
determined accurately. Because this re- 
sistance may vary with frequency and 
because the ratio between 60-cycle re- 
sistance and the resistance at low fre- 
quency will vary for the various types and 
models offered by the many builders of 
resistance welders, exact data must be ob- 
tained from the manufacturer. However, 
if the calculated kilovolt-amperes as de- 
fined in the paper is known, the effect of 
this load can be determined from the data 
in this paper. 

To illustrate the use of the data, com- 
parison will be made between a welder 
equipped with series capacitors to improve 


the single-phase load to unity power fac- 


tor with this same welder operated from a 
frequency converter delivering 13'/1s- 
cycle power to make the same weld. The 
demand of the welder at 60 cycles without 
series capacitors will be 100 kva at 0.4 
power factor. The comparison will be for 
the tase where there is no change in the 
resistance of the welder and for the case 
where there is a 25-per-cent reduction in 
the secondary resistance of the welder 
when operated at 1311/3 cycles. Table I 
gives this comparison as well as a com- 
parison based upon a welder power factor 
of 0.6 at 60 cycles. These comparisons 
indicate that the voltage changes for the 
two methods of reducing the welder load 
are very nearly the samme for line X/R 
ratios in excess of 2.5. For lower ratios, 
the low-frequency welder causes less 
voltage change particularly if the re- 
sistance of the welder is less at the lower 
frequencies used. 


Light Flicker From Frequency 
Converter Welders 


In addition to the periodic voltage 
changes in the line that will occur through 
the starting and stopping of the welding 
current and which may produce light 
flicker, there is also the possibility of 
voltage variations during the weld period 
because of variations in the line current as 
reflected from the low-frequency welder, 
as shown in the oscillograms of Figures 
13B and 13C. To determine this posst- 
bility of light flicker during the period of 
continuous operation of the frequency 
converter, a fluorescent lamp rated at 
8 watts, 115 volts, and 0.14 ampere was 
placed across the 3-phase line just ahead 
of the frequency converter. This lamp 
indicated to several observers for all the 
low frequencies considered in this paper 
that 


1, For a 10-per-cent drop in line voltage, 


there was appreciable and objectionable 
flicker. 
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Figure 14 (above). Maximum system line 
voltage drop versus X,/Rz, of low-frequency 
welder operated at 84/7 cycles 
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Figure 15 (below). Maximum system line volt- 
age drop versus X,/R;, of low-frequency 
welder operated at 1311/1; cycles 
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2. For a 1-per-cent drop in line voltage, 


there was a perceptible flicker that bordered - 


on the region of objectionability. 


3. For line drops below one per cent, flicker 
bordered on perceptibility. 


Summary and Conclusions 


1. Voltage changes caused by a single- 
phase load on a 3-phase system can be deter- 


mined for sine-wave currents from Figures 3° 


and 4, These curves show the effect on the 
line-to-line voltages of Y-delta transforma- 
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“tion and delta-delta transformation between 


the distribution line and the load. - 


2. The effect of electronic controls used to 
vary the current or “‘heat” of a single-phase 
resistance welder, when used without series ~ 
capacitors, does not increase the voltage 
changes above those encountered at full 
sine-wave current for the same welder trans- 
former tap setting. This applies both with 
and without a Y-delta transformation and 
for line-to-line and line-to-neutral voltages. 


3. When series capacitors are used with 
electronically controlled single-phase welders 
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to correct the load to approximately unity 
power factor, the limiting rms voltage 
change on the 3-phase lines occurs 

(a). At reduced currents obtained by phase con- 
trol for line-to-line voltages at the primary winding 


of a delta-delta and at the secondary windings of 
delta-delta or Y-delta transformations, 


(b). At reduced currents obtained by phase con- 
trol for line-to-neutral voltages at the primary 
winding of a Y-delta transformation. 


(c). At full sine-wave current (100 per cent with 
phase control) for line-to-line voltages at the pri- 
mary winding of a Y-delta transformation. 

4. Overcompensation of resistance welders 
by the use of series capacitors to obtain 
leading power factor does not reduce the 
magnitude of the limiting voltage change on 
the 3-phase system. For low X-—R ratios 
of the system impedance, where overcom- 
pensation would be used to reduce voltage 
drop on the pair of lines feeding a welder, 
the limiting voltage drop with phase con- 
trolled current can be nearly 25 per cent 
greater than the limiting drop when 
capacitors are used to correct only to unity 
power factor. Therefore, reliance on over- 
compensation to minimize line voltage 
changes should be avoided. 


5. The data given in this paper can be used 
to determine the voltage changes caused by 
a low-frequency welder load provided the 
impedance and primary current of the 
welder at low frequency are known. With 
the kilovolt-amperes determined from these 
known conditions used as base kilovolt- 
amperes, the line-to-line voltage changes on 
the 3-phase 60-cycle system can be deter- 
mined directly from the curves given in this 
paper. Thecurves indicate voltage changes 
caused by 3-phase kilovolt-amperes of a con- 
verter with 25-per-cent regulation. If the 
calculated regulation differs from 25 per 
cent, the 3-phase kilovolt-amperes and the 
voltage changes for the same single-phase 
low-frequency kilovolt-amperes will be 
changed proportionately. 


6. The maximum voltage changes per am- 
pere of 3-phase line current are approxi- 
mately the same for the range of frequencies 
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Figure 16 (above). Maximum system line 
voltage drop versus X;/Rrz, of low-frequency 
welder operated at 20 cycles 
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and power factors of the low-frequency loads 
studied. ; 


7. Comparison between single-phase series 
capacitor welders and low-frequency welders 
only can be made with accurate information 
available regarding the impedance of the 
low-frequency welder. It is not advisable 
to use the data on a 60-cycle welder trans- 
lated to lower frequency without checking 
the correctness of this procedure with the 
welder manufacturer. A complete com- 
parison between the two systems must in- 
clude an analysis of the cost of equipment 
required to obtain the desired improve- 
ments. 
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Discussion 


J.-L. Solomon and William J. Farrell (non- 
members; Sciaky Brothers, Inc., Chicago, 
Ill.): The authors have in this paper given 
us an excellent analysis of the possibility 
and extent of line drop due to various types 
of resistance welding loads through the use 
of various types of welding apparatus. They 
point out very well the advantages as wellas 
the disadvantages in some of the systems 
used to lower the voltage changes in the 
power supply system. 

In the case of series capacitor power factor 
correction equipment, they point out very 
definitely that under the best possible con- 
ditions, that is correction to unity power 


factor, one would not expect more than one- : 


to-three ratio in voltage drop between series 
capacitor power factor corrected and un- 
corrected welding apparatus. They also 
bring out the point that as the phase shifting 
is increased in order to lower the heat in the 
secondary of the welder, the reactance of the 
load is increased, which in effect lowers the 
power factor of the load, thus cancelling out 
in part what benefits may be derived in 
the installation of series capacitor equip- 
ment. 

This effect may be appreciable, since no 
welding transformer is ever designed so that 
it is used in production at its maximum out- 
put, which means that during the actual 
welding operation the phase shift dial is 
normally set at somewhere around’ 70 per 
cent. The peak currents that result from 
this phase shift operation therefore, are 
greater for the same heat output in the weld 
than would be the case where full 180 de- 
grees firing were used. ‘ 

In the treatment of low frequency welders, 
the authors would be correct if they had been 
analyzing welding machines which produced 
low frequency sinusoidal currents in the 
secondary and in fact their analysis is cor- 
rect for that type of operation and shows 
very well that the voltage changes caused by 
a low frequency welder are less than the 
voltage changes caused by series capacitor 
power factor apparatus of the same capacity 
when the X/R ratio of the line is below 2.5. 

If the 3-phase system, illustrated in Figure 
12 of the paper, is analyzed without making 
the assumptions that the authors have, that 
is, that the low frequency current is sinu- 
soidal, and keeping in mind the manner in 
which welders of this type are actually used 
in the field, one can readily see that the 
benefits derived by this system are even 
greater than those indicated by the authors 
in their analysis. 

In actual operation the length of each on- 
time pulse may run anywhere from 0.0833 
to 0.2 second. ‘The oscillogram shown in 
Figure 1 of this discussion shows the shape of 


.27 SEC, 
e: Fe 
eae | 
A 
Figure 1. Oscillogram of secondary current 
in a 3-phase welder 
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the secondary current resulting from this. 


type of operation. It can readily be seen 
that after the second hundredth of a second 
of on-time the current reaches practically a 
steady state. This means that the welded 
area is being heated with direct current and 
during the period after the second hundredth 
of a second the reactance of the machine may 
be neglected entirely and only the d-c re- 
sistance need be taken into consideration in 
determining the power required to force the 
current through the secondary circuit. 
From many tests made at the Sciaky 
Brothers plant, it has been found that the 
d-c resistance averages around 43.5 per cent 
of the 60-cycle resistance. This ratio has 
been corroborated by other investigators.} 
The peak value of the pulse in the secondary 
circuit is in the neighborhood of 1.05 to 1.1 
of the effective value, depending upon the 
length of the pulse time. This means that 
the peak value is lower than would be the 
case in the authors analysis using sinusoidal 
pulses of current since in that case the peak 
value is 1.414 times the effective value. 
The advantage of the Sciaky 3-phase sys- 
tem is also enhanced as the throat of the 
machineincreases. Withsingle-phase equip- 
ment the impedance of the secondary loop 
increases in proportion to the square root of 
the throat area; however, the difference in 
the d-c resistance between an 18-inch throat 
machine and a 48-inch throat machine is no 
more than a few microhms. On an 18-inch 
throat machine, the d-c resistance will be 
approximately 35 microhms depending 
upon the size of the machines, whereas a 48- 
inch throat machine may measure 40 
microhms. This is due to the fact that as 
the arms are made longer the additional 
length of the secondary conductors repre- 
sents a very small portion of the total re- 
sistance of the secondary circuit. It follows 
therefore, that whereas in a single-phase 
machine, as the throat of the machine in- 
creases, the power requirements increase 
correspondingly ; in a 3-phase Sciaky machine 
the kilovolt-ampere demand increases very 
little with an increase in throat depth. 
Figure 2 of this discussion shows the dia- 
gram of a typical 3-phase welding circuit 
in which the rectifier and welding trans- 
former have been combined on one iron core. 
An examination of the operation of this 
system shows that the commutation drop is 
eliminated because when two tubes are firing 
at the same time no saturation effect can 
take place as is the case in the two legs of a 
Y-connected secondary of a typical one-half 


wave rectifier. Furthermore, the regulation 


is between 10 and 15 per cent depending 
upon the size of the equipment. 

While the oscillograms shown in Figures 
13B, and 18C of the paper represent the line 
currents resulting from operating conditions 
of the authors analysis, the line currents en- 
countered in actual operation of this 3-phase 
welder are as shown in Figure 3 of this dis- 
cussion. This oscillogram shows the line 
voltage and the resulting line current drawn 
by a 3-phase machine when being used as a 
pulsation welder for the resistance welding 
of heavy gauges of steel. The oscillogram 
was made by a Power Company Engineer at 
a users plant. As can be seen, the currents 
in the three lines are representative of the 
balanced load of a typical half wave rectifier 
with subsequent equal heating effects on the 
three lines as well as in the three windings of 
the power distribution transformer. 
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An examination of the phase relationships 
between the voltage and corresponding cur- 
rent wave trace shows the power factor to be 
approximately 85 per cent. When a 6- 
winding system is used instead of the 3- 
winding system shown in Figure 2, a power 
factor of 90-95 per cent is obtained. 

From the above discussion it may be con- 
cluded that the actual power required by a 
commercial 3-phase welder and the subse- 
quent voltage changes are substantially less 
than those resulting from the authors 
analysis since the secondary impedance of a 
commercial 3-phase welder is practically 
equal to its d-c resistance, whereas, the im- 
pedance resulting from the authors, calcula- 
tions is based upon their assumption of a low 
frequency sinusoidal current. 

It may be of interest to include a com- 
parison of the costs of equipment required to 
obtain an improvement in the voltage drop 
in a typical welding installation. In order 
to correct a single-phase 60-cycle welder 
having a power factor of 30 per cent, and a 
maximum demand of 285 kva, the cost of 
the series capacitor equipment and its 
auxiliary equipment required for power 
factor correction would amount to approxi- 
mately $3,600; as the standard single-phase 
welder will cost approximately $3,600, the 
corrected equipment represents an increase 
of almost 100 per cent. The addition of the 
corrective equipment would reduce, under 
optimum conditions, the voltage change in 
the line to one-third of what it was in the un- 
corrected condition. 

A 38-phase welder of the same welding 
capacity would cost a total of approxi- 
mately $5,800. This represents a total in- 
vestment of only 80 per cent of the total cost 
of a single-phase capacitor corrected ma- 
chine. Comparing a welder having an un- 
corrected power demand of approximately 
1,900 kva with.a 3-phase machine of the 
same capacity the total investment for the 
3-phase machine represents approximately 
68 per cent of the series capacitor corrected 
single-phase machine. 7 

The 3-phase machine in both cases will 
create voltage changes in the line of only 
one-fourth to one-sixth of that which would 
be caused by the uncorrected single-phase 
welder. 
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Figure 2. Typical 3-phase welding circuit 
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Harold Cole (The Detroit Edison Company, 
Detroit, Mich.): The authors of this paper 
have made a definite contribution toward a 
better understanding of how welder loads 
affect power supply systems. The paper, 
with its abundance of supporting curves and 
data, should prove of particular value to 
utility engineers in analyzing their own 
power systems with respect to welder loads. 

The authors employed a convenient tool in 
making their calculations and in setting 
forth results; namely, the per unit method 
of expressing voltage and the per unit system 
impedance. This method of expression ap- 
pears to be replacing the familiar per cent 
method. Itis not necessary to go into the ad- 
vantages of either system since both say the 
same thing and give the same answers. How- 
ever, it is believed that the thought in the 
paper under discussion could have been more 
quickly grasped by a wider range of readers 
if one or two simple examples had been 
added. Forinstance under ‘‘Voltage Change 
Due to Single Phase Sine-Wave Current” the 
voltage changes in the various phases of a 
three-phase system which are caused by a 
single-phase welder load are discussed. The 
results are given in per unit voltage drop. 
If an example had been given that said in 
effect; for a 3-phase supply voltage of 440 
volts the actual voltage drop would be 440 
X .0094 = 4.14 volts on the loaded phase for 
the above problem; it is believed all readers 
would have found the common denominator 
more quickly. This comment seeks to prove 
the old rule that simple examples are always 
too few and does not detract in any way from 
an excellent paper. 

The subject of the low frequency welder is 
one which will bear considerable thought by 
utilization engineers. The advantages of 
this type of welder are readily apparent in 


that power factor is improved and the power : 


inrush reduced for a given operation. Fur- 
thermore, the advantage of using 3-phase 
power lies in balanced loads and reduced 
voltage drop per phase compared to a single- 
phase welder on the same’ kilovolt-ampere 
base. These advantages, however, are offset 
to some extent by the fact that the 3-phase 
circuit supplying the low frequency welder 
may be subject to cyclic voltage flicker. In 
other words, these welders may draw 3- 
phase current with a frequency of from 2 to 
18 times per second with the attendant 
voltage drops. Voltage fluctuations which 
occur in this range are more noticeable than 
single voltage dips. Voltage fluctuations 
which occur about eight times per second 
present a voltage flicker which is exceed- 
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‘ cyclic welder. 
that even though the power factor is im- - 


Figure 3. Oscillo- 
gram~ of 3-phase 
welder operation 
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ingly irritating to lighting customers. 

As has been pointed out earlier in this 
discussion, a given kilovolt-amperage of load 
can be handled with a lower voltage drop 
from a 3-phase supply than from a single- 
phase supply; namely, about one-half the 
single-phase drop. However, for cyclic 
voltage flicker in the order of eighth per 
second, the maximum allowable voltage drop 
on The Detroit Edison System is limited to 
about one-fourth the voltage drop which 
would be caused by a single-shot or non- 
It is apparent, therefore, 


proved and the load is fed 3-phase, that 
under certain cyclic operating conditions 
that fewer kilovolts-amperes may be avail- 
able for the 3-phase low-frequency welder 
than for the single-phase welder with its 
high current inrush and low power factor. 

Our experience is quite limited with the 
low frequency welder up to this time. A 
recent discussion with an industrial concern 
had to do with low frequency welder that 
had a 3-phase demand occurring 7.5 times 
per second which is at the most critical part 
of the cyclic range. Low frequency welders 
will undoubtedly find their proper place in 
welding operations due to their many ad- 
vantages. However, utilization engineers 
must carefully check the welder operating 
characteristics to insure that the welder and 
job in question do not impose undesirable 
voltage fluctuations on the supplying cir- 
cuits and substation buses even though the 
demand is relatively low. 


I. B. Johnson, H. A. Peterson, and C. M. 
Rhoades, Jr.: Cole has pointed out that 
some readers may not have understood the 
use of the per unit system in representing 
system voltage changes. It was the hope of 
the authors that, by giving several ex- 
amples, the use of the system would be 
clear but, if not, Cole’s example should help 
and we thank him for it. Actually one is 
interested in the per unit or per cent changes 
in voltage and not the actual number of 
volts change, in determining the effects on 
lights and other machines. 

With regard to Cole’s reference to the ad- 
vantage of 3-phase load and the reduced 
voltage drop compared to a single-phase 
welder on the same kilovolt-ampere base, 
it should be pointed out that the single- 
phase kilovolt-amperes used as a base in 
representing the low frequency load is not 
the same as the 3-phase kva resulting from 
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this single-phaseload. With a 3-phase single- 
way rectifier applied as a frequency conver- 
ter without any losses in the rectifying sys- 
tem, the 3-phase kva would be approxi- 
mately 1.25 times the low-frequency single- _ 
phase kilovolt-amperes. In order to com- 
pare the effects of low-frequency single-phase 
kilovolt-amperes and single-phase 60-cycle 
kilovolt-amperes, the comparison must be 
made on the basis of the impedance of the 
welders when doing the same welding job, 
as was pointed out in the paper. 

The voltage changes indicated for the low 
frequency system are those measured by a 
voltmeter which was not responsive to the 
variation in voltage during the weld time 
resulting from reflections of the low fre- 
quency current in the 3-phase lines. Since 
the low frequency current varies during each 
half cycle, the 3-phase system experiences 
load changes at twice the frequency of the 
low frequency system. ‘The effect of the 
variation of line to line voltages for different 
root-mean-square voltage drops was sum- 
marized in the paper. 

The effects of lower frequencies than 
8°/; cycles per second and discontinuous 
half cycles of low frequency current would 
be to aggravate the variation in 3-phase line 
voltages during weld time so that a root- 
mean-square voltage drop of one per cent 
probably would cause objectionable flicker 
whereas, with continuous alternating cur- 
rent as obtained with the frequency con- 
verter used in the tests, the flicker of the 
fluorescent lamp was just perceptible at one 
per cent change. 

The authors have a number of comments 
to make to clarify the discussion presented 
by Solomon and Farrell, and will reply to the 
questions in the order raised. 

The example given in the paper showing 
three-to-one improvement in line drop 
through the use of series capacitor power 
factor corrected welder was one example 
only based upon certain welder and line con- 
stants, and should not be used to summa- 
rize the results given in this paper which 
presents data to determine voltage changes 
for any conditions which may be encoun- 
tered. Another example might be a welder 
drawing 100 kva single-phase at 0.20 power 
factor with system X/R = 1.0 short circuit 
kva of 20,000 and with delta—delta trans- 
formation between line and load. The drop 
due to this load is 1.6 0.005 or 0.008 per 
unit. The maximum voltage drop when 
series capacitors are used with electron heat 
control to adjust the welding current would 
be 1.41X0.2X0.005X1.17 or 0.0017 per 
unit. Here the improvement on voltage 
drop would be 4.7-to-1. 

The authors agree that most welder traris- 
formers are not used in production at maxi- 
mum output. Series capacitors are usually 
selected for the production condition and 
the voltage changes are determined on the 
basis of this load. The maximum voltage 
change may occur at a reduced current and 
this can be determined from the data given 
in this paper. 

The tests on a miniature low frequency 
system were made with nonsinusoidal cur- 
rents such as are obtained in one of the low- 
frequency systems described by Solomon 
and Farrell, as well as the low-frequency 
welder actually tested by the authors. The 
low-frequency kilovolt-amperes referred to 
and defined in the paper is merely a tool to 
tie down the impedance of the welder. Ad- 
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mittedly the impedance of various makes of 
welders will be different at low frequency 
just as the kilovolt-amperes will differ at 60 
cycles when different welders develop the 
same secondary or welding current. The re- 
sults given in the curves show the effect of 
the non-sinusoidal currents and voltages as 
illustrated by the typical oscillograms of 
Figures 13B and 13C. 

If the time of each current pulse is 0.0833 
to 0.2 second as suggested, then we assume 
that the low frequencies involved range be- 
tween 6 to 2.5 cycles per second. The 
oscillogram in Figure 1 of the discussion 
represents current at 4 cycles per second. 
This current varies exponentially during 
each half cycle. While the secondary cur- 
rent approaches a constant value at the end 
of each half cycle, it would be interesting to 
see the corresponding primary line currents 
for this condition, since constant current 
through the welder transformer might 
saturate the core with consequent increase 
in the primary current and decrease in the 
secondary voltage. If such saturation exists 
in a practical case, then the voltage changes 
due to the welder load will be greater than 
those determined by the analysis given in 
this paper. 

The resistance of large conductors, such as 
the arms of a welder, is not appreciably 
greater at five to ten cycles per second than 
*when passing direct current; therefore, the 
use of d-c resistance as suggested by Solomon 
and Farrell is permissible. In the com- 
parison of a low-frequency welder, the au- 
thors assumed a condition where the re- 
sistance of the electrodes and work pieces 
was 50 per cent and the resistance of the 
arms was 50 per cent at 60 cycles per second. 
At low frequency the resistance of the arms 
was assumed to decrease 50 per cent while 
the electrodes and work resistance was as- 
sumed to stay constant as a result of the 
highly concentrated cross section as com- 
pared with the welder arms. Thus the total 
resistance at low frequency would be 75 per 
cent of the 60 cycle resistance. 

As was pointed out previously, this 
analysis is based on nonsinuSoidal currents so 
that the discussion of peak currents is not 
relevant. 

The resistance of a welder does not 
change appreciably with increased throat 
depth. A machine with 48-inch throat 
depth will have greater reactance than a 
machine with 18-inch throat; therefore, the 
reactive kilovolt-amperes required will be 
greater. This increased kilovolt-amperes of 
a single-phase 60 cycle machine is compen- 
sated for by using more capacitors to bring 
the power factor near unity. The demand is 
then proportional to the resistance of the 
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welder and the deep throat machine will not 
draw much: more load than a shallow 
throat machine for the same secondary cur- 
rents. 

Referring to Figure 2 of the discussion, 
the circuit with the three primary windings 
on the core of the welder transformer is still 
a rectifier circuit and commutation losses 
are present. Without going into the theory 
of rectification, it’ can be stated that the 
voltage drop during commutation is due to 
the transfer of a finite current from one 
winding to another. This causes an induc- 
tive drop proportional to the leakage in- 
ductance in the circuit in which the current 
is changing. With the system shown in 
Figure 2, current must transfer from one 
winding to another at a time when the cur- 
rent is not zero. The commutation drop 
will depend upon the construction of the 
transformer and the coupling between the 
primary coils. Since the welder transformer 
must transform low frequency voltage, the 
core must be larger than an equivalent 60 
cycle rectifier transformer, and the leakage 
inductance of the coils will probably cause 
comparable commutation voltage drops. 
In no type of rectifier system is the commu- 
tation drop due to saturation of the trans- 
former core. 

The line currents shown in Figure 3 of 
the discussion are similar to Figure 13B of 
the paper except that the low frequencies 
are different. Both rectifier systems are 3- 
phase single-way type. 

Power factor of nonsinusoidal currents 
and voltages as shown in Figure 3 of the dis- 
cussion, cannot be determined by phase re- 
lationship. For a rectifier the power factor 
of the 3-phase load is determined by the 
fundamental definition of power factor; 
namely, the ratio of average kilowatts di- 
vided by the 3-phase kilovolt-amperes. As 
was shown in the paper, the power factor of a 
3-phase single-way rectifier i; approximately 
85 per cent. 

The authors wish to state again so that 
there is no misunderstanding, that they have 
not indicated the 3-phase load of any low 
frequency system except in the comparison 
in Table 1 which was based on certain as- 
sumptions regarding the resistance of the 
circuit. The data has been presented to 
permit determination of the effect of the 3- 
phase load of a frequency converter when 
the impedance of the welder at low fre- 
quency is known and the regulation of the 
frequency converter system is known. The 
equivalent low-frequency kilovolt-amperes 
based on fundamental components of cur- 
rent and voltage at this frequency has been 


_used as a convenient tool in expressing the 


impedances and desired weld current of the 
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low-frequency welder so that any one can 
determine the effect of the load based on the 
same type of impedance data as is available 
and is used for calculations of single-phase 
60-cycle welders. 

The comparison of costs given does not 
state the type of controls involved. Syn- 
chronous precision controls have been widely 
used with series capacitor compensated 
welders. The cost of the necessary capaci- 
tors, discharge resistor, capacitor racks and 
synchronous precision control with National 
Electric Manufacturers Association 7B 
sequence control required for a spot welder 
which would draw 285 kilovolt-amperes at 
0.30 power factor is approximately $3,000. 
Without series capacitors, a synchronous 
precision control with NEMA 7B sequence 
control for the spot welder without series 
capacitors would cost approximately $1,450. 
The approximate additional cost of series 
capacitors and control equipment would 
be $1,550 rather than $3,600. The authors 
are not in a position to comment on the cost 
of a welding machine when series capacitors 
are used, but believe that a few hundred 
dollars should take care of the additional 
charge for the higher voltage transformer 
required. 

If nonsynchronous welder controls were 
used with the uncorrected welder, the cost 
of the controls would be approximately 
$800 so that the extra cost for capacitors and 
synchronous precision control would then 
be $2,200 rather than $3,600. 

One other comment is in order since it 
bears upon a point made by Cole in his dis- 
cussion. In Figure 3 of the discussion by 
Solomon and Farrell, the primary line cur- 
rent is applied to the primary of the welder 
transformer in pulses to obgain each half 
cycle of four-cycle-per-second current. The 
primary line current does not flow for two 
60 cycle periods between each half cycle of 
load current. 

In the analysis made by the authors using 
the transient analyzer, there were no periods 
during which the control was shut off as 
shown in Figure 3. Therefore, the variation 
in primary line voltage at a frequency of 8 
cycles per second will be greater than that 
observed by the authors. The reaction of 
a fluorescent lamp at various root-mean- 
square voltage changes as recorded in 
the paper will not apply for current pulsa- 
tions similar to those shown in Figure 3 
of the discussion. 

In conclusion the authors believe that the 
data given in the paper is representative of 
the performance of all the types of welder 
systems described in the paper and as fur- 
ther outlined by those who have submitted 
discussions. 
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Radio-Noise Influence of 230-Kv Lines 
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HE DIFFICULTIES of obtaining ma- 

terials during recent years have made 
it necessary to economize in the design of 
new transmission facilities. During war 
conditions the Bonneville Power Adminis- 
tration undertook such limited means as 
were possible to determine if economies 
could be effected in transmission line de- 
sign without lowering standards of service. 
One of the first departures from previous 
practice involved the use of wood poles for 
transmission of power at 230 kv. Design 
of the first line of this type on the Bonne- 
ville-Coulee system was based on previous 
practice of similar installations in other 
parts of the United States. This 230-kv 
line is 184 miles long, contains H-frame 
structures with 22-foot conductor separa- 
tion, 1.108-inch aluminum-cable steel- 
reinforced conductor, uses 13 standard 
58/,-inch suspension insulators, and is not 
protected with ground wires. It was 
built to relieve a serious bottleneck during 
the war emergency. 

When the materials’ situation became 
critical, it became apparent that consider- 
able further saving could be effected if 
the conductor diameter and spacing, as 
well as the insulation level, could be re- 
duced. These three items were considered 
in the light of the hazards that would be 
involved by their further reduction. 
Twenty-two-foot conductor separation 
required spliced crossarms which were 
initially expensive and difficult to replace 
when repairs were necessary because of 
lightning flashovers. The question of 
conductor separation also involved trans- 
mission reactance and losses, mid-span 
flashovers, safety to personnel when work- 
ing on energized lines, and radio inter- 
Paper 47-92, recommended by the AIEE committees 
on communication and power transmission and dis- 
tribution for presentation at the AIEE winter meet- 
ing, New York, N. Y., January 27-31, 1947. 
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ference. Thirty-six-foot arms were avail- 
able in one piece and even 40-foot arms 
sometimes were obtainable. The number 
of insulators used involved cost and de- 
livery of the insulators, structure height, 
and number of structures per mile neces- 
sary to maintain required ground clear- 
ances at mid-span. Since ground wires 
are not used for other than station protec- 
tion on the Bonneville system, insulation 
levels involved more consideration of the 
magnitude of switching surges than 
lightning flashovers. Conductor diameter 
involved losses, economic loading, and 
radio interference. 


Wherever possible, repairs on both 115- 
and 230-kv lines of the Bonneville system 
are made with the lines energized. It is 
therefore necessary for maintenance crews 
to climb poles and towers with lines 
energized and to use hot-line equipment. 
This practice has proved most satisfactory 
and economical, and permits continuity of 
service, but safety to personnel must be 
considered in the design of such transmis- 
sion facilities. This involves both the in- 
sulation level and conductor separation. 


Selection of the insulation level was 
based on experience with 115-kv circuits 
and 230-kv test installations. Most of 
the lightning hits to the system are direct 
strokes to conductors, and as far as is 
known, these hits always result in flash- 
overs to ground; although occasionally 
there is no power-follow are and conse- 
quently no outage occurs. Except in ex- 
perimental areas,! the stroke usually fol- 
lows over the insulators and crossarms 
and down the, pole of wood-pole lines. 
Because the number of suspension units 
in this path is a small part of the total in- 
sulation for lightning, the adopted level is 
based on switching surges and possible 


pole fires as well as safety to personnel. 


Sufficient data have been obtained from 
protective gaps on the system to conclude 
that switching surges rarely, if ever, reach 
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three times normal. Pole fires have 
occurred when a large percentage of the 
insulators were shattered from lightning, 
so that the remaining units and the wet 
crossarm and pole sustained heavy leak- 
age currents to ground. 

Suspension insulators are one of the 
lesser sources of radio disturbances, irre- 
spective of whether they contain special 
treatment. The common types of sus- 
pension clamps, containing two U bolts 
which protrude below the nuts, are worse 
offenders than the insulators. This source 
of disturbance is not of much consequence 
on steel towers, because of tower shielding, 
but it is appreciable on wood pole lines. 

The questions of conductor diameter 
and separation are complicated by several 
variables, all of which should be weighed 
in proportion to their importance. Reduc- 
tion of diameter, which is also considered 
to mean reduction of cross section, in- 
creases corona as well as line resistance 
and reactance. The change in reactance 
is not of great importance, but increased 
losses, including a decrease in the firm 
capacity of the line, must be balanced by 
the reduction in first cost to be econom- 
ically justifiable. The first cost includes 
not only that of the conductor, but also 
involves pole height and number of struc- 
tures per mile. 

Reduction of conductor separation also 
increases corona losses but involves a de- 
crease in reactance, resulting in a slight 
increase in the stability limit. The saving 
in first cost may include width of the right 
of way but is mainly confined to length of 
crossarms, which is important if it in- 
volves the difference between 1-piece 
versus spliced arms. Further reduction 
below the maximum commonly available 
length of 1-piece crossarms involves 
little improvement in cost and probably 
increases the hazard to personnel beyond 
desirable limits. 

Mid-span flashovers are not considered 
of importance in the selection of conduc- 
tor separation. Close observations over 
the entire system during recent years have 
shown that if mid-span flashovers have 
occurred at all, they are too rare to be im- 
portant in the design of lines. 

Radio-noise influence was of major con- 


677 


cern in the question of conductor diameter 
and separation. It generally was believed 
that a reduction of these factors should re- 
sult in increased noise levels as well as in- 
creased losses. Data are available on 
losses that could be anticipated,” but con- 
siderable concern was expressed over pos- 
sible increasesin radio-noise levels. A con- 
siderable portion of the Bonneville trans- 
mission system traverses-sparsely settled 
areas at a considerable distance from 
broadcasting stations. The lines are 
relatively close to some dwellings in rural 
areas, and it was considered of paramount 
importance to keep radio-noise influence 
in these areas within an acceptable 
minimum. Complete data on radio inter- 
ference from high-voltage lines-were not 
available, and so an investigation was 
undertaken to determine whether radio 
noise is a serious item in the design of high- 
voltage lines. 


Method of Measurement 


Measurements of radio-noise influence 
during this investigation were confined to 


Figure 1. 
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a Ferris type radio-noise and field-strength 
meter containing means for calibrating 
the receiver gain so that the meter reading 
is proportional to the input. This instru- 
ment is equipped with an antenna of such 
length that the calibrated meter reading 
is proportional to the microvolts of field 
strength per half meter. The instrument 
reads both crest and integrated values so 
that readings could be obtained propor- 
tional to the radio noise as well as the 
average field strength. Since the major 
objective of the investigation was the de- 
termination of radio interference to 
domestic receivers, the data given here 
are in terms of radio noise or crest values. 
After conducting preliminary tests over 
the broadcast range, a frequency of 800 ke 
was adopted, it being near the center. of 
the band. Frequently throughout the 
tests readings were taken at various fre- 
quencies in order to ascertain that no 
radical differences existed from the data 
obtained at 800 ke. 

It was found that in order to eliminate 
radio interference entirely from ordinary 
domestic receivers it is necessary to main- 


Location of Bonneville—Coulee transmission system (1946) 


—— 230 KV SYSTEM 
—— 115 KV-SYSTEM 
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tain a signal strength of the broadcasting 
station of at least 40 times that of the 
interference. Fair reception is possible at 
a ratio of 25 to 1. Reception is practically 
impossible at a ratio of 10 to 1. These 
ratios involve variables which may alter 
them to some degree depending upon 
local conditions, but it is believed that 
they represent a fair average. In areas 
remote from transmitting stations it was 
considered necessary to maintain lower 
levels of interference than can be tolerated 
in metropolitan areas because of the 
greatly reduced signal strength of broad- 
casting stations in the remote areas. 

The method of measurement consisted 
of placing the Ferris meter at predeter- 
mined positions on the ground with re- 
spect to the transmission line. In the 
accompanying data the point on the 
ground directly beneath the outer con- 
ductor is taken as the reference, measure- 
ments being made from that point, mov- 
ing away from the transmission line and 
at right angles thereto. 

The map of Figure 1 illustrates the 
general location of the high-voltage trans- 
mission system of the Bonneville Power 
Administration in 1946. The 230-kv 


system from Grand Coulee to Spokane, - 


Corona radiation—Covington- 
Grand Coulee line 1 


November 20, 1944, 2:30-6:40 a.m.; curves 
corrected for background noise 
Conductor: Aluminum cable steel reinforced, 
1.108-inch outside diameter, 26 strands alu- 
minum, 7 steel, 27-foot separation, 41 feet high 
Weather: Fair, barometer 29.8 inches, tem- 
perature 38-22 degrees Fahrenheit 

Test frequency: 800 kc 


Figure 2. 
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Figure 3. Corona radiation—Midway- 


Columbia line 


January 15, 1946, 12 noon 

Excitation: 236 kv 

Conductor height: 47.5 Feet 

Weather: Clear, barometer 28.6 inches, tem- 
perature 24 degrees Fahrenheit 

Test frequency: 830 kc 


Covington, and Vancouver, all contain 
parallel circuits. The wood-pole line pre- 
viously mentioned is the second Coulee- 
Covington line. 


Levels Within the 
Induction Field 


The curves of Figure 2 illustrate the 
radio noise measured at mid-span on a 
steel-tower line that had been in service 
for several years (Coulee-Covington num- 
ber 1). These data illustrate the limited 
distance through which energy is radiated 
within the field of direct induction.. The 
normal operating potentials on the Bonne- 
ville system range from about 222 kv to 
244 kv at different points on the system. 
It is apparent that for fair weather the 
radio-noise influence is well below the 
knee of the curve for all distances beyond 
100 feet from the outer conductor. At 200 
feet the line excitation could be increased 
to about 260 ky without the increase in 
noise departing substantially from a 
linear relation. 

Corona loss measurements also were 
made on this line using commonly avail- 
able instruments and instrument trans- 
formers. In fair weather the losses per. 
3-phase mile measured as low as 0.6 kw, 
and in inclement weather that was general 
throughout the area, as high as 12 kw. 
A relatively large tolerance probably 
should be allowed for the low reading, but 
the high value is believed to be within ten 


per cent. 
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Columbia line 


Conductor height: 47.5 feet 
Line excitation: 236-240 ky 


One-Inch Conductor 


Based on the data of Figure 2, a 230-kv 
line was constructed with a l-inch di- 
ameter aluminum-cable steel-reinforced 
conductor. This is the line between Mid- 
way and Columbia of Figure 1. Because 
of its importance to the war emergency, it 
is a steel-tower line and differs from earlier 
practice only in the conductor diameter. 
The conductor contains 54 strands of 
aluminum and 7 of steel. Conductor 
separation is 27 feet. Although consider- 
able concern was expressed over the use of 
this conductor because of possible radio 
noise, early tests with line potentials of 
240-243 kv proved that the design consti- 
tuted good engineering practice so far as 
radio-noise influence is concerned. 

The curve of Figure 3 illustrates a test 
that was made on the afore-mentioned 
line within two months after it was 
energized. These data show that even 
when this line was new radio noise 


emanating therefrom was not substan- - 


tially higher than that of the weathered line 
of Figure 2, which uses a larger conductor. 
For all distances beyond 200 feet the 
measured difference is negligible. Al- 
though there is somewhat greater con- 
ductor height for Figure 3, other data 
show that this difference apparently is not 
of great importance. 

Of particular interest in Figure 3 is the 
lower noise level measured under the 
center conductor than that measured 
under the outer conductor. Figure 3 also 
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Figure 5. Hourly variation in corona radia- 
tion—Midway—Columbia line 


April 2, 1946 

Excitation: 239-241 ky 

Conductor height: 46.5 feet 

Weather: Cloudy, barometer 28.6 inches, 
wind 1-7 miles per hour 


shows the rapid attenuation of the induc- 
tion field, the noise influence falling to 
about three per cent of its maximum 
measured value in 300 feet. 

The Midway Columbia line, containing 
the 1-inch conductor, has been used for re- 
peated tests of radio-noise influence in the 
interest of design of future lines. Figure 
4 illustrates data obtained on this line at 
approximately monthly intervals since 
the line was energized and extending over 
a period of approximately 11 months. It 
was anticipated initially that these data 
should result in a curve decreasing with 
time, perhaps nearly exponentially, ul- 
timately arriving at a minimum level that 
should be substantially constant. It is 
generally believed that new conductors 
are subject to some corona radiation 
which recedes with time, and it was ex- 
pected that the radio noise would be pro- 
portional thereto. The purpose of the 
test was to determine how long it takes for 
the corona level to become stable and con- 
stant. Irregularities were expected, but 
the data differ considerably from that 
which was anticipated. The results may 
be influenced by weather changes between 
winter and summer. However, they are of 
interest because of the extreme reduction 
in the measured noise level that occurred 
early during the tests and the gradual 
recovery to a more or less uniform average 
that followed. The measured points of 
Figure 4 are joined by lines, but the data 
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Figure 7. Corona radiation 


18-foot versus 27-foot conductor seperation 

Measured at mid-span, September 12, 1946 

Excitation: 235 kv 

Test frequency: 800 kc 

Weather: Fair, barometer 28.1 inches, tem- 

perature 71-76 degrees Fahrenheit, wind 3 
miles per hour 


probably do not represent a continuous 
curve. 


Hourly Variation 


The curves of Figure 5 illustrate the 
data obtained on one of several continuous 
runs made to observe hourly variations in 
radio interference. These curves illus- 
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Figure 6. Tower 
202 of -Midway- 
Columbia line 


Outer conductors 
drawn in to 18-foot 
separation from cen- 
ter conductor. 
Tower equipped 
with weather re- 
cording instruments 


trate the differences that occurred in noise 
level due to a storm at some distance from 
the test location. While the weather in 
the test area was generally cloudy during 
the run, no rain fell, The storm was 
estimated to be about 15 miles distant in a 
straight line from the test area, but was 
over lines of the 230-kv system, some 25 to’ 
30 miles distant along the transmission 
line. It seems probable that electrostatic 
influence was projected along the trans- 
mission line since the noise level decreased 
in the usual manner when the meter was 
placed at increasing distances from the 
line. The background noise level at the 
test area did not increase. Corona on the 
conductors became audible at the test 
area although there was no change in 
weather, and the storm remained at a 
considerable distance. Transformer con- 
nections on the 230-ky system are all 
grounded Y, the nearest being about 60 
miles from the storm area and about 30 
from the test area. 


Eighteen-Foot Conductor 
Separation 


‘An area including four consecutive 
towers on the Midway-Columbia line was 
selected for determining the effect of re- 
duced conductor separation. In this area 
the outer conductors were drawn toward 
the towers, as is illustrated in Figure 6, so 
that the conductor separation for three 
spans was approximately 18 feet The 
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rest of the line remained at its normal 27- 
foot spacing. 

Prior to the tests some predictions indi- 
cated that the radio noise from corona 
would increase with decreased conductor 
spacing. This thought probably was due 
to the well-known fact that corona power 
loss increases with decrease in spacing, 
and it was believed that the radio-noise 
influence would be proportional to the 
losses. This theory was proved to be in 
error, the tests indicating a reduction of 
radio noise with the decreased spacing 
These tests have been repeated on several 
occasions in order to eliminate the possi- 
bility of error. The data are plotted in 
Figures 7 and 8. The data of Figure 7 
for the 18-foot conductor separation were 
taken at mid-span and at the middle of 
the three 18-foot spans. The 27-foot data 
were taken in the second span beyond the 
three with reduced spacing (three spans 
away from the 18-foot data). Similar 
readings were taken at distances of ap- 
proximately 3, 7, and 10 miles from the 
18-foot area in order to be assured that 
the radiated noise was not unusually high 
in spans adjacent to the test area. The 
conductor height was slightly greater for 


‘the 27-foot span than for the 18-foot. A 


lower noise influence ordinarily would be 
expected from the higher conductor. 


Tests also were conducted opposite 
towers in the test area at both 18- and 27- 
foot separation. Results are plotted in 
Figure 9. Actually only the points have 
significant value, although they are joined 
by straight lines. The noise level in all 
instances, including both the 27- and 18- 
foot areas, was considerably lower oppo- ~ 
site the towers than at mid-span, as is 
evident by comparing Figures 8 and 9. 
For instance, at towers 201 and 202 
directly under the conductor, the meas- 
ured noise level was 25 and 20 microvolts 
per half meter, respectively, as is shown 
in Figure 9. At mid-span between these 
two towers and directly under the con- 
ductor, as is shown in Figure 8, the level 
was about 250 microvolts per half meter. : 
This general relation was observed con- 
sistently throughout the tests. 

Figure 9 shows that radio-noise in- 
fluence, measured at towers where con- 
ductor separation is 27 feet, is consider- 
ably higher than it is at towers within the 
18-foot area. Directly under the towers 
whe.e the conductors hang at their nor- 
mal 27-foot separation, corona is hardly 
audible in fair weather. At the towers 
where the conductors have been drawn in 
to 18-foot separation, there is considerable 
audible corona at all times. Personnel 
climbing the towers report that the field 
strength at some considerable distance 
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Figure 8. Corona radiation opposite mid-span 


18-foot versus 27-foot conductor separation 

September 12, 1946 

Excitation: 233 kv 

Test frequency: 800 kc 

Weather: Fair, barometer 28.1 inches, tem- 

perature 86-84 degrees Fahrenheit, wind 17 
miles per hour 


below the conductor is very much greater 
on the towers having the conductors 
drawn in to 18 feet where they are about 
five feet from the nearest tower steel. 

It is apparent from the foregoing re- 
sults that the radiated radio-noise in- 
fluence is not proportional tocorona. Itis 
also apparent that the energy radiated 
into space is reduced by drawing the con- 
ductors toward the grounded steel towers, 
although the electrostatic field between 
the conductor and the grounded steel is 
increased very considerably. 


Analytical Verification 


Although these data are contrary to 
commonly advanced theory, they are not 
difficult to understand from hindsight 
analysis. C. M. Sorvaag, of the Bonne- 
ville staff, has advanced the following ex- 
planation for this phenomenon. 

It is a well-known fact in the field of 
radio communications that an open 2-wire 
radio-frequency transmission line will 
radiate an amount of radio-frequency 
energy depending upon line spacing, wave 
length, power transmitted, and other 
circuit conditions. With a properly ter- 


minated, balanced, open 2-wire radio-fre- 
quency transmission line under conditions 
of fixed frequency and power, the amount 
of radio-frequency energy radiated will be 
inversely proportional to the square of the 
conductor spacing. At decreasing values 
of conductor spacing, the radiation will 
decrease and more energy will be propa- 
gated down the line. Practically zero 
radiation would exist when the 2-wire line 
is resolved into a coaxial type of transmis- 
sion line, and all of the radio-frequency 
energy is transmitted down the line except 
for line losses. 

Radiation from a nonresonant open 2- 
wire transmission line can be expressed by 
the following equation :* 


ag (WEA a 
P=1601 meh 


where P is the power radiated; J is the 
line current; and a/X is the conductor 
spacing in wave lengths. From this rela- 
tion it is apparent that the power radiated 
is proportional to (a/d)? where a is the 
conductor separation and ) is the wave 
length of a component of radio noise. So 
far as radiated radio noise is concerned, 
we consider for the sake of simplicity that 
only two wires of the transmission line are 
affected and that the corona will be a 
point discharge, or simply a random radio- 
frequency generator between the two 
conductors. In this case a portion of 
the radio-frequency component of the 
corona will be radiated and the remaining 
radio-frequency energy will be propa- 
gated down the transmission line in both 
directions, and the amount of radiated 
energy will be governed by the afore- 
mentioned equation. 

This theory of reduced radio noise with 
decrease in transmission line spacing is 
verified by the data obtained with the 27- 
foot and 18-foot separation. According 
to the equation, the noise in the radiation 
field should decrease by a factor of 2.25. 
The data show the noise level decreased 
by a factor of approximately 2 with the 
18-foot spacing. 


Summary and Results 
This investigation has resulted in de- 


sign of 230-kv H-frame wood-pole lines 
including 11 insulator units, 18-foot con- 
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Figure 9. Corona radiation opposite towers 


18-foot versus 27-foot conductor separation 

September 12, 1946 

Excitation: 237 kc 

Test frequency: 800 kc 

Weather: Fair, barometer 28-27.9 inches, 

temperature 85-70 degrees Fahrenheit, wind 
7-11 miles per hour 


ductor separation, and 1-inch-diameter 
conductor. Radio-noise influence or- 
dinarily is not considered to be a limiting 
factor in high-voltage transmission line 
design. Suspension insulators are not 
responsible for radio-noise levels eman- 
ating from high-voltage lines, even though 
the line-end unit may be stressed to the 
corona limit. Static discharges can be 
severe offenders, and hardware is some- 
times responsible. 

Selection of conductor size should be 
based on losses and system characteristics 
rather than on radio-noise levels. 

Safety to personnel working on ener- 
gized lines rather than radio noise or mid- 
span flashovers is considered to be the 
limiting factor in conductor separation. 
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Discussion. 


A. E. Davison (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, 
Canada): Some of the students and cadet 
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engineers, who are giving attention to radio 
interference and to higher voltage generally, 
are discussing the point, given suitable con- 
ductor diameters, of how effectively voltage 
might be raised on certain of the 230-kv 
groups of lines on this continent. For in- 
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stance, if switching surges are not of great 
duration, then it may be possible to raise the 
voltage on some 230-kv designs to as much 
as, say, 350 kv. Has the author or-have 
others any experience or comments in that 
connection? 
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These same men are wondering what liter- 
ature and data are available to designers at 
the present time regarding the merits of 
various types of smooth-body conductors 
versus concentrically wound cables—other, 
of course, than that already made available 
by Oldacre, Carroll, Cozzens, and their as- 
sociates, and by B. Hanning and those whom 
he quotes in a recent CIGRE (International 
Conference on Large Electric High-Voltage 
Systems) paper. It may be that figures are 
available for corona threshold and corona 
losses; however, are sufficient data available 
regarding radiation of these corona disturb- 
ances from various types of conductor? In 
the opinion of the author and others, is there 
need for further investigation? 

In the opinion of the author, is further 
investigation of radio interference from 
transmission lines required when the limited 
field of radiation and attenuation, with per- 
pendicular distance from the line, are con- 
sidered? 

To some degree, at least, the author 
raises the old controversy of the merits of 
steel versus wood supports. Does the author 
or others know of any data available and 
investigational work being done on the ef- 
fectiveness of tuned circuits and natural 
frequencies within adjacent steel or other 
metal fabrications stimulated or energized 
by radiations from corona? Is it possible 
that natural frequencies of these tuned cir- 
cuits within steel structures may account for 
an important part of transmission line radio 
interference generally? Do those who are 
working with this subject generally see a 
need for further study along these lines? 
Also, is it considered as a fact that steel 
structures, such as transmission towers, 
function as considerable absorbers of corona 
radiation? 

Another question raised by these students 
is: What is the shielding effect of such 
paralleling grounded metal works as a suit- 
able grounded static wire supported by wood 
or other like structures having high insula- 
tion values at low frequencies? Does’ this 
vary greatly from the absorbing capacities 
of static wires when supported by a consider- 
able metal network such as steel towers? 

With reference to Sorvaag’s work on the 
effects of conductor spacing upon radio 
interference, has it been assumed that the 
radio-frequency energy produced will re- 
main constant during the change in spacing? 
Is it the opinion of the author and his as- 
sociates that the total radio interference 
energy produced by corona—that is, the 
sum of the transmitted energy, the absorbed 
energy, and the radiated energy—is inde- 
pendent of the corona disruptive voltage and 
the corona losses? Would it appear that 
further investigational work should be done 
on these relationships? Are there any sug- 
gestions as to how this subject should be 
approached, either theoretically or in 
practical testing? 

G. B. Tebo of the Hydro-Electric Power 
Commission of Ontario and his associate, 
G. R. Slemon, raise the point that surge im- 
pedance will drop from 408 ohms for the 
27-foot spacing to 384 ohms for the 18-foot 
spacing. This impedance may have a bear- 
ing upon the reflection of incoming radio 
interference waves, corona-generated or 
otherwise. Is this reflection considered 
important by the author in his conclusion 
regarding reduced radio interference with 
reduced conductor spacing? 
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E. H. Grosser, Jr. (Commonwealth Edison 
Company, Chicago, Ill.): This discussion 
will be limited to the radio-noise influence 
measurements described in the paper. 
Similar measurements were made by-Com- 
monwealth Edison-Company in 1940 in 
connection with the design and operation 
of the Powerton-Crawford 220-kv transmis- 
sion line, and partial data were given in an 
AIKE paper! describing that line. 

Results of some very extens ve tests on 
other high-voltage lines also were pre- 
sented? by a committee before the Edison 
Electric Institute in 1940. These showed 
particularly the characteristic rapid attenu- 
ation of radio noise away from transmission 
lines. 

In our case, we wished to determine the 
possible effect of radio interference .on 
the communication and beam facilities of the 
airlines. Even prior to construction of 
the line, preliminary study was made 
with the co-operation of the Civil Aeronau- 
tics Authority by measuring the radio noise 
resulting from existing 132-kv lines when 
flights were made at low altitudes over these 
lines. Such interference was found to be 
negligible over the frequency bands involved. 

After placing our 220-kv line in service, 
the investigations were continued and 
measurements made on the ground at vari- 
ous locations to determine (a) noise levels 
under the line at various radio frequencies 
from 150 ke to 125 megacycles and under 
various weather conditions, and (5) the de- 
crease in noise levels normal to the line. 

Radio noise was found to be most severe 
at the lower frequencies, particularly at the 
extreme lower end of the broadcast band. 
At higher frequencies the noise levels 
dropped off very rapidly. For example, the 
radio noise at 10 megacycles was only one 
or two per cent of that measured at 300-500 
ke. This gave assurance that the aviation 
radio facilities, using the higher frequencies 
were not likely to be disturbed by.proximity 
of a 220,000-volt transmission line. 

The effect of weather conditions was per- 
haps not as large as had been anticipated. 
However, the rainy weather radio noise 
turned out to be roughly in the order of five 
times that measured in dry weather. Di- 
rectly under an outer conductor at mid-span 
we measured, at about 350 kilocycles, a radio 
noise of around 700 to 800 microvolts per 
meter in fair weather, and about 4,000 
microvolts per meter while it was raining. 

Measurements transverse to the line 
showed, for instance, in fair weather at 
about one megacycle: directly under the 
outer conductor, 450 m‘crovolts per meter; 
100 feet out, 85 microvolts per meter; and 
300 feet and beyond, from 10 to 15 micro- 
volts per meter. These data show very 
close agreement with those presented by 
Rorden, in spite of the considerable differ- 
ence in design of the two lines. 
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E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The data presented in this paper 
are very interesting and indicate that we 
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should expect no particular fair-weather 
broadcast-frequency radio-interference diffi- 
culties due to conductor corona on normal 
230-kv lines. The reduced interference for 
the section with closer spacing may be the 
result of two factors. The reduced surge 
impedance due to increased insulator ca- 
pacitance and reduced spacing may reflect 
away from the test section a part of the inter- 
ference normally fed in from other parts of 
the line. The decreased radiation efficiency 
at broadcast frequency of the conductors at 
closer spacing probably is a major influence 
in reducing the interference. This is further 
borne out by the reduced interference be- 
tween conductors where a cancelling action 
should occur. 

At higher radio frequencies this effect will 
be less pronounced and at the frequencies 
for which the conductor spacing approaches 
odd multiples of half wave, the lateral radia- 
tion will be accentuated. Because of the 
increasing use of high radio frequencies, this 
effect may be important and the interference 
spectrum should be explored at least some- 
what beyond the television frequencies. It 
is probable that because of the nature of the 
source of the interference, it will decrease 
in magnitude with increased frequency 
However, there may be some critical re- 
gions, and it is felt that the whole spectrum 
should be explored before final or general 
conclusions are drawn. 


H, L. Rorden: Some of the questions raised 
by Davison are beyond the scope of the inves- 
tigation, and therefore our comments must 
be based on analyses rather than on definite 
knowledge of the phenomenon. Such analy- 
ses are useful in supplying us with foresight 
of what might be expected. However, re- 
sults deseribed in the paper have convinced 
us that the only sure guide is experience. 
With this in view Mr. Davison’s questions 
will be commented upon in the order given. 

The question of insulation levels and the 
possibility of raising voltage on the existing 
system has been given considerable study 
by the Bonneville Power Administration. 
We hope to publish information of this na- 
ture in connection with our experimental 
lightning protection program at a later date. 
Since the Bonneville transmission system is 
not protected with overhead ground wires, 
the question of insulation levels differs some- 
what from that of lines which are so pro- 
tected. Our present trend is toward the use 
of high-speed reclosing circuit breakers, in 
lieu of ground wire protection. Although we 
have no definite proof, our observations and 
studies lead us to believe that we may ex- 
pect practically all direct strokes to conduc- 
tors to result in flashovers. Raising the in- 
sulation level, even beyond present limits of 
practice, would afford only partial protec- 
tion, if any. We therefore are considering 
basing our insulation levels on a safe margin 
above switching surges plus a necessary 
tolerance for units that may be broken by 
lightning. We consider it all important to 
adopt a level that will permit the line to be 
re-energized before repairs are made, when 
a lightning flashover occurs. On this basis 
we believe that many of our present lines 
are overinsulated for 230-ky and also that 
the conductor diameters are adequate (al- 
though perhaps not the most economical) to 
permit them being used at higher voltages. 
We are not prepared to say that an increase 
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of 50 percent, as suggested by Davison, can be 
effected without any change in the trans- 
mission system. However, we are thinking 
in terms of 25 to 33 per cent. We believe 
our insulation is adequate for these increased 
levels and that the radio noise will not be of 
serious concern. 

Some HH conductor is in use on the 
Bonneville system, and the few tests that 
were made on this conductor indicate a little 
lower radio noise level. We have relied on 
data of the authors mentioned by Davison 
for losses and have no other publications to 
suggest. We believe that we have sufficient 
data to assure us that radio noise generated 
by corona is not a limiting factor in the design 
of high-voltage transmission facilities. How- 
ever, as previously stated, the real answer 
is experience and further investigation 
could reveal additional useful data. 

Further study might be necessary for 
exact data in the event a transmission line is 
located unusually close to radio or other 
communication facilities. We believe that 
there are other limiting factors controlling 
the design of transmission facilities which 
make it unnecessary to consider radio noise 
generated by corona. For instance, when 
conductors are of such diameter that they 
are economical for a given voltage and load- 
ing of a transmission system, they should be 
adequate so that radio noise need not be 
studied further. Also, if conductor separa- 
tion is adequate for tower clearances and for 
safety *to personnel working on energized 
lines, it will not be necessary to give serious 
consideration to radio interference emanat- 
ing from the lines. As stated by Davison, 
the field of radiation and attenuation per- 
pendicular to the line is very limited for 
noise generated by corona. Static discharges 
caused by loose or too close hardware, par- 
ticularly on wood-pole lines, generate radio 
noise that radiates farther and at greater in- 
tensity than does that generated by corona. 

From the results of this investigation it 
appears that the effect of steel towers or 
of reducing conductor separation is to 
change the dielectric field about the conduc- 
tor, that although more corona is generated, 
there is no increase but probably a de- 
crease in the amount of energy radiated per- 
pendicularly from the line. From a com- 
parison of Figures 8 and 9 it is apparent 
that the energy radiated from the line 
opposite steel towers is very much less than 
that radiated at mid-span. In this sense, 
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steel towers act as an absorber of corona 
radiation, probably due to a considerable 
change in the configuration of the dielectric 
field which more than oversets the increase 
in the amount of corona generated by 
proximity of the conductors to the grounded 
metal. We are not aware of any work being 
done on the possibility of tuned circuits ex- 
isting within the steel structures of trans- 
mission systems. It is our belief that since 
steel towers represent a relatively low im- 
pedance to ground, any energy that might 
be generated by tuned circuits within 
the structures does not transmit a great 
amount of energy into the power system to 
be radiated as radio interference. However, 
further study of this phenomenon seems 
very much in order. 

We believe the use of grounded static 
wires will decrease the radio noise by shield- 
ing to some degree similar to that provided 
by steel towers. In some of the early in- 
vestigations, it was found that the noise 
emanating from the line was considerably 
higher opposite wood poles than opposite 
steel structures. The data are not directly 
comparable because of the difference of con- 
ductor height at the structures. We are in- 
clined to the opinion that the effect of the 
static wire itself would not be influenced by 
the supporting structure as long as the static 
wire is grounded at the structure. It seems 
that the proximity of other energized con- 
ductors has some shielding influence on the 
radiated energy and therefore a grounded 
static wire should perform similarly. 

We believe that the random radio-fre- 
quency energy is dependent upon the 
amount of corona present. In the tests the 
corona increased with the decreased spacing 
and, correspondingly, the radio-noise energy 
produced must have been increased. How- 
ever, due to the smaller spacing, a greater 
amount of energy was propagated down the 
line, and apparently enough less was radi- 
ated to offset the increased radio noise gen- 
erated. The propagated radio-noise energy 
is probably dissipated quite rapidly as it 
travels down the line, and the line thus acts 
as an absorber. This would appear to be an 
excellent topic for further study which might 
be conducted to best advantage in a labora- 
tory where conditions may be controlled. 

The change in surge impedance by 
abruptly reducing conductor separation 
from 27 to 18 feet results in a reflection co- 
efficient of about 21/, per cent, which would 
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have a negligible effect on reflecting radio 
noise disturbance from other parts of the 
system. Since the transition in the test area 
was not abrupt, it can be considered as an 
impedance matching device which should 
tend to reduce the reflection coefficient for 
radio frequency to a very small value. 

Grosser’s concurrence that our results 
agree with those obtained by the Common- 
wealth Edison Company some time ago 
lends added confidence to our conclusions. 
Weare particularly interested in his data up 
to 125 megacycles. Our tests were limited to 
the broadcast frequencies for reasons stated, 
but there are undoubtedly some cases where 
higher frequencies may be of importance. 
General analysis indicates that the radiated 
energy should decrease with increasing fre- 
quency. Grosser’s verification of this fact is 
very helpful and minimizes the necessity for 
additional data at the higher frequencies. 

Grosser’s mention of weather conditions is 
also of interest. We do not believe it is 
economical to design transmission lines to 
have low corona losses in inclement weather 
and therefore our comparisons were made 
under fair weather conditions. Although 
much higher levels exist in the rain near the 
line, the radiated energy is attenuated very 
rapidly. The wet noise level may be five 
times as high as the dry level within the in- 
duction field near the conductor, but it falls 
to less than twice the dry value at about 300 
feet from the line. Figure 5 of the paper 
shows that although considerable abrupt 
variation in the noise level may exist under 
the conductor, at 200 feet the curve is fairly 
smooth and flat. We believe that, in general, 
radio noise generated by corona is not nearly 
as serious an offender as that generated by 
static discharges, both near the source and at 
a considerable distance from the line. 

Grosser’s results in part answer the ques- 
tions raised by Starr. There is un- 
doubtedly much yet to be learned about 
radio noise, and an investigation of the en- 
tire spectrum should be of considerable 
academic value. Our results give us suf- 
ficient confidence to use where possible to 
effect economies in the design of high-volt- 
age lines, and we are further encouraged by 
Grosser’s remarks. But development must 
continue if we are to continue to progress. 
Therefore, while we build our facilities on 
the basis of present knowledge, it is always 
in order to investigate further into the un- 
known. 
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Electric Drives for Textile Finishing 


Ranges 


R. B. MOORE 


ASSOCIATE AIEE 


HE CONTINUOUS finishing of tex- 

tiles with machines operated in tan- 
dem, or “‘in range,’’ requires carefully co- 
ordinated, adjustable-speed machine 
drives. Electric drives, as compared to 
mechanical drives, generally offer several 
advantages, and are used predominantly 
on modern range installations. Of the 
electric systems, d-c drives are most gen- 
erally suitable and most widely used, 
although a-c drives are used advanta- 
geously under certain circumstances. 
There are several types of co-ordination 
control that may be used on range drives, 
each type having certain advantages and 
disadvantages, depending on the basic 
type of range drive used. 

This paper gives general information on 
textile ranges, basic requirements of 
tange drives, basic considerations in 
selecting drive equipment, comparison of 
electric and mechanical drives, description 
of various types of electrical drives and 
co-ordination control, and recommenda- 
tions for selecting proper equipment for 
specific conditions. 


General Information on Textile 
Ranges 


For a number of years the trend in tex- 
tile finishing operations has been away 
from “batch” to ‘“‘continuous’’ processing. 
In the batch system each lot of cloth is 
put through various separately operated 


Paper 47-32, recommended by the AIEE committee 
on industrial power applications for presentation at 
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mitted November 15, 1946 and originally presented 
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processing machines, and is rolled-up or 
folded-down after each operation before 
being transported to the next machine. 
In the continuous system each lot of cloth 
is passed continuously and without inter- 
mediate handling through a line-up of 
machines called a “‘range.”” In more pre- 
cise terms, a textile range consists of two 
or more cloth finishing machines, or ele- 
ments of a single machine, arranged to 
operate in tandem on a common length of 
fabric passing without interruption 
through each of the machines, or elements, 
in succession. 

Primary reasons for putting finishing 
machines in range are the speeding-up of 
production and the general streamlining 
of finishing operations. Handling of the 
fabric between operations is largely elimi- 
nated, resulting not only in improved 
product quality but also in large savings 
in man-hours and floor space. The or- 
derly arrangement of machines and the 
elimination of handling equipment con- 
tribute greatly to the appearance of the 
finishing room and to the improvement of 
working conditions. All of the above ad- 
vantages of range operation are realized 
in the form of increased output, improved 
quality, lowered costs, and increased 


_ profits. 


Among the machines commonly oper- 
ated in range, in a variety of combina- 
tions, are mangles, pads, washers, soapers, 
saturators, tenters, dryers, dye-units, 
recuperators, calenders, squeezers, batch- 
ers, folders, reels, and pilers. With the 
notable exception of the tenter, the ma- 
chines named above have various types 
of rolls or cylindrical surfaces around 
which or between which the fabric passes 
for purposes of immersion, impregnation, 
drying, squeezing, nipping, etc. These 
machines are essentially friction loads, 
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and usually require very nearly constant 
torque for driving at any speed. The 
tenter, which is used for straightening and 
stretching fabric to width, may require 
more torque at reduced speed when in- 
creased weft tension is placed on heavy 
fabrics. Maximum range operating 
speeds usually are limited by such con- 
siderations as the ability of machines to 
wash or dry the cloth satisfactorily, to re- 
tain the liquids used in the process, or in 
some cases to withstand the mechanical 
stresses causefl by high speeds. Range 
speeds of 50 to 150 yards per minute are 
common and speeds of 200 yards per min- 
ute are not unusual. Equipment for 
speeds up to 300 yards per minute is 
now being manufactured for a type of 
high-speed bleaching range. The power 
required to drive textile finishing ma- 
chines rarely exceeds 50 to 60 horsepower 
per machine, with the large majority of 
machines requiring from 5 to 25 horse- 
power. A few range elements, such as 
winders, reels, batchers, folders, pilers, and 
light squeezers, may be driven by 1- to 3- 
horsepower units. Tenters and calenders 
take the most power, frequently needing 
30 to 60 horsepower. Medium loads are 
usually encountered on mangles, pads, 
washers, dryers, and heavy squeezers, 
with about 15 horsepower being a good 
average value. Ofcourse, the total power 
required to drive an entire range will vary 
over wide limits depending on the type 
and number of machines involved, 30 to 
100 kw being sufficient to accommodate 
the majority of modern ranges. 

The commonly used finishing machines 
may be arranged in an almost limitless 
variety of combinations, each depending 
on the particular variation of a general 
type of range. Functions generally per- 
formed in range operation include bleach- 
ing, mercerizing, washing, dyeing, print- 
ing, and plain finishing. Figure 1 con- 
tains a schematic diagram of a typical 
range for finishing narrow sheeting. 
Drive equipment is not shown. — 


Drives for Textile Ranges—General 


In selecting the proper drive for a finish- 
ing range, there are two basic require- 
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ments which must bé satisfied regardless 
of the type of drive used. 


1. The drive must be capable of covering 
the range of speed needed for any type and 
weight of fabric for which the equipment is 
intended. 


2. The individual machine drives must be 
co-ordinated accurately to insure proper 
relative speeds and fabric tension at every 
point along the entire range, not only for 
steady range speeds but also during periods 
of acceleration and deceleration.” 


With reference to the requirements 
described above, the two main consider- 
ations in deciding on a range drive are: 


Mechanical drives and electric drives 
have been used for textile ranges. Con- 
sidering that nearly all motive power in 
modern textile mills is furnished by elec- 
tric motors (excepting some steam -tur- 
bines), it sometimes becomes difficult to 
accurately differentiate between ‘‘elec- 
tric’ and ‘‘mechanical’’ drives. There- 
fore, these’ definitions will be used 
throughout the following discussion. 


1. An electric range drive is one in which 
co-ordination is effected by adjustment of 
the speeds of the individual range motors. 


2. A mechanical range drive is one in which 
co-ordination is effected entirely by adjust- 


ment of the mechanical ratios between the 


1, What fundamental type of drive will be  qrive (s) and the individual range units. 


used? 
The following is a list of mechanical and 


2. What type of control will be used for co- 
electric types of drives which might be 


ordinating the individual machine drives? 


Figure 1. Schematic diagram of typical range for finishing narrow sheeting 
Drive equipment not shown 
FLOW OF MATERIAL 


SUPPLY WATER ORY STARCH ORY 
BOX MANGLE CANS MANGLE CANS 


: 
| | 
| 
| 


TENTER 


| TENSION 


FINISHED 


ROLL 


Line diagram illustrating adjustable-voltage d+-c range drive with motor- 
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Figure 2. 
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used for textile ranges. Although there 
are other electric drives that might be 
mentioned, this list is limited to the four 
types that have been most successfully 
used. 


Mechanical drives 
1. Line shaft 
2. Individual 


Electric drives 

1. Adjustable voltage (direct current) 

2. Constant voltage (direct current) 

38. Brush shifting type BTA (alternating 
current) 

4, Turbine-electric (alternating current) 


With the line-shaft drive, there is a 
single power unit driving a line shaft 
which runs the length of the range, and 
the individual range elements are driven 
from this line shaft through adjustable- 
ratio mechanical reducers. In the case of 
the range with individual mechanical 
drive, there is a separate constant-speed 
power unit, such as an induction motor, 
for each range element with the entire 
speed control obtained from the adjust- 
able-ratio mechanical reducers. 

In contrast, all of the electric range 
drives have individual, adjustable-speed 
driving units on each range element, ob- 
viating the necessity for any adjustable 
mechanical ratios. 

Comparatively speaking, the mechani- 
cal drives are cumbersome, noisy, and ex- 
pensive to maintain, whereas the electric 


drives are characterized by mechanical 


simplicity, flexibility, and adaptability to 
several different types of co-ordination 
control. The shafts, gears, belts, and 
pulleys commonly associated with adjust- 
able-ratio mechanical drives are replaced 
by wires and rheostats in the electric 
system. A few points of comparison of 
electric and mechanical systems are 


1. Relative speed adjustment on electric 
drives is generally easy to obtain by vari- 
ation of the individual motor speeds, where- 
as relative speed adjustment on mechanical 
drives requires the use of mechanical ratio 
changers, usually regarded with disfavor. 
Electric drives are much more suitable for 
various types of co-ordination control, upon 
which relative speed adjustment depends. 
Some types of co-ordination control, as will 
presently be described are entirely unsuited 
for mechanical drives. 


2. In some processes, it is occasionally de- 
sired to disconnect or by-pass certain of the 
range elements and to operate the others. 
Although this can be accomplished on 
mechanical drives by belt-shifting or un- 
clutching, it can usually be done more sim- 
ply on electric drives by electric disconnect- 
ing switches. There will be some mainte- 
nance on belts and clutches, but the mainte- 
nance on disconnecting switches is nil. 


8. On electric drives, it is possible to use 
indicating instruments to show the loads 
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on the various motors. This not only helps 
to indicate the power requirements of the 
individual machines, but also serves to warn 
the operators of abnormal operating condi- 
tions which could conceivably be due to 
faulty machinery or improper use of the 
machinery. Such individual machine load 
indication on mechanical line-shaft drives 
cannot be realized. 


4. The flexibility of individual electric 
motor drive is often an aid in the design and 
layout of the ranges and the buildings them- 
selves. On the other hand, the use of a line 
shaft becomes a great hindrance when it is 
desired to lay out the range when all of the 
machines are not in a straight line or on the 
same floor of the building. 


5. From the standpoint of appearance, 
neatness, quietness, space economy, and 
safety to personnel, it is conceded generally 
that the electric range drive is superior to 
the mechanical drive because of the elimina- 
tion of a considerable amount of mechanical 
rigging around the machines, 


Because of the many advantages of 
electric drives of this type, they are now 
used on textile ranges almost to the com- 
plete exclusion of mechanical drives. 
Among the electric drives, the direct- 
current types, particularly the adjustable- 
voltage system, have the most uni- 
versally suitable characteristics and have 
been most widely used. However, the 
alternating-current drives definitely have 
their proper places of application. There- 
fore, the remainder of this paper will be 
devoted to detailed analyses of the four 
direct and alternating current types of 
drives and the various schemes of co- 
ordination control which may be used. 
The co-ordination control systems will be 
discussed separately from the drive types. 


Adjustable-Voltage D-C Drives - 


The one line diagram in Figure 2 illus- 
trates the equipment and connections for 
the adjustable-voltage type of drive. As 
shown in the diagram a motor-generator 
set is used to convert a-c power to ad- 
justable-voltage d-c power. The conver- 
sion may also be effected by turbine- 
generator sets or by controlled electronic 
rectifiers. 

The armatures of all the range motors 
are connected to the adjustable-voltage 
bus through a common controller. Exci- 
tation for the generator and the range 
motors may be supplied from a common, 
constant-voltage exciter, as shown, or may 
be obtained from separate, adjustable- 
voltage exciters, depending on the type of 
co-ordination control employed. 

Over-all speed control of the range is 
obtained by rheostatic' adjustment of the 
armature voltage, which is common to all 


the range motors. In addition, speed con-. 


trol on the individual motors is obtained 
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Figure 3. Line diagram illustrating constant-voltage d-c range drive with motor-generator 
set for d-c power supply 


A power rectifier or turbine-generator set, also shown, may be used instead of motors 
generator set for d-c power supply 
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Figure. 4. Line dia- 
gram of range drive 
with type BTA brush- 
shifting a-c motors, and 
schematic diagram of 


BTA motor 


over a limited range by control of shunt- 
field excitation on the individual motors. 
It is by this motor-shunt-field control that 
close co-ordination of the various range 
elements is brought about. Inasmuch as 
the range motors are fairly well co-or- 
dinated initially by virtue of the arma- 
ture-voltage control, the motor-field con- 
trol must cover only a small range, func- 
tioning to regulate fabric tension and to 
compensate for changes in motor loading 
and fabric stretch or shrinkage. 

Very wide speed ranges are available 
with the adjustable-voltage drive, about 
15 to 1 being the limit without special 
equipment to compensate for voltage drop 
in the armature circuits. With this IR 
drop compensation and adequate motor 
ventilation, considerably wider speed 
ranges are available. 
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Speed regulation due to load changes is 


adequate at any speed, being approxi- . 


mately constant in revolutions per minute 
from full load to no load. These drives 
inherently have a constant-torque charac- 
teristic over the speed range, and the mo- 
tors, being physically smaller, are some- 
what less expensive than adjustable- 
speed constant-voltage motors having the 
same horsepower ratings at the same 
maximum speeds. 

One of the outstanding features of the 
adjustable-voltage drive is the easy, 
smooth control provided by relatively 
simple and inexpensive equipment. 
Through the use of motor-operated rheo- 
stats very smooth acceleration and de- 
celeration to any speed is possible, with 
the rate of speed change easily being ad- 


justable. When the adjustable-voltage is ' 
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supplied by a motor-generator set, ac- 
curately controlled deceleration is ob- 
tainable with regenerative braking, an in- 
herent characteristic. Rapid stopping 
also can be realized by dynamic braking. 

The system is adaptable to control 
from a number of duplicate pushbutton 
stations at different locations. Speed 
indicators and load indicators for the 
various machines are frequently pro- 


vided inasmuch as they give a good pic- ~ 


ture of the performance of the drive. 

Motors may be removed from range 
operation, but may not be operated inde- 
pendently unless separate additional con- 
trol and other d-c power supply are pro- 
vided. 

Inasmuch as the adjustable-voltage 
conversion apparatus is usually purchased 
for a specific range drive, good judgment 
must be used in choosing equipment with 
sufficient capacity to take care of possible 
future additions to the range. 

In certain ranges having a large number 
of machines, it is sometimes advantageous 
to “‘sectionalize” the drive by dividing the 
motors into two or three groups, each 
group being supplied with power from a 


_ fabric ‘‘storage’”’ between sections. 


separate generator. This scheme has 
been used with marked success on a num- 
ber of new continuous peroxide-bleaching 
ranges, in which there is a large amount of 
The 
multigenerator drives on these bleach- 
ing ranges contribute to ease of operation 
and increased production by providing 
flexibility in an operation that may re- 
quire different speeds in each section or 
may require some sections to be shut down 
while others are operating. 


Constant-Voltage D-C Drives 


Figure 3 illustrates the equipment and 
connections for this type of drive. As the 
name indicates, there must be available a 
source of constant voltage d-c power in 
sufficient quantity to drive the entire 
range. This d-c power generally has been 
supplied from motor-generator sets, as 
shown, but some plants have used turbine- 
generator sets or mercury-arc rectifiers. 
The latter type of conversion equipment is 
expected to become used more widely, in 
the near future. 

Each of the range motors is connected 
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Figure 6. Line diagram illustrating dancer-roll co-ordination equipment for d-c range drive 
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to the constant-potential bus through 
suitable starting control. Individual con- 
trollers or a common controller may be 
used for all the motors, depending on the 
degree of flexibility desired. Motors 
which are to be removed from range on 
occasion, and operated independently 
should have their own individual con- 
trollers. Excitation for the range motors 
may be supplied from the constant-volt- 
age bus, as shown, or may be obtained 
from separate, adjustable-voltage exciters, 
_depending on the type of co-ordination 
control employed. 

Speed control on the motors is obtained 
by adjustment of the shunt-field excita- 
tion. This includes not only over-all 
speed control of the range but also co-- 
ordination adjustments on the individual 
motors. In order to simplify the range 
control, it is;common practice to have the 
co-ordination control cover the entire 
field-control range on a motor. However, 
this has the disadvantage of throwing the 
complete job of speed control on the co- 
ordination equipment, and the drive tends 
to. be less stable than the adjustable- 
voltage type. 

This type of drive is suitable for an 
operating speed range up to four to one 
in standard designs. Wider speed ranges 
can be obtained, but the motor designs 
are special and have a considerably higher 
cost. Speeds below basic speed, or mini- 
mum rated speed, can be obtained by 
means of series armature resistors, but 
efficiency and speed regulation become 
very poor under these conditions. Fur- 
thermore, the use of armature resistors 
greatly reduces the effectiveness of shunt- 
field control, and co-ordination of the 
range motors is likely to become difficult. 
Therefore, speeds below basic speed are 
not used commonly except intermittently 
for setting-up or threading-in operations 

The adjustable-speed motors used in . 
these constant-voltage drives inherently 
have a constant-horsepower character- 
istic over the:normal speed ranges. Thus, 
more torque is available at low speed than 
at high speed, although this is no par- 
ticular advantage except in a few applica- 
tions. Because of this characteristic, 
these motors have a larger physical size 
and are more expensive than constant- 
torque motors having the same horse- 
power ratings at the same maximum 
speeds. ; 

Smooth speed control is a feature in the 
field-control range, but favorable ac- 
celerating characteristics up to basic 
speed are difficult to obtain while the 
armature starting resistance is being re- 
moved in steps. Regenerative braking is 
available down to basic speed, and dy- 
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namic braking may be used for stopping 
the drive from any speed. In comparison 
to other electric range drives, the control 
for the constant-voltage type is somewhat 
more complex and expensive. 


Brush-Shifting Type BTA 
A-C Drives 


In Figure 4 is a one-line diagram show- 
ing the equipment and connections for the 
BTA motor range drive. In this type of 
drive, 3-phase a-c power is used directly 
without any conversion equipment. Each 
of the range motors is connected to the 
a-c power line through its own individual 
controller. The system is quite flexible, 
and, if desirable, individual machines may 
on occasion be omitted from range opera- 
tion and used independently without un- 
due complication. 

All speed control in the normal range is 
obtained by shifting of the brushes on the 
commutators. In this respect the BTA 
drive is similar to the constant-voltage 
d-c drive in which all normal speed con- 
trol is accomplished by change in motor 
shunt-field excitation. 

Operating speed ranges of three to one 
and four to one are available, with the 
three to one range being less expensive 
than the four to one range. Asin the case 
of the constant-voltage d-c motor drive, 
speeds below basic speed may be obtained 
by use of resistors, this time in the motor 
secondary circuits. Speeds down to 50 
- per cent of basic speed are possible on an 
intermittent basis, speed regulation and 
efficiency being quite poor under these 
conditions. 

Type BTA motor drives are suitable 
for constant-torque loads over the speed 
range. Being equipped with slip-rings, 
brushes, and two rotor windings, in ad- 
dition to the commutators, type BTA 
motors are a little more expensive than 
constant-torque d-c motors. The indi- 
vidual controllers are relatively simple 
and inexpensive. 

Although acceleration from basic speed 
upwards may be very accurately con- 
trolled, slow and smooth acceleration 
from standstill up to basic speed is diffi- 
cult to obtain. For deceleration, regen- 
erative braking is available down to basic 
speed. Dynamic braking may be ob- 
tained by using specially designed motors 
or by applying direct current on one phase 
of the primary of standard motors. How- 
ever, the additional expense and compli- 
cations of arranging for dynamic braking 
on BTA range drives is considerable, and 
all of the existing ranges of this type are 
allowed to coast to a standstill from basic 
speed. Unequal coasting times on indi- 
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Line diagram illustrating photo-electric loop control used for co-ordinating 


elements of a d-c range drive 


Figure 8. 


Line diagram illustrating speed-regulator co-ordination equipment for d-c 


range drive 


vidual machines are compensated for with 
special coasting relays in the controllers. 


Turbine-Electric 
A-C Drives 


The one line diagram in Figure 5 illus- 
trates the equipment and connections for 
the turbine-electric range drive with a-c 
motors. In this system a mechanical- 
drive steam turbine drives the lead unit in 
the range and also drives an a-c generator. 
High-slip squirrel-cage induction motors 
are used to drive the other elements of the 
range, and are supplied with power from 
the a-c generator through a common or 
individual controller. 

Over-all speed control of the range is 
obtained from the electrically controlled 
turbine governor. As the turbine speed 
changes, the frequency of the a-c power 
generated changes in proportion. Thus, 
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the induction range motors, with speed 
responsive to frequency, follow all speed 
changes of the turbine and lead unit. The 
high-slip characteristics of the range mo- 
tors and the belt action of the fabric are 


" utilized to obtain close co-ordination of the 


range elements. Very little effort need be 
exerted in this respect, because the range 
motors will be very nearly co-ordinated at 
all times because of the frequency tie. As 
an added refinement to assist in initial 
set-ups, some kind of cone-pulley ar- 
rangement with a small range of adjust- 
ment may be used between each motor 
and the driven element. The fact that 
some such form of mechanical-ratio 
change is required for maximum flexibility 
of the turbine-electric a-c drive is one of 
its major limitations. It is impractical to 
use special forms of coordination control 
such as loop control, speed regulators, 


strain regulators, and current regulators, 
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Figure 9. Line diagram illustrating use of 
strain regulator for controlling tension be- 
tween elements of a d-c range drive 


as will be described presently, for relative 
speed adjustments between the range 
elements. 

Wide speed ranges, on the order of 15 to 
1, are possible and very smooth accelera- 
tion and deceleration characteristics are 
easily obtainable with proper control on 
the turbine. Rapid stopping of a drive of 
this type may be accomplished by dy- 
namic braking the a-c machines. To ob- 
tain this dynamic breaking effect, the 
steam is shut off from the turbine, the 
field of the a-c generator remains excited, 
and a 3-phase resistor of proper capacity is 
connected across the a-c bus, which is 
common to the generator and all of the 
follower motors. Stored energy of the en- 
tire drive, including the turbine rotor, is 
dissipated in this braking resistor, with 
the follower motors acting as induction 
generators excited from the rapidly de- 
creasing a-c bus voltage. Regenerative 
braking is not feasible because power can- 
not be pumped back through the steam 
turbine. 

The adjustable-frequency drive in- 
herently has a constant-torque character- 
istic over its speed range. 

The squirrel-cage induction motors are 
quite inexpensive, as is the a-c control. 
However, the turbine, the turbine gover- 
nor, and the a-c generator are relatively 

expensive from the standpoint of first 
cost. The importance of first cost, 
though, becomes less because the turbine 
exhaust steam may be recovered for 
process operations. The need for process 
steam not readily available from other 
sources generally decides the question of 
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consideration of a turbine-electric drive. 

Although the turbine-electric drive has 
been described as an a-c electric system, 
it is possible to drive a d-c generator from 
the lead unit and to use d-c follower 
motors on the range elements. However, 
this would actually be a special form of 
the adjustable-voltage d-c drive, and 
rarely would seem to be justified because 
it offers no appreciable advantages over a 
straight adjustable-voltage d-c drive and 
because it results in a slightly more com- 
plicated mechanical and electric system 
than a straight adjustable-voltage d-c 
drive. Thus, if process steam is needed 
and if a simple turbine-electric a-c drive 
is not adequate, the conventional adjust- 
able-voltage d-c drive with a turbine- 
driven generator set may be the best 
solution. 


TENSION 
ADJUSTMENT 


+ 
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CURRENT 
REGULATOR 


As in the case of the adjustable-voltage 
d-c drive, the rating of the turbine and a-c 
generator should be carefully considered 
from the standpoint of capacity to accom- 
modate possible future additions to the 
range. 


Types of Co-ordination Control 


The fact that the various elements of a 
textile range are individually driven 
makes necessary some provision for co- 
ordinating the range motors to maintain 
correct relative speeds and fabric tension 
between elements. There are a number 
of methods by which the elements of an 
electric range drive may be co-ordinated, 
several of which will be described in this 
paper. Following is an outline of the 
types to be discussed. 


Regulated systems 


Dancer rolls (compensating gates) 
Photoelectric loops 

Speed regulators 

Strain regulators 

Current regulators 


coi CO 


Unregulated systems 


1. With shunt motors 
2. With ‘‘soft’’ motors 


By “regulated system” is meant one in 
which the range motors are continuously 
controlled by automatic, closed cycle, 
regulating equipment. It follows, then, 
that an “unregulated system’’ has no 
such regulating equipment. 


Figure 10. Line diagram illustrating use of 

current regulator for controlling tension on 

centerwind reel at end of an adjustable-voltage 
d-c range drive 
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Dancer Rolls 


In the textile finishing industry dancer 
rolls, often called compensating gates, are 
the oldest and most widely used method of 
range-drive co-ordination. Each roll is 
supported in a loop of fabric between 
successive elements of the range and is 
mechanically connected by chain and 
sprocket to a speed-changing device on 
one of the motors, all motors thus 
arranged being known as “follower” 
motors. Figure 6 illustrates one type of 
dancer-roll and rheostat mechanism. 
One motor, known as the “lead” motor, 
will not be associated with a dancer roll, 
and its speed will determine the over-all 
speed of the range. Obviously, a dancer 
roll will rise or fall if fabric is removed 
from the loop faster or slower than it is fed 
into the loop. As the roll changes posi- 
tion, it will drive the speed-changing de- 
vice on the motor it controls. Thus, the 
dancer roll will always assume a position 
so that cloth is removed from and fed into 
the loop at the same rate, and the range 
elements on either side of the loop are said 
to be co-ordinated. 

In view of the fact that dancer rolls 
take up space and require maintenance 
and proper installation, they have been 
much maligned of late. Whereas this 
criticism is understandable, the fact re- 
mains that dancer rolls give the simplest, 
least exepnsive, most accurate simultane- 
ous control of speed and tension, auto- 
matically compensating for changes in 
fabric stretch or shrinkage and for 
changes in relative motor speeds due to 
any causes. The average speed control 
is 100 per cent accurate, and the tension 
on the fabric is definite and unvarying 
under steady-state conditions, being a 
function of the weight of the dancer-roll 
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equipment. The amount of tension can 
be changed by altering the weight on the 
dancer roll. 

This type of co-ordination control is 
adaptable to any of the types of adjust- 
able-speed drives already described. On 
the direct-current drives, the dancer rolls 
control rheostats, and on the BTA drives, 
they shift brushes. 


Figure 11. Adjustable-voltage d-c merceriz- 

ing range drive, in large Southern finishing 

plant, viewed obliquely in direction of fabric 

flow, with caustic pad in foreground and tenter 
in left background 


At the left of the pad is its 71/2-horsepower 
splashproof driving motor, and an operator’s 
control panel is visible at the extreme right 
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Figure 12. Mercerizing range drive of Figure 
11, viewed obliquely against the direction of 
fabric flow as the fabric leaves the tenter on 
the right and enters the recuperator on the left 


The splashproof d-c motors, 40 horsepower on 
the tenter and 15 horsepower on the recuper- 
ator, drive the machines through V-belt drives 


Photoelectric Loops 


This type of control is similar in many 
respects to the dancer-roll control, but is 
devoid of the mechanical objections of the 
dancer-roll equipment, since the regulat- 
ing equipment involves no moving parts. 
A loop in the fabric acts to intercept a 
portion of a wide beam of light, as indi- 
cated in Figure 7. The voltage output of 
the photoelectric control, and therefore 
the motor excitation, is a function of the 
amount of light reaching the phototubes. 
Thus, the speed of the motor being con- 
trolled from the loop depends on the 
position of the bottom of the loop, just as 
the position of the dancer roll in the dis- 
cussion above determined the speed of 
the motors. The loop will always assume 
a depth that gives a balance between the 
rates of fabric motion into and out of the 
loop, and the motors on either side of the 
loop are properly co-ordinated. 

The fabric tension in a system of this 
type may be zero, or may be made any 
desirable amount by supporting a prop- 
erly weighted rollin the loop. Obviously, 
for best results, the fabric should be 
closely woven in order that the light beam 
may be cut off sufficiently to give control. 
For loosely woven fabrics which will not 
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cut off much light, special arrangements 
with auxiliary equipment may be made. 

Photoelectric co-ordination of range 
elements is readily achieved on direct 
current drives, and although possible on 
the a-c drives, it is not so easily adaptable 
and is not recommended. 


Speed Regulators 


Straight speed-regulating equipment 
on the individual motors may be used for. 
co-ordinating elements of range drives. 
In this system the speeds of the individual 
machines are compared with a speed 
standard, and any difference between the 
actual machine speeds and the speed 
standard are amplified and fed back into 
the individual motor speed control in a 
closed loop regulating circuit. One way 
of picking up speed signals from the indi- 
vidual machines is through the use of 
tachometer generators, the voltages of 
which are proportional to speed. The 
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Figure 13. Wiew show- 

ing 10-horsepower BTA 

motor driving a set of 

drying cylinders and a 

2-roll mangle in a finish- 
ing range 


The dancer roll, visible 
in the lower right cor- 
ner, acts to control the 
speed of the motor rela- 
tive to other motors in 
the drive, using the 
visible chain-and-sproc- 
ket arrangement to shift 
the brushes on the com- 
mutator 


Figure 14. Part of a tur- 
bine-electric a-c range 
drive viewed across the 
top of a tenter, with 


the mechanical drive 
turbine in the back- 
ground 


The turbine drives the 
a-c generator (partly 
visible) directly, and 
drives the tenter from 
the shaft extension on 
the rear end of the a-c 
generator 


Figure 15. Three cloth- 
printing ranges in large 
Southern plant 


View perpendicular of 
direction of fabric mo- 
tion to illustrate use of 
dancer roll and rheostat 
co-ordination control. 
The dancer rolls, rheo- 
stats, and chain drives 
are visible near the top 
of the illustration 
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speed reference in this case could be the 
voltage frdtf1 a tachometer generator 
driven by the lead unit in the range, or it 
could be a master, adjustable reference 
voltage against which the speeds of the 
lead unit and all the follower units could 
be matched. The one line sketch of 
Figure 8 illustrates a type of speed- 
regulating control. 

For fast, accurate speed control, the 
regulating equipment must have quick 
response and high amplification charac- 
teristics in order to operate with very 
small error signals. Electronic regulators 
and dynamo-electric regulators of the 
amplidyne type have these character- 
istics, and give very accurate control. 

Speed regulation of this type offers an 
excellent means of controlling stretch, 
but because of the very flat speed-load 
characteristic, it is not necessarily a good 
way of directly controlling fabric tension. 
In other words, a small change in speed 
between range elements may result in a 
much larger change in tension, depending 
in part on the stretch characteristics of the 
particular fabric. 

This kind of speed-regulation equip- 
ment is ideally suited to d-c drives, being 
somewhat easier to use on the adjustable- 
voltage system where only a small amount 
of speed control is necessary on the motor 
shunt fields. Speed regulators of this 


type are not recommended for the a-c 
systems included in this article because of 
the problems encountered in translating 
the error signals into the mechanical 
motion necessary for speed correction. 


Figure 16. Photoelectric loop control on 
new dyeing range in a New England plant 


The fabric loop, maintained between two 

successive range elements, acts to intercept 

part of the light beam between the light 

source on the left and the phototube holder on 

the right, the speed of the controlled motor 

being a function of the amount of light reaching 
the phototubes 


Strain Regulators 


In certain finishing processes, fabric 
tension is rather critical and must be con- 
trolled accurately. For this accurate 
work, special equipment may be used 
actually to measure and control fabric 
tension between elements. In this sys- 
tem, the cloth may be passed over a roll 
and the deflection of the member on 
which the roll is mounted may be meas- 
ured by some form of strain gauge, the 
voltage output of which will depend on 
the amount of gauge motion, and, hence, 
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Figure 18. Motor- 
generator set and d-c 
control panel for the 
adjustable-voltage mer- 
cerizing range shown in 
Figures 11 and 12 


This 1,800 rpm set con- 
sists (left to right) of a 
125-horsepower induc- 
tion motor, a 75-kw d-c 
generator, and a 3-kw 

overhung d-c exciter 


le 


fabric tension. By means of a rheostat 
an adjustable tension reference may be 
established against which the output of 
the strain gauge will be compared. The 
difference voltage is amplified and fed 
back into the motor speed-control circuit 
so as to maintain the selected tension. 
Figure 9 shows the elements of a system 
using strain regulators. As in the case 
of speed regulators described before, elec- 


Figure 17. Close-up view of adjustable- 
voltage d-c soft-motor drive on continuous 
dyeing range in large Southern bleachery, 
showing 3-horsepower splashproof gear-motors 
direct connected to squeeze rolls 


Near the top of the photograph are the load- 

indicating ammeters and directly above the 

motors are the tension-adjusting rheostats for 
the respective motors 
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tronic or amplidyne control may be 
used for very close regulation of tension. 

Although not recommended for the a-c 
drives described, this kind of tension 
control is well suited to d-c drives, being 
somewhat easier to use for range co- 
ordination on the adjustable-voltage type. 


Current Regulators 


Fabric tension between range elements 
may sometimes be controlled indirectly 
by means of motor-current regulators. 
This system, which is suitable only on the 
adjustable-voltage d-c type of drive, uses 
an amplidyne or electronic closed loop 
regulating circuit for motor shunt-field 
control in maintaining constant motor- 
armature current. The one-line sche- 
matic diagram of Figure 10 illustrates the 
current regulator. Obviously, if current 
control is to give accurate tension control, 
most of the motor load current must be 
due to tension. Therefore, the system is 
at its best only on drives where the fric- 
tion component of the load is quite low. 
This kind of tension control is well suited 
for centerwind reels, a type of load re- 
quiring approximately constant horse- 
power for constant tension as the reel 
diameter builds up, for one given speed of 
fabric. 


Unregulated Systems 


There are types of finishing ranges in 
which there is no necessity to maintain 
extremely accurate control over speed or 
tension between range elements. In 
these cases, no automatic regulators are 
necessary, and manual control plus the 
inherent motor characteristics are relied 
on entirely. 


Shunt Motors 


One example is a type of continuous 
peroxide bleaching range in which the 
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cloth is handled in slack-rope form with- 
out tension between successive range ele- 
ments. A large number of these ranges 
with adjustable-voltage d-c drive are be- 
ing installed throughout the country to- 
day. Since the cloth is slack between 
machines, speed regulators are about the 
only automatic co-ordination control that 
could be used. However, since there is 
considerable slack-cloth storage between 
machines, such fine speed control is super- 
fluous, and the co-ordination control is 
therefore obtained from manual rheo- 
stats. 


Soft Motors 


Another example is the so-called “‘soft 
motor’ adjustable-voltage d-c range, of 
which a considerable number have re- 
cently been installed. Motors for these 
drives have been purposely designed so 
that their speeds will change considerably 
with load, compound windings being used 
to give this characteristic. Fabric ten- 
sion between successive machines can be 
adjusted according to the manual setting 
of the individual motor shunt-field rheo- 
stats. Any tendency for individual motor 
speeds to drift initially will cause more or 
less fabric tension between the particular 
machines, and this change in fabric ten- 
sion will be reflected in the loads on the 
individual motors. A motor attempting 
to speed up, for example, therefore will 
take more load and due to the drooping 


Figure 19. View of d-c magnetic controller 
for adjustable-voltage range drive consisting 
of 14 motors totaling 102 horsepower 


This controller, which includes dynamic brak- 

ing and jogging features, is typical of the sim- 

inexpensive controllers furnished on 
adjustable-voltage range drives 


ple, 
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Table I. 
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Co-ordination Control Selection Chart 


Type of Co-ordination Control 


Photo- 
Dancer electric Speed Strain Current Soft 
Type of Range Drive Roll Loop Regulator Regulator Regulator Motor 
Adjustable voltage, direct current.......KXK...... tS On Se = To ee. SS +. &. Oe x 
Constant voltage, direct current........XX...... >. Soe aN 5 Spe <a. be x: See ne ee —— 
Type BIA alternating current: ..2.....XK..5...—----... ay ee e565 ete =F atheie 5 is — 
Turbine-electric alternating current.... — ......—....... Saat ae ae et ree testo Sone x 


XX—Very good 
X—Good 
Not recommended 
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Figure 20. Operator's control panel for 
adjustable-voltage d-c continuous peroxide 
bleaching range drive in large Southern plant 


Panel includes control stations for starting and 

stopping the motor-generator set, the entire 

range drive, and individual range motors. 

Also included are rheostats for speed control 

on the entire range and the individual motors 
as well as a cloth-speed indicator 


characteristics will tend to slow down, 
thereby taking on less additional load 
than would be the case if the speed re- 
mained unchanged. At the same time, 
the temporary increase in load on one 
motor would mean the temporary de- 
crease of load on some other motor, which 
would promptly tend to speed up slightly. 
Thus, the whole system tends to be more 
or less self-regulating, with the “belt” 
action of the fabric and the inherent 
motor characteristics being utilized in 
holding the entire drive together. Obvi- 
ously, this kind of soft-motor drive must 
be considered carefully and properly engi- 
neered. Also, for the most part, applica- 
tions have been restricted to motors below 
20 horsepower since the soft-motor drive 


Moore, Uhl—Electric Drives 


is likely to be most successful where the 
driving motors fall in the lower horse- 
power ratings. The reason for this is the 
fact that “over-motoring,” which occurs 
frequently, is a greater disadvantage in 
the large horsepower ratings since more 
tension is likely to appear in the fabric if 
the individual motor speeds should be in- 
clined to drift. 


How to Select Proper Type of Drive 


Since there is such a variety of drives 
and co-ordination equipment available for 
textile finishing ranges, some kind of guide 
for making proper selections to meet 
specific requirements should be helpful to 
those concerned with the application of 
such equipment. Although there will 
always be special cases and exceptions to 
broad generalizations, the following 
should be useful in making preliminary 
decisions regarding the suitability of the 
various drive systems. It is recom- 
mended that final selection of equipment 
be based on studies and specific proposals 
made by electrical engineers specializing 
in textile-mill applications. 


1. Adjustable voltage (direct current). For 
wide speed ranges, regardless of type of 
available power supply; where very smooth 
acceleration and/or deceleration is a requi- 
site; where range operation at creeping 
speeds may be necessary for moderately long 
time intervals; for moderate speed ranges 
when drive is composed of a large number of 
motors over which the expense of the power 
conversion equipment may be spread. 


2. Constani voliage (direct current). For 
speed ranges up to four to one and where 
enough constant-voltage d-c power is 
already available without adding to the 
capacity of the d-c system. If additional 
generating equipment is required and/or a 
large number of range motors are involved, 
it may prove advantageous to consider an 
adjustable-voltage system. 


3. Brush shifting type BTA (alternating 
curreni). For speed ranges up to four to 
one; where a-c but no d-c power is avail- 
able; where the number of range units is 
small. If a large number of range motors 
are involved, it may be advantageous to 
consider an adjustable-voltage d-c system. 
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4. Turbine-electric (aliernating current). 
Where low-pressure process steam, not 
readily available from other sources, is 
needed and where the simple >o-ordination 
control of the a-c system is su ic ent 


In addition to these considerations, the 


type of co-ordination control desired may 
be a decisive factor in selecting the type of 
drive. Table I lists the various kinds of 
co-ordination control with indication of 
suitability of the control for the different 


Fundamental Basis for Distance Relaying 


on 3-Phase Systems 


W. A. LEWIS 
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OR THE PROTECTION of trans- 

mission lines against short circuits, and 
ground faults, it is desirable to have a 
system of relays which will divide all 
faults on the line it protects, regardless of 
type or system conditions, into two 
classes: one, those which occur between 
the relaying station and the next section- 
alizing point on that line, and two, all 
other faults. It is also desirable that this 
classification be performed instantane- 
ously, so that the section in trouble may 
be isolated immediately, thus reducing 
the damage at the point of fault and the 
shock to the remainder of the system, and 
in general permitting operation nearer 
the stability limit. The quantities which 
may be utilized for classification are cur- 
rents, voltages, the phase relations be- 
tween them, and time. The demand for 
high speed of fault isolation, rendered 
acute by the development of high-speed 
circuit breakers, largely has disqualified 
time as a fundamental means of dis- 
crimination, leaving only the other three. 

For protection of single lines, the near- 
est approach to this ideal, exclusive of 
pilot-wire or superposed high-frequency 
methods, has been obtained by the use of 
distance relays. For parallel lines a some- 
what closer approach has been obtained 
by means of balanced-current relays. 
Paper 47-66, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter meeting, New York, N. Y., January 27-31, 
1947. This paper is based on one originally pre- 
sented at the AIEE Middle Eastern District meet- 
ing, March 11-13, 1931. Manuscript submitted 


November 14, 1946; made available for printing 
December 12, 1946. 
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However, additional protection is re- 
quired for single-line operation and to 
take care of the possibility of simultaneous 
faults on both lines, for which distance 
relays are well suited. Therefore, if the 
distance relays are made sufficiently 
accurate and rapid, the balanced-current 
relays may be dispensed with or provided 
for backup protection only. A systematic 
and comprehensive analysis of the volt- 
ages and currents which may be used to 
operate the distance relays, to determine 
their suitability and the results which 
may be expected, has not appeared pre- 
viously. The aim of this paper is to pro- 
vide such an analysis. 


Distance relays consist of two basic 
types: impedance relays and reactance 
relays. The impedance relay compares 
the magnitudes of the voltage and the 
current, the ratio being the indicated im- 
pedance. The reactance relay compares 
the magnitude of that component of the 
voltage 90 degrees out of phase with the 
current and the magnitude of the current, 
the ratio being the indicated reactance. 
Since the original presentation of this 
paper, several modified types of relays 
have been developed, having character- 
istics which are modifications of, or com- 
binations of, the characteristics of im- 
pedance or reactance relays. The pur- 
pose of these special types has been to 
minimize the danger of undesired relay 
operation during load swings or other 
system disturbances, while retaining or 
improving the ability of the relay to oper- 
ate for faults in the protected zone with 
fault resistance present. 

Under line-to-line fault eee on 
an individual single-phase line, the indi- 
cated impedance is equal to the actual 
impedance of the circuit from the relay to 
the fault, plus the effect of any fault im- 
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kinds of drives, based on accuracy , 


adaptability, and stability. 


No Discussion 


pedance which is present. On polyphase 
systems the ratio is not necessarily equal 
to the circuit impedance, but may be 
affected in various ways by the type of 
fault, the system load, and other con 
ditions external to the section being pro- 
tected, as well as by the fault impedance 
As the impedance in the fault is primarily 
resistance, it generally is assumed that a 
relay operating on the reactive component 
of the impedance will be unaffected by 
the fault resistance. On a radial single- 
phase system this is quite generally true, 
but, if the fault is fed from two or more 
points or if a polyphase system is in- 
volved, it does not follow necessarily 
Current flowing through the fault re 
sistance produces a voltage drop in phase 
with it. This voltage drop is added to the 
line drop and thus affects the voltage at 
the relay. Unless the current through 
the relay is exactly in phase with the cur- 
rent through the fault, the fault resist- 
ance drop will have a component 90 de- 
grees out of phase with the relay current 
thus producing an effect similar to re- 
actance in the line. This apparent re- 
actance can be either positive or negative 
thus making possible an increase or de- 
crease in the indicated reactance and ad- 
versely affecting the relay operation. If 
the fault resistance becomes very large in 
comparison with the reactance of the 
transmission line section, this effect be- 
comes quite serious and may prevent the 
application of the relay in some cases, 
particularly on very short lines. 


Because the circuit impedances are not 
absolutely invariable and the relaying in- 
dications not an absolutely accurate 
measure of the distance to the fault, it has 
been found impractical with distance re- 
lays to classify all faults into the two 
classes specified. For faults near the re- 
mote end of the section, the relay is un- 
able to determine whether the fault is 
just within or just beyond the end of the 
section. Hence, an intermediate class 
has been introduced to include faults in 
the immedate neighborhood of the end of 
the section on either side. If a fault falls 
in the first class, the circuit breaker is 
tripped instantly. If a fault falls in the 


second or intermediate class, a definite 
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Practical Distance- 
Relay Characteristic 


Second—-+— Third - 


_ | Class Class 


Distance from 
Relay 


Considered 
Second 
Balance Point 


First 
Balance Point 
Figure 1. Ideal and practical distance relay 
characteristics 


time delay is introduced before the circuit 
breaker is tripped, and if the fault falls in 
the third class, the circuit breaker either 
is not tripped or is tripped only after a 
considerably greater time delay. This is 
shown in Figure 1. If the fault is beyond 
the end of the section, it will be cleared 
by other circuit breakers and relays be- 
fore the expiration of the time delay, and 
the relay will reset. If the fault is just 
within the section, the relay will trip the 
circuit breaker at the end of the time 
interval. Thus, the final classification 
for faults in the intermediate group is 
made in conjunction with the operation of 
other circuit breakers and relays during a 
short time interval. 

When impedance or reactance relays 
are used, the fault belongs in the first 
class, if the indicated impedance or re- 
actance is below a definite lower limit; in 
the intermediate class, if the indicated 
quantity lies within two given limits; and 
in the third class, if it exceeds the upper 
limit. It will be convenient to call the 
points at which faults must occur in order 
to produce the limiting values of indicated 
impedance or reactance “‘balance points,” 
as for such faults the relay just balances 
between one type of operation and an- 
other. To achieve the ideal, it is neces- 
sary to make the first balance point coin- 
cide exactly with the remote end ‘of the 
section. In practice this is not possible, 


but in order to prevent false operation, ° 


and give full protection, the first balance 
point never must extend into the adjoin- 
ing section, and the second balance point 
in the adjoining section never must ex- 
tend into any other section. The smaller 
the variations in balance point position, 
the closer the balance points may be lo- 
cated to the remote end of the section, 
and the more nearly the relaying system 
approaches the ideal. 

It is not essential for the second bal- 
ance point to be located close to the end 
. of the first section, as advantage may be 
taken of its presence in the adjoining 
section to provide backup protection for 
a portion of the second section, in case the 
circuit breakers in that section fail, for 
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Figure 2. 
line 
sumed 


Single- 

diagram—as- 
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system 


Generator 


any reason, to open when they should. 
However, it is highly desirable that the 
variation be kept to a ininimum, so that a 
short section of line may follow a long one 
without danger of the balance point moy- 
ing out of the section, or extending beyond 
the first balance point of the relay pro- 
tecting that section. 

If the quantity indicated by the relay 
is constant for all faults in any given lo- 
cation, but increases as the distance to 
the fault increases, and decreases as the 
distance to the fault decreases, it is 
obvious that the balance points may be 
fixed accurately. If the quantity is vari- 
able for different faults at the same loca- 
tion, the balance points will shift an 
amount depending upon the maximum 
variation. It is, therefore, important to 
eliminate or reduce the variations in indi- 
cated impedance or reactance as far as is 
practicable. 

The quantities which would be indi- 
cated by the two basie types of relays 
under different fault conditions are de- 
termined in the paper in terms of the cir- 
cuit constants and fault currents, and a 
comparison is made to show the possible 
variations. The methods which will re- 
sult in smaller variations are pointed out. 

For the purpose of developing the neces- 
sary formulas, a typical 2-circuit trans- 
mission system has been assumed, as 
shown in Figure 2, with a source of power 
at each end of the line. The 2-circuit 
line between stations G and H has been 
shown in detail, with bussing of the two 
lines assumed at these points. The re- 
mainder of the system at each end has 
been represented by a single equivalent 
circuit and a single generator. In general, 
any section of a system may be represented 
in this manner for short circuits outside 
the section so simplified, although the con- 
stants of the equivalent circuit and 
equivalent generator may change. If 
there are ties between the two generating 
stations other than the lines shown, pro- 
vided these ties are so remote that they 
do not have appreciable mutual coupling 
with the two lines considered, the effects 
may be taken into account by giving to the 
constants of the equivalent circuit and 
the equivalent generator variable values, 
such that at every instant the voltages 
and currents flowing from the simplified 
portion of the system into stations G and 
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Circuit 
Breaker 


Generator 


Hare the same as those occurring under 
the actual conditions. This is always 
possible, although the practical applica- 
tion may be quite difficult For our pur- 
poses, it is necessary only to know that 
the representation is possible, the actual 
values of the equivalent circuit constants 
being required only in special cases Ade- 
quate neutral grounding is assumed at 
both ends of the system, although from 
the standpoint of the following theory it 
may be either solid or through impedance 

Shunt loads and distributed capaci- 
tance have been neglected, for simplicity, 
in line with the usual practice in the calcu- 
lation of short-circuit currents, although 
later the effects of loads will be discussed 
However, the simplification of assuming 
both generating sources in phase is not 
permissible, as phase relations have an 
important bearing on the results. 

The use of symmetrical components for 
the determination of short-circuit currents 
during unbalanced faults is now well 
known, but the application to the de- 


* termination of voltage conditions is not so 


widespread, due to the fact that the 
voltages are not required so often. For 
present purposes the voltages at relaying 
points are of particular importance, and, 
as the relaying voltages generally will be 
compared with the relaying currents, it is 
desirable to know the voltages in terms of 
the fault currents and the constants of 
the circuit, instead of in absolute values, 
thus facilitating the comparison. In the 
appendixes, the voltages at relaying 
points, line to neutral and line to line, as 
well as their symmetrical components, 
have been worked out in terms of the 
fault currents and circuit and fault im- 
pedances for all the common types of 
faults. In the body of the paper these 
voltages will be compared with the fault 
currents to determine the impedance or 
reactance indicated by the relay which 
should be operated for the particular 
fault, and comparisons drawn for possible 
relay connections. 

The notation used is that of sym- 
metrical components with additional sub- 
scripts to indicate the particular point or 
path involved. The notation is given in 
Appendix I. 

For simplicity in writing the equations, 
the single-subscript method of indicating 


delta voltages has been used. The rela- 
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tion between the single-subscript nota- 
tion, using capital-letter subscripts, and 
the more common double-subscript nota- 
tion, using lower-case subscripts, is indi- 
cated in Figure 3. In all cases voltages 
represent voltage drops. When a single 
lower-case subscript, a, b, or ¢, is used, the 
voltage drop from that phase to neutral 
is intended. When two lower-case sub- 
scripts are used, the voltage drop from the 
first subscript to the second is meant. 
The corresponding relation for the single 
capital subscript is shown in Figure Soee 
small plus sign indicates the terminal of 
higher potential when the corresponding 
voltage is positive. 

It is necessary to set up the sequence 
networks for the assumed system. The 
networks are shown in Figures 4, 5, and 6, 
and the steps involved are explained in 
Appendix II. Here also the fault currents 
at relaying stations are set up in terms of 
their symmetrical components for the 
various types of faults. Certait instru- 
ment cutrent transformer connections, 
which will be used, give different relaying 
currents, and these likewise are worked 
out assuming a 1-to-1 transformer ratio. 
The actual relaying currents may be ob- 
tained by dividing by the transformer 
ratio. The connections considered are 
shown in Figures 7, 8, and 9. 

The use of a single set of relays for pro- 
tection against all types of faults has not 
been found possible yet. One set of re- 
lays is required to protect against faults 
involving two or more line conductors, 
and another set of relays is needed for 
protection against faults between one 
conductor and ground. It is also pos- 
sible, by means of a set of transfer relays, 
to use a single set of distance relays, con- 
nected in one way for faults involving two 
or more conductors, and in another way 
for faults involving one conductor and 
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Figure 3 (above). Voltage vector diagram 
showing convention in choosing delta voltages 


Figure 4 (below). Positive-sequence network 
for assumed system 


ground. In the following discussion, the 
faults have been divided into two general 
types, the first consisting of line faults in- 
volving two or more conductors, and the 
second consisting of ground faults in- 
volving one conductor and ground. 


Line Faults— 
Star-Current Relaying 


The earlier connection of impedance or 
reactance relays: for protection against 
line faults made use of the delta voltage 
and the line current for operating the 
relay. The phase relations usually were 
chosen so that the current lagged the 
voltage by 30 degrees at unity power 
factor. This connection is shown 
schematically in Figure 10, only the con- 
nections for the impedance element being 
given. By using the quantities given in 
the appendixes, the impedance or re- 
actance given by this connection may be 
determined. In setting up the sequence 
expressions, line faults involving only two 
conductors are assumed to occur between 
conductors b and c. The delta voltage of 
this phase at the relaying point G is then 
Eug. The line current which lags the 
voltage by 30 degrees at unity power 
factor and flows from G to the fault is 
(—Iper)- 


LINE-TO-LINE FAULTS 


Equation 106 of Appendix III gives the 
value of E4g in terms of (—Jper) for this 
type of fault. Dividing this voltage by 
the relaying current (—Jyer) gives the re- 
lay impedance Zp, indicated by the relay 
at G which should trip, as 


-R 
Za=H{ mont) +2 + 


An impedance relay, of course, responds 
to the magnitude, and a reactance relay to 
the imaginary or reactive component of 
the foregoing vector expression. 

To facilitate comparison it is also de- 
sirable to write this expression when the 
fault impedance is zero. In that case 


I 
Zr= QmZigut oe mZign (2) 
Ipcr 
If the circuit breaker at H is open, 


Ipny and Iggr are zero, and equation 1 be- 
comes 


R 
Zp = o( mzion+*2) (3) 


With no fault resistance this becomes 


Zr= 2mLicn (4) 
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DovuBLE LiInE-TO-GROUND FAULTS 


Equation 130 of Appendix IV gives the 
value of E4g in terms of (—Jper) for this 
type of fault. Dividing by (—Iner) gives 
the indicated impedance as 


Rg Tour Ks 
Zp=2 mZ, sais) Wee 
R (m 1GH+ 2 + ae + 


As in the preceding case, an impedance 
relay indicates the magnitude, and a 
reactance relay the imaginary component 
of the foregoing vector expression. 

If the fault resistance is zero this be 
comes 


I 31 
Zr= QmZign to mZicn Em Zien 
Tar Tyg 


(6) 


If the circuit breaker at H is open, these 
expressions simplify, as Iaer, Itur and 
Ioyr are zero, giving 


R 
Zr =2( mont )- 


31 ; R 
(mont) (7) 


Ivar 


and for zero fault resistance giving 


31 
Zp=2mZion—>——mZ.cn (8) 
oGF 
5 os 
He Ioee ha ebHea man loa ot 
Lek args ac eae | rm 4 
Tf Zo16 as UU vaslt Zayy U 


Go mZigh ¢ (-mZich H 
Figure 5 (above), Negative-sequence net- 
work for assumed system 


Figure 6 (below). Zero-sequence network for 
assumed system 
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transformers 
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THREE-PHASE FAULTS 


Equation 146 of Appendix V gives the 
value of Ey, in terms of (—Jyer) for this 
type of fault. Dividing by the relaying 
current (—J,¢r) gives 


R 
Zn mon tt) +270 EE 


Taar 


( mziou+ 22 


Toor 


lf the fault resistance is zero, this be- 
comes. 


Zn=2mZoont oe mzion (10) 


In this case, however, because of the 
fact that the fault is symmetrical, we have 
the following relations between the cur- 
rents 


Tagr/Inar =lanr/Tvnr=4 
Also 
2+a= 1/32" 


These expressions then become 


° slonrRs 
j30 
+4/3— 


(11) 


and, when the fault resistance is zero, 


ei Rg 
Zr= Val mont 9 fs), 


Zr=V3mLigne™” (12) 


If the circuit breaker at H is open, 
Inyp and Igy are zero, and equations 9 
and 11 become, respectively, 


R i bs 
Z4= 2 Zion! )+ HH Zion :) 


Ther 
(13) 


and 
Ze=-VAl mosont 2) gw 


Equations 10 and 12, being independent 
of currents from H, are unaffected by the 
opening of the circuit breaker at H. 


COMPARISON 


First consider that the fault im- 
pedance is zero. Comparison of equa- 
tions 2, 6, and 10 shows that the first 
term of each, 2m Zigy, is the same and, 
therefore, independent of the type of line 
fault. Moreover, it is equal to twice the 
line-to-neutral impedance between the 
relay and the fault, and so is proportional 
to the distance from the relay to the 
fault. However, each of these expres- 
sions contains one or more additional 
terms which involve not only the con- 
stants of the line but the currents in the 
remaining line conductor and in the 


“ground, if any is flowing there, as well as 


1947, Vouume 66 


a Auxiliary Transformer 
for Removing Zero -Sequence 
Currents 


Relays or Other 
Current Devices 


Figure 8 (above). Delta-connected device 
with zero-sequence filter 


Figure 9 (below). Special current transformer 
connection for ground fault protection 
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the current in one of the faulted con- 
ductors. In a balanced 3-phase fault, 
definite relations exist between the cur- 
rents in the line conductors, and the 
ground current is zero, so that in this case 
the value of the additional terms may be 
determined. This is done in equation 12. 
For both line-to-line and double line-to- 
ground faults, the currents’ in the un- 
faulted conductor and in the ground are 
determined by conditions external to the 
section being protected, and are subject to 
variations over wide limits. The current 
in the unfaulted conductor may be posi- 
tive, negative, or zero, depending upon 
load conditions, exchange of synchroniz- 
ing power, positions of circuit breakers at 
other points on the system, and so forth. 
The current in the ground during double 
faults is also subject to considerable vari- 
ation, depending upon the relative im- 
pedances to phase and to ground current. 
These variations cause corresponding 
variations in the value of Zp, affecting 
both impedance and reactance relays. 
The exact range of variation is difficult to 
determine for the general case because of 
the wide range possible in the magnitudes 
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Figure 10 (above). Distance relay connections 
for line-fault protection, using line currents 


Figure 11 (below). Preferred distance relay 
connections for line-fault protection using 
delta-connected current transformers 
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and phase angles of the currents involved. 
But a difference between maximum and 
minimum values of 25 per cent of the 
magnitude or reactive component of the 
first term is easily possible. As will be 
shown later, all the variations introduced 
by the preceding factors may be elimi- 
nated by changing the relay connections, 
so that.it is not essential to analyze these 
limits very carefully. 

After the circuit breaker at H has 
opened, Z, becomes definite for both line- 
to-line and 3-phase faults, but is still 
variable for double line-to-ground faults. 
The corresponding values are given by 
equations 4, 8, and 12. As an impedance 
relay is unaffected by the 30-degree ro- 
tation of equation 12, the indicated im- 
pedance is reduced from 2mZ,gy to 1.73 X 
mZign, & reduction of approximately 15 
percent. The reactance relay is affected 
by the phase relations, so that the reduc- 
tion in reactance depends upon the phase 
angle of Zigy. If the phase angle is less 
than 75 degrees, the reduction is less than 
15 per cent, and, if the angle is greater 
than 75 degrees, the reduction is greater 
than 15 per cent. 


697 


EFFECT OF FAULT RESISTANCE 


The effect of resistance in the fault is to 
add two or more terms to the impedance 
expressions. One of these additional 
terms is always a pure resistance, and, 
therefore, adds at right angles to the 
reactance. The other term or terms are of 
the form (I,,/Ipgr)(Rs/2), where I, may 
represent any one of several currents. If 
I, and J,gr are in phase, these terms also 
will-be pure resistances and will add at 
right angles, but any phase angle differ- 
ence will cause them to add vectorially at 
an angle differing from 90 degrees. Let 
the phase angles of J, and I,gr be 8, and 
O,cr with respect to some arbitrary com- 
mon reference. Then these terms may 
be expressed in the form 


(n/Tper)(Rs/2) cos [(0n—Oser) + 
j sin (0, —9%cF) | 


It will be noted that the current symbols 
in this expression indicate the scalar 
values instead of the vector values. Due 
to the presence of the imaginary term in 


k 
Cur Transf rs 


“Distance Relays 
Zero-Sequence Filter 
Phase Rotation a-b-c 


Figure 12 (above). Distance relay connec- 
tions for line-fault protection using delta-con- 
nected relays and zero-sequence filter 


Figure 13 (below). Distance relay connec- 
tions for single line-to-ground faults using 
current compensation 


Cir Bkr. 


Cur baie 


b ake Being 
_ Protected 
q 3 
0 Auxiliary 


—+3(e¢lo* ralg) 


Distance Relays 
Zero-Sequence Filter 
Phase Rotation a-b-c 


698 


the last parenthesis, this expression con- 
tains an apparent reactance equal to 
(I,/Iner) (Rs/2) sin (On, i Dyer). If On 
is greater than @,¢,, this apparent re- 
actance is positive, but, if 8, is less than 
O,gr, indicating that J, lags Iper, the 
apparent reactance is negative. 

Unless the phase angle (0, — 9% «ar) is 
very large, the effect of these fault re- 
sistance terms is to increase the indicated 
impedance, making the fault appear more 
remote than it actually is, and therefore 
moving the balance point closer to the 
relay for that condition. With a re- 
actance relay the first resistance term has 
no effect. However, the additional terms 
may cause either an increase or a de- 
crease, depending upon phase relations 
between -currents, so that the balance 
point may be shifted in either direction. 
As the balance point never must extend 
into the next section, allowance must be 
made for this condition in setting the 
relay, and, therefore, in general the 
balance point for a fault occurring with- 
out fault resistance may be made closer 
to the next sectionalizing point with an 
impedance relay than with a reactance 
relay. 


Line Faults— 
Delta Current Relaying 


The clue to a means of obtaining a con- 
stant relaying indication for all line faults 
is given by comparing equations 100, 
124, and 143 which give the delta voltages 
at G on the faulted phases for line-to-line, 
double line-to-ground, and 3-phase faults 


Figure 14, Distance relay connections for 
single line-to-ground faults using voltage 
compensation 
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expressed in terms of the corresponding 
currents obtained from delta-connected 
current transformers. 
For line-to-line faults equation 100 
gives 
Rs 
Euc=lacr mont lanes (15) 
For double gheiaeaned faults equa- 
tion 124 gives 


R 
Ec = Toor Zion tS 2) ane z: (16) 


For 3-phase faults equation 143 gives 


Rg 


cite: 


Eug= Iuas( m2 Gaara Ae) tant 
These expressions are all the same. It 
is evident, therefore, that if Jagr is used 
for the relaying current instead of (—Iper). 
the same fundamental expression _ will 
be obtained for all types of line faults 
at a given location. If the circuit breaker 
at H is open, the relay indicates for all 
three types of faults 
Ze=mZignt— (18) 
This expression consists of an impedance 
term which is directly proportional to the 
distance to the fault and a variable fault 
resistance term. Hence, with the remote 
circuit breaker open, a reactance relay 
will receive a constant indication for all 
line faults which is proportional to the 
distance to the fault. The impedance 
relay will receive an indication which may 
vary somewhat due to the presence of 
fault resistance, and the variation de- 
pends upon the relative magnitudes of the 
line resistance plus fault resistance and 
the line reactance. However, it should be 
noted that only one half of the fault re- 
sistance from conductor to conductor 
should be used to compare with the posi- 
tive-sequence, or line-to-neutral, im- 
pedance of the line in determining the 
effect of fault resistance on the indicated 

impedance. 

When the circuit breaker at H is closed, 
the vector impedance is affected, of 
course, by the current from the remote 
end, and Zp becomes 

Rs , lanrRs 


Zp=mZign+— +——_ 
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Here again, if Iaqr/Iaqr is not a pure 
number, which may be the case due to 
differences in phase, the reactance relay 
also is affected, so that it is not altogether 
free from the effects of fault resistance so 
long as the fault is fed from two or more 
points. However, all other fundamental- 
frequency variations are eliminated, ren- 
dering the relay free from conditions of the 


AIEE Transactions | 


ae agile 


system external to the protected section. 
Two methods are available for obtain- 
ing the proper current. The necessary 
current transformer connections are 
shown in Figures 7 and 8. The first 
method consists of connecting the current 
transformers in delta and the relays in Y, 
in accordance with Figure 7. Connec- 
tions for a set of three relays using this 
connection are shown in Figure 11. The 
second method consists of connecting the 
‘current transformers in Y and the relays 
in delta, in accordance with Figure 8. 
Connections for three relays using this 
connection are shown in Figure 12. In 
this case, the currents through the relays 
are I,, Iz, and Ic, which are equal to one 
third of the currents obtained by the 
method of Figure 7. Hence the im- 
pedance indicated by the relay is three 
times as great, other conditions remaining 
the same, as it is using the delta-connected 
current transformer scheme. When the 
_ system has a grounded neutral, a zero- 
“sequence filter is required with the con- 
nection of Figure 12 to provide a path for 
the zero-sequence or residual current. 
One form of such a filter is shown in Fig- 
ure 8. Any grounding transformer con- 
nection is suitable for this purpose, so 
that several other designs are possible. 


Ground Faults— 
Conventional Distance Relaying 


It generally is recognized that the high 
value of resistance which may be present 
in ground faults is sufficient to eliminate 
the ordinary impedance relay from con- 
sideration. However, the use of a relay 
which effectively eliminates the resistance 
component often is considered, and an 
analysis of the available currents and 
voltages during ground faults is, there- 
fore, pertinent. It is customary to use the 
line-to-ground potential and line current 
for energizing the relay, although use of 
the residual current has been suggested. 
In setting up the conditions for this type 
of fault in Appendix VI, the fault is as- 
sumed to occur on conductor a. The line- 
to-neutral voltage on the faulted phase is, 
therefore, Egg. Equation 159 of Appendix 
VI gives the value of E,, during this type 
of fault. Using the line current, Iggp, for 
tripping, the indicated impedance is 
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It is evident that this quantity is af- 
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Figure 15 (above, left). Representation of 
line-to-line faults 


Figure 16 (above, right). Representation of 
double line-to-ground faults 


fected by the-fault resistance, the residual 
current in the line being protected, and 
by the residual current in the parallel 
line. 

Where two lines parallel each other at 
close spacings, the zero-sequence mutual 
impedance between the lines becomes 


quite appreciable in comparison with the . 


self-impedances, and, when m is large, 
that is, when a fault occurs near the re- 
mote end of the section, the value of 
Togu/Iager becomes of the order of one 
third on a normally designed system, so 
that an important term is added. How- 
ever, if the parallel line is not in service, 
this term is not present, and considerable 
variation in the indicated impedance is 
possible. Of course, if only a single line is 
involved, this term will not enter in any 
case. 

The variable term (Iogr/Iggr)mX 
(Zogu—Zigu) is also a source of trouble, 
as the ratio (%o¢r/Iigr) is not fixed by 
conditions within the section itself, un- 
less there is only one path for the fault 
current to take, true in this case only 
after the circuit breaker at H has opened. 
In general, where the fault is near the re- 
mote end of the section, the ratio (o¢r/ 
Iagr) often will be less than ‘one third 
when the circuit breaker at H is closed, 
and equal to one third when the circuit 
breaker at H is open, causing an increase 
in impedance due to the opening of the 
circuit breaker, at which time a decrease 
is much to be preferred if any change 
must occur. The value one third given 
for the ratio (Iogr/Iaer) is imposed by 
the conditions at the fault when the fault 
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current comes entirely from one point. 
When the fault current divides and comes 
from two or more points to the fault, the 
proportion of the current in the conductor 
which is residual or zero sequence de- 
pends upon the relative impedance to 
phase and ground currents in that branch, 
and, due to the fact that the impedance 
of the transmission line is much higher to 
ground current than to phase current, a 
relatively greater portion of the residual 
current usually will come from the end of 
the line nearer the fault 

The variations in indicated vector im- 
pedance discussed affect the indicated 
reactance in much the same proportions, 
so that the use of a reactance relay pre- 
sents no advantages when considered 
from the standpoint of these errors alone, 
and the justification for such a relay rests 
on the fact that it reduces the effect of 
the two resistance terms 

Use of the residual current does not 
give any improvement over the use of 
line current, as the voltage E,g is not 
directly proportional to the residual 
current, even when fault resistance is 
neglected, and a detailed analysis of this 
method therefore is not included 


Ground Faults — 
Improved Distance Relaying 


From what has preceded. it is evident 
that the use of either impedance or re- 
actance relays in the manner suggested 
will not be entirely satisfactory, and 
methods for improving the performance 
are necessary if the distance principle is to 
find extensive application for ground 
faults. As the currents and voltages 
which are available at the relaying sta- 
tion do not give satisfactory indications 
as they stand, it may happen that they 
may be modified in accordance with 
known characteristics of the circuits to 
give more suitable quantities. Modifica- 
tion may be made in either the current, or 
the voltage, or both. In any case. much 
improved performance may be obtained. 


CURRENT COMPENSATION 


Equation 159, giving ®,¢ during this 
type of fault, may be written in a different 
form by factoring mZi¢q_ out of all terms 
except those involving Rg. We obtain 
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If now we are able to use for tripping a 
current J, defined by the equation 
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we obtain a very simple result, as follows 


Tagrt fl 
Ze=mZicn a aa ont Re 
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(23) 
The first term of this expression is 
directly proportional to the distance from 
the fault to the relay and is independent 
of conditions external to the section being 
protected. The second term is a function 
of the fault resistance and has the effect of 
a pure resistance if (IggrtJanr) is in 
phase with J,. As, in general, all the im- 
pedances involved in equation 22 will 
have nearly the same phase angle, unless 
the line resistances are very large, and 
also, as Inger, Incr, and Ing ate usually 
nearly in phase for this type of fault, this 
will be nearly true. In general, the varia- 
tions in phase will be of the same order as 
those occurring between corresponding 
currents in the preceding analysis of line 
faults. Hence, for faults having fault 
resistances in the same proportions, just 
as satisfactory protection can be obtained 
for ground faults as for line faults, using 
distance relays. However, the fault re- 
sistance generally reaches considerably 
higher values, so that the variations will 
be somewhat larger than the minimum 
obtainable on line faults, and a relay 
which is substantially unaffected by 
fault resistance generally will be required. 
There are several methods of obtaining 
the current J, for relaying purposes. 
Where the line resistance is not too large, 
it will be satisfactory to assume that 
(Zogu—Zian), Mocn, and Zigy are all 
in phase. If this is true, the ratios of 
these quantities, appearing in equation 
22 for I,, become pure numbers or trans- 
former ratios, so that these currents may 
be added to the relay currents by means 
of transformers of corresponding ratio 
energized from the residual currents in the 
two lines respectively. For this purpose, 
the relays may be provided with ad- 
ditional current coils which carry the 
added currents. Another method is to 
introduce these currents directly into the 
normal coil by means of the zero-sequence 
filter, according to the scheme of Figure 
9. The connections for a set of relays 
using this method are shown in Figure 13. 
The currents flowing through the relays 
become J,, I,, and I,, given by equations 
62, 63, and 64 in which m=|(Zogq— 
Ziau)|/(Zien) and t2= Mogu/Zicx- 
Where the resistances in the lines are 
large, correction for phase-angle differ- 
ences in the impedances may be required. 
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Various means of making this correction 
are possible, but they introduce con- 
siderable complication and are not con- 
sidered here. 


VOLTAGE COMPENSATION 


It has been stated earlier in this paper 
that it is desirable to obtain a constant 
relay indication for all faults in a par- 
ticular location and that this indication 
should be proportional to the distance 
from the relay to the fault. This is a 
sufficient condition to establish the bal- 
ance points accurately and divide the 
faults into the proper classes, but with 
relays operating on the balance-point 
principle it is not a necessary condition. 
It is, however, necessary for the relays 
to receive a constant indication for faults 
at the chosen balance points. For faults 
at other locations, it is immaterial 
whether the indication is proportional to 
the distance from the relay to the fault 
or not, provided the indication given does 
not exceed the limits provided by faults 
at the balance points. This is due to the 
fact that a distance relay of the balance- 
point type will trip with practically a 
constant speed for all faults within the 
limits of the class in which the fault falls, 
regardless of whether the indicated value 
is well within the class or near the limits. 

Use is made of this principle in applying 
voltage compensation to distance ground 
relays. In analyzing this application, 
the relaying, voltage E,, may be ex- 
pressed more conveniently in the form 


Figure 17 (below, left). Representation of 
3-phase faults 


Figure 18 (below, right). Representation of 
single line-to-ground faults 
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given by equation 167 in Appendix VI as 


Eqe= her+leer)mZigytloermZoeat+ 
TygumMoan +3 (locr+Iozr) Re 


If Incr is used for energizing the relay, 
considerable error and variation will be 
produced by the terms not proportional 
to Ingr- However, for faults at particular 
locations, these terms, other than the re- 
sistance term; may be removed by means 
of line drop compensators. Let us assume 
that the fractional distance to the first 
balance point is m. Then we may sub- 
tract from the relay voltage the quantity 


her+heer)nZigu+IoeunMoen 


If a fault occurs at the balance point, 
m=n, and we have 


Eqg=IggrnZogu +3 er +hoar) Re (24) 


If Iogr is used for relaying current, the 
measured impedance becomes 


7 
Zi 8 Laat 3h Be 
16GF 


(25) 

This value of Zz is composed of a 
definite impedance  Zgg. a pure re- 
sistance 3R,, and a term which may have 
a reactance component unless Inge is 
exactly in phase with %)¢, The factor 3 
enters here in connection with the re- 
sistance, making the apparent resistance 
much larger, but the impedance term in 
this case is Zogy, Which is usually three 
or more times the positive-sequence im- 
pedance for the line, Zigz, so that the 
ratio of resistance to reactance in Zz for a 
given value of Rg is not increased, over 
that obtained by current compensation, 
and, therefore, the errors introduced by 
the difference in phase of Joge and Inge 
will be of about the same percentage as 
before. 

If the fault occurs at some other loca- 
tion, m is no longer equal to m, and Zz be- 
comes 


: Tour 
Zp=mLogyt+3Ret3—— Ret 
Togr 


hor tl 
LAL LIE ey 


Tear 


Togu 


(m—n)Moex (26) 


oGr 

The two additional terms are positive 
for m greater than n and negative for m 
less than n, so that, for faults beyond n, 
Zz increases by a greater percentage than 
m does, and for faults nearer than , Zz 
decreases by a greater percentage than sm 
Hence, as m becomes quite small, the im- 
pedance may become negative. As the 
reactance elements of most reactance 
relays will trip for negative reactance, 
this introduces no difficulty so long as the 
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directional element is not energized from 
the compensated voltage and operates 
properly. 

With the foregoing scheme, four com- 
pensators are required per group of three 
ground relays. Three of these compen- 
sators must be energized from the posi- 
tive- and negative-sequence components 
of the current in the corresponding line 
conductors and the remaining compensa- 
tor from the residual current in the paral- 
lel line. The current (Iiggtioer) is equal 
to (Iggr—Ingr) or in other words the re- 
quired current may be obtained by re- 
moving the zero-sequence component 
from the line current. This may be ac- 
complished by means of the zero-sequence 
filter previously described. Use of this 
method of compensation is made in the 
relay connections shown in Figure 14. 
However, the current through each relay 
is (3 I) so that the indicated impedances 
are one third of the values given by 
equations 25 and 26. 

Other schemes of compensation may be 
utilized, making use of line current, 
residual current or any of the symmetrical 
components of the line current for tripping 
the relay, and eliminating the terms in 
the voltage not proportional to the dis- 
tance from the fault by means of com- 
pensators. 


Operation of 
Ground Relays on Line Faults 


Operation of ground relays upon the 
occurrence of line-to-line faults is not to 
be expected, unless the fault current is 
very large, because the line-to-ground 
voltage maintains a large proportion of 
its normal value, and the indicated im- 
pedance or reactance is, therefore, usually 
sufficiently great to prevent operation. 
In the few cases where the line-to-line 
fault currents are large enough to operate 
the ground relays, it is almost certain 
that the corresponding line relay also 
should operate, so that false tripping will 
not occur, but indication of a more severe 
fault involving ground occasionally may 
be obtained. The indicated impedance or 
reactance is not fixed by the impedance of 
the line and fault, but is affected by the 
remainder of the system, so that deter- 
mination of the actual value requires 
consideration of each individual case. 

Double line-to-ground and 3-phase 
faults previously have been classed as 
line faults. However, operation of the 
ground relays upon the occurrence of such 
faults normally will take place, and an 
analysis of the operation is required. 
Analysis is given only for ground relays 
provided with compensation as described. 


Dove Line-To-Grounp FAULTS 
The fault is assumed to occur between 


-conductors b and ¢ and ground. Hence, 


the relaying voltages are Epg and Ec, 
given by equations 122 and 123. Factor- 
ing out mZigy, as was done during the 
analysis of current compensation for 
single line-to-ground faults, we obtain 


(Loca —Zigu) 4 


Exa=| Tbert+her 
Licz 


M., 
ae |oion + Trer + 


I 
oe “ai 


hove 5 + Wear + Ionr)3Ro (27) 
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Ena | har thor 2) von — Zicn) = 
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eget Tene) 


Togx 


2+ (Incrtlenr)3Re 
(28) 


Except for the fault resistance terms, 
the foregoing equations are of exactly the 
same form as would be obtained for single 
line-to-ground faults on the corresponding 
phases. Hence, exclusive of the fault- 
resistance terms, if the relaying currents 
are equal to the expressions in brackets, 
the same indicated impedance is ob- 
tained for double line-to-ground faults as 
for single line-to-ground faults. If the 
circuit impedances are such that we may 
assume (Zjgq—Zigy) and Mogy in 
phase with Zig,, these currents reduce 
to Iyer and Igy, as given by the connec- 


. tions of Figure 13 and equations 63 and 


64, rT and T2 being \(Zoeu— Zien)| /Zigx 
and. Mogz/Zigy fespectively. Under 
these assumptions Z, for the two relays 
becomes 


Iner+Iour Rs 
tor er Ey 
Iyer 2 


I, tf 
oer OFF 3p (29) 


Zrw) = MZigut 


Ter 
Tcrt+teur Rs 
Icr 2 


I I 
ogrt vHF Rg 


Zro=MmLZieut 


re (30) 

For this type of fault, the currents in 
the line conductors are usually con- 
siderably out of phase with the residual 
currents, and the relay currents, being 
made up of both, will be intermediate in 
phase between the two. Hence the indi- 
vidual resistance terms never will appear 
as pure resistance but will have reactance 
components. However, as the relaying 
current has a phase position intermediate 
between the line and residual currents, it 
will lead one and lag the other, so that the 
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reactance effects will tend to compensate. 
Therefore, the amount of variation intro- 
duced into the indicated reactance usually 
will be small, unless the two resistances 
R, and R, run to opposite extremes or 
are large in comparison with the reactance 
of the line. 

A similar analysis may be given for 
voltage compensation. The line-to-neu- 
tral voltages expressed in the most con- 
venient form are given by equations 132 
and 133. With the scheme of compensa- 
tion shown by Figure 14, the voltages 
subtracted from the line-to-neutral volt- 
ages will be (a%igptalur) "Zigut 
TogutMecx and (aligptalige) NX 
Licuttlocu 2 Muggy respectively. 

The resultant relay voltages become 


Exc =Tegr(mZocyt+-3Re) +3lonerRet 
R 
Igert+Tour) Pas (aA gpt+aligr) X 


(m—n)ZigutTeau(m—n)Mogu (31) 


E.g=Ter(mZegu t+ 3Re) +3lourRet 
wid 
CeartHenr) + (aligp+a’licr) X 
(m—n)ZiguhtTeu(m—n)Mecx (32) 


As 3Iugp is the relaying current, the 
indicated impedances become 
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Here again, exclusive of resistance 
terms, for a double line-to-ground fault at 
the balance point, that is, for m=n, the 
indicated impedances are the same as 
would be obtained for a single line-to- 
ground fault on the same conductors. 
However, the resistance terms involving 
R,/2 may be a source of considerable 
error whenever Rx becomes large in com- 
parison with Zoeq, aS (InertInar) and 
Ueerttenr) will be considerably out of 
phase with Iggp, thereby producing an 
apparent reactance which will be positive 
in one phase and negative in the other. 


THREE-PHASE FAULTS 


On 3-phase faults, using current com- 
pensation, the compensated relaying 
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currents do not differ from the phase 
currents, as no ground or zero-sequence 
current flows. For the same reason the 
zero-sequence impedance does not appear, 
so that the indicated impedance on phase 
awill be 


Rs  Taur Rg 
/ RT Ny PRR EE eee 
R-M£1GH Sr ae 


(35) 


with a similar expression for each of the 
other phases. 

Using the scheme of voltage compen- 
sation described, the relays will not be 
operated, as the zero-sequence current is 
used, and this current is zero for a bal- 
anced 3-phase fault. 

From the foregoing it appears that, 
fundamentally, the proposed schemes of 
ground relaying are not affected ad- 
versely by line faults, if the fault re- 
sistances are relatively small or bear cer- 
tain relations to each other, but, if the 
fault resistances are large, the possibility 
of considerable variations appears during 
double line-to-ground faults, thus requir- 
ing larger margins in setting or introduc- 
ing the possibility of false tripping. On 
relatively short lines, where the fault re- 
sistance may become large in comparison 
with the line impedance, it may be de- 
sirable to lock out the ground relays upon 
the occurrence of double line-to-ground 
or 3-phase faults, this being accomplished 
satisfactorily in most cases by the use of 
simple voltage relays operating on line-to- 
ground voltage, locking out the ground 
relays when low voltage occurs on any 
two phases. 


Operation of Line Relays 
on Ground Faults 


Operation of line relays upon the occur- 
rence of ground faults is very improbable 
as the line-to-line voltage is affected but 
slightly by a single line-to-ground fault. 
Here again the values indicated by the 
line relays are not fixed definitely by the 
fault and section impedances but depend 
upon the remainder of the system as well, 
so that the values must be determined in- 
dividually in each case, whenever this 
question must be answered 


Effect of Loads 


In the preceding discussion and analy- 
sis, the system load has been neglected. 
However, the equations in the appendixes 
for voltages and currents at the fault, and 
at a relaying point on the faulted line, 
have been derived in a perfectly general 
manner from the conditions at the fault, 
and are independent of the network ex- 
ternal to the two lines between G and H. 
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As it is assumed that no loads will be con- 
nected to the lines between G and H, the 
equations are valid whether loads are in- 
cluded or not. However, the loads will 
affect, to some extent, the current and 
voltage distribution in the network and, 
therefore, the actual values of the voltages 
and currents entering the equations. The 
expressions for impedance on the faulted 
phase do not involve explicitly any 


_ voltage expressions but do involve cer- 


tain current ratios, and these ratios will 
be affected somewhat by the loads. If 
the delta-current relaying methods are 
used for line faults and the current- 
compensation method for ground faults, 
as previously described, these current 
ratios enter only in the fault-resistance 
terms and have no effect if the fault re- 
sistances are zero. If the voltage-com- 
pensation method is used for ground 
faults, the same is true for faults at the 
balance point, and it is unlikely that the 
effect of load will cause any serious diffi- 
culty for faults that are not close to a 
balance point. Hence, with these methods 
of relaying, the system load affects the 
relaying indications only in so far as the 
redistribution of fault current changes the 
effect of fault resistance. 


Summary 


In the preceding investigation the 
quantities upon which distance relays 
must depend for their operation haye 
been determined for all possible types of 
faults occurring at a single location. It 
has been shown that the quantities ob- 
tained by the use of earlier distance relay 
connections for both line and ground 
faults do not give the closest approach to 
the desired result, a constant indication 
for all types of faults at a given location. 
It has been shown further that, by the use 
of different connections and certain 
auxiliary apparatus, a constant relaying 
indication may be obtained by the line 
relays for all types of lme faults and by 
the ground relays for all types of faults 
involving ground, if the fault resistance is 
zero, and, if the fault resistance is not 
zero, that smaller deviations from. the 


- normal value will be obtained for a given 


fault resistance. The analysis has been 
based upon the assumptions of sine wave 
currents and voltages, constant circuit 
impedances, and negligible distributed 
capacitance in the faulted sections of line. 


It has been assumed further that the 


fault impedance is resistance only and 
that it is effectively constant throughout 
each cycle. All of these assumptions, 
except perhaps the latter, are reasonably 
valid as far as relaying is concerned, al- 
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_ though some consideration must be given 


to the d-c component of the short-circuit 
currents with very high-speed relays. 
Sufficient data are not yet available to 
state the characteristics of fault im- 
pedances definitely, but undoubtedly 
further information will be obtained from 
future investigations. Until more ac- 
curate data are available, certain margins 
determined by experience must be pro- 
vided in relay settings to allow for devia- 
tions from the assumptions. 


If the suggested connections are used, 
the vector impedance which is indicated 
by the voltage and current applied to the 
relay on the faulted phase, at least for all 
faults near the first balance point, will 
consist essentially of three terms, when 
the fault is fed from both ends of the 
section. They are: a circuit impedance 
term which is proportional to the distance 
from the relay to the fault, a fault re- 
sistance term, and a term proportional 
to the fault resistance multiplied by the 
vector ratio of two currents. An im- 
pedance relay operates upon the magni- 
tude of the vector sum of the three terms, 
and, as the two resistance terms are 
nearly at right angles to the impedance 
term, *the magnitude of the sum will be 
greater than the magnitude of the circuit- 
impedance term, although the increase 
will be much less than the added re- 
sistance terms, unless the latter are very 
large. To maintain a balance at the 
relay, the circuit-reactance term must de-. 
crease as the fault-resistance terms in- 
crease, so that the effect of fault resistance 
is to shift the balance point toward the 


‘relay. A reactance relay, on the other 


hand, operates on the reactive component 
of the three terms, and, therefore, is un- 
affected by the first fault-resistance term. 
However, the second resistance term will 
have an apparent reactance if the two 
currents involved in the ratio are out of 
phase, and this apparent reactance may 
be positive or negative, depending upon 
which current leads in phase. Hence the 
balance point may be shifted in either 
direction by the presence of fault re- 
sistance. Although the actual shift 
usually will be less with a reactance relay, 
the fact that it may be in either direction 
must be taken into account, so that where - 
the fault resistances are moderate in com- 
parison with the reactance of the section, 
the impedance relay usually will give as 
satisfactory protection as a reactance 
relay. However, where the fault re- 
sistances are larger, as on ground faults, 
the increases in impedance become so 
great that the ordinary impedance relay 
is disqualified. 

In the preceding analysis, all current 
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and voltage transformer ratios have been 
assumed as unity. In setting the relays, 
the current and voltage transformer 
ratios must be taken into account. It is 
customary also to set the relays under the 
assumption of zero fault resistance, choos- 
ing a balance point under this condition 
which gives a suitable margin for the 
variation introduced by fault resistance. 
If n is the fraction of the section from the 
relay to the balance point, 7, the ratio of 
the circuit voltage, line-to-line for line 
faults, line-to-ground for ground faults, to 
the voltage impressed on the relay circuit, 
and r, the current transformer ratio, the 
actual settings of the relays will be as 
given below for the different suggested 
connections. If the voltage is obtained 
from high-voltage potential transformers, 
as shown in the diagrams, 7, is simply the 
potential transformer ratio. For line 


relaying using delta-connected current 


transformers (Figure 11), and for ground 
relaying using current compensation 
(Figure 13), the relay should be adjusted 
to balance for an impedance 


Zrp=nZigute/to (36) 


For line relaying using delta-connected 
relays (Figure 12), the relays should 
balance for an impedance 


Zr=3nZigutc/Ts (37) 


For ground relaying using the suggested 
scheme of voltage compensation, the 
relays should balance for an impedance 


Zp=nLogutc/ (370) (38) 


_ The settings for both balance points of 
‘a 3-zone relay will be made in the same 
manner, a different value of 7 being used 
in the two cases. 


Application 


a 

Distance relaying for protection against 
line and ground faults is suitable for 
general application to either single- or 
multiple-circuit lines, the only theoretical 
limitation being the variations in the 
balance-point locations introduced by the 
effects of fault resistance. Either the 
first or second balance point may be the 
limiting factor. The first balance point 
always must remain in the protected 
section, and the second balance point in 
the adjacent section. Furthermore, for 
general application the second balance 
point never must extend beyond the first 
balance point of the relay at the next 
sectionalizing point, or both circuit 
breakers will be tripped for some faults. 
The shorter the line sections become, the 
more difficult these conditions are to ful- 
fill, so that a certain minimum length of 
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section or impedance is required. This 
minimum depends upon such factors as 
short-circuit current distribution and the 
fault resistances encountered, so that it 
cannot be fixed definitely. 


Because of the higher values of fault 
resistance generally met during ground 
faults, distance ground relaying cannot be 
applied to lines as short as the minimum 
which can be protected satisfactorily by 
distance line relaying. However, where 
the lines are sufficiently long, this type 
of protection may offer substantial ad- 
vantages. High-speed ground relaying 
of single lines is difficult by the customary 
overcurrent methods, as the ground cur- 
rent may vary over wide limits for a fault 
in a given location, thus requiring selec- 
tive time settings to obtain discrimi- 
nation. Either compensated current or 
compensated voltage methods of distance 
relaying appear to be well suited for this 
purpose. 

The current compensation method also 
appears to be well adapted to cases where 
grounded-neutral power transformers are 
made an integral part of the line and the 
high-voltage circuit breakers are omitted. 
This case is particularly difficult to relay 
by ordinary methods of ground-fault pro- 
tection, as, after the low-voltage circuit 
breaker at one end is open because of a 
fault near that end, most of the ground 
fault current continues to flow from the 
grounded-neutral transformer at that end, 
making it very difficult to open the circuit 
breaker at the opposite end. As the com- 
pensated distance relay measures the 
impedance or reactance from the relay to 
the fault, independent of the relative dis- 
tribution of line and ground current, it is 
essentially unaffected by such system 
connections. The particular compen- 
sated voltage method described is not 
well suited to this application because of 
the low ground current available for 
operating the relays at the end remote 
from the fault, but a compensated voltage 
method using line current for relay opera- 
tion instead of ground current, also would 
give good results 

It should be pointed out that this 
analysis has considered only the possible 
accuracy, and has not taken into 
account the performance of the relay it- 
self, its design, itssimplicity, itsreliability, 
ot its speed of operation. All of these 
factors are important and must be taken 
into account in a final choice of the type of 
distance relay to be used for a given appli- 
cation. 

The equations derived in the appen- 
dixes giving the voltages and currents at 
relaying points in terms of circuit im- 
pedances and conditions at the fault have 
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been used in the paper only for the pur- 
pose of determining the performance of 
distance relays.. However, they may be 
found useful for many other purposes 
and constitute a contribution to the fur- 
ther development of the method of sym- 
metrical components. 


Conclusions 


This analysis has shown: 


1. That the earlier conventional methods of 
distance relaying are subject to errors other 
than those caused by fault impedance. 


2. That these errors may be eliminated in 
relays protecting against line faults by the 
use of ‘delta relaying.” Delta relaying 
may be obtained either by connecting the 
current transformers in delta or by connect- 
ing the current windings of the relays in 
delta, using a suitable zero-sequence filter. 


3: That these errors may be eliminated in 
relays protecting against ground faults by 
the use of current or voltage compensation 


- and, therefore, that distance relaying is 


suitable for ground fault protection, if the 
impedance of the section being protected is 
sufficiently great. 


4. That the limitation in the application 
of distance relaying is the error introduced 
by the presence of fault impedance, which 
will decrease with increasing section im- 
pedance, and that this limitation affects 
distance relays of both the impedance and 
reactance types, although to a different ex- 
tent. 


5. That distance relaying may be made to 
approach even closer to the desired relaying 
ideal and that within the limits of its ap- 
plication it should give satisfactory protec- 
tion, regardless of generator capacity or 
system conditions. 


Appendix |. Notation 


a= = —0.5+ 70.866 

F=physical point of fault along transmis- 
sion line 

G=substation where relaying is considered 

H=substation at opposite end of line section 

P, Q=equivalent junction points in zero- 
sequence network 

S=equivalent point of zero potential 

T=equivalent point of application of Ei; 

U=equivalent point of application of Eig 

W=equivalent point of fault when fault re- 
sistance is present 

E,r=equivalent positive-sequence gener- 
ated voltage of part of system feed- 
ing station G 

E,y=equivalent positive-sequence gener- 
ated voltage of part of system feeding 
station H 

E=voltage symbol, with subscript notation 
as follows: 

First subscript: 

a, b, or c=line-to-neutral voltage of corre- 
sponding phase 

A, B, or C=line-to-line voltage of corre- 
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sponding phases, cb, ac, ba respec- 
tively. See Figure 3 

1, 2, 0=symmetrical components of line-to- 
neutral voltage, phase a as reference 

Second subscript: 

F, G, H, W=point at which voltage is 
measured 


I=current symbol, with subscript notation 
as follows: 

First subscript: 

a, b, or c=line-to-neutral current in corre- 
sponding line 

A, B, or C=line-to-line,or delta current of 
corresponding delta phase, obtained 
by delta connection of relays. See 
Figure 8. 

a 8B, or y=delta current obtained from 
delta-connected current transformers. 
See Figure 7 

x, y, z=relaying currents obtained from the 
connection of Figure 9 

1, 2, 0=symmetrical components of line-to- 
neutral current, phase a as reference 

Second and third subscripts: : 

GF, HF, GH, TG, UH, SG, SH, FW, and 
so forth =stations between which cur- 
rent flows. Assumed positive direc- 
tion of current is from station of 
first letter to that of second. 


Z=impedance symbol, scalar value, with 
subscript notation same as for Z 


Z=impedance symbol, vector value, with 
subscript notation as follows: 

First subscripts, if only one: 

R=impedance indicated by relay for various 
types of faults 

D=impedance of current winding of relays 
or other current devices 

First subscript, if more than one: 

1, 2, O=sequence of current with which im- 
pedance is to be used 

Second and third subscripts: 

GF;HF, GH, TG, UH, SG, SH=stations be- 
tween which impedance is measured. 
Between stations G and H value is 
for one line only 


Mogy=zero-sequence mutual impedance 
between the two parallel lines from 
GtoH 


Rs=fault resistance for line faults between 
two line conductors 


Rg=fault resistance for ground faults 


m=fraction of the distance from G to H at 
which fault is assumed to occur 


n=fraction of the distance from G to H at 
which the first balance point is lo- 
cated 


r,=potential transformer voltage ratio 
r,-=current transformer current ratio 


1, 2=auxiliary transformer turn ratios, 
See Figures 9 and 13 
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Appendix Il. Network 
Representation and Fault Currents 


In order to calculate the fault currents and 
voltages during unbalanced faults, by the 
method of symmetrical components, it is 
necessary to set up sequence networks for 
the flow of positive-, negative-, and zero- 
sequence currents, corresponding to the 
system under investigation. The positive- 
and negative-sequence networks comprise a 
group of impedances having a branch cor- 
responding to every branch of the single- 
line diagram. Synchronous machines are 
represented by their equivalent circuits for 
a single phase, with single-phase voltages 
inserted at the proper point. As synchro- 
nous machines generate only positive- 
sequence voltages, generated voltages ap- 
pear only in the positive-sequence network. 

The positive- and negative-sequence net- 
works, for the system shown in Figure 2, are 
given in Figures 4 and 5, respectively. In 
the positive-sequence network, two voltages, 
Eir and Ey, are inserted to represent the 
voltages generated by the equivalent syn- 
chronous machines at T and U respectively. 
The impedance of each branch of the net- 
works is represented by the symbol Z with 
three subscripts, the first a number indicat- 
ing the sequence network in which the im- 
pedance appears, and the second and third 
the points between which the impedance 
is measured. As Eir and Eiy are expressed 
in terms of line-to-neutral voltage, the other 
terminals of these voltages are connected to 
the common neutral S of the positive-se- 
quence network. In the negative-sequence 
network, these voltages are equal to zero, 
so that the terminals T and U may be omit- 
ted and the impedances connected directly 
to the corresponding point S. For all static 
apparatus the negative-sequence impedance 
is equal to the positive, so that the branches 
between G and H, corresponding to the 
transmission line, will have the same imped- 
ance as in the positive-sequence network. 
This has been represented by substituting 
Zion for Zogq in Figure 5. The fault is as- 
summed to occur at F, intermediate between 
Gand H, at a fraction m of the distance from 
Gto H. As the impedance from G to H of 
one line has been taken as a unit, and as, 
neglecting distributed capacitance, the im- 
pedance is proportional to the distance, the 
impedances from G to F become mZigy and 
from F to H become (l—m)Zigy. As the 
branches between T and G and between 
H and U contain synchronous-machine 
impedances, they will in general be different 
for the different sequences. 

The zero-sequence network is made up 
only of those branches which may carry cur- 
rent having an earth-return path, and, there- 
fore, in general it has a smaller number of 
branches. The corresponding impedances 
are also usually quite different and generally 
larger, although in certain special cases 
such as grounding transformers, the zero- 
sequence impedance to ground may be less 
than the corresponding positive- and nega- 
tive-sequence impedances. The zero-se- 
quence network for the system shown in 


Figure 2 is given in Figure 6. As adequate 


grounding has been assumed at each end of 
the system, branches are required from G 
and H to S. In the positive- and negative- 
sequence networks, the mutual impedance 
between two parallel lines is generally small 
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enough to be neglected, but in the zero- 
sequence network this is not true, because 
of the great distance between the conductors 
and the ground return, as compared with the 
spacing between the two parallel lines. Be- 
catise of the common use of the earth return 
and ground wires, the mutual impedance 
also may contain a resistance component. 
The mutual impedance is represented by 
the vector symbol Mogz. 

It is well known that two circuits, having 
a mutual impedance between them and con- 
nected together at one end, may be replaced 
by three impedances connected in star, 
the branch connected to the original junc- 
tion being equal to the mutual impedance 
and the other branches being equal to the 
original branches minus the mutual imped- 
ance. Use is made of this property in setting 
up the zero-sequence impedances between 
stations G and H and the fault F. The 
symbols for impedance are similar to those 
used in the positive- and negative-sequence 
networks, except that the first subscript is 
now 0 instead of 1 or 2. 

The current flowing in the various 
branches of the networks is indicated by the 
symbol J with three subscripts, the first a 
number (1, 2, or 0) indicating the sequence 
of the current, and the second and third 
letters indicating the stations between which 
the current is flowing, the assumed positive 
direction being from the station indicated 
by the first letter toward the one indicated 
by the final letter. ‘ 

If the currents and voltages at various 
points in the sequence networks are known, 
the actual currents and voltages in the three 
phases at corresponding points in the actual 
system may be found by combining the cur- 
rents and voltages according to relations 
that follow. Phase a, line-to-neutral, has 
been assumed as reference, and the phase 


rotation is assumed to be a, 6, c. Then 
E,=E,+E2+Eo (39) 
E,y=a°E\+aE,+E ~ (40) 
E,=aE,\+a°E.+ Eo (41) 
and 

T,=ht+h+Ih (42) 
I,=a7I,+al2+I , (43) 
T,=al +a, +I (44) 


The voltages between lines, or delta volt- 
ages, defined in accordance with the vector 
diagram of Figure 3, may be determined by 
subtracting the phase voltages in pairs, as 
follows. In performing the subtraction it is 


convenient to make use of the following rela- 


tions concerning the vector @ 


1—a=j/3a? (45) 
a—a=jv/3 (46) 
a?—1=j./3a (47) 
Thus: 

E,4=E,—E,=jV/3(E:—E2) (48) 
E,=E,—E,=j/3(a°Ei —aE:) (49) 
Eo =Ey—Eq=jV/3 (aE —a°E2) (50) 


For the purposes of relay operation, it 
will be desirable to consider three special 
forms of current transformer connection, 


’ 
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as t. 


as shown in Figures 7, 8, and 9. In the 
following analysis it will be assumed that 
the main current transformer ratio is 1-to-1, 
so that the results will be the same as if 
the actual line currents had been manipu- 
lated. In actual cases the currents in the 
secondary circuits can be obtained by divid- 
ing by the current transformer ratio. In 
Figure 7 the current transformers are con- 
nected in delta, and leads from the corners of 
the delta are taken to current utilizing de- 
vices, conhected in star. With this connec- 
tion the leads carry currents which are the 
differences of the line currents taken in 
pairs. It will be noted that these currents 
are of the same mathematical form as the 
delta voltages E4, Ez, and Ee, and the cor- 
responding currents are designated by 
I., 1g, and I,, determined as follows 


Ig=1,—1.=j/3(a°l,— all) (52) 
PhP sa3/Slali als) (53) 


In Figure 8, the utilization devices are as- 
sumed to have identical impedances, Zp, 
and are connected in delta. At the corners 
of the delta, the line currents J,, I;, and J, 
are introduced. This delta connection offers 
no path to any residual or zero-sequence 
current in the line conductors, so that, if the 
system is grounded, allowing zero-sequence 
current to flow in the line, some additional 
path must be provided for this current. It 
is also desirable that this additional path 
pass as little positive- and negative-sequence 
current as possible. These conditions are 
satisfied by means of the small intercon- 
nected-star transformer bank shown. Any 
other grounding transformer connection 
may be used as well for this purpose, as it is 
the function of a grounding transformer to 
offer very high impedance to all but zero- 
sequence currents. 

The currents in the branches of the delta 
may be denoted by the symbols I a, Iz, and 
Ig. Following the convention previously 
adopted, J , is the current in the delta branch 
opposite the-line a, and so forth. Writing 
the equation for the voltage drop around the 
delta, we obtain 


4tIptlc)Zp=0 (54) 
or 
T44I3+Ic=0 (55) 


The interconnected-star transformer or, 
more generally, the zero-sequence filter by- 
passes all of the zero-sequence currents and, 
if properly designed, only a negligible por- 
tion of the positive- and negative-sequence 
currents, so that at the junction of the 
delta we may write 


Ip—Ig=Ih—hh=ht+h (56) 
‘Ip—14=Iy—ly= al +alp (57) 
I,—Ip=1,—h=alh+ale (58) 


These four equations, of which only three 
are independent, may be solved for J4, Ig 
and Ig, giving 


=7¥3yy, 172 
haf h-b)=5 (59) 
I 
Is = F(an—ar) = (60) 
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pi a1) (61) 
3 3 

The connection of Figure 9 is adapted par- 
ticularly to altering the zero-sequence com- 
ponent of current through the relay, which 
may be desirable because of the difference 
between Zogy and Zigy. Residual current 
may be introduced not only from the line 
being protected but also from a parallel or 
other adjacent line. Adjustable-ratio auxil- 
iary transformers serve to introduce the de- 
sired proportions. Let 7; and rz be the turn 
ratios of the auxiliary transformers, and 
31, and 314)’ be the currents in the pri- 
maries of these transformers, the primed 
symbol indicating the current from an ad- 
jacent line. Then the current feeding the 
neutral of the interconnected-star trans- 
former is equal to 3(Iori1+Jo’r2). The 
interconnected-star transformer divides this 
current into three equal portions, so that 
(Ior;+Io’r2) is added to the line current in 
each relay. Let us designate these currents 
I,, I,, and I; respectively 


T,=Ig+Iynth’re (62) 
1, =Int+Ton+l’re (63) 
T,=1,4+)hnth’r2 (64) 


Equations 42, 43, and 44 for Iq, J,, and 
T,, equations 51, 52, and 53 for I,, Ig, and 
I,, equations 59, 60, and 61 for Jy, Ip, and 
Ic, and equations 62, 63, and 64 for Iz, I, 
and J, apply in general and for unbalanced 
faults involving ground. During line-to- 
line faults on an otherwise balanced system 
no ground current flows so that J;5=0, and 
equations 42, 43, and 44 become 


T,=h+h (65) 
I,=a7I,+al, (66) 
T,=al,+a7I, (67) 
Equations 62, 63, and 64 become 

1,=Ig=h+l, (68) 
if failtal (69) 
1,=1,=al,+a'l: (70) 


During balanced 3-phase faults, both J2 
and J) are zero, so that the foregoing be- 
come : 


Lat, (71) 
[al (72) 
r—al (73) 
Ta=jV/3h=3! 4 (74) 
Ig=jvV/3a1=31 5 (75) 
1, =jV/3al,=31¢ (76) 
i! 
I,=j—N=-la 77 
a>] 3 1 3 (77) 
Iy=ji Path =p (78) 
V3 
Io=j ah =, (79) 
Le (80) 
L=a7l; (81) 
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4,=al; (82) 

The foregoing values are general and ap- 
ply at any location. Hence, the expressions 
for the corresponding currents between par- 
ticular points may be obtained by adding 
the proper subscripts, in accordance with 
Appendix I. 


Appendix Ill. Line-to-Line 
Fault 


Assume that a line-to-line fault has oc- 
curred at point F of one of the parallel lines 
of Figure 2, between conductors } and c, 
and that a fault resistance Rs is present be- 
tween the two conductors. It will be con- 
venient to consider that a resistance Rs/2 
is connected to each line conductor at F and 
that at a point W the remaining terminals 
of the resistors on phases } and ¢ are con- 
nected together, as shown in Figure 15a. 
This device has the advantage of making the 
system symmetrical up to the point W, at 
which point we have 


Ex =Ecy (83) 
Iorw=—Ilarw (84) 
and 

Iqrw=0 (85) 


Resolving the currents into symmetrical 
components, we obtain 


1 
huew = (a—a ory = —lp wy (86) 
1 
hry =o Olen —lhrw (87) 
Iorw =0 (88) 


As the system is assumed symmetrical at all 
other points, the fact that Ip7y7=0 requires 
that F)=0 and /J,=0 over the entire system. 

Resolving the voltages into symmetrical 
components gives 


i! 

Ey ea haw shen) =Exy (89) 
1 

Eo =3(Eaw —Eow) =Eiy (90) 
a! 

Eow =3(Eaw + 2Epw) =0 (91) 

Hence 

Ewy= —2Eyw= —2E ow (92) 

and 

E,w=E£oyw = —Epw=—Ecw=Eaw/2 (93) 


These conditions will be satisfied if the 
networks are connected as shown in Fig- 
ure 15).2~4 ; 

As the system is symmetrical elsewhere, 
the sequence currents flow independently,'~* 
and the sequence potentials at point G may 
be obtained by adding to the sequence volt- 
ages at W the sequence voltage drops be- 
tween Wand G. The currents flowing from 
F to W are the sums of the currents flowing 
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from G to F and H to F. Making these 


substitutions, we obtain 


E o=hor mont 2) tune +E:w 


(94) 
Fxg=log ( mzion+ #5) tone +Ei 5 

(95) 
E.c=0 (96) 


The phase voltages at G become, from 
equations 39 to 41 and 48 to 50, 


Exo Toor mont 2) Tone aH 2) 


(97) 
Exo=Tvor( muon} #2) tour —Evw 
(98) 
Rg 
Esa leor( mont ) ton oR =_Evw 
(99) 
E 40=Eca—Eva=Teos{ mZiont *)4 
Tans (100) 
Rs 
Exge=Eqg—Ecq=! ger mLrau+ > qe 
. = 
Teur. +3Eiw (101) 
Rs 
Ecg=Epa—Eag=lyer GI At 
Rg 
Fars 2 = 3Eiy (102) 


For convenience in connection with star- 
current relaying connections, it is desirable 
to rewrite the foregoing in a different form. 
As I,=0 everywhere during this type of 
fault, we may arbitrarily write Uagr+ 
Tyartl car) (mZight+Rs/2) + Vanetlour+ 
I cur) (Rs/2) = 

Subtracting this equation from the fore- 
going gives 


R 
Exuc= ~2rar{ mont) — 


Rs R; 
Loox mont! )—tune = 


R ie 
Exg= ~2ar{ mZigu+ As) Tears. = 


R R 
ee mZ ont 2) tan +E 9 


(104) 
R R, 
Ecg= = 2tear( mZiout 2) tay a rs 
R R 
lear mz Gut 88) bart 
2 2 
3E:y (105) 


As Igertlaur=larw=0 equation 103 
simplifies to 
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R 
Esc= = 2ax{ moon + )— 


Rg 
21 DHF 5 5_IyermZiqu (106) 


Appendix IV. Double Line-to- 
Ground Fault 


Assume that a double line-to-ground fault 
has occurred at point F of one of the parallel 
lines of Figure 2, between conductors b and c, 
that a fault resistance Rg is present between 
the two.conductors, and that a fault resist- 
ance Rg occurs between some point of Rg 
and ground. Representation of the most 
general case requires that the point of con- 
nection of Rg may be at any point of Rg, 
but in order to obtain a simple analysis, it is 
necessary for Rg to be connected to the mid- 
point of Rs. In most practical cases, it is 
expected that either the resistance between 
phases will be small, or that the two parts 
will be nearly equal, so that the case as- 
sumed is sufficiently general for most pur- 
poses. It is convenient to consider again 
that a resistance of Rs/2 is connected to 
each line w re at the fault, and at a point W, 
the remaining terminals of the resistors on 
phases 6 and ¢ are connected together and 
to one terminal of Rg, the remaining ter- 
minal of Rg being connected to ground 
This is shown in Figure 16a. 

Then at the point W, we have 


(107) 
(108) 


arw =O 
Eyw= Kew = Uorwt+l rw) Re 


Resolving the currents into symmetrical 
components gives 


1 

hiew = 3(aloew +a7Terw) (109) 
1 

Lew =3(a'lorw tal rw) (110) 
il 

Torw =, Uorw+1eru) (111) 

From which 

Tiewttlerwt+tlorn =0 (112) 

and 

Tory +lery =3lory (113) 


Resolving the voltages into symmetrical 
components gives 


1 
Ea, = (Faw —SlorwRe) (114) 
1 
Evy = 3 (Faw —3lorw Ra) (115) 
13 : 
Eww = 3 (Faw + 6lorw Ra) (116) 
from which 
E,y = Ex =Eqw —3lorwRe (117) 


These conditions may be satisfied by con- 
necting the networks as shown in Figure 
16b.4 As all networks are symmetrical up 
to the point W, we may write the expressions 
for the voltages at the point G by adding 
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the proper sequence voltage drops. RKememni- 
bering that the currents through the resist- 
ances Rg/2 are made up of the corresponding 
currents from G to F and H to F, we obtain 


: R 
Eig =trae( mason + SS) + 


R 
hury +Eiy (118) 


’ 


R 
Exg Tacs mZicu+ at 


R 
liar tEiw (119) 


R 
Eg hea m2son++3Ro + 
R 
lane +3Re)+ 
TogumMMygut+Eiw (120) 


The line-to-neutral and line-to-line volt- 
ages may be obtained by substituting in 
equations 39 to 41 and 48 to 50 


a 
Togr(mZogu —mZigng+3Rq) + 
BourRethoeumMoent+3Eiw 


‘ Rs 
Exa=Toce( Bion + 2 \ ane! Se 


(121) 


Eng = Foor( mZicu+ 2 \ tne =F 


logr(mZogu — mZigu + 3Ro)+ 


SlourRethenmM cu (122) 


E.g=Icer ( mzson+ 2) eu ae 


Ther (mZogu — MZigu+3Re) + 
BloxrRethoeumMoay 


Eva 


R 
= Faos( mZion S's a\4 


(123) 
Euq=Eva 


R 
Te 4 (124) 


Exg=Egg—Ece 


Rs 
=Iser ( muon" )+ 


IRS 
Isue 5 +3Evw (125) 


Ecq=Enag—Eaa 
Rs 
=Tar m£icn+-.. =F 


Rs 
Lyur> 3 °_3Eiy (126) 


For convenience in connection with star- 
current relaying connections, it is desirable 
to rewrite the foregoing in different form. 


As IgartIoort+legr=S8loer and Tanr+ 


TogrtT cur = 8loxr, we may write arbi- 
trarily 


UacrtIvar tear — 3loar) X 
( mZion-+%5 +0 (ot bee. 


Tour — 3h vars =0 
AIEE TRANSACTIONS 


. —_ ~ 
ces ae 
- bal ee ee | me 


Subtracting this identity from the foregoing 
gives 


R R 
Exg= —2, sar mZicut = ) —2I, Sard + 
R 
(3Iogr —Taer) ( mdion+ 3 ) =F 


(127) 


(3lour —Iaur) rt 


R R 
Exg= ~ 2a mZicut 9) — eres + 
Rs 
(8hoer —Iper) ( mzicn Aas )+ 


R 
(8loxr—IpuF) —5 +3Eiw (128) 


R R 
Ece= ~2aar( mZscn + #2) —2aue—+ 


2 
Rg 
(3loer —Lcar) (mont a) 
R 
(3fogr —I eur) 5 3B uw (129) 


As Iger= —Iqur, equation 127 may be sim- 
plified to 


R R 
Exc= 2rox{ mZion “) ears + 


Rs 
Sloar( mZigu+— 2) 3fonr _ 
TacrmZigu (130) 


For studying ground relaying, it is desir- 
able to have the line-to-neutral voltages ex- 
pressed in terms of the symmetrical com- 
ponents of current. This may be done by 
substituting for the line currents in equa- 
tions 121 to 123 inclusive, giving 


R 
UG eee ay 
(ureter) Spe) Mees 
aan): 


R 
Iono( 43K) +loexmMogut+ 
3Eiy (131) 


R 
Exg= Riga a4 
(ine talene) St IvarX 
ae 
Rs 
I our +5Re) + ogHMMogy (132) 
Rs 
E.g= (aher-+a%lon)( mont) + 
bes 
(ahzr+a%laar)-> +IoarX 
R 
( mzion+ 4 +3Rg )+ 


Tone{ $£+8Ro )+ hon Moon (133) 
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Appendix V. Three-Phase Fault 


Assume that a 3-phase fault has occurred 
at point F of one of the parallel lines of 
Figure 2, between all conductors and 
ground, and that a fault resistance Rs/2 is 
present between each conductor and ground. 
In the general case, the fault resistances will 
not be exactly equal, but the treatment of 
the general case is much more complicated, 
and the case of equal resistances is probably 
sufficiently general for our purposes. Mak- 
ing use of the previous assumption that a 
resistance Rs/2 is connected to each con- 
ductor at the fault, we may consider the 
remaining terminals connected together 
and to ground at point W, as shown in 


Figure 17a. Then we have 

Eqw=Epw =E-w =0 (134) 
TgewtIorw+lLerw = 3lorw =0 (135) 
From symmetry 

lepyw =0 (136) 


These conditions are represented by the 
connection of Figure 17). Hence, 


Rs R 
Eom lor{ mou} tune (137) 
Exg = 0 (138) 
and 
Rs R 
Eqg=lI sar( mane sf) tan (140) 
R R 
Exo=Iroa{ munot ) Tour (141) 
R R 
Esa Tear mZsont 2 |HTenr (142) 
R R 
Euc=laer Zion t 2) Han (143) 
. Rg R 
Exe =Inor( mZicn +78) ton = (144) 
Ratu 
Ecg= Fras Zion = Sym 3 (145) 


As the system is everywhere symmetrical, 
Tagrt+Ipertlcgr=0, hence (Uger+loer+ 
Tar) (mZigut+Rs/2) =0. Likewise Waur+ 
ToyrtT cur) (Rs/2) = Subtracting these 
expressions from the foregoing equations, we 
obtain the useful forms given below as 


bik: R 
Exg=—21 sar mZiont —2I Sard = 


R R 
f, sar mZigu Lar ) =i aur (146) 3 
: Rs R 
Exg=—21. cr mZion ae s) 2 | HF 5 aa 
Rs s 
mZient—> af bHF (147) 
Rs R 
Ecg= Sg 8) Sturt — 
‘ * 
Tog mZiaut~s —lary (148) 
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Appendix VI. Single Line-to- 
round Fault 


Assume that a single line-to-ground fault 
has occurred at a point F on one of the 
parallel lines of Figure 2, between conductor 
a and ground, and that a fault resistance Rg 
is present. It is convenient to assume that a 
resistance Rg is connected to each conductor 
at F and at a point W the other terminal of 
the resistance attached to conductor a is 
grounded, as shown in Figure 18a.’ Then the 
system is symmetrical up to the point W. 
At W we must have 


Tyew =1 rw =0=Inertlour 
=I.grt+lIeyr (149) 


and ; 
Eat (150) 


Resolving into components, we have 


IFW as aFWw = Jory =loew =herthur 


=Ibertheyr=loert+lour (151) 


1 
Ew =, (Eon +a’E cw) (152) 
iff 
Exy = g(t Eow + aE cw) (153) 
Ew = (Bow + Een) (154) 
so that 
E.w+Eoy +Eow =0 (155) 


These relations will be satisfied by con- 
necting the sequence networks as shown in 
Figure 185. It is immaterial, as far as the 
actual system is concerned, whether a re- 
sistance Rg is connected between each pair 
of networks as shown, or whether a resist- 
ance 3Rg is inserted between terminal F of 
the zero-sequence network and S of the posi- 
tive-sequence network, as is more common.! 
However, as some use is made in this analy- 
sis of the voltages at the terminals of the 
fictitious resistances connected to conduc- 
tors 6 and c, the representation shown is 
prefetred in this case. 

Adding the voltage drops from G to W, 
we may obtain the voltages at G as 


Eig=Ner(mZignt+Re) +hurRet+L£iw 
(156) 


Eog=Igr(mZigy+Re)+IourRe aa 
(157) 
Eve =Tloer(mZogu+Re) +hourRet+ 
TognmMogut+Eow (158) 
Eqo=Taar(mZigu + Re) +lanrRe therm 
(Loex—LZigu) +loeumMogu (159) 
Exe =lber(mZign + Re) +lourRet 
Therm (Zogx — Zigu) +hoanmMogn + 
GV 3(aEw—a?Evw) (160) 
E.g=Tcar(mZigu + Re) +I curRet 
Togr(Zogu — Zien) +locum X 


Mogu—j V/3(a*Ew —aE2w) (161) 
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E4q=Tagr(mZigu +Re)+TanrRet 
7V'3(Evw —Enw) (162) 


Epo=l ger(m£Zign +Re) +1 enrRet 
jV3(a2Eiyw—eEsy) (163) 
Ecq=lyar(mZignt+ Ra) +lyarRet 
iV 3(aEww—a°Ezw) (164) 


As Ingry=—Tour and Icer= —I yr, fur- 
ther simplification of equations 160 and 161 
may be made, giving 


Ege =IpermZigut+erm(Zogu — Ziex) + 


TognmMocn +j7V3 (aE\y— @Esyy) 
(165) 


E.g =TermZigut+Ioarm (Zoe — Zien) + 


TogumMoau SVAN Sea) 
° (166) 


For certain purposes it is desirable to have 
the foregoing voltages in terms of the sym- 
metrical components of currents instead of 
the line currents. It also will be*more con- 
venient to combine all the resistance terms, 
making use of the relation that gr+/inr+ 
Togp tour =2oer+lour).- Substituting 
and combining, we obtain 


Eqa= (herthear)mZignu +hoermZogu + 
IogumMogu +3 Moer+lour) Re 
(167) 


Eyg= (a@2hgrtalogr)mZign + 
TygrmZogn+loaum™Mogu + 
jV3(@Ew—a*Esy) (168) 
E.g= (ahiertaher)mLZigut+ 
IogrmZogu +locumMoan = 


iv3 (@Eiy—aEzw) (169) 
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of nearly every piece of equipment that goes 
into an electric power system. It is used in 
determining the short-circuit currents for 
which the generators and transformers must 
be braced. It is used in determining the 
interrupting duty of the circuit breakers and 
fuses. It enters into the application of 
lightning arresters and protector tubes, and 
into the insulation of transformers and other 
equipment. However, nowhere has the 
method of symmetrical components con- 
tributed quite so much as in the field of pro- 
tective relaying. For in this field it has be- 
come the indispensable tool for visualizing, 
as well as computing, the currents and volt- 
ages during fault conditions, which are the 
fundamental basis of relay operation. 

The introduction of the method of sym- 
metrical components by the late Doctor 
Fortescue was followed by its expansion 
and development into a general industry tool 
by many of his associates, notably by 
Wagner and Evans, who developed and 
first presented in book form the working 
data and methods for treating machines, 
lines, and transformers. Wright, under 
their direction, and Kilgore determined 
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the sequence impedances of machines by 
test and calculation. 

It perhaps is not surprising, therefore, that 
this paper, an excellent contribution of sym- 
metrical components to the relaying field, 
has come from the hands of a man who was 
closely associated with Doctor Fortescue, 
Wagner, and Evans. 

At the time of the writing of this paper the 
symmetrical component method was in 
quite common use for relay current calcula- 
tions. However, distance relays, particu- 
larly of the high-speed type, were in their 
infancy, and little was known of the merits 
of different arrangements. Expression of the 
relay balance points in terms of the sequence 
impedances and currents of the system, pro- 
vided, as the title implies, “A Fundamental 
Basis for Distance Relaying.” 

It showed immediately that the delta 
currents should be used to avoid a 15 per 
cent difference in the reach of the relay for 
3-phase and line-to-line faults. It provided 
an accurate basis for appraising the relative 
merits of reactance and impedance relays. 
In this paper appear the fundamental for- 
mulas that show the two ways to make 


AIEE TRANSACTIONS 


ts 
«8 
. i 


ground distance relays measure correctly. 
Subsequently ground distance relays have 
been developed along both of these lines. 

The work is so systematic, so thorough, 
and so fundamental that it stands today, 
as when written—the fundamental basis for 
distance relaying. 


Edward W. Kimbark (Northwestern Uni- 
versity, Evanston, Ill.): The new presenta- 
tion and publication of an AIEE paper 16 
years after it was first presented at an AIEE 
meeting and published in pamphlet form is, 
I believe, without precedent. The paper 
(31-61) first was presented during a period of 
depression when, for economy, many AIEE 
papers, including this one, were published 
in abstract in ELecrrIcAL ENGINEERING. 
The unprecedented action now puts this 
paper on permanent, accessible record, 
where it deserves to be. 

The passage of 16 years has but confirmed 
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earlier judgment that this paper by Lewis 
and Tippett is the classic paper in the field 
of power-system circuit theory as applied to 
predicting the behavior of protective relays. 
Nothing equalling it in this field had appeared 
before, and very little such has appeared 
since. Attempts to analyze the behavior of 
directional elements as Lewis and Tippett 
analyzed distance elements have produced 
results far less clear-cut than theirs. Only 
two other outstanding analyses in this field 
come to the mind of this discusser. They 
are the analyses of relay characteristics made 
by Neher! and Warrington? and the analysis 
of impedances seen by relays during swing- 
ing and out-of-step conditions made by 
Miss Clarke.’ 

Since the first publication of the paper by 
Lewis and Tippett, the following related de- 
velopments have occurred: 


1. The relay connections recommended in the 


paper have been used widely for phase relays and, to 
a lesser extent, for ground relays. 
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2. The analysis was extended by Calabrese4 to 
cover the case of relays on the side of a Y—delta-con- 
nected power transformer bank away from the fault. 


3. An alternative method of obtaining the effect 
of delta currents, or differences of two line currents, 
was devised, in which the relay had two current 
windings each carrying one of the line currents. 
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YSTEM FAULTS impose a great 
variety of short circuits on the wind- 
ings of 3-winding transformers. Because 
of the excellent service record of modern 
transformers their ability to withstand 
these short circuits is often taken for 
granted. If, however, the suitability of 
a given transformer for use on a given sys- 
tem is questioned, a rational answer can 
be given only when the impedances be- 
tween all windings are known, so that the 
magnitudes of short-circuit currents in 
them can be calculated, and when the 
maximum current that each winding can 
withstand without injury is also known. 
The information on impedances, if not 
immediately available, can be obtained 
from the manufacturer of the transformer, 
and the ability of each winding to with- 
stand short-circuit current could be as- 
sumed to be as specified by the standards 
of the American Standards Association.* 
Unfortunately, the present American 
Standards on short circuits are inade- 
quate and subject to misinterpretation, 
particularly in the case of line to ground 
faults on Y-connected windings of trans- 
formers provided with delta connected 
stabilizing windings. 

The purpose of this paper is to point 
out the inadequacies of the present stand- 
ards on short circuits and to submit 
recommendations for their revision. 

A brief review of the physical factors 
involved may be helpful in focusing once 
more our attention on a transformer prob- 
lem that has been somewhat neglected in 
recent years. 


Short-Circuit Currents 
To begin with it must be clearly under- 


stood that the present discussion is lim- 
ited to short-circuit currents resulting 
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from system faults external to the trans- 
former. 

For an external fault the magnitude of 
symmetrical short-circuit currents in all 
windings of a transformer on the faulted 
system can be readily calculated, pro- 
vided the impedances of the system and 
the impedances between all windings of 
the transformer are known. For unbal- 
anced faults such calculations are greatly 
facilitated by the now well-known method 
of symmetrical components,” with both 
the transformer and the system replaced 
by their equivalent circuits. The fami- 
liar 3-terminal equivalent circuit’ may be 
used to represent Y-Y-delta connected 3- 
winding transformers for all 3 sequences, 
although when the transformers are of 3- 
phase construction in some cases better 
accuracy will be obtained if a special 4- 
terminal equivalent circuit’ is used in 
the zero sequence network. The peak 
value of the transient currents in all 
windings is obtained by assuming the 
short-circuit currents to be initially com- 
pletely displaced from zero. 

It should be realized that the informa- 
tion on short-circuit currents given by this 
process is somewhat over-simplified due 
to the implicit assumption that the vector 
sum of the ampere turns in all windings 
of a transformer remains equal to zero 
during the short-circuit transient. Actu- 
ally the transient is quite complicated 
since several coupled circuits of different 
time constants are involved, and more- 
over for autotransformers, and in the case 
of unbalanced faults, there is always a 
possibility of partial saturation of the 
magnetic circuit with a corresponding in- 
crease in magnetizing ampere turns. It 
would be impractical to make allowance 
for these complications in a routine calcu- 
lation, the more so because many other 
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design factors besides the impedances 
between the windings would have to be 
taken into acount. 

A study of short-circuit currents in 
windings of representative transformers 
due to faults on representative systems 
leads to the following conclusions: 


1. Under the most unfavorable conditions 
short-circuit currents in transformer wind- 
ings due-to unbalanced system faults are 
substantially equal to short-circuit currents 
caused by balanced three phase faults. Thus 
in an investigation conducted on the pessi- 
mistic basis of fully maintained line voltages 
and no external impedances whatever there 
is no need of calculating any unbalanced 
faults and complete information will be ob- 
tained from the much simpler calculation of 
balanced three phase faults only. As an 
example, in the case of a Y-Y connected 
transformer with a delta connected stabiliz- 
ing winding the maximum value of the cur- 
rent the stabilizing winding may have to 
carry during line to ground faults on the 
lines of Y-connected windings may be de- 
termined by calculating the following bal- 
anced three phase short circuits that would 
be possible if the terminals of the stabilizing 
winding were brought out: 


(a). Short cireuit on the stabilizing winding, or 
on both the stabilizing winding and the first Y- 
connected winding, with voltage maintained on the 
second Y-connected winding, and 


(b). Short circuit on the stabilizing winding, or on 
both the stabilizing winding and the second Y- 
connected winding, with voltage maintained on the 
first Y-connected winding. 


2. Many autotransformers and some 3- 
winding transformers, particularly those in 
which one winding is smaller than either of 
the others, if calculated on the basis of fully 
maintained system voltages will be found to 
have short-circuit currents in some winding 
in excess of the accepted permissible limit of 
25 times normal load current, which is based 
on the usual interpretation of the present 
American Standards. The continued suc- 
cessful operation of these units suggests either 
the presence of sufficient system impedances, 
or large design safety margins, or both. It 
would appear, therefore, that only in ex- 
ceptional cases could there be any justi- 
fication for specifying designs with the short- 
circuit requirements for any winding in 
excess of 25 times normal load current of 
that winding. 
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3. Under representative conditions un- 
balanced system faults result in considerably 
lower short-circuit currents in transformer 
windings than balanced three phase faults. 
This justifies the well-established practice 
of making the delta-connected stabilizing 
windings of Y-Y-connected transformers and 
autotransformers of smaller size than the 
main windings since the stabilizing windings 
carry short-circuit currents only during line- 
to-ground faults and do not participate in 
balanced 3-phase short circuits on the 
lines of the main windings. 


Ability to Withstand Short- 
Circuit Currents 


The danger of short circuit currents is 
in their thermal and mechanical effects, 
both of which are proportional to the 
square of the magnitude of the currents, 
but in other respects follow different 
laws and depend on different design fac- 
tors. 

On the basis of all heat being stored in 
the copper, the temperature rise of the 
winding carrying the short-circuit current 
is directly proportional to the duration of 
the short circuit and is practically inde- 
pendent of the short-circuit currents in 
the other windings of the transformer. 

Leaving aside such secondary factors 
as eddy losses, absorption of heat by the 
surrounding insulation, and slight varia- 
tions in initial temperature, the final 
temperature reached by the copper de- 
pends only on the current density during 
the short circuit and on its duration. 
The current density, therefore, is the 
only design information needed to estab- 
lish with acceptable accuracy the thermal 
short-circuit limits of a given transformer. 

Mechanical stresses imposed on a wind- 
ing by short-circuit currents have their 
maximum value during the first cycle of 
the current and diminish as the displace- 
ment of the current with respect to zero 
decreases with time; their magnitude for 
any winding depends on short-circuit 
currents in all windings of the trans- 
former. 

The magnitude, distribution, and direc- 
tion of mechanical stresses in the windings 
carrying short-circuit currents depend on 
the shape, arrangement, and configura- 
tion of windings, so that the same value of 
short-circuit ampere turns may result in 
entirely different forces if the windings 
are of different type or of different pro- 
portions. The ability to withstand these 
stresses is determined by the structural 
characteristics of the windings, which 
must be known in great detail, since a 
local deformation or distortion may be as 
fatal to the transformer as a displacement 
of a complete winding. Obviously, 
fairly complete design information must 
be available even to estimate the ability 
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of a given transformer to withstand 
mechanically short-circuit currents of a 
specified magnitude. : 


Continuous Kilovolt-Ampere 
Rating and Short-Circuit 
Kilovolt-Ampere Rating 


It is perhaps natural to think that in a 
3-winding transformer with windings of 
different continuous kilovolt-ampere ca- 
pacity the maximum short-circuit kilo- 
volt-amperes that each of the three wind- 
ings is capable of withstanding would be 
approximately proportional to its rating. 
Broadly speaking, on the basis of every- 
thing else being equal, that is not far from 
the truth. 

It is true, for instance, that it would be 
difficult to make a very small tertiary 
winding of a large transformer self-pro- 
tecting under short circuit, even if there 
were no upper limits to the acceptable 
reactances from this tertiary to the main 
windings of the transformer. In this 
case, thermal requirements would pre- 
sent no serious problem since the short- 
circuit current density could be kept down 
to a permissible value by designing for 
sufficiently high reactances, but mechani- 
cal requirements would be difficult to 
satisfy. Small windings tend to be weak 
mechanically, and high values of reactance 
usually result in very large forces per 
ampere turn of current, so that reduction 
in short-circuit current due to high react- 
ance does not necessarily reduce the 
forces. A familiar example of disastrous 
results that may be expected when the 
winding carrying the short-circuit current 
is very small and has very high reactance 
is an internal fault involving a small por- 
tion of a primary or secondary winding. 
Instead of resorting to some very special 
construction to make a very small wind- 
ing self-protecting under short circuit it 
has been found more economical to make 
it larger and use the normal construction. 
Hence, the generally accepted practice of 
never making any winding of a multi- 
winding transformer, with terminals 
brought out, smaller than 35 per cent of 
the rating of the largest winding. 

The same practice has been extended 
to delta connected stabilizing windings of 
Y-Y connected transformers and auto- 
transformers. Since in many cases sta- 
bilizing windings are not provided with 
external leads, the intent has been not to 
give them any continuous load carrying 
capacity but to assure obtaining the abil- 
ity to withstand short-circuit currents 
normally expected from a winding of this 
kilovolt-ampere rating. There have been 
cases where, obviously following the same 
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line of reasoning, purchasers specified 
stabilizing windings of larger then the 
minimum 35 per cent size, although they 
either had no way of loading them, or - 
planned only to use them to carry very 
small station loads. 

As a matter of fact, there is, of course, 
no definite relation between the continu- 
ous kilovolt-ampere ratings of windings, 
which depend on their ability to dissipate 
heat, and what might be called the short- 
circuit kilovolt-ampere ratings of the same 
windings, which depend on their ability to 
store heat and to withstand mechanical 
stresses. Such definite relation could 
exist only on the basis of everything else 
being equal which is seldom the case with 
modern transformers with their compli- 
cated windings, wide variety of physical 
arrangements of coils, and wide range of 
normal current densities, often influ- 
enced by the method of cooling. 

In view of this, the practice of specify- 
ing the desired ability of a winding to 
withstand short circuit by giving it a 
fictitious, or real, continuous kilovolt- 
ampere rating should be abandoned and 
the short-circuit rating should be specified 
directly as so many kilovolt-amperes, orso 
many times some reference kilovolt- 
amperes, for so many seconds. 


Stabilizing Windings 


Delta connected stabilizing windings of 
Y-Y-connected transformers, already 
referred to several times to illustrate the 
salient points of the above discussion, de- 


- serve further attention, not only because 


of their inherent importance, but also 
becatise they are not covered specifically 
by the present American Standards. 
Complete self-protection against line to 
ground faults can be economically justi- 
fied in exceptional cases only and, there- 
fore, need not be the basis of a general 
specification. As demonstrated by the 
service record of many years on a great 
variety of systems, and as confirmed by 
fault current calculations for representa- 
tive cases, the usual 35 per cent capacity 
stabilizing winding is adequate for most 
applications. The American Standards 
should legitimize and clarify this well- 
established design practice. The re- 
quired rules should specify, however, the 
minimum permissible short-circuit kilo- 
volt-ampere rating of stabilizing windings 
and not their continuous kilovolt-ampere 
rating, since, first, a continuous kilovolt- 
ampere rating is not a reliable measure of 
the ability to withstand short-circuit 
currents, and second, there can be no justi- 
fication for designing a winding for con- 
tinuous loading when such loading is 
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either impossible or not required. For 
example, in the case of a 10,000 kilovolt- 
ampere Y-Y-connected transformer with 
a stabilizing winding, the rules should give 
the minimum size of the stabilizing wind- 
ing not by specifying for it a 3,500-kva 
continuous rating, but by specifying a 
short-circuit rating of 3,500 X 25 or 
87,500 kva for two seconds. Since 0.35X 
25 = 8.75, this minimum permissible 2- 
second short-circuit rating of the stabiliz- 
ing winding is equal to 8.75 times the con- 
tinuous kilovolt-ampere rating of the 
main windings. A smaller stabilizing 
winding would not be furnished even if 
transformer impedances were sufficiently 
high to limit the short-circuit kilovolt- 
ampere in the stabilizing winding to less 
than 8.75 times the continuous kilovolt- 
ampere rating of the main windings. 
Naturally, in such a case the actual short- 
circuit current could be carried for longer 
than 2 seconds. If, in the present ex- 
ample, the short circuit was limited by 
transformer impedances to 70,000 kva in 
the stabilizing winding it could be carried 
for 3 seconds (see part 1B under Recom- 
mended Revision of American Standards 
on Short Circuits). 

For autotransformers the practice has 
been to provide stabilizing windings equal 
to at least 35 per cent of the equivalent 
size of the autotransformer windings. As 
for transformers, the American Standards 
should give this minimum size in-short- 
circuit kilovolt-amperes and not in con- 
tinuous capacity kilovolt-amperes. Since 
the equivalent size of an autotransformer 
is always smaller than its output rating, 
the minimum short-circuit rating of stab- 
ilizing windings in autotransformers will 
be smaller than in transformers of the 
same output rating. Thus if the 10,000 
kva Y-Y-connected unit of the above 
example were a 66- to 44-kv autotrans- 
former, the equivalent size of the auto- 
transformer windings would be 3,333 kva, 
and the minimum short-circuit rating of 
the stabilizing winding would be 3,333 X 
35 X 25 = 29,167 kva, or 8.75 times the 
equivalent size of the autotransformer, 
for 2 seconds. 


Obviously all the Standards can do is 
to indicate the minimum short-circuit 
rating for stabilizing windings consistent 
with good design practice. They can not 
attempt to specify the short-eircuit rating 
actually required in a given case. This 
decision must be left to application engi- 
neering. Indiscriminate acceptance of 
the minimum stabilizing winding size 
_regardless of the values of reactance be- 
tween the windings of the transformer, or 
autotransformer, and regardless of system 
reactances, would mean that in some cases 


. 
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short-circuit currents permitted by these 
reactances would be larger than the wind- 
ings could be expected to withstand. It is 
hoped, therefore, that the recommended 
practice of giving the stabilizing windings 
a definite short-circuit rating would call 
attention to this most important criterion 
of the design and result in heavier wind- 
ings being specified whenever needed. 
While it is true that in autotransformers 
the per cent reactances between the stabil- 
izing windings and the Y-connected wind- 
ings, based on the output kilovolt-amperes 
of the unit, are usually much higher than 
in transformers, the resultant reduction 
in fault currents in many cases may be 
insufficient to justify the reduction in the 
minimum size of stabilizing windings 
indicated by the present practice. Be- 
cause of this, short-circuit ratings of the 
stabilizing windings of autotransformers 
should be given special attention. 


The Present American 
Standards on Short Circuits 


The present American Standards" are 
clear when applied for balanced 3-phase 
short circuits on two-winding trans- 
formers. They are subject to misinter- 
pretation and may be actually misleading 
when applied for three-winding units, and 
particularly for unbalanced faults on 
units with stabilizing windings when these 
windings have no definite continuous 
kilovolt-ampere rating. 

The very title of the rules, ‘Permissible 
Duration of Short Circuit,” suggests that 
they are based primarily, if not exclu- 
sively, on thermal considerations, an 
attitude that may have had some justifi- 
cation at, the time when the rules were 
first formulated because of relatively high 
current densities then in use. The rules 
begin with the statement: 


Transformers shall be capable of withstand- 
ing short circuits on any secondary winding 
or windings without injury for the time- 
periods given below, with rated line voltages 
maintained on all windings intended for 
connection to external sources of power. 
See exceptions listed in Table I. Interme- 
diate values may be determined by inter- 
polation. The initial current is assumed 
to be completely displaced from zero insofar 
as determining the mechanical stresses. 


Table | 

Se EEE 
Per Cent Rms Symmetrical Short- 

Imped- Circuit Current to Be Time Period 

ances Withstood in Seconds 

4orless...25 times rated currentiii ope 2 

5 ...20  timesrated current........ 3 

6 * .,.16.6 times rated current......-. 4 

TOL THOLES hc cieveis als hw ea eerie ere 5 
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If the reader stops at the end of the 
first paragraph, just before the tabulation, 
and ignores for the time being the refer- 
ence to the time-periods, he gets the im- 
pression that a stabilizing winding, being 
a part of a transformer, must be capable 
of withstanding any kind of a fault at the 
terminals of Y-connected. windings, with 
maintained voltage ‘‘on all windings in 
tended for connection to external sources 
of power.” Some engineers have claimed 
just that. But the framers of the rules 


meant something else, as indicated by the 


tabulation following. the first paragraph. 
This tabulation is directly applicable only 
to 2-winding transformers. The impor- 
tant point for the present purposes is 
that, apparently, when the impedance is 
less than 4 per cent, the windings of a 2- 
winding transformer are not required to 
withstand more than 25 times rated cur- 
rent. What justification is there, then, 
to expect the stabilizing winding to be 
capable of withstanding more than 25 
times its rated current? 

The term “rated current”’ itself is not 
very clear. What is to be taken as rated 
current for transformers with various in- 
creased kilovolt-ampere ratings, by means 
of supplemental methods of cooling? 
What should be taken as rated current of 
a stabilizing winding without a continu- 
ous kiloyolt-ampere rating? 

The next two paragraphs read: 


For transformers having three or more 
windings, the time for which the transformer 
shall be capable of withstanding a short 
circuit is dependent upon the maximum 
current which can flow in any short circuited 
winding with rated voltage maintained on 
all other windings intended for connection 
to an external source of power. 


Each winding shall be considered separately 
and the ratio of maximum short-circuit cur- 
rent in a winding to its rated current shall 


’ be used in the table to obtain the permissi- 


ble duration of short circuit for that winding. 


It would seem desirable to clarify and 
rewrite these paragraphs. Line to ground 
faults and stabilizing windings are ignored 
completely, since the stabilizing winding 


during a line to ground fault cannot be_ 


identified either as an excited, or as a 
short-circuited winding in the ordinary 
meaning of these terms. 
tion the rules make that the maximum 
possible current in a winding will neces- 
sarily flow when this winding is short-cir- 
cuited and the other windings are excited 
isincorrect. In some cases the maximum 
value of current occurs when the winding 
in question is one of the excited windings 
and some other winding is short circuited. 

The rules, as written, are concerned 
only with the duration of the fault and do 


AIEE TRANSACTIONS 


The assump- . 


not cover specifically the case when the 
current in some winding during some con- 
dition of short circuit is larger than 25 
times normal. 

The concluding paragraphs are: 


Exceptions: 


(a). _The combined impedances of trans- 
formers and directly connected apparatus 
shall be considered -as limiting the short- 
circuit current of transformers which are di- 
rectly connected to other apparatus posses- 
sing inherent impedance and located only a 
few feet from the transformer and connected 
to it by buses or cables so arranged that 
there will be no practical possibility of short 
circuit occurring between them. 


(6). Autotransformers, being series appa- 
ratus, are liable to exceptionally severe short 
circuits unless protected by current limiting 
means. Because of the cumulative detri- 
mental effects of successive severe short cir- 
cuits, it is practically impossible to deter- 
mine by tests the maximum safe short-cir- 
cuit current that this class of apparatus will 
withstand successfully. It is recommended, 
therefore, that current limiting reactors be 
installed where necessary to limit the short- 
circuit current to 25 times rated current. 


The first paragraph does not call for 
any comments, the second one makes the 
reader wonder why “the cumulative 
detrimental effects of successive severe 
short circuits’ are worse for autotrans- 
formers than they are for transformers 
and why the recommendation on the use 
of current limiting reactors—assuming 
that such recommendations belong in 
American Standards—should be limited 
to autotransformers if the Standards do 


* Equivalent transformer kilovolt-amperes of auto- 
transformer windings equals 1/2(total kilovolt- 
amperes of series winding plus total kilovolt-amperes 
of the common winding), where total kilovolt- 
amperes of each winding is given by the product of 
the maximum voltage times the maximum current 
of the winding. 
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not require the windings of transformers 
to be capable of withstanding more than 
25 times rated current. 


Recommended Revision of 
American Standards on 
Short Circuits 


The intention of the revision being sug- 
gested is not to alter the spirit of the 
present rules, but only to clarify them and 
thus reduce the possibility of misinter- 
pretation when the rules are applied to 
multi-winding transformers and auto- 
transformers, and for unbalanced, as well 
as balanced,.short circuits. The follow- 
ing revision is suggested: 


1. Transformers shall be capable of with- 
standing without injury short circuits on any 
external terminals with rated line voltages 
maintained on all terminals intended for con- 
nection to external sources of power, pro- 
vided: 


(A). The magnitude of the symmetrical current in 
any winding of the transformer resulting from the 
external short circuit does not exceed 25 times the 
base current of the winding (see Parts 2 and 3). 


(B), The duration of the short circuit is limited to 
the following time periods listed in Table II. 
Intermediate values may be determined by inter- 
polation. The initial current is assumed to be com- 
pletely displaced from zero. 

2. The base current for any winding is 
equal to its rated current, except as noted 
in 3. 

For self-cooled transformers with increased 
kilovolt-ampere ratings obtained by sup- 
plementary cooling means the base current 
shall be taken at the self-cooled rating. 


8. In the following special cases the base 
current for the winding specified may be 
larger than its rated current: 

(A). For multiwinding transformers the base cur- 
rent for any winding provided with external ter- 


minals, and for a delta-connected stabilizing wind- 
ing without external terminals, shall not be taken 


No Discussion 


Garin—Short-Circuit Requirements 


Table II 
Symmetrical Current Time Period 
in Any Winding in Seconds 
25 times base current............ 2 
20 times base current............ 3 
16.6 times base Gurrent............ 4 
14.3 or less times base current............ 5 


at less than 35 per cent of the kilovolt-ampere rating 
of the largest winding of the transformer. 


(B). 


(a). The base current for a delta-connected stabi- 
lizing winding, with or without external terminals, 
shall not be taken at less than 35 per cent of the 
equivalent transformer kilovolt-amperes of the auto- 
transformer windings. * 


For Y-Y-connected autotransformers: 


(b). The base current for the common winding 
shall be equal to the maximum current in the com- 
mon winding when carrying any simultaneous loads 
authorized by the nameplate. 


(c). The base current for the series winding shall 
not be taken at less than 35 per cent of the kilo- 
volt-ampere capacity of the common winding or 
of the delta-connected winding, whichever one is 
the larger. 


4. The combined impedance of trans- 
formers and directly connected apparatus 
shall be considered as limiting the short- 
circuit current of transformers which are 
connected in series with other apparatus pos- 
sessing inherent impedance, located only a 
few feet from the transformers, and so con- 
nected to them that there will be no practical 
possibility of the loss of this additional series 
impedance. 
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Hiperco—A Magnetic Alloy 


J. K. STANLEY 


NONMEMBER AIEE 


URING the war considerable effort 
D was expended in developing a high 
magnetic saturation alloy for electric 
apparatus in which a saving in weight or 
volume would be important, as in aircraft 
or submarines. Research work finally 
led to the development of an alloy suitable 
for such applications, in which cost is of 
secondary importance. 

It has been known for a long time that 
iron-cobalt alloys in the range of 30 to 
40 per cent cobalt have the highest mag- 
netic saturation value so far attained,* ? 
namely, a ferric induction, 47J,,* of about 
24,200 as compared with 21,600 for iron, 
21,000 for low silicon (1 per cent) iron, 
and about 19,000 for high silicon (4 to 5 
per cent) iron. The gain in saturation 
over standard electrical grade sheet (1 per 
cent Silicon) thus amounts to about 15.0 
per cent, and for high silicon grades to 


Effect of elements on the satu- 
ration values of iron 


Figure 1. 


T. D. YENSEN 


MEMBER AIEE 


about 25 percent. (See Figure 1.) This 
increase in saturation, coupled with an 
even higher increase in induction for 
H = 10 to 400, can by proper design, be 
translated into savings in weight of mo- 
tors and generators of 20 to 25 per cent. 
There are two reasons which have re- 
tarded the application of iron-cobalt 
alloys in the electrical industry. One is 
the high cost of cobalt ($1.50 per pound at 
present), and the other is the difficulty of 
fabrication, because the alloy, as otdi- 
narily made, is too brittle to work either 
hot or cold. Even vacuum fused ingots, 
made from high purity iron and cobalt are 


Paper 47-125, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
November 14, 1946; made available for printing 
April 11, 1947. 


T. D. YENSEN is manager of the magnetic depart- 
ment of the research laboratories, Westinghouse 
Electric Corporation, East Pittsburgh, Pa. J. K. 
STANLEY is also with the Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 


* J,=saturation intensity of magnetization. 
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usually “hot short,” as metallurgists 
would say, making it difficult to hot work 
the alloy to desirable shapes. Although 
this was done in 1915,? it was not until 
1932 that the Bell Telephone Laboratories 
succeeded in preparing an iron-cobalt 
alloy with good hot working properties 
and one whose magnetic quality was un- 
impaired by the alloy addition, using 
vanadium and quenching.’ For the pur- 
pose of providing aircraft with lighter 
generators and motors, the Westinghouse 
Research Laboratories undertook in 1940 
the problem of developing an iron-cobalt 
alloy which could be processed commer- 
cially in wide strip from which armature 
and pole pieces could be punched and 
having losses comparable with those of 1- 
per cent Silicon-iron, which was then com- 
monly used. 


Composition of Material 


Of the numerous additions to the bi- 
nary alloys that were tried, only two 
alloying elements were found to be useful 
in making the alloys workable, namely 
vanadium and chromium. The addition 
of these elements is beneficial also in that 
they greatly increase the electrical resis- 
tivity of otherwise very low resistivity 
alloy, as shown in Figure 2. One per 
cent vanadium or 0.5-per cent chromium 


Figure 2 (below). Effect of elements on the electrical resistance 


of iron 
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Figure 3 (above). 
Comparison of B-H 
curves of Armco 
and silicon-iron to 
Hiperco alloy 


Figure 4 (left). Vari- 
ation in B-H curves 
of Hiperco alloy 


Figure 5 (below). 
Hiperco alloy hys- 
teresis loops for 10, 
15, and 20 kilo- 


gausses 
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double the resistivity of the 35 per cent 
cobalt alloy, that is, increase it from about 
10 to about 20 microhms per cubic centi- 
meter. High resistivity is desirable for 
a-c applications to reduce eddy. current 
losses. 

The composition selected for the alloy is 


Cobalt: 34.5-35.5 per cent 
Chromium: 0.4-0.5 per cent 
Tron: balance 


The cobalt content is kept”as low as pos- 
sible without sacrificing maximum satu- 
ration because of the cost of cobalt. The 
trade mark Hiperco has been adopted as 
the trade name of this alloy and has been 


-registered with the United States Patent 


Office.’ 

Hiperco alloy has been commercially 
made in 6-inch strips in two thicknesses, 
0.017 inch and 0.025 inch. In the labo- 
ratory the material has been reduced to > 
0.001 inch without difficulty. In the cold 
rolled condition, the material can be 
readily punched. 


Magnetic Properties 


Hiperco alloy, like other soft magnetic 
materials, must be annealed to remove 
strains and induce grain growth, so that 
low losses and good permeabilities can be 
realized. Experimental work, has shown 
that the optimum magnetic properties are 
obtained by annealing in hydrogen below 
the transformation range, which is lo- 
cated in the neighborhood of 950 degrees 
centigrade, its exact location depending 
on the composition 


D-C Data 


The d-c measurements were carried out 
on baby Epstein strips (0.04 by 3 by 28 
centimeters or 0.017 by 13/isby 11 inches) 
in a 25-centimeter Epstein frame de- 
scribed by Burgwin‘ using the ballistic 
method. 

The data obtained are initial and maxi- 
mum permeability, the magnetization 
curve, and the hysteresis loop. 

The initial and maximum permeabili- 
ties of Hiperco alloy are approximately 


4 = 650 
Umar = 10,000 


varying considerably with composition 
and heat treatment. 


+A distinction should be drawn between cobalt- 
iron and cobalt-steel. The cobalt-iron alloy is 
essentially nonhardenable and low in carbon. 
Cobalt-steel is strictly a hardenable alloy of differ- 
ent composition containing carbon. Cobalt- 
iron is a ‘‘soft”” magnetic material (low hysteresis) 
while cobalt-steel is a ‘“‘hard’’ or permanent magnetic 
material (high hysteresis). The discussion here will 
cover only cobalt-iron. 
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The average magnetization, or B-H,! 
curve of Hiperco alloy is shown in Figure 
3 in comparison with those for common 
soft magnetic materials. This curve 
shows the superiority of Hiperco alloy for 
high density applications. It also shows 
that good permeabilities are obtainable 
at lower magnetizing forces; for example 
the permeability of Hiperco alloy for H = 
10 is 1,700 to 1,800. The expected range 


t These symbols conform to the units adopted in 
1930 by the International Electrotechnical Commis- 
sion. In the centimeter-gram-second electromag- 
netic system the magnetizing force H is in oersteds 
and the magnetic flux density B is in gausses. 


in permeability is shown in Figure 4. 
The hysteresis loops of Hiperco alloy 
for maximum inductions of 10, 15, and 20 
kilogausses are given in Figure 5. An 
unusual property of this alloy is that the 
coercive force does not change nearly as 
much after passing 10 kilogausses as it 
does for common materials. On the basis 
of the domain theory® this means that 
most of the 180 degree reversals of the 
domains have been completed at an induc- 
tion of 10 kilogausses, and that the exten- 
sion of the tip is merely due to reversible 
90-degree turns, that do not affect H,. 


40 
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Figure 6 (left). Ef- 
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Figure 7(below, left). 
Core loss of Hiperco 
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Figure 8 (below, right). 
Core loss of Hiperco 


The hysteresis loss is a structure sensi- 
tive property and is chiefly affected by 
two factors, namely impurities and grain 
size. The loss is greatly affected by car- 
bon and to a lesser extent by the size of 
the grains. The coercive force, H, for 
Bmax (Maximum flux density) = 10,000, 
is a conveniertt measure of the effect of 
these variables on the hysteresis loss, as 
shown in Figure 6. Because of the harm- 
ful effect of carbon, efforts are made, dur- 
ing annealing, to reduce it toa minimum 
(0.005 per cent or less) and since larger 
grains give lower losses, long annealing 
periods are used (up to 50 hours) at tem- 
peratures below the transformation point 
(950 degrees centigrade). 

These magnetic properties are repre- 
sentative of what may be expected, when 
efforts are made to obtain the best mag- 
netic properties, irrespective of mechant- 
cal properties. For strictly d-c appli- 
cations; such as for frames and polepieces 
of generators and motors, the magnetic 
characteristic that is of chief importance 
is the permeability at the operating induc- 
tions, or the permeability at the maximum 
available magnetizing force. For such 
applications low hysteresis loss, or low co- 
ercive force, or high initial or maximum 
permeability is irrelevant, and an anneal- 
ing temperature around 750 degrees centi- 
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Figure 9. Effect of 


strip thickness on 
losses of -Hiperco 
alloy 
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grade to relieve the rolling strain is suffi- 
cient. For magnetizing forces above 20 
oersteds this will give as high permeability 
as annealing at higher temperatures and 
will preserve the good mechanical proper- 
ties, which may be of greater importance 
for frames and polepieces than for arma- 
ture punchings. 


A-C Data 


The a-c data were obtained on baby 
_Epstein strips, also tested in a 25-centi- 
meter Epstein frame, using the procedure 
discussed in reference 4. 

In alternating current machines the 
total iron loss is made up of the hysteresis 
and the eddy current losses 


P.=PrtPe (1) 


The hysteresis loss has already been dis- 
cussed. At frequency f it is 


P,=K Xf (area of the loop) (2) 


where X is a proportionality factor. The 
eddy current loss per cubic centimeter is 


P,=1°ft?B2maz/6p (3) 


where ¢ is thickness and p is electrical re- 
sistivity. For given values of f and Byo, 
it is therefore possible to control the eddy 
loss by varying ¢ and p, but since ¢ is a 
squared factor, it is usually easier to con- 
trol P, by means of ¢ than by means of p.* 

The total core loss of Hiperco alloy is 
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shown for 60 and 600 cycles in Figures 7 
and 8, Figure 7 for 0.010-inch strip and 
Figure 8 for 0.017-inch strip. While the 
figures show that lower losses apparently 
can be obtained with high silicon-iron 
(4-5 per cent silicon) rolled to 0.010 inch 
than with the same gauge of Hiperco 
alloy, it is impractical to use the high 
silicon iron at flux densities above 19,000 
gausses, because the exciting current be- 
comes prohibitive. For this reason the 
losses for 1-per-cent silicon-iron should be 
used: for comparison. With 1-per-cent 
silicon-iron, 0.010 inch thick, the losses at 
20 kilogausses are comparable with those 
for Hiperco alloy at 60 cycles, but they 
are much higher (about double) at 600 
cycles. If 1-per-cent silicon-iron were 
used at 20 kilogausses, the magnetizing 
current would be over 13 times as high as 
that for Hiperco alloy. Also for the same 
value of H, for example 30 oersteds, 
Hiperco alloy can be operated at 20 kilo- 
gausses while 1-per-cent silicon-iron will 
reach only 15,500, a ratio of 1.3 to 1.0. 
The chief advantage in using Hiperco 
alloy is thus evident, because considerably 
less material can be used than with any 
ordinary alloy. - 

The effect of thickness is shown in 


*It is probable, that a domain orientation factor 
should be added, as privately suggested by G. C. 
Richer, to take account of the assumption that in 
domains going through 180-degree shifts Bmaz is al- 
ways equal to Bsat, (saturation flux density), thus 
increasing the eddy loss, 
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Figure 9 for four inductions: 5, 10, 15 and 
20 kilogausses, and for two frequencies: 
60 and 600 cycles. The curves show 
much greater thickness effect for 600 
cycles than for 60 cycles, because eddy 
losses predominate at the higher fre- 
quency, and these vary as the square of 
the thickness 


Mechanical Properties 


Hiperco alloy can be readily forged or 
rolled at elevated temperatures (900- 
1,200 degrees centigrade), and, by taking 
certain precautions, it can be cold rolled 
to any desired gauge. In the cold rolled 
state its mechanical properties are suffi- 
ciently good, so that it can be sheared or 
punched without difficulty 


Yield Pointt.......80,000-95,000 pounds 
per square inch 
Ultimate 
Strength........100,000-120,000 pounds 
per square inch 
Elongation .......6-8 per cent 
Modulus..........30.6X108 pounds per 
square inch 
Endurance 
Tamit? ?eeenaes . 63,000 pounds 
square inch 


per 


To obtain good magnetic properties the 
strip or punchings must, of course, be 
annealed in order to remove strains and 
impurities and to produce large grains. 
As already mentioned, the above me- 
chanical properties are largely preserved, 
if an annealing temperature of 750 degrees 
centigrade is not exceeded. 

When the best magnetic-properties are 
desired, as in a-c applications, annealing 
temperatures around 900 degrees centi- 
grade are required for long periods, result- 
ing in grain growth, lower strength and 
lower ductility. Representative me- 
chanical properties after such annealing 
are 


Ultimate strength... .60,000-80,000 pounds 
per square inch 


Elongation........ ..3-5 per cent 
Endurance limit.....30,000 pounds per 
square inch 


‘These mechanical properties are good 
enough for use in rotating machines even 
if operating at 3,600 rpm. However, the 
annealed material is very notch sensitive, 
so that it must be handled with care. If 
a tooth is bent 90 degrees, for example, it 
will probably break upon straightening. 


+ Hiperco alloy does not have a definite yield point, 
and for this reason the yield point is taken at an 
arbitrary set of 0.2 per cent. 

** The endurance limit was determined on “‘as 
forged” material. The values were determined on a 
standard R. R. Moore type of testing machine, 
which applies a constant moment to a specimen 
37/16 inches in length and 0.273 inch minimum 
diameter. 
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Summary 


Hiperco alloy is an improved iron- 
cobalt alloy specifically developed for 
electric machinery applications, where 
weight or space is at a premium. The 
basic composition is 34.5-35.5 per cent 
cobalt with an alloying element such as 
chromium added to improve hot and cold 
workability and increase electrical resist- 
ance. Processes have been developed 
whereby the alloy can be cold rolled to any 
desired gauge. 


en 


> 


Because of its high magnetic saturation 
value (over 12 per cent higher than that 
of iron), its unusually high permeability 
for magnetizing forces in the range H = 
10 to H = 400 oersteds, and because of 
its low losses at high inductions, Hi- 
perco alloy will enable manufacturers to 
produce motors and generators consider- 
ably lighter in weight than by using 
present standard materials. 
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Adjustable Frequency Control of 
High-Speed Induction Motors 


G. W. HEUMANN 


MEMBER AIEE 


a Be E simplest type of electric motor 
available to industry is the squirrel- 
cage induction motor. A minimum num- 
ber of leads are required to connect the 
motor to its power supply and control 
equipment. Except for cases where the 
power supply system imposes certain 
limitations only one single 3-pole con- 
tactor is required to start and stop the 
motor, 


Control by 
Adjustable Frequency 


The principal limitation imposed on the 
use of squirrel-cage motors, when con- 
nected to commercial constant frequency 
lines, is that they are constant speed 
motors. The operating speed of the 
motor is slightly below its synchronous 
speed, which is fixed by the line frequency 
and the number of poles for which the 
motor windings are laid out. Once a 
motor is built, nothing can be done to 
adjust its speed except by changing the 
frequency of the a-c power supply. 

Line frequency determines the highest 
speed for which an induction motor can 
be designed. On a commercial 60-cycle 
power system, the highest speed attain- 
able is 3,600 rpm which is the synchronous 
Speed of a 2-pole motor. Higher speeds 
could be attained if the frequency were 
raised above 60 cycles, and the only 
limitation would be the design of the 
motors and the power supply systems. 

Thus the provision of an adjustable 
frequency system would enable squirrel- 
cage induction motors to operate as ad- 
justable speed motors over a wide speed 
range and at speeds in excess of 3,600 
rpm. The aviation industry has found 
numerous applications for high-speed 
adjustable-speed squirrel-cage motors, 
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and rather elaborate power supply sys- 
tems have been developed to provide the 
required range and accuracy of motor 
speed control. 


High Speed Squirrel-Cage 
Motor Applications 


Rapid advances in the design of aircraft 
during recent years have made it neces- 
sary to construct huge wind tunnels for 
testing the aerodynamic behavior of air- 
planes. Scale models are used, and to 
obtain aerodynamic data on the airplane 
models which are equivalent to the ex- 
pected performance of the actual air- 
planes, it is necessary to drive the model 
propellers at speeds greatly in excess of 
propeller speeds of the actual airplanes. 
During a test run in the wind tunnel it 
must be possible to adjust and maintain 
accurately the propeller speed so that speed 
and power input into the propeller can 
be measured. Shown in Figure 1 is an air- 
plane test model with a propeller which is 
driven by a squirrel-cage motor assembled 
in the nacelle of the model. Such motors 
are calibrated on dynamometers or torque 
stands so that the electrical input of the 
motors and their speed during a wind 
tunnel test can be used to determine the 
propeller torque required by the actual 
plane. ; 

A typical motor for powered model 
testing is shown in Figure 2. In order to 
fit such motors into the limited space 
available on the airplane models, their 
physical dimensions have been reduced to 
the barest minimum. The specific load- 
ings of the active materials have been 
made much higher than on conventional 
induction motors, and the stators are 
water cooled to carry away the heat 
generated by the losses. Motors of this 
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general construction have been built for 
speeds up to 80,000 rpm at 1,330 cycles. 

Larger motors frequently are used to 
test full size propellers whether inside or 
outside a wind tunnel. Figure 3 is a view 
of two 375-horsepower motors assembled 
as a dual unit for testing contraturning 
propellers. The view shows the motors 
mounted on a torque stand for calibrating. 
Their top speed is 6,000 rpm_at 400 
cycles. Still larger squirrel-cage motors 
have been built for adjustable speed 
testing of compressors and gas turbines. 
A typical design is shown in Figure 4 
which is a 3,000-horsepower motor rated 
3,600 rpm at 120 cycles. It is forced 
ventilated by a blower mounted on top of 
the stator frame. 

Although the aviation industry has so 
far provided the broadest field for the 
application of such motors, applications 
in other industries will probably be found 
as time goes on. 


Basic Requirements of 
Adjustable Frequency Systems 


As electric power is readily available in 
large blocks and at low cost wherever 
industrial plants exist, adjustable fre- 
quency is obtained from power conversion 
equipment. Alternators and frequency 
converters, driven by adjustable speed 
electric motors, are the two fundamental 
types of conversion apparatus in use. 
Thus control of frequency is accomplished 
by control of the speed of the driving 
motor of the conversion set. 

The maximum frequency to be attained 
is governed by the design and rating of 
the motors used for a particular applica- 
tion. Flexibility is a prime requirement 
Paper 47-106, recommended by the AIEE commit- 
tee on industrial control devices for presentation 
at the AIEE North Eastern District meeting, 
Worcester, Mass., April 23-25, 1947, Manuscript 
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for testing equipments and thus it is 
necessary to vary frequency over a wide 
range, generally six to one or more, in a 
practically infinite number of steps. Dur- 
ing a test it is necessary to maintain the 
test motor speed accurately so that the 
testing equipment operates at a stable 
test point and precision measurements 
can be taken. Thus, frequency not only 
must be adjusted at a desired value but 
also must be regulated accurately at the 
set value. 

Adustable speed d-c shunt motors with 
adjustable voltage control are used most 
generally for driving the frequency con- 
version machines because such driving 
systems are ideally suited for wide speed 
ranges and accurate speed control. Speed 
is adjusted by adjusting the voltage ap- 
plied to the armature of the d-c motor, 
and within the range of speed control the 
drive system is able to produce constant 
torque, in other words, the output of 
the adjustable frequency system in kilo- 
watts changes in proportion to frequency. 

-If a wider speed range is desired, an 
additional four-to-one speed range can be 
gained by weakening the d-c motor shunt 
field. However, within the field weaken- 
ing range the drive system produces con- 
stant horsepower which means the kilo- 
watt output of the adjustable frequency 
system stays constant. 

Another problem which has to be given 
careful consideration is the control of the 
voltage of the adjustable frequency power 
system. The torque produced by a 
squirrel-cage induction motor is deter- 
mined by its air gap flux and its rotor 
current. When a squirrel-cage motor is 
connected to an adjustable frequency 
power source, the voltage applied to the 

. 
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Figure 1. Airplane 

scale model with 

motor-driven _pro- 
peller 


Figure 2. Squirrel- 
cage induction mo- 
tor for airplane 
model testing, rated 
250 horsepower, 
10,800 rpm 


motor stator terminals should change 
in proportion to frequency in order to 
maintain constant air gap flux which en- 
ables the motor to develop its rated torque 
over its speed range. It has become 
cutomary to rate adjustable frequency 
motors in terms of volts per cycle rather 
than in terms of volts. If an adjustable 
frequency system is used to supply power 
to motors of different size or manufacture 
it must be possible to adjust the volts per 
cycle of the system. Voltage drifts due to 
natural regulation of the power conversion 
apparatus should be minimized to enable 
the squirrel-cage motors to develop their 
full rated torque and to prevent their 
being overheated. Hence provision should 
be made not only to control volts per 
cycle over a certain range but also to 
maintain volts per eycle close to the set 
value regardless of the frequency and the 
load of the system. 


Synchronous Alternator Sets 


Figure 5 is an elementary diagram of 
the principal circuits of an adjustable 
frequency control system utilizing an 
adjustable speed alternator as a power 
source. The system is self-contained and 
does not require any auxiliary power 
source in addition to the general purpose 
a-c power supply in the plant. 

Power is taken from the constant fre- 
quency a-c system through a constant 
speed motor generator set consisting of an 
a-c driving motor (either induction or 
synchronous type) and an adjustable 
voltage d-c generator. Power from the 
d-c generator is fed into an adjustable 
speed motor generator set consisting of an 
adjustable speed d-c shunt motor driving 
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the adjustable frequency alternator. An 
auxiliary exciter set is provided for con- 
trol, consisting of an a-c driving motor, a 
constant potential d-c exciter to provide a 
regulated d-c control bus, a speed control 
amplidyne for exciting the d-c generator 
field, and a voltage control amplidyne for 
exciting the alternator field. 

A frequency regulator acts on the fields 
of the speed control amplidyne The de- 
sired frequency is set on an adjusting 
rheostat. The actual frequency is meas- 
ured by a tachometer generator which is 
coupled to the adjustable speed set. The 
tachometer output voltage is compared 
with the set reference in the regulator 
which regulates the d-c generator voltage 
so as to maintain constant alternator 
speed. 

Although the equipment shown in 
Figure 5 makes use of generator voltage 
control only, leaving the d-c motor field 
excitation at a fixed value, it would be 
possible to, extend the speed control 
range by motor field weakening. In such 
a case an additional amplidyne would be 
provided to furnish excitation to the d-c 
motor field. In the range of low speeds 
the regulator would maintain constant 
motor field and adjust the generator field, 
whereas in the range of high speeds the 
regulator would maintain maximum gen- 
erator voltage and adjust the motor field. 

Volts per cycle of the alternator is ad- 
justed by the excitation of the alternator 
field. A volts per cycle regulator acts on 
the fields of the voltage control ampli- 
dyne. The desired volts per cycle is set 
on an adjustable reactor. The alternator 
voltage is measured by a potential trans- 


former and compared in the regulator~ 


with the established volts per cycle refer- 
ence, so that the regulator adjusts the 
amplidyne excitation to maintain the de- 
sired volts per. cycle at the alternator 
terminals. 


Frequency Regulator | 


Details of the frequency regulator are 


indicated in Figure 6. Field F3-F4 of the 


speed control amplidyne is connected 
across the regulated d-c control bus in’ 
such a sense as to raise the d-c generator 
voltage. This boost field remains at con- 
stant strength. The buck field F1-F2 
opposes the boost field. The net dif- 
ference between boost and buck field 
strength determines the output voltage of 
the amplidyne and thus the d-c generator 
field strength. Control is obtained by 
varying the strength of the buck field. 
Two vacuum tubes control field F1-F2. 
Figure 6 shows only the principal tube 
circuits. Cathode heaters, screen grids, 
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- armature of the d-c machine. 


suppressor grids, and grid bias networks. 


have been omitted for the sake of sim- 
plicity. The desired frequency (or d-c 
motor speed) is set on the frequency ad- 
justing rheostat, and a reference is es- 
tablished by the voltage between the 
negative bus and the slider of the rheostat. 
The voltage of the tachometer generator 
is loaded in a voltage divider the mid- 
point of which is connected to the slider of 
the frequency adjustment rheostat. The 
tachometer voltage is thus balanced 
against the reference voltage and a devia- 
tion of the system frequency from the set 
value initiates a corrective action. 

When the tachometer voltage is low 
(which means frequency is lower than the 
setting calls for) the potential applied to 
the grid of tube / rises in a positive direc- 
tion. Tube / passes more current, which 
lowers the potential applied to the grid of 
tube 2. Thus, tube 2 passes less current 
and reduces the excitation of field F1-F2. 
This increases the net excitation of the 
amplidyne and the d-c generator voltage 
rises until the frequency reaches the set 
value. Conversely, when the frequency 
rises above the set value, tube / is turned 
off, tube 2 is turned on, and the amplidyne 
net excitation is reduced to lower the d-c 
generator voltage. 

An antihunt feature is provided by a 
potential transformer connected to the 
armature terminals of the d-c generator. 
When the generator voltage undergoes a 
change, a voltage is induced in the po- 
tential transformer, which is proportional 
to the rate of change of generator voltage. 
The potential transformer voltage is 
added to the frequency control signal in 
such a sense as to oppose the change in 
generator voltage. 

If the frequency adjusting rheostat is 
turned suddenly up or down, the resultant 
rapid acceleration or deceleration may 
cause excessive current to flow in the 
On many 
installations a current limit control fea- 
ture is added. The voltage drop across 
the commutating fields of the d-c genera- 
tor and motor is a measure of the arma- 
ture current. This drop is applied to the 
grid control of tube 2 in such a manner 
that during acceleration it decreases the 
amplidyne excitation, and during de- 
celeration it increases it so that the arma- 
ture current is limited to a value which 
can be commutated safely. 


7 


Volts Per Cycle Regulator 


Figure 7 shows the details of the volts 
per cycle regulator. Figure 7A is an ele- 
mentary diagram of the regulating cir- 
cuits acting on the fields of the voltage 
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control amplidyne. The voltage of the 
alternator, appearing across the secondary 
winding of the potential transformer is 
rectified and impressed on amplidyne 
field F3-F4. The same voltage is also im- 
pressed on field F1-F2, but with opposite 
polarity. An adjustable reactor, the coil 
of which is wound as a toroid with a slid- 
ing contact to tap off different numbers of 
turns, is connected in series with the F1- 
F2 field circuits. This reactor is saturable 
so that the current flowing through F1- 
F2 is not proportional to alternator 
voltage. This reactor is set by the oper- 
ator and determines the desired alternator 
voltage. Capacitors 2C and 3C introduce 
phase shifts to compensate for the re- 
sistance of the reactor and the rectifier 
and to maintain volts per cycle at very 
low frequencies. 

Amplidyne field F7-F8 serves a dual 
purpose. Through a resistor it is con- 
nected to the regulated d-c control bus so 
that a fixed amount of flux is contributed 
by that field. It is also connected to the 
amplidyne terminals through capacitor 
1C and acts as an antihunt field whenever 
the amplidyne voltage undergoes a 
change. 

For an explanation of the regulator 
performance refer to Figure 7B. The 
alternator voltage is plotted versus mag- 
netomotive force of the amplidyne which 
can be expressed as the ampere-turns of 
the amplidyne fields contributing to the 
net excitation of the amplidyne. Curve a 
is the saturation curve of the alternator 
expressed in terms of volts versus ampli- 
dyne magnetomotive force for a certain 
frequency. Line 6 is the fixed magneto- 
motive force established by field F7-FS, 
which is independent of alternator volt- 
age. Line c represents the excitation con- 


Figure 3. 


tributed by field #3-F4 which changes in 
proportion to alternator voltage. Curve 
d is the magnetomotive force supplied by 
field F1-F2. With low alternator voltage, 
the magnetomotive force changes in pro- 
portion to the voltage, but with higher 
voltage the reactor saturates and the 
magnetomotive force increases much 
faster than the voltage. Curve e is the 
net magnetomotive force of the ampli- 
dyne, that is the difference between line 
cand curved. Point x, marking the inter- 
section of curves and e is the operating 
point of the alternator. 

When the frequency is changed, for in- 
stance halved, the saturation curve of the 
alternator changes to a’. The magneto- 
motive force of fields F3-F4 and F7-F8 
does not change and line ¢ stays as is. 
Curved d, however, changes to curve d’ 
so that at halved frequency the net 
magnetomotive force of the amplidyne 
becomes curve e’, and x’ is the new 
operating point of the alternator. It will 
be noted that the voltage at x’ is one half 
the voltage at x, thus volts per cycle are 
the same for both operating conditions. 

By proper selection of theecomponents 
of the amplidyne field circuits, it is possible 
to maintain volts per cycle within narrow 
limits over a wide range in frequency and 


load. 


Induction Frequency Converters 


An induction frequency converter is 
built like a wound rotor induction motor. 
If a fixed frequency is applied to the 
primary winding and the rotor is at stand- 
still, the frequency appearing at the 
secondary terminals is equal to the 
primary frequency. However, if the 
rotor is driven in the same direction or in 


Two 375-horsepower rotation motors for testing contraturning propellers, mounted 
on torque stand for calibrating 
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Figure 4. A 3,000-horsepower squirrel-cage 
induction motor for testing gas turbines, rated 
3,600 rpm at 120 cycles 
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the opposite direction of the rotating 
flux, the secondary frequency is lower or 
higher than the primary frequency. From 
a theoretical point of view it is imma- 
terial whether the primary winding of the 
converter is on the stator or the rotor. 
For reasons of machine design, large con- 
verters usually are built with the primary 
winding on the rotor and the secondary 
winding on the stator. 

The relationship between converter 
speed and secondary frequency is illus- 
trated in Figure 8. The secondary fre- 
quency, expressed in terms of the primary 
frequency is 


wot) 
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REGULATED D-C CONTROL BUS 


where 


fi=primary frequency in cycles per second 
fe=secondary frequency in cycles per second 
n=converter speed in revolutions per minute 
.=synchronous converter speed in revolu- 
tions per minute 
=120Xf,/number of poles 


The plus sign is used when convertér 
rotation is opposite to flux rotation, and 
the minus sign is used when converter 
rotation is the same as flux rotation. 

The output voltage of the converter is 
determined by the primary voltage and 
the secondary frequency. If there were 
no drops and no losses in the converter, 
the secondary voltage would be equal to 
the primary voltage multiplied by the 
ratio of secondary to primary frequency. 
Actually, this ratio is not accurately 
maintained. However, by using an ad- 


justable voltage power source for the con- 
verter primary, the secondary voltage 
can be adjusted and regulated. : 


Frequency Converter Sets 


A practical system of adjustable fre- 
quency control by using a frequency con- 
verter is illustrated in Figure 9. It re- 
sembles the system of Figure 5. An 
alternator is added to the constant speed 
motor generator set, which supplies 
primary frequency excitation to the con- 
verter. To prevent drifts in primary fre- 
quency on account of load changes, the 
constant speed motor generator set should © 
be driven by a synchronous motor. The 
adjustable speed set consists of the d-c 
motor and the frequency converter. The 
circuit breaker for protecting the con- 
verter preferably is placed in the line be- 
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tween alternator and converter where 
standard low frequency devices can be 
employed to de-énergize the high-fre- 
quency secondary circuit. 

Frequency control is obtained by con 
trolling the field of the d-c generator 
which in turn controls the speed of the d-c 
motor. A frequency regulator as shown 
in Figure 6 controls the field excitation of 
the speed control amplidyne which excites 
the generator field. The speed signal is 
obtained from a tachometer generator 
coupled to the adjustable speed set. To 
make the speed signal proportional to 
secondary frequency, a small auxiliary 
tachometer set is provided, consisting of a 
small synchronous motor driving a 
tachometer generator at constant speed. 
This auxiliary tachometer generator is 
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connected in series with the tachometer 
generator of the adjustable speed set. At 
standstill of the d-c motor the speed signal 
causes amplidyne fields F1-F2 and F3-F4 
to be balanced. Within the frequency 
range between zero and primary fre- 
quency, the voltages of the two tachome- 
ter generators subtract and amplidyne 
field F1-F2 becomes stronger than F3-F4, 
the net excitation causing d-c motor ro- 
tation in the negative direction, until 
synchronous speed or zero secondary fre- 
quency is reached. Within the frequency 
range above primary frequency, the 
tachometer generator voltages are addi- 
tive. Amplidyne field F1-F2 becomes 
weaker than F3-F4 and the d-c motor 
rotates in the positive direction until its 
rated speed and maximum secondary 
frequency is reached. 

It is undesirable to operate the ad- 
justable frequency system at exactly 
primary frequency, that is to say, with the 
frequency converter at standstill, as this 
would cause burning of the converter slip 
rings. For this reason the regulator is so 
adjusted that it cannot be set at exactly 
zero d-c motor speed, but that the 
minimum speed setting will result in the 
d-c motor turning at a few revolutions per 
minute. 

Adjustable frequency voltage is con- 
trolled by a volts per cycle regulator as 
shown in Figure 7. This.regulator acts 
on the fields of the voltage control ampli- 
dyne which excites the field of the alter- 
nator. The voltage signal is obtained 
from a potential transformer connected 
across one phase of the frequency con- 
verter secondary. Thus the field excita- 
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tion of the alternator and consequently 
the alternator voltage is adjusted so as to 
maintain constant volts per cycle on the 
adjustable frequency system. 

The choice of frequency converters 
versus synchronous alternators is deter- 
mined somewhat by the range in ad- 
justable frequency and the economics in 
manufacturing the rotating machines. 
Advantages of induction frequency con- 
verters are their high overload capacity, 
stability, and the ease with which several 
converters may be operated in parallel. 
When establishing the required capacity 
of a testing equipment the few tests must 
be considered which require the full 
system capacity. During most tests only 
a portion of the available capacity may be 
needed. It is then advantageous to sub- 
divide the system into several converter 
sets, each feeding its own adjustable fre- 
quency bus. During most of the testing 
program, several tests can then be carried 
out concurrently, each test utilizing one 
converter. Occasionally, when the 
amount of power required for a test ex- 
ceeds the rating of one converter, several 
converters can be operated in parallel. 

Induction type converters can be 
paralleled without the aid of special 
synchronizing equipment in the same 
manner in which power Selsyns are syn- 
chronized. With the converters operating 
at low speed and the primary circuit open, 
the secondaries are tied together. Then, 
two primary lines are closed which 
applies single phase excitation to the con- 
verters and causes them to lock in step, so 
that they are synchronized. Finally, the 
third primary lines are closed and the con- 
verters are ready to take load. 

During parallel operation it is neces- 
sary to insure that the converter sets 
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The frequency and 
volts per cycle regulators are paralleled, 
and connections are so arranged that all 
regulators respond to the frequency and 
volts per cycle adjustments of one set 


share their load. 


which acts as the master. The drops 
across the commutating fields of the d-c 
generators and motors, which are ‘a 
measure of loop circuit currents and con- 
sequently the shaft torques of the ad- 
justable speed sets, are compared and any 
differential is fed into the frequency regu- 
lators so as to equalize the d-c loop circuit 
currents. The primary currents of the 
converters, which are a measure of the 
reactive power contributed by each con- 
verter to the secondary power system, are 
compared and any differential is fed into 
the volts per cycle regulators so as to 
equalize the a-c primary currents of the 
converters. Therefore, the amount of 
excitation supplied by each amplidyne is 
adjusted so that each converter con- 
tributes the same amount of kilowatts and 
reactive kilovolt-amperes power to the 
adjustable frequency system. 


Electronic Exciters 


Another system of controlling fre- 
quency converter sets, eliminating the 
auxiliary exciter sets and utilizing thyra- 
tron tubes for exciting the fields of the d-c 
machines and the alternators, has been 
developed and applied successfully to 
several installations. The principal cir- 
cuits of this system are given in Figure 10. 
Thyratron tubes, connected as biphase 
half-wave rectifiers, convert a-c power into 
d-c power utilized for exciting the fields of 
the alternator, the d-c generator, and the 
d-c motor. Control of the field excitation 
is obtained by grid control of the thyra- 
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Figure 10. Adjustable 
frequency control sys- 
tem with induction fre- 
quency converter and 
thyratron exciters 
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trons, thereby varying the firing angle 
and the average direct current passed by 
the tubes. Electronic regulators contain- 
ing vacuum tube amplifiers control the 
grids of the thyratrons. 

The frequency regulator obtains a 
speed signal from the tachometer genera- 
tor of the adjustable speed set. This 
signal is compared with a reference, es- 
tablished by the drop across a portion of 
the frequency adjustment potentiometer. 
Within the range of speed control by d-c 
motor armature voltage, the regulator 
acts on the field excitation of the d-c 
generator, and the field excitation of the 
d-c motor is maintained constant. If the 
equipment is designed to cover a wide 
speed range by motor field weakening, 
the regulator will act to weaken the d-c 
motor field after the d*c generator voltage 
has been raised to its highest value. 

The system as shown provides for rota- 
tion of the frequency converter in one 
direction of rotation only. This means 
that secondary frequencies above  pri- 
mary frequency only are available. If 
secondary frequencies down to zero are 
required, provision must be made either 
for reversing the frequency converter or 
for reversing the phase rotation of the 
ptimary lines between - alternator and 
converter. 

Volts per cycle is controlled by obtain- 
ing the volts per cycle signal from the 
frequency converter and comparing it 
with a reference which is obtained from a 
portion of the tachometer generator 
voltage which varies in proportion to 
frequency. The volts per cycle regulator 


adjusts the alternator field excitation so” 


as to maintain constant volts per cycle on 
the adjustable frequency bus. When 
equipments are laid out to operate over a 
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wide frequency range and over a wide 
volts per cycle range, it may become 
necessary to provide for a voltage cutoff 
in the regulator to prevent the converter 
secondary voltage from rising beyond the 
maximum voltage for which the system is 
designed. 

The details of the electronic regulator 
circuits are not described in the paper be- 
cause they previously have been described 
elsewhere. ! 


Conclusions 


Although this paper describes equip- 
ments which so far have found their 
principal field of application in the avia- 
tion industry, it is felt that they will find 
application, as time goes on, in other in- 
dustrial fields where high speeds and ad- 
justable speeds are wanted and where 
squirrel-cage induction motors offer ad- 
vantages over other types of driving mo- 


No Discussion 


tors. The components described for con- 
trolling frequency and volts per cycle are 
suited for general applications wherever 
problems of speed control and voltage- 
control exist. 
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New Test Equipment and Testing 
Methods for Cable Carrier Systems 


W.H. TIDD 


ASSOCIATE AIEE 


Synopsis: Three portable test sets de- 
veloped for the improved cable carrier tele- 
phone system are described: A high sensi- 
tivity selective transmission measuring set 
covering 10 to 150 ke, a decade oscillator for 
frequencies from 2 to 79 ke, and a tube test 
set. 


Ses carrier systems having only a 

small number of channels were tested 
by taking the system out of service, in 
order to test amplifiers and other system 
components. Ordinarily, the test equip- 
ment did not require high sensitivity or 

* selectivity. When the first cable carrier 
telephone system, known as K1,' was-de- 
veloped some steps were taken in the 
direction of testing in service, to avoid 
having to remove 12 communication 
channels from service. For this system 
large permanently mounted test equip- 
ment was provided. 


With the advent of the improved cable 
carrier system, known as K2 and de- 
scribed in a companion paper,? a new 
approach was made to the testing prob- 
lem. The presence of large numbers of 
unattended repeater stations made it de- 
sirable to have small portable testing 
units which could be taken from place to 
place, thus avoiding expensive duplica- 
tion. Accordingly, a complete new line 
of portable test equipment was developed, 
comprising a sensitive highly selective 
portable transmission measuring set, a 
portable decade oscillator, and a tube 
test set. With the first two of these it is 
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possible to test 3-channel and 12-channel 
open-wire systems in addition to the K/ 
and K2 cable carrier systems. They 
largely replaced the test equipment pre- 
viously used for Ki systems. The porta- 
ble sets are much smaller and cheaper 
than previous equipment, and fewer sets 
are needed. This paper describes these 
three units and outlines the testing 
methods for which they are used. 


Transmission Measuring Set 


The main item of testing equipment 
provided for the maintenance of the cable 
carrier system is the 3/-type transmission 
measuring set by means of which the 
amplifiers and other system components 
can be tested in operation without affect- 
ing service. Briefly, the requirements for 
this set were that it should have a high in- 
put impedance for making bridging meas- 
urements, high sensitivity to permit 
measurements at both the input and out- 
put of the amplifiers, and extreme selec- 
tivity to enable the measurements of 
pilot frequencies and other test signals 
on the working system with adjacent com- 
munication channels busy. The set has a 
sensitivity of from 95 decibels below one 
milliwatt to 35 decibels above one milli- 
watt in 135-ohm circuits over a frequency 
band from 10 to 150ke. ‘This sensitivity 
is approximately equivalent to signals of 
seven microvolts to 20 volts. The set has 
an inptit impedance of 8,000 ohms which 
permits bridging measurements on the 
system with a negligible effect on through 
transmission. The nominal band width 
of the set is 50 cycles and the selectivity 


at 400 cycles away from midband is at 


least 32 decibels. At one ke and 10 ke 
from midband, the selectivity is appreci- 
ably better than 42 and 70 decibels re- 
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spectively. Over the frequency band the 
sensitivity is uniform to within plus or 
minus 0.5 decibel. The set is operated 
from 115-volt alternating current and re- 
quires about 70 watts. The set is shown 
in Figure 1. The decibel meter and tun- 
ing arrangement are conspicuous. 

A simplified circuit diagram of the 31- 
type transmission measuring set is shown 
in Figure 2. The set is divided into two 
portions, called the selector and the de- 
tector. An input switch makes it possible 
to connect the input cord to either the 
detector portion of the set or the selector 
and detector portions in tandem. The in- 
put switch also has two other positions for 
special purposes. One of these connects a 
highly selective 49-kc crystal filter ahead 
of the selector part of this set to provide 
preselection for certain special tests. The 
other position is a 40-decibel voltage 
divider which may be connected ahead of 
the selector part of the set primarily for 
calibrating purposes. When the input 
switch is in the selector position, the input 
transformer which has a one-to-one ratio 
is terminated in a fixed step voltage 
divider having a total impedance of 8,000 
ohms. This is the selector sensitivity 
control and is arranged in 10-decibel 
steps. A wide band stage precedes the 
modulator or first converter of the set 
which is a double-balanced modulator 
using a bridge arrangement of copper- 
oxide varistors. The primary purpose 
of this is to obtain some local oscillator 
balance. The modulator is followed by a 
crystal filter at 455 ke. This filter is re- 
quired to obtain the extreme selectivity 
which is needed for system measure- 
ments. A two-stage intermediate fre- 
quency amplifier with double-tuned inter- 
stages follows the crystal filter. 

The heterodyne type of set was selected 
so that the selectivity could be obtained 
at any point in the frequency band. The 
choice of 455 ke for the intermediate fre- 
quency was based on a study of spurious 
responses possible. It was determined 


that by using a frequency greater than 


three times the highest frequency of the 
signal band, spurious responses which in- 
volve higher orders of the oscillator fre- 
quency with the first order of the signal — 


« > f M 


frequency were eliminated. These re- 
sponses are the most troublesome. Many 
of the higher order products up to the 
sixth order of the oscillator and signal 
frequencies are also avoided. Perform- 
ance in this respect is considerably better 
than that for a system in which the inter- 
mediate frequency is located either.below 
or just above the band of the set. 

The oscillator for the converter or 
modulator is asimple coil feed-back type 
of oscillator with the frequency determin- 
ing circuit in the screen grid circuit. The 
- oscillator frequency range is 465 to 605 ke. 
The output is coupled by means of the 
electron stream to the plate circuit and is 
supplied to the modulator by means of a 
transformer. 

The detector portion of the set is a 
three-stage amplifier with negative feed- 
back. The output of this is connected to 
a half-wave diode rectifier. The negative 
feedback is sufficient to give the amplifier 
long time stability and also to improve 
the linear response of the output meter 
and rectifier circuit. The linear half-wave 
rectifier, or so-called averaging detector, 
was selected because of its superiority for 
measuring a signal in the presence of un- 
wanted signals. An unwanted signal 13 
decibels below the signal to be measured 
causes an error of only 0.1 decibel. For 
rms indicating devices the unwanted 
signal must be 16 decibels lower than the 
signal to be measured for the same error, 
and the level difference must be 39 deci- 
bels for a peak type rectifier. This dis- 
crimination against interference from un- 
wanted signals eases the selectivity re- 
quirements for the rest of the set. 

The detector portion of the set may be 
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Figure 1. <A 317B trans- 
mission measuring set 


used separately for measuring signals 
over the frequency band from 1 to 150 
ke where selectivity is not required. The 
sensitivity is from 25 decibels below one 
milliwatt to 35 decibels above one milli- 
watt. The stability with time of this 
section is plus or minus 0.1 decibel. 


High Impedance Test Probe 


A high impedance test probe has been 
designed as an accessory for the 31-type 
set for making measurements of voltages 
within an amplifier of the system. The 
impedance is approximately 800,000 ohms 
and the effective shunt capacitance about 
nine micromicrofarads. The probe may 
be seen in Figure 1. . The probe is essen- 
tially a 40-decibel pad which plugs into 
the input transformer in place of the 
normal input cord. The voltage divider 
consists of an 800,000-ohm resistance 
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Figure 2. Simplified 
circuit of the 31A and 
B transmission measuring 
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which in series with the 8,000-ohm input 
impedance of the set causes a 40-decibel 
loss. A small adjustable capacitance is 
connected across the 800,000-ohm resistor 
in order to equalize the transmission 
characteristic over the frequency band, to 
compensate for the capacitance of the 
cord. 


Portable Oscillator 


The 51A oscillator is a direct reading 
decade oscillator covering the frequency 
band of 2 to 79 ke in 1-ke steps, making 
it useful for testing other carrier systems 
in addition to the Ki and K2 systems. 
An uncalibrated 1-ke continuous vernier 
control is included permitting the setting 
of any frequency between steps. In con- 
nection with the 2-ke step, the vernier 
control makes it possible to obtain fre- 
quencies down to 1 ke. It operates from 
a 115-volt a-csource. A panel view of the 
oscillator is shown in Figure 3. 

The 514A oscillator consists essentially 
of a Wien bridge circuit® for frequency 
determination, a 2-stage amplifier, and a 
cathode follower stage to provide a low 
impedance output (135 ohms). A simpli- 
fied circuit is shown in Figure 4. One 
frequency determining arm of thé bridge’ 
contains series resistance and capacitance, 
the other parallel resistance and capaci- 
tance. The two resistive arms of the 
bridge comprise a thermistor* and lamp, 
A simple compensated resistance inter- 
stage follows the first tube of the ampli- 
fier. This interstage is designed to com- 
pensate not only for the tube and circuit 
capacitance, but in addition, for the phase 
angle due to the frequency determining 
arms of the bridge circuit. 

An output control voltage divider is 
connected across the plate of the second 
tube, providing the voltage to drive the 
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Figure 3. A 51A oscil- 
lator 


output tube. The output transformer is 
connected in the cathode circuit of the 
power tube, to provide a 135-ohm bal- 
anced output impedance.. This stage 
isolates the output circuit from the fre- 
quency determining circuits and provides 
power gain stabilized by negative feed- 
back. The wave form is also improved by 
the negative feedback. 

The operation of the Wien bridge oscil- 
lator will be outlined here only briefly. 
The general expression for the frequency 
of oscillation for this circuit is® 


cycles per second (1) 


a 
ON 2eA/RAGCIC, 


when 


R, =the series resistance in ohms 
C,=the series capacitance in farads 
R.=the parallel resistance in ohms 
C,=the parallel capacitance in farads 


If the resistances and capacitances are 
equal, as in the 514 oscillator, then 


R=R,=R:2 

C=Q=CG, 

ee (2) 

°  29RC 

and 

pee eh ; (3 
~ OnfyC g ) 


At the frequency of oscillation then, the 
reactances in the frequency determining 
arms are equal in magnitude to the re- 
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sistances. Also, the combined impedance 
of the shunt arm is equal to one-half that 
of the series arm. Thus, the voltages 
across bridge arms AC and CB are in 
phase and also in phase with the voltage 
applied to the bridge. The other two 
arms of the bridge are substantially re- 
sistive. The voltage across DB therefore 
will be in phase with the voltage across the 
bridge. Hence, if the voltage DB is less 
than CB, the voltage CD applied to the 
grid is in phase with the bridge voltage. 
If, in addition, the ratio of bridge voltage 
to the grid voltage is equal to the gain of 
the amplifier, the conditions for oscillation 
will be met. 


In this oscillator, the capacitances of 


the series and parallel frequency deter- 
mining arms have been made constant, 
hence the frequency is proportional to the 
conductance. This makes possible the 
decade method of frequency selection. 


Figure 4. Simplified” 
circuit of the 517A oscil- 
lator 
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There are two decade switches, one of 
which connects resistances in the series 
and shunt frequency determining arms of 
the bridge circuit for the 10-ke steps, the 
other connecting resistances for the 1-ke 
steps. The addition of any positions of 
these two switches make it possible to set 
frequencies in steps of one kc. A pair of 
variable resistances also connected in 
parallel with the decade switches permits 
continuous variation of frequency be- 
tween the 1-ke frequency steps. It is, of 
course, possible to extend the decade sys- 
tem to smaller steps if desired. Resistors 
of 0.1 per cent accuracy are used in the 
frequency determining network. Trim- 
ming of the residual conductance in- 
accuracy and the stray circuit capaci- 
tances is accomplished with small variable 
condensers connected in each step of the 
shunt bridge arm. 


In this type of oscillator, an adjustable 
resistor is usually provided in place of the 
thermistor in one of the resistance arms of 
the bridge. ~The setting of the resistor is 
determined by the characteristic of the 
particular lamp, requiring readjustment 
whenever the lamp is replaced. The re- 
sistor is adjusted to slightly more than 
twice the operating lamp resistance so 
that any increase in bridge voltage will 
cause the bridge to approach a balance 
due to the positive lamp characteristic and 
reduce the voltage supplied to the ampli- 
fier grid. This results in a highly stable 
output with changes in frequency or 
fluctuations in supply voltage. It was 
found that a thermistor! with a negative 
slope resistance characteristic when sub- 
stituted for the adjustable resistor, would 
compensate automatically for the lamp 
characteristic. Since the amplitude of 
oscillation is controlled by the thermistor 
and lamp arms of the bridge, the tubes 
are permitted to operate over substan- 
tially linear portions of their character- 
Also, the lamp and thermistor, 


istics. 
being thermal devices, respond to changes 


CAL 


COARSE FINE 


AIEE TRANSACTIONS 


- 


. 


in the effective value of applied voltage 
and not the instantaneous. This results 
in an output signal of good wave shape. 
The frequency accuracy of the 51A os- 
cillator for any setting of the frequency 
switches is approximately 0.1 per cent. 
The oscillator is factory adjusted by 
means of the potentiometer designated 
CAL, to deliver a maximum of 16 decibels 
above 1 milliwatt into a 135-ohm load. 
The COARSE and FINE controls enable 
the output to be reduced to less than 75 
decibels below one milliwatt. The oscil- 
lator output impedance is substantially 
135 ohms throughout the frequency range 
and is independent of the setting of the 
output controls. The total power of any 
spurious frequencies including harmonics 
and power supply interference is at least 
30 decibels below the fundamental and is 
substantiallyindependent of theamplitude 


or frequency of the fundamental output’ 


signal. A =+5-volt variation of the a-c 
power supply voltage produces less than 
0.1 decibel variation of the oscillator out- 
put. The frequency stability for a-c 
power supply voltage variations is of the 
order of 20 parts per million per volt. 

The simplicity of operation and sta- 
bility of output make this oscillator con- 
venient for field testing and maintenance. 


Tube Test Set 


The 1AH tube test set was specifically 
designed for testing the 373A and 374A 
filament type pentode vacuum tubes used 
respectively as voltage amplifier tubes 
and power output tubes in the amplifiers 
of the K2 carrier telephone system. 
Since these tubes were a new develop- 
ment and were being applied to a new 
system, the opportunity was presented 
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A 1AH tube 


test set 


Figure 5. 


% Boss 
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to develop new testing criteria and testing 
techniques which would not only deter- 
mine the present condition of the tubes 
but also provide some better indication 
than had been available previously as to 
whether satisfactory performance would 
be obtained for at least the period of 
future operation until tests were again 
made. With this in mind the AH tube 
test set has designed to measure the fol- 
lowing tube characteristics: 


1. Dynamic transconductance or Gy. 

2. Peak plate current when the grid is 
driven to zero bias. 

3. D-c plate current. 

4. Filament activity—which is indicated 
by the change in the above characteristics 
when measured with the filament voltage 
reduced by ten per cent. 

5. Grid current. 

6. Maximum power output of the 374A 
tube under amplifier load conditions. 


The 1AH tube test set is a portable de- 
vice approximately 12 by 11 by 6 inches 
and weighing about 25 pounds. Three test 
sockets are provided to accommodate two 
373A tubes and one 374A tube, the com- 
plement of a K2 line amplifier. Power is 
supplied to the set by use of a perma- 
nently attached cord and plug which plugs 
into a standard amplifier power outlet 
provided on the amplifier bays. This 
power consists of regulated 60 volts at 
60 cycles, 150 volts direct current, and 
grid voltage for the 374A tube. -The test 
set is shown in Figure 5. 

The test set circuits consist of the cir- 
cuits associated with the test sockets 
which allow the tubes to function under 
conditions very closely simulating those 
in the amplifier, a signal supply circuit 
obtained from from the regulated 60 
volts 60 cycles, a peak reading vacuum 
tube voltmeter and various switching and 
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control circuits required to make the 
various measurements. A_ simplified 
circuit diagram, Figure 6, shows the es- 
sential parts of the set, omitting other 
tube test sockets and switching. 

The set is calibrated by applying a 
standard 60-cycle voltage from the signal 
supply circuit to the vacuum tube volt- 
meter and adjusting its sensitivity for a 
standard reading on the meter. Trans- 
conductance is measured by applying a 
known voltage from the signal circuit to 
the grid of the tube under test and meas- 
uring with the vacuum tube voltmeter the 
voltage developed across a known load re- 
sistance. To measure peak plate current, 
voltage which swings the grid to zero 
bias is applied to the grid by the signal 
circuit and the peak voltage developed 
across a known plate load resistance is 
indicated by the vacuum tube voltmeter. 
The true peak value is obtained by super- 
imposing an indication of the d-c plate 
current on the indication for a peak a-c 
swing. The d-c plate current is measured 
by using the meter as a voltmeter across 
the known plate load with no input signal 
applied. By the use of a tap on the fila- 
ment transformer, the filament voltage is 
reduced ten per cent and filament activity 
measurements are made. The vacuum 
tube voltmeter circuit is arranged with a 
calibrated input potentiometer so that the 
per cent change in transconductance 
during a filament activity test is indi- 
cated directly on the potentiometer dial. 


Grid current is indicated by introduc- 
ing a large resistance into the grid circuit 
and measuring the change in d-c plate 
current that results.’ To measure the 
maximum power capability of the 374A 
tube, a load resistance is inserted in the 
plate circuit which causes the tube to 
operate on a dynamic load line whose 
value of plate current at zero bias grid 
swing corresponds to that obtained in the 
amplifier. The power output under this 
condition is indicated by the peak voltage 
developed across this load. 


Testing Methods ’ 

The K system is provided with alarms 
to indicate abnormaloperating conditions. 
Alarms from normally unattended sta- 
tions are carried to stations where at- 
tendants arelocated. These alarms check 
failure of fuses, high or low voltages of 
batteries and a-c supplies, power failure, 
and automatic transfer to alternate equip- 
ment when provided. 


In general, the only tests made on the 
K carrier system on a routine basis are 
tube tests and checks of the voltage of the 
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grid bias batteries. Alternate sockets 
have been provided in the amplifiers so 
that a spare tube may be placed in parallel 
with a working tube, after which the 
working tube may be removed for test 
without interrupting service. The prin- 
cipal improvement in tube testing meth- 
ods is that dynamic tube characteristics 
are measured rather than the d-c charac- 
teristics previously measured. Labora- 
tory experience has indicated that dy- 
namic characteristics are superior to d-c 
characteristics in indicating the condition 
of a tube and its probable future per- 
formance. 

More elaborate tests are necessary 
when the system is reported in trouble. 
These tests include noise and modulation 
observations at the terminals and pilot 
level measurements and modulation tests 
at various repeaters of the system. The 
over-all voice-to-voice gain and noise 
tests made at the terminals give some in- 
formation as to whether the system as a 
whole is in trouble or whether the trouble 
is limited to a single channel. 

When a system appears to be in 
trouble, the first tests to locate the section 
in trouble are pilot level measurements. 
These may be made without disturbing 
transmission as mentioned previously by 
making bridging measurements with the 


Figure 6. Simplified 
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31-type transmission measuring set. 
Measurements are ustially made at at- 
tended stations first, and at unattended 
stations after the section in trouble has 
been located. Pilot levels may be suffi- 
ciently different from the expected levels 
or from the levels of adjacent normal 
systems to localize the trouble quite 
rapidly. However, there’ are some 
troubles of such a nature that the dynamic 
regulation is capable of pulling the pilot 
levels back into line in one or two repeat- 
ers thus precluding the location of trouble 
by pilot level observation at attended 
stations. 

One type of trouble on the cable carrier 
systems is interchannel modulation. This 
occurs on multichannel systems due to 
non-linear distortion caused by an ab- 
normal tube or circuit condition. The 
trouble manifests itself usually by the 
appearance of a characteristic type of 
noise in one or more channels of a system 
when one or more other channels are in 
use. 

Measurements of modulation along a 
system suspected of having such a trouble 
are frequently useful in locating the am- 
plifier at fault. The test is made by taking 
the top three channels out of service. 
Signals of 53 and 57 kc are applied to the 
line via the top two channels, and of 
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circuit of the 7AH tube 


sufficient magnitude to fully load the 
system. A third order modulation prod- 
uct, of the 2A—B type, appears-at 49 ke 
which is in channel ten. The normal 
range of magnitudes for this modulation 
product is known, and it adds approxi- 
mately in phase along a system. With 
this knowledge, it is possible usually to 
determine which repeater has a trouble 
which causes excessive modulation. The 
49 ke preselecting filter of the 31-type 
transmission measuring set has been pro- 
vided for making this specific measure- 
ment. 

After an amplifier which is in trouble 
has been located, bridging tests may be 
made at selected points within the circuit 
of the amplifier. These tests are made 
using the high impedance test probe. 
Normal voltages with suitable tolerances 
have been determined for these test 
points and it is possible to track down the 
component or wiring trouble which is 
responsible. Also, comparison of voltages 
at any point in the suspected amplifier 
with those in a normal working amplifier 
may be made. 
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Transient Characteristics of Current 
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Synopsis: The range of application of 
current transformers in bus differential 
protective systems is limited by saturation 
in the transformer cores under fault con- 
ditions, which may sometimes result in im- 
proper relay operations. It is shown that 
_the addition of impedance in the relay 

circuit will reduce the relay current under 
fault conditions so as to increase the range 
of applications for which standard current 
transformers may be used. 


INCE part I of this paper was pre- 
sented,! further work has been done 
in analyzing the transient behavior of 
current transformers under fault condi- 
tions. As before, the results have been 
obtained with the aid of a differential 
analyzer which permits an accurate rep- 
resentation of the non-linear effects of 
transformer saturation.?»3"4 
This part of the paper presents the re- 
sults of a study of the effects of mutual 
burden impedance on the differential 
current of transformers connected for 
bus differential protection. Several means 
have been suggested in the past to in- 
sure correct relay operation with this 
type of protection. One proposal is to use 
special current transformers such as 
linear couplers or air gap core transform- 
ers having a linear magnetization charac- 
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teristic over the operating range.*® How- 
ever, it is the purpose of this paper to 
show what can be done using standard 
current transformers and explore the 
range of conditions over which they can 
be applied before it is necessary to resort 
to a special type of transformer. The 
effect of mutual burden impedance has 
been studied over a wide range of vari- 
ables and data obtained in a general 
form, previous work having been limited 
to a study of particular transformers.”* 
The concept of size constant developed in 
part I of the paper was used to make the 
results applicable over a considerable 
range of actual transformer ratings. 

The variables considered were: mag- 
nitude of fault current, d-c time constant, 
number of transformers connected differ- 
entially, size constant, and the ratio of 
burden impedance to the current trans- 
former secondary resistance. Both inter- 
nal and external fault conditions were 
studied. The results were obtained from 
a differential analyzer in the form of a 
graph of differential current versus time. 
From the graph, the largest rms value 
of the differential current for a time inter- 
val of 1/60th of a second was calculated. 

This one cycle rms differential current 
is probably a good measure of the per- 
formance of the instantaneous type of 
overcurrent relay and can be used to 
study the application of such a relay 
under the assumed conditions. 


Summary and Conclusions 


1. Data are presented showing the effect 
of mutual burden resistance on the differen- 


‘tial current for an external or through fault 


whose current is 100 per cent offset and has 
a d-c time constant of 16 radians. The 
case of six similar transformers having size 
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constants of 16,700 turns? inches/ohm was 
chosen as an example of the data obtained. 
The fault current was assumed to be equally 
divided on the other five transformers. 


2. The effect of mutual burden re- 
sistance on the differential current for inter- 
nal faults is also presented for the above 
conditions. The fault current was assumed 
to be equally divided among the six trans- 
formers. 


From the data presented and from a 
large amount of unpublished data we 
can draw the following conclusions: 


38. When through fault currents are 
large enough to cause appreciable differen- 
tial error current to flow, the addition of 
mutual impedance will reduce the differen- 
tial current. In order to reduce the rms 
one cycle error current to five per cent of 
the symmetrical rms value of fault current, 
the ratio of mutual resistance to transformer 
secondary resistance must be of the order 
of 15 to 1 for short time constants and 25 
to 1 for time constants approaching 100 
radians. 


4. Under internal fault conditions the 
reduction in differential current from the 
addition of mutual impedance is not nearly 
as great as undér external fault conditions. 
Consequently, there is a range of conditions 
over which the addition of mutual impe- 
dance will improve the performance of the 
relays considerably. 


Analysis of Current Transformer 
Performance 


EXTERNAL FAULTS 


We shall assume 1-+1 identical trans- 
formers with their secondaries connected 
in parallel across a mutual impedance. 
Under the condition of a fault on one cir- 
cuit we shall assume that the fault cur- 
rent divides equally among the remaining 
n circuits. Then we have 


Uy’ ——) Mn, 4 (1) 
where 


i, =primary current in ampere-turns in 
faulted circuit 
i,/=primary current in 


other transformers 


ampere-turns in 


In the secondary circuit 


la =is—Nin (2) 
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A. Ratio of mutual resistance to secondary 
resistance =O 
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B. Ratio of mutual resistance to secondary 
resistance =1 
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C. Ratio of mutual resistance to secondary 
resistance =2 
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D. Ratio of mutual resistance to secondary 
resistance = 4 
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G. Ratio of mutual resistance to secondary 
resistance = 32 


Figure 1. Differential current for an external fault 


Symmetrical rms fault current=990 ampere-turns per inch of core length 


Size constant = 16,700 turns? inches/ohm 
Time constant=16 radians 


732 


Fault current=fully offset 
Number of transformers=1 versus 5 


where 


ig = differential current in amperes in mutual 


circuit 

ig=secondary current in amperes in faulted 
circuit 

in =secondary current in amperes in other 
transformers 


The magnetomotive force in the trans- 
former cores is given by 


IN; 
em (3) 
and 

1 Ni 


“I 


N=number of secondary turns of trans- 
former 

]=mean length of magnetic circuit of core in 
inches 


Writing the voltage equations in the 
secondary of the faulted circuit and neg- 
lecting self-inductance in the secondary 
of the transformer, 


TOs iy traia tLe “" (5) 

Similarly the voltage equation in the 

secondaries of the remaining » transform- 

ers is, 

10-8§NA we =Vin —tala— La “ (6) 

A =cross sectional area of transformer core 
in square inches 

Br=flux density in core of faulted trans- 
former in lines per square inch 

Bn =flux density in core of the other trans- 
formers in lines per square inch 

y =resistance in secondary of transformer in 
ohms 

rq=resistance in mutual circuit in ohms 

Lqa=inductance in mutual circuit in henrys 

t=time in seconds 


From equations 1 through 4 we get the 
differential ampere turns per inch. 


—* = nH, — Hy (7) 


Weshall replace ¢ in our equations by 9 as 
follows 


0=2nft (8) 
f=frequency in cycles per second 


Rewriting the two voltage equations and 
integrating we have, 


2n10-8N2A if . 


re (nHy—H;)d0+ 


QnfLa 


ig 


(nHy—Hy) (9) 
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B. Ratio of mutual resistance to secondary resistance =1 


Figure 2. Differential current for an internal fault 


Symmetrical rms fault current=990 ampere-turns per inch of core 


length 


Size constant = 16,700 turns? inches/ohm 


Time constant=16 radians 
Fault current=fully offset 
Number of transformers=6 


2710-8N2A ip! : 
ANS nf ce 1) ve 
lr nl 
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2QafLa 
Yr 


(nH, — Hy) (10) 
We note that the coefficient of 8; and 6, 


is 27f 10-8 C, where Cis the size constant 
defined in part I of the paper! as 


N24 
e= a turns? inches/ohms (11) 


The fault current i,’ was "assumed to be 
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DIFFERENTIAL CURRENT 
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DIFFERENTIAL CURRENT 
AMPS. PER INCH OF CORE LENGTH 


E. Ratio of mutual resistance to secondary resistance =8 


of the form 


ty’ =I glcos a e~*/T cos (6+a)] (12) 

Im=peak value of symmetrical component 
of fault current in ampere turns 

a determines the magnitude of initial offset 
and was assumed equal to 0 degrees 
for all cases 

T=time constant of d-c component in 
radians 


The remaining two relations needed to 
solve the problem were provided by the 
saturation curves, 


Bn =f (An) 
Bs=f(Hy) 


(13) 
(14) 
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INTERNAL FAULTS 


We shall assume 2+1 identical trans- 


formers as in the case of the external 


faults and also shall assume that the total 
fault current divides equally among all 
of the transformers. 


Then, 
ip =(n+1)in’ (15) 
and 
a= (n+1)in (16) 
From equation 4 we get 
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UTNE TU 


RATIO OF MUTUAL RESISTANCE 
TO SECONDARY RESISTANCE 


Figure 3. Differential current for an external 
fault 


Size constant =16,700 turns? inches/ohm 
Time constant=16 radians 

Fault current=fully offset 

Number of transformers=1 versus 5 


Writing the voltage equation and inte- 
grating we get, 


Qnl0-8N2Af if ae 
Ir Ba GeeiES = 
© f (E-ce+ nt jo 


Palla (1 (+1) Hn) (18) 


Equations 9 through 14 and 18 were 
set up and solved on the differential 
analyzer of the General Electric Company 
at Schenectady. 


Results 


The differential current through the 
mutual impedance is shown in Figures 1 
and 2 for a fault current whose symmetri- 
cal rms value was 990 ampere-turns per 
inch of core length and whose d-c time 
constant was 16 radians. The transfor- 
mer size constant was 16,700 turns? 
inches/ohm and there were six trans- 
formers in the differential connection. 

Figure 1 shows the differential current 
under external fault conditions and 
Figure 2 shows this current under internal 
fault conditions. 
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Figures 3 and 4 show the ratio of the 
one cycle rms value of the differential 
current in ampere-turns to the sym- 
metrical rms value of fault current in 
ampere turns plotted against the ratio 
of mutual resistance to secondary re- 
sistance. 

Figure 1 shows a decided reduction in 
differential current as the mutual imped- 
ance is increased. Figure 2, which was 
taken with an internal fault, shows that 
with value of fault current of 990 ampere- 
turns per inch, there is a definite reduction 
in differential current as more mutual re- 
sistance is added and that even after 
steady state conditions are reached, the 
transformer cores are saturated’ when 
large values of mutual resistance are 
used, resulting in less differential cur- 
rent. 

The data for Figures 3 and 4 were ob- 
tained from curves similar to those of 
Figures 1 and 2 by taking the rms value 
of the current over a time interval of 27 
radians. 
terval was chosen to give the largest pos- 
sible rms value of current. For internal 
faults, the particular time interval taken 
was from 0 to 27 radians. Figure 3 shows 
that as mutual resistance is added, the 
per cent differential current for any one 
value of mutual resistance tends to be- 
come independent of the value of fault 
current so that one curve can be drawn to 
fit a range of fault currents. This would 
not apply of course to those currents 
which would cause small differential 
currents with negligible mutual resist- 
ance in the circuit. 


For external faults the time in- - 


RATIO OF MUTUAL BURDEN RESISTANCE 
TO SEGONDARY RESISTANCE 


Figure 4. Differential current for an internal 
fault 


Size constant = 16,700 turns? inches/ohm 
Time constant =16 radians 

Fault current=fully offset 

Number of transformers =6 


For relays having time delay, d-c, 
harmonic, or percentage restraints, re- 
sults could be obtained in a similar fashion 
from an analysis of the basic data per- 


taining to these types of relays. 
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The Measurement of Acceleration 
With a Vacuum Tube 


WALTER RAMBERG 
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Synopsis: Acceleration can be measured 
with a vacuum tube consisting of a fixed 
cathode and two plates, one on each side of 
the cathode. The plates are mounted elas- 
tically to deflect in response to acceleration 
normal to their plane. Displacement of a 
plate alters the electron current delivered 
from the cathode to that plate. A tube of 
this type is described which has a natural 
frequency of about 800 cycles per second, a 
flat response for sinusoidal accelerations up 
to 200 cycles per second, and a linear range 
of 150g. The output at accelerations of 10g 
is sufficient to drive a high frequency record- 
ing galvanometer directly, without the com- 
plications of an amplifier. The principal 
disadvantages of the tube are an unpredict- 
able “‘zero drift’’ and a ‘‘zero shift,” follow- 
ing impacts of very short duration. 


HE vacuum tube acceleration pickup © 


was developed for the Bureau of 
Aeronautics, Navy Department, at the 
National Bureau of Standards, with the 
co-operation of Sylvania Electric Prod- 
ucts, Inc. The purpose of the develop- 
ment was to obtain a pickup with large 
output for recording accelerations on air- 
planes in flight. The large output was 
desired to obviate the necessity of an am- 
plifier between the pickup and the re- 
corder. 


The measurement of acceleration on 
airplanes in flight requires linear response 
for frequencies up to 200 cycles per sec- 
ond and for accelerations up to 20g (20 
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. displacements. 


times gravity). Furthermore, it re- 
quires that the pickup should retain its 
“zero” during a given flight maneuver, 
which might last several minutes, and 
that its performance should be unaffected 
by rough handling during installation and 
by high frequency vibration and impact- 
present under flight conditions. 

It will be shown that the vacuum tube 
acceleration pickup satisfies the first two 
of these requirements in its present stage 
of development, but that it fails to satisfy 
the last two. In spite of this failure to 
fulfill its original purpose, the pickup has 
certain attractive characteristics which 
have made it a useful tool in the labora- 
tory. 

Before proceeding to a description of 
the vacuum tube acceleration pickup, it 
should be emphasized that there is noth- 
ing new in the idea of utilizing the deflec- 
tion of electrodes in a vacuum tube for the 
direct measurement of mechanical quan- 
tities. As early as 19361? Ross Gunn, 
of the Naval Research Laboratory, de- 
scribed a vacuum tube containing a twin 
diode, designed for measuring very small 
In 1937* E. D. MeArthur 
described a diode which was developed at 
the General Electric Research Labora- 
tories, also for measuring small displace- 
ments. In 19434 Jerome Rothstein pro- 


Figure 1. Arrange- 
ment of electrodes 
in tube 
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posed a microphonic electron tube for 
measuring small changes in pressure 
Very recently’ Harry Olsen described a 
vacuum tube phonograph pickup devel- 
oped by the Radio Corporation of America 
Research Laboratories. . 


Construction 


The principle of operation of the vac- 
uum tube acceleration pickup and its con- 
struction is made clear by Figure 1. 

The tube contains two elastically 
mounted plates P; and P, with a fixed 
cathode C between them. Acceleration 
in a direction normal to the plane of the 
plates (indicated by an arrow in Figure 
la) causes a displacement of the plates 
relative to the cathode. This increases 
the current between one plate and the 
cathode and decreases that between the 
other plate and the cathode. The change 
in current will be proportional to the com- 
ponent of acceleration normal to the 
plane of the plates for frequencies low 
compared to the natural frequency of the 
plates as an elastic body. It may be 
recorded with an electfic bridge circuit. 
The use of symmetrically placed twin 
plates makes the output of the tube rela- 
tively insensitive to fluctuations in the 
total electron current from the cathode. 
The advantages of this arrangement al- 
ready have been recognized and utilized 
by Gunn in his twin diode.!:? 

The tube shown in Figure 1 is of a re- 
cent type, Sylvania type SD 759. It 
contains an indirectly heated cathode of 
rectangular section. The cathode is 
mounted rigidly in the two mica plates 
M. These, in turn, are built into a rigid 
box by the transverse bars B; to By. The 


Wheatstone bridge circuit for 
measuring and recording output of tube 


Figure 2. 


box is held in the base of the tube by the 
four vertical pins B; to Bs. The plates 
P, and P, are formed from thin sheet 
metal to reduce their heat capacity, and 
hence the warming up time of the elec- 
trodes. The plates are mounted on slen- 
der vertical rods R, to Rs to give them 
the desired flexibility normal to their 
plane. The rods are welded to two of the 
transverse bars, B;, Bs, holding the mica 
plates together. Electric connection is 
made to the vertical pins By to By by 
connectors between ends of the transverse 
bars and the tops of the vertical pins. 

The frequency range of the pickup may 
be controlled by the proper choice of 
diameters and length of the wires used in 
the supporting structure. In the pickup 
of type SD 759 these were designed to give 
a fundamental frequency of about 750 
cycles per second. ; 

The sensitivity may be increased by 
decreasing the natural frequency or by 
decreasing the spacing between plates and 
cathode. This spacing is held at about 
(0.005 inch in the tubes of type SD 759. 

The complete tube is shown in Figure 
lc. It has a T-9 glass envelope about 2 
inches in length and a loctal base. The 
over-all dimensions of the tube can be 
estimated from the scale in Figure 1. 
The weight of the tube is about 0.06 
pound. 


Characteristics 


The tube was connected into the 
Wheatstone bridge circuit of Figure 2 in 
order to determine its characteristics. 
This circuit applies 7 volts to the heater 
and 10 volts between each plate and the 
cathode. Recent experience shows that 
somewhat better performance might have 
been obtained by increasing the plate 
voltage to 12 volts, keeping the heater at 
7 volts as before. 
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The procedure for determining the 
characteristics with the circuit of Figure 
2 is described in reference 6. The follow- 
ing characteristics were found for 95 
tubes of Sylvania type SD 759 described 
in Figure 1. 

The fundamental frequency of the 
plates was between 595 and 915 cycles per 
second. The average frequency was 847 
cycles per second. 

The plate to cathode resistances with 10 
volts on the plate and 7 volts on the heater 
were from 88 to 314 ohms. The average 
value was 157 ohms. The ratio of the 
larger plate to cathode resistance to the 
smaller resistance was from’ 1.00 to 1.46. 
Deviations of the value of this ratio from 
unity may be taken as a measure of the 
electrical asymmetry of the electrodes in 
the tube. 

The heater had a resistance of about 14 
ohms at 7 volts. This leads to a total 
power consumption of about 7 watts in 
the Wheatstone bridge of Figure 2. 

The sensitivity of the tube may be ex- 
pressed in terms of a calibration factor K 
defined by 


AR ja 
Te 
where 


AR _ { ARp1 a) 

Pee pa 

which equals average change in unit 
plate to cathode resistance corresponding 
to an acceleration a in direction normal to 
the plates (Rp:, Rp, = plate to cathode 
resistance for two plates in tube). 

The calibration factor K is obtained 
readily from the current output Jz, when 
the tube is connected into the bridge of 
Figure 2 and the acceleration normal to 
the plates is changed by 2g. Such a 
change in acceleration is produced easily 


DEFLECTION ON RECORD ~- mm. 


te) 20 30 40 
ACCELERATION IN g 


Figure 3. Calibration of tube 12 with type C 
galvanometer Heiland oscillograph A4071R-6 


Attenuation factor=1/19 
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by turning the tube through 180 degrees 
in the earth’s gravitational field. The 
calibration factor then is computed by 
substituting J,, in the following equation, 
derived in the appendix of reference 6. 


Reeer 
Kel ot Ny 


The calibration factors for the 95 tubes 
that were calibrated by this procedure 
ranged from 0.0029 to 0.0072. The aver- 
age factor was K = 0.0045. These factors 
correspond to a current output of the 
order of 0.2 milliamperes per g when the 
tube is connectedintothe circuit of Figure 
2. Recent tests have indicated that K can 
be increased about 40 per cent if the plate 
voltage is increased from 10 to 12 volts, 
keeping the heater voltage at its original 
value of 7 volts. 

In calibrating tubes in this manner it is 
assumed that the calibration factor re- 
mains constant for the entire range of ac- 
celeration to be measured. This assump- 
tion has been checked for a number of 
tubes. Figure 3 shows the output of a 
tube, measured as deflection on an oscillo- 
graph record when the tube was connected 
into the circuit of Figure 2 with the oscil- 
lograph at G, and when it was subjected to 
a sinusoidal acceleration on a shaking 
table. The output is closely linear up to 
the highest acceleration applied, 45g. 
Recent tests of tubes subjected to centri- 
petal acceleration on a spinnning table 
capable of applying steady acceleration 
up to 750g showed substantially linear 
output up to accelerations of 160g. 

Tests on the spinning table provided a 
convenient means for measuring the maxt- 
mum steady acceleration which can be 
sustained by the tubes without permanent 
damage. In tests of a few tubes it was 
found that the ‘‘zero shift in g’’* exceeded 
5 per cent of the maximum applied accel- 
eration when this acceleration was greater 
than 160g. The source of the zero shift is 
now known; it probably is caused, at 
least in part, by excessive bending 
stresses in the slender rods supporting the 
plates. The output was nearly propor- 
tional to acceleration up to the point at 
which one of the plates made contact with 
the cathode. This occurred at an acceler- 
ation between 240g and 340g. 

In using the tube, it is assumed that it 
does not respond to acceleration parallel 
to the plane of the plates. This assump- 
tion was verified approximately some time 
ago by tests of six tubes on a shaking 
table. Recently it has been checked more 
accurately for a tube subjected to centri- 
petal acceleration on the spinning table. 


Oe Sa Ne 
* “Zero shift in g’? was obtained by dividing the 
measured shift in unbalance current for 0g by the 


unbalance current Ing /2 corresponding to lg. 
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The output at an acceleration of 200g was 
equivalent to less than 10g for any direc- 

' tion of the acceleration in the plane of the 
plates. r 

Difficulty was experienced from the 
beginning with zero drift of the tub s. 
This zero drift shows itself by a gradual 
change in unbalance current when the 
tube is connected into the Wheatstone 
bridge of Figure 2 and is left there without 
any change in acceleration. 

The drift was of an unpredictablenature. 
A drift of the order of plus or minus 1g in a 
few minutes remained even after special 
precautions were taken to shield the tube 
against temperature variations and to 
eliminate fluctuations in heater voltage 
and changes in contact resistance. The 
drift tends to decrease with the age of the 
tube. Twenty-nine tubes which had 
shown drifts greater than 1g in 15 minutes 
after a heating up period of 15 minutes 
showed a substantial improvement after 
being stored for six months. For 12 of 
the tubes the drift was between 0.2g and 
lg and for the remaining 17 it was less 
than0.2¢. 

Outside of the laboratory of the Bureau 
of Standards, considerable difficulty has 
been experienced with the tube because of 
its unusual sensitivity to impacts of very 
short duration, such as might be caused 
by sharply tapping the envelope of the 
tube. Such impacts may result in a large 
“zero shift,” and even a change in cali- 
bration factor, if the impact is of sufficient 
intensity. A careful examination of the 
tube structure after impact showed that 
the zero shift was accompanied by bend- 
ing of the rods supporting the plates. An 
explanation is suggested by a simple 
analysis of the plate considered as a mass 
mounted on a flexible cantilever beam 
which is brought to a sudden stop at the 
root. The analysis shows that dropping 


the tube on a rigid surface from a height 
of only one inch may produce stresses in 
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Figure 5 (above). Panel and recorder to 
balance bridges for three vacuum tube ac- 
celerometers 


Figure 6(right). Tube of Sylvania type 759A 
with connector tabs on plate and cathode pins 


the plate supports equal to those produced 
under a steady acceleration of 360g. 


Method of Using Tube 


ELECTRIC CIRCUIT 


Anelectric circuit for use with the tubes 
is shown in Figure 4. This differs from 
the simple Wheatstone bridge circuit of 
Figure 2 in having means for reducing the 
effects of changes in contact resistance in 
the plate circuit and in having an electric 
filter ahead of the recording galvanom- 
eter 

The effect of changes in contact resist- 
ance is reduced by adding two pairs of 
auxiliary 5-ohm resistances to form a Kel- 
vin double bridge. The theory of the 
Kelvin double bridge? shows that the 
auxiliary resistances will be effective in 
eliminating differences in contact resist- 
ance at terminals 5, 8, 1, 4, as long as the 
contact resistance is small compared to 5 
ohms and as long as Ri, Re, Rs, and Rx 
are adjusted properly. 

The low pass filter is inserted ahead of 
the galvanometer to eliminate oscilla- 
tions at the natural frequency of the 


Figure 4. Electric 

circuit for use with 

tube, including Kel- 

vin double bridge 
and filter 
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plates from the current passing through 
the recording galvanometer. Experience 
at the National Bureau of Standards in- 


dicates that filter 93051 built by the 
United Transformer Company is satis- 
factory for this purpose. The response 
curve for this filter is practically flat up to 
300 cycles per second, and it cuts off shar- 
ply to a response of less than 1 per cent of 
that in the flat portion at 800 cycles per 
second, Insertion of the filter results in a 
30 per cent loss of current sensitivity with 
a type C Heiland galvanometer (imped- 
ance 9 ohms, natural frequency 430 cycles 
per second). The filter weighs about 3 
pounds. 

In using the circuit of Figure 4, the 
resistance R, is first adjusted to make 
the heater voltage across AB equal to 7 
volts. Theresistances R;, Ro, R3, Ry, then 
are adjusted to make the voltages across 
AC, CE, AD, DF equal to the desired 
plate voltage, for example, 10 volts. 
This balances the bridge approximately, 
so that the switches S; and S, can be 
closed. 

Figure 5 shows the electric equipment 
used at the National Bureau of Standards 
for recording the output from three vac- 
uum tube accelerometers. The equipment 
includes a panel A for each Kelvin double 
bridge with controls for adjusting the re- 
sistances Rj, Ri, Ro, R3, Rs. A meter B 
can be switched into the bridge to meas- 
ure the heater voltage and adjust the 
bridge voltages to the proper value. The 
leads from the filters are brought through 
switches C to the 6-element Heiland oscil- 
lograph D. 

This circuit has been quite satisfactory 
as used at the Bureau of Standards. 
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Figure 7 (left). 

Tube mounted in 

square edge 
clamp 


Figure 8 (below). 
Tube mounted in 
ring clamp 


With it, it has been possible to use ordi- 
nary loctal sockets for connecting the 
leads to the pins at the base of the tube. 
This facilitates the replacement of tubes 
and eliminates the need for soldering 
leads to the pins. 

The effects of variations in contact re- 
sistance may be reduced also by using the 
most recent tubes, Sylvania type SD 
7594. These tubes carry tabs welded to 
the plate pins and the cathode pin, as 
shown in Figure 6. The tabs are soldered 
to lugs on the underside of a Sylvania 
6958 loctal socket. This avoids the dan- 
ger of breaking the seal by overheating. 
ATTACHMENT TO STRUCTURE 

Special care should be taken to clamp 
the tube to the structure in such a man- 
ner that it will experience the same accel- 
eration as the structure. To accomplish 
this, the attachment must be rigid enough 
so that the fundamental frequency of the 
tube, when attached to a rigid structure, 
is high compared with the fundamental 
frequency of about 800 cycles per second 
of the plates in the tube. At the same 
time the clamping force must be distrib- 
uted over the tube to prevent breaking 
the glass envelope during clamping. 

A square clamp which satisfies both 
these conditions is shown in Figure 7. 
Detailed dimensions of this clamp are 
given in Figure 5 of reference 6. The 
load is distributed in this clamp by wrap- 
ping a layer or two of transparent cellu- 
lose tape on the metal sleeve of the tube 
before inserting it in the clamp. 

Another clamp, used in recent tests at 
the Bureau of Standards, is shown in 
Figure 8. This clamp consists of a ring, 
7/16-inch wide, to which a lug is silver- 
soldered to provide means for mounting 
on the structure whose acceleration is to 
be measured. The ring is cut from 1.25- 
inch brass tubing with a wall thickness of 
0.032 inch. The lug terminates in a 
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10-32 screw for attachment to the struc- 
ture. The vacuum tube is prepared for 
insertion in, the clamp by filing off the 
index button projecting from the metal 
sleeve (Figure 1). It then is cemented in 
the ring with a paste of litharge and 
glycerine. A rigid attachment of the 
clamp and tube is obtained by drawing 
the face of the lug firmly against the 
structure. In some cases it is desirable to 
use a tapped hole in the structure. A 
spacer of the proper height then may be 
inserted between the lug and the structure 
to obtain proper orientation of the tube 
when tight. 


CALIBRATION 


During the test it is desirable to cali- 
brate the tube and its associated electric 
circuit by subjecting it toa known acceler- 
ation and recording the output. 

If accelerations of not more than 10g 
are measured, the calibration is made con- 
veniently by subjecting the tube to an 
acceleration 2g in the earth’s gravita- 
tional field. For this purpose the plates 
are first placed horizontally with button 
B, Figure 1, at “9 o’clock,” and the out- 
putis recorded. Then the tube is rotated 
about its horizontal axis to place the but- 
ton at “3 o'clock,” and the output is 
recorded again. Rotation through 180 
degrees is particularly simple when the 
tube is held in the square edge clamp of 
Figure 7. Rotation with the clamp has 
the additional important advantage of 
preventing errors in indicated output 
caused by changes in physical contact 
between the tube and its surroundings. 

In some cases a known change in ac- 
celeration is recorded as part of the test 
itself. This then may be used as a scale 
to convert displacement on the record 


into acceleration. Such a method is cur- 
rently in use in drop tests of a model wing 
at the Bureau of Standards. Figure 9 
shows five tubes mounted on the model 
wing and Figure 10 a record obtained 
from these tubes when the model was 
dropped for a 2-point landing. The 
model is released at time A (Figure 10), 
and it makes contact with the “landing 
field” at B. The steady acceleration 
changes from 1g prior to A to 0g through- 
out the interval of free fall between A and 
B. Superimposed on thesteady accelera- 
tions are vibrations which are set up in 
the model by imperfect action of the re- 
lease gear. In spite of these vibrations, 
it is possible to measure up the record 
under a microscope and to obtain from it 
a mean value for the deflection per g 
which can be duplicated in successive 
tests within afew percent. By use of this 
value it’ is found in this drop that the 
maximum acceleration during the impact 
was 3.7g at the fuselage (record 3), 3.7g 
and 3.9g at the inboard engine masses 
(records 2 and 4), and 3.4gand 4.5gat the 
outboard engine masses (fecotds 1 and 5). 

In some applications in which the accel- 
erations to be recorded are much larger 
than 2g it is necessary to calibrate with a 
larger output on the recording paper. 

The larger output may be obtained 
either directly by imposing larger acceler- 
ations or indirectly by increasing the 
sensitivity (lowering the attenuation) for 
the calibration at 2g. 

Figure 11 shows a portable calibrator 
developed for this. purpose by Samuel 
Levy and A. E. McPherson of the Bureau 
of Standards. The calibrator is essen- 
tially a 3-mass system, consisting of a rela- 
tively heavy base M, and two relatively 
light masses Mz and M3. The light mass 


Figure 9. Five tubes on model wing to measure accelerations during drop test 
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Mz is supported flexibly from the base 
M,, and the mass M3 is supported flexibly 
from M,. The vacuum tube acceleration 
pickups are clamped rigidly in the holes 
in mass M,. They are subjected to a 
definite pulse of acceleration rising 
smoothly from, zero when the mass M; is. 
released suddenly from a deflected posi- 
tion. The direction of the acceleration 
is indicated by the arrow in Figure 11. 

The masses My, M2, and M; are con- 
nected by double flexure plates A and B. 
Double, rather than single, flexure plates 
are used, since they prevent rotation of 
the mass M2, thereby subjecting all 
accelerometers on M, to the same pulse 
of acceleration. The position of M; rela- 
tive to M, before release is controlled by 
the point of engagement of the pawl C 
with the 7-position ratchet D. The cable 
support E is provided to secure all except 
the last few inches of accelerometer cable 
to the heavy mass M;. The whole cali- 
brator is suspended on the wires F which 
provide an effective shock mount with 
negligible damping. 

The mass M; is released by drawing 
the pawl C with the release wire G, which 
is guided to minimize its effect on the 
motion immediately after release. 

A typical acceleration—-time curve for 
the calibrator is shown in the insert in 
Figure 12. This curve was obtained 
with a vacuum tube acceleration pickup 
mounted in mass Mz. The vacuum tube 
previously had been calibrated on a sinu- 
soidal shaking table vibrating at a known 
amplitude. The second peak of the 
acceleration-time curve (A, insert in 

_ Figure 12) is taken as the calibrating 
acceleration. The magnitude of the cali- 
brating acceleration changes linearly with 
position of the engagement of pawl C 
(Figure 11) with the equally spaced teeth 
on ratchet D. The calibrating accelera- 
tions are plotted as points against released 
tooth in the main portion of Figure 12. 
It is seen that accelerations from about 


1g to about 20g can be applied in six equal_ 


steps. 

The sensitivity for calibration at 2g 
may be increased with the simple circuit 
of Figure 13. The figure also gives formu- 


las for adjusting the resistances R3 and 
R, to attenuate the signal through the 
galvanometer by a factor a without 
changing the impedance across the bal- 
ance points CD of the Wheatstone bridge 
in Figure 2 or across the output of the 
filter in Figure 4. 

For instance, we may want to increase 
the sensitivity by a factor of 10 in cali- 
brating as compared with recording. This 
may be accomplished by choosing a = 1 
for calibrating and a = 0.1 for recording. 
According to the formulas in Figure 13, 
this corresponds to R; = 0, Ri = © (open 
circuit) for calibrating and R; = 0.9Rg, 
Rs = Re/g for recording. 


Applications of Tube 


Applications of the tube are limited by 
its peculiar advantages and disadvantages 
relative to other acceleration pickups. 
The advantages are a high output, high 
natural frequency, linearity up to large 
accelerations, and operation over a wide 
range of temperatures. The disadvan- 
tages arezero drift zero shift under impact, 
warming-up time of about 15 minutes, 
high current consumption, and the need 
of a filter to remove natural frequency 
response. 

The high output and high natural fre- 
quency of the vacuum tube make it pos- 
sible to record rapidly changing accelera- 
tions without requiring an amplifier. 
This is an advantage in field tests where 
space and weight are at a premium. It 
also simplifies tests in the laboratory 
when amplifying channels are not readily 
available. 

The linearity to large accelerations is 
advantageous in recording acceleration 
over a wide range and in making possible 
the filtering out of high frequency re- 
sponse to produce a record proportional 
to acceleration. 

The tube will hold its calibration factor 
over a wide range of temperature, as it 
has its own heating element enclosed ina 
vacuum. This is an advantage for the 
measurement of rapidly changing acceler- 
ations under extreme conditions of tem- 
perature, as in a cold chamber. 


Figure 10 (left). 
Record of accelera- 
tion during drop test 
for tubes shown in 


E. a, Figure 9 
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Figure 11 (above). Portable calibrator of 
"pulse" typeforhigh frequency accelerometers 


Figure 12 (below). Calibration of pulse type 
calibrator using vacuum tube accelerometer 
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The zero drift disqualifies the tubes in 
those field tests in which the acceleration 
is unknown over a period of time meas- 
ured in minutes. Zero drift is not serious 
in the measurement of accelerations that 
arelarge comparedto lg, or in the measure- 
ment of accelerations which return to a 
known value in a period of time measured 
in seconds. 

The possibility of zero shift and of 
abrupt change in sensitivity requires that 
the Lube be handled with exceptional care 
to guard it against tapping and against 
other impacts of very short duration. 

The tubes require a period of about 15 
minutes for warming up. This may 
represent an excessive drain on the avail- 
able power in certain applications, and it 
may introduce an. undesirable delay in 
adjusting the equipment. 

The filter represents an added item of 
expense and of weight which may be 
avoided in some cases by using pickups of 
other types with internal damping. 

The tubes have been used successfully 
in recording accelerations during drop 
tests of model wings at the National 
Bureau of Standards. They have been 
used with varying success to record accel- 
erations of ‘dummy pilots” and of human 
subjects at Wright Field. 

Tubes have been tried out in the labora- 
tories of a number of aircraft companies 
and of several Government agencies. 
Although some useful results were ob- 
tained in these laboratories, the general 
indication is that the tube in its present 
state of development is not suited for 
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work in the field because of its sensitivity 
to tapping and other impacts. In addi- 
tion some difficulties have been experi- 
enced because of breakage of the glass 
envelope in the clamp. 

It appears from this that further de- 
velopment is needed to make the tube 
satisfactory instrument for general flight 
measurements. It was the general opin- 
ion that such a development should be 
undertaken because of the inherent poten- 
tialities of an acceleration pickup of the 
vacuum tube type. 


Possible Improvements 


It is of interest to consider possible 
ways that have been suggested for im- 
proving the performance of the vacuum 
tube acceleration pickup. 

Sylvania Electric Products has sug- 
gested the possibility of replacing the 
indirectly heated cathode by a directly 
heated fine wire. This is a major change 
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in design which would require consider- 
able development. However, it might 
lead to all-around improvement by greatly 
reducing power consumption, reducing 
warming-up time, reducing the size with 
a resultant increase in frequency and in 
range, and decreasing zero drift. 

The zero shift after impacts of very 
short duration appears to be due to exces- 
sive bending of the plate supports. This 
suggests the insertion of mechanical stops 
which would limit the displacement of the 
plates to a value obtained under steady 
accelerations of the order of 200g. 

It has been suggested that replacement 
of the glass envelope by a metal envelope 
may reduce breakage during clamping. 
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Synopsis: A new 12-channel cable carrier 
system is described which is suitable for 
transcontinental communications. Impor- 
tant features are negative feed-back ampli- 
fiers of improved design, new arrangements 
for accurate equalization of the cable loss, 
and automatic thermistor regulators which 
continuously control the transmission of 
each system. 


HE Bell System has used cable carrier 
] Bronte for more than eight years. By 
this means, 12 1-way messages are 
transmitted simultaneously over a single 
19-gauge cable pair. Two-way communi- 
cation is afforded by the use of separate 
cables for the two directions of transmis- 
sion. As many as 100 2-way 12-channel 
systems can be operated in the two cables. 
Due to their economy and superior trans- 
mission performance, these systems have 
been applied to a substantial portion of 
the important cable routes. Known as 
K1,! they provide 2,500,000 miles of long 
distance message circuits. 
cently, a new and more economical sys- 
tem, known as K2, has been developed 
for this fast-growing network. Another 
2,500,000 2-way message circuit: miles 
are provided by K2 systems installed dur- 
ing the past three years. 


General Description 


To provide 12 satisfactory message cir- 
cuits, a basic requirement imposed on the 
system is that the over-all transmission 
from the sending to the receiving end shall 
be only a few decibels and remain con- 
stant within very close limits. The K2 
system is designed to be satisfactory over 
distances of 4,000 miles and more, with 
the necessary 240 or so tandem amplifiers 
and cable sections. At 60 ke the aggre- 
gate attenuation of the wires themselves 
in such a long cable path is about 16,000 
decibels which in terms of power ratio is 
one followed by 1,600 zeros. Further- 
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more, in the transmission band from 12 to 
60 ke this loss varies about 5,000 decibels 
with frequency. At each frequency, the 
cable loss must be balanced by an almost 
equal number of decibels of amplification 
so that the difference of these enormous 
quantities is a few decibels.? It is this 
difference, which must be stable and pre- 
cisely controlled, that constitutes the 
over-all transmission of the system. 

Although most of the cables are under- 
ground, the system also is used in aerial 
cables and both are exposed to substantial 
temperature changes during the year. 
Over a distance of 4,000 miles, the conse- 
quent variation in cable loss is upwards of 
1,000 decibels. This must be compen- 
sated by an equal change in amplification 
under the control of a system of auto- 
matic regulation. Even though the varia- 
tion in transmission caused by changes in 
cable temperature is much less than the 
fixed loss, the fact that the attenuation 
varies continuously in a complicated fash- 
ion makes the design of the automatic 
regulators a major problem. In the new 
system, regulation is accomplished with a 
minimum of apparatus and no moving 
parts by causing thermistors* to vary the 
gain of feed-back amplifiers. Because the 
output of each amplifier is individually 
regulated, errors in the outputs of the 
many amplifiers comprising a long system 
are not cumulative. 

For transmission over a cable pair, the 
frequency allocation of the 12 telephone 
message channels is represented by the 
upper sidebands of 12 carrier frequencies, 
namely, 12, 16, 20... . 52 and 56 kc. 
Since the lowest voice frequency trans- 
mitted over a channel is limited to fre- 
quencies above one to two hundred cycles 
and the highest a few hundred cycles be- 
low 4,000 cycles, ‘‘pilots’” whose frequen- 
cies coincide with suppressed carriers and 
are 12, 28, and 56 ke can be located be- 
tween channels and, as will be described, 
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can be used to control regulators. A 
fourth pilot at 60 ke also lies outside the 
tange of frequencies occupied by the 
channel side bands. 

A simplified layout of a K2 system is 
shown in Figure 1. Matching the cable 
loss with gain to a high precision is ac- 
complished with three kinds of ampli- 
fiers: ‘‘transmitting” (Figure 2), ‘‘line’”’ 
(Figure 3) and “twist” (Figure 4). As the 
name implies, the transmitting amplifier 
occurs only at the sending end. Line 
amplifiers are by far the most numerous. 
Normally, they are spaced about 17 miles 
apart, although occasionally spans may be 
as short as 11 miles, and quite infre- 
quently as long as 20 miles. At every 
fifth or sixth repeater station, if the cable 
is all aerial, and at longer intervals but not 
exceeding 15 stations if underground, a 
“twist amplifier’ is used—so called be- 
cause it also takes care of the variations in 
cable loss that are a function of both fre- 
quency and temperature. The three kinds 
of amplifiers are designed to complement 
each other in the over-all problem of com- 
pensating very precisely and yet auto- 
matically for the ever-changing cable loss. 

Line amplifiers have three important 
functions. They provide the necessary 
high gain to make up for the loss of the 
preceding cable span; at an average tem- 
perature of the cable, they equalize for the 
variation of this loss between 12 and 
60 kc; they regulate the gain auto- 
matically. Thereby they compensate for 
the major portion of the variation in 
transmission with temperature; namely, 
that portion which is independent of fre- 
quency and termed ‘“‘flat gain’. 

This automatic flat-gain compensation 
is performed in a new and exceedingly 
simple manner. The amplifier is of the 
well known negative feed-back type.* 
Most of the power of the output tube is 
transmitted to the cable. The remainder 
Paper 47-109, recommended by the AIEE commit- 
tee on communication for presentation at the AIEE 
North Eastern District meeting, Worcester, Mass., 
April 23-25, 1947. Manuscript submitted Novem- 
ber 13, 1946; made available for printing March 3, 
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flows through the feed-back circuit, in 
which is located a thermistor—a bead of 
temperature sensitive resistance material 
smaller than the head of an ordinary pin. 
Although this thermistor has considerable 
thermal lag so that it is slow to heat up 
and, hence, slow acting—nevertheless, it 
is so sensitive it responds to the weak 
currents in the feed-back path. Should the 
cable loss increase, for example, the ther- 
mistor resistance increases. This reduces 
the feedback and raises the gain of the 
amplifier. Thus, the thermistor main- 
tains a constant rms value of currents at 
the output of the amplifier despite varia- 
tions at the input. In this way, without 
any moving parts, changes in cable loss 
are compensated automatically. 

To make such a scheme work, the trans- 
mitting amplifier must have some novel 
and interesting properties. In most sys- 
tems, this amplifier merely raises the vary- 
ing sideband or signal currents to a 
proper transmitting level. However, 
what each line amplifier needs is a con- 
stant value of input power, except as this 
changes due to variations in the loss of 
the preceding span. To accomplish this, 
the transmitting amplifier is yiade to os- 
cillate at 60 ke, but in a peculiar manner. 
When no signal currents are present, it 
delivers a constant power to the cable, 
which holds the line amplifier thermistors 
at their proper resistance values. But 
when signal currents come on, the ampli- 
tude of the oscillations automatically de- 
creases just the right amount so that the 
total rms output is constant. Asa result, 
the gain of succeeding line amplifiers does 
not depend upon whether any of the 12 
channels are busy. 

This unusual operation of the trans- 
mitting amplifier is due to the simultane- 
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Figure 1 (above, left). 
Over-all layout of the 
K2 carrier-in-cable sys- 
tem showing three 
kinds of amplifiers 


Figure 2 (left). Trans- 
mitting amplifier 


Figure 3 (above, right). 
Line amplifier 


ous action of two feedbacks; one negative 
and one positive. The negative feedback 
path is quite orthodox and sets the am- 
plifier gain at its required value. The 
positive path includes a thermistor, in 
this case a low-wattage resistance lamp, 
and an oscillator coil. Like other thermis- 
tor-controlled oscillators,* the oscillations 
increase in magnitude and heat the ther- 
mistor until its resistance is just the right 
value to make the loss of the positive feed- 
back path equal to the gain of the ampli- 
fier. Although the tuned oscillator coil 
and positive feed-back limit the voltages 
fed back over this path to a narrow band 
of frequencies centered around 60 ke, the 
thermistor portion of this path is made 
equally responsive to all significant fre- 
quencies. Consequently, signal currents 
when present also flow through the 
thermistor and heat it. Because the re- 
sistance of the thermistor cannot change 
if the loss of the positive feedback path is 
to equal the gain of the amplifier, the oscil- 
lations, therefore, grow weaker until the 
rms or heating value of the signal cur- 
rents plus oscillations becomes the same 
as that of the oscillations alone in the ab- 
sence of signals. This automatically pro- 
vides a nicety of control and insures con- 
stant rms output from the transmitting 
amplifier. The lamp has low thermal lag 
so that it substantially follows the signal 
variations. 

Of the three types of amplifiers, the 
twist is the most complex. It not only 
does everything a line amplifier does but 
also compensates for variations in cable 
loss which are functions of frequency and 
temperature. Twist amplifiers are used 
only when these variations, which are small 
compared with the total, accumulate and 
necessitate their insertion. To control the 
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gain of the twist amplifier, three weak sinu- 
soidal waves having frequencies of 12, 28, 
and 56 ke are transmitted continuously to 
the line at constant magnitude. These 
“pilots” appear at the output of the twist 
amplifier, and are selected by narrow-band 
crystal filters and separately amplified. 
By suitable control circuits which change 
variable networks in the feed-back path, 
the gain of the amplifier at 12, 28 and 56 
ke is set so that the output of each pilot is 
maintained quite constant.. The 56-ke 
pilot controls a fast-acting flat-gain- 
regulator whose control element is a 
thermistor. Two variable equalizers con- 
trolled by the 12- and 28-kc pilots respec- 
tively are of the type described by H. W. 
Bode® in which the variable equalization | 
is controlled by a single variable re- 
sistance. In the twist amplifiers, these 
variable resistances are thermistors. 
Experience has shown that the K2 sys- 
tem based on this simple method of am- 
plification, equalization, and regulation 
compensates accurately for the enormous 
and varying cable loss over distances of 
4,000 miles and more. ; 


Detailed Description 


The publications previously referred 
to)? together with other papers’»*,*!9 pre- 
sent a comprehensive description of the 
K1 system. The discussion to follow is 
limited to additional important features of 
the K2 system. 


AMPLIFIERS 


By relying on advanced techniques,» 
improved designs of negative feed-back 
amplifiers meet the extreme linearity and 
other exacting requirements imposed by 
amplifying 12 channels in a common 
amplifier and by operating many such 
amplifiers in tandem. The large amount 
of feedback necessary for this purpose is 
further increased because not only all of 
the automatic, but also a substantial part 
of the fixed gain adjustments are made by 
varying the loss of the feed-back path. 
Likewise, small low-figure-of-merit 
vacuum tubes having a reasonably long 
life and consuming a minimum of filament 
and plate power are used. Low figure of - 


merit tubes and high negative feedback 
over a broad band tend to be conflicting 
requirements.!? Application of Nyquist’s 
principle of conditional stability (looped 
over amplifiers) as a practical means of 
solving this problem is one of the out- 
standing features of the K2 amplifiers. 

The forward acting portion of each of 
the three amplifiers (Figures 2, 3, and 4) 
uses the same tubes and substantially the 
same parts. Each amplifier has two im- 
pedance-coupled stages followed by a 
power output stage. Although similar in 
many respects, the feed-back portions 
differ significantly because the function of 
each is markedly different. In each case, 
the maximum amplification without feed- 
back is 115 decibels and the amount of 
negative feedback varies from about 40 to 
more than 60 decibels. 

The good impedance match required 
between amplifier and cable is obtained by 
a simple hybrid coil feed-back connection 
at the output and by series feedback at 
the input. The low-side output imped- 
ance is controlled mainly by the imped- 
_ ance of the balancing network of the hy- 
brid coil and is stabilized by the negative 
feedback action of the amplifier. At the 
input, the feedback reduces a substantial 
portion of the grid and transformer 
capacitances so that greater step-up can 
be used to override inherent tube noise 
and still obta‘n a satisfactory termination 
for the input equalizers. 


EQUALIZERS 


Each line or twist amplifier provides 
basic equalization to compensate for the 
average characteristic at a predetermined 
temperature of the preceding section of 
cable. Additional slopes about this 
average allow spans of various lengths to 
be equalized. These characteristics are 
obtained essentially from the combination 


of the input transformer and equalizer. 
Elements are saved by using the dis- 
tributed constants of the input trans- 
former as part of the equalizer. Slopes 
equivalent to 13, 15, and 17.5 miles of 
cable are obtained merely by restrapping 
certain elements. With this feature, if it 
is found upon installation or subsequent 
line-up that a different slope is wanted, 
the change can be made readily. For the 
occasional 20-mile span, basic equalization 
is obtained by the use of an auxiliary 
equalizer to supplement the slope afforded 
by the 17.5-mile strapping. 

With basic equalizers having so few 
parts, the over-all gain of the line and 
twist amplifiers (Figure 5) does not match 
the cable loss precisely. The differences 
are small and intentionally are ~ given 
appropriate shapes whichcan be equalized 
readily and economically by a special 
deviation equalizer inserted at intervals 
of 5 to 8 repeater spans. 

To aid in the reduction of unwanted 
noise and cross talk, all pairs in toll cables 
are highly balanced,’ that is, each wire of 
a pair has a nearly like impedance to 
ground. An amplifier degrades these 
balances by only a trivial amount. Figure 
3 illustrates how an unbalanced equalizer 
structure which saves elements is enabled 


to meet this high balance requirement 


simply by bridging a longitudinal retarda- 
tion coil across the incoming pair and 
grounding the mid-point. 


REGULATORS 


As mentioned, each regulator measures 
its control signal and then makes an 
appropriate correction in the gain of the 
amplifier. A regulator following this 
principle is termed a “backward acting 
regulator.” The fundamental concept of 
backward action as applied to a non-elec- 
trical regulator has been known for a long 


INTERSTAGE INTERSTAGE 
NETWORK N R 


ETWO 


a 


time. Likewise, it has long been a familiar 
experience in the operation of such regula- 
tors that, if the precision of controlismade 
too exact, the system may hunt. 

During the past 15 years, the technique 
of designing negative feed-back amplifiers 
has been developed to a high degree. The 
technique has been extended to cover a 
backward acting regulator by substituting 
the steady state envelope response of the 
loop path of the regulator, in place of the 
analogous steady state transmission re- 
sponse of the loop formed by the ampli- 
fier and feed-back path of a familiar feed- 
back amplifier. This envelope response 
can be used either to apply Nyquist’s 
criterion for stability to the backward 
acting regulator or to evaluate its tran- 
sient behavior. These procedures were 
followed in the design of the K2 regula- 
tors. Figure 6 shows the steady state 
precision of control exercised by a line 
amplifier regulator. 

In the K2 system there exists the ad- 
ditional problem of the stability of many 
regulators in tandem (Figure 7). Natu- 
rally, in a 4,000-mile system having more 
than 200 line amplifier regulators in tan- 
dem, this problem is complex. 

Furthermore, in the case of the twist 
amplifier the gain is under the continuous 
control of three different regulators acting 
simultaneously. .Here, not only does each 
regulator acting alone have to meet a 
tandem stability requirement, but, in 
addition, there is the more complicated 
question of their interaction, with the 
possibility that as many as 30 to 40 twist 
amplifiers may be operated in tandem. 

The fast-acting 56-ke flat-gain regulator 
corrects for the imperfections of the 
line amplifier regulators inherent in the 
response characteristics shown by Figure 
7. As mentioned, the 56-kc pilot is 
selected from the output by a crystal fil- 
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ter, amplified, rectified and used to con- 
trol the output of an oscillator which sup- 
plies heater current to an indirectly heated 
thermistor.? This thermistor is in series 
with the feed-back path, but unlikea line 
amplifier regulator, is not heated apprect- 
ably by the signal currents. Figure 8 
shows the typical steady state response 
and indicates the precision of control and 
operating range. Figure 9 shows the 
decibel response of these regulators as a 
function of time, to a sudden increase in 
input loss of one decibel. 

The other two regulators used in a 
twist amplifier act similarly except that 
the resistance of each control thermistor 
(Figure 4) varies the loss characteristic of 
an equalizer located in the feed-back path. 
These equalizers are known as slope and 
bulge networks. The loss in the feed-back 
path, therefore, depends upon the com- 
bined loss of the flat-gain thermistor and 
these networks. It is necessary to select 
the pilot frequencies and network shapes 
so that the interactions are small. 

For example, under the control of the 
28-kc pilot, the convex or concave charac- 
teristics introduced by the bulge network 
produce their maximum change at 28 kc. 
At other frequencies, the loss variations 
are smaller. In particular, in the neigh- 
borhood of 12 ke, there is very little 
change in the attenuation of the bulge net- 
work as the resistance of its controlling 
thermistor changes. Similarly, although 
the characteristics of the slope network, 
which is controlled by the 12-kc pilot, 
change approximately linearly with fre- 
quency and pivot about a frequency in 
the neighborhood of 45 kc, the resulting 
variations in the loss of this network at 28- 
ke are sufficiently small so that inter- 
actions between regulators are minimized. 

On the other hand, the 56-kc pilot con- 
trols the flat gain of the amplifier. Any 
changes in its control thermistor change 
the transmission of the feedback path, 
thereby changing the 12- and 28-kc pilots. 
To reduce the interaction between the 
flat-gain and other regulators, the slope 
and bulge thermistors are made slow 
acting. Their thermal lag is so great that 
they are affected to only a negligible ex- 
tent by the rapid corrections of the flat- 
gain regulator. 


TRANSMISSION PERFORMANCE 


Over the longest circuits, the basic 
equalization compensates for the cable 
loss to within a few decibels, and the 
terminals provide facilities for adjusting 
the transmission over individual channels 
to the value sought. The regulators main- 
tain this transmission as the temperature 
of the cable changes to within about plus 
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Figure 7. Decibel re- 

sponse of line amplifier 

regulators as a function | 

of time to a sudden in- 

crease in input loss of 
one decibel 


CHANGE IN OUTPUT 
IN DECIBELS 


or minus one or two decibels. With the 
good transmission stability which these 
systems provide, they are used to carry 
the usual services encountered in the toll 
plant such as signaling, telephone mes- 
sages, multichannel voice-frequency tele- 
graph and high-quality program channels. 


EQUIPMENT 


In the larger centers, the equipment is 
installed in existing telephone buildings 
where systems may terminate. However, 
approximately two thirds of the installa- 
tions are in new unattended single story 
brick buildings called auxiliary stations. 
If the ultimate capacity of one of these 
stations is 80 to 100 systems, the required 
floor space is about 600 square feet. For 
fewer systems, the building is smaller. 
Heating and ventilating facilities are con- 
trolled automatically. ; 

About four times a year, routine visits 
are made mainly to test the vacuum tubes 
and power plant. This ability to operate 
for long periods of time without at- 
tendance is very important because some 
of the auxiliary stations are difficult to 
reach during adverse weather. The com- 
plete installation is so reliable that a 
trouble requiring attendance is unusual. 
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However, if a major trouble occurs which 
might not be known at other stations, 
it is indicated in a controlling main 
station by an automatic system of alarms. 
Voice-frequency signaling and talking 
facilities provide the necessary mainte- 
nance communications between auxiliary 
and main stations. 

A typical equipment arrangement for 
the east to west direction of transmission 
is shown in Figure 10. Beginning at the 
right, the first two bays contain sealed- 
cable terminals equipped with jacks for 
terminating the outside cables. The third 
bay is used for mounting the grid battery 
supply, alarm and other common equip- 
ment. The fourth and other succeeding 
bays, to follow as the station grows, con- 
tain amplifiers. A similar bay line-up is 
located to the rear of these bays for the 
opposite direction of transmission. In 
addition to these two lines of bays, an 
auxiliary station always contains a power 
plant and, when required, cable balancing 
facilities and voice-frequency repeaters. 

Cross talk between office wiring at like 
transmission levels is kept sufficiently low 
by using high-grade low-impedance (135 
ohms) rubber-covered shielded pairs 
about 3/8 inch in diameter. These 
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Figure 8 (above). 


Typical steady state response of the 56-kc flat-gain pilot-controlled 


regulator associated with a twist amplifier 
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Figure 10. Typical line of bays at a K2 
auxiliary station , 


hang loosely in the bay-cable duct and are 
laid on cable racks without sewing. Wir- 
ing carrying high-output power is sepa- 
rated from input wiring by segregating 
the outputs and inputs on the right and 
left sides respectively of the mounting 
bays. A cable duct type bay permits 
doing this in an efficient manner. 

One of the difficult problems is to guar- 


antee low cross talk between adjacent ° 


amplifier panels. For this purpose and to 
keep unwanted coupling within the am- 
plifier to a sufficiently low value, direct 
wiring is used and all panels are flanged to 
overlap the can covers. On the line 
amplifier (Figure 11) nonmagnetic ma- 
terial for the panel and cover further 
helps to provide adequate shielding. 
Since reduced maintenance is an im- 
portant consideration, parallel sockets 
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Figure 9 (left). Decibel 
response of 56-kcregula- 
tors as a function of time 
to a sudden increase in 
input loss of one decibel 


are used to simplify vacuum tube replace- 
ments. With this arrangement it is pos- 
sible, because of the stabilizing effect of 
feedback, to replace tubes one at a time 
in a working system with no deleterious 
effects. 

Three portable test sets!* are provided 
for maintaining these systems. Simple 
activity checks made in a test set deter- 
mine the condition of the tubes and 
whether they should be rejected. A trans- 
mission measuring set provides means for 
making accurate level measurements of 
the pilot frequencies on the high frequency 
line while a system is in service. This set, 
together with a high impedance probe, can 
be used for trouble shooting and measures 
the pilot currents on a bridging basis in 
the high impedance parts of the circuits. 
Stable frequencies from 12 to60 ke for out- 
of-service tests are obtained from a test 
oscillator. 

Uninterrupted service and infrequent 
maintenance necessitate continuous and 
dependable power supply sources. In 
main stations, regular 24-volt and 130- 
volt storage batteries are used in series for 
the plate supply. In auxiliary stations, a 
152-volt battery is provided. The fila- 
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ments are heated by regulated 60-vol 
60-cycle alternating current fed to fila 
ment transformers located on each ampli- 
fier. In case of power failure, emergency 
power is obtained from the battery by 
means of an inverted converter. The con- 
verter starts automatically upon failure 
of outside power and before the filaments 
cool enough to affect appreciably the 
transmission performance of the feed-back 
amplifiers. During a protracted power 
failure, a portable engine driven generator 
is caused to charge the battery at an 
auxiliary station. 


Conclusion 


The development of the K2 system has 
provided improved performance at re- 
duced cost, saved raw material, and aided 
in extending the carrier technique to a 


Figure 11. Front view 
of a line amplifier 


large fraction of old and new cable routes. 
By providing already about half of ap- 
proximately 5,000,000 circuit miles of 
2-way message facilities now furnished 
by K carrier, the K2 system represents an 
important step forward in making avail- 
able, by the carrier-in-cable method, de- 
pendable long distance communications 
of high quality. This is a good example of 
the economies which can be effected by 
the application of research and develop- 
ment to a complex communication prob- 
lem. 
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Discussion 


J. P. Thurber (nonmember; New England 
Telephone and Telegraph Company, Bos- 
ton, Mass.): I have followed with interest 
the paper which we have just heard on 
the K-2 system. ; 

The New England Telephone and Tele- 
graph Company first turned to K opera- 
tion on the Boston—Portland run in 1942, 
in which year three systems were installed 
for a total of about 360 system miles. By 
the end of 1947 it is estimated that there 
will be three routes on which both aerial 
and underground K-1 and K-2 operation 
will be used with a total of 20 systems oper- 
ating over 2,200 system miles. These 
systems will give a total of 25,000 channel 
miles. In this connection it is interesting 
to note that if the circuits now using K 
had to be provided by cable there would 
be an increase of 300 million conductor feet 
in the New England Company copper re- 
quirements, or more than enough wire to 
circle the world twice with a single con- 
ductor. 

The use of K systems thus has changed 
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materially the method of engineering new 
plant on main toll routes since it has re- 
duced the size of cables and the amount of 
loading on these routes. Although the K-2 
system has not been in service long enough 
for us to have very comprehensive data on 
its performance in this territory, all indi- 
cations point to a material advantage in its 
use, particularly in changing the flat gain 
regulator from the old mechanical type to 
the new thermistor type. Again, due to the 
fact that there will be 12 circuits in service 
for each K carrier system and that the re- 
moval of any one system from service would 
put all 12 circuits out of order, it is believed 
that the use of parallel sockets will be an 
advantage in keeping systems in service 
during tube replacements. 

It might be pointed out here that with 
the 60-volt a-c filament supply feature of 
the K-2 system the associated 152-volt 
battery can be smaller than the similar 
battery used in the K-1 system. 

It is to be noted also that in the New 
England Telephone and Telegraph Com- 
pany territory, or in one similar, it may be 
desirable to have taps introducing voice 
open wire or branch cable circuits into the 


Black, Brooks, Wier, Wilson—Cable Carrier System 


main cables carrying K systems. These 
taps require carefully engineered suppres- 
sion devices which can be rather costly 
where large numbers are involved. Every 
time rearrangements are made on these 
taps, the suppression layout must be re- 
viewed to determine whether it is adequate. 
It would be interesting to know whether 
any development work is under way to 
reduce the need for these devices. 


H. S. Black: The authors wish to thank 
J. P. Thurber for his comments on their 
paper. One of the principal requirements 
of any communication system is that the 
signal-to-noise ratio be satisfactory. In a 
practical systems layout, voice circuits are 
brought into the cable at various points 
along the route, and it is necessary to take 
special precautions to insure that these 
circuits are sufficiently free of high-fre- 
quency noise. With present available 
techniques, studies indicate that the use 
of the suppression devices referred to in 
Thurber’s discussion represent the most 
economical method of mitigating noise from 
these sources. “ 


The Transient-Energy Method 
of Calculating Stability 


P. C. MAGNUSSON 
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Synopsis: The transient-energy method is 
a newly developed means of checking and 
quantitatively evaluating the transient 
stability of a system-of three, or possibly 
more, synchronous machines. Each ma- 
chine is represented by a constant-magnitude 
voltage behind a fixed reactance (usually the 
transient reactance) and all losses and non- 
synchronous loads are assumed to be con- 
stant throughout the transient. The method 
is developed in this paper specifically for the 
3-machine problem and is demonstrated in 
two examples. The potential energy re- 
quired to displace the machine rotors from 
the relative positions which they would 
occupy in steady-state after-transient opera- 
tion is the basic function utilized; it may be 
expressed as a scalar potential function of 
two rotor-difference angles. Two critical 
(zero-slope) points of the potential energy 
function are located graphically; those 
points are 


1. The minimum, which is the locus of steady- 
state, after-transient operation. 


2. The minimax, the rotor-difference-angle com- 


- bination at which stability may be lost with the 


smallest amount of transient energy. 


The potential energy of (2) with respect to 
(1) is computed and compared with the ini- 
tial transient energy, calculated with re- 
spect to condition 1. If the allowable tran- 
sient energy (former) exceeds the actual 
transient energy (latter), the system is 
stable. 


HE TRANSIENT STABILITY of a 
system of three or more synchronous 
machines customarily has been deter- 
mined by solving numerically the differ- 
ential equations of the motion of the ro- 
tors... For convenience this may be 


Paper 47-90, recommended by the AIEE commit- 
tees on electric machinery and power generation 
for presentation at the AIEE winter meeting, New 
York, N. Y., January 27-31, 1947. Manuscript 
submitted August 19, 1946; made available for 
printing December 23, 1946. 


P. C. Macnusson is assistant professor of electrical 
engineering, Oregon State College, Corvallis, Oreg. 
He was a member of the system engineering staff of 
Bonneville Power Administration, Portland, Oreg., 
at the time he prepared this paper. 
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called the rotor-motion method. In this 
paper another attack, the transient-en- 
ergy method, will be developed and dem- 
onstrated in the 3-machine problem. 

The latter method answers the stabil- 
ity question without following the indi- 
vidual rotor movements from one instant 
to the next. In event the transient is 
compound, that is, consisting of two or 
more circuit changes initiated in quick 
succession, the transient-energy method is 
applicable only to the final transient. 
The rotor-motion method would be used 
for the time interval between the first 
and last circuit changes, an interval which 
is usually short compared with the dura- 
tion of the complete transient. 

In this treatment each machine will be 
represented by a constant-magnitude 
voltage behind the corresponding tran- 
sient reactance, and the losses will be as- 
sumed constant. The latter may be re- 
garded either as resistance shunts around 
the voltage sources just mentioned, or as 
constant torques which are combined with 
the external torques of the prime movers 
and loads. The angular differences be- 
tween the voltage-behind-transient-re- 
actance vectors and the positions of the 
respective field structures will be neg- 
lected, and the term “rotor position” 
considered synonymous with both. 


The following steps are taken in apply-. 


ing the transient-energy method to a spe- 
cific problem: 


1. Determine the rotor-difference angles 
for steady-state operation of the system as it 
exists after the transient. 


2. Determine that combination of rotor- 
difference angles at which stability can be 
lost, which can be attained from (1) with the 
smallest amount of transient energy. 


8. Compute the potential energy of the 
latter rotor-difference-angle combination 
with respect to the former. 


Magnusson—Stability Calculation 


4. Determine the initial conditions (rotor- 
difference angles and rotor velocities rela- 
tive to synchronous speed). 


5. Compute the transient energy inherent 
in the initial conditions with respect to (1), 
and compare the result with that obtained 
in (8). 


This is illustrated in the two examples in 
Appendix I. 

A novel feature of the transient-energy 
method is that it provides a quantitative 
measure of the degree of stability or insta- 
bility pertaining to a given set of parame- 
ters, which aids interpolation and the 
comparison of slightly differing systems. 


Derivation of Transient-Energy 
Method * 


The equal-area method,!'? which read- 
ily may be applied to many 2-machine 
problems, makes a good starting point for 
the derivation of the multimachine tran- 
sient-energy plan. Both are based on the 
principle of conservation of enetgy, and 
both apply the conservation principle to 
the energy which is available for transient 
relative motion of the rotors. 


EouaL-AREA SOLUTION OF 2-MACHINE 
PROBLEM 


The circuit for a simple 2-machine 
problem is shown in Figure 1; the tran- 
sient to be studied is that which results 
when circuit breaker A is opened. The- 
lower half of Figure 2 shows the usual dia- 
gram for the equal-area solution. 

Since the machines may have different 
numbers of poles, torques will be stated 
in terms of electrical rather than me- 
chanical units, that is, torque is equal to 
power divided by synchronous angular 
velocity. Deviations from synchronous 
speed by the individual machines during 
the transient are neglected, hence the ra- 
tio between torque and power remains 
constant. 

Let 


Ti = — [(erez)/(X rw) ] sin (61-52) 
r= = [(e1€2) / (X pw) | sin (62—61) 


Here 7, and TJ, are the instantaneous 
torques during the transient exerted by 
the electric system on the rotors of 
machines 1 and 2, respectively, and e; and 
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é, are the voltages behind transient react- 
ance. The “electrical speed’’ or synchro- 
nous angular velocity is w, and 6; and 62 
are the displacements (in electrical de- 
grees) of the rotors of machines 1 and 2 
from an arbitrary base which rotates at 
synchronous speed. Torques and rotor 
angles are considered positive when they 
are in the direction o rotation. The sub- 
script F used in this paper indicates 
steady-state come after the tran- 
sient. 
From Figure 1 


ea eee ere we ee ee 
Let 
T ur = (e1€2) /(X poo) 
and 
5=5,—55 
Then 
T1= —Typr sin 6 (1) 


The prime mover torque 7); impressed 
on the generator (machine 1) and the load 
torque T>; on the motor (machine 2) will 
be equal and opposite to the torques 7; 
and 7, when the system is in steady-state 
operation. This sign convention is in 
accordance with the principle that the 
summation of the torques acting on a 
body is equal to zero. 


T; = —T, when 6=67 
Tu=T mr sin 6p 
T3= 7 Tur sin Or 


(2) 


The external torques 7), and T2, will 
be assumed constant throughout the 
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Figure 1 (above). One-line diagram for 2- 


machine problem 


Figure 2 (below). Equal-area solution and 


transient-potential-energy function for 2- 
machine problem 
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transient The initial rotor-displacement 
angle 59 is determined by the external 
torques and the network before opening 
circuit breaker A, as follows: 


T1i= [(e1€2) / (Xow) | sin So : 
Xo=XatXnt(Xz/2) +X et X ae 


In addition, let 


5s=maximum value of 6 attained during the 
transient 

6,=maximum value of 6 for which net 
torque tends to decrease angular dis- 
placement 


Given 69, the equal-area criterion re- 
quires that 6, be such that area cde (Fig- 
ure 2) equals area abc. With 5’o as the 
initial angle, the system would be un- 
stable, for area cgh is greater than area 
cdfec, which is the maximum available 
“restoring area.”’ 

The integral of a torque with respect 
to the angle through which it acts is the 
work done, or energy transferred, in the 
process. Thus the area abc represents 
the potential energy inherent in the initial 
displacement of 6 from 6, at the beginning 
of the transient. This potential energy 
has been tranformed into kinetic energy 
when 6 equals 6,, and is returned -to 
the potential form while 6 increases up 
to 6s. Angle 6 then will decrease back to 
6o, during which time the energy goes into 
the kinetic form again, and then back to 
potential. Since the idealized problem 
provides no damping for this motion, it 
will continue with this amplitude indefi- 
nitely. 


SOLUTION IN TERMS OF POTENTIAL 
ENERGY FUNCTION 


The integral of —(7; + T;,) with re- 
spect to 6 is the transient potential en- 
ergy, and will be indicated by V. It is 
plotted as the upper curve in Figure 2. 
The potential energy at dy, the angle for 
steady-state operation after the transient, 
is taken as zero. The particular angle 
for which V is computed will be desig- 
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Reduced 1-line diagram for 3- 
machine problem 


Figure 3. 


Magnusson—Stability Calculation 


nated as 5, in the following integration 
— fr* (Ti+ Tudo (3) 


Equations 1 and 2 are substituted into 
equation 3. 


V=Tur frp" (sin 6— sin dp)d5 


=Tyrlcos 5y—cos 5g — (5p — Sr) X 


sin 6p] (4) 


The subscript R, used to denote the 
upper limit of integration, will be dropped 
hereafter. 

The potential energies V, and Vs are 
equal; the system will be stable for any 
initial angle 6, for which V, is less than 
V,. The potential energy function V is 
analyzed in some detail in Appendix III. 


Extension to Three Machines 
DERIVATION OF FORMULA FOR TRANSIENT 
POTENTIAL ENERGY 


The foregoing derivation of an expres- 
sion for the potential energy V inherent 
in a rotor angle displacement other than 
the steady-state value may be extended 
readily to include three machines. Let 


the network which exists after the tran- - 


sient be reduced by means of standard 
transformations (Y-delta, delta-Y, and 
star-mesh) to the form of Figure 3, in 
which e;, é2, and e; are constant-magnitude 
voltages behind the transient reactances 
of the respective machines. In general, 
the network elements in the reduced cir- 
cuit will include resistance as well as 


+ reactance, but usually the former will be 


small compared to the latter in those ele- 
ments which link one voltage source with 


Figure 4. Critical points of function of two 
variables 


(b) 


Se 


(c) 
(a)}—Maximum (d)—Inflected  sur- 
(b}—Minimum face with horizontal 
(c)}—Minimax tangent plane 
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another. The oscillatory system may be T>;, and 73; These torques are equal 


made conservative, and thereby more 
readily subject to analysis, if the power 
consumed in the elements just mentioned 
is assumed to remain constant, at 
steady-state value, throughout the tran- 
sient. The power consumed in those 
elements which shunt individual voltage 
sources will be constant, hence the entire 
power consumption of the static network 
under steady-state conditions may be 
computed, suitably apportioned among 
the synchronous machines, and the re- 
spective portion subtracted from the 
total power inpu of each generator, 
and added to the power output of each 
synchronous motor. The static network 
then, as far as intermachine power- 
flow relations are concerned, may be 
assumed (without great error) to con- 
sist of three pure reactances, X12, X13 and 
Xo3, as Shown in Figure 3. The shunt re- 
actances Xig, X2g, and X3, have no effect 
on the machine torques. 

The rotor angles, with respect to an ar- 
bitrary base which rotates at synchro- 
nous speed, may be taken as 6;, do, and 63. 

Let 


Tham = (€1€2) /(X ,20) 
Ti3m= (e1€3) / (X30) (5) 
T23 = (€2€3) / (X 230) 


As in the 2-machine problem, the 
torques 7; and so on will be regarded as 
the torques exerted on the rotors by the 
electric system. 

Then 


—T,=Them sin (6: —52)+ 
Tism sin (6; —6s3) 

—T2= —Ty2y sin (5;—62)+ 
Tay sin (52—63) 

st i= — Tism sin (8; —63) = 
To34 sin (d2 —63) 


(6) 


The torques impressed by the prime 
movers or loads on the machines (after 
adjustment for proportionate share of loss 
in the static network) will be assumed 
constant, and will be indicated by T},, 
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ey ? 
ie 4, 


and opposite to 71, T2, and 7; during 
steady-state after-transient operation. 
The external torques are equal to the 
powers of the respective supplies or loads 
P;, P2, and P3, divided by the synchronous 
angular velocity. The rotor angles cor- 
responding to steady-state operation will 
be designated by 617, 627, and dap. 
Thus 


Py/oo= Ty = Tom sin (617-827) + 
Tisu Sin (S17 —5sp) 

P2/ao= T= —Tyy sin (61-527) + 
Toy Sin (Sor — 637) 

P3/wo= T3i= —Tisy sin (dr —53r) — 
T23 Sin. (627 —53r) 


(7) 


It is desired to find the potential en- 
ergy, with respect to the steady-state 
condition, which the system has when the 
rotor angles have a different set of values 
Sip, der, and 63. The net torques acting 
when the rotors are in other than steady- 
state relative positions are found by sub- 
tracting equations 7 from equations 6. 


—(11+Tii) = Ti [sin (61 —62) — 

sin (617 —62p) J+ 

Tism [sin (6: —63) —sin (617 —6sr) | 
—(T2+T2) = —Ti2y [sin (6: —62) — 

sin (617 —42r) |+ Toa X 

[sin (62—63) —sin (d27—563,) | 
—(T3+T ss) = —Tisy [sin (6: —63) — 

sin (617 — 637) | — 

T23¢ [sin (62 —63) —sin (627 —63p) | | 


+ (8) 


.The rotor of machine 1 will be dis- 
placed first, then that of machine 2, and 
finally that of machine 3. 


=~ fre” (Tit Tiddbi 

(with 52 = Sor and 53 = o3r) 
6: 

— Srp (T2+Tri)db2 

(with 6:=d1z and 53;=637) 
6 

—Srp (Ta+Tai)dds 

(with 6,=é1p and 62=d2p) 


After integration, substitution of limits 
and collection of like terms, the following 
expression is obtained for V: 
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Reference Table for Figure 5 


Input Powers 
Locus of in Per Unit 


Equation 


Curve 


Py Ps 


V=T 2| cos (617—der) — cos (612 —S2R) — 
(612 — bir —b2p+ bor) X 
sin (617 —59r) |+Tisarlcos (Sir — 6:7) — 
cos (6 p—45;r) — (61p—Sir — Sar +8sr) X 
sin (6:47—4;7) |+Toesu [cos (527 — 53) — 
COS (522 — 83g) — (dap — 52" — 53x +537) X 
sin (opr —6d3r) ] 


This may be simplified by means of the 
following substitutions: 


61 — 63 = 13 
62 — 53 = 593 (9) 
51 — 52 = b13 — 623 


The subscript R which was used to de- 
note the upper limit of integration will be 
omitted henceforth. 


V=Thiem (cos (6137 — 5237) — COS (513 — 523) — 
(513 — Siar — S23 t+S2sr) Sin (S137 — dear) ]+ 
Tism [cos 5137 — COS 613 — (E13 — S137) X 
sin 637|+-Tosy[cos 5237 — 
COS 523(623 — das) Sin S237 | 
(10) 


The value of V is independent of the 
order in which the displacements in 61, 
62, and 63 were made; the function V can 
be shown to be a scalar potential function 
of the two generalized co-ordinates 6,3 and 
5; because the curl of the gradient of V 
vanishes identically.® 


NATURE OF POTENTIAL ENERGY FUNCTION 


Whereas in the 2-machine problem the 
transient potential energy V was a func- 
tion of a single independent variable 6, 
and could be represented geometrically 
by a curve on a plane, in the 3-machine 
problem V is a function of the two inde- 
pendent variables 613 and 62;, and may be 
represented geometrically as a surface 
above a co-ordinate plane, on which the © 
abscissas 613 and 6.3 are perpendicular to 
each other. 

The critical points of the V surface, that 
is, those points at which the surface has 
zero slope, are of principal interest in this 
study. They may be located by means of 
the following necessary conditions: 


ra) V/0d13 — 0 
OV /0523=0 


Three types of critical point ordinarily 
may be expected in the function V for 
transient-stability studies 


t (11) 


749 


(15) (15) (15) aes (15) (15) (15) 
iy : 
Si3 S13 S13 S13 6s 613 


; (b)—Two single real 


roots 


(a}—No real roots 


1. Relative minima, at which V has a 
lower value than at any near-by point. 


2. Relative maxima, at which V has a 
greater value than at any near-by point. 


38. Minimaxs. 


The surface surrounding a point of the 
last-named class resembles that ofa sad- 
dle; if asmall circle is drawn around it on 
the surface, the curve first will be below 
the critical point, then above it, again be- 
low it, and again above it, finally return- 
ing to the start below the critical point. 
In Figure 4, (a), (0), (c), and (d) illustrate 
a maximum, minimum, minimax, and 
an inflected surface with horizontal tan- 
gent plane, respectively. This last-named 
type of critical point may arise occasion- 
ally, but it is of only incidental importance 
in the application of the transient-energy 
method. The potential energy function 
is discussed further in Appendix III, with 
particular reference to the critical points. 


DETERMINATION OF REQUIRED ROTOR- 
DIFFERENCE ANGLES 


The 6 co-ordinates of a minimum and a 
minimax of the V surface are the rotor- 
difference angles required in items 1 and 2 


of the summary of the tramsient-energy . 


method given in the introduction. To lo- 
cate the minimum and minimax, equation 
10 is differentiated and substituted into 
equation 11, and the result simplified by 
substitution of equations 7. 


Tim sin (613 — 823) + Tis ar sin 633 —Ty=0 
—Tyy sin (513-523) + Tos Sin 623 — Tai =0 


(12) 


Equations 12 are equivalent to stating 
that the net torques at the machines are 
zero at angular displacements correspond- 
ing to the critical points of V. The num- 
ber of parameters may be reduced, and 
equations 12 made dimensionless, by di- 
viding each term by Tix. 


Let 


Tii/Tiem =k 
Tu/Tiem = ke 
Tism/Tim=ks * 
Tos /Tiam = Ra 


(13) 


750 


(d)—One double 


real root 


(c)—Four single real 


roots 


Figure 6. Roots of equations 14 and 15 in 
terms of loci 


Equations 12 then become 


sin (513 —5e3) +R; sin d2—ki =0 (14) 

—sin (813 —5es) +h, sin 523 —k2=0 (15) 
The sum of these two equations is 

ky sin 813-4 sin 623 —-ki —k2 =0 (16) 


The critical points now are found read- 
ily by plotting the loci of any two of 
equations 14, 15, and 16; intersections 
are real roots of the equation set. For 
equation 14, choose values of 6:3 and solve 
for 593; the reverse process should be used 
for equation 15. The solution of this set 
of equations is illustrated in Figure 5. 

Zero, two, or four real roots may result 
from equations 14, 15, and 16, depending 
on the & parameters. Coincident real 
roots; which result when the loci of equa- 
tions 14, 15, and 16 are tangent toon an- 
other at a point (see Figure 6d, e, and f) 
are discussed in Appendix III. In case 
there are no real roots (Figure 6a), the 
“after-transient’”’ system is statically un- 
stable under torques Ti; and Ty. 

With two real roots (Figure 60), one 
proves to be a minimum, which is the 
point of steady-state operation, and the 
other, a minimax. When-four roots are 


_real (Figure 6c), one will be a minimum, 


one a maximum, and two will be mini- 
maxs. Itis the lower of the two minimaxs 


fo) 
0 Sur 


Sit 
Figure 7 Contours of transient potential 
energy 
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(e)—One double (f}—One triple and 
and two single real one single real root 
roots 


which is of interest in transient stability; 
the selection is made by substituting the 
corresponding values of 61; and 693 into 
equation 10, the formula for V. The po- 
tential energy at the lower minimax (or at 
the minimax, if only one) will be desig- 
nated as V;. 

For all values of V less than V;, con- 
tours of constant V will be closed curves 
which encircle point 5:37; 5237 (see Figure 
7). Contours of V slightly greater than 
V,, will not be closed; they partially will 
encircle 6,37; 5237, approach closure near 
Signy 8e3,, but then spread apart. The 
width of the “gap” near 513; 623, increases 
as the value of V is increased. 


PHYSICAL INTERPRETATION OF V SURFACE 


If thetotaltransient energy (kinetic plus 
potential) of the system is equal to some 
particular value Vy, and (as here as- 
stumed) the transient motion is undamped, 
the path of motion in terms of 61; and 825 
eventually will come infinitesimally close 
to every point within the contour of ve 
This is known as quasi-ergodic motion; 
it is to be expected rather than multiply- 
periodic motion because of the nonlinear ~ 
torque-versus-angle function. A rigorous 
proof of this energy-transfer phenomenon 
will not be given here, but ‘a familiar ex- 
ample, that of two pendulums suspended 
from a common cord (see Figure 8) will 
be pointed out as a rough analogy. 

In this pendulum system, if pendulum 
A is started swinging while pendulum B 
is at rest, B will begin quickly to swing 
with increasing amplitude, while the am- 
plitude of the motion of A decreases to 
zero. Then the process reverses, with the 
amplitude of A increasing back to its orig- 
inal amount, and that of B simultane- 
ously decreasing back to zero. This proc- 
ess goes on indefinitely. 

Thus, if the contour Vy: is closed (Vy 
less than V,) (see Figure 7) and the sys- 
tem is undamped, the rotors may be ex- — 
pected to oscillate with respect to one 
another with ever-varying amplitudes 
and rates. But the net torques will 
always be such as to tend to return the 
rotors to a steady-state rotor angle com- 
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bination corresponding to zero transient 
energy. Should the contour Vye2 not be 
closed (Vy2 greater than V,), the torques 
at some time (possibly after several ap- 
parently stable oscillations) will tend to 
drive the rotors farther from the steady- 
state relation, and the rotor-difference 
angles relating one machine to the remain- 
ing two then will increase without limit, 
and stability will have been lost. 


Initial Conditions 


The remaining step is that of computing 
the initial transient energy, so that it may 
be compared with the V;, corresponding 
to the assumed load conditions. The ini- 
tial transient energy includes both tran- 
sient potential energy and transient kine- 
tic energy; the latter is zero in case the 
rotors are not moving relative to syn- 
chronous speed at the start of the tran- 
sient, (or start of the final transient, in the 
case of a compound transient). 


SIMPLE TRANSIENT 


A simple transient will be defined as one 
- in which al' changes in the system parame- 
ters (network reactances or -external 
torques or both) occur at the same in- 
stant. Then, if the system is not hunting 
at the moment before the transient, the 
initial transient kinetic energy is zero. 

The initial rotor difference angles 6130 
and 623, may be found from the following 
equations: 


Tig = [(€1€2) / (X 12000) ] sin (8130 — 6230) + 
[(e1es) /(X130@0) ] sin 6130 

To = — [(€1€2) / (X120@0) } sin (6130 — 8230) + 
[(e2e3) /(Xes0wo) ] sin S230 


(17) 


Here X20, X30, and Xo) are the branch 
reactances of the equivalent delta net- 
work before the transient. It will be 
noted that these equations closely re- 
semble equation 7; the method of solu- 
tion is similar to that used for equations 14 
and 15. Only the steady-state result 
(minimum) is of value. 

The initial potential energy now may 
be found by substituting 613. and 6230 for 
633 and 62; in equation 10. 


COMPOUND TRANSIENT 


A compound transient will be defined 
as one in which changes in the system 
paratneters (network reactances or ex- 
ternal torques or both) occur at two or 
more distinct times. An example of this 
* situation is that which results when a 
fault is cleared a finite time after its oc- 
currence by sequential opening of the two 
ends of the line involved. The transient- 
energy method is applied only to the 
“final transient’, that is, the transient 


1947, VoLumME 66 


which takes place after the last change in 
system parameters. In the application 
of the transient-energy method, the ‘‘initial 
conditions” are those which prevail at the 
beginning of the final transient. 

The procedure is first to calculate, by 
standard point-by-point methods, the mo- 
tion of the machine rotors up to the time 
of the final change in the system parame- 
ters. This is illustrated in Appendix 1B. 
Let 613, and 63, indicate the rotor dis- 
placement angles at this instant, and 
Aanz, Ade, and Aws, indicate the angular 
velocities of the rotors relative to syn- 
chronous speed in electrical radians per 
second. The transient kinetic energy AW 
which the system has gained up to that 
time is given by the following equation, 
which is derived in Appendix II. 


AW = (1/2) [Ty(Acor)?-+-Io( Acory)?-+ 


T;(Aws7)?] (18) 


Here J, Jo, and J; are the moments of 
inertia of the respective machines, in per 
unit torque seconds squared. They may 
be computed from the physical character- 
istics of the machines or estimated from 
the inertia energy quantity H as indicated 
in Appendix II, equations 22 and 19, 
respectively. 

The initial transient potential energy 
is found by substituting 613, and 693, for 
613 and 6e3 in equation 10. 


More General Systems 


Extension of the transient-energy 
method on a rigorous basis to systems of 
three or more machines linked with net- 
works containing resistances does not 
appear feasible, although the equal-area 
method has been successfully applied to a 
2-machine problem involving a general 
network.4 ; 

Theoretically the  transient-energy 
method may be extended to an m-machine 
system linked with a purely reactive net- 
work. The labor involved in solving the 
equations for the critical points of the po- 
tential energy function increases rapidly 
with the number of machines, but a net- 


Figure 8. Pendulum 


coupled - oscillator 
system 
©) 
@ 
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work calculating board could be used ad- 

vantageously for that purpose. In addi-. 
tion, the increase in the number of inde- 

pendent variables increases the complex- 

ity of the possible configurations which 

the potential energy function might as- 

sume at each critical point, and this 

would call for careful investigation. 


Conclusions 


In this paper the transient-energy 
method was developed for and applied to 
the 3-machine case. The method has 
been checked by comparison with results 
obtained by a standard point-by-point, 
rotor-motion solution (Appendix I A). 

The margin by which the allowable 
transient energy exceeds the initial energy 
actually present, or vice versa, gives a 
quantitative basis or comparing various 
fault and load conditions. By interpo- 
lation of this margin of transient energy, 
limiting loadings readily may be found. 


Appendix |. Illustrative Problems 


Per unit quantities will be used through- 
out these examples, the circuits for which 
are given in Figure 9. When torque, power, 
and energy are expressed in terms of per 
unit, the following relationships are true: 


| 
1B 
Figure 9 (above). One-line diagram for 3- 
machine problem 


Figure 10 (below). Allowable and actual 
transient energies 


PER UNIT ENERGY 


(Torque) = (power) /(synchronous an gular 


velocity in electrical radians per 
second) 

(Energy) = (torque) X (angle in electrical 
radians) 


= (power) X (time in seconds) 


The following quantities will be assumed 
in both problems: 


Voltages behind transient reactance: 
é:=1.2 per unit voltage 
é.=1.0 per unit voltage 
e;=0.9 per unit voltage 


Generator input power: 
P,.=0.5 per unit power 


The power P; supplied by generator 1 will 
be assumed equal to the motor load P; 
less P2. 


A. Power Limit With Simple Transient 


Let the transient consist of opening cir 
cuit breaker A (Figure 9); find the heaviest 
motor load P; which the system can carry 
without losing synchronism during this 
transient. 


Solution. The networks before and after 
the transient are reduced to the form shown 
in Figure 3. The system parameters are 
computed for both before and after-tran- 
sient conditions from equations 5 and 13, 
and are listed in Table I. , 

For each assumed value of P; the follow- 
ing quantities are found: 


1. The location of the minimum of V under be- 
fore-transient conditions, (6130; 5230) (equations 17). 


2. The location of the minimum of V under after- 
transient conditions, (é137; 5237) (equations 15 and 
16). 


3. The minimax of V under after-transient condi- 
tions (5132; 623L) (equations 15 and 16). Schedules 
for the numerical solution of equations 15 and 16 are 
given in Table II, and the resulting loci are plotted 
in Figure 5. 


After the six 6’s have been found for each 
P3, Vz is computed by substituting 613,, 
5o3z, O37, and doy in equation 10, and Vo is 
found by substituting 5130, 5230, dir, and 
5e37 in the same equation. The results are 
assembled in Table III, and Vz and Vo are 
plotted against P; in Figure 10. 


Conclusion. The maximum per unit 
load for P3 for stable operation under this 
transient is 0.82. 


Check by Rotor-Motion Method. This 


problem was also worked by the rotor- 
motion method, using method III (Dahl's 
classification’) for the point-by-point cal- 
culation, and using three different sets of 
inertia constants. With P, and P; taken as 
0.32 and —0.82, respectively, the system 
failed to lose stability on the first swing, 
but when P; and P; were increased to 0.325 
and —0.825, respectively (the initial operat- 
ing angles were not adjusted for this change), 
stability was lost quickly. These results are 
consistent, to the accuracy of the numerical 
computations, with the transient energy 
solution. 


B. Power Limit With Compound 
Transient 


Let the system in Figure 9 be subjected tc 
a 3-phase fault on the transmission-line side 
of circuit breaker A, and assume that 0.05 
second later circuit breakers A and B open. 
Find the maximum motor load P; which the 
system can carry through this transient, 
with P» specified. 

Solution. The data in Table I apply to 
this problem as well as to example A, and 
the values of 5 existing before the fault are 
found in the same manner as in that prob- 
lem. Duringa 3-phase fault at the specified 
location no power will be transmitted be- 
tween any of the machines, hence the rotor 
accelerations prior to clearing will be di- 
rectly proportional to the external torques 
T114,-T2, and T3;. The equations during the 
3-phase fault reduce to : 


T,d*5,/dt? = Ti 
Td 752/dt? — T 24 
T34753/dt? — T34 


The equations may be integrated directly. 
The angular velocities relative to synchro- 
nous speed at the start of the transient are 
assumed to be zero. : 


dé, /dt=(T1,/1)t 
6, = (1/2) (Tii/L)P? +610 
t=0.05 second 


In this example the moments of inertia 
will be estimated from the characteristic 
inertia quantity H (see equation 19, Ap- 
pendix IT). 

It will be assumed that the rated kilovolt- 
amperes of each machine is equal to 1.3 times 
the kilowatt load on it. Values of H will 
be assumed as indicated in Table IV; the 
calculations of the angular velocities rela- 
tive to synchronous speed and the rotor 
difference angles at the time of clearing (in- 


Table |. Examples A and B: System Parameters 
Before After 

Parameter Units Reference Transient Transient 
Xai Xa (KXE/2)...2-2+668 Per unit reactance........ Bigttre 9) “aces 2s 1.3 
Be Na PL he oP, 9 Orr eat OaIeS Per unit reactance........ lute tel Sbnena ono 1 the oaan os 2.3 
SEF te a, 4: PC ORION” GAC . Per unit reactance........ Bigure’ Op scsi 2- = LU en foe 0.5 
X GH isiotines Konus viegee Per unit reactance........ Bigure 0) 2s-q0escas O; 6 seton cets 0.6 
MW ole ermine haitoie trol Meet aieeteie Mees Per unit reactance........ lyfeigs ce “comethcso 2 BS ee ae cieats 4.72 
lO patchy lore, Malev Arers lace) ohacale Per unit reactance........ igure or ote. sete SAG awe 5 ete 5.66 
Kites titans iheoute ee tocierais 43 pris Per unit reactance........ Pigire Bey cc etianer bls ei re fea ct : 1.23 
T'19 M600 saie(Neiws, aticite stein Per unit: power. ».\... eles «¢ Equation 5 ......:. 0.416 cee es) 0.258 
Lis NGGO9 declare o\ oxoleneyofetel state velo? Per unit power.... ss MqdationnO scpiscues O81 Foe. sles 0.191 
TMM ire 0 dis siese Vig eiaiewieaie' Per unit power. ,....0.-.<. Equation 5 ........ ONGTD i rerare cee 0.731 
Rie tea Ge Ta eee ithe Hen acon ts eo SNe tah Mas Jack ace tay atoning Equation 13........ PrJOcAlGee sagt Pi/0.254 
Bes gost anes Hatten ta ep ohare eae ace ae nvecp sera orate avai eae Equation 13........ U202e572- se. 15969 
Re sive a Wises aoe Can a OR ere ae Sakaigtee rae aatiiiy ohote toate wakequation US/ctrenisiat OST50 panniers 0.751 
Whence shins Meas bs Roel aie oes MS PM aia alae rate tales hele re Equation 13.2.4... 1.822 5cecaae 2.878 
752 
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dicated by the subscript J) are summarized 
in the same table. The k’s are the same as 
in example A, and the 6’s for after-transient 
conditions are found as in that problem 
The transient kinetic energy AW at the time 
of clearing is found by means of equation 18. 
The results of these computations are listed 
in Table V. Vz, and V;+AW are plotted 
against P; in Figure 10. 


Conclusion. The maximum per unit load 


P; for which stability can be maintained 
through this transient is 0 758. 


Appendix Il. Initial Kinetic 
Energy 


The transient kinetic energy of the sys- 
tem wil) be defined as the total kinetic energy 
less the kinetic energy of steady-state 
operation 

Let 


W =kinetic energy of steady-state operation 

AW =transient kinetic energy 

# =synchronous angular velocity in elec- 
trical radiaris per second 

w, =angular velocity of machine 1 during the 
transient. in electrical radians per 
second 

I, =moment of inertia of machine 1, in per 
unit torque seconds squared 

W = (1/2) (Ive0? + Too? + Ie00?) 

W+ AW=(1/2)U wi? +] we? +Ise23) 


Let 


@: =w,+ Aw, and so forth 
AW = (1/2) (Li [(wo+ Aor)? — wo? ]+ 
To[(@o-+ Awe)? — wo? |-+- 
Tz {(wo-+ Awz)? — a?]) 
=wo(J Aon + Le Awe I Aws) + 
(1/2) [Ti( Aer) +J2( Awe)?+-I3( Aes)? ] 


It is assumed that the external torques 
remain balanced; then the following is true 
because of the principle of conservation of 
angular momentum: 


T, Aw; +12 Awe +]; Aw =i) 
Hence 
AW = (1/2) [Ii( Aw1)?+ T2( Aw)? +1: ( Ags) *| 
(18) 


The inertia quantity H, which is the 
stored energy of rotation at synchronous 
speed per kilovolt-ampere of machine rat- 
ing, has characteristic and fairly constant 
values for the various classes of machines;!** 
it may be expressed in terms of the moment 
of inertia as follows: 


HPp=(1/2)Ia?P (19) 

or a 

HP, =(WR?/2g)(24n/60)2(0.746/550) (20) 
Here 

P,=kilovolt-ampere rating of machine 


P,=kilowatt value of unit power 

WR?=moment of inertia in pound-feet 
squared 

g=acceleration of gravity 

n=speed in revolutions per minute 


AIEE TRANSACTIONS 


Let 


p= number of poles 
Then 


wo = (2an/60) (p/2) (21) 


The per unit moment of inertia may be 
found in terms of the ordinary dimensions by 
equating equation 19 to equation 20, and 
making use of equation 21. 


TP 5 = (WR2/g)(0.746/550) (2/p)? (22) 


Appendix Ill. Potential Energy 
Function 


Repetitive Character 


The single-variable function V repeats it- 
self, except for a constant, every 360 de- 
grees. This constant may be evaluated 
readily by substitution in equation 4. 


V(6+2rn) — V(6) = —20nT yr sin op 
Here is any integer. 


As a function of two independent vari- 
ables, V likewise repeats itself, except for a 
constant, every 360 degrees in either vari- 
able. The constant pertaining to one vari- 
able differs, in general, from that pertaining 
totheother. Expressions for these constants 
may be derived from equation 10. 


V(6i3+270 ; 603) — V (d13 5 503) = —2Q0nX 
[Tiam sin (6137 — S237) + Tis Sin dsr] 
V(5ia; 623+ 2am) — V (613; 523) = —2Qrn X 
[—They sin (S137 — do3F) Ste 
Tos Sin S237] 


Critical Points 


The requirement that the first derivative 
or derivatives of a function equal zero is a 
necessary condition for the existence of a 
minimum or a maximum (or a minimax, in 
case of two independent variables) but it is 
not a sufficient condition. This situation 
will be investigated briefly by means of 
higher derivatives. 


ONE INDEPENDENT VARIABLE 


The function V has a relative minimum 
at 5¢ if the following conditions are satis- 
fied: 


dV/ds=0 5=5g 
_@V/d5>0 


If equation 23 is satisfied, but the inequal- 
ity in equation 24 is reversed in sign, V 
has a relative maximum at dc. 

In case equation 238 is satisfied, but the 
following conditions (equation 25) are ful- 
filled rather than equation 24, V has a point 
of inflection with horizontal tangent at d¢. 


dV /d8?=0 
ds pant (25) 


The expression (equation 4) which was 
derived for V will be differentiated and sub- 
stituted into equations 23, 24, and 25. As 
previously noted, the subscript R will be 
omitted. 


n= T ur(cos 6g —cos 5—(6—dp) sin dr] (4) 


(23) 


5=5¢ (24) 
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Table Il. Schedules tor Solving Equations for Critica: Points 
(1) (2) (3) (4) (5 (6) 
Schedule for equation 15 
OSS a ohesnn she SIRS oss, (2) 3G Races ceraistens.eh (BSR <a pie wn hae Beieciece SUMAN ene nei ssenneteas ts (1) + (5) =*n 
Schedule for equation 16 
O88%. Siero nian sin (Lie eee (Rapes) Xe (2)e eae ((k +k2)/ks|—(3)........ sin ~! (4) =é13 


SS SS Sa Se a ee eee 


Table Ill 


Example A: Summary of Calculated Data 


Reference 


Ps in Per Unit Power 


— 0.80 


ee ee ee ee ee 


Pre pases Pertunitipawerton aver ateeten r eee ee Creare 0.30 0.32 
Rie Shy iaine (Before transient),.... Table Ii. 4........... On 52 Sere 0.721 0.. 769 
O80 sites: aya. WDegrecsserci aan odie Bauationslie cee ae 46-30 fa s- 60.8 
O8i00G eelentne Degrees. cries teseces PSQUARION T0255 ciniese se y Wein las ODE ee be 54.2 
Rie Sete stile (After transient)..... SPADTEN ne aisene’s 5 oer er 0.865 1.181. 1.260 
Cig eels ces Degrees 61.1 S20 90.0 
Ors Acta are Degrees Figure 5; equations 49.1 S6inie 6 59.4 
OLED sions. 10'6 Degrees 15 and 16 151.0 158.6 eve 151.8 
O28 Tiviese saves Degrees 12090: as ten Curie 87.0 
Virtign tees Per unit energy...... Equation LO. co. bc Sate 4.63210, .:.1.333K10-4....0.700K10-4 
Veorscuareceensts Per unit energy.....< Hquation 105 .2.4.¢ .\< cishes 0.257 10-4....0.593X10-4....0.668X10~4 
Vaio sober uiniteenergy a ae: cote sane choi eee 4.375104. , ..0.740X10-4,...0.032x104 
dV/di= T wr(sin 6— sin 57) (26) Ke V (6130; 523¢) + (A /2)( Adi3)2-+ 
; 2 

d2V /d8°=T yp cos 8 (27 C( Abys) (Ades) + (B/2) ( Ad23)?+ 

) (D/6) ( Adis) ®+ (E/2) (Adis)?( Ades) + 
d3V/di3= —T yp sin 5 (28) (F/2) ( Adis) ( Abe3)?+- (G/6) ( Ad23)*+ . . 


Substitution of equation 26 into equation 
23 shows that the latter condition is satis- 
fied for the following 6¢’s: 


bc=br 
5¢= 180 °- Sp 


If these values of 6¢ now are substituted 
into equation 27, and that in turn into 
equation 24, the first proves to be a mini- 
mum, and the second, a maximum. Hence 
6,, the angle at which the net torque ceases 
to tend to reduce the angular displacement, 
is the second value of 5¢. Thus: 


5,=180°—dx 


It will be seen that equations 23 and 25 
can be satisfied simultaneously only if 6, 
is equal to 90 degrees. This is the case if 
the system is operating at the steady-state 
power limit. It also can be seen by inspec- 
tion of equations 26, 27, and 28 that the 
first, second, and third derivatives of V 
cannot all vanish simultaneously. 


Two INDEPENDENT VARIABLES 


A necessary condition for the existence of 
a critical point on the V surface was stated 
in equation 11, which is repeated here. 


0V/0613=0 


DV /08=0 OM) 


As with the single variable function, the 
nature of V in the vicinity of a critical point 
may be investigated further by means of 
higher derivatives. Let 513¢ and 523¢ indi- 
cate the co-ordinates of a critical point, and 
Ad;3 and Ad 3; denote small displacements 
from that point. Then V may be repre- 
sented in the vicinity of 513¢; 623¢ by the fol- 
lowing Taylor’s series (since, according to 
equation 11, the first derivatives of V are 
zero, they will be omitted). 


Magnusson—Stability Calculation 


(29) 
Here 
A — 0? V/06132 
13 oO? V /0623” 
C= 0? V /06130603 
D=08V/08,33 (30) 


E oo 03 V/081370503 
Wiss rey V/06130523? 
G == 03 V 08238 


The following conditions, in addition to 
equation 11, are sufficient to identify the 
indicated types of critical points: 


AB>C? A<0 Maximum (31) 
AB>C? A>0 Minimum 
AB<C? Minimax (32) 
AB=C? AEG) Inflected surface 
with horizontal 
tangent plane 
(discussed iater 
in this section) 
(33) 
Here 
J=D+3E(—A/C)+3F(—A/C)?+ 
G(—A/C)* (34) 
Let 
AB=C? J=0 (35) 


If the first of the conditions in equations 
35 is true, the second is necessary, but not 
sufficient, for the existence of a maximum, 
and minimum, or a minimax. The fourth 
derivatives of V must be investigated in 
order to determine positively the character 
of a critical point which satisfies equations 
35, but it may be inferred from physical 
considerations in the transient stability 
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Table IV. Example B: Rotor Motions Before Clearing 


ee een nn 


Machine Number 


Reference 1 2 3 
A Sacre Kw-sec per kva........ (Assumed)....... 3 6 ite tsa 2 
PRaekvie. Per unit power......... (Assumed)......- LES Pisce. LSPa ase 1.3P3 
WS cvartalels Per unit torque sec?...,Equation 19......5.48X 10-5Pi....10.96X10-5P2....3.65X10-5P3 
Ti... ....Per unit torque... ...eeeeee seer eererees Pi/377 P2/377 P3/377 
d%6/di?.... Deg per sect. ..... eee. Appendix 1B.... 2,770 1,385 —4,150 
Nita Ficraretsiers Deg per S€C.....000- ... Appendix IB.... 138.5 ODind. vareists —207.5 
BPs isterer Deg fais.c enh see kaart Appendix I1B.... 60+3.46 de+1.73.... 530 — 5.19 
Gieltestailckers DeG ain ioierereie'e,e'osigied cfareiorele aisieisle ols (ojo! aveleleiareiele siaraxece.sie lolol nes $120 +8.65 
CET (ner aoc DEB so < crew vic.cieloioie sie ciorbisie/arwivis vis e/ejvieiwie a eelelelslelalerwsis exeuesrelele 52390 +6.92 
I 
Table V. Example 8: Summary of Calculated Data 
P; in Per Unit Power 
Reference -0.72 —0.75 — 0.80 


Pe tarers risictoreneetsis Per unit POWEr. 2... . eve cc weer soccer ecece Oj22i0 OFZ6 are 0.30 
Byerre ee cieeratee (Before transient)..Table I.........++.: 0.528... 0.600... 0.721 
Sree cca s wees Degrees. set cesses Equation L7 i. cc- = 46.3 Nite DOGS. ees 57.6 
Ware yee eee Degrees. ......00% MablekV vs cus wiemerces 55.0 BD. Ol wrest 66.3 
Shae arg eas Bee Degrees. cae se ges Equation LY ce aie 47.1 AOWGe ats 52.6 
Gea ie tatte ois) o elie yore Degrees ae stub ntpiels's (Pablo Via cites atelier Sie 54.0 DO WO er cares 59.5 
Rtewelevae cee ses (After transient)....Table I............- 0.865 0.985... 1.181 
OLSF sc ve.e's eineje.siers Degrees : 61.1 G88 weer 82.6 
Baal sg Rips tiainje Siete ene Degrees Figure 5; equations 49.1 SLi6> vee 56.7 
Bishan ase ec aes Degrees 15 and 16 151.0 V5G.Sr Go 158.6 
SENDS ol mace Re Degrees T2070 TISee woes 93.7 
Vb Gewese Per unit energy..... Paquation LO. 2s... 4.632X10-4...38.277X10-4...1.33510~4 
Vii Scots ve eines Per unit energy..... Equation 10......... 0.18310-4, ..0.252X10-4...0.4131074 
TAY Lie are forth SOTO Per unit energy..... Equation 18......... 2.484X10-4...2.600X10-4. ..2.810X104 
VI-EAWer csc tals Per titit nergy... criscisele cio eee o's © wlelaleisse 2.667 X10-4,..2.852X10-4. ..3.223K10 4 
Vi—(ViItAW)..Per unit energy....... ese secre eee e eee 1.965X10-4...0.425X10~4 —1.888X10~4 


nnn nnn ee EEE Ents SSS nS 


problem that such a critical point is a 
minimax. 

Conditions 31, 32, 33, and 35 may be 
checked by substitution in equation 29. 
Since the effects of small quantities of a 
given order are negligible compared to the 
effects of small quantities of a lower order, 
the derivatives of a given order affect the 
nature of V in the immediate vicinity of 
disc; Sa3c only in those regions, if any, in 
which all resultant lower-order effects of 
lower derivatives vanish. For example, it 
may be seen by differentiation of equation 10 
that, for the particular function V, the 
second partial derivatives A, B, and C in 
equation 29 will, under the condition of AB 
equals (C)?, vanish along a line passing 
through the critical point with the direction 
Abo3/ Adis equal to (—A/C) or (—C/B). 
In such a region, the third derivatives be- 
come significant, as indicated in equations 
33 and 35. 

No term is in common usage to describe 
the surface which is identified by equation 
38; for convenience the name ‘‘inflected 
surface with horizontal tangent plane’ has 
been adopted. Simple examples of this type 
of surface are given by the following func- 
tions: 


Zy=X?4¥3 ; (36) 
Zy= —X*4+¥8 
Zy=X84¥3 e7) 


Critical points of Z;, Z: and Z3 exist at the 
origin; in the X plane the function Z; 
passes through a minimum, whereas in the 
Y plane, Z; has a point of inflection with 
horizontal tangent. The inflected surface 
with horizontal tangent plane sketched in 
Figure 4d is of the same type as Z;. The 
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principal planes of the function at the critical 
point, of course, need not be parallel to the 
abscissas’ co-ordinate planes. 

Function Z. passes through a maximum 
in X plane and has a point of inflection with 
horizontal tangent in the Y plane at the 
origin, while Z; has points of inflection with 
horizontal tangents in both planes at the 
origin. It will be noted that in the case of 
Z; all three second partial derivatives are 
zero at the critical point, a condition which, 


as may be seen by differentiation of equation - 


10, cannot arise in the function V. 
Multiple Roots 


The relation between the multiplicity of 
a root and the type of critical point which 
may be expected there will be considered 
next. Two general cases other than simple 
intersection of the loci of equations 14 and 
15 are pertinent; in the first, illustrated in 
Figures 6d and 6e, the loci are tangent to 
each other at a common point but do not 
intersect there. This gives rise to a double 
root. The second case, illustrated in Figure 
6f, is that in which the loci are tangent to 
each other and also intersect each other at 
the same point; then a triple root is present. 

The loci will be tangent to each other if 
they have the same slope (d623/d4,3) at a com- 
mon point; they cannot cross at the point 
of tangency if their curvatures (d75:3/d613") 
differ. With a perfectly general function 
the loci may not cross at the point of 
tangency even if the curvatures are equal, 
but for the function V, equality of curva- 
tures at the point of tangency may be as- 
sumed as sufficient to indicate crossing of 
the loci, The required derivatives may be 
obtained from equations 14 and 15 by im- 
plicit differentiation. It will be recalled 


Magnusson—Stability Cileulaitag 


that equations 14 and 15 were obtained by 
differentiation of equation 10 and applica- 
tion of equation 11. : 

The condition of equal slopes of the loci 
reduces to 


(—A/C) = (d623/dé13) = (— C/B) (38) 
Equation 38 then simplifies to 
AB=C? (39) 


_ The condition of equal curvatures of the 
loci reduces to 


— [D4+2E(—A/C)+ F(—A/C)?|(1/C) = 
(d*6z/d613") = 
—|E+2F(—A/C)+G(—4/C)|x 

(1/B) (40) 


Equation 39 may be substituted into equa- 
tion 40; the latter then reduces to 


D+3E(—A/C)+38F(—A/C)?-+ 
G(—A/C)*=0 (41) 


Equations.39 and 41 now are compared 
with equations 33, 34, and 35, and the fol- 
lowing conclusions may be drawn: if the 
loci of equations 14 and 15 are tangent at a 
common point, but do not intersect there, 
the function V will have an inflected surface 
with horizontal tangent plane there. If 
the loci of equations 14 and 15 are tangent 
at a common point and do cross each other 
there, the function V will have a minimax 
there. 


Practical Significance of 
Multiple-Root Critical Points 


The situations illustrated in Figures 6¢ 
and 6f are of no unusual significance in 
transient-stability problems. In the first 
case the inflected surface, with horizontal ~- 
tangent plane which exists at the point of 
tangency of the loci, is similar to Z,in equa- 
tion 37 at the origin; it has a higher value 
of V than does the minimax, and the latter 
therefore governs the stability limit. In 
Figure 6f the minimax at the cross-over _ 
tangency of the loci is the same as one which 
arises from the simple intersection of loci, 
as far as application of the transient-energy 
method is concerned. 

The inflected surface with horizontal 
tangent plane which is found in Figure 6d, 
which surface resembles Z, in equation 36 at 
the origin, is of considerable interest as a 
limiting case; it is a point of steady-state 
operation which has zero allowable tran- 
sient energy. In short, it is a steady-state 
dynamic power limit. 


References 


1, Erecrric Power Crrcurrs—VOoLUME 2, POWER 
System Srapiuity, O. G. C. Dahl. McGraw-Hill 
Book Company, New York, N. Y., 1938, pages 
391-412; 443-6; 622-5. 


2. System STABILITY AS A DESIGN PROBLEM, 
R. H. Park, E: H. Bancker. AIEE TRANSACTIONS, 
volume 48, 1929, pages 170-94. 


3. INTRODUCTION TO THEORETICAL PHYSICS 
(book), J. C. Slater, N. H. Frank, McGraw-Hill 
Book Company, New York, N. Y., 1933, pages 
89-57; 79-81. 


4. STABILITY OF THE GENERAL Two-MACHINE 
System, O. G. C. Dahl. ELectricaAL ENGINEERING. 
(AIEE Transactions), volume 54, February 1935, 
pages 185-8. 


. 


AIEE TRANSACTIONS 


. Fp 
@ r J ae 
- J < 
at 


5. Frest Report oN Power System STABILITY, 
ATEE subcommittee on interconnection and sta- 
bility factors. Execrricat ENGINEERING (AIEE 


TRANSACTIONS), volume 56, February 1937, pages 
261-82. 


6. ApvaNnceD Catcutus (book), F. S. Woods. 


Ginn and Company, New York, N. Y., 1934, pages 
91-3; 116-17. (Other texts on advanced calculus 
also have pertinent discussions.) 


Discussion 


J. G. Holm (Gibbs and Hill, Inc., New 
York, N. Y.): The author’s method of cal- 
culating transient stability is a new interpre- 
tation of the existing and widely used equal- 
area method. The new interpretation is 
quite complicated in the underlying theory 
and in its development. It is, in fact, more 
complicated than any already existing 
theory connected with the complex problem 
of system transient stability. The author, 
however, should be highly complimented 
for the conception and the clear and orderly 
exposition of the basic theory. 

The application of the proposed method 
is illustrated on two examples in the ad- 
vance copy. It is suggested that these be 
presented in a form less condensed and that 
the accompanying tables be expanded to in- 
clude all the steps required by calculation, 
so that the method could be applied to an 
actual case without unnecessary difficulties. 

The method proposed by the author ap- 
parently offers the same degree of accuracy 
as. the equal-area method on which it is 
based. This is another compliment to the 
author. In other attributes—simplicity, 
rapidity in obtaining results, and ability 
to foresee them—this method does not seem 
to the writer to present advantages over the 
existing methods. Should the author feel 
to the contrary, it would be desirable that 
the advantages of this method be pointed 
out, so that a stimulus may be given to its 
practical application. 


Edward W. Kimbark (Northwestern Uni- 
versity, Evanston, Ill.): The author has 
stated fairly both the advantages and limita- 
tions of the transient-energy method of cal- 
culating stability. In the field where it is 
applicable (at present, to the final transient 
of three machines connected through a pure- 
reactance network) the extent of its use will 
depend largely upon the amount of labor re- 
quired by this method in comparison to the 
amount required for computing swing 
curves. As the author has made check cal- 
culations by both methods, perhaps he can 
give us some information on the time re- 
quired for each. Such data preferably 
should relate to a compound transient. 

However, regardless of whether the new 
method ever will replace the old for every- 
day stability studies, it certainly provides 
stimulus for thought on the theory of 
transient stability. It raises a number of 
questions which cannot be investigated in 
the short time allowed for the preparation of 
a discussion. Perhaps the author can an- 
swer some of them. 

Figure 2 of the paper shows a graph of the 
potential energy of a 2-machine system as a 
function of the angle between rotors. (As 
this curve results from the integration of the 
difference between a sine wave and a con- 
stant, it is the sum of a cosine wave and a 
sloping straight line.) If this curve is 
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visualized as the profile of a roller-coaster 


track, the relative motion of the rotors can 
be imagined as the horizontal motion of a 
ball rolling on the track. Either the ball 
may be trapped in the valley, or it may have 
enough energy to carry it over the hump and 
then down with increasing speed through 
a series of ever-lower valleys. If trapped in 
the valley, it will eventually come to rest in 
the lowest spot, representing after-transient 
steady state. 

Figure 7 of the paper is a contour map of 
the potential energy of a 3-machine system 
as a function of two of the three differences 
of rotor angles. (First question: Is there 
some way of showing all three angles, obviat- 
ing the arbitrary choice of two? Triangular 
co-ordinates, which often are used to repre- 
sent various mixtures of three constituents, 
come to mind.) The map portrays a sur- 
face having the shape of a bow] or depression 
surrounded by hills in which thereis a notch, 
gap, or pass at elevation Vz. Again the 
relative motion of the rotors can be repre- 
sented by a ball rolling on the surface. 
Either the ball may be trapped in the bowl, 
or it may escape thence. If the ball has 
enough energy it can even escape by crossing 
a high hill, but if it has less energy it can 
escape only through the notch. 

Now here is the disturbing thing. The 
author assures us that any ball having 
energy exceeding Vz, no matter how 
slightly, eventually will find the gap and 
escape through it. It has been customary 
in transient-stability studies on multima- 
chine systems to test stability by the first 
swing. If the machines furthest apart in 
angular position reach a maximum separa- 
tion and then come toward one another, the 
system is judged stable. Seldom are the 
swing calculations carried out for many 
swings. Perhaps we have judged as stable 
systems which eventually would lose syn- 
chronism. This suggests the second ques- 
tion: If the transient energy slightly ex- 
ceeds Vz, what is the probability of loss of 
synchronism on the first swing? The 
answer obviously depends on the initial 
point on the potential surface of Figure 7. 
Where is this point for the example of the 
paper? This matter of the number of 
swings before loss of synchronism appears 
to deserve further study. 

Another point warranting further con- 
sideration than given in the paper is the 
possibility of including resistance in the net- 
work. As the author states, this has been 
accomplished for the 2-machine equal-area 
method. The surprising thing is that two 
machines connected through a network with 
resistance form a conservative system for 
transient energy. In other words, the re- 
sistance in the network does not cause 
damping of the swings. It appears reason- 
able that a similar conclusion might be 
reached for three or more machines. 

Finally, further study should be given 
to the evaluation of the potential function 
of a multimachine system by use of the a-c 
calculating board. 


Magnusson—Stability Calculation 


P.C. Magnusson: Kimbark’s first question 
suggests the use of nonorthogonal co- 
ordinates in which all three rotor-difference 
angles of the 3-machine problem would be 
shown. Such a co-ordinate set is sketched 
in Figure 1 of this discussion; this arrange- 
ment gives equal significance to all three 
angles instead of favoring two arbitrarily 
chosen independent angles. Contour plots 
in co-ordinates of this sort might better por- 
tray the transient-energy function than 
would orthogonal-co-ordinate plots such as 
Figure 7. 

The probability of loss of synchronism on 
the first swing, when the actual transient 
energy slightly exceeds the allowable, is the 
subject of Kimbark’s second question. A 
rigorous mathematical study of this prob- 
lem, while doubtless very complex, would be 
highly desirable. Comparable solutions, 
made by the rotor-motion and transient- 
energy methods, indicate that a small 
amount of excess transient energy suffices 
to cause loss of synchronism on the first 
swing. It should be noted that the as- 
sumptions made in this method (constant 
generated voltages behind constant tran- 
sient reactances, constant external torques, 
and-so forth) would be but roughly true 
after the elapse of the time required for 
two or three complete swings. 

As to the time and labor required for solv- 
ing a problem by the transient-energy 
method as compared with the rotor-motion 
(step-by-step) method, a question which 
was raised by both Holm and Kimbark, the 
only observation that can be made at 
present is that the two methods are com- 
parable. The excess (or deficit) of the actual 
transient energy over the allowable, or per- 
haps the ratio between those two quantities, 
might provide a good “common denomina- 
tor’’ in terms of which the effects of load 
increments and relay and circuit breaker 
speeds could be systematically summarized 
and compared. 


\ \ 
o° 45° 
Si3 


Figure 1. Nonorthogonal co-ordinates repre- 
senting rotor-difference angles 


513 = 532+ b28 
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The Magnetomotive Force of 2-Layer 
Windings of Rotating Machines 


J. M. STEIN 


Membership Application Pending 


Synopsis: The development of general 
equations for the magnetomotive force of 
2-layer windings depends upon the summa- 
tion of the magnetomotive forces of the indi- 
vidual conductors in the slots. By the use 
of unique methods of summation, it is pos- 
sible to derive equations for the winding 
factors of both integral and fractional slot 
windings without resorting to tabular or 
vector diagrams. The equations are de- 
veloped for any phase angle and may be ap- 
plied to 2-phase, 3-phase, 60- and 120-degree 
phase belts, or any other that represents a 
usable winding. 


HE 2-LAYER winding consists of as 

many coils as there are slots in the 
stator, the front coils sides forming the 
bottom layer while the rear coil sides form 
the top layer. In dealing with the prob- 
lem at hand, no reference will be made to 
the number of phases or the number of 
poles, as these are represented by the 
phase angle y and the order of the 
harmonics 7, respectively. The solution 
may be attained by using the following 
factors: 


S=number of stator slots 

g=number of groups 

¢=pitch of coils in mechanical degrees 

N=number of series conductors in a coil 
side 

J=maximum current in any conductor 

y =phase angle 


General Equation of 
Magnetomotive Force 


If we consider the magnetomotive 
force of a single conductor on a circum- 
ferential air gap, we see that it is repre- 


Paper 47-100, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE winter meeting, January 27-31, 1947. Manu- 
script submitted November 15, 1946; made avail- 
able for printing December 26, 1946. 

J. M. STEIN is with the Westinghouse Electric Cor- 
poration, Buffalo, N. Y. 
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sented as in Figure 1, with a developed 
representation asin Figure 2. If the con- 
ductor position is defined by y mechanical 
degrees from a zero reference point, we 
may express its magnetomotive force by 
the equation: 

5=*)- sin n(0—W) 


(1) 
Tn : 
where @ is the angular measure around the 
air gap. 

As there are NV series conductors per 
coil side and there is one coil side per slot 
in each layer of the winding, we may 
write for the magnetomotive force of the 
top layer: 

ne =S 
Tr =— ! 1 
Tm=1 


m 


peer =) (2) 
esd (eae 
n nN iS 


and for the bottom layer 


m=S 
T m=1 nn cS) 

where 7,, is the conductor current in the 
mth sloth of the top winding and, likewise, 
(in the opposite direction) the current in 
the other coil side. 

The total magnetomotive force of the 
winding then is given by 


m=8 
Soe - sin n( 0-72) - 


where Kp, is the pitch factor for the mth 
harmonic defined by 


(5) 


nd 
=tin — 
Ky, =sin > 
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Equation 4 represents the most general 
form of magnetomotive force, but has ‘no 
practical value unless the summation over 
mis carried out. 


Effect of Grouping 


In equation 4,7, is the current in the 
mth coil. If the coils are connected to- 
gether to form g groups and the current 
in the cth group is 7,, we may write the 


m=S8 
sum >, as two sums as in equation 6: 
m= 


Ss 
m= C- 


ON ai on : 
F=— ) >) Sy x 


Tn N o=l S 
: Ube A 


Performing the summation over m, we 
have 


c=9 
gan) keke: icX 


TES nm c=1 


cos r(0-[ ee-v541 8) (7) 


where K,, is the distribution factor de- 
fined by 


att 
gisin— 


Ka == 
Sie 
‘S 


(8) 


We thus have arrived at the distribu- 
tion factor without defining the nature of 
the current, that is, the phase angle y. 
From this, we see that the magnitudes of 
the harmonics in the magnetomotive 
forces are independent of the phase y and 
are defined completely by S, g, and ¢. 
The introduction of the phase angle 
determines the existence of the various 
harmonics. 


Effect of Phase Angle 


The phase angle may be introduced by 
defining the group currents as in equation 
Ge : 


(9) 


Introducing this into equation 7 re- 


ig=I sin (wo—[e—1] y) 
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sults in the magnetomotive force being 
completely defined by 


_ SNI 
a —» Amn Ky sin (n[@— a] + 
n 
wo +8) —Kyn sin (n[@—a] — 
wor e)} (10) 


‘where K,, and Ky, are the existence 
factors of the positive and negative 
sequences magnetomotive forces respec- 
tively. They are defined by 


Koy = 
et Ly 2am. 
Sh — 
Gere ane (11) 
and 
2 
- (74) 
g 
IKe a 
is 1 ge 
at 2 
age u (12) 


The angles, a, 8, €, are phase angles de- 
fining the relative position of the various 
harmonics and are defined by 


(13) 


The method of approach to equation 10 
necessitated summation over a range of 
integral values and therefore can repre- 
sent only integral slot windings. 

It should be understood that n=1 
corresponds to a 2-pole magnetomotive 
force, n=2 to a 4-pole magnetomotive 
force, and so on. 


Subslots 


In dealing with fractional slot windings 
we are confronted with a fractional value 


Figure 1. The magnetomotive force of a 
single conductor on a circumferential air 


gap 
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of the quotient S/g. We may surmount 
this difficulty by introducing the concept 
of subslots, which merely means dividing 
the angle between two slots into g groups, 
such that we may speak of having Sg 
subslots, which is divisible by the number 
of groups. 

When this concept is introduced into 
the previous development, equation 4 be- 
comes: 


This immediately would solve our 
problem, if we could express 7; in such a 
way that its value is zero for all values of 
kexcept 1, g+1,2g+1,mg+1. This can 
be effected by multiplying 7, by a factor 
n, defined by 


m=S—1 ts 
i —— 3 af sin ka sin (mg+l)ada 


(15) 


The introduction of this factor gives an 
analytical expression for the magneto- 
motive force, but results in extremely 
complex summation or integration and 
cannot be used to derive the winding and 
existence factors. 

If we permit all the 2, to be other than 
zero, we will derive a magnetomotive 
force which is not that of the actual frac- 
tional slot winding, but it is the sum of 
magnetomotive forces of the type sought. 
We will define this sum by &’ and write its 
equation: 


& SENIS Koni an 


Tv n n 


fe ‘en 
s Kid 


where the primed factors are defined by: 


- (n[@—a’] — w+ 8’) \ (16) 
sin (n[6— a’ ]—apo;+ €’) 


K' pn = Kon" ) 


(17) 


If we define the magnetomotive force 
sought by equation 18, we may proceed to 
find its relation with equation 16: 


F=DilAn sin (n[0—u] +eoe+0)+ 


By sin (n[@—u] —wy+w)] (18) 
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Superimposed Fractional 
Slot Windings 


It can be shown, by superimposing 
fractional slot windings of the same group- 
ing and displacing them from each other 
in a definite way, that the resultant 
magnetomotive force is the same as that 
expressed by equation 16. This is derived 
in Appendix I and results in the following 
relation: 


m=5—1 k= E-1 


‘=>, doa m, ou ty | 
gS : 


m=0 


=) Koal 45, Ross sin (n]@—u’| + 
n 


wo tv’) +ByK gn sin (n[@—u'] — 


ao, +w’)| (19) 
where 
_ Orn 
aS 
~ g 
Kon =- 
_ 7M 
Sie 
gS 
. £ (200 
sin —_— 
K Pi 25\ g z 
ae ly oat 
sin =| ——— 
. I ABS a 
g [20n 
i 20 
sin ml 7) (20) 
Kgn= 


and 6is the greatest common divisor of S 
and g. 


Magnetomotive Force of 
Fractional Slot Windings 


Equating 16 and 19, we get 
SgNI Kak ans en 


= 21 

Sek imiaecs spe ae (21) 
SIN Me gy ere a 

pee g ae dn*\ fn (22) 
vw nK gnK gn 

Figure 2. The magnetomotive force of a 


conductor on a circumferential air 
gap as a linear development 
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Combining these factors, we may write 
equation 18 as follows: 


SNIRK 
Fas —>, pm KonKans x sin (n[@—u] + 


r on n 
on tv) —Kyy sin (n[@—u] — 
wut+w)} (23) 
in which the factors are defined by: 
ie . np : 
Kon = sin 2 (equation 5) 
6 sin — 
Kan= (24) 
7 
a site 
gS 
: ee ) 
Sh eae! 
Ken= —Af_/. (25) 
_ gf 20n 
ONS es ry, 
a g ) 
2 
- e724) 
Kjn =~ (26) 
& 


These factors become identical with 
equations 8, 11, and 12 when 6=g, which 
represents an integral slot winding. The 
form of equations 25 and 26 suggests the 
presence of subharmonics in some wind- 
ings, which is known to be possible. The 
form of equation 23 includes the negative 
sequence, and the existence factor Ky, if 
not equal to zero for the fundamental 
indicates an unbalanced and impractical 
winding. 


Conclusion 


The foregoing analysis has resulted in 
simple expressions for the magnetomotive 
force of all types of 2-layer windings and 
should prove useful in developing expres- 
sions for magnitude of vibration, parasitic 
torque, and differential leakage. 


Appendix | 


The superimposing of a number of mag- 
netomotive forces of a given type of frac- 
tional slot winding results in a magneto- 
motive force which defines an integral slot 
winding on a subslot basis. This may be 
illustrated by taking the simple case of 
S=5, g=4. The number of subslots is 20. 
Table I shows the layout of such a winding. 

All four of these windings have the same 
2-1-1-1 grouping, but are displaced succes- 


Slot 


Subslot Lia) 2°13 


4 5 


11 ]12|13 |14|15 |16 |17/18)|19 |20 


Winding |] e e 


Winding 2 e ° 


Winding 3 ° e 


Winding 4 = 


Group 1 


Table Il 


Slot 1 2 3 


Subslot 


-_ 
iS) 
w 
> 
on 
an 
x 
ies} 
vo) 


SSS 


4 5 6 
13 | 14/15] 16 


12 17 |18 | 19 | 20 | 21 | 22 | 23 


Wdgil | ° e ° 


Wdg 2 - e e 


Wdg 3 4 ° e 


Wdg 4 2 = 


Group ' 1 2 


Wdg= Winding 


sively by a complete group. Together all 
the subslots are carrying current and repre- 
sent an integral slot winding. The total 
magnetomotive force of the four windings 
may be expressed by 


k=3 


fe) Sho! sin 


n k=0 


20n 
(set 22 9) 
(27) 


This is a case where S and g do not have 
a common denominator. To show the 
effect of a common division, we take the 
simple case of S=6, g=4, the number of 
subslots being 24. Table II shows the 
layout of such a winding. 

All four of these windings have the same 
2-1-2-1 grouping, but are displaced in two 
different manners, the first by groups and 
the second by subslots. The total magneto- 
motive force of the four windings may be 
expressed by 


m=1k=1 
=>) >) DY An sin (n0-+ 00 
n m=0k=0 
2nnk 2 
ee hy —21) (28) 
g gS 


By an extension of this reasoning, we 
may write for the general case: 


g 
=-—] 
m=65-—1 % 6 


ODOR ee) Speer oe ic 
n m=0 k=0 
on by —2u) (29) 
g gS 


where S is the greatest common division 
of Sand g. 


Appendix II. Useful Summation 
Formulas 


In the treatment of windings with dis- 
tributed conductors, it is often necessary to 
find the sum of many terms involving the 
trigonometric functions. The prototype of 
these sums is 


n=b 
yt = 


n=a 


ee ee ieee 
sin (£/2) 
(30) 


Resolving this expression into its real and 
ae parts, we have the two formulas: 


n=b 


_sin [b—a+1] (€/2) 
co nee an (G2) 
cos [b+a](£/2) (31) 
n=b 
sin [b—a-+1](€/2) 
Pe Oe ae 
sin [b+a](&/2) (32) 


If we include a constant displacement ¢, 
two formulas result which are the basis of all 
the computation made in this paper: 


ee a cr eS SS 
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No Discussion 
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— sin [b—a+1] (é/2) 
2. cos (ué+8)= "gay * 
cos [(b+a)(£/2)+¢] (33) 
n=b 5 
: _ sin [b—a+1](E/2) 
ODE Abram I TIO I 
sin [(b+a)(£/2)+¢] (34) 
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Dynamic Brush Characteristics by 
the Dynamotor Method 


C. J. HERMAN 


ASSOCIATE AIEE 


HES APPLICATION —of ~ carbon 

brushes to electric machines generally 
involves a long process of trial and error. 
Design and manufacturing variables in 
the machines combine with the relatively 
unknown performance characteristics of 
the brushes themselves to create most of 
the complex problems of brush appli- 
cation. To improve the accuracy and 
speed of brush application engineering, 
as needed during the second World War, it 
was necessary to determine the dynamic 
characteristics of the brushes more com- 
pletely than had been done before. 

A dynamotor test method was de- 
veloped to measure “friction and contact 
drop versus brush face temperatures” 
accurately over wide ranges of operating 
conditions. Nearly three year’s usage of 
data obtained by this method has shown 
that it provides dependable information 
for applying brushes to machines, and for 
analyzing many of the difficulties en- 
countered. These data are especially 
useful in indicating where trouble may be 
experienced in the application of new 
brush materials. 

When the characteristic data have been 
coupled with past experience, it has been 
possible to predict, with a fair degree of 
accuracy, which brushes will ride well 
over a broad range of operating con- 
ditions with several different types of 
brush holders. The contact drop char- 
acteristics have proved to match very 


Paper 47-113, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
January 30, 1947; made available for printing 
April 2, 1947. 


C. J. HERMAN is with the fractional horsepower di- 
vision, General Electric Company, Fort Wayne, 
Ind. 


The author acknowledges the assistance of W. R. 
Goss, and A. B. Ray, both of the General Electric 
Company. 


1947, VOLUME 66 


closely those obtained on several different 
designs of good commutating machines. 
The indicated variations of contact drop 
with temperature have been used many 
times to explain reasonably changes in the 
operating characteristics of several types 
of machines which are sensitive to contact 
drop. 


Why Take Characteristics 
by the Dynamotor Method? 


The purpose of this paper is to discuss 
the dynamotor method for measuring 
dynamic brush characteristics and to sug- 
gest that this technique represents a very 
useful advance in the search for better 
brush application data. Developed dur- 
ing the war to meet the needs for quick 
answers, the dynamotor method has 
given dependable brush application data 
on more than a hundred designs of small 
a-c and d-c machines, ranging from 6 
watts to 4 horsepower, and from 1,725 
to 15,000 rpm. The method has saved 
time, has permitted a broad range of 
applications with limited testing, and has 
seemed to give a new sense of direction to 
the problems of brush application and 
brushholder design. 

Brush characteristics may be divided 
into two distinct categories: 


1. Physical or static properties. Those of 
most general interest are: hardness, specific 
gravity, porosity, elasticity or resiliency, 
ratio of cross to direct resistance, specific 
resistance, transverse strength. 


2. Dynamic characteristics. These proper- 
ties of greatest interest to the motor de- 
signer include contact drop, friction,- and 
riding ability. 


Using dynamotor test apparatus, we 
easily can measure contact drop and fric- 


tional properties of the brush films laid 
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down on specific metallic surfaces during 
actual or simulated operating condition. 

The ability of the brush to ride well on 
collecting surfaces, when mounted in 
specific types of brushholders, is probably 
the most important and the least easily 
measured attribute. Riding ability ap- 
pears to depend upon hardness and resili- 
ency as well as the frictional character- 
istics of the brush. It has been possible 
to establish a useful series of empirical 
measurements of riding ability by use of a 
lightweight probe held in the hand with 
only the weight of the probe resting on the 
brush in the dynamotor. 

Measurements of physical properties 
are extremely valuable to the brush manu- 
facturer in controlling the uniformity of 
his product. The techniques for making 
these measurements have been well de- 
veloped by the various manufacturers, 
and efforts toward standardized methods 
of measurement have advanced rapidly 
since the war. Although useful to the 
designer, these data often fail to help the 
application and design engineers predict 
how to apply the brush to the machine. 
There is a need for the better dynamic 
characteristics data which the dynamotor 
method provides. 

Dynamic brush characteristics have 
been taken on 12 resin-bonded, 11 metal- 
graphite, 1 graphite, and 27 electro- 
graphitic grades covering a field of the 
widely used brushes from eight brush 
manufacturers. Several years operating 
experience have been obtained with 23 of 
these grades. Many peculiar problems of 
brush operation have been explained 
reasonably by observed peculiarities in 
the dynamic brush characteristics. It 
appears that considerable trial and error 
can be avoided if these characteristic data 
are used properly when the original brush 
application is made. ~ 


Why Consider Temperature 
the Most Significant Variable? 


On many designs, the author has no- 
ticed large changes in the performance of 
machines, apparently caused by pro- 
nounced changes in the friction and con- 
tact drop characteristics of brush and 
commutator films. The general sense of 


759 


Figure 1. 


Brush testing dynamotor with auxiliary ventilation system and associated test. 


equipment 


these observations has pointed toward 
temperature of the brushes as the primary 
variable. 

Whenever machines operated over wide 
ranges of temperature, two predominant 
difficulties were experienced with several 
grades of brushes on many different de- 
signs as follows: 


1. Brushes would not ride well over the 
temperature range; as evidenced by chat- 
ter noise or marking on the brushes, or by 
measured vibration. 


2. Brush and commutator films underwent 
large changes in contact drop; as evidenced 
by machine changes in output voltage, speed, 
commutation, stability, and other perform- 
ance characteristics. 


Several years of work were directed to- 
ward obtaining the best possible data 
concerning changes in friction, contact 
drop, and riding ability versus brush-face 
temperatures. The most useful curves 
were those taken with constant machine 
ventilation using variable current density 
to produce the desired brush face tem- 
peratures. The ventilation of the test 
apparatus was adjusted initially, so that 
average design practices were met as re- 
gards current densities over the 80 to 
105 degrees centigrade usual tempera- 
ture range of continuous-duty apparatus. 
Curves were extended rom zero to very 
high current densities to determine limit- 
ing conditions for safe operation of 
brushes well beyond conventional design 
practices. 


760 


Curves also were taken at constant cur- 
rent density using variable ventilation of 
the test apparatus to produce the desired 
brush face temperatures. The current 
density selected was usually the maximum 
suggested by the brush manufacturer or 
established by general design practice. 
The purpose of these curves was to help 
prove that temperature rather than cur- 
rent density was the primary variable 
affecting brush characteristics except for 
the very special conditions of 


1. Zero current density. 


2. Very high current densities of approxi- 
mately 150 per cent or more of the normal 
brush rating. 


Agreement of Typical Curves With 
Actual Experience on Machines 


CaseT. Medium commutating-ability elec- 
trographitic brush; grade A; both variable 
and constant current density; see Figure 4. 


For this brush, contact drop and fric- 
tion change sharply at 90 to 95 degrees 
centigrade as may be noted in curves for 
both variable and constant current den- 
sity conditions. On a number of large 
industrial machines, it was necessary to 
increase the ventilation to hold brush 
temperatures below 90 degrees centi- 
grade to obtain satisfactory performance. 


Case II. High commutating-ability elec- 
trographitic brushes; grades B and C; vari- 
able current density; Figure 5. Grades Band 
C; constant current density; Figure 6. 
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BRUSH TEST 
DYNAMOTOR 


POWER SUPPLY DYNAMOTOR 


@ D.C.SOURCE 9 
OURGE 


Os 


Circuit for determining dynamic 
brush characteristics 


Figure 2. 


* Resistance of 1,000 ohms per volt, so that volt- 

meter will carry a minimum amount of current. 

The ventilation of the test dynamotor is ob- 

tained by use of a vacuum sweeper or similar 

blower operated from an adjustable voltage 
supply 


These are two of the widely used 
brushes on large industrial apparatus, and 
they have been reported to have almost 
identical black band characteristics on large 
machines. Thesimilarity of contact drop 
curves B and C suggests why this should 
be so, and also suggests that the com- 
mutating ability of a brush is governed 
primarily by its contact drop character- 
istics over a wide range of temperatures if it 
rides well throughout the range. 

Grade B has been reported to give some 
riding trouble when lightly loaded. The 
characteristic curves show that this brush 
develops relatively high friction when at 
low temperatures and lightly loaded. 


Case III. High-commutating ability elec- 
trographitic brush; grade C; variable cur- 
rent density; see Figure 7. 


Figure 7 is a repeat of Figure 5, with 
grade C only, taken three weeks later and 
showing ‘“‘hysteresis’’ effects of brush 
films when going through cycles of ascend- 
ing and descending current densities. 


Case IV. Resin-bonded graphite brush; 
grade D; variable current density; see 
Figure 8. 


This was used on a machine very sensi- 
tive on commutation and on brush friction 
due to a particular type of brush mecha- 
nism. Curve D shows the grade as 
first used with very unsatisfactory results. 
Curve DT shows the greatly improved 
frictional and contact drop character- 
istics produced by an impregnation proc- 
ess over the usual 75 to 105 degree op- 
erating range. Brushes as per curve DT 
gave excellent riding and commutating 
performance on the application. The 
measured changes in dynamic character- 
istics indicate why the impregnated brush 
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was superior to the conventional material. 


Case V. Metal graphite brushes, medium 
copper content; grades E and F; variable 
current density; see Figure 9. Grade F; 
constant current density; see Figure 10. 


This was a case of very difficult com- 
mutation conditions, particularly on the 
severe overloads encountered on certain 
designs of low-voltage high-speed aircraft 
equipment. 

The sharply rising contact drop char- 
acteristics of grade F and its higher drop 
at high temperatures suggest why it gave 
life of two to four times that of grade E. 


Appendix |. Considerations 
Governing the Design of 
Suitable Test Apparatus 


Brush characteristics data generally are 
taken on one of two basically different types 
of test equipment as follows: 


1. Slip rings (using either d-c or a-c power). 
2. Commutators (on commutating machines). 


The complexities of brush behavior are 
such that neither type of test provides en- 
tirely adequate application data for the 
design engineer. If brush characteristics 
are to be taken by only one type of test, ex- 
perience has indicated that the most gen- 
erally applicable data are those obtained on 
a suitably designed commutating machine, 
rather than on slip rings. There is consider- 
able data to show that brushes form films on 
rings very different from those on commutat- 
ing machines. Therefore, to cover accu- 
rately both ring and commutator applica- 
tions, brush characteristics should be taken 
on both’types of apparatus. 

The majority of brush applications in- 
volve the operation of brushes on commuta- 
tors. It generally is believed that brush 
films are affected markedly by the short-cir- 
cuit conditions of commutation. It does 
not appear practical to attempt to duplicate 
the effects of short-circuit conditions on slip 
ring or dummy commutator apparatus. 

The basic design of test machine in- 
herently should promote the best commutat- 
ing conditions possible on d-c apparatus, so 
that the following requirements are met: 


1. The commutating ability of the brush must not 
be an important factor in the successful operation 
of this apparatus. ‘“‘Black,’’ or non-sparking, com- 
mutation should prevail throughout the range of 
test conditions, even when the lowest-drop lowest- 
cross-resistance brushes commercially available are 
being tested. 


2. There must be widely accepted design agree- 
ment that this type of apparatus does not involve 
controversial commutation conditions. 


Many conventional 2-pole d-c-to-d-c radio 
dynamotors which operate on 14-to-28-volts 
input meet these requirements on the low 
voltage end of the machines. Therefore, it 
is proposed that brush characteristics data 
be taken on the low voltage end of dyna- 
motors having the following general range of 
design features: 


1. Speed between 5,000 and 10,000 rpm. 
2. Commutator diameters. 


(a). Low voltage is 11/2 to 3 inches. 
(6). High voltage is 2 to 3 inches. 
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3. Commutator materials: Silver-bearing lake 
copper is preferred because it is probably the most 
commonly used commutator bar material. 


4. Winding: 2-pole, noninterpole, shunt or com- 
pound wound. Separate shunt excitation is desir- 
able for test purposes. 


5. Ventilation: Air flow past low voltage brushes 
and commutator should be approximately constant 
for all conditions of testing. It should be possible 
to secure the desired ranges of temperatures on the 
low voltage end by cooling the armature from the 
high voltage end. If used in altitude chamber 
tests, it must be highly ventilated by fan or other 
means; or, if- nonventilated, commutators and 
brushes must be well exposed to the chamber air. 


6. Ratio of transformation: This is not important 
for life tests, but for contact drop and friction meas- 
urements, the ratio of output to input voltage 
should be more than ten to one. Good results have 
been obtained between 40 and 80 to 1. 


7. Type of brushholder: Radial cartridge type 
generally are used on this apparatus. They are sug- 
gested to be satisfactory for these tests, because 
most of the brush grades widely used on large and 
small machines will ride satisfactorily in these 
holders. Any holder which does not promote chatter 
of the grade to be tested may be used. It is recog- 
nized that all grades of brushes can not be used in 
only one type of holder. 


8. Bearings and bearing loading: Use ball bear. 
ings, but apply finger-spring loading to eliminate 
radial looseness and thereby reduce dynamic com- 
mutator runout to the minimum. 


9. Brush pressure: Initial pressure should fall 
within the 4 to 6 pounds per square inch widely used 
on small apparatus. It is suggested that 4.5 pounds 
initial and 3 pounds worn pressure be adopted for 
these tests. Characteristics may be taken at any 
other pressure desired, such as 2.5 often used on 
large apparatus. 

Dynamotors similar to the 350-watt 14/- 
1,000- or 28/1,000-volt type widely used on 
B17 and B24 airplanes meet these require- 
ments, except that the output winding pref- 
erably should be changed to 500 volts or less 


Figure 3. Typical 
test data 


For each value of 
Lry, all readings 
are recorded on 
horizontal lines 


Figure 4 (below). Grade A brush material 
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for safer and more reliable test conditions. 
Dynamotors appreciably smaller than the 
350-watt types may not produce high 
enough brush temperatures and peripheral 
speeds to cause film breakdown of non-alti- 
tude-protected brushes. 


Appendix II. General Test 
Procedure 


The brushes to be tested are installed on 
the low voltage end of a test dynamotor. 
Contact drop ‘and friction characteristics 
are taken by two methods over a brush tem- 
perature range of approximately 50 to 150 
degrees centigrade. 

1. Dynamotor ventilation is maintained constant, 


and the load (current-density) is varied to produce 
the desired brush-face temperatures. 


2. Current density is maintained constant, and 
dynamotor ventilation is varied to produce the de- 
sired brush-face temperatures. 


Before and after each test run, readings 
are then at zero current density (which is a 
particularly important test point). The 
zero density readings give valuable check 
results upon the accuracy of the test meth- 
ods. They also provide excellent indications 
of the filming characteristics of the brush, 
and of the degree to which the brush face 
undergoes permanent change. Some brushes 
repeat filming characteristics very closely 
time after time—others change markedly 
after once being subjected to high tempera- 
tures and high current densities. 

An endeavor has been made to establish 
an exact sequence of test conditions which 


Figure 5(below). GradesBand Cbrush materials 
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will simulate closely the ranges of conditions 
actually encountered on good commutating 
machines. 


Exact Sequence of Test 


VARIABLE CURRENT DENSITY—CONSTANT 
VENTILATION CONDITIONS FOR TEST 
DYNAMOTOR 


Sand Low Voltage Brushes to Fit. 


Clean the Low Voltage Commutator. Al- 
ways begin test runs with a clean (film-free), 
true commutator surface. 


Zero Current Density Point (Before the 
Brushes Ever Have Been Loaded). Drive 
from high voltage side. Noload on low volt- 
age side except voltmeter. Operate 15 to 
25 hours before taking readings. 


First Load Point. Drive from low 
voltage side. No load on high voltage side 
except voltmeter. Operate at least two 
hours (preferably three) before taking read- 
ings. This condition gives the lowest pos- 
sible current density when driving from low 
voltage end, and usually results in about 
70 degrees centigrade at the brush face. 


Other ‘Increasing Current-Density” Load 
Points. Drive from low voltage side. 
Adjust resistance load on high voltage side 
for adequate load to cause the desired brush 
temperatures. : 

To progress from one load point to the 
next higher value, immediately increase the 
load to slightly less than the estimated value 
(from test experience). Check brush tem- 
perature at about 15-minute intervals. If 
temperature is approximately 3 to 5 degrees 
centigrade lower than the desired test value 
at end of 1/2 hour, slightly increase load. 

It generally will take 3/4 to 1 hour for the 
brush temperature to level within 2 or 3 
degrees centigrade of the desired test value. 
Then operate 1 to 3 additional hours at ap- 
proximately equilibrium conditions before 
taking readings. 


COEFFICIENT OF FRICTION 


GONTAGT VOLTS DROP-SUM OF POSITIVE AND NEGATIVE 


BRUSH TEMPERATURE IN°C (I/32°FROM FACE) 


Grades B and C brush mate- 


rials 


Figure 6. 


Constant current density of 60 amperes per 
: square inch 
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The preferred temperature steps in de- 
grees centigrade: 80, 90, 100, 110, 125, 150. 


Recheck of Zero Current-Density Point. 
If ‘“‘decreasing current-density”’ load points 
are not desired, drive from high voltage side 
with no load on low voltage side except volt- 
meter for 15 to 25 hours before reading. 


Alternate for the Preceding Step. If 
“decreasing current-density” load points aré 
desired: Progress from one load point to the 
next lower value by immediately decreasing 
the load to slightly above the value previ- 
ously determined during the ‘increasing 
current-density”? test—for the desired test 
temperature. Check brush temperatures at 
about 15-minute intervals. If temperature 
is approximately 3 to 5 degrees centigrade 
high at end of 1/2 hour, slightly decrease the 
load. Then operate 1 to 3 hours more at 
approximately equilibrium temperatures be- 
fore taking readings. 

The preferred temperatures in degrees 
centigrade are (repeat 150 degrees centi- 
grade again only if shutdown occurred after 
test for “increasing current-density’’ load 
points): 


1. 125 
2. 100 


3. Approximately 70 (Drive from low voltage side, 
no load on high voltage). 


4. Approximately 50 (Drive from high voltage 
side, no load on low voltage except voltmeter. 
Operate 15 to 25 Hours before taking readings). 


If overnight shutdown is necessary during 
this test, operate at the next desired brush 
temperature at least 3 hours before taking 
readings. 


CoNSTANT CURRENT DENSITY—VARIABLE 
VENTILATION CONDITIONS FOR TEST 
DYNAMOTOR (BUT APPROXIMATELY 
CONSTANT VENTILATION CONDITIONS 
AROUND THE Low VOLTAGE BRUSHES) 


Raise Low Voltage Brushes. Film on 


pace 
Mh 
ad 
2 
u 
he 


CURRENT DENSITY IN AMPS./SQ.INCH 


® GOEFFIGIENT OF FRICTION 


0 60 70 80 90 100 110 120 130 140 150 
BRUSH TEMPERATURE IN°G(1/32"FROM FACE) 


Figure 7. Grade C brush material, showing the 

“thysteresis effect” when current density is in- 

creased from 0 to 135 amperes per square inch 
and then decreased to 0 
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COEFFICIENT OF FRICTION 
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brush faces must not be touched or removed. 


Clean the Low Voltage Commutator Only. 
Remove all film in brush track by sanding 
carefully with a U-shaped band of 4/0 or 
finer dry-type sandpaper. Drive from high 
voltage end at about 2,500 rpm for this 
sanding operation. Blow out all dust with 
clean air. 


Zero Current Density Point. Lower low 
voltage brushes in place. Drive from high 
voltage side. No load on low voltage side 
except voltmeter. Operate 15 to 25 hours 
before taking readings. 


Constant Current-Density Variable-Tem- 
perature Points. 1. Drive from low volt- 
age side. Adjust resistance load on high. 
voltage side to give the desired current- 
density on low voltage side. During the 
entire test run, make slight resistance ad- 
justment as necessary to maintain constant 
input current on low voltage side. 

2. First temperature point: Use all 
ventilation available to cool the armature 
from the high voltage end. Also direct a 
stream of clean air against the stator, but 
use a baffle to protect low voltage brushes 
from direct air blast. 


Operate at least 3 hours before taking 
readings. This first temperature point 
usually will be from 85 to 90 degrees centi- 
grade. , 

The preferred temperature steps in de- 
grees centigrade are: 85 to 95, 100, 110, 
125; 150: 

To progress from one temperature point 
to the next higher value, reduce the ventila- 
tion as necessary. Operate 2 to 3 hours at 
approximately equilibrium conditions at 
each temperature point before taking read- 
ings. 


Recheck of Zero Current Density Point. 
Drive from high voltage side. No load on 
low voltage side except voltmeter. Operate 
15 to 25 hours before taking readings. 


CONTACT VOLTS DROP- SUM OF POSITIVE AND NEGATIVE 


Se) 8 of 


50 O 10 120 0 50 
BRUSH TEMPERATURE IN °C(I/ 32"FROM FACE) 


Figure 8. Grade D and DT (treated) brush 
material 


Variable current density from O to 125 am- 
peres per square inch 
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TAGT VOLTS DROP - SUM OF POSITIVE AND NEGATIVE 


COEFFICIENT OF FRICTION 
to 


860 90 100 110 120 130 140 150 
Brush TEMPERATURE IN°C(I/32°FROM FACE) 


Figure 9. Grades E and F brush materials 


Variable current density from O to approxi- 
mately 200 amperes per square inch 


General Test Conditions 


1. To seat the low voltage brushes: 
Sand brushes to fit roughly the commutator 
using arbor and sandpaper. Drive dyna- 
motor from high voltage end at about 2,500 
rpm, clean low voltage commutator lightly 
with pumice stone to remove film, then in- 
stall low voltage brushes and use additional 
pumice to seat brushes for 80 per cent or 
more face area. Clean the dynamotor 
thoroughly with air blast, and lightly wipe 
the commutator with a clean cloth. 

Raise the low voltage brushes. Finally 
clean and polish commutator surface with a 
U-shaped piece of 4/0 or finer dry-type sand- 
paper. 

Check spring pressures on brushes. Mark 
and maintain the rotational position of 
brush springs with respect to brushes. 

2. On new armatures used for the first 
time, commutators should be diamond- 
turned (or equivalent) to give surfaces hav- 
ing a high quality of true eccentricity. 


COEFFICIENT OF FRICTION 


@ 
GONTAGT VOLTS DROP- SUM OF POSITIVE AND NEGATIVE 


120 130 140 150 
BrusH TEMPERATURE IN°C(I/32"F ROM FACE) 


Figure 10. Grade F brush material 


Constant current density of 100 amperes per 
square inch 


(a). Commutator eccentricity: With armature ro- 
tated on its own bearings, gauge runout should not 
exceed 0.0006 inch, and bar-to-bar offsets should not 
exceed 0.0001 inch. 


(bv). Asa further check on eccentricity, a uniform 
brush film must extend completely across all bars 
peripherally, after the zero current density test 
runs. 


3. Brush faces and commutator surfaces 
in the brush track must not be touched 
during the test runs. 

4. Brushes must be seated 100 per cent 
before test readings are begun. 

5. Test dynamotor must be supplied 
from an extremely high-quality stable d-c 
power source. 

6. Use suitable power sources and 
double-throw switching arrangement, so 
that the power input can be switched very 
quickly to either the low voltage or high 
voltage sides of the dynamotor. 

7. Use 41/, pounds per square inch brush 
pressure, unless other pressures are wanted. 
Carefully check brush springs at beginning 
of tests and end of the last test run. 


8. Maintain constant peripheral speed 
at all times. Keep speed within 5,000 rpm 
plus or minus 100 rpm by adjusting the 
input armature volts. Maintain constant 
shunt field current at all times equal to 2.10 
amperes. 

9. Precise readings of input volts and 
amperes, output volts and amperes, and low 
and high voltage armature resistances suita- 
ble for contact drop calculations are required. 
Sum of meter plus meter reading errors on 
low voltage voltmeter must not exceed plus 
or minus 0.05 volt. 


Typical Calculation Formulas 


Friction watts=EyylIzy (with low voltage 
brushes in and J;y=0) —Enylay 
(with low voltage brushes out). 


Brush contact drop (sum of plus and minus). 


1. With Power Applied to the Low Voltage 
End. 


Brush drop=E,;y—(Ezy counter electro- 
motive force+J;yRzy) 
E,y counter electromotive force= 
Eny+InvRuvy+HV brush drop 


b PEL. Phi a 
ratio of LV armature winding turns 


Normally “high voltage brush drop’’ may 
be disregarded, because it is too small (when 
compared with the high voltage output or 
input) to affect the calculated brush drop 
materially. 

Then 


Ezy counter electromotive force = 
Exv+InvRav 


; HV ee 
ratio of Lv armature winding turns 


2. With Power Applied to the High Voltage 
End. (I,y=approximately 10 milliamperes 
taken by a 1,000 ohms/volt voltmeter) 


Brush drop= 
Ez;y counter electromotive force 
— Ezy 

Ez,y counter electromotive force= 


Eny —InvRuy 


: iV an 
ratio of iv armature winding turns 
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No Discussion 
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Data on the High-Frequency Resistance 
of Coils 


W. F. WITZIG 


ASSOCIATE AIEE 


Synopsis: The high frequency resistance of 
several coils was measured. An approxi- 
mate method is derived to determine coil 
resistance for coils wound with flat strap. 
A short empirical method for obtaining coil 
resistance for coils wound with tubing also 
is shown. Factors affecting coil resist- 
ance are discussed. 


INCE the introduction of commercial 

induction and dielectric heating the 
coil components in high-power high-fre- 
quency equipment have been re-exam- 
ined. The purpose of this examination 
was to reveal a simple method to deter- 
mine the resistance of a coil at frequen- 
cies above power frequencies. 

In the design of oscillators and in- 
duction heating coils the engineer must 
deal with high frequency resistance. Be- 
cause of the power requirements the coils 
used in this application are made from 
copper tubing. The coils are generally 
air cored, having a pitch equal to about 
two tubing diameters. Coil lengths and 
diameters cover a large range. A few 
coils in the field just described were ex- 
amined in the following investigation. 

In this paper the resistance of coils 
wound with tubing is compared to the re- 
sistance of this tubing when it is straight 
and isolated. An empirical constant re- 
lating the two resistances is shown in the 
various figures for some common coil 
Paper 47-122, recommended by the AIEE commit- 
tee on industrial power applications for presenta- 
tion at the AIEE summer general meeting, Mon- 
treal, Quebec, Canada, June 9-13, 1947. Manu- 


script submitted November 13, 1946; made avail- 
able for printing April 8, 1947. 


W. F. Witzic is research engineer in the electro- 
physics department of the Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 


The author wishes to express his gratitude to R. M. 
Baker for many helpful discussions on this work. 
Part of this work was submitted to the graduate 
school of the University of Pittsburgh in partial 
fulfillment of the requirements for the degree of 
master of science in June 1944. 
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shapes. The resistance of a coil wound 
with flat strap is compared with an ap- 
proximate formula for strap coils. With 
the aid of the figures the resistance of a 
coil similar to those tested can be ap- 
proximated. 


Description of Coils Tested 


Table I gives a detailed description of 
the dimensions and geometry of the coils 
tested. All but two of the eight original 
coils were wound with 1/4-inch outside 
diameter commercial copper tubing. The 


nominal wall thickness of the 1/4-inch 


tubing was 0.035inch. Exceptions to this 
were coils G and H. Coil G was made 
twice as big as coil F to test for similitude 
in the resistance measurements. In order 
to do this coil G was wound with 1/2-inch- 
outside-diameter commercial copper tub- 
ing with a nominal wall thickness of 0.049 
inch. Coil H was wound with copper 
strap and had the same dimensions as 
coil A. With this arrangement tubing 
and strap could be compared as coil con- 
ductors. The copper strap used in coil H 
was 0.258 inch wide and 0.0625 inch thick 
and was cooled by 3/16-inch coppertubing 
soldered to its back. Figure 1A shows 
some of the coils tested. 


Resistance Measurements 


At the lower frequencies, below 15 kc, 
an inductor generator supplied sufficient 
power for measuring purposes. 

Above 15 ke a Hartley type oscillator 
employing a type 889 water-cooled triode 
was the source of power. The oscillator 
was loaded by placing the coil under test 
in the ground side of the inductive branch 
of the oscillator tank circuit. With the 
availableequipment, frequencies in the 40- 
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to-500-ke range were obtained conven- 
iently. 

To calculate the coil resistance three 
measurements were required: the cur- 
rent through the coil, the frequency of the 
current, and the power lost in the coil due 
to the passage of the current. For the 
first two measurements a thermocouple 
type ammeter and a wave meter were 
used. Power lost in the coil was deter- 
mined by the heating of water circulated 
inside the tubing of the coil. After ther- 
mal equilibrium of the water and coil was 
established, the temperature rise of the 
water and the rate of water flow were ob- 
tained. Temperatures were measured by 
mercury in glass thermometers and the 
rate of water flow by a calibrated Venturi 
section. The power input to the cooling 
water, W,, can be found by using the 
formula . 


Wr=4.19X VX AOXh, (1) 
where 


Wr =power input to the water, watts 

V=water flow, grams per second’ 

A@=temperature rise of the cooling water, 
degrees centigrade 

h,=specific heat of water, one calorie per 
gram per degree centigrade 


Because the coil would not always be at 
room temperature, a correction for the 
power lost to or absorbed from the room 
was made on the power input to the cool- 
ing water. With the corrected power loss 
due to the high frequency current, the 
total resistance of the coil, R;, can be cal- 
culated by 


W, / 
Rr= a (2) 
where 


Rr=total resistance of the coil (including. 
leads to coil proper), ohms 

T=high frequency current in the coil, ritis 
amperes 

W,=corrected power loss in coil due to high 
frequency current, watts 


The actual coil resistance R, can be 
found by subtracting the resistance of the 
coil leads from the total resistance. Since 
the leads were straight tubing, this cal- 
culation was made easily. 


AITEE TRANSACTIONS 


MANOMETER 


WATER (NLET 


HIGH FREQUENCY O 
GENERATOR © 


TUBING FOR 
TERMINAL COOLING 


Figure 1A. Typical 
coils tested 


Figure 1B (below, left). 

Schematic sketch of 

apparatus for measur- 
ing coil resistance 


bees DRAIN 


OUTLET 
THERMOMETER 


AMMETER 


COIL UNDER 
TEST 


with the resistance of the tubing when it 
is straight and isolated. To complete 
this comparison the following illustrates a 
procedure for resistance calculation of 
straight wires. 

Resistance of straight, isolated, non- 
magnetic, solid, round wire at high fre- 
quencies is a classical problem in many 
textbooks. The following equation has 
been derived by Warren,! Howe,? nd 
others. 


R= RA a f 
pxX10° 


+025) (3) 


where 


R,=resistance at high frequencies of straight 
isolated solid wire, ohms 

R,=d-c resistance of the wire, ohms 

r+=radius of the wire, centimeters > 

f=frequency, cycles per second 

p=resistivity, ohm centimeters 


Equation 3 reduces quite easily. For 
copper (p = 1.7 X 10~* ohm cent'meter) 
the high frequency resistance becomes 


Ry=R,(0.038d-~V/ f +0.25) (4) 
where 
d=outside diameter of the wire, centimeters 


When the first term in the parentheses of 


0 om T 6.40 aaa eal r 
37, TURNS OF 2 (0.635 CMS) 0.0. COPPER TUBING 96 = 328 | Maee ral 
jt 1.0. OF COIL 10CMS | ! \ 

SPACINGS OF 0.208 & 0.342 CMS, z 
26 +++ Oil LENGTHS OF 318 35.8 CMS. 
0.32hy + 
paca Peale i s UENCY = 275 K.C. | 
x= 
22) 3 fo} Ni 4} | 
wy rs) is : il 
2 24 
et Pi esl Cal 
tie € Q il 
8 rh THT 
— ara ims 
a : 
Jo} + ¢ oy t 
094 -_-<-—-- > ST Soe = 
| 0.08 : Srume oasis fte 
|| STRAIGHT WIRE RESISTANCE 
° ‘wae | : Ltt 
4 EH "j 
ro) O000 100,000 TpoqpeS “Or Ke) 10.0 100 
FREQUENCY .CYCLES PER SECOND s/d 
Figure 2. Coil resistance and ratio of coil Figure 3. Coil resistance as a function of 


resistance to tubing resistance of coil A 


Figure 1B shows a schematic diagram 
of a coil undergoing resistance measure- 
ment. In this figure a method to prevent 
heat from flowing from the coil leads to 
the cooling water in the coil is shown. 
The method consisted of having a piece 
of tubing soldered at the coil connections 
and keeping the temperature of this tub- 
ing equal to that of the power measuring 


water alongside of it. 


In order to make accurate resistance 
measurements the resonant frequency of 
the coil under test must be high compared 
to the frequency employed for the resist- 
ance measurement. Resonant frequencies 
of the coils were determined with the aid 
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of a small tuned-plate tuned-grid oscilla- 
tor. The coil under test for its resonant 
frequency was coupled loosely to the tank 
circuit of the oscillator. By varying the 
oscillator frequency a point of maximum 


voltage across the coil undergoing meas-_ 


urement could be found. The frequency 
at this point of maximum voltage was 
taken as the resonant frequency. All the 
eight coils were found to have a resonant 
frequency well above the frequencies em- 
ployed to determine their resistance. 


Determination of . ; 
Straight Wire Resistance 


The main purpose of this report is to 
compare tubular copper coil resistance 
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spacing, coil A 


equation 4 becomes much larger than 
0.25, the resistance may be approximated 
by equation 5. 


Ry=0.088Ryd Vf (5) 


An experimental check on these resist- 
ance equations was made by the author. 
The resistance of coil A was found as a 
function of the coil length. This rela- 
tionship is plotted in Figure 3. As the ra- 
tio of spacing between turns to tubing 
diameter s/d grows large (that is, as the 
tubing in the coil becomes straight), the 
coil resistance approaches the straight 
wire resistance. 

These equations can be applied to tub- 
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ing which is straight, isolated, and round 
if the following condition is met. This 
condition requires that the depth of pene- 
tration of current must be less than the 
wall thickness. Depth of penetration of 
current (6) is defined as the depth to which 
the total current in the conductor would 
have to flow uniformly to produce the 
power that is lost in the conductor. The 
following formula gives the depth of pene- 
tration in centimeters: 


p 
=5,0304/— 6 
: 2 o) 


where 


6=depth of penetration of current, centi- 
» meters’ = 
u=permeability of conductor (one for cop- 
per) 


Equation 6 is graphed in Figure 12 for a 
few nonmagnetic metals. With the aid of 
equation 6 or Figure 12 the depth of pene- 
tration into the wall of the tubing can be 
found. If this is less than the wall thick- 
ness the resistance formulas can be used. 
However, the d-c resistance R, must be 
calculated assuming the tubing solid. 
Equation 6 also enables the calculation 
of resistance for flat, straight, isolated 


strap to be made. Assuming that the 
strap width is large compared with the 
thickness, the area through which current 
will flow is then 


A,=2b65 (7) 


where 
A,=current carrying area, centimeters 
squared 


b=strap width, centimeters 


The 2 in equation 7 results from the cur- 
rent flowing in both sides of the strap. 
Knowing the area the resistance of strap 
can be calculated by 

PN 


R,=— (8) 
LS ee 


where 


R;=resistance of the strap, ohms 
»=length of strap, centimeters 


Equation 8 is applicable only when the 
depth of penetration is less than half the 
strap thickness, 


Factors Affecting Coil Resistance 


Knowing the resistance of the straight 
tubing wound intoacoil,the coil resistance 


SPACINGS OF 0.208 & 0,336 CMS. 
COIL LENGTHS OF 3] & 35.6 CMS. 


can be approximated. Coil resistance is. 
found by multiplying the straight tubing 
resistance by an empirical resistance con- 
tant K,. The constant K, is the ratio of 
coil resistance to the resistance of the tub- 
ing in the coil, assuming it to be straight 
and isolated. 
Coil resistance can then be written a: 


R.=K,Ry (9) 


Substituting into equation 4, the coil re- 
sistance is calculated by 


R,=K,R,(0.038d-/f +0.25) (10) 


With a method for calculating the coil re- 
sistance it is important to know factors 
affecting this resistance. Of these many 
factors that affect coil resistance, an im- 
portant few are discussed here in outline 
fashion. 


RESONANCE 


When a coil is used at a frequency near 
its resonant frequency, its resistance is 
modified by its self-capacitance. This 


self-capacitance increases the circulating 
current flowing in the coil and hence gives 
rise to a greater coil loss. 
resistance can be shown as 
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Figure 4. Log log plot of coil resistance as a 
function of the ratio of spacing between turns 
to tubing diameter 


Figure 5. Coil resistance and ratio of coil re- 
sistance to tubing resistance of coil B 


1.D. OF COIL 10 CMS. 0 
*? SPACING OF O312CMS. 20 
2 ial COIL LENGTH OF I2 CMS vet al ale 3 
ee ee REA ey 
3 MMM BUTLER Rice i & aki: Ss 
Se Rech pet Ho er hen 
a EBT mae 2 
05 rt Ty 2.0% 8 
8 ms eD mee 
4 baal (ee ee aD 
oT as 


100,000 
FREQUENCY CYCLES PER SECOND 


Figure 6 (above, right). 
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Figure 9. Coil resistance and ratio of coil re- 
sistance to tubing resistance of coil F 
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Re 


CC 
Mt oLC;)? 


(11) 


where 


R,” =coil resistance including effect of self- 
capacitance, ohms 

wo =2rf 

L=coil inductance, henrys 

C,=self-capacitance of coil, farads 


Equation 11 is not valid at the resonant 
frequency of the coil nor does it apply to 
coils that have a voltage induced in them 
when there is a capacitor in parallel. 

To use equation 11 the distributed ca- 
pacitance and the inductance of the coil 
must be known. The distributed capaci- 


tance of a coil as found by Mason* can be - 


calculated by 


1 
Co=4.00 x0 
9 = 4.55 X (12) 


when 

I>D 

or 

C,=1.43 X10- 18D (13) 
when 


1<D/2 
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190,000 
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handbooks. 


where 


D=inside diameter of coil, centimeters _ 
1=length of the coil, centimeters 


Coil inductance can be measured or calcu- 
lated from many formulas available in 
With the inductance and 
self-capacitance known, equation 11 can 
be used to determine the effect of coil 
resonance. 


RESISTIVITY 


The average resistivity of the coils 
tested was about 2.0 X 10~* ohm centi- 
meter at 15 degrees centigrade. Acct- 
racy of resistivity values is not too im- 
portant because the high frequency re- 
sistance varies only as the square root of 
the resistivity. 


Com GEOMETRY 


Size and shape of coils affect their 
high frequency resistance very broadly. 
A few aspects of coil geometry are dis- 
cussed here in the limited field of tlie coils 
tested. 


SPACING TO TUBING DIAMETER RATIO 


Increasing this radio produces a lower 
coil resistance as is illustrated in Figures 3 
and 4. Figure 4 is the same plot as Figure 
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Figure 11. Comparison of calculated and ob- 
served resistance of flat strap coil H 


3 but on a log log plot. On the log log 
plot the coil resistance as a function of 
s/d is practically a straight line for small 
values of s/d. This means that the coil 
resistance is directly proportional to 's/d 
raised to some power n. Tangent to the 
resistance curve is drawn a dotted line. 
The slope of this line is the power to which 
s/d must be raised and is equal to about 
—0.375. With other coils for which dif- 
ferent values of s/d were available, the 
power varied from —0.2 to —0.4. 


LENGTH TO DIAMETER RATIO 


An inspection of the figures reveals that 
this ratio has an effect other than just 
increased or decreased length. See Fig- 
ures 6, 7, and 8. For coils having a con- 
stant pitch, cross section, and tubing size, 
the coil resistance is proportional to 
length when the //D ratio is greater than 
three. When//D is smaller than three the 
resistance seems to drop off faster than 
the length. This is an end effect proposi- 
tion which is investigated further under 
discussion of K, values. 


Coit Cross SECTION 


When conductors on opposite coil sides 
are brought close together, the current 
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becomes concentrated on the adjacent 
sides of the conductors. Since current 
must flow in a smaller area, the coil re- 
sistance is increased. In general, coil 
cross section remains a secondary effect 
unless the conductors on opposite sides of 
the same coil come as close together as 
two or three tubing diameters. 


Discussion of K, Values 


For short coils, all other dimensions 
constant, the value of K, is smaller than 
forlong coils. This is due to the phenom- 
enon called end effect. Turns at the ends 
of the coil are not affected by adjacent 
turns on one side nor do they cut as much 
flux because of the spread of flux at the 
coilends. This allows current in the end 
turns to spread out and flow in a greater 
area. In long coils the end effect has 
much less importance than in short coils. 

Coils with close spacings are found to 
have a higher K, value. The close spac- 
ing tends to reduce the amount of current 
flowing in that section of the conductor 
near the adjacent turn. As before, this 
current concentration increases the coil 
resistance. 

Cross section of the coil had little effect 
on the observed resistance. A rectangu- 
lar and circular cross section can be com- 
pared by studying Figures 9 and 10 and 
comparing them with the other figures. 
The K, values appear to be lower for the 
rectangular cross section coils but this is 


Figure 12. Depth of penetration of current 
into a few metals 


due to the short length and not the cross 
section of these coils. 

The empirical constant K, can ‘be 
avoided for coils wound with strap. Coil 
resistance in the case of strap conductors 
can be approximated by the following 
formula: 

Xe 


Res=p aan 


Fis (14) 


where 


R,s=resistance of coil wound with strap, 
ohms 

, =length of strap in coil, centimeters 

A .s=area in which the current flows, b6 


A ,5, the area in which the current flows, is 
assumed to be one half of that in equation 
7. This is a logical assumption since in a 
coil most of the current flows on the inside 
surface of the coil conductors. Coil H 
provided an experimental check on the 
resistance calculated by equation 14. In 
Figure 11 the measured and calculated re- 
sistance of coil H is shown. This figure 
shows that equation 14 is a good approxi- 
mation for the resistance of coils wound 
with strap. 


Conclusion 


A comparison of strap and tubing as 
coil conductors can be made with Figures 
2and11. Inthe frequency range covered 
the resistance of the two coils stayed fairly 
close together. Thus it appears that 
strap and tubing serve equally well as 
coil conductors. 


The effect of a conducting body lo- 
cated within a coil upon the coil’s re- 
sistance is shown in Figure 5, coil B. A 
brass rod 7.64 centimeters in diameter 
was used to duplicate the condition of 
using the coil for induction heating. Coil 
resistance observed with this rod in the 
coil is plotted in Figure 5 using the solid 
rectangular symbol. At the two fre- 
quencies, 10 and 180 ke, the coil resistance 
was not affected appreciably. Hence the 
load or charge in a coil has only a second- 
ary effect when it is a few tubing diame- 
ters away from the coil conductors. 

For coils wound with strap, equation 14 
gives a good approximation of coil resist- 
ance providing the depth of penetration 
is less than half the strap thickness. 

Coils wound with tubing require the 
use of the empirical constant K,. Figures 
12 and 13 are useful aids in calculating 
the coil resistance. The depth of pene- 
tration is obtained on Figure 12 or by 
equation 6. If the tubing has a wall 
thickness larger than the depth of pene- 
tration, Figure 13 or equation 4 can be 
used. This gives a value of the straight 
tubing resistance R;. By inspecting the 
figures a K, value can be chosen for coils 
similar to those tested. The product of 
R, and K, will yield the coil resistance. 

These methods have been found to 
simplify the heretofore complex calcula- 
tion of coil resistance. 


List of Symbols 


A,s=current carrying area of strap conduc- 
tor, centimeters squared 


° 


ALUMINUM P350c = 3.02 x 10-6 
COPPER Pagec = 1.70 X10-° 


P = RESISTIVITY, 


9 
io. ; 


OHM CMS. 
f =FREQUENCY, CYCLES /SEC. 


§ =DEPTH OF PENETRATION 
OF CURRENT, INCHES 


DEPTH OF PENETRATION,INCHES 
COPPER, B.tASS, & ALUMINUM 


io < O 


1,000 


10,000 
FREQUENCY, CYCLES/SECOND 
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Figure 13. Resistance per foot of straight 
copper tubing as a function of frequency Table |. Coil Specifications 
Tubing assumed to be at a temperature of 50 
degrees centigrade D-C : ‘ Tubing* pong 
Resist-_ Inside Coil Tubing Wall Resistivity, 
ance, Weight, Cross Diam, Length, Length, Thickness, Ohm Cm, 
Coil Ohms Lb Section Cm Turns Cm Cm In. 25C 
A;;=area in which current flows in a coil 
wound with strap, centimeters Ai. OFOTSTieeey 363.12. Cikciilarsens ic ALO Ger. BT ate TIedh, peel 28H. ccyorarae 00335... 2 2.12>10= 
squared B..0,006852., 131s; Cirenlar. 2: «.t.. 1G ig. Lae ee 43B 238 0.0330... .2.17 
. r Ce oO 00958 wicca) Bilis cr CALCUIAL pari we BAG tes So les BLIEOEIy TY MOO Loonies 0.0340....2.33 
b=strap width, centimeters D...0.0045... 0.97...Circular....... Meanie £10.) sea Ole eauepee GO aa nen 0.0330... .2.04 
C, =self-capacitance of coil, farads Bo O O08... O- Ale i Cireilarinr. tues ApAD ie iete le ene MODS LUD cree a. 0.0345 2.11 
eo demth of Pent f Fic 20)O1085.,, 2.28. -Rectangular. oes 1A LOR anc 28 aie 0.0355 2.24 
porte OF PERE rAniOn 0 current, centt- GuenOL0060) i457" ¢ Rectangulars, f-.. cused. - 1326p Varied... 16430 gua. 0.053 1.90 
meters or inches EE pie oe statin ate seo vada Circular....... NO) ema. ABO ceo oda = L504 
: : ; . , istivity 5 -6 
d=outside diameter of the wire, centimeters Avge age 1) 
D=inside diameter of coil, centimeters * Assuming 0.322 pound per cubic inch for copper. 
f=frequency, cycles per second 
h;=specific heat of water, one calorie per , ) P : 
R,” =coil resistance including effect of self- w=2nf 


gram per degree centigrade 
T=high frequency current in the coil, rms 
amperes 
=ratio of coil resistance to the resistance 
of the tubing, assuming it to be 
straight and isolated 
\=length of strap, centimeters 
=length of strap in coil, centimeters 
L=coil inductance, henrys 
/=length of coil, centimeters 


_u=permeability of conductor 


n=power that s/d is raised, to make it pro- 
portional to R, 

p=resistivity, ohm centimeter 

r=radius of the wire, centimeters 

R.=coil resistance, ohms 

R,/=coil- resistance per unit of tubing 
length, ohms per foot 


capacitance, ohms 

R,s=resistance of coil wound with strap, 
ohms 

Ry=resistance at high frequencies of 
straight isolated solid wire, ohms 

R,' =resistance per unit of tubing length at 
high frequencies of straight isolated 
solid wire, ohms per foot 

R,=4-c resistance of solid wire, ohms 

R,=resistance of strap, ohms 

Rr=total resistance of the coil (including 
leads to coil proper), ohms 

s=spacing between turns of the coil, centi- 
meters 

A@=temperature rise of the cooling water 
in degrees centigrade 

V=water flow, grams per second 


W,=corrected power loss in coil due to high 
frequency currents © 
Wr=watts input to.power measuring water 
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The Horsepower Output of Polyphase 
Induction Motors 


R, C. ROBINSON 


MEMBER AIEE 


Synopsis: The continuous horsepower 
rating that is assigned to a given induction 
motor is determined mainly by the full load 
temperature rise of the machine. The tem- 
perature rise is dependent on both the losses 
in the motor and the effectiveness of its 
ventilation. While an accurate theoretical 
prediction of temperature rise is very diffi- 
cult, a simple empirical method is presented 
here which gives good results over a wide 
range of motor sizes. The familiar D?l 
equation for horsepower output is discussed 
from the point of view of temperature rise, 
and a new form of equation is suggested 
which takes into account both ventilation 
and motor losses. By relating the horse- 
power output directly to the major physical 
dimensions of the induction motor a con- 
sistent basis of design is established for 
machines of widely different sizes and 
speeds. 


HE continuous horsepower output is 
has one of a number of operating 
characteristics that determine the suita- 
bility of an induction motor for a given 
application. The purchaser may place 
limits or guarantees on some or all of the 
following characteristics: starting torque, 
pull-up torque, pull-out torque, locked 
rotor inrush current, efficiency, and power 
factor at one half, three quarters, and full 
load and the temperature rise at the re- 
quired horsepower output. 

In the large majority of cases it is found 
that the desired operating characteristics 
as regards torques, inrush, efficiency, and 
power factor may be obtained by suitably 
proportioning the design constants within 
the motor. On the converse, the temper- 
ature rise and, therefore, the horsepower 
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output in most cases provide the basic 
limitation on the physical size of machine 
that is required. 

In bringing out the general relation- 
ships between horsepower output and 
physical size of motor the following spe- 
cific results are obtained: 


1. The variation of losses with motor size 
and speed is determined (see Table I). 


2. The variation of ventilation with motor 
size and speed is determined (see equations 
1 and 2). 


3. Combining these two factors, a simple 
method is given for estimating the tempera- 
ture rise of any given induction motor at any 
specific load (see equation 3). 


4. Using the same two factors, a simple 
equation is given relating horsepower out- 
put for a constant temperature rise directly 
to the physical size and speed of the machine 
(see equations 4 and 5). 


5. The problem of obtaining a theoretically 
correct method of predicting motor tempera- 
tures is discussed. The general line of at- 
tack is indicated but itis concluded that 
considerably more experimental work is 
needed before such a complete analysis can 
be made. 


Incidental to the discussion of the five 
main points just listed the following useful 
information is obtained: 


1. Application of the temperature predic- 
tion method to a specific motor will give a 
picture of the proportion of losses that will 
be dissipated by different parts of the 
machine. nee 


2. Application of the method also will pro- 
vide clues to possible improvements in the 
ventilation of a given machine and will indi- 
cate the probable maximum improvement 
that may be effected. 


38. Certain basic reasons for various types 
of motor construction in different size ranges 
are indicated. 


In all of the discussion that follows only 
standard open motors are considered. 
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The results may be transposed to other 
degrees of enclosure by using the empirical 
factors with which the designer is already 
familiar. 


D1 Equation for 
Horsepower Output 


The first and most basic decision in the 
design of an induction motor is the choice 
of the major physical dimensions. As 
previously stated this choice usually is 
made on the basis of temperature limita- 
tions and in most cases it is guided by test 
experience in the horsepower output avail- 
able from various standard frame sizes. 
However, when some distinctly new rat- 
ing or size is under consideration, a pre- 
liminary choice of dimensions usually is 
made by extrapolation from previous 
tests, making use of the relation expressed 
in the D?/ equation. 

This equation may be written in the 
following form: 


Horsepower output = KD?/nB,A yp 
where 


K is a numerical constant which equals 
0.156 10° for the units given here. 

D is the inside diameter of the stator punch- 
ings in inches. 

lis the length of iron core in inches. ° 

n is the speed in revolutions per minute. 

B, is the air gap flux density in kilolines per 
square inch. ; 

Ayp is the stator ampere conductors per 
inch On an output basis. 


Table I. Proportionalities Between the Com- 
ponents of Loss and the Major Design 
Constants 


Stator and rotor slot J*RaAj,*laVA?+ 
D*in?B,? 

Stator and rotor end J?RaA jn?DnaVA?+ 
D*l?nBg? Rar : 

Load loss aVA 

Fundamental iron loss in the stator teeth 
aDIB? 

Fundamental iron loss in the stator core 
aD*In?B? 


_ No load high frequency loss in the stator and 


rotor iron aD*/n?B,*/g 
Friction and windage loss aD%n* 


3 AIEE TRANSACTIONS 


»PEae..* oti? 


This equation is derived directly from 
the fundamental voltage equation of the 
induction motor and bears no direct rela- 
tion to the temperature limitations on 
horsepower output. Consequently there 
is no reason to suppose that the horse- 
power output for a permissible tempera- 
ture rise will vary directly with the D?/n 
of the machine. 

Consideration of practical designs over 
a wide range of diameters shows that the 
horsepower output will vary as a higher 
power than the square of the diameter. 
This is due largely to the fact that per- 
missible values of ampere conductors per 
inch are less for small diameter machines 
than for large ones. The factors B, and 
Ayp ate sometimes spoken of as meas- 
ures of the magnetic and the current 
loading respectively. While they are in 
a sense measures of the loading it would 
be incorrect to assume that keeping these 
values constant will assure the same tem- 
perature rise on different diameters or at 
different speeds. 

The chief practical use of the D?/ equa- 
tion is in extrapolation to obtain desired 
values of per unit torque and inrush rather 
than desired values of horsepower output. 
This is based on the fact that with con- 
stant magnetic permeances the per unit 
machine reactances will vary directly as 
the ratio of Ay, to B,. 

An equation for horsepower output 
based on temperature limitations must of 
necessity give consideration to the varia- 
tion of losses and ventilation with changes 
in the design constants. «These relations 
can only be approximate, but even as ap- 
proximations, they have considerable 
value in setting forth average standards of 
performance. 


Variation of Losses 
With Major Dimensions 


An accurate calculation of the losses in 
a motor can be made only by considering 


Figure 1. Basic construction of radially venti- 
lated induction motor 
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all of the detail dimensions of the elec- 
trical parts. However, very useful rela- 
tions may be obtained by considering 
only the variation in the losses with 
changes in the major dimensions. The 
minor dimensions are assumed to change 
in the sameratio as the major dimensions 
so as to make the machines geometrically 
similar. 

By using the equations which are de- 
veloped it is thus possible to obtain an 
estimate of the losses in a motor by extra- 
polation from the tested losses of another 
machine, which may be of a different size 
or speed. It should be kept in mind, 
however, that the equations are only ap- 
proximate and apply only under the as- 
sumption of geometric similarity between 
the machines. 

The power losses in an induction motor 
under load may be subdivided as follows: 


1. Stator J?R loss which may be further 
divided into the copper loss in the slot por- 


‘tion and the copper loss in the end turns. 


2. Rotor 7?R loss which may be divided 
into copper loss in the slot portion and cop- 
per loss in the end rings or end turns. 


38. Load losses which consist of eddy cur- 
rent losses in the stator copper and high fre- 
quency iron and copper losses due to the 
flow of load currents in the stator and rotor 
conductors. 


4. No-load iron loss which consists of funda- 
mental iron loss in the stator teeth and core 
and high frequency iron losses in the stator 
and rotor due to the slot ripples in the no- 
load air gap flux. 


5. Friction and windage losses: 


The first three groups are variable losses 
which change with the load on the motor, 
while the last two are constant losses 
which are substantially independent of 
the load. 

The basic construction of a squirrel- 


cage induction motor may be represented _ 


as shown in Figure 1, and the major di- 
mensions given the symbols D, /, and g. 

Let the volt-ampere input to the motor 
be represented by VA, the speed in revo- 
lutions per minute by n, the air gap flux 
density by B,, the ampere conductors per 
inch on an input basis by A;,, and the 
number of stator slots by Q. 

To preserve geometric similarity be- 
tween machines, consider that the outside 
diameter of the stator punchings, the in- 
side diameter of the rotor punchings, and 
the depth of the stator and rotor slots all 
change in the same proportion as the 
stator bore diameter, D. Assume also 
that the ratio between the number of 
stator and rotor slots, the ratio of the slot 


-width to the slot pitch, and the line fre- 


quency all remain constant. 
Under these assumptions the various 
losses in a motor will vary with the major 
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design constants approximately in the 
proportions shown in Table I. 

The equation for the stator and rotor 
slot J?R loss is derived on the assumption 
that the ratio of copper-cross section to 
the slot cross section is constant. This 
will be approximately true except for very 
small diameter machines in which the 
slot insulation combined with the small 
size of wires will tend to make the space 
factor exceptionally poor. Since the slot 
I?R varies as A;,/it is apparent that *per- 
missible values of ampere conductors per 
inch will be reduced as the machine di- 
ameters are decreased. This formula 
also indicates why small machines tend to 
have higher per unit resistance values 
than large machines and, since reactances 
vary as A;,/B,, it may be noted that the 
reduction in A;, tends to produce lower 
per unit reactance values in small ma- 
chines thanin large ones. It is thus pos- 
sible to use semiclosed or closed slots on 
small motors without obtaining exces- 
sively high values of per unit reactance. 

The equation for end turn loss is de- 
rived on the basis that the copper cross 
section in the end turns bears a constant 
proportion to the copper cross section in 
the slots regardless of changes in speed 
or diameter. 

The equation for no-load high fre- 
quency loss is derived from the relation 
that the no-load slot ripple is closely pro- 
portional to the expression (K,;—1), 
where K,, is Carter’s coefficient for the 
slots under consideration. This expres- 
sion, in turn, is found to vary approxi- 
mately as a/b,/g in large machines with 
open slots and approximately as },/g in 
small machines with semiclosed slots, 
where 6, is the width of the slot opening at 
the air gap. The rapid decrease of this 
loss with diameter,together with the use of 
semiclosed slots on small motors, tends to 
make this component of loss almost negli- 
gible in small machines, whereas it is the 
predominant part of the no-load iron loss 
in large machines. 

The manner in which the total motor 
losses will vary with the major design con- 
stants will depend on the proportions in 
which each component of loss is present. 
It is difficult to express this accurately in 
general terms. However, from test re- 
sults it is found that the total full load 
loss, expressed as a percentage of the 
power output, varies approximately as 
1/D°-'n°-5 for large motors and approxi- 
mately as 1/D/°-'n°-5 for small motors. 
Large motors are defined as those typi- 
cally having open stator slots and radial 
vent ducts; small motors as_ those 
typically having semiclosed stator slots 
and no radial vent ducts. 
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Variation of Ventilation 
With Major Dimensions 


AIR VELOCITIES 


Most of the heat in an open motor is 
dissipated by the forced circulation of 
cooling air over the coils and iron core. 
A small proportion of the heat is dissi- 
pated by radiation and static convection 
from the exterior surfaces of the machine 
but this part may be neglected for the 
purposes of this paper. 

Most induction motors employ the 
radial system of ventilation in which fans 
on the rotor are used to circulate air over 
the end turns. Large motors generally 
have radial vent ducts in addition to the 
fans which allow additional cooling air to 
pass through the rotor and stator cores. 
Some small induction motors employ an 
axial system of ventilation while certain 
large high speed induction motors use 
various systems of combined axial and 
radial ventilation. 

In the radial system of ventilation the 
rotor vent fingers may be considered as 
radial fans forcing air through the restric- 
tion imposed by the stator vent ducts. 
The radial ducts thus may be treated ina 
similar manner to the fans at the ends of 
the rotor core. 

The relation between the volume of air 
being delivered and the developed pres- 
sure of a fan is given by the pressure— 
volume curve applying to the particular 
fan. Tests have been made on a number 
of centrifugal fans with various blade 
shapes and typical pressure-volume 
curves obtained.1. Most induction mo- 
tors use the radial blade type of fan due to 
the necessity of operating with either di- 
rection of rotation. The tests on two 
radial blade fans having different inside 
diameters but which were otherwise 
identical have been taken from C. J. 
Fechheimer’s paper and are replotted in 
per unit terms as curves A and B of 
Figure 2. The test represented by curve 
A was taken on a fan having a ratio of in- 
‘side to outside diameter of 83.3 per cent, 
while the test represented by curve B was 
taken on a fan having a ratio of inside to 
outside diameter of 66.7: per cent. Curve 
C of Figure 2 has been plotted for a ratio 
of diameters of 75 per cent and may be 
taken as approximately representative of 
the fans and vent ducts of-a typical induc- 
tion motor. All of these curves apply to 
radial fans without a diffuser. In one 
sense it might be expected that the stator 
vent ducts would act as radial diffusers 
for the rotor vent ducts and increase the 
available pressure. However, since the 
stator vent fingers are at a very unfavor- 
able angle for diffusing action, it is un- 
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likely that this effect is appreciable. 

The pressure drop in forcing air through 
the stator vent ducts may be taken as 
about one velocity head. A velocity head 
in this case is defined as (V,/4,030)? 
inches of water where V, is the radial ve- 
locity of the air issuing from the rotor vent 
ducts expressed in feet per minute. On 
this basis, examination of curve C of 
Figure 2 shows that, provided the stator 
and rotor vent ducts are of the same width 
the radial velocity of the air on exit from 
the rotor ducts will be equal to 0.32 times 
the peripheral speed of the rotor. This is 
a very useful relationship since it then 
may be said that in general the average 
velocity of the air through the rotor and 
stator vent ducts is 0.32 times the periph- 
eral velocity of the rotor and this velocity 
may be used to establish suitable thermal 
dissipation constants for the duct sur- 
faces. It may be noted in passing that a 


considerable error in the assumption of . 


one velocity head pressure drop through 
the stator will cause only a small change 
nthe 0.32 value for the radial air velocity 
Large induction motors with radial vent 
ducts normally are designed with stator 
and rotor vent ducts of the same width 
It is of considerable interest to note that 
an appreciable improvement in ventila- 
tion probably could be obtained by mak- 
ing the rotor vent ducts wider than the 
stator vent ducts. Considering a rotor 
vent duct as a radial fan, it is apparent 
that widening the duct would reduce the 
per unit air flow through it and thereby 
would raise its per unit developed pres- 
sure. The resultant higher pressure 
would increase the velocity of the air 
through the stator vent ducts and the heat 
dissipation from the stator duct surfaces 
would be improved correspondingly. 
“The velocity of the air on exit from the 


fans on the ends of the rotor is composed 


of two components. The first is a rota- 
tional component of velocity which, in the 
case of a radial blade type of fan, is equal 
to the peripheral speed of the rotor and 
the second is a radial component of veloc- 
ity, dependent on the volume of air being 
delivered by thefan. This radial velocity 
cannot be stated accurately in general 
terms since it depends on the degree of re- 
striction to air flow around the end wind- 
ings. It may be noted on curve C of 
Figure 2 that the ratio of radial velocity to 
peripheral velocity of the fan may vary 
from zero when the air path is completely 
restricted up to 0.355 when the fan is op- 
erating “‘wide open,” that is, with no re- 
striction. De 

The radial velocity of air issuing from 
the fan, however, does not correspond to 
the air velocity around the end windings. 
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PER UNIT PRESSURE 


Fas 
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Pressure-volume curves of radial 


blade fans 


A—Ratio of inside to outside diameter =0.667 
B—Ratio of inside to outside diameter = 0.833 
C—Ratio of inside to outside diameter =0.75 


Figure 2 


Per unit flow= 
volume—cubic feet per minute 


(outlet area—square feet) X 
(oeripheral velocity—feet per minute) 


z radial velocity 
peripheral velocity 


Per unit pressure = 
developed pressure—inches of water 
(peripheral velocity—feet per minute/4,030)? 


As a matter of tact the velocity through 
the coils tends to vary in an inverse rela- 
‘tionship to the radial velocity of flow from 
the fan. When the fan is operating 
nearly ‘‘wide open’’ the radial velocity is 
relatively high but the air velocity 
through the end winding restriction is low 
since the developed pressure is very low. 
As the air flow path becomes progressively 
more restricted the volume of air and the 
radial velocity go down but since the de- 
veloped pressure is increasing the air ve- 
locity through the end winding restriction 
will go up. 

From curve C of Figure 2 there may be 
obtained general relations between the air 
velocity through the end turns and the 
peripheral speed of the fan. For the case 
where the air flow path is so restricted as 
to reduce the flow to almost zero: 


Maximum developed pressure=0.57 (pe- 
ripheral velocity/4,030)? inches of 
water 


Assuming 1.5 velocity heads drop through 
the end windings and letting V be the air 
velocity: ; 


Pressure drop through end windings= 
1.5( V/4,030)2 inches of water 


Since the developed pressure must equal 
the pressure drop, the relation is obtained 
that the air velocity through the end turns 
is 0.615 times the peripheral velocity of 
the fan. This represents the maximum 
possible velocity. It would be theo- 
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Figure 3. Velocity distribution across the 
diameter of a round tube 
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Figure 4. Typical thermal circuit of an induc- 
tion motor stator 


retically possible to reduce this velocity 
to zero by eliminating all restriction to air 
flow. However, in practice the end turns 
are sufficiently close to the fan to make it 


unlikely that this velocity will fall much | 


below the radial velocity of flow from the 
fan or 0.355 times the peripheral velocity. 
The air velocity through the end windings 
thus will vary between the limits of 0.355 
and 0.615 times the peripheral velocity of 
the fan. 


DISSIPATION COEFFICIENTS 


The phenomenon of heat dissipation 
from a plane surface to an air stream flow- 
ing over it is essentially one of thermal 
conduction through an air film. 

Air flowing at high velocity through a 


round tube will have a velocity distribu-- 


tion across the cross section as shown in 
Figure 3. Near the walls of the tube the 
velocity distribution is linear and the flow 
is-said to be ‘‘laminar’’ while near the 
center of the tube the air flow is turbulent. 
If the tube is maintained at a higher tem- 
perature than the air stream, heat will be 
transferred from the tube to the air by 
means of conduction through the laminar 
layer. The thermal resistivity of this 
- laminar region will be the same as per- 
fectly still air, that is, 1,600 degrees centi- 
grade per watt per square inch per inch. 
Tests’ indicate that the thermal resis- 
tivity of the turbulent region is only 
about 2.5 per cent of this value of 40 de- 
grees centigrade per watt per square inch 
per inch. Ls, Fas 

The thickness of the laminar layer may 
be calculated by the formulas of hydrau- 
lics as follows: 


For any cross-sectional shape of duct the 


1947, VoLUME 66 


hydraulic radius m=cross-sectional area in 
square feet + ‘‘wetted’’ perimeter in feet 


Diameter of equivalent round tube D=4m 
feet 


Reynolds numer R,=DG/u 


in which G is the mass-velocity of flow ex- 
pressed in pounds per hour per square feet, 
and p is the viscosity of air expressed in 
pounds per hour per feet, which at normal 
machine operating temperatures is numeri- 
cally equal to 0.046. When Reynold’s num- 
ber is lessthan2 000, the flow will belaminar 
throughout the cross section of the duct, 
while at values of Reynold’s number above 
2,000 the flow will be partly turbulent as 
shown in Figure 3. 


For a smooth duct and turbulent flow the 
friction factor f=0.38164+R,o-. This equa- 
tion is also correct for rough tubes provided 
the thickness of the laminar layer is found to 
be greater than the maximum height of the 
surface irregularities.* 


Thickness of the laminar layer 5=32. 8D + 
Rev f feet 


It may be noted that the thickness of the 
laminar layer will vary inversely with the 
0.875 power of the air velocity. Because 
the thermal resistance of the turbulent region 
is independent of air velocity the over-all 
dissipation coefficient will vary as some lower 
power of the velocity, which by test is 
found to be about the 0.8 power. 


Once the thickness of the laminar layer has 
been determined it is then possible to calcu: 
late the thermal resistances of the laminar 
and turbulent regions and from their sum 
to determine the dissipation factor expressed 
in watts per degree centigrade per square 
inch, 


This type of theoretical approach to 
heat dissipation is of particular value in 
giving a physical picture of the phenome- 
non and also in providing an adequate 
basis for the solution of unusual problems. 
For most practical cases, however, it is 
much simpler to use the following equa- 
tion which is based on test results :4 


Thermal dissipation = 0.035(V/2,000)°-* 
watts per degree centigrade per square inch 


in which V is the air velocity in feet per 
minute 

It is important to note that this dissi- 
pation constant and that calculated by 
the theoretical method both apply to 
regions where the air flow has become sta- 
bilized; for example, near the middle of 
alongtube. At the inlet and outlet there 
will be additional turbulence which will 
increase very considerably the dissipation 
constant. 


General Statement of 
the Temperature Problem 


The maximum allowable temperature 
rise in a motor is determined by the rate of 
deterioration of the insulation that is 
used. Experience has shown that satis- 
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factory life of class A insulation will be 
achieved if the temperature rise is limited 
to 40 degrees centigrade, measured by 
thermometer on the end turns or stator 
core, if the motor is operating in an ambi- 
ent temperature of 40 degrees centigrade. 


A motor which is carrying a constant 
load will reach its steady state tempera- 
ture rise when the losses within the motor 
are being dissipated at the same rate as 
they are being produced. It is thus ap- 
parent that this continuous temperature 
rise is dependent on the magnitude of the 
losses and on the effectiveness of the dis- 
sipation or, in other words on the effec- 
tiveness of the ventilation. Because heat 
can be conducted from one part of the ma- 
chine to another the temperature rise at 
individual points within the motor will be 
determined by the distribution of the 
losses, by the effectiveness of the ventila- 
tion throughout the machine, and by the 
thermal resistance to heat flow by con- 
duction. 

It is theoretically possible to solve for 
the temperatures at various points within 
an induction motor stator by means of a 
thermal circuit such as shown in Figure 4. 
As a reasonable approximation the termi- 
nals may all be assumed to be at a tem- 
perature equal to the ave: age temperature 
of the cooling air in passing through the 
stator. If the losses are all expressed in 
watts and the thermal resistances in de- 
grees centigrade per watt the thermal 
circuit may be solved either by ‘‘cut and 
try” or by superposition and the total 
temperature of each part of the stator will 
be obtained directly. Any desired degree 
of accuracy could be obtained with such a 
circuit by further subdivision of the losses 
and the heat flow paths. 

While this circuit does not in itself ap- 
pear too formidable there are great prac- 
tical difficulties in making an analysis of 
this type. The greatest difficulty arises 
in attempting to evaluate the thermal re- 
sistance of the end turn dissipation. The 
pattern of the air flow over and through 
the end windings is extremely complicated 
making it difficult, if not impossible, to ° 
predict the air velocities over various sur- 
faces of the winding. Dissipation con- 
stants are also not readily available for the 
cases in which components of the air ve- 
locity are perpendicular, rather than 
parallel, to the surface being cooled. 
Similar difficulties are encountered in 
analyzing the air flow and degree of turbu- 
lence in radial ducts and in assigning suit- 
able dissipation constants to the iron and 
coil surfaces. A further, though less 
serious, difficulty is encountered in calcu- 
lating the thermal resistance to heat flow 
between the copper in the slots and the 
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stator iron. This factor is quite largely 
dependent on the effectiveness of the var- 
nish impregnation and is not known in 
advance with any degree of accuracy. 

From the foregoing it is apparent that 
since so many of the critical elements in 
the circuit can only be approximated there 
is little value in attempting a solution as 
complicated as this. However, when 
more complete theoretical and experi- 
mental determinations of air flow and heat 
transfer constants have been made a 
thermal circuit of the type shown could 
be solved with a good degree of accuracy. 
The designer then would be able to make 
accurate temperature predictions without 
having to rely to such a great extent on 
previous test experience. 


Equation of 
Temperature Rise 


The difficulties inherent in making a 
scientific analysis of the temperature rise 
in an induction motor have been dis- 
cussed previously. In view of these limi- 
tations it is logical that the method of 
analysis should be no more accurate than 
the data available. On this basis the 
method here presented is an empirical one 
based on a number of simplifying assump- 
tions and is intended to cover average con- 
ditions rather than extremes of design. 

It has been found that the temperature 
rise of an induction motor will be closely 
proportional to the total losses in the 
motor.2 The total losses under any 
specified load may be obtained either by a 
detailed design, by the extrapolation 
method herein presented, or by an esti- 
mate of the operating efficiency. 

Let the total estimated losses at the 
specified load be W watts. 

Referring to Figure 1, let the peripheral 
velocity of the rotor. be V, feet per 
minute. 
sion of air velocities, the average velocity 
of the air through the rotor and stator 
vent ducts will be ‘approximately 0.32V, 
feet per minute: Due to the degree of 
turbulence in the vent ducts the thermal 
dissipation constant for a velocity of 2,000 
feet per minute will be considerably higher 
than the value of 0.035 for stable air flow. 
It is found that a value of 0.050 used with 
the square root of the air velocity will give 
approximately correct results. The 
square root of the air velocity is used in- 
stead of the 0.8 power because part of the 
temperature drop occurs through the in- 
sulation and is unaffected by air velocity. 
The same air velocity and dissipation con- 
stant may also be used for the ends of the 
rotor and stator core. 


Let the total area of the vent ducts and 
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Then, from the previous discus- - 


the ends of the core be A,,,, in which 
Ay,e = (w/4)(D,?—D,*) (2n,+2) square 
inches, and 7, is the number of radial vent 
ducts. 

On small machines having no vent 
ducts and no spider, 1, willbe zeroandD, 
will be the shaft diameter. 

The total dissipation from the vent 
ducts and core ends then will be 


Dyy e=0.050°V/ (0.32) (Vp) /2,000(A a4) watts 


per degree centigrade (1) 


The stator end windings may be con- 
sidered as a cylindrical area A, equal to 
2rDI, square inches. Assuming that the 
fans have approximately the same di- 
ameter as the rotor, air will pass over this 
cylindrical area in a peripheral direction 
with a velocity of V, feet per minute 
At the same time there will be a compo- 
nent of air velocity perpendicular to this 
area which, by reducing the thickness of 
the laminar boundary layer, will increase 
greatly the dissipation constant. It is 
found that a dissipation constant of 
0.175-V V,/2,000 watts per square inch 
per degree centigrade will approximately 
check tests. 

The total dissipation from the end turns 


then will be 


Dy =0.175V/ (Vp/2,000) Ay» watts per de 


gree centigrade (2) 


The total dissipation for the machine then 
will be D,,. + Dy. Then 


Approximate temperature rise = W/(D;, ¢+ 
Dy») degrees centigrade (3) 


In spite of the broad assumptions in- 
volved in the derivation of this equation, 
it is found that the method gives reason- 
ably good results over a range of sizes 
from the smallest motors to the ‘argest. 
A number of factors are omitted, such as 
the velocity of air between the coils of the 
end winding and the thickness of the 
insulation, but the average effect of these 
items is included in the empirical dissipa- 


Figure 5. Axial venti- 
lation of a small induc- 
tion motor 
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tion factors. Effective shrouding of the 
end turns may decrease the temperature 
rise somewhat by raising the air velocity 
through the windings close to its maxi- 
mum value of 0 615 times the peripheral 
velocity. On the converse high voltage 
insulation or recirculation of the air from 
the fans may increase the temperature 
rise considerably. However, the method 
as outlined will be approximately correct 
for either a squirrel-cage or a wound rotor 
motor having normal distribution of losses 
and average effectiveness of ventilation 


Equation for Horsepower Output— 
Radially Ventilated Motors 


By combining the equation for losses 
with that for ventilation it is possible to 
obtain an empirical equation for the 
allowable horsepower output for a con- 
stant temperature rise. } 

The equation for temperature rise pre- 
viously given is of the form 


Temperature rise a total losses + (effective 
dissipating area) a/ peripheral velocity 


This is equivalent to. 


Temperature rise a (per cent losses based on 
output)(horsepower output) + (effec- 
tive dissipating area) D®-5n°. 


Consequently, for a constant temperature 
rise 
Horsepower output a (effective dissipating 


area) D°-5y9-5 + (per cent losses based 
on output) 


The effective dissipating area is a com- 
bination of the dissipating area of the 
end turns and the dissipating area of the 
vent ducts and end laminations. The 


end turn area is approximately propor- 
tional to D?n while the vent duct area is 
approximately proportional to D%l. It is 
found that large motors having one or 
more radial vent ducts typically will dissi- 
pate similar amounts of heat from the end 
windings and from the vent ducts. 


Con- 
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sequently the total effective dissipating 
area will vary about as-the expression 
D?]9-540.5, 
By substitution in the output equation 
Horsepower output a (D2J9-579-5) (D9-5749-5) + 
il 
D0-57,0-5 


= 1)3]0.5y)1.5 


Small machines having no radial vent 
ducts will dissipate almost all of their heat 
from the end turns. The effective dissi- 
pating area therefore will vary as Dn. 

By substitution in the output equation 


Horsepower output a (D®n)(D°-5n°-5) + 
1 ; 
DIP. 59-5 


=)3 5/0. 54,2 


The two equations for horsepower out- 
put obtainable with a constant tempera- 
ture rise are then 


Large motors—open radial 
vent ducts: 


Horsepower a D%]9-5y1-5 (4) 


stator slots, 


Small motors—semiclosed stator slots, no 
radial vent ducts: 
Horsepower a D3-5)?-542 (5) 


It is particularly interesting to note the 
rapid reduction of horsepower with a de- 
crease in the diameter of small motors. 
In the very small sizes the reduction may 
be even more rapid due to the relatively 
large amount of space required for insu- 
lation in the stator slots. 

In applying the equations to radially 
ventilated motors it should be borne in 
mind that they are based on many simpli- 
fying assumptions and represent only the 
general magnitude of changes in horse- 
power output with changes in the design 
constants. The equations, moreover, are 
not applicable to axially ventilated ma- 
chines or to 2-pole motors, as both repre- 
sent special cases. 


Axial Ventilation 


Many small induction motors are venti- 
lated by means of a fan mounted at one 
end of the rotor which forces air axially 
through the machine. A typical scheme 
is shown in Figure 5, 

The problem of axtal ventilation is not 
as susceptible to generalized analysis as is 
radial ventilation. Thisis due to the fact 
that the ratio of the fan diameter to the 
rotor diameter may vary over a consider- 
able range and also to the fact that the 
velocity of air over the back of the stator 


core may be varied over a wide range by 
changing the degree of restriction. 

In designing a system of axial ventila- 

tion it is desirable to obtain a good com- 
promise between the velocity of air 
through the machine and the total volume 
of air to be delivered. If the air flow path 
is restricted to a very small cross section 
the volume of air will be reduced but this 
reduction in volume will increase the de- 
veloped pressure of the fan. With the 
higher developed pressure the velocity of 
the air through the machine will increase 
and the temperature rise of the machine 
parts above the average air temperature 
will be reduced. However, due to the re- 
duced volume of air, the temperature rise 
of the air itself in passing through the 
motor will be increased, thus tending to 
raise the inachine temperature. The best 
ventilation design will then be that ‘n 
which the two effects are balanced in such 
a way as to give the lowest total tempera- 
ture of the machine parts. 
, The temperature rise of the air in pass- 
ing through the machine may be calcu- 
lated from the volume of air and the ota: 
losses of the motor as follows: 


Air temperature rise=1.8 (total motor 
losses in watts) +(volume of air in 
cubic feet per minute) degrees centi- 
grade 


Axial ventilation ,has certain distinct 
advantages over the radial system -of 
ventilation for motors of small diameter. 
In the first place, considerable flexibility 
may be obtained by increasing the fan di- 
ameter or its width and by suitably pro- 
portioning the restriction at the back of 
the stator core. Moreover, an axially 
ventilated motor dissipates a consider- 
able proportion of its heat from the air gap 
surfaces and from the back of the stator 
core. The areas of these dissipating sur- 
faces vary directly with the diameter of 
the machine while in a radially ventilated 
motor the areas of the dissipating surfaces 
vary as the square of the diameter. As 
the diameter is reduced, the effective dissi- 
pating area thus is decreased less rapidly 
with axial ventilation than with radial 
ventilation. Thus, a very small diame- 
ter motor with axial ventilation will be 
able to carry.a greater load for a g-ven 
temperature rise that an otherwise iden- 
tical motor with radial ventilation. 


Nomenclature 


Ayp=stator ampere conductors per inch on 
an output basis 


Aim =stator ampere conductors per inch on 
an input basis 

A», e=total area of vent ducts and the ends 
of the core 

A, =cylindrical area of the end windings 

B,=maximum flux density in the air gap 

b, = width of slot opening at the air gap 

D=inside diameter of the stator punchings 

D,=outside diameter of the stator punch- 
ings 

D,=inside diameter of the rotor punchings 

D,1-=total dissipation factor for vent ducts 
and ends of the core 

D,,=total dissipation factor for the end 
turns 

f=friction factor for turbulent flow 

G=mass velocity of air 

g=radial length of air gap 

K.;=Carter’s coefficient for the slots 

/=length of iron core 

1, =length of end turn extension 

m=hydraulic radius 

n=speed in revolutions per minute 

N,=number of radial vent ducts 

Q=number of stator slots 

R,=Reynold’s number 

V =air velocity 

V, =radial velocity of air on exit from the 
rotor 

V,=periptieral velocity of the rotor 

VA =volt-amperes input 

W =total motor losses 

6=thickness of the laminar layer 

u=viscosity of air 
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The Maintenance of Hydroelectric 


Generating Units 


A. S. ROBERTSON 


MEMBER AIEE 


HE MAJOR hydroelectric develop- 

ment comprises many structures of 
various types and many components of 
mechanical and electric equipment. Its 
operation often involves complexities, 
while the problems it poses for a mainte- 
nance and repair staff vary from those of 
mere routine to those which demand a 
high degree of engineering skill combined 
with mechanical ingenuity and resource- 
fulness. 

Throughout the systems of the Hydro- 
Electric Power Commission, 9 major 
hydroelectric stations are operated, to- 
gether with 45 smaller plants, totaling in 
capacity over 1,500,000 kva. The oldest 
plants were designed and constructed at 
the turn of the century, while the latest 
plant was placed into service in September 
1943. 

From a fund of knowledge gained 
throughout this operating experience, a 
number of illustrations are presented 
herein, which it is hoped will prove of 
value to those whose duties include power 
plant electrical and mechanical mainte- 
nance. 

One section is devoted to the practical 
aspects of operation of thrust bearings. 
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R. O. STANDING 
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Other sections are devoted to the descrip. 
tion of a number of somewhat unusual 
maintenance and repair problems, the 
solutions to which involved the appli- 
cation of novel methods of electrical heat- 
ing, drying-out processes, and electric 
welding. 

The conclusions to be drawn from these 
illustrations indicate the necessity for 
thorough periodic overhauls of equip- 
ment, if trouble-free operation is to be ob- 
tained, and also indicate that even major 
repairs on large hydroelectric equipment 
can be undertaken at the site, using if 
necessary available tools and equipment 
improvised for the job. 

It is the opinion of the Commission’s 
operating staff that information obtained 
during the operation of electric generating 
and other equipment is vital to the im- 
provement of the art of electrical design 
and should be made available to the de- 
signing engineer. 


Drying-Out Large Horizontal 
Shaft Generators 


The flooding of a major hydroelectric 
plant is an operating hazard with which 


Figure 1. Vacuum 
housing applied to 
horizontal shaft 


Ontario power generat- 

ing unit before erection 

of wooden insulating 
~ housing 
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few utilities have had to contend. 
Nevertheless, this particular fate has be- - 
fallen the Ontario power plant of the 
Commission at Niagara Falls on two oc- 
casions. 

This plant is located in the gorge of the 
Niagara River. immediately below the 
Canadian Falls and on the shore of what 
is known as the Maid of the Mist Pool. 
When ice is running in the river, sufficient 
may be retained in this pool to give it an- 
a’most complete ice cover. Under cer- 
tain circumstances, jams occur which can 
raise the level of the pool for short inter- 
vals many feet above normal. 

Having knowledge of this phenomenon. 
the original designers of the plant pro- 
vided for an extreme high tailwater level 
approximately 30 feet above normal. 
Even this emergency provision was found 
to be inadequate when, in 1909, the tail- 
water rose sufficiently to flood completely 
the then existing powerhouse, in which six 
operating units, totaling 53,000 kw, were 
installed. 

These units were horizontal-shaft open- 
frame units, their armatures having semi- 
closed slots with a chain winding design. 
Records indicate that attempts to dry 
out these generators were unsuccessful 
and that all subsequently were rewound. 

Following this mishap, the design of the 
plant superstructure was changed, all 
window openings below the crane rails 
being closed to provide a water seal 10 
feet above the previous maximum, or 40 
feet above normal tailwater. This is the 
highest water level the plant can sustain 
without its stability being endangered. 

Notwithstanding this precaution, a new 
high level was experienced in January 
1938. An extremely rapid rise in tail- 
water brought a mixture of floe ice and 
water through the window openings in the 
south end of the powerhouse, depositing 
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nearly 100,000 tons of ice over and around 
units 1 to 6 and filling the remainder of the 
plant with water. The water drained 
from the plant naturally in the course of a 
few hours, but two weeks were required to 
remove the ice. 

The drying out of the multitudinous 
pieces of auxiliary equipment provided 
many novel problems for the maintenance 
forces, but only the drying out of the 15 
main generators will be discussed herein. 

Preliminary steps were taken to dry 
out the eight more modern generators by 
the conventional circulation of short- 
circuit current plus forced heated air 
circulation. It was fortunate that the 
principal winter peak load season had 
passed, so that the loss of the 135,000-kw 
capacity would not affect seriously system 
operating conditions for some months, 
but it soon was found that conventional 
methods would not return these units to 
service for a very long period. 

It was discovered accidentally that by 
heating the units to approximately 90 
degrees centigrade for 24 hours and then 
rapidly cooling them to room tempera- 
ture, the drying cycle was improved ma- 
terially. This procedure therefore was 
adopted and the eight units returned to 
service progressively over a period of 
seven months. All have since operated 
successfully, with no failures attributed to 
the flooding. ; 

The seven older units were recognized 
as a special problem, in view of the un- 
successful drying attempt after the earlier 
flood and because of the fact that they 
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INSULATED 
HOUSING 


VACUUM GAUGE 


TEMPERATURE 
INDICATOR 


VACUUM PUMP 
(AIR COMPRESSOR) 


Figure 2 (above) 

Cross section illus- 

trating over-all ar- 

rangement for vac- 

uum drying of hori- 

zontal shaft genera- 
tors 


Figure 3 (left). Im- 
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Toronto power plant 


had been submerged in ice for nearly two 
weeks. Vacuum drying of electric equip- 
ment is a common place factory procedure 
and it was decided to attempt some modi- 
fication of this practice on the generators 
in place. 

Investigation indicated that it would 
be quite practical to arrange a housing 
around the frame of the horizontal shaft 
units which, combined with the frame, 
would provide a vacuum-proof arrange- 
ment (Figures 1 and 2). The stator first 
was moved over from its normal position 
to clear one of the main bearings and also 
to provide a working space in the pit 
below the unit. The end bels were re- 
placed with externally flanged support 
rings, to which were bolted internally 
supported skin plates of 1/2-inch steel, 
sealing the space between the support 
rings and the rotor shaft. 

The internal support for these skin 
plates consisted of ; 


1. Rings of 3/8-inch steel plate on each side 
centered by the fan casting and bearing 
against the rotor rim. 

2. A row of 2-inch steel pipes placed be- 
tween the spokes and extending from skin 
plate to skin plate. 

3. Additional 3/8-inchringsbearing against 
each side of the rotor hub. 


All ventilating openings in the arma- 
ture frame were sealed with small cast- 
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ings, drawn down on square soft-rubber 
gaskets. One of these castings was 
tapped ‘or a vacuum gauge and for two 
adjustable air-leak valves for controlling 
the vacuum. No machining of the large 
surfaces of the skin plates was attempted, 
it being found that a satisfactory seal 
could be obtained with 1/2-inch round 
rubber gasketing or 1/2-inch smooth or 
everi corrugated garden hose, squeezed 
down to about 3/16 inch between rough 
flanges. The splits in the frame, joints 
between frame feet and sole plates, and 
miscellaneous other small leaks were 
sealed over with friction tape and painted 
with an insulating compound. 

Ordinary station air compressors were 
used as vacuum pumps The only special 
feature of the necessary piping system was 
the installation of a water-cooled con- 


~ denser and trap in the line to the vacuum 


pump. This device served several useful 
purposes; it protected the pump against 
the entrance of any injurious foreign ma- 
terial, increased the pump capacity by re- 
moving the greater part of the water 
vapor, and gave an accurate indication of 
the completion of the process by the ab- 
sence of condensate in the trap. 

The following equipment was provided 
to heat the unit: a rock-wool-insulated 
wooden house to enclose the who’e unit; 
an electric heater of 125-250-kw capac- 
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ity, complete with fan; also a branched 
heating duct with control dampers, one 
branch leading to the vacuum chamber 
and the other to the generator pit. 

The 3-phase star winding of the stator 
was reconnected into a single circuit and 
connected in series with the field (if the 
field had not been removed for repair). 
Direct current, to the approximate value 
of full load current, was circulated 
through this series circuit, supplied from 
a motor-driven exciter set. The vacuum 
housing was assembled and a vacuum 
drawn to test the effectiveness of the 
seals. The rock-wool house and heating 
ducts then were put into place. 

The unit was heated first by hot air 
blown in at an opening provided in the 
upper skin plate, through the generator 
and out the ventilating holes in the bot- 
tom of the frame (where some gasketed 
castings were removed), thence out from 
the rock-wool house through a window 
provided for that purpose. 

When the unit reached 90 degrees centi- 
grade, the heater was cut off and cold air 
blown into the pit while workmen re- 
placed the gasketed castings at the bot- 
tom of the frame and sealed off the duct 
opening in the upper skin plate. 

The air heater then was put on again 
and the current regulated in the windings 
to maintain the temperature of the upper 
coil ends at 90 degrees centigrade (the 
hottest coils in the machine). The 
pumps were started and the vacuum regu- 
lated by adjusting the leakage valves to 
give an increase in vacuum of one inch of 
mercury every 15 minutes, until a maxt- 
mum vacuum of 26 inches was obtained, 
this to prevent the bursting of the coil in- 
sulation. The largest yield of water oc- 
curred at 16 inches of vacuum. 

Five days were required to assemble, 
dry a unit, and dismantle the equipment. 
The fact that all units were similar made 
it quite convenient to move the equip- 
ment to each of the seven units in turn. 

This method was applied successfully 
to the units which previously had been 
found impossible to dry by conventional 
methods, all being returned to service 
nine’*months after the flooding. All now 
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have had over eight years’ service without 
any failure that can be attributed to their 
immersion and drying-out procedure. 


Bakelite Treatment of Field Coils 


Much time could have been saved in 
drying out the machines by the hot air 
method if it had been possible to rotate 
the field. This could not be done, how- 
ever, because the water-soaked fibrous 
insulation on the field coils had insufficient 
mechanical strength to withstand the 
centrifugal forces at normal speed. To 
prevent a recurrence of this difficulty it 
was decided in reinsulating the coils to 
use a nonhygroscopic material so that the 
repaired field coil would require little or 
no drying out after water immersion. 

After experimenting with various ma- 
terials it was decided to use Bakelite in the 
following forms: 


1. Bakelite 


TV-1112. A _ bakelite com- 


Figure 6 (above). 

Welded section of tur- 

bine shaft arranged for 

heat treatment, insula- 

tion having been re- 
moved 


Figure 5 (left). Typical 
shaft section of Toronto 
power plant units prior 
to commencement of 
welding operations 
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pound used in this particular application as 
an impregnating material. 


2. Bakelite TC-6032. A bakelite cement 
supplied in powder form and used with a 
special solvent to form a thin paste cement. 


3. Dilecto. A bakelite impregnated fab- 
ric furnished in sheet form and standard 
thicknesses. 


The coils were made ready for the bake- 
lite treatment by first thoroughly being 
cleaned of all dirt and surface varnish or 
paint. The coil turn insulation was 
tested under the pressure of heavy clamps, 
up to from 15 to 20 times normal voltage 
using alternating current (25 cycles) as a 
test source. After testing, the necessary 
repairs to the insulation were made and 
the coil placed in first-class condition 
electrically. 

The coil was then placed in a tank and 
impregnated under vacuum using bake- 
lite 7V-1112 compound. It was found 
that this method gave complete impreg- 


Figure 7 (above). General view of setup for 
removal of generator shaft by circulation of 
refrigerant in hollow shaft 


Figure 8 (below). Stationary plate showing 
failure caused by fatigue of babbitt metal 
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nation without applying pressure treat- 
ment. (See Figure 3.) 

After impregnation the coil was placed 
in an oven and baked at 120 degrees centi- 
grade for 18 hours. On completion of the 
baking all surplus varnish was removed 
and the coil prepared to receive the 
ground insulation. At this stage the coil 
was a solid mass, possessing high dielec- 
tric and mechanical strength. 

Ground insulation consisting of three 
layers of 0.015-inch Dilecto cemented to- 
gether was cemented under pressure to 
the inside of the coil, using bakelite ce- 
ment (7C-6032). The complete coil 
then was baked at 120 degrees centigrade 
for 18 hours. 

The coil was now ready to install on the 
field pole. 


ASSEMBLY OF FIELD Com. 
AND FIELD POLE 


In assembling the field coils on the 
field poles, it was decided to replace the 
original collars with Dilecto collars. 

After the outer field pole collar and the 
coil were placed on the field pole, the coil 
was centered on the iron and parallel 
Dilecto wedges were inserted between the 
coil and the iron. These were cemented 
in position with Bakelite ((V-1112). 

On completion of assembly, Bakelite 
TC-6032, thinned down, was applied to 
the outside of the coil with a brush and the 
whole assembly then was baked. Follow- 
ing the baking operation, the whole 
assembly, while still hot, was given a 
brush coat of Bakelite (JV-1112). On 
cooling, this gave the coil a smooth, dur- 
able, and easy-to-keep-clean surface. 


TEsTs 


It was found that field coils treated as 
described would withstand successfully 
voltages up to 7,000 volts; the limiting 
feature in all cases being the creepage dis- 
tance around the edges of the field pole 
collars. However, normal 1equirements 
of field coils treated in this manner are 
that they stand a potential of 4,000 volts. 

In order to form some opinion as to the 
success of the treatment in producing a 
coil that was waterproof, and to observe 
the effect of sudden. temperature changes 
on the insulation, tests were made by 
plunging coils heated to 120 degrees centi- 
grade into water at temperatures ap- 
proaching freezing, and allowing them to 
stand for 24 hours. Onremoval and after 
wiping the coil off as would be done nor- 
mally, inspection and tests indicated that 
no detrimental change was incurred by 
this severe treatment. : 

Some of these coils now have been in 
service for eight years, and inspection 
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Figure 9. Illustration of fretting on mating sur- 
faces of thrust collar and runner plate 


indicates no sign of change or deteriora- 
tion in the insulation. 


Welding Cracked Turbine Shafts 


Two of the original plants on the 
Canadian side of the river at Niagara 
Falls were designed with the turbines lo- 
cated in deep excavations approximately 
at tailwater level, shafts some 150 feet in 
length extending up to the generator 
rooms located at grade. The Toronto 
power plant, now owned by the Com- 
mission, has 11 such units with a total 
output rating of 105,000 kw. 

Each unit has two turbine runners, one 
discharging upward and.the other down- 
ward into a common draft tube, all then 
discharging into a tunnel emptying be- 
neath the Canadian falls. The shafts 
carrying the runners are coupled together 
by means of a flanged coupling, located 
on the center line of the draft tube, this 
coupling being enclosed in a heavy 
streamlined shroud, split vertically and 
clamped into grooves in the upper and 
lower shafts. The two turbine guide 
bearings are approximately 22 feet apart. 
Figure 4 illustrates the arrangement. 

Recently, and without previous warn- 
ing, one shaft failed at the clamping 
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groove above the shroud and the lower 
turbine runner with its shaft disappeared 
down the tailrace tunnel. Before inspec- 
tion of the other units could be completed 
another unit failed in the same manner 
though the runner remained in the tur- 
bine. 

Detailed inspection disclosed five other 
units with cracked shafts, four having 
cracks both above and below the coupling 
shroud. Preliminary information indi- 
cated that under wartime cond tions, new 
shaft forgings could be obtained only after 
long delay and it therefore was decided to 
attempt the repair of the shafts by arc 
welding at the plant. 

The turbine shafts are 14 inches outside 
diameter, having an internal bore of 8 
inches. The clamping grooves were 10 
inches wide, 3/8 inch deep, and originally 
were made without fillets. The most 
severe cracks extended over a consider- 
able area from the clamping grooves, some 
extending through to the center bore. 
Minor cracks originated at the dowel 
holes drilled to support the coupling 
shroud. 


PREPARATORY STEPS 


In preparing the shafts for repairs, it 
was decided to support them by means of 
aninterna plug. A forged plug 24 inches 
was machined 0.004 inch over size 
and the internal bore of the shaft 
accurately machined to provide a parallel 
hole. The plug was also taper bored to 
ensure a reasonable degree of flexibility, a 
2-inch wall (4-inch hole) being left n the 
center section spanning the breaks in the 
shaft, tapering to 1/2-inch wall (7-inch 
hole) at the outer extremities. 

This insert was shrunk by dry ice and 
pressed inside the hollow shaft. In the 
case of the shaft that had parted in serv- 
ice, a step was left in the plug to act as a 
stop, in order to ensure the correct over- 
all length. This step was machined off 
before welding operations were com- 
menced. 

The next step was to clean out the 
cracks preparatory to welding This fre- 
quently meant machining right through 
the original shaft. The clamping groove 
was widened considerably beyond its 
original width, generous fillets being pro- 
vided. Figure 5 shows a shaft machined 
and ready for welding. 


WELDING PROCEDURE 


The original shafts contained approxi- 
mately 40 points of carbon relatively 
poor welding material. Considerable 
study, therefore, was given the welding 
technique, the Commission's laboratory 
ultimately recommending that all welding 
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be carried out with welded sections at a 
temperature of 400 degrees Fahrenheit 
minimum, preferably 500 degrees Fahren- 
heit followed by heat treatment of 1,150 
degrees Fahrenheit after the welding was 
completed. 

Factory heat treating facilities being 
fully occupied with the demands of war, 
the field heating equipment was designed 
to provide for both the welding require- 
ments and the later heat treatment. 
Electric heaters were constructed, con- 
sisting of number 9 iron wire wound on 
porcelain spools, the spools being sup- 
ported on sheet iron arranged to form a 
belt around the section of the shaft to be 
heated. Four-inch-thick blankets of rock 
wool, held in place by wire netting, pro- 
vided the necessary heat insulation. 

To measure and regulate the shaft tem- 
perature, a specially calibrated millivolt 
meter connected to iron—constantan 
thermocouples was used, these couples 
being located on each side of the welded 
section. 

The welding was done with the welded 
sections maintained over a temperature 
range of 500 to 700 degrees Fahrenheit, 
regulation being effected by resistor grids 
in series with the heating elements. In 
addition to the thermocouple tempera- 
ture control, the welder was supplied with 
a 500 degree Fabrenheit Tempilstik as a 
standby. A welding rod was selected 
whose deposited properties would ap- 
proximate the metal of the origina! shaft. 

The shaft was placed on steel runners in 
a horizontal position so that it could be 
turned readily to distribute the welding in 
layers about its diameter. The first step 
was to tack weld the insert to the shaft, 
then welding circumferentially until the 
width of the V permitted longitudinal 
welding distributed to avoid bending 
stresses. Each weld required approxi- 
mately 425 to 450 pounds of rod, the weld- 
ing time approximating 200 continuous 
working hours per shaft. 


Heat TREATMENT 


The heat treatment was the most diffi- 
cult part of the repair problem. It was 
specified by the laboratory that the heat 
treatment was’ to consist of raising the 
temperature of the welded section at a 
rate not exceeding 100 degrees Fahrenheit 
per hour to a maximum temperature of 
1,150 degrees Fahrenheit, holding at this 
temperature for one hour per inch of 
thickness and cooling also at the rate of 
100 degrees Fahrenheit per hour, the tem- 


perature of the cast-iron turbine hub lo-. 


cated some five feet from the weld, not to 
exceed 400 degrees Fahrenheit at any 
time. 
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By supplementing the circular heaters 
used for the welding operation with a flat 
heater over the coupling end and chang- 


ing from rock wool to 12 inches of glass - 


wool, it was calculated the desired 
maximum temperature could be reached 
with a heater temperature of 1,400 degrees 
Fahrenheit. No difficulty was experi- 
enced in the operation of the heaters at 
this temperature, though, recognizing 
the short life that might be anticipated, 
the heating elements were replaced after 
treating each second shaft. 

When heat treating the first shaft, a 
number of thermocouples were used to 
check the calculated temperature gra- 
dients and to secure a further check on the 
temperature of the turbine hub. For 
subsequent shafts two thermocouples 
were located inside the hollow shaft and a 
third between the heating element and the 
shaft. 

At the commencement of stress re- 
lieving, all heaters were connected in 
series giving a power input of approxi- 
mately 22 kw. Overnight operation in 
this position increased the shaft tempera- 
ture to the neighborhood of 700 degrees 
Fahrenheit. The heaters then were re- 
connected in parallel, resulting in a power 
input at the higher temperature of ap- 
proximately 36 kw and causing a further 
increase to the desired 1,150 degrees 
Fahrenheit in from five to six hours. 

The disk type heater over the coupling 
end then was disconnected, causing the 
power input to drop to around 5 kw, ap- 
proximately that required to maintain the 
heat treating temperature. Occasionally, 
it was necessary to control the circular 
heaters for more accurate conditions. 
If the upper thermocouples tended to read 
higher than the lower, a portion of the 
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Figure 10. Spring imprints on lower surface 
of stationary plate 
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thermal insulation was removed to re- 
distribute both the heat input and heat 
loss (see Figure 6). 

From the outset, it appeared that a 
vertical position would be the most desir- 
able for the stress relieving operation as 
this would remove the danger of sagging 
and creepage under the stress of high 
temperature. 

However, it was thought that a hori- 
zontal setup could be arranged with less 
loss of time and one shaft was treated in 
this position by supporting it on brick 
piers. The stress in the high tempera- 
ture region was reduced by supporting 
the coupling flange on a beam. One end 
of this beam was supported by a set of 
scales and the other on a screw jack. 
The upward thrust, required to reduce 
the bending movement to zero at the 
first inner pier, was calculated and the 
scale was set to balance at this load 
During the heating and cooling period, 
the operator kept the screw jack adjusted 
so that the scale beam was in balance at 
all times. This was a troublesome pro- 
cedure involving some risk and the re- 
maining shafts were treated in a vertical 
position. 

At the time of the first failure two new 
shaft forgings were ordered. However, 
the ten sections of shafts were repaired 
successfully and returned to service before 
these arrived. The portion of the upper 
shaft remaining after the first failure was 
also salvaged by obtaining a forging from 
which a new flange and stub end were 
turned. This shaft now is retained as a 
spare. Subsequent annual inspection of 
these arc-welded shafts appear to indicate 
the complete success of the operation, no 
incipient failures being evident to this 
date. 


Removal of a Large 
Generator Shaft 


In March 1937 an operator at the Com- 
mission’s Queenston plant, during the 
regular hourly inspection trip, noticed 
that the pilot exciter armature on one of 
the 55,000-kva vertical generators had 
developed a noticeable wobble. ; 

The unit was shut down and investi- 
gation showed that a serious crack had 
developed in the main shaft at the circular 
keyway at the top of the thrust bearing 
collar. It was extremely fortunate that 
this crack was discovered before complete 
failure occurred, since this keyway sup- 
ports the entire weight of the rotor and 


turbine and its failure undoubtedly would 


have wrecked: the unit. 
It was, therefore, necessary in order to 
effect repairs, to remove the shaft from 
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DIAL INDICATOR 


This shaft was 30 feet 3 inches 
long having an 8-inch hole through the 


the rotor. 


center. There were three stepped fits 
each 12 inches long for the rotor spider, 
the largest being 321/, inches in diameter. 
The spider was 5 feet long and was bored 
for a 0.0009-inch shrink fit. Allowing 
for certain eccentricity of the shaft it was 
estimated that a temperature differential 
between the shaft and spider hub of 50 
degrees centigrade would be required in 
order to free the shaft. While it was 
‘known from previous experience that the 
spider could be removed by heating it to 
300 degrees centigrade while passing 
water through the hollow shaft, this 
method required that the 16 field poles 
be removed. 

Calculations therefore were made to 
determine whether the shaft could be re- 
moved without going to the considerable 
expense of removing the field poles. 
These calculations indicated that it was 
theoretically possible to remove the shaft 
by heating the spider to the maximum 
temperature allowed by the field coil in- 
sulation (85 degrees centigrade) and 
simultaneously passing a_ refrigerant 
cooled by carbon-dioxide ice through the 
hollow shaft. It was decided, therefore, 
to try this method. 

The rotor and shaft were placed over a 
hatchway in the service generator floor of 
the plant which was specially braced to 
support this 307 ton weight. Two 75-ton 
hydraulic jacks actuated by a common 

_ pump were placed so that they could exert 
a downward thrust between the coupling 
and rotor to move the shaft out of the 
fits. 
gated asbestos paper shroud and heated 
by several 10-kw heaters. The cooling 
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The rotor was encased in a corru-- 


Figure 11. Fixture 
used for testing and 
preloading springs 


unit, consisting of a hinged covered tank, 
31/2 feet in diameter and 11 feet high 
equipped with strainers in the bottom, 
was connected to a 200-gallon-per-minute 
centrifugal pump. Rubber hose was 
used for connections from pump to shaft 
and from shaft to tank to allow the shaft 
to be moved clear of the fits without inter- 
rupting the cooling process. Shaft, tank, 
and piping were lagged as shown in Figure 
7. A-stove pipe vent was provided from 
the tank to the outside atmosphere to 
dispose of the large quantities of carbon 
dioxide gas. .A 32-thermocouple system 
was installed to give temperature data on 
all the essential parts of the assembly. 

It required five days to heat the rotor 
to the required 85 degrees centigrade, 
using an input of 55 kw. By this time, 
the spider had reached a temperature of 
50 degrees centigrade and the shaft 28 
degrees centigrade, giving a difference of 
22 degrees centigrade between the shaft 
and spider. During this initial heating 
water was used to cool the shaft. Under 
this condition, a thrust of 200 tons did not 
move the shaft. We were optimistic, 
however, and had taken the precaution to 
sling the shaft from the crane hook. 

The next step was to start the rapid 
cooling of the shaft. The water was re- 
moved from the cooling system and 300 
gallons of alcoholwereadded to the cooling 
tank. Dry ice then was added slowly to 
the alcohol. This caused a violent libera- 
tion of gas. When this had subsided, the 
pump was started and dry ice was added 
in increasing quantities until there was 
approximately one ton of dry ice collected; 
this quantity was maintained in the tank 
until the shaft was released. This pro- 
duced a temperature which approximated 
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the minimum attainable temperature with 
dry ice and alcohol namely—72 degrees 
centigrade. 

After about an hour, the jacks were ob- 
served to have lost their pressure, indi- 
cating that the shaft had moved. Jack- 
ing was started and because it met with 
diminishing resistance until the limit of 
the jack was reached the cooling was dis- 
continued. Within an hour after the 
jack lost their pressure, the shaft was 
free and was lowered out of its fitted pro- 
tions. 

The heat transfer from the shaft to the 
alcoho’ proved to be below expectations 
due, no doubt, to the separation of bubbles 
of dissolved gas at the surface of the shaft. 
Doubtless a more rapid flow would have 
increased the heat transfer 


Maintenance of Thrust Bearings 


The thrust bearing, in large high-capac- 
ity water-wheel generators, constitutes 
one of the important components upon 
which continuous operation of the unit 
depends. These bearings, and those fea- 
tures of the unit assembly upon which 
their operation in turn depends, therefcre, 
are given particular attention in tee 
maintenance routine 

Two types of such bearings normally 
are supplied in Canada: the pivoted-shoe 
or Kingsbury bearing and the spring- 
supported bearing A variation of the 
spring-supported type is supplied by some 
European manufacturers, in which the 
stationary plate is divided into sectors. 
In the Commission’s operations extensive 
and quite satisfactory experience has been 
obtained with both types of bearings and 
no discussion of their relative merits is 
undertaken herein. All such bearings are 
located above the rotor, the alternative lo- 
cation below the rotor not having been 
adopted by the Commission to date, ex- 
cept in four 25,000-kva synchronous con- 
densers where spherical-seated combined 
thrust and guide bearings of the Kings- 
bury type are used. 


OPERATING EXPERIENCE 


The Commission has operated approxi- 
mately 80 bearings of both types over 
periods of up to 25 years, 43 of which are 
loaded in excess of 240,000 pounds and 23 
in excess of 800,000 pounds. A few of 
these bearings, including some of the 
largest size, have operated for 20 years 
and more without requiring replacements 
of any kind. 

Of the 43 just mentioned, nine outright 
failures have occurred during this period. 
It is popularly thought that most bearing 
failures occur during the starting-up 
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period, but this has not been the Com- 
mission’s experience. Eight of these fail- 
ures occurred during normal service, the 
ninth being a bearing found to be ir- 
reparably damaged after the unit had 
been shut down because of evidence of 
bearing distress. This last case was at- 
tributed to fatigue failure of the babbitted 
surface and might be said to be the con- 
dition to which these bearings tend after 
prolonged service (Figure 8). One other 
failure was occasioned by loss of oil, three 
others by mechanical misalignment be- 
tween halves of runner plates of the split 
type, and the remaining four by “wiping” 
of the babbitted surface, the causes of 
which were undetermined at the time. 


MANUFACTURING AND INSTALLATION 
REQUIREMENTS 


This generally excellent record has not 
been attained by installing bearings and 
then promptly forgetting them. Modern 
bearings will operate under conditions in- 
volving slight inaccuracies in assembly or 
alignment—in fact, successful operation 
under such conditions is not uncommon— 


but long-continued trouble-free service is © 


attained only at the price of careful at- 
tention to 


(a). Accurate \design and painstaking 
manufacturing care. 


(b).. Correct procedure in the initial as- 
sembly and unit alignment. 


(c). Maintenance of the original assembly 
and unit alignment conditions during opera- 
tion. 


All manufacturers agree as to the neces- 
sity for high-quality workmanship in the 
production of large thrust bearings, in- 
cluding close tolerances and finely finished 
rubbing surfaces. These standards are 
maintained strictly. Some disagreement 
occurs in one particular, the so-called 
‘Joose-fit”’ in the thrust collar, as is dis- 
cussed later. : 

In the initial assembly of the bearing it 
is essential that the rubbing surfaces be 
dead level and exactly normal to the axis 
of the shaft. This requires careful posi- 
tioning of the supporting bracket, by 
which the plane of the stationary surface 
is controlled, and of the thrust assembly in 
combination with the shaft of the unit. 

Two factors tend to limit the attain- 
ment of desirable accuracy in the latter 
connection. One is the practice, some- 
times adopted, of having the turbine, with 
its shaft, installed before generator erec- 
tion is completed. In such cases the 
final alignment must be carried out with 
the turbine coupling as the principal 
center of reference. Our experience indi- 
cates that this procedure results in less 
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accurate alignment than that in which the 
plumb line is used exclusively to locate 
the center of the turbine. (This, of 
course, requires that the turbine shaft be 
removed.) ; 

The second limiting factor is attrib- 
uted to the use of the “loose” thrust 
collar. Since, in this situation, the 
shaft may move relatively to the collar, 
establishment of the rubbing surfaces in a 
plane normal to the spinning axis is 
fraught with difficulty. In the most fre- 
quently encountered cases, bearing im- 
pairment has resulted from a “‘rocking”’ 
action set up between the collar and shaft 
and collar and runner plate. This action 
causes extensive pitting of the surfaces. 
Moreover, a loose collar permits relative 
vertical movement of the shaft, and in 
propeller wheel installations particularly, 
this is a matter of especial concern. Three 
cases of shaft fracture, all taking place in 
the circular key recess and all attributable 
in large part to fatigue, possibly combined 
with impact, serve to emphasize this 
point, and to furnish a further example of 
trouble arising from the use of the loose 
collar. 


MAINTENANCE PROCEDURE 


Bearing maintenance normally is car- 
ried out as part of the regular routine 
overhaul of the hydroelectric unit. In- 
spection has uncovered numerous cases in 
which bearing distress was present, al- 
though signs of this were manifest in only 
a few instances, as for example, by a rise 
in oil temperature. A number of such 
cases are recorded as ‘‘near”’ failures, the 
conditions disclosed on dismantling being 
such that continued operation would 
have resulted in eventual failure. 

Maintenance procedure includes the 
complete dismantling, checking, and re- 
assembly of the bearing itself and also 
the checking and readjustment of the 
unit alignment. 

All parts of the bearing are cleaned 
meticulously and checked accurately for 
thickness, fit, and position. The thrust 
collar and shaft are examined for signs of 
“working’’ and the respective keyways 
checked for misalignment and inaccura- 
cies in fitting. Defective parts, if any, 
are repaired or replaced. 

Special attention is given the spring 
assemblies in modern spring-supported 
bearings, as it has become increasingly 
common to find the underside of the sta- 
tionary plate marked by the springs in a 
manner suggesting wide variation in 
spring loading (Figure 10). The present 
practice is to check all springs individu- 
ally, to preload them uniformly in the 
simple fixture shown diagrammatically in 


7 


Figure 12. Complete transformer coils field 
fabricated from continuous aluminum tubing 


Figure 11, and then to machine them to 
uniform length. It is believed that this 
procedure results in a more even distri- 
bution of stresses in the plate and a more 
accurate alignment of the shaft and plate 
under load, thereby reducing fatigue and 
wear of the rubbing surfaces. 

Unit realignment is carried out with all 
rotating parts removed (including the 
turbine, if practicable), but with the guide 
bearings in place, if the bearing housings 
alone are not suitable. A plumb line is 
centered, usually in the generator upper 
guide bearing, and accurate measure- 
ments taken to the various bearing sur- 
faces and turbine seals. 

Properly interpreted, these measure- 
ments give a true picture of the state of, 
the existing alignment. Correction of 
misalignment must necessarily be made 
on the generator since the turbine is fixed. 
It is important that bearing brackets be 
leveled precisely before adjustments are 
made. Following adjustments, any parts 
of the assembly moved must be re- 
dowelled in their new positions. 

Reassembly commences with the place- 
ment of the rotating parts. The rotor is 
centered and supported on jacks; the 
the turbine runner on its seals. The 
thrust bearing is added, exercising ex- 
treme care. At this stage the rubbing sur- 
faces are treated with a special lubricant 
such as Gredag 811/, or Oildag 100. 

If the thrust collar presents an inter- 
ference fit, it is usual to warm it slowly 
and uniformly until it has expanded suf- 
ficiently to drop onto the shaft. The 
thrust key then is placed and the weight 
of the rotor transferred to the bearing. 
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Quantitative Determination of Magnetic 
Properties by Use of Cathode-Ray 
Oscilloscope 


JOSEPH ZAMSKY 


ASSOCIATE AIEE 


Synopsis: This paper describes a means of 
producing the core loss loops of samples of 
magnetic strips on an oscilloscope screen 
and a method of obtaining the heat loss 
from the areas of these loops. The standard 


Epstein test for obtaining the core loss re-° 


quires a correction for corner effects due to 
stacking of the laminations, whereas the 
method described here circumvents this 
problem by utilizing only the center portion 
of a relatively few short strips of the test 
material. Since quantitative measurements 
are made, circuit refinements, such as negli- 
gible phase shift couplings between amplifier 
stages and stabilized voltage supplies, are 
incorporated into the circuits. 


OR the study of low-loss high-perme- 

ability steel, having highly directional 
magnetic properties, it was desired to 
develop for the determination of these 
properties, a relatively fast method 
which would not require compensation for 
end effects as is necessary with the ortho- 
dox Epstein test of the American Society 
for Testing Materials. 

Adler! has developed a method of ob- 
taining the core loss curve of a punched 
washer sample on the screen of an oscil- 
loscope. For studying oriented steel lam- 
inations, however, the use of a punched 
washer is not possible because direction 
of magnetization is of prime importance. 
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tion at the AIEE summer general meeting, Mon- 
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Adler’s method also requires the use of a 
phase shifting device which is not neces- 
sary in the apparatus described herein 
because of the high values of coupling 
capacitors and resistors used. 

The equipment described here provides 
a method, not only for obtaining core loss 
and permeability, but also for obtaining 
retentivity and coercive force of the test 
specimen, as well as indicating the degree 
of saturation at a glance. 


Magnetic Circuit 


The magnetic circuit is indicated in 
Figure 1A. It consists of a yoke made of 
laminations stacked to give a cross sec- 
tion two by two inches. Four coils are 
placed on the yoke in such a manner that 
when they are energized the flux is di- 
rected through the test sample. The 
sample indicated in Figure 1 consists of 
29 gauge strips 3 by 28 centimeters. 
Seven strips are placed on each side of a 
rectangular bakelite core and set in the 
magnetic circuit as in Figure 1A, with 
fiber spacers maintaining a nonmagnetic 
gap of about-one-sixteenth inch at each 
end. The gap is included to prevent in- 
dividual laminations from contacting the 
yoke and thereby carrying greater flux 
than those not making contact. The 
number of samples was chosen arbitrarily. 
It was desired to have a sufficient num- 
ber to be able to obtain the average char- 
acteristics of a lot. : 

Two coils are used to pick up signal 
voltages for the electronic circuits supply- 
ing the vertical (flux density B) set of 
deflecting plates and the horizontal (mag- 
netic intensity H) set of deflecting plates 
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of the oscilloscope, respectively. (What 
is called magnetic intensity H in this pa- 
per contains both magnetization and eddy 
current components.) 

The B coil is placed around the test 
samples equidistant from the ends. The 
flux linking this coil consists of that 
through the samples and that through the 
space containing the bakelite core. As 
the relative permeability of the lamina- 
tions is of the order of several thousand, 
the fux in the enclosed space can be 
neglectcd without serious error. The 
voltage induced in the B coil is, there- 
fore, directly proportional to the rate of 
change of flux, or rate of change of flux 
density, in the iron. This was found to 
be uniform over a length greater than that 
covered by the coil. 

The H coil is placed in the space en- 
closed by the test samples, equidistant 
irom the ends. A probe coil showed the 
fux to be uniform through a section 
greater than that covered by the H coil. 
Hence, the voltage induced in this coil is 
proportional to the rate of change of 
flux, or rate of change of flux density, in 
the space enclosed by the samples. Since 


Magnetic circuit showing test 
samples in place 


Figure 1. 
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C4,Cg—10 = micro- R;—25,000 ohms 


farads Rs,R7—50,000 ohms 
Ci,Cg—15 microfarads Rii,Ri2—100,000 
C2—20 microfarads ohms 


C3;—50 microfarads Ris —2,400 ohms 
Cs,Cs,Ce,C7—1 micro- B—Flux density pick- 
farad up coil 
Ri—15,000 ohms L—47-henry center 
R2—40,000 ohms tapped coil 

R;,Rs—1,000 ohms Ti, Te—6F6 tube 
Rs,Ro,Rio,Ria—1 megohm T3,T<—6S5N7 tube 


there is no magnetic material in this 
space, the voltage induced in the coil is 
also a measure of the rate of change of the 
magnetizing force, or rate of change of 
magnetic intensity, over the length cov- 
ered by the coil. : 

The voltages, therefore, represent th 


Figure 2. Wiring dia- 
gram of circuit supply- 
ing flux density deflec- 
tion to. cathode-ray os- 
cilloscope 
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VERTICAL PLATES 


rates of change of flux density and mag- 
netic intensity over only the center por 
tion of the samples and are not affe ted 
by end effects. 

Since the voltages induced in the coils 
are proportional to the rates of change of 
flux density and magnetic intensity, it is 
necessary to integrate them to obtain 
voltages proportional to the flux density 
and magnetic intensity, respectively. 


Electronic Circuit 


The electronic circuits for supplying the 
B signal and H signal to the deflection 
plates of the cathode-ray oscilloscope are 
shown in Figure 2 and Figure 3, respec- 


Figure 4. Wiring diagram of integrator circuit 


C4,Cg—10 microfarads 
C;—<15 microfarads 
C2—20 microfarads 
C;—50 microfarads 
C4,Cs—1 microfarad 

R —15,000 ohms 
R>—40,000 ohm: 

R-—1 000 ohms 

B—Flux density pickup coil 
L—47-hen:y center tapped coil 
hh, Ty —6F6 tube 


tively. The B circuit contains an inte- 
grator followed by two stages of amplifi- 
cation. The H circuit is the same except 
that two additional stages of amplifica- 
tion precede the ‘ntegrator. : 
The amplifiers are standard push-pull 
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Figure 3. Wiring diagram of circuit supplying magnetic intensity deflection to cathode-ray oscilloscope 


C4 Cp,Cs—10 microfarads 

C,—60 microfarads 

C.,C7—80 microfarads 
GrGa Gs, Co, C11; Gr, Cy4,Cis—11 microfarad 
C,—20 microfarads 

Cio—50 microfarads 

Cis—15 microfarads 
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Ri:— 30,000 ohms 

Re, Rs,Rr—20,000 ohms 

Rs—10,000 ohms 

Re, Ro,Rio,Ris—15,000 ohms 
Riz—7,500 ohms 

Ris—40,000 ohms 
Rz,Ri1,Ris,Rir, Ris, Reo, Re4,Ree—1 megohm 
Rie,Rig—1 ,000 ohms 
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Roy—25 000 ohms 
Ree,Res—50,000 ohms 

R;—2,400 ohms 
Re,,Res—100,000 ohms 
H—Magneticintensity pickup coil 
L—47-henry center tapped coil 
T1,Te,T.,Te—6SN7 tube 
T.,T,—6F6 tube 
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Figure 5. Regulated d-c powersupply 


R;—3,000 ohms 
Rs—7,500 ohms 
Ry—470,000 ohms 
L—15-henry coil 
Ti:—5 R4-GY tube 
Tx—2A3 tube 
Ts—65J7 tube 
T.—VR150 tube 


C,—8 microfarads 
C2,C3—80 microfarads 
Cs—20 microfarads 
R:—20,000 ohms 
R:—1,000 ohms 
R:,Rs—75,000 ohms 
Rs--20,000 ohms 
Rs—5,000 ohms 


stages. The integrator stage alone is 
shown in Figure 4. Its principle of opera- 
tion has been described by Clarke.? (See 
Appendix I.) 

It was found necessary to include the 
capacitors C4 and Cz, as shown. As the 
grids of the integrator tubes are coupled 
to the plates of the preceding tube in 
the H circuit, any sudden fluctuations in 
the supply voltage appear on the grids of 
the 6F6’s with the same polarity, that is, 
as in-phase signals. Without C, and Cz, 
those fluctuations are amplified so greatly 
that the grids of the final stage are either 
driven positive or to cause cutoff. By in- 
cluding capacitors C, and Cz a low imped- 
ance path to ground is provided and the 
in-phase fluctuations, therefore, donot ap- 
pear amplified on the grids of the tube 
following the integrator stage. 


Capacitors and resistors of one micro- 


farad and one megohm, respectively, are 
used for interstage coupling. At a fre- 
quency of 60 cycles per second the react- 
ance of a 1-microfarad capacitor is 2,650 
ohms. Combined with a resistance of one 
megohm, the phase angle is about 0.15 
degree. The H circuit contains four such 


combinations, producing a total phase. 


shift of about 0.6 degree. The harmonics 
are shifted even less. This amount of 
phase shift may be neglected. 

The high value of the time constant of 
such large coupling capacitors and re- 
sistances necessitates the use of an ex- 
tremely stable d-c power supply. With- 
out such a supply, sudden fluctuations 
of the supply voltage are transmitted to 
the plates of the 6F6 tubes by the capaci- 
tors C, and Cz and to the following tubes 
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Figure 6. Cathode-ray oscilloscope regulated 
power supply 


B connects to grid of vacuum tube voltmeter. 
C connects to the plus 150-volt tap of the 
: power supply 
C,,Cs—2 microfarads Ry—3,900 ohms 
C.—4 microfarads Ru—153,000 ohm. 
Ri,R1o—3,000 ohms Riz2—51,000 ohms 
R:—20,000 ohms Riz—100,000 ohms 
R;—60,000 ohms Rius—39,000 ohms 
Rs—6,200 ohms T:—5R4-GY tube 
Rs,Ris—25,000 ohms ‘T2, Ts 9911 tube 
Rs—240,000 ohms Ts—cathode-ray tube 
Rz—234,000 ohms T;—6J5 tube 
Rs—11,600 ohms 


through the coupling network. The pat- 
tern on the oscilloscope screen jumps and 
then takes a long time before returning to 
its original position because of the large 
time constant. At times these kicks come 
often enough to keep the pattern “danc- 
ing’”’on the screen. The stabilized voltage 
supply used is shown in Figure 5. It is 
based on a circuit described in an article 
by Hunt and Hickman,’ and provides a 
direct voltage of 265 volts, with sudden 
fluctuation less than two millivolts. (See 
Appendix II for discussion of operation.) 

It was also found necessary to provide 
a regulated power supply for operating 
the cathode-ray oscilloscope. Without 
regulation, changes in supply voltage 
caused the size of the pattern on the 
sereen to change. The circuit is shown in 
Figure 6 and is described in Appendix 
Ill. 

The electronic circuit consists of push- 
pull stages to correct for nonlinearity of 
the tube characteristics and to provide 
symmetry of the pattern on the oscillo- 
scope. 


Determination of Loss From Curve 


The H scale of the cathode-ray screen 
is calibrated by photographing the line 
which results when the H pickup coil is 
inserted in the known magnetic field of a 
cube-surface coil. The B scale is ob- 
tained directly from the photograph of 
the core loss curve since the desired peak 
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Figure 7 (above). Core loss loop for pea flux 
density of 10,000 gausses 


Figure 8 (below). Core loss loop for peak flux 
density of 15,000 gausses 


4 Ss 


Figure 9 Basic integrating circuit 


flux density is set by adjusting the value 
of the 60-cycle-per-second voltage ap- 
plied to the energizing coils on the yoke. 
To set the flux density, the voltage in- 
duced in a coil wound directly over the 
B pickup coil is measured with a cathode 
ollower voltmeter’ which reads average 
value The average value of this voltage 
is a measure of the peak flux density.® 
(See Appendix IV.) 

Figures 7 and 8 are photographs of core 
loss curves of the same sample taken with 
maximum flux density of 10,000 and 15,- 
000 yausses, respectively. It is noted, 
that in Figure 7 the peak of the magnetic 
intensity occurs ahead of the peak of flux 
density. This is explained as follows. 
Assume the core loss curve axes represent 
flux and magnetizing current. If there 
were no eddy currents present, the core 
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Figure 10. Complete unit 


On left is shown the magnetic circuit with test samples and coils in place. The center assem- 
bly contains the amplifier and integrator stages, the cathode-ray tube, and the electronic volt- 
meter. The assembly on the right contains the power supplies 


loss curve would be a true hysteresis loop 
and flux and current would reach their 
maximum values simultaneously. Since 
the flux lags the terminal voltage by 90 
degrees, the peaks of the flux and hystere- 
sis current would occur 90 degrees after 
that of the voltage. With eddy currents 
present, the magnetizing current enow 
consists of a hysteresis current and an 
eddy current component. The eddy cur- 
rent is set up by the flux and is in phase 
with the terminal voltage. Hence, the 
eddy current reaches its maximum 90 de- 
grees ahead of thehysteresis current maxi- 
mum. At 10,000 gausses for the material 
tested, the two components of current 
are of such wave shape and magnitude 
that their resultant (the magnetizing 
current) has its maximum ahead of the 
hysteresis current maximum and, hence, 
ahead of the flux. 

The area of the core loss curve repre- 
sents the heat loss per cycle per unit vol- 
ume.” To determine the area, the photo- 
graph, which is taken on 35 millimeter 
film, is projected onto an opal glass screen 
and the area measured with a planimeter. 
From the screen calibration and the den- 
sity of the samples, the watt loss per 


‘pound is calculated. 


Table I shows a comparison of results 
obtained by the electronic method with 
those from Epstein tests. Two different 
materials, listed here as A and B, were 
tested. The individual tests on each ma- 
terial were not made on the same pieces. 


Appendix |. Operation of 
Integrator Circuit 


The basic circuit for integrating a volt- 
age is shown in Figure 9. It consists of a 
resistor R in series with a capacitor C 
whose reactance is negligible compared to 
the resistance of the resistor. If an alter- 
nating voltage is impressed as shown, the 
current that flows is then given by 


t=e/R 
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and is in phase with the voltage e. The 
voltage appearing across the capacitor, is 
therefore 


eo=1/Cfidt=1/RCS e dt 


Hence, the voltage appearing across the 
capacitor is proportional to the integral of 
the impressed voltage. 

The equivalent circuit of the integrator 
stage shown in Figure 4 consists of a volt- 
age source whose value is given by the 
value of the input voltage multiplied by 
the amplification factor of the tubes in se- 
ries with the plate resistances of the tubes 
and the capacitor network of C,, C4, and 
Cy. The output voltage, which is that 
across the capacitor network, is ‘propor 
tional to the integral of the input voltage 


Appendix I]. Regulated Power 
Supply 


The operating principle of the regulated 
power supply, shown in Figure 5, is the 
following: a portion of the variations of 
the load voltages and of the rectified volt- 
age is applied to the grid of the 6SJ7 tube 
T3, amplified, and applied to the grid of 
the 2A3 tube T> in series with the load. 
A rise in the load voltage raises the grid 
potential and therefore lowers the plate 
potential of the 6SJ7 tube an amplified 
amount. This lowers the grid potential of 
the 2A3 tube, resulting in a decrease of 
the current through the tube, which in 
turn lowers the load voltage. 


‘Appendix Ill. Regulated Supply 


for Cathode-Ray Oscilloscope 


In any tube, if the grid voltage changes 
a certain amount and the plate voltage 
changes pw (the amplification factor of the 
tube) times this amount but in an oppo- 
site direction, the plate current remains 
constant. This principle is employed in 
the regulated power supply shown in 
Figure 6. 
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Table |. Comparison of Losses by Electronic 
Method and Epstein Test 


Sa 


Peak Electronic Method, 

Flux Epstein W Per Lb 
Mate- Density, Test, 
rial Gausses WPerLb I Il it 


A....10,000....0.306...0.312. .0.315. .0.307 
A.,,..15,000....0.740...0.737. .0.726. .0.726 
B....10,000....0.352...0.358. .0.358. .0.354 
By ...15,000....0.859....0.87 ..0.889..0.856 


In this figure, assume point A becomes 
more negative by 21 millivolts. Point G 
(the grid potential of the 6J5 tube Ts), 
will also become 21 millivolts more nega- 
tive since the 991 regulator tubes main- 
tain point D at a constant potential dif- 
ference with respect to point A. Point K 
(the cathode potential) will become 


(21) (R7)/(Rs+ Ry) = (21) (234,000) / 
(11,600+ 234,000) 
= 20 millivolts 


more negative ~ The net result is that the 
voltage from plate to cathode has in- 
creased 20 millivolts while the voltage 
from grid to cathode has decreased 1 
millivolt. Since this is a ratio of 20, 
which is the amplification factor of a 
6J5 tube, the load current remains con- 
stant. 


Appendix IV. Relation of 
Average Voltage Induced in a 
Ccil to Peak Flux Linking Coil 


The instantaneous value of the voltage *— 
induced in a coil *s 
e=N dd/dt . 
where 


e=the instantaneous value of the voltage 
N=the number of turns on the coil 


o=the flux linking the coil 


Integrating the above equation over a 
half-period of the voltage wave 


2 _~ + dmazimum 
ne di=N sh d¢=2N¢marimum 


— dmarimum 


but 


where t2—#, is a half-period of the volt- 
age wave, 
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Dynamic Braking of io DLC 
Series Motors 


JOHN D. LEITCH 


MEMBER AIEE 


Synopsis: The problem of obtaining dy- 
namic braking automatically in the event of 
power failure is discussed for 2-motor drives. 
Various methods of connecting the two 
motors are considered from the point of 
view of service requirements. 


WO identical d-c series motors fre- 

quently are used on a single drive be- 
cause two smaller motors are more eco- 
nomical in cost and space and have a lower 
WR? than one larger motor. 


The two motors may be connected: 


permanently in series, in which case a 
single controller is obviously adequate, or 
they may be connected permanently in 
parallel requiring a duplex controller hav- 
ing separate reversing and accelerating 
contactors and separate resistors. Often 
double-pole contactors are used to insure 
simultaneous switching in the paralleled 
motor circuits. 

It is desirable in certain important 
drives to provide automatic stopping in 
the event of power failure. This may be 
accomplished without magnetic brakes by 
using dynamic braking to decelerate the 
drive and inherent friction in the machine 
to bring it to rest. 


Dynamic Braking in One Direction 


Dynamic braking in only one direction 
requires a single pair of spring-closing con- 
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tactors when the two motors are con- 
nected permanently in series as shown in 
Figure 1. The spring-closing contactors 
FB1 and FB2 close their contacts on 
power failure while all other contactors 
open. If motion is inthe forward direc- 
tion, a dynamic braking current will flow 
from Al at 1 through both fields without 
reversal back to armature A2 at 3. Thus 
the current reverses in the armatures only, 
a sufficient condition for dynamic braking. 
In the reverse direction, dynamic braking 
is not provided by the circuit of Figure 1 
since the current is reversed in both the 
fields and armatures. Obviously, if the 
two motors are connected in parallel, the 
circuit of Figure 1 would be duplicated 
with only one motor in each part. 


Dynamic Braking in Both Directions 
(Single-Motor Methods) 


A very simple method of obtaining 
dynamic braking in both directions on a 
2-motor drive is that which provides 
dynamic braking by one motor in the for- 
ward direction and by the other in the re- 
verse direction as shown in Figure 2 for two 
motors in parallel. On many machines 
adequate braking torque can be provided 
in this way with considerable saving in 
control equipment. 

If the two motors are connected in 
series, it is necessary to use an additional 
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contactor S to separate the two armatures 
during dynamic braking as shown in Fig- 
ure 3. 

In an earlier paper! methods of obtain- 
ing dynamic braking in both directions 
with a single series motor were discussed. 
Sometimes with 2-motor drives it is de- 
sirable, in emergency, to operate the 
machine with one motor and still obtain 
dynamic braking in both directions in the 
event of power failure. If, in addition, 
the motors must be connected in series 
during starting, and later in parallel to 
obtain higher speeds, dynamic braking 
must be provided regardless of whether 
the motors are in series or parallel at the 
instant of power failure. Such a controller 
requires means equivalent to those de- 
scribed for a single series motor for select- 
ing the proper braking connections to- 
gether with a system of disconnecting 
switches for operating the machine with 
either motor or both. The power circuit 
of a controller meeting these specifications 
is shown in Figure 4. 

Each motor has associated with it four 
spring-closing contactors FB1, FB2, RB1, 
and RB2. Should power fail while the mo- 
tors are rotating in the forward direction 
only the FB pair closes its contacts, while 
in the reverse direction only the RB pair 
closes. This may be accomplished by 
polarizing the spring-closing contactors as 
described in the case of a single series 
motor.! 

Series and parallel operation is ob- 
tained by the series contactor S and the 
two parallel contactors P1 and P2 in the 
usual manner. Two 3-pole double-throw 
knife switches K1 and K2 permit discon- 
necting either motor from the system. 
With both knife switches in the up 
position, normal operation with two 
motors is obtained. With either of the 
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Figure 2 (left, above). 
Forward braking with 
one motor and reverse 


braking with the other 
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Figure 3 (left). Forward 

braking with one motor 

and reverse braking with 
the other 


Motors in series 
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Figure 4. Braking in both directions, single motor method 


two switches in the down position, the 
corresponding motor is disconnected. 

If the two motors are connected in 
parallel only, it is possible to reduce the 
number of spring-closing contactors from 
eight to four by tying corresponding 
points on the two motors through bridg- 
ing resistors as shown in Figure 5. 
Another advantage of this circuit is that 
_it permits disconnecting either motor 
from the drive while still providing dy- 
namic braking in both directions with the 
remaining motor. As in the case of single 
motor drives, the method requires some 
means of assuring the closure of the 
appropriate pair of spring-closing con- 
tactors FB or RB, according to the direc- 
tion of motion at the instant of power 
failure. 
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There was some question as to the prac- 
ticality of using bridging resistors since 
excessive circulating currents might be 
produced by any unbalance in the circuits 
and by small differences in the character- 
istics of the two motors. However, on 
test with two MD408 motors, the bridg- 
ing resistors could be reduced in ohmic 
value beyond that required for any prac- 
tical application without producing cir- 
culating currents greater than ten per cent 
of full load current and then only during 
acceleration and plugging. 


Dynamic Braking in Both Directions 
(Two-Motor Methods) 


So far, methods applicable to a single 
motor have been applied to 2-motor 
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drives. There are, however, a variety of 
2-motor circuits which cannot be applied 
to a single motor but which are applicable 
to drives where the number of motors is a 
multiple of two. The main advantage of 
these circuits is that they require only 
four spring-closing contactors, all of which 
are permitted to close their contacts on 
power failure. This eliminates the need 
for control equipment which will hold one 
pair of spring-closing contactors open 
according to the direction of motion of 
the motors at the instant power fails. The 
2-motor circuits, however, have the dis- 
advantage that the drive cannot be driven 
in emergency by only one motor without 
loss of the dynamic braking feature. 


Reversal by Reversing One 
Armature and One Field? 


This circuit differs from all other cir- 
cuits considered in this paper in that re- 
versal is obtained by reversing the field of 
one motor and the armature of the other 
as shown in Figures 6 and 7. On power 
failure all four spring-closing contactors 
DB1, DB2, DB3, and DB4 close their con- 
tacts to complete two separate dynamic 
braking loop circuits, in each of which the 
armature of one motor is connected in. 
series with the field of the other. The 
direction of the dynamic braking currents 
in both loops is such that the fields are 
energized in their original direction while 
the armature currents are reversed. This 
occurs for both directions of motor rota- 
tion provided the motors are not being 
plugged when power fails. 

Should power fail during plugging, the 
conditions are somewhat different. If the 
motors are running in the forward direc- 
tion, the counter electromotive forces will 
be in directions 6-5 in A2 and 2-1 in Al. 
On plugging, the current is reversed in the 
field F1, causing reversal of the counter 
electromotive force at armature Al to 
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direction 1-2 since the motor is still run- 
ning in the forward direction. The 
counter electromotive force at armature 
A2 remains in direction 6-5 since the field 
F2 is not reversed. On power failure 
under these conditions, the currents in the 
two dynamic braking loops will be such as 
to reverse the fields of both motors. In 
other words, current will flow from Al at 
2 through the field F2 in direction 8-7 and 
from A2 at 5 through the field Fl in 
direction 3-4. If both motors were abso- 
lutely identical there would be a likeli- 
hood of losing both fields and the motors 
would drift to rest without producing 
dynamic braking. On test no such failure 
occurred. If it is assumed that one of the 
two motors dominates by having slightly 
higher counter electromotive force at a 
given speed, the behavior of the circuit is 
as follows. Assuming motor 1 to domi- 
nate, the field of motor 2 will be reversed 
before that of motor 1. This will cause 
immediate reversal of the counter electro- 
motive force at A2 to the direction 5-6 
since the motors are still running in the 
forward direction. A current will then 
flow from 6 at A2 through the field Fi in 
direction 4-3 maintaining its “plugged” 
direction. Thus, instead of the conditions 
which hold for the forward direction of 
motion before plugging, the currents in the 
fields are reversed while the armature cur- 
rents are in the same direction, a sufficient 
condition for dynamic braking with both 
motors. This applies to both Figures 6 
and7. Inthe latter figure, where the two 
motors are connected in series, it is neces- 
sary to add two contactors S/ and S2 for 
separation of the fields and armatures 
during dynamic braking. 
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Railway Method? 


A well-known method of obtaining 
dynamic braking in both directions on 2- 
motor drives has been used for some years 
on d-c electric railway systems, par- 
ticularly on streetcars. Because of the 
infrequent reversal of traction motors, it 
is customary to use double-throw knife 
switches in reversing the fields. The prob- 
lem of plugging or rapid reversal is not a 
factor in the design of streetcar con- 
trollers. © 

Traction drives usually are accelerated 
by first connecting the motors in series 
and later in parallel. It is also desirable 
to provide numerous steps of service 


- dynamic braking so that the motors can 


be decelerated at a controlled rate. A 
typical circuit providing these features is 
shown in Figure 8. 

A 4-pole double-throw knife switch is 
shown for reversal of the fields. In ac- 
celerating, contactors M1, M2, PS, and S$ 
are closed, connecting the two motors in 
series. After acceleration has proceeded 
to a certain point, S opens and P/ and P2 
close to connect the motors in parallel. 
On returning the master to the off point or 
coasting position, contactors Pl and P2 
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Figure 7 (bottom, Mi 
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close or remain closed along with the 
dynamic braking contactor DB. Con- 
tactors M and M1 drop out along with 
the accelerators. 

If the knife switch never is reversed 
while the motors are rotating, the counter 
electromotive force always will be in the 
directions 2-1 at Al and 6-5 at A2. When 
the controller is connected in the coasting 
position, as shown in Figure 8, weak 
dynamic braking currents flow from 1 at 
Al, through resistor RI-R2, contactor 
P1, accelerating resistor, and field F2 to 
5 at A2, contactor DB, resistor R4-R3 
back to 2 at Al, and through a similar 
circuit starting from 5 at A2 through 
R4-R3, field F1, and so on, back to 6 at 
A2. These currents maintain the fields 
energized in the proper direction and per- 
mit the rapid build-up of dynamic brak- 
ing torque as the acceleration contactors 
1A, 2A, and 3A are closed in sequence, 
along with contactors M2 and PS. In 
this way the retarding or decelerating 
torque can be varied as desired. On 
power failure, it is necessary only to 
establish the circuit of Figure 8 and to re- 
duce the resistance of the dynamic brak- 
ing circuits to a value giving the required 
torque. 
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Figure 9 (below). Modified railway method 
using common conductor 
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Modifications of the 
Railway Method 


Where frequent plugging and reversing 
operations are necessary, the use of re- 
versing contactors is indicated. These 
reversers may be used to reverse either 
the fields or the armatures with the same 
result. The following diagrams show con- 
ventional armature reversal. 

Figure 9 illustrates a modification of the 
railway method for two motors connected 
in parallel, while Figure 10 shows the 
corresponding series connection. Four 
spring-closing contactors are essential in 
obtaining dynamic braking in both direc- 
tions. The effect of shunting the field F2 
in Figure 10 with the dynamic braking 
resistors is negligible. 

Referring to Figure 9 and assuming the 
motors to be running in the reverse direc- 
tion with contactors R, 1R, and M closed 
at the instant of power failure, these con- 
tactors will open simultaneously with the 
closure of the four spring-closers DB1, 
DB2, DB3, and DB4, The counter elec- 
tromotive forces will be in the directions 
1-2 in armature Al and 5-6 in A2. 
Dynamic braking current will flow from 2 
at Al through field F2 in direction 7-8 
and back to 1 at Al through the common 
return conductor 9-10. Similarly a cur- 
rent will flow from 6 at A2 through field 
F1 back to 5 at A2. The field currents 
are thus maintained while the armature 
currents are reversed giving dynamic 
braking. The dynamic braking current in 
the common conductor is the sum of the 
currents in the two armatures. 

If the motors are rotating in the forward 
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Figure 11 (left). 
Modified railway 
method without 


common conductor 


Motors in parallel 


direction with contactors Ff, 1/F, and M 
closed, the counter electromotive forces 
will be in directions 2-1 in AZ and 6-5 in 
A2. On power failure these counter 
electromotive forces would tend to fe- 
verse the currents in both fields simul- 
taneously. Should it happen that the 
fluxes in both fields reach a zero value at 
exactly the same instant there is a possi- 
bility of losing the fields, permitting the 
motors to coast to rest without dynamic 
braking. On repeated tests with two 
MD408 motors no such failure occurred, 
the sequence of events as determined by 
ammeters and voltmeters being as fol- 
lows. 

Assuming motor 1 to dominate motor 2, 
the field of motor 2 will be reversed before 
that of motor 1. This will revérse the 
counterelectromotive force at A2 which 
in turn will strengthen the field of motor 
1. As soon as this happens the fields 
rapidly build up to produce strong 
dynamic braking. This rapid reversal of 
only one field is similar to the conditions 
which hold in the case of the circuits of 
Figures 6 and 7 when power fails during 
plugging. 

The dynamic braking currents will 
flow from 1 at Al through the common 
return. conductor in direction ~ 9-10, 
through field F2 in direction 8-7 back to 2 
at Al, and from 6 at A2 (after reversal of 
field F2) through field F1 in direction 3-4 
and back through the common conductor 
in direction 10-9 to 5 at A2. Thus 
if the circuits of the two motors 
are balanced the current in the 
common conductor should be zero during | 
dynamic braking. An ammeter placed in 
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Figure 12 (above). Modified railway method 
without common conductor 


Motors in series 


the common return circuit indicated a 
sudden rush of current of short duration 
as the fields collapsed, after which the 
current was practically zero. Removal 
of the common conductor did not alter 
the results in the forward direction. This 
means that after reversal of one field, the 
two.motors are in series giving double the 
counter electromotive force but the same 
braking current since the amount of re- 
sistance in the circuit is double that for 
one motor : 

The behavior of the circuit of Figure 10 
is essentially the same as that of Figure 9, 
the only important difference being the 
addition of two normally open contactors 
S1 and S2 for separation of the fields and 
armatures during dynamic braking. 

Further modifications of the railway 
method are shown on Figures 11 and 12 
for parallel and series connected motors, 
respectively. Comparing these circuits 
with those of Figures 9 and 10, the com- 
mon tie between the fields has been 
eliminated along with the common return 
conductor. The armatures are entirely 
isolated from each other during dynamic 
braking. In the reverse direction dynamic 
braking is provided without field re- 
versal, while in the forward direction one 
motor must dominate to reverse the field 
of the other quickly as in the case of the 
circuits of Figures 9 and 10. 

All of the circuits described in this 
paper were tested using two IMD408 
series mill motors. The circuits behaved 
as analysed and in no case did any of 
them fail to provide dynamic braking on 
power failure while running in either 
direction, while being plugged, while 
drifting, or while drifting after plugging. 
It is a simple matter to introduce slight 
dissimilarity in the characteristics of the 
two motors by shunting the field of one of 
them with a resistor. 

While no experimental evidence indi- 
cated the need for a “teaser field” con- 
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ian dine drifting, it is felt that in 
all circuits except that of Figure 8, such 
connection should be added as a means of 


motive force across each armature during 
drifting or coasting with the master on the 
off point. 

Methods of providing graduated brak- 
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assuring an appreciable counter electro- 


ing automatically in the event of power 
failure are described for a single- motor 
elsewhere! and are equally applicable to 
2-motor drives. Graduated service brak- 
ing is provided easily by additional con- 
tactors for short-circuiting portions of the 
dynamic braking resistors as the motor 
decelerates. 
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Modulation in Communication 


F, A. COWAN 


FELLOW AIEE 


NY signaling system requires some 
means for introducing a change in 
conditions at the sending end which may 
be recognized at the receiving end. The 
process by which the conditions are 
changed has come to be called modulation. 
There are many varieties of forms of 
change as well as a large number of con- 
ditions which are subject to change in 
response to the signals to be transmitted. 
In early systems for communication 


at a distance the signal information might , 


have been impressed upon a rising column 
of smoke, a light, a stone tablet, or a 
sheet of parchment. For modern com- 
munication wide use is made of systems 
in which the signals change the magnitude 
or condition of electric energy. 

Starting with the electric telegraph 
a little more than a hundred years ago 
this medium of communication has 
grown steadily more important and more 
complex. To meet a variety of needs 
many systems of modulation have been 
developed and papers describing them in 
detail are available in the technical 
literature. Various aspects of the modu- 
lation processes have been analyzed 
carefully and presented and some of 
the earlier conceptions have acquired 
a classical textbook status. Recent 
trends have placed emphasis on modu- 
lation systems which more readily 
may be understood when viewed in a 
somewhat different manner. It is the 
purpose of this paper to present certain 
conceptions which may facilitate the 
understanding of the various systems of 
modulation and permit an improved 
perspective. 
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Types of Modulation 


Communication by electric means 
depends upon wave transmission. The 
information carried by a wave is deter- 
mined by the manner in which the in- 
stantaneous wave magnitude varies with 
time. All modulation systems depend 
upon changing in some way this relation- 
ship between magnitude and time. The 
early telegraph and telephone systems 
employed a change of amplitude in re- 
sponse to the signals. While most of the 
present day systems also depend upon 
amplitude changes of some form there 
are also a large number of systems in 
which the amplitude of the waves is not 
changed and the intelligence is trans- 
mitted by changing the relative phase or 
time of occurrence of some periodic wave 
condition. Since the frequency of a wave 
is merely the rate at which a periodic 
wave recurs, a variation in the relative 
time of occurrence represents a change in 
frequency as well as phase. 

Systems of modulation which employ 
amplitude changes may be designated 
broadly as “amplitude modulation” 
systems. Those employing changes in 
time of occurrence may be designated as 
“frequency modulation,” ‘‘phase modula- 
tion,” or ‘‘time modulation” systems. 


Modulation to Change the Signal 
Medium 


Translation of signals from one medium 
to another involves modifying conditions 
in the new medium in response to those 
existing in the originating medium. 
The electric signals produced for trans- 
mission from one point to another are 
converted from acoustic signals in the 
telephone, from mechanical signals in 
the telegraph and teletypewriter, and 
from light signals in television and tele- 
photograph systems. At the receiving 


Cowin—Modulation in Communication 


point another step of modulation or what 
is termed ‘‘demodulation’” changes the 
signals back to the originating medium. 

When, as is usually the case, the electric 
signals are produced by changing the 
magnitude of an otherwise unvarying 
quantity, such as might be produced by a 
direct current or voltage, the electric 
signal frequencies are the same as those 
in the originating medium. These fre- 
quencies are called “‘keying,’’ “audio,” 
and ‘‘video”’ frequencies for the telegraph, 
the telephone, and television, respectively. 
The term ‘base band frequencies” 
recently has come into use as a general 
term describing frequencies of this class. 

When, however, the electrical quanti- 
ties which are modified are changing 
periodically over a range of conditions, 
such as those produced by an alternating 
current, the signal frequencies resulting 
from the modulation are different from 
those in the originating medium and fall 
in the frequency range above and below 
the frequency of the unmodulated con- 
dition. The bands in which these fre- 
quencies fall are the well known “upper 
side band” and “lower side band”’ and the 
frequency around which the bands are’ 
disposed is the “‘carrier’” frequency. 
Regardless of the method of modulation 
the side frequencies are displaced from 
the carrier by intervals equal to the signal 
frequencies or harmonics thereof. 

The terms “modulation” and “carrier” 
came into general use when the first 
carrier and radiotelephone systems were 
being developed. The use of devices in 
which modulation changed the signal 
medium antedated the use of modulation 
to change signals from one location in 
the electrical frequency spectrum to 
another, and as a result is not generally 
thought of as modulation. Similarly, 
the idea of a direct current being a carrier 
current with zero frequency is encoun- 
tered even less frequently. Although 
these conceptions are sometimes helpful 
in a broad over-all consideration, it is 
the present accepted practice to consider 
as ‘carrier systems” only those systems 
in which the frequency being modulated 
is other than zero, Those systems in 
which the carrier is effectively a direct 
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“direct current 
systems” in telegraph, as “voice” or 
“audio frequency systems” in telephony, 
and as “video systems” in television. 


current are known as 


Modulation in the Telephone 
Transmitter and Receiver 


In most telephone instruments the 
variation in resistance of the carbon 
granules in the transmitter in response 
to the impressed speech determines the 
value of a direct current. One arrange- 
ment used in supplying the current is 
indicated in Figure la. If this direct 
current were converted into an alter- 
nating current by the introduction of a 
pole changer in the manner shown in 
Figure 1), the result of impressed speech 
would be amplitude modulation of this 
alternating current. The signal message 
then would be carried by the upper and 
lower side bands of the frequency pro- 
duced by the pole changer. 

In the usual telephone receiver a mag- 
netic field produced by the signal currents 
interacts with the field of a permanent 
magnet to produce forces on the dia- 
phragm which reproduce the speech. 
If the permanent magnet in the receiver 
were replaced by an electromagnet which 
was supplied with an appropriately 
phased alternating current of the same 
frequency as that supplied the trans- 
mitter by the pole changer, the receiver 
would reproduce the impressed speech 
from the signal side bands produced by 
modulation at the transmitter. 

As an alternative to this arrangement 
it would be possible to introduce a pole 
changer at the receiving end, which 
would in effect rectify the a-c signal and 
then operate in the usual manner on the 
telephone receiver. It is this arrange- 
ment which is indicated schematically 
in Figure 1b. The difference between 
the telephone system employing voice 
frequency transmission and that em- 
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ploying transmission over an a-c carrier 
for a single channel is merely that of 
introducing the appropriately phased 
pole changers at each end of the circuit. 


Types of Signals 


The type of modulation employed 
frequently depends upon the nature of 
the signals it is desired to transmit. 
Signals introduced into a communication 
system may be divided into two broad 
classes: types with a limited number of 
conditions and types with an unlimited 
number of conditions. 

The first category includes the 2- 
condition type of signals used in most 
telegraph and supervisory circuits. The 
2-condition signals such as open or 
closed, marking or spacing, on or off, 
and positive or negative may be desig- 
nated as “yes or no” signals. Special 
codes with more than two conditions are 
sometimes desirable. The synchroniz- 
ing signals in television transmission 
with three amplitudes or conditions are 
an example. Two of the amplitudes 
correspond to each of the extreme picture 
conditions of black and white while the 
third is a higher amplitude. 

The second category includes unaltered 
signals from a telephone, and those 
produced by scanning pictures for trans- 
mission over a telephotograph or tele- 
vision system. Here it is desirable to 
transmit a wide range of finely graduated 
tones or conditions. Since there is a 
limit to the extent to which fine grada- 
tions can be resolved or appreciated, it 
is possible to convert signals of the second 
category into signals of the first cate- 
gory. }:* In this alteration it is necessary 
to retain a sufficient number of gradations 
to insure acceptable reproduction at the 
receiving end. 

Another characteristic of signals which 
is important is the rate at which the 
different conditions need to be trans- 
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Figure 1. Possible telephone connections 


Top—Voice frequency telephone circuit 
Bottom—Carrier frequency telephone circuit 


mitted. This rate of change of conditions 
may be relatively slow as in manual 
telegraph or exceedingly rapid as in the 
transmission of a television picture. The 
required rate of change determines the 
minimum frequency band width neces- 
sary for the signal transmission.* The 
width of the required signal band may be 
altered significantly by changes in the 
form of signals to be transmitted. For 
example, the 32 characters of a teletype- 
writer might be represented by 32 grada- 
tions in amplitude of a current, and only 
one of these gradations would need to be 
transmitted for each character. If, in 
order to differentiate with greater cer- 
tainty between the different characters, 
it were found desirable to change to a 
2-condition “‘yes or no’’ type of signal, 
a permutation code having five “yes 
or no’’ sequential conditions would be 
necessary in order to represent a total of 
32 characters. Thus, in order to obtain 
greater certainty of correct recognition 
of conditions, the rate at which the dif- 
ferent conditions must be transmitted 
has been increased fivefold, with a cor- 
responding increase in the minimum 
band width required for the same speed 
of character transmission. 

In the same way the representation 
of the gradations in amplitude of speech 
by a ‘‘yes or no”’ code, such as is used in 
pulse code or pulse counting systems 
requires a sevenfold increase in minimum 
signal band width where 128 gradations 
of amplitude are transmitted.'”” 

Signals which have been resolved into 
the ‘‘yes or no” type with an accom- 
panying change in the minimum band 
width required, do not necessarily rep- 
resent the limiting extent to which 
signals can be changed in order to obtain 
greater certainty of correct reception. 
It is usually not necessary to make further 
changes in signal types but there may be 
instances where the adoption of more 
elaborate measures are desirable. Such 
a case is encountered in telegraph where 
there has been a practice of occasionally 
repeating messages. 


Mechanism of Modulation 


Any mechanism which will produce the 
desired changes in conditions in response 
to signals may be employed for modula- 
tion. The variable frequency oscillator 
used in transmission testing work fur- 
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nishes an example of two types of modula- 
tion by manual control. Frequency 
modulation may be accomplished by 
turning the frequency adjustment dial 
and amplitude modulation accomplished 
by turning the output or volume control 
dial. 

So long as the signaling speeds are 
low, mechanically controlled switches, 
commutators, relays, potentiometers, and 
variable capacitors may be used satisfac- 
torily. For higher signaling speeds varia- 
ble impedance elements such as vacuum 
tubes, rectifiers, and varistors may -be ar- 
ranged to form networks which will ac- 
complish the desired changes in response 
to the signals. Some of the instrumentali- 
ties used for modulation are shown in 
Figure 2. The changes introduced by the 
modulating circuits may be gradual over 
all or most of the range, or may be abrupt. 
An effective design is usually one in 
which the character of change is abrupt 
and approximates a switch.4 In the 
analysis of such circuits it is often con- 
venient to assume the elements to be 
replaced by equivalent switches capable 
of operation. at the required speed. 


Instrumentalities used for modula- 
tion 


Figure 2. 


The versatility of switching type modu- 
lators is interesting. A simple switch can 
be an effective modulator—the telegraph 
key, such as shown in Figure 3a, being 
one example. Circuits with this abrupt 
control are not limited to on or off type 
of control for ‘“‘yes or no” signals but 
may be used with signals having an 
unlimited number of signal conditions. 
A switch or its equivalent, arranged so 
that it closes on one polarity of a carrier 
current and opens on the opposite polarity, 
will serve as an efficient amplitude modu- 
lator for speech and other types of 
signals. One widely used arrangement 
of this type is the varistor bridge modula- 
tor shown on Figure 3). The switching 
action of the bridge-type modulator re- 
sults from the variable impedance of the 
varistors forming the bridge. When the 
polarity of the carrier is in the direction 
in which the varistors conduct readily 
the current flow causes the effective im- 
pedance to drop to quite low values, thus 
effectively placing a low impedance across 
the circuit. When the polarity is in the 


opposite direction the impedance of the 
varistors is quite high, the impedance of 
the circuit is effectively high, and there 
is a negligible bridging effect which corre- 
sponds to the open condition of the switch. 
The signal in this case is alternately passed 


and suppressed, and the resulting output 


contains, in addition to the signal, the 
amplitude modulated double sidebands 
of the carrier frequencies and its har- 
monics. Since frequency or phase modu- 
lated signals may be developed from side 
bands originally created on an amplitude 
basis the simple switch may be used for 
frequency modulation.® 

The ring or reversing switch type 
modulator shown in Figure 3c also de- 
pends upon the variation in impedance — 
of the varistors. The circuit is so ar- 
ranged that on one polarity of the carrier 
one pair of diagonally opposite varistors 
is low in impedance and the other pair 
is high. The reversal of this condition 
for the opposite polarity furnishes the 
effective reversal of the polarity for 
transmission through the modulator. 
This pole changing type of modulator 
has the advantage of placing the signal 
carrier and output terminals in a con- 
jugate relationship, thus | effectively 
limiting the output to the modulation 
products. 

Two amplitude modulating switches 
arranged so that one switch is open while 
the other is closed, and vice versa, will per- 
mit signals from two separate channels to 
be connected to a line on a time division 
multiplex basis.’* If the switches are 


biased in such a manner that they are 
closed for a much shorter length of time 
than they are open, a number of such chan- 
nels may be interleaved on a time division 
basis. The switching required for time 
division multiplex may be done with re- 
lays, mechanical commutators, special 
vacuum types with electric beam com- 
mutating, or with amplitude modulators 
employing varistors, crystals, or vacuum 
tubes to act as “gate” circuits under the 
control of switching currents.*:*° 

Two switches under the control of ‘‘yes 
or no” signals may develop frequency 
shift modulation if these switches were 
arranged so that under one condition of 
signal one frequency would be connected 
to the circuit, and under the other condi- 
tion the other frequency would be con- 
nected.!! 

A switch, or a circuit equivalent to a 
switch, may be caused to generate pulses 
and, by proper control of the timing the 
various forms of pulse modulation may be 
generated. In pulse position modulation 
a pulse is generated once during each of a 
succession of fixed time intervals. The 
instant of generation within the interval 
is determined by the impressed signal. 
The usual arrangement is to have the 
operation retarded for one polarity and 
advanced for the other polarity of the 
signal, the degree of advancement or 
retardation being controlled by the ampli- 
tude of the signal.!*:18 

It is an interesting fact that the output 
of a pulse position modulator represents 
a frequency or phase modulation of the 
switching frequency.!4:* The harmonics 
of this switching frequency which are 
generated by the abrupt switch operation 
also carry phase or frequency modulation 
so that still another means of deriving fre- 
quency modulated signals from a simple 
switching operation is available. The 
harmonics which are assumed to be used 
in this case would in other cases represent 
unwanted modulation products which 
readily may be removed by filters, since 
they fall well above the wanted band. 


Modulation Products 


Unwanted signal or modulation prod- 
ucts in the modulator output are not 
objectionable as long as they can be re- 
moved by filters. However, in some 
cases the signal and carrier frequencies are 
so related that unwanted products may 
fall into the same band as the wanted 
products. Unwanted signal and carrier 
frequencies may be reduced greatly by the 
use of balanced ring type modulators, but 
this does not eliminate those modulation 
products associated with harmonics of the 
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carrier. Since.these arise from the abrupt 
switching action, removal would require 
that the switching operation be performed 
in such a manner that the current ratio 
corresponding to the transmission of the 
signal through the modulator would be a 
linear function of the instantaneous car- 
rier magnitude.* Modulators of this 
type are difficult to achieve and for most 
situations would have no significant ad- 
vantage. Such a modulator would be a 
so-called pure product modulator and the 
classical mathematical expressions for the 
product of the signal currents and a sine 
wave representing the carrier would. be 
rigorously correct. ; 

A rigorous mathematical analysis of the 
type of modulator with abrupt changes 
can be made by classical methods if the 
carrier is represented by a Fourier series 
determined by the current ratio of the 
signal transmission through the modu- 
lator as a function of time. This quantity, 
when combined with the signal currents 
on a product basis, will give the output 
currents. 

Such an analysis will show that a signal 
introduced into a switching type modu- 
lator circuit, in which the switching is 
controlled by a carrier, will produce side 
band modulation products associated 
with the fundamental carrier frequency 
which are essentially the same as those 
which would result from a pure product 
modulator supplied with the same signal 
and a pure sine wave of the carrier fre- 
quency. A quite different result would be 
obtained if the signal and carrier were 
interchanged. This results from the un- 
wanted harmonics occasioned by the 
abrupt changes falling well above the 
wanted products in the first case and fall- 
ing within the wanted band in the second 
case. 

Although it is convenient to think of the 
carrier being modulated by the signal 
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the actual process by which this is accom- 
plished is for the carrier to modulate the 
signal. 


Similarities Between Different 
Types of Modulation 


The fact that the more important types 
of modulation can be produced by some- 
what similar circuits indicates that the 
various types are related rather closely. 
There are certain other interesting rela- 
tionships. 

About 30 years ago Carson demon- 
strated that either of the two side bands 
resulting from the amplitude modulation 
of a carrier conveyed all of the informa- 
tion present in the signal, and that it 
should be sufficient to transmit only one 
of these side bands over the communica- 
tion system.” This has resulted in the 
wide use of single side band transmission 
where two channels can be transmitted 
within the band which would be occupied 
by the double side band signal correspond- 
The manner in 
which such a 2-channel system could be 
set up is indicated schematica'ly in Figure 
4a. This type of multiplex operation 
commonly is called “frequency division.” 

Two channels also could be obtained by 
the time division method with amplitude 
modulation. The schematic arrangement 
for such a time division system is shown 
on Figure 4b. Used separately each of 
these time division channels is not dif- 
ferent from a double side band amplitude" 
modulation system with a carrier fre- 
quency determined by the switching rate. 
When they are combined for transmisson 
over the line, the frequencies of the two 
channels fall into the same band. They 
are so related, however, in phase that 
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they may be separated at the receiving 
end on a time division basis. 

As is indicated on the chart, the ele- 
ments of the two types of 2-channel sys- 
tems may be identical except that in the 
frequency division case single side band 
filters are introduced to accomplish divi- 
sion by this means. 

One factor which has occasioned the 
use in telephony of single side band sys- 
tems in preference to time division ampli- 
tude modulating systems is the extreme 
precision in attenuation and phase re- 
sponse required in time division to keep 
interchannel cross talk dt acceptable 
values. With “yes or no” telegraph type 
signals higher values of interchannel inter- 
ference are permissible without serious 
reaction. Thus time division systems 
have been used widely in telegraphy. 
Time division is also coming into use in 
telephony when speech is converted to 
pulse position, pulse code, or similar sig- 
nals, 


Comparison of Modulation Systems 


The determination of the desirable type 
of modulation or transmission system de- 
pends upon many interrelated factors 
which vary widely with the condition of 
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application. Some of these are: 


Length of system—more complex terminal 
or modulating system can be justified for 
long wire systems. 


Relative availability of frequency space. 


Variation of cost of transmission system with 
frequency band width. 


Type of signals. 


Ratio of minimum required frequency band 
to that practically necessary allowing for fil- 
ters and frequency stability. 


Desired fidelity or performance. 


Nature of transmitting medium. 


Each type of modulating system in 
general use has some feature which recom- 
mends its use under some conditions and 
not under others. 

For most systems of modulation im- 
proved performance may be gained by 
utilizing a wider frequency band. This 
improvement generally is reduced when 
high values of noise or interference are 
present. With certain types of noise 
there is a tendency toward encountering 
this limitation more frequently as the fre- 
quency band is widened. 

One outstanding exception to the rule 
of improvement accompanying increased 
band width is a single side band transmis- 
sion system, when an improvement of 
about nine decibels with respect to a 
double side band amplitude modulated 
system may be obtained. This is about 
the same improvement as would be ob- 
tained by the use of frequency modulation 
employing 21/2 times the band width of a 
single side band system. 

The qualifications which are necessary 


to accompany even these simple generali- 
zations are an indication of the difficulty 
of attempting to determine the appro- 
priate form of modulation for a given set 
of conditions without careful study. 
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A Self-Balancing Capacitance Bridge 
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Synopsis: The combined advantages of the 
quick indicating capacitance meter and the 
precision capacitance bridge are obtained in 
a new form of self-balancing capacitance 
bridge. Features of the new instrument in- 
clude per cent deviation indications, a wide 
capacitance range and an average balancing 
time of less than two seconds. A single 
scale, easily read and greatly expanded, 
serves for the entire range of the instrument 
and represents an improvement of some 
3,000 per cent over conventional capacitance 
meters. The paper discusses the bridge net- 
work development, detector system require- 
ments, and other design considerations. 


N QUALITY TESTING of mass pro- 

duced electric components both speed 
-and accuracy are prerequisites. Without 
these there can be neither good manu- 
facturing economy nor adequate quality 
control. To provide the necessary test 
equipment for the manufacture of ca- 
pacitors for applications critical as to ca- 
pacitance, a self-balancing capacitance 
bridge, Figure 1, was designed having a 
range extending from 0.1 to 100 micro- 
farads, an accuracy closely approaching 
one-tenth of one per cent over the entire 
range and an average balancing time of 
less than two seconds. 

One of the most common instruments in 
general use for capacitance measurements 
is the capacitance meter. Such instru- 
ments are popular because their response 
is fast and because their indications are 
automatic, that is, balancing operations 
are not required to obtain capacitance 
indications. Capacitance meters, how- 
ever, are at a disadvantage on three 
counts. 

1. The over-all accuracy is limited; typical 
instruments may not provide an actual 
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measurement accuracy as good as one per 
cent on the average. 


2. A large number of instruments is re- 
quired to cover a wide capacitance range. 
For example, for a range of from 0.1 to 100 
microfarads at least six typical instruments 
will be required if an average accuracy ap- 
proaching one per cent is to be obtained. 


8. Where a number of instruments are 
used to cover the working capacitance range, 
interpretations must be made on several 
different types of scales. 


Some of the disadvantages of the ca- 
pacitance meter can be overcome by the 
use of a precision capacitance bridge. An 
accuracy of one-tenth of one per cent, or 
better, can be obtained along with an in- 
cremental or comparative accuracy of 
1/19 of one per cent, or possibly better. 
The capacitance bridge can cover an ex- 
tremely wide capacitance range, a million 
tooneorevenmore. The time consumed 
in balancing the precision bridge, how- 
ever, makes it entirely impractical for fac- 
tory use where speed is so essential. 

The self-balancing capacitance bridge, 
Figure 1, provides the combined advan- 
tages of both the capacitance meter and 
the precision bridge. At the same time 
some additional advantages over either of 
these instruments is provided. Of par- 
ticular importance is the feature of indi- 
cating the per cent deviation from the 
nominal capacitance, the nominal capaci- 
tance of the unit under test having been 
preset on appropriate direct reading dials. 
Another feature is the use of but a single 
scale for the entire capacitance range. A 
third improvement is the greatly ex- 
panded scale from which deviation read- 
ings are taken. ; 

The decision to make the new instru- 
ment read per cent capacitance deviations 
was based on the almost universal practice 
of establishing capacitor acceptance limits 
on a percentage basis. In production 
testing, therefore, deviation readings per- 
mit a more direct classification of the 
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capacitor under test. Operational pro- 
cedure is extremely simple. The nominal 
capacitance of the group of units to be 
measured is set on direct reading dials. 
See Figure 1. The deviation dial then 
indicates, rapidly and accurately, the per 
cent deviation from this nominal for each 
unit as it is placed in the test jig. 

Since the test results are expressed in 
terms of per cent deviation a single per- 
centage scale serves for the entire range of 
the instrument. Some idea of the degree 
of expansion of this scale can be obtained 
from Figure 2. The scale covers a total 
range of 20 per cent (—10 per cent to 
+10 per cent) and actually exceeds 25 
inches in length. This provides an im- 
provement over typical capacitance 
meters of some 3,000 per cent. The 
probability of making an error in reading 
such a scale is reduced very materially, 
even with the greatly improved over-all 
instrument accuracy and when used for 
extended periods of time, as in production 
testing. 


The Basic System 


A schematic diagram of the self-balanc- 
ing capacitance bridge is shown in Figure 
3. The system, in its entirety, comprises 
a servomechanism.''? The principle ele- 
ments are 


1. The bridge network, which supplies an 
error signal to 


2. A detector amplifier system which, in 
turn, supplies power for operation of 


3. A balancing motor. The balancing 
motor is coupled mechanically to the balanc- 
ing resistance of the bridge thus closing the 
servomechanism loop. 


When the bridge becomes unbalanced, 


‘as by the introduction of an unknown 


value of capacitance at C,, the error 
signal, which is the bridge network output 
voltage, is amplified and causes the balanc- 
ing motor to operate ina direction which, 
by virtue of operation of the balancing 
resistance, will bring about a balance of 
the bridge. Once balance has been 
achieved the. error signal becomes zero 
with a resultant stoppage of the balancing 
motor. A suitably calibrated dial at- 
tached to the balancing resistance then 
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indicates the capacitance of the unknown 
capacitor, C;. 

In the design. of the self-balancing 
bridge described in this paper advantage 
has been taken of a commercially avail- 
able amplifier and motor combination for 
a portion of the system. This combi- 
nation is represented in Figure 3 as the 
power amplifier and balancing motor. 

While the capacitance range is listed as 
extending from 0.1 to 100 microfarads, 
there is no fundamental difficulty in ex- 
tending it in either direction from these 
limits. The per cent deviation limits also 
may be extended in either direction. 


Development of the 
Bridge Network 


The evolution of the principle bridge 
network for the self-balancing bridge is 
shown in Figure 4. In the adaptation of 
the circuit at (a) it is desirable to satisfy 
the following four conditions: 

1. The nominal capacitance dials should 
read capacitance in microfarads directly. 


2. The capacitance deviation dial should 
be direct reading in per cent deviation from 
the nominal capacitance. 


3. The deviation dial scale should be linear. 
4, The bridge voltage sensitivity should be 
constant over the entire bridge range. 


The simplest form of capacitance bridge 
is shown in Figure 4a. It readily can be 
shown? that, at balance, 


CsRy 
R2 


z (1) 
where C, is the capacitance of the unit 
under test, C, is the capacitance of the 
bridge standard capacitor, and R; and R, 
are bridge arm resistances. From this 
equation it is seen that the capacitance of 
the unknown, C;, is directly proportional 
to R;. This immediately suggests the use 
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Figure 1. The self- 

balancing _—capaci- 

tance bridge and 
test jig 


Nominal capacitance 
is set on the four 
decade dials and 
per cent deviations 
read from the large 
lower dial 


Figure 2. The deviation 
dial scale length ex- 
ceeds 25 inches 


of R; for setting the nominal capacitance, 
C,. Any departure in the value of C, 
from that of C, would then have to be 
balanced by a corresponding adjustment 
of either C, or Ro. For good circuit sta- 
bility C, should be reasonably large. 
Hence this element cannot be adjusted 
conveniently with sufficient smoothness. 
It is best therefore to fix C, and make all 
adjustments in the resistance arms, The 
employment of R, for this purpose, how- 
ever, leads to the use of either a tapered 
scale for deviation indications or a tapered 
rheostat if a linear scale is to be obtained. 
Neither of these is desirable. As will be 
seen later, a third objection to this assign- 
ment of controls to R; and R; is that the 
bridge voltage sensitivity would vary asa 
function of R; and hence would not satisfy 
condition 4 listed in the preceding para- 
graph. 

The alternative arrangement is to em- 
ploy R, for setting the nominal capaci- 
tance and make all deviation adjustments 
by varying R;. At first this may appear 
to present some difficulties since R, must 
vary inversely with the nominal capaci- 
tance setting and, further, since it is pro- 
posed to make the nominal capacitance 
dials direct reading. This difficulty is 
overcome easily, however, by employing 
conductance type decade resistances for 
R2. With conductance decades the resist- 
ance varies inversely with settings. 
Thus, with appropriate resistance values, 
the dials controlling R: easily can be cali- 
brated to read the nominal capacitance di- 
rectly. Table I shows typical resistance 
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values for four conductance decades. By 
employing these singly and in appropriate 
parallel combinations, the conductance 
can be varied in ten uniform steps for each 
decade. 

It is seldom necessary to allow for ca- 
pacitance deviations of more than plus or 


minus ten per cent from the nominal. 


Hence the range through which R; must be 
adjustable is limited to a corresponding 
amount. This arm of the bridge there- 
fore can be composed of two resistances, 
one fixed and the other variable, as shown 
in Figure 40. 

Referring again to equation 1 and 
Figure 4a, when the value of C, is equal to 
that assigned to C, equation 1 becomes 


(Gx 
C= =z (2) 
When C, and C, are not equal 
A 
ie 
Cr 
= C, (1+ 5) (3) 


where AC, is the difference between C,, 
and C, and may be either positive or 
negative. 6= AC,/C,, the fractional devi- 
ation of C, relative to the nominal ca- 
pacitance C,. C, is now equivalent to C, 
modified by the factor (1 + 6). “Multi- 


plying both sides of equation 2 by this 


factor 


Com Gy (40) =F R149) (4) 
/ 


Clearly the value of Ru, Figure 4), will 
be that which achieves balance of the 
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Table I. Typical Resistance Values and Ca- 
pacitance Calibrations for Each Step of Four 
Conductance Decades 


Capacitance Cali- Decade 
Decade bration PerDecade Resistor Resistance, 


No. Step, uf No. Ohms 
Deri dete 10.000 
Laces Sey cota WO JO ey arene: «x Diesen 5.000 
She Mur 8 3.333 
Bilas 2.500 
eu Ferre 100.00 
Deter ee abe VS ON aca oveabeyess, «- De Sees 50.00 
Sites es aonos 
Ag eos. 25.00 
Lee J3c 1,000.0 
Be croicdae ees OMT er cree TERT OS 500.0 
SBcrotye 333.0 
Boss cn itis 250.0 
Loads 10,000.0 
BR NOS » 58 O20 ager 2 SR 5,000.0 
Sd hase 3,333.3 
Yate 2,500.0 


bridge when 6 corresponds to the lower 
deviation limit, Ri, being zero. In other 
words, when the capacitance of C, devi- 
ates to the lower limit, chosen by design, 
Ry is zero and Ry is the resistance re- 
quired for balance. Under this condition 

Re 
Rae eth ee Cr+ 61) (5) 
where 6, is the fractional deviation of C, to 
reach the lower deviation limit and R; is, 
as before, the resistance required for bal- 
ance when C, = C,. 

Similarly, when C, deviates to the 
upper design limit the total resistance in 
this arm of the bridge is 
Rut Ri(maz) = Ri(1+ &) == e (1+62) (6) 
6, is the factional deviation of C, in devi- 
ating to the upper limit. 

Subtracting equation 5 from equation 
6 to obtain Rjoinar), the maximum resist- 
ance which must be provided for Ri, 
Ri2(maz) an n(2— 61) (7) 

s 
remembering that 6, is negative if C<C,,. 
From equation 2 it is evident that since 
C, has been fixed, the product C,,R2 is a 
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constant. Hence equation 7 can be re- 
written 
Ri2(maz) = K (82— 41) (8) 


where K = C,R2/C;. The dial attached 
to Ri therefore can be calibrated to read 
per cent deviation directly and, if Ry isa 
linear rheostat, the deviation dial scale 
will be linear. This satisfies condition 3 
as outlined previously. 

There remains but one-further basic 
modification of the bridge network to 
adapt it to the self-balancing bridge in 
practical form. In practice, if the circuit 
of Figure 4b were to be used, the contact 
resistance of the slider on Ri, would be in- 
cluded as a part of the resistance. In 
some designs Riz might be only a few 
ohms and this contact resistance, after a 
period of operation, might prove trouble- 
some. To avoid this difficulty almost 
entirely the circuit of Figure 4c is em- 
ployed. A resistance potentiometer is 
used in place of a rheostat, thereby plac- 
ing the slider contact resistance in the de- 
tector circuit where, because of the rela- 
tively high impedance of the detector, it 
can have little or no effect. It will be 
noted that at times a portion of the resist- 
ance of the potentiometer will be in- 
cluded, as Ris, in series with the standard 
capacitor C,. The effect of Rig is to in- 
crease the apparent dissipation factor of 
C,. In practical designs this increase will 
be small and can have little or no effect on 
the accuracy of the capacitance measure- 
ments.’ This point will be given further 
attention later. 


The Shunted Potentiometer 


Since in practice the resistance required 
for Ris~maz) May be only a few ohms, it 
may often be found that the incremental 
(turn to turn) resistance of a simple slide- 
wire potentiometer, as indicated in Figure 
4c, is greater than can be tolerated for the 
degreé of precision required in making the 
deviation calibrations. The use of a 
shunted potentiometer, Figure 4d, will 


Figure 3 — (left). 
Schematic diagram 
of the self-balancing 
capacitance bridge 
showing the com- 
plete servomecha- 
nism loop 


PHASE 


Figure 4 (right). 
Evolution of the 
bridge network 
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provide a substantially smaller incre- 
mental resistance. This can best be illus- 
trated by an example. Suppose Remar) 
is 25 ohms and the total deviation range 
to be covered is 20 per cent. A typical 
25-ohm slide wire may have but 250 turns 
of resistance wire. The per cent devia- 
tion corresponding to the incremental 
resistance of such a potentiometer will be 
20 + 250 = 0.08 per cent. For a cali- 
bration precision of 0.05 per cent or better 
this is clearly not fine enough. 

With the use of a shunted potenti- 
ometer for this same example, a 1,000-ohm 
slide wire might be chosen. It would be. 
shunted by a resistance, R,, Figure 4d, to 
have a total value of 25 ohms. A typical 
1,000-ohm slide wire may have 750 turns 
of resistance wire. The per cent devia- 
tion corresponding to the effective incre- 
mental resistance would be 20 + 750 = 
0.027 per cent, a figure which easily will 
permit a calibration precision of 0.05 per 
cent. 

The equivalent resistance of that por- 
tion of the shunted potentiometer effec- 
tive as Rj is 


RsRia 


Lrg. 5 
Rs+ Ria ae Rist 


(9) 


The value of Ria corresponding to any 
chosen value of Rj is 


RiaRp 

Ria = (10) 
Ri2(maz) ‘ 

where R, = Rin + Ris, the total resist- 


ance of the slide-wire potentiometer, and 
Ri2(mar) => Ris ++ R3. Both R, and 
Rie(maz) are constant. Equations 9 and 
10 hold only in cases where no current 
flows through the slider on the potenti- 
ometer element. When the bridge is at 
balance this condition is satisfied. 


Bridge Voltage Sensitivity 


Before a suitable detector system can 
be chosen for any bridge it is necessary to 
know something of the network voltage 
sensitivity characteristics. In the con- 
siderations to follow a detector of infinite 
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input impedance is assumed. This is 
permissible since the bridge feeds into an 
amplifier having an input impedance quite 
large compared to that of the bridge net- 
work, looking into the network at the de- 
tector terminals. This assumption will 
permit determination of the bridge volt- 
age sensitivity on an open circuit basis. 

In practice the ratio of the reactance 
of C, to resistance R:, Figure 4c, will be 
greater than 10 to 1. This is primarily 
for the purpose of keeping the resistance 
arms of the bridge at a comparatively low 
value, thereby stiffening the impedance 
as seen looking into the network at the 
detector terminals. This practice renders 
the network less susceptible to error as a 
result of ary residual spurious currents 
which might flow in the bridge arms. 

Suppose, for the moment, C; = C,. 
Since the reactance to resistance ratio is 
high the current which will flow through 
R, will be, very closely, 


LGN EATS (11) 


where w = 2z7f and E£ is the voltage ap- 
plied to the bridge. The voltage drop 
across R, then-will be, very closely, 


Ey=uC,ER: (12) 


If the bridge now is balanced by appro- 
priate adjustments of Ri, the sum of the 
voltage drops across Ry and Ry» will 
exactly equal E,. and the voltage across 
the detector will be zero (except for a 
small quadrature voltage due to a possible 
difference between the phase angles of C, 
and C;. 

Now suppose C, is altered by the fa- 
miliar factor (1 + 6). The voltage drop 
across R, is now, very closely, 


Epp =oCn(1 +6) ER» (13) 


The voltage AE now appearing across the 
detector terminals will be the change in 
voltage across Ro. This change, or differ- 
ence, is obtained by subtracting equation 
12 from equation 13 to give, very closely, 
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AE = Ey — Epp =0CnER?0 - 


(14) 


As pointed out earlier in this paper the 
use of R, for setting C, results in the prod- 
uct C,,R. being constant. Since the ap- 
plied bridge voltage and frequency are 
constant, equation 14 can be rewritten 


where K, = wC,ER:, the voltage drop 
across R, when C,; = C,,as in equation 12. 
The sensitivity of the bridge, by using Re 
for setting the nominal capacitance, is 
therefore constant over the entire capaci- 
tance range and condition 4 in the section 
on bridge network development is satis- 
fied. 

Note, as a contrast, how the bridge 
sensitivity would vary if R, were chosen 
for setting the nominal capacitance, The 
voltage appearing across the detector 
terminals for a fractional deviation 6 of C, 


would be very closely 
AE=oC,ERi6 . (16) 


In this case wC,E = Ko, a constant, so 


that equation 16 becomes 
AE=K2Ri6 ° (17) 


The sensitivity therefore would vary di- 
rectly with R,. For a bridge covering a 


nominal capacitance range of, say, 0.1 to 


100 microfarads, the sensitivity would 
vary 1,000 to 1 from one end of the range 
to the other. This is clearly a very un- 
desirable condition. In orde for the 
detector to perform properly provision 
would have to be made for varying the ré- 
sponse sensitivity as a function of Ri. 
Further, the detector would have to be 
unduly sensitive for small values of C;. 


The Detector System 


The detector system for the self-balanc- 
ing capacitance bridge differs from those 
employed with conventional manually 
balanced bridges in that instead of pro- 
viding a visual or aural indication of 
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Figure 5. Schematic circuits of the phase shift 
network, the preamplifier, and the phase- 
sensitive detector 


bridge unbalance a motor is made to ro- 
tate. The direction of rotation is deter- 
mined by the direction of bridge un- 
balance, that is, by whether C; is greater 
or smaller than C, |The motor, which is 
coupled mechanically to the bridge bal- 
ancing resistance element, thus causes the 
bridge to become balanced without 
manual aid. . 

The detector system mut. satisfy two 
principle requirements 


1. Voltage sensitivity. 
2. Phase selectivity. 


Voltage sensitivity requirements are 
determined by the minimum fractional 
deviation 6 of C; relative to C, to which it 
is required to have the bridge respond. 
The detector system therefore must have 
sensitivity enough to cause rotation of the 
balancing motor for this value of 6. For 
the bridge described in this paper 6 is of 
the order of 0.0001. 

Phase selectivity ‘s required for two 
reasons 


1. To cause the motor to operate in the 
proper direction for a given direction of 
bridge unbalance. 


2. Toprevent operation of the motor when 
a voltage due to a phase angle difference be- 
tween capacitors Cs; and C; is impressed on 
the detector input. 


Voltages due to the latter cause are 
essentially 90 degrees out of phase with 
those due to pure capacitance unbalances. 
The detector system characteristics must 
be such as to cause the balancing motor 
to respond to capacitance unbalance volt- 
ages and have no response, within limits, 
to voltages in quadrature. This latter 
requirement is included so that dissipa- 
tion factors of the capacitors under test 
will have little or no effect upon the opera- 
tion of the bridge. 

As indicated in an earlier part of this 
paper, the detector system is divided into 
two parts 


1. A preamplifier and phase-sensitive a-c 
to d-c detector. 


2. A commercially available d-c responsive 
amplifier and motor combination. 


A schematic diagram of the preamplifier 
and phase-sensitive detector is shown in 
Figure 5. . 

Transformer 7; is employed to couple 
the bridge to the preamplifier. The 
secondary of T; is center tapped to ac-— 
commodate the simple phase shift net- 
work containing C, and Rs. 

The preamplifier consists of a single 
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triode stage employing a degree of nega- 
tive feedback by omission of the by-pass 
capacitor across resistors Ry and R;. Ry 
is adjustable to permit a limited control of 
the gain of the stage. 

The phase-sensitive detector consists of 
triodes Vz and V3 and the associated ca- 
pacitors and resistors. It will be noted 
that these two triodes have a-c plate ex- 
citation and that the circuit resembles 
that of a full wave rectifier. Bias for the 
two triodes is supplied by the copper 
oxide rectifier and resistance-capacitance 
filter network. The bias is adjusted so 
that the E,—I, characteristic of the triodes 
is essentially quadratic. Under this con- 
dition and, further, under the condition 
that a static balance of the circuit has 
been made by adjusting potentiometer Ry 
so that the d-c output voltage is zero when 
the a-c signal is zero, an analysis of the 
circuit shows that the d-c output voltage, 
upon application of an a-c signal, is very 
closely 


Ea-c = K3h, Ee cos 6 (18) 


where £/; is the a-c plate voltage, H2 is the 
a-c signal voltage at the grids of V2 and 
V;, and @ is the phase angle between ; 
and H., K3 is a constant determined by 
the various parameters of the detector 
circuit. 

From equation 18 it is evident that the 
phase-sensitive detector is a form of elec- 
tronic wattmeter. A reversal of E, with 
respect to /, causes a corresponding re- 
versal of the d-c output voltage. If Eis 
90 degrees out of phase with Ej, cos @ is 
zero and hence the d-c output voltage is 
zero. 

Power for plate circuit operation of the 
phase-sensitive detector is taken from the 
same source which supplies the bridge 
network. This is indicated in Figure 3. 
It is therefore possible, by adjusting Rs, 
Figure 5, to shift the phase of the bridge 
output voltage so that the component due 
to capacitance unbalance is in phase with 
EF, (or in phase opposition if the bridge is 
unbalanced in the opposite direction) at 
the grids of V2 and V3. Under this con- 
dition that component of the signal, at 
the same point in the circuit, due to a 
difference between the phase angles of C, 
and C,, the bridge standard capacitor, 


and the capacitor under test, respectively, 
is essentially 90 degrees out of phase with 
EF, and hence will not alter the d-c output 
of the detector. While this 90-degree 
relationship is not strictly held over the 
bridge deviation range, the angular shift 
is small since a high ratio of reactance to 
resistance is employed in the bridge net- 
work. In practice a single adjustment of 
Rs will hold for the entire range of the 
bridge. The bridge is therefore non- 
responsive, within fairly broad limits, to 
variations in the dissipation factors of the 
capacitors under test. 


Speed of Response 


While the speed of response of the self- 
balancing capacitance bridge depends, to 
a considerable degree, on the response 
speed of the balancing motor, considera- 
tions for bridge network steady state con- 
ditions and servomechanism stability? ? 
place practical limitations on the response 
time. In a typical case, however, it is 
easy to obtain travel of the deviation dial 
over the entire scale length in ten seconds. 
In normal use of the instrument it is 
seldom necessary for the dial to travel this 
far. The statistical distribution of capaci- 
tances in a group of capacitors having a 
given ‘nominal capacitance usually is 
concentrated within a relatively narrow 
band. The average time required for 
balance is therefore but a fraction of the 
time required for full scale travel of the 
deviation dial. This is because, after each 
measurement, power is removed from the 
bridge network with the result that the 
deviation dial remains at the point of 
balance. The dial is therefore often near 
the point of balance for the succeeding 
measurement. In typical cases the aver- 
age balance time is less than two seconds. 


Accuracy 


Unlike capacitance meters wherein 
accuracy is usually stated as some per 
cent of full scale deflection, the self- 
balancing capacitance bridge maintains a 
constant accuracy over its entire range. 
This is achieved primarily by adjusting 
all of the resistance elements in the con- 
ductance decades, on which the nominal 
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capacitance is set, to the same degree of 
accuracy. 


The over-all accuracy of the instrument 
is, of course, determined by the accuracy 
with which each of the bridge network 
components can be determined and, in- 
directly, by the response sensitivity of the 
detector system. Resistance components 
can be adjusted to within a few hun- 
dredths of one per cent of the required 
values. The absolute value of the stand- 
ard capacitor can be determined with an 
accuracy better than one tenth of one 
per cent. The detector system easily can 
be made to respond to unbalances in 
capacitance as small as 1/100 of one per 
cent. It is entirely practical, therefore, 
to obtain an over-all instrument accuracy 
closely approaching one tenth of one per 
cent. 


Conclusions 


The self-balancing capacitance bridge is 
particularly useful in checking large 
quantities of capacitors for applications 
where capacitances are critical, as in 
certain resonant circuits. Groups of 
capacitors which must be matched very 
closely are conveniently checked and 
assorted with the aid of the instrument. 
Matching to one tenth of one per cent is 
easy since the scale spread of the devia- 
tion dial and the instrument stability are 
great enough to permit taking readings 
with an accuracy of 0.05 per cent or 
better. 


Since the instrument is direct reading 
and quite simple to operate skilled opera- 
tors are not required. Hence, having 
high accuracy, a fast response, and a 
wide capacitance range, the self-balancing 
capacitance bridge is uniquely in a class 
by itself. 
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N 1938, the telemetering system used 
{ by the Commonwealth Edison Com- 
pany to totalize and indicate system gen- 
eration at the load dispatcher’s office and 
station control rooms was becoming in- 
adequate because of low accuracy and high 
maintenance costs. It was also desired 
to expand the system to include more sta- 
tions. The system then in use was an 
impulse type telemeter with low pulsing 
rates, mechanical totalizers, and many 
relays. The impulse rate was made pro- 
portional to the load in kilowatts by origi- 
nating the impulses from contacts on the 
shaft of a watt-hour meter operated by 
current addition of the several generator 
loads, and the selection of anaverage bus 
voltage for the potential coil. For oper- 
ating the recorders, a current balance, 
with current impulses acting on one coil 
and current adjusted by the recorder in 
the other coil, was used. 

A survey of existing telemetering sys- 
tems was made to select the best possible 
replacement. Practically all systems in- 
vestigated had as a disadvantage the re- 
quirement that the measured electrical 
quantity must be converted several times 
into other electrical or physical values in 
order to accomplish totalization and 
transmission of the measured quantities. 
Various conversion or transmission units 
might have to be connected in series, in- 
troducing electrical and mechanical lag 
and error into the readings. Adaptation 
of some of these systems to carrier cur- 
rent transmission results in relatively slow 
response. The basic principle of the 
original system which was to be replaced 
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was reviewed and found to be desirable if 
the methods of impulse production, totali- 
zation, and conversion into an indicated 
reading were modernized. 

Where kilowatts is the indication to be 
telemetered, the watt-hour meter is avail- 
able as a highly accurate means of ex- 
pressing the load value as an impulse rate. 
With this as a basic thought and with the 
experience obtained from the existing sys- 
tem, development began upon a tele- 
metering system which started as arn 
attempt to replace mechanical relays with 
electronic tubes but soon ventured into 


Figure 1. Equipment at a generating station 


and the dispatcher’s office 


Arrows indicate path of load signals through 
elements of the system 


GENERATOR 
WATTHOUR METER 
WITH PHOTOTUBE 


es 


ELECTRONIC 
IMPULSE 


TOTALIZER 


STATION | 


the realm of a completely electronic sys- 
tem. 

An impulse telemetering system for 
kilowatts requires five basic elements 


1. Aconverter of kilowatts to impulses. 
2. An impulse totalizer. 

3. A transmitter. 

4. A receiver. 

5 


. A converter and recording instrument 
for converting impulse rates into a reading. 


Previously existing impulse. ‘systems 
used relays, impulse motors, and com- 
mutators to provide these means. An 
electronic system reduces the number of 
moving parts, friction, and inertia, and 
thus provides an excellent approach to an 
impulse system. i: 

The block diagram of Figure 1 illus- 
trates the arrangements of the various 
parts. The impulses are generated by 
photoelectric-tube pickups mounted in 
the generator watt-hour meters located in 
the stations. The output wave shape of 
the photoelectric tubes is formed and 
amplified by the amplifiers and applied to 
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Figure 2. Photoelectric tube and lamp unit 

mounted above lower magnet in watt-hour 

meter. Amplifier for photoelectric tube is di- 
rectly above meter 


the impulse totalizers. 
arriving from the several generators lo- 
cated at the station are added by the 
totalizer. These totalized impulses are 
then applied to an impulse converter for 
controlling a typical 10-inch strip chart 
recorder. They are also applied to trans- 
mission media for transmission to the dis- 
patcher’s office. 

At the dispatcher’s office the impulses 
operate an impulse converter and record- 
ing instrument which duplicates the read- 
ing of the station generation. The im- 
pulses are also applied to the system total- 
izer for addition with the impulses from 
other stations to provide a rate of im- 
pulses proportional to the system total 


The impulses 


generation. The impulses from the sys- 


tem totalizer are divided by a factor of 
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Figure 3 (rigth). Pho- 


toelectric tube and 
lamp unit removed 
from case 


When in position, the 
watt-hour meter disk 
rotates at right angles 
to the partition be- 
tween the lamps and 
photoelectric tube 
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Photoelectric tube amplifier circuit 


Oscilloscope traces with timing reference arrows are indicated 


eight before further use. ‘Lhis is because 
the impulse rate had become high enough 
to cause possible interference in telephone 
circuits. After division, the impulses are 
applied to a converter which controls a 
recording instrument for providing the 
system total generation reading. The 
impulses also actuate an integrating-de- 
mand meter to provide a reading of the 
kilowatt-hours generated. They are also 
applied to transmission media for trans- 
mission to the various stations where they 
provide a reading of the system total gen- 
eration on a recorder controlled by an 
impulse converter. 

It will be noticed that an impulse once 
generated remains as an impulse through- 
out the totalization and transmission 
process, It is thus that the impulse tele- 
metering system retains its high inherent 
accuracy. 


The Photoelectric Tube 
Pickup and Amplifier 


Figure 2 shows a photograph of the 
photoelectric tube unit mounted in the 
watt-hour meter, and, directly above, the 
amplifier mounted in a watt-hour meter 
ease. An amplifier is used to permit 
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mounting the totalizer at a convenient 
distance from the photoelectric tube. 
The optical system consists of placement 
of the light on one side of a partition and 
the photoelectric tube on the other side. 
The light passes from the lamp to the disk 
of the watt-hour meter and by reflection 
to the photoelectric tube. Low-reflection 
black lines painted on the disk cause the 
light to vary in intensity when the disc 
turns and tltis variation causes the cur- 
rent in the photoelectric tube to change. 
Figure 3 shows the photoelectric tube 
pickup removed from the case, showing 
the lamp, the photoelectric tube, the par- 
tition separating them, and the miscel- 
laneous small capacitors and resistors. 
The amplifier is mounted near the watt- 
hour meter as shown in Figure 2. Its 
function is to amplify the weak photo- 
electric tube currents and to provide 
peaked impulses in its output circuit 
whenever the photoelectric tube current 
passes a critical value. This occurs as 
each black line on the disk passes beneath 
the photoelectric tube. A_ simplified 
schematic diagram of the photoelectric 
tube and amplifier is shown in Figure 4. 
The amplifier must supply impulses of 
the same magnitude regardless of the im- 
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pulse rate, but must remain quiescent 
when the disk is stopped. At any given 
time only one of the two amplifier tubes 
is conducting and it requires a triggering 
impulse from the photoelectric tube to 
transfer conduction to the other tube. 
The current changes in the plate circuit of 
the second tube are always the same up 
to the maximum impulse rate, hence, the 
output impulses have the same shape and 
amplitude regardless of rate. The screen 
grids of the two tubes are coupled to pro- 
vide feedback and insure rapid transfer of 
the conduction condition. 


The Totalizer 


A photograph of a totalizer unit is 
shown in Figure 5. It consists of a bank 
of totalizer elements (two per bank or 
chassis), a control unit, and a power sup- 
ply. A complete description of the totali- 
zer is much too lengthy to be presented 
here. The principle used is to store the 
impulses on arrival at a totalizer channel 
first as a charge on a condenser and a few 
hundredths of a second later as a current 
flow in a thyratron tube. One of these 
storage tubes is associated with each in- 


Figure 5. Impulse totalizer with eight input 


channels 


Upper right column of eight tubes is the con- 

tinuously scanning electronic switch. The 

third unit from the bottom contains totalizer 
control and output circuits 


are 
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put channel and its conducting or non- 
conducting condition means that an im- 
pulse has or has not arrived at the particu- 
lar channel. A “rotating electronic 
switch” removes any stored impulses one 
at a time. This is analagous to a con- 
tinuously operating multicontact rotary 
switch that would test or ‘scan’ each 
storage tube in turn to determine if an 
impulse had arrived there. If it contacted 
a conducting tube it would stop the con- 


duction and originate. an impulse in the 
totalizer output circuit. The time be- 
tween successive scans of a storage tube 
must be shorter than the minimum time 
between the input impulses of that chan- 
nel. Even though two or more impulses 
may arrive at the totalizer on several 
channels simultaneously the storage prin- 
ciple insures that all impulses are total- 
ized and that none are lost or gained. 
Output circuits in the totalizer cause the 
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Figure 6 (above). A 2-element bank of a 
multichannel totalizer 


Control and output circuits are shown at 
bottom. Oscilloscope traces with timing 
reference arrows are shown 
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Figure 8. Converter and recorder circuits 


impulses to alternately reverse polarity 
and be of proper wave form for transmis- 
sion over telephone lines. 

It will be noted from this discussion 
that the outgoing impulses are not equally 
spaced in time. This occurs because 
impulses are arriving at the several input 
circuit of the totalizer in a random order. 
They, therefore, appear at the output in 
random order after a slight delay in the 
storage tube of the totalizer. 

Figure 6 shows a block diagram of the 
totalizer. The control unit provides 
operating, starting, and output circuits. 
The totalizer banks each contain circuits 
for two input channels. The scanning 
tubes form the rotating electronic switch 
which serves to commutate the storage 
tubes. The passage of two simultane- 
ously arriving impulses is shown by the 
wave shapes depicted. A totalizer con- 
trol unit consists of an oscillator and asso- 
ciated amplifiers to govern the scanning 
speed of the electronic switch. Electrical 
interlocks were provided to eliminate un- 
desirable interaction between the scan- 
ning and storage tubes, and to prevent 
each input impulse from providing more 
than one output impulse. 


Impulse Converter and Recorder 


The heart of the impulse-type telem- 
eter is the conversion of impulses to a 
reading, This must be done as accurately 
as possible. Figure 7 shows the unit de- 
veloped to operate in conjunction with the 
recorder. A simplified block and sche- 
matic diagram of this unit is shown in 
Figure 8. 

The afriving impulses are passed 
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Figure 9. Detail of scale on double range 
meter 


Edge-lighting the scale with fluorescent lamps 
provides reading ease 


through an amplifier, then a pulse forming 
circuit, and finally operate an electronic 
switch which consists of an argon-filled 
thyratron tube. Capacitor C, charges 
through resistor R, and is discharged by 
the thyratron into capacitor C;. The 
potentiometer-type recorder consists of 
the usual galvanometer, slide wire, and 
balancing mechanism. If no’ impulses 
are arriving, the current in the galva- 
nometer is such as to cause the balancing 
mechanism to move the slide wire contact 
to the point marked zero per cent, which 
then causes points a and 6 to be at the 
same potential and zero current flows in 
the galvanometer. 

When impulses are arriving, the in- 
creased voltage developed across capaci- 
tor Cy causes a current to flow through 
resistor R, and also through the galva- 
nometer. The balancing mechanism oper- 
ates and moves the slide wire contact until 
the galvanometer current is zero. To do 
this, the contact must move toward the 
100-per-cent point. At balance the volt- 
age across R, is equal to the voltage drop 
between zero per cent and the slide wire 
contact. The current through R, for any 
position of the slide wire contact is small 
compared to the normal slide wire cur- 
rent. The result is that, at balance with 
impulses arriving, the voltage on the ca- 
pacitor C, is very nearly the same as the 
voltage for the no-impulse condition. 
This eliminates the effect of the charging 
curve of capacitor C; and a linear scale is 
provided on the recorder. 

It will be noted that the circuit is a 
bridge and has the usual bridge stability. 
The meters may be calibrated by insert- 
ing a known impulse rate on the input of 
the impulse converter. Since the scales 
are linear, only one point needs to be cali- 
brated. Once calibrated, the readings 
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remain accurate for long periods and vir- 
tually independent of tube aging. 

Most of the older impulse rate systems 
are subject to the defect of pulsation at 
the low end of the scale. The rate of im- 
pulses selected for this system is such 
that with damping adjusted no pulsation 
occurs even with readings of only one 
per cent of full scale, and yet the response 
is rapid. The recorders used balance 
every two seconds and the largest per- 
centage of any sudden load change up to 
a maximum of about 1-inch pen travel will 
appear within that time. After 20 sec- 
onds the meter will have reached the final - 
value. Any faster response results in too 
much fluctuation which conceals the 
trends which are desired by the operators. 
However, the impulse system makes 
possible an installation where meters of 
both slow response and fast response may 
be operated, since the impulses are avail- 
able independent of any prior indicating 
systems. 


Installation Features 


Figure 1 is a block diagram of the essen- 
tial units and connecting circuits making 
up the system. The impulse rate selected 
for the stations is one impulse per second 
per 10.8 megawatts. This is derived from 
the constants of the watt-hour meters and 
represents a value which permits a con- 
venient number of lines to be painted on 
the watt-hour meter disks. In most cases 
it was possible to use the existing watt- 
hour meters. 

Small stations were provided with re- 
corders reading from 0 to 300 megawatts 
and large stations with recorders reading 
from 0 to 500 megawatts. Using the 
impulse constant it is seen that full scale 
represents an impulse rate of 27.8 im- 
pulses per second and 46.3 impulses per 
second respectively. Even on the 0 to 
300 scale meter, 10 per cent of full scale 
gives 2.78 impulses per second., It is be- 
cause of this relatively fast rate and the 
recorder time constant that no pulsation 
is noticeable in the reading. The upper — 
limit is of the order of 2,000 impulses per 
second, determined primarily by the 
transmission media. 

The system total impulse rate is divided 
by 8, hence, for the system total one im- 
pulse per second represents 86.4 mega- 
watts. The system total recorder is cali- 
brated from 0 to 2,100 megawatts, and full 
scale is produced by 24.3 impulses per 
second. 

All of the system total recorders are 
provided with a scale changing arrange- 
ment. This effectively provides a chart 
20 inches wide on 10-inch paper. Two 
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scales are’ provided, one from 0 to 1,100 
megawatts and a second from 1,000 to 
2,100 megawatts. A transfer region from 
1,000 to 1,100 appears on both scales to 
prevent hunting. Limit switches oper- 
ated by cams on the slide wire shaft oper- 
ate a relay which switches the galvanom- 
eter circuit from one to the other of two 
slide wires mounted on the same shaft. 
Compensating resistors in series with the 
two slide wires were accurately calibrated 
initially to compensate for small differ- 
ences in the resistances of the individual 
slide wires. Avsingle control is provided 
to calibrate both scales simultaneously by 
the use of a variable resistor in series with 
the common current source for the slide 
wires. 3 


An interesting point is the method 
used to indicate to the operators which of 
the two scales to read. This must be 
accurate and simple. Figure 9 shows a 
sketch of the system. Two standard 
fluorescent lamps are mounted so as to 
edge-light two strips of glass. The front 
one has a white background halfway 
down and the ‘other a complete white 
background, but the upper half is behind 
the front glass and cannot be seen. The 
outer piece of glass is provided with fig- 
ures and markings for the two scales, but 
only one scale is illuminated at any one 
time. A transparent green cover glass 
eliminates glare from the scale. The 
fluorescent lamps are switched by .the 
relay which changes the scales. Light 
sprays from the lower edge of the glass 
and illuminates the strip chart. This 
double edge-lighted scale was developed 
by the lighting laboratory of the Com- 
monwealth Edison Company. Figure 10 
is a photograph of the recorders on which 
the scale lights may be seen. The upper 
right meter is the system total recorder 
and has the double scale. After the chart 
is removed from the instrument the times 
of transfer between scales appear with 
long horizontal lines across the chart. 
Transfers occur only twice in 24 hours and 
the chart time markings in conjunction 
with a knowledge of day and night load- 
ings readily determine the scale to read. 


At all stations indicating instruments 
for boiler rooms and supervision are pro- 
vided. These are Operated from the re- 
corders by self-synchronous units or by a 
d-c current varied with an auxiliary slide 
wire in the recorder. 

In some cases subtotals were desired, 
that is, partial totals as well as the com- 
plete total. An example is two stations 
that have both 25 cycle and 60 cycle 
generators. A total of the 25 cycle gen- 
eration was desired in addition to the 25 
cycle and 60 cycle total load. This was 
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readily obtained from the totalizer with 
only minor additions. In another case 
the load carried by a large generator was 
desired for boiler room indication. and this 
was obtained in the same way. 


Transmission Systems 


Most of the transmission circuits are 
2-wire telephone lines. The system totals 
are transmitted over a simplex system, 


“that is, between line and ground. The 


station total is transmitted over the 
metallic pair. No interference between 
channels or from the ground circuit oc- 
curs. Induction in the ground circuit 
causes no disturbance. The longest of 
these grounded circuits is about 50 miles. 
This is in contrast to most telemetering 
systems which are incapable of transmis- 
sion on grounded circuits. The telephone 
lines need not be loaded. 

Transmission over carrier channels is 
used for one station. This system has 
been described previously.1 Basically, 
one impulse starts an oscillator, the next 
stops it. The stops and starts generate 
new impulses on reception. Frequency 
shift methods could also be used with 
equal ease. : 


Results Achieved 


The complete system has been in opera- 
tion more than five years. The accuracy 
goal has been achieved. The over-all 
error has not been more than about one- 
half per cent. 

Recently a demand meter has been in- 
stalled in the load dispatcher’s office oper- 
ating by means of a count-reducing circuit 
from the system total impulse rate. This 
integrated-demand meter checks the 
separate generator demand meter tapes 
from the individual stations to within 
one-half per cent and is available imme- 
diately at the end of the record day where- 
as the tapes require more than a day to 
collect and tabulate. 

Since two or more recorders operate 
from each impulse rate, errors are ob: 


Figure 10. Station 
total and system total 
generation recorders 


System total recorder 
on right is reading on 
the high range scale 
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served soon after they appear. In addi- 
tion, any loss or gain of impulses produces 
an irregular recording. As a result, the 
recorders furnish an accurate check on 
the operation of the telemetering system. 
The recorders hold their calibrations for 
long periods, exceeding six months with 
no observable change. Since the system 
total must ba accurately reproduced at 
all stations, a calibration impulse gener- 
ator is provided in the load dispatcher’s 
office which may be used at any time to 
check the readings of all recorders simul- 
taneously. If any doubt as to the read- 
ings occur, a test transmission is made to 
check possible discrepancies. 

The calibrating generator also gives the 
dispatchers a check on the work of the 
testing department in calibrating the re- 
corders and has helped in producing the 
confidence they have in the reliability of 
the system. 

Maintenance costs on the system have 
been very low. Practically all troubles 
have been normal tube failures. Discon- 
necting switches are provided to remove 
sections in trouble from the rest of the 
system until they can be repaired. In 
most cases outages are repaired in less 
than an hour. A semiannual cleaning and 
tube checkup is given the equipment. 
Tubes which show no change from the 
previous check are left in operation. It 
has been found that tubes which have 
operated many thousands of hours are 
less likely to fail than some of those 
found in a complete new set of tubes. 
Some of the original tubes are still oper- 
ating and have more than 50,000 hours of 
use. No other routine checks are made. 
It has been found more desirable to serv- 
ice only when trouble occurs. 


Other Possibilities 


Although it wasn’t used, a circuit for 
subtraction was found feasible. This 
would permit subtraction of tie line loads 
or other similar loads if desired. Trans- 
mission of tie line loads is possible by 
polarizing the impulses. They could be 


heen 


Se tk ae ae 


AITEE TRANSACTIONS 


added, subtracted, or indicated as re- 
quired by the proper use of rectifiers. 
This impulse system is used to telem- 
eter and totalize megawatts. However, 
other quantities could be indicated in the 
same way. Functions which can be con- 
verted to impulse rates can be counted, 
totalized, and indicated by this method. 


Conclusion 


A telemetering system for transmission 
and totalization of megawatt readings 
which would have as slight an error as 
possible was desired. A system using 
impulses generated, totalized, and indi- 
cated by electronic methods was devel- 


oped which has an error of less than one 
half per cent and is reliable and consist- 
ent. 
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The Design of New York Subway Motors 
for Dynamic Braking 


B. A. WIDELL 


MEMBER AIEE 


HE MOTORS to be applied on mod- 
ern cars for the New York, N. Y., 
subway system are truck mounted parallel 
to the axle and connected through a 
flexible coupling to a separate gear reduc- 
tion unit. A similar application in serv- 
ice on the multisection cars of BMT. 
Division having lighter weight per axle 
has demonstrated the following: 


1. Advantage of less unsprung weight on 
axle. 


2. Advantage of less shock on motor parts. 


3. Quieter gearing and longer gear life have 
been obtained by the following means: 


(a) Roller bearings on axle and pinion shaft to 
maintain gear center distance and small backlash on 
gears. 


(b). Oiltight gear boxes providing adequate flow 
of oil on gear and bearings. 


(c). Helical gear teeth. 
4. Gearing stresses due to high braking 


torques at high speeds are within capacity of 
materials used. 


5. Flexible couplings have proved prac- 
ticable to handle motoring and braking 
torques with misalignments which occur be- 
tween motor and gear reduction unit. 


Each car will be equipped with four 
100-horsepower 300-600-volt self-venti- 
lated motors which will be similar but 
larger than the motors used on the Presi- 
dent’s Conference Committee cars. The 
motor is designed with armature windings 
having one turn per coil to obtain best 
commutating arrangement of conductors. 
The commutating duty is most severe 
when braking at high speeds and is kept 
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within safe limits by using design con- 
stants which favor this condition. Above 
speeds of 42 miles per hour and developing 
maximum permissible braking effort, the 
motor, operating as a generator, is de- 
signed for a maximum output of 340- 
horsepower which is 3.4 times the 1-hour 
rating. As a result the motor is more 


conservative under motoring conditions’ 


of third rail surges and interruptions in 
power when crossing gaps than many of 
the older type of motors in service. 
Commutators for these new motors are 
built and processed to narrow limits of 
eccentricity in order that brushes will ride 
the commutator satisfactorily at high 
peripheral speeds. The stresses in the 
commutator due to high speeds and heat- 
ing are such as not to deform the com- 
mutator enough to produce detrimental 
sparking. The seasoning of the commu- 
tator is done after the armature has been 
completely wound and banded at a speed 
of 5,300 rpm or 20 per cent above the 
maximum permissible speed in service. 


At maximum armature speed of 4,420 
rpm the peripheral speed of the commu- 
tator is 10,600 feet per minute as com- 
pared to 8,660 feet per minute for the 
President’s Conference Committee motors 
at maximum speed of 4,800 rpm and 8,780 
feet per minute for the MS train motors at 
maximum speed of 4,060 rpm. 

The commutating pole pieces and frame 
are designed for low magnetic saturation 
of steel in order to avoid undercompensa- 
tion at the maximum anticipated loading 
during period of high speed braking, to 
minimize sparking at the brushes as well 
as to maintain the maximum width of 
black band throughout ‘the operating 
range as a motor. To accomplish this 
the commutating poles are wound with 
additional turns of overcompensation. 
Doing this also has a beneficial effect on 
motor commutation during transient 
surges which occur quite frequently on 
third rail systems. 

The introduction of the truck mounted 
motor was responsible for the develop- 
ment of dynamic braking for the PCC 
cars and the modern subway cars, the 
reason being that the commutation prob- 
lem is appreciably easier with the small 
high speed motor once the mechanical 
difficulties inherent with high speed op- 
eration have been overcome. Although 
considerable progress has been made in 
designing the commutating circuits of d-c 
series railway motors and better brushes 
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have been developed to permit greater 
loading, there is a practicable limit on the 
reactance voltage which can be commu- 
tated. This limit is set by the permissible 
amount of commutator maintenance and 
brush life. The limit is well established 
in subway motors, some of which have 
been in operation over 40 years. The 
primary index of reactance voltage is the 
product of core length times amperes per 
circuit times turns per coil squared times 
coils in series times revolutions per min- 
ute times number of commutator seg- 
ments. Motors having a relatively high 
index of reactance voltage may be con- 
sidered as a better designed motor if of 
equal commutation performance. 

In order to present a picture of the 
progress which has been made since 1904 
when the first GE-69 motor was placed in 
service in the New York subways, Figure 
1 has been prepared showing the extent to 
which the index of reactance voltage has 
been increased at maximum braking cur- 
rent and maximum speed. It should be 
noted that both the GH-1198 and GE-1240 
motors have appreciably lower reactance 
voltage index at the continuous current 
rating and maximum accelerating current 
than many of the older types of axle hung 
motors. This is in consequence of keep- 
ing the commutation within bounds at the 
maximum braking current at maximum 
speed. The average commutating duty 
probably will not be much more severe 


Figure 3. Pounds tractive effort per pound of 
motor weight at continuous rating geared to 
60-mile-per-hour maximum speed 
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than on the older types of motors con- 
sidering the fact that a majority of brake 
applications will be made at speeds less 
than maximum. 

On motors with a high index of re- 
actance voltage there may be some spark- 
ing at the brushes but this is detrimental 
only to the extent that the commutator 
etches or brushes have short life as a re- 
sult. Of more consequence during brak- 
ing at high speeds is the peak voltage be- 
tween commutator bars, which, if. per- 
mitted to rise high enough, the motor will 
flash and the braking effort be lost. The 
GE-1240 motor in conjunction with the 
braking control will brake cars at a 3 mile- 
per-hour-per-second rate from a top speed 
of 42 miles per hour, without exceeding a 
conservative 40 peak volts per bar. If 
speed of braking begins over 43 miles per 
hour the field automatically is weakened 
to keep the peak volts per bar to a safe 
value, with the least loss of braking effort 
for a constant braking current. At maxi- 
mum speed the braking effort, as a result, 
is reduced to 2,250 pounds per motor, 
which is sufficient to decelerate cars at 73 
per cent of the 3- mile- -per-hour-per-second 
maximum rate. i ie ea 


Figure 4. Characteristics rea) 
1S} 
of GE-1240 motor on za 2 
FIC! = 
300 volts ENCY WITH eae ARS es-2| 9 
uw 
F EARS Tod 8 as 
Geer reduction 7.235 to  % 6000 8 a 
1; wheel diameter 323/, Z 
9 oO 
inches c 
50 5000 460 0 
Y) 
(a) { 
£40 Z 4000 
= 
OO 
xz a 
we | 
Ww 
oe 
30 % 3000 
w 
=) w 
= w 
= Ww 
| w 
a > 
hepa 
w 20 5 2000 
Ce: 
re 
10 1000 
0 0 
0 100 200 300 400 500 
AMPERES 


Widell—Dynamic Braking 


There are therefore many advantages 
to be gained by equipping subway cars 
with four truck mounted motors instead 
of two axle hung motors. The extent of 
operating advantages can be seen by refer- 
ence to Table I which lists the ratings and 
performance of various equipment now 
operating in subway service and. of the 
new truck mounted motors. 


1. Maximum permissible car speed has 
been increased from 48 to 59 miles per hour. 


2. Accelerating rates have been increased 
from 1 to 2.5 miles per hour per second. 

3. Dynamic braking rate of 3 miles per 
hour per second has been added. 

4. Weight of motors and accessories has 


been reduced from 12,400 pounds to 10,120 
pounds per car. 


Although the maximum weight handled 
by the new motors is about 30 per cent 
less than that of the original cars equipped 
with GE-69 motors, the performance re- 
quirements have been increased and there 
is no appreciable change in the total 1- 
hour horsepower rating of motors per car. 
The continuous horsepower rating, how- 
ever, is a considerably higher percentage 
of the 1-hour rating on the new motors 
than for any of the axle hung motors. 
This is a result of the new motor being 
built and rated according to allowable 
class B insulation temperature rises and 
also because of the relatively higher venti- 
lation of motor. 

The GE-1240 motor horsepower rat- 
ings, one hour and continuous, per pound 
of weight of motor and accessories, are 
higher than any of the axle hung motors. 
The relative difference is shown on Figure 
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2 for several of the motors. In as much 
as the continuous rating represents the 
work a motor can do, a further compari- 
son on Figure 3 is shown of the continuous 
tractive effort for minimum field strength 
with all motors geared to a maximum per- 
missible speed of 60 miles per hour. 
These curves indicate that the continuous 
horsepower rating and the continuous 
tractive effort rating per pound of GE- 
1240 motor and accessories are, respec- 
tively, 31 per cent and 40 per cent higher 
than for the GE-728 axle hung subway 
motor which is the best previous design. 
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The GE-1240 motor characteristics are 
shown on Figure 4 and are such that the 
new cars with four of these motors will 
have approximately the same speed- 
tractive effort characteristics as those of 
the present cars on the IND Division 
equipped with GE-714 axle hung motors. 

The change from a 2-motor axle-hung 
equipment to a 4-motor truck-mounted 
equipment was dictated largely by the 
necessity of providing sufficient rail ad- 
hesion to prevent wheel slippage for a 
maximum accelerating rate of 2.5 miles 
per liour per second and maximum brak- 
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ing rate of 3.0 miles per hour per second. 
The other advantages obtained by this 
change, better commutating motors, 
lighter weight motors, antifriction bearing 
motors and gear reduction units, more 
continuous capacity, and dynamic brak- 
ing outweigh any objection to the greater 
number of units to maintain. The com- 
parisons made between the new and older 
type of equipments show that a definite 
advance has been made in the direction of 
more capacity for less weight of motor 
equipment and that it has been made with 
improvements in commutation. 
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Electric Equipment for 2-for-1 Twister 


E. C. GWALTNEY 


NONMEMBER AIEE 


HE Saco-Lowell 2-for-1 twister is 
one of the most complete approaches 


to an all-electric machine ever attempted - 


in the textile industry. This paper 
covers the problems encountered in 
electrifying the machine, means taken to 
overcome them, and the simplification of 
the electrical components of the machine. 

Textile fibers are either natural or 
synthetic, and either type must be twisted 
into yarn before it can be woven into 
fabric. To put twist into a strand of 
fibers one element must revolve. This 
element is a spindle. In conventional 
twisting the yarn is either fed through 
a pair of rolls and twisted as it revolves 
around and is wound on a rotating pack- 
age or the yarn is twisted as it is pulled 
from a rotating supply package and is 
wound on a take-up spool. Either way 
either the supply package or the take-up 
package must rotate on a spindle to get 
twist, obtaining one turn of twist for 
every revolution of the spindle. The 
amount of twist is measured in turns per 
inch and is the ratio of rotation of the 
spindle to linear speed of the yarn. 


2-for-1 Principle 


The possibilities of revolving the yarn 
being twisted around a stationary supply 
package and obtaining two turns of twist 
for every revolution of the spindle have 
been known for years. This principle 
involves holding a package stationary on 
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a revolving spindle which carries a flyer 
operating at high speed as shown in 
Figure 1. One turn of twist is obtained 
between the stationary package and the 
rotating flyer, and a second turn is ob- 
tained between the flyer and the take-up 
spool which draws the yarn from the 
stationary package at a fixed linear speed. 
Up to the present time, this has never 
been done commercially except to a 
limited extent in Germany. By putting 
in two turns of twist for every revolution 
of the spindle we double the linear speed 
of the yarn and get double the production 
per spindle without increasing spindle 
speed. 

Although it is planned ultimately to 
apply the 2-for-1 principle to all forms of 
twisting, its use at the present time is con- 
fined to the twisting of fine denier rayon 
and nylon. By this we mean the twist- 
ing of continuous filament yarns which 
go into the making of women’s under- 
wear, hosiery, dress goods, and the like 
requiring from 25 to 50 turns of twist per 
inch before they can be woven or knitted 
into fabric. 


Conventional Machines 


The conventional method of twisting 
this yarn is by what is known as an up- 
stroke twister in which the supply pack- 
age or spool of either one-half or one- 
pound capacity is revolved on a spindle 
at from 8,000 to 11,000 rpm. Power 
consumption is necessarily high because 
of revolving the supply package at high 
speed. Yarn tensions are far from con- 
stant because of a variation from top to 
bottom of supply spool and from full to 
empty spool. Tensions on this machine 
can vary over 100 per cent. It should 
be noted at this point that a reasonably 
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constant tension is essential in making a 
high quality yarn. A large number of 
spindles per machine are driyen by a 
single motor vertically mounted at one 
end of the machine using an endless 
belt. 


The 2-for-1 Spindle 


The 2-for-1 twister utilizes a stationary 
package and thus a substantial saving in 
power consumption results. Further- 
more, power consumption is independent 
of whether the package is full or empty. 
Yarn tensions on the 2-for-1 twister are 
constant regardless of any variation in 
the supply package and can be held to 
plus or minus 5 per cent or closer. 

The spindle unit is shown in Figure 1. 
The rotating spindle supports the package 
carrier on two ball bearings. These 
bearings allow the spindle to rotate within 
thestationary package carrier whichis kept 
from revolving by two Alnico magnets in 
the bottom of the package carrier and two 
magnets mounted on the spindle support. 
There must be a free path for the yarn 
and flyer around the package carrier; 
hence the use of magnets to hold the 
carrier from revolving. 

The yarn is pulled upward over the 
end of the supply package, down through 
the tension device, down through a hole 


_in the center of the spindle, around a 


porcelain guide and out through a hole 
in the side of the spindle, thence to the 
eye of the flyer which rotates within 
the air gap of the magnets and up to the 
take-up spool, “ballooning” around the 
stationary package and carrier. Only 
the spindle and flyer revolve. One turn 
of twist per revolution is inserted in the 
yarn between the tension device and the 
flyer. A second turn per revolution is 
added between the end of the flyer and 
the take-up spool. 

If one of the two top bearings on the 
spindle should ever fail, the package 
carrier and package would start revolving 
at the speed of the spindle due to bearing 
friction. As this speed is often as high 
as 12,000 rpm, some safety device must 
be utilized. The front bottom holding 
magnet is mounted in a “trap door” 
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which swings open by gravity when this 
magnet is not held up by its matching 
magnet in the bottom of the package 
carrier. In addition to the force of 
gravity, the drop magnet in the trap 
door is given a definite push when like 
poles of the magnets pass by each other. 
A movement of only five degrees of the 
trap door releases a spring loaded brake 
which stops the spindle. Simultaneously, 
the driving force is removed from the 
spindle. 


Drive Requirements for 
2-for-1 Twister 


The practical operation of the 2-for-1 
twister requires that the spindles rotate 


Figure 1. Sketch of spindle unit showing 
use of magnets to hold supply package and 
passage of yarn 


! 
I 
H 


H 
4 
U 
i 
8 


CHO GUIDE 
Y 


SN 
Y 


N 


TENSION DEVICE.. 


i 
gy, 
analy 
Ss 
SUPPLY Sexy y 
PACKAGE KOK Z 
RIVA D 
o, 0 
Reese i y 
X21 in 
Bsc aN 
rea Sa 
= eS 
AD 
SPINDLE 
$12 


TAKE-UP 
PACKAGE 


at approximately 12,000 rpm, the yarn 
take-up be driven at various constant 
linear speeds, and that any given ratio 
between spindle speed and linear speed 
of yarn be maintained constant for all 
spindles during starting, running, and 
stopping of the machine. In addition 
to this, means must be provided for 
stopping individual spindles as well as 
for starting and stopping the entire ma- 
chine. 

The first attempts at the machine 
were along mechanical lines driving the 
spindles with an endless belt. Belt 
slippage and resultant twist variation, 
maintenance, power consumption, yarn 
cleanliness, and over-all flexibility were 
serious problems. The most serious was 
yarn cleanliness. Dirt and oil circulated 
by air currents created by the endless 
belt made black streaks in the yarn which 
would not come out in the finishing of the 
woven fabric. 


---- MAGNET 


FLYER 


FIXED 
MAGNET 
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Electrification 


Complete electrification provides a 
satisfactory answer to these problems, 
and complete electrification in this. case 
involves the use of individual spindle 
drive motors. Individual spindle drive 
has not heretofore had wide application 
in the textile industry except in rayon 
pot spinning and in certain related proc- 
esses such as the fabric coating of rubber 
thread. The same advantages, however, 
which pertain to all forms of electric 
motor drives are apparent, namely: _ 
Reduction.in mechanical complications, 
cleanliness, and efficiency of power trans- 
mission. High rotative speeds are readily 


_ obtained by the use of a-c motors supplied 


Figure 2. Close-up view of electric spindle 
assembly with ‘trap door’’ open 


There are 72 of these units per machine 
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A-C POWER SUPPLY 


from power sources having frequencies 
higher than the conventional 60 cycles. 
This system results not only in simple 
inexpensive motors but also in a high de- 
gree of speed uniformity. It appears, 
also, that due to mechanical simplifica- 
tion which results, in many cases the 
advantages of individual motor drive 
may be realized without undue increase 
in over-all cost. 

The advantages gained in electrifica- 
tion of the 2-for-1 twister are: reduction 
in power consumption, a more even twist 
because of constant ratio between spindle 
and take-up speeds, easier stopping of 
individual spindles, a simpler design, re- 
duction in noise, and clean yarn. The 
last item is of utmost importance. Elec- 
trification of the machine has eliminated 
all possibility of any dirt or grease being 
thrown into the yarn from an endless 
belt. 


Spindle Motors 


Individual 2-pole 3-phase vertical 
inducuion motors rated 40 watts, 12,000 
rpm, 60 volts, 200 cycles, are applied to 
the spindles. Motor shafts were ex- 
tended upwards and become the spindles. 
Because of the synchronization required 
in spindle speeds and in ratio of spindle 
speeds to linear speed of yarn, the use of 
a-c motors, either synchronous or induc- 
tion, was deemed essential. Induction 
motors were highly desirable because of 
reduced cost and better starting char- 
acteristics of individual spindles and were 
found to be adequate as far as constant 
speed is concerned, as the loading is con- 
stant, any variation due to variation in 
bearing friction having been found to be 
negligible because of the use of ball bear- 
ings. A*2-pole normally open switch 
actuated by the “‘trap door’’ allows stop- 
ping of individual spindles, as well as 
providing for disconnecting the power in 
case the door is opened by rotation of the 
package carrier. Figure 2 is a close- 
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72 SPINDLE MOTORS 
PER FRAME 


Figure 3(above). Elec- 


tric equipment and 

connections for 2-for-1 
twister 

1. Magnetic switch 


(motor starter) 

2. Induction motor, 5 
horsepower, 1,800 rpm 
3. Synchronous gen- 
erator, 3 kw, 3,000 
rpm, 60 volts, 3 phase, 
900 cycles 
4.° Induction gear 
motor 1/6 horsepower, 
63 rpm, 3 phase, 200 
cycles 
5. Spindle motor, 40 
watts (input), 60 volts, 
3 phase, 200 cycles 
6.° Motor switch (for 
automatic stop motion 


and individual opera- 
tion) 
7. Plug connector 
(polarized) 
8. Double outlet 
(polarized) 
9. 200-cycle bus 
10. Phase _ reversing 
switch 


11. Limitswitch (safety 
switch on door) 


12.° Push button — sta- 
tion, “Start—Stop 
(One on either side of 


machine) 


up view of an electric spindle assembly 
with the trap door open. 


Motor-Generator Set 


With spindle speeds up to 12,000 rpm 
and the ‘use of a-c induction spindle 
motors, it became necessary to furnish a 
high-frequency power source. A motor 
generator set is built into each machine 
and spindle speed is adjusted by changing 
pulley ratio between motor and generator. 

The motor generator set comprises a 
3-kw 3,000-rpm 65-volt 3-phase 200- 
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Figure 4. The head end with doors open to show take-up motor 
and gearing 


cycle generator and a 5-horsepower, 
1,800-rpm 550-volt 3-phase 60-cycle 
driving motor. 


Take-Up Drive 


The take-up packages, (one for every 
spindle), are surface driven by cork 
covered drums on shafts running the 
length of the machine, one on each side. 
These shafts are driven by a gear motor 
rated 1/6 horsepower 60 volts, 3 phase, 
200 cycles, 65 rpm output speed, powered 
from the same high-frequency source 
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which drives the spindles. This holds a 
constant ratio between spindle and take- 
up speeds assuring constant twist. 
Change gears are provided to alter take- 
up shaft speed to obtain desired twist. 


Generator 


A conventional generator would re- 
quire a separate source of excitation and a 
means of maintaining this excitation 
during the coasting of the machine when 
stopping. Also, protection against power 
failures was needed as otherwise excita- 
tion would be lost entirely, with the 
spindles and take-up coasting to a stop 
independently of each other, resulting ina 
stretch of yarn with bad twist. The 
answer to this was a permanent-field 
generator. This generator uses standard 
stator windings with Alnico magnets 
built into the rotating field, the design of 
which is unique in a power generator. 

By the use of the permanent field 
generator, we have not only taken care 
of power failures and machine stopping 
but have eliminated external auxiliary 
equipment for excitation. The extreme 
simplification resulting from the use of 
this generator can be seen in Figure 3. 

The complete frame is started by 
pressing the start button at either push 
button station.’ The spindle motors and 
the take-up motor are connected to the 
generator. As the generator speed in- 
creases, the voltage and frequency in- 
crease at the same rate and the motor 
speeds (with allowance for slip) are syn- 
chronized with the generator and with 
each other. Similar synchronization 
takes place when the stop button is 
pressed and the system decelerates. 

In bringing the spindles up from rest 
to operating speed, it has proven desirable 
to limit to some extent the acceleration 
rate. The result obtained from such 
limitation is reduction in maximum tor- 
que requirement in the spindle motors 
and a tendency to more uniform relation 
of speeds of spindle and take-up. To in- 
sure adequate break away torque, the 


driving motor for the generator is de- 
signed for approximately flat torque 
characteristics with standstill and pull- 
out values about equal. Limitation of 
acceleration is secured by the use of a 
small fly-wheel mounted on the generator 
shaft. This method results in a com- 
bination of good break-way torque with 
the desired limited rate of starting. 


Complete Machine 


The finished machine consists of a 
skeleton framework mounting 72 spindle 
assemblies, 36 on each side. The power 
for spindle motors is supplied from a bus 
bar assembly which is built into the beam 
supporting the spindles, and the cords of 
the spindle motors plug into it making 
it a simple matter to remove individual 
spindle assemblies for servicing without 
stopping the entire machine. A housing 
at one end of the machine contains the 
gear motor for driving the take-up and 
all necessary gearing as well as a cam mo- 
tion to traverse the bars which guide the 
yarn onto the take-up spools. The 
housing also includes the magnetic 
switch for the main driving motor, two 
push button stations, one on each side of 
the machine, and a reversing switch for 
the spindle motors to produce the direc- 
tion of twist required in the yarn being 
produced. The main driving motor and 
generator are mounted under the beam 
at the head end. It is so constructed 
that the application of power requires 
only the connecting of leads from the 
3-phase mill power supply to the termi- 
nals of the across-the-line starter in the 
head end housing. Figure 5 shows the 
head end housing with doors open to show 
the gear motor for driving the take-up 
and the necessary gearing. 


Test Results 


Some very interesting facts came out 
of the innumerable power tests made on 
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No Discussion 
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spindle motor requirements. Size of 
supply package was found to have a 
negligible effect on spindle-motor input 
revealing that the slip is constant and 
that spindle speed will not vary. Sub- 
sequent tests under actual mill operating 
conditions prove that the twist from 
spindle to spindle and from beginning to 
end of the take-up and supply package is 
more uniform than on conventional ma- 
chines. Studies have shown that power 
cost per pound of yarn produced on 2- 
for-1 twisters is in the order of one-third 
of that on conventional machines. A 
higher quality yarn with less variation in 
twist and a tremendous reduction in 
number of fabrics rated as ‘“‘seconds”’ 
because of oil and dirt are expected to 
offset the necessarily higher cost of the 
2-for-1 twister as compared to the cost 
of conventional up-stroke twisters. 


Future Possibilities 


It is expected that 2-for-1 twisters 
will eventually replace all forms of twist- 
ing except on those yarns requiring an 
extremely low twist and that electrifica- 
tion of spindles on the present machine 
will point the way to future electrifica- 
tion in the textile industry. 

There are over ten million spindles in 
the United States alone twisting the 
type of yarn to which the present 2-for-1 
twister is suited. There is an ever in- 
creasing amount of rayon tire cord being 
used. The 2-for-1 principle is now being 
adapted to machine for the twisting of 
this cord. With this development, it 
will be possible to produce 20-pound 
cones of tire cord without a knot or splice 
in a 2-step operation and the power cost 
will be only a small fraction of that on 
present machines. * 

The 2-for-1 principle will also be readily 
adaptable to the so-called “Brownell” 
type of twisting which produces the 
highest quality of plied yarns known, and 
which has heretofore been handicapped 
by low speeds, high first cost, and ex- 
pensive maintenance. 
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Solution of the General Voltage 
Regulator Problem by Electrical 


Analogy 


E. L. HARDER 


MEMBER AIEE 


HE TRANSIENT performance of a 

generator voltage regulating system is 
the terminal voltage, as a function of 
time, following a voltage disturbance or 
following the sudden addition of load. 
The general quantitative solution to this 
problem is given for linear systems in 
terms of the parameters of the system. 
These are the time constants of the gener- 
ator, exciters and damping transformers 
and the over-all yoltage amplification. 
The data cover systems of up to three 
delays and were obtained by calculation 
and the use of the servo analyzer, an 
analogue type of computer for analyzing 
regulating systems. The paper reviews 
the problem, describes the servo analyzer 
method of solution, and gives the general 
solution, with interpretations. 


GENERATOR VOLTAGE 
REGULATING SYSTEMS 


In this treatment, the generator voltage 
regulating system will be taken to include 
the generator, the exciter, the regulator, 
and any other elements entering into 


Paper 47-110, recommended by the AIEE joint 
committee on servomechanisms for presentation at 
the AIEE North Eastern District meeting, Worces- 
ter, Mass., April 23-25, 1947, and the AIEE sum- 
mer general meeting, Montreal, Quebec, Canada, 


June 9-13, 1947. Manuscript submitted Novem-. 


ber 13, 1946; made available for printing March 13, 
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E. L. Harper is consulting transmission engineer, 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa. 


The major portion of this paper is abstracted from a 
thesis, having the same title, submitted to the Uni- 
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requirements for the degree of doctor of philosophy, 
June 1946. : 
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some of the calculations for the curves. 


1947, VoLumE 66 


mathematical formulation of the regulat- 
ing problem. There are proposals to 
term this an excitation system; however, 
it is believed advantageous here to term 
the over-all system a regulating system to 
identify it with the corresponding group- 
ing of elements in other branches of engi- 
neering. 

Two relatively simple generator voltage 
regulating systems are illustrated -in 
Figures 9 and 2. Figure 1 illustrates a 
mechanical moving element called a 
Silverstat Regulator. If the generator 
terminal voltage drops, the spring moves 
the armature in a direction to close se- 
quentially the silver contacts. This short- 
circuit resistance in the exciter field circuit 
and the consequent increase in field cur- 
rent restore the generator voltage to nor- 
mal. The damping transformer feeds 
back a voltage proportional to the rate of 
change of exciter voltage to stabilize the 
system. The reference or pattern in this 
case is the constant spring force of the 
regulator, against which the voltage pull 
is balanced. 


Figure 1 (below). Essential components of a 
regulating system with direct acting regulator 
and self-excited exciter 


Figure 2 (right). A voltage regulating system 
using a static measuring network 
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In Figure 2, there are no moving parts 
other than the rotating machines. The 
regulating element is a static network. 
The measuring circuit used is composed of 
a linear resistive branch and a nonlinear 
saturating reactor branch. At the nor- 
mal voltage, both branches draw the 
same current. If the voltage is high, the 
saturating reactor current is greater than 
the resistor current, the excess flowing in 
the control field of the Rototrol exciter in 
a direction to lower the voltage. At low 
terminal voltage, the reverse takes place. 

Both of these systems, and many others 
as well, may be represented by the gen- 
eralized regulating system of Figure 3, or 
by modifications of it. This system is 
sufficiently general to include one or two 
exciters and one, two, or three damping 
transformers. Or it may represent one 
exciter plus delay in the regulator. It is 
to this idealized system that this paper 
primarily is directed. 

The system of Figure 3 was studied by 
Hanna, Valentine, and Oplinger! who 
gave the differential equation for the 
terminal voltage, e3, as follows: 


es(1+pT2)(1+pTi)(1+pTo) 
= —Ae3[1+ pt:+ pie(1+pT2) + 
pidl+pT2)(1+pT))] (2) 


To, T:, T2=the time constants of the three 
field circuits 

t}, to, t3=the time constants of the three 
damping transformer circuits 

e;=the generator terminal voltage 

p=d/dt, the derivative with respect to time 

A=the combined steady state voltage 
amplification around the circuit 
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The damping transformer ideally pro- 
vides across its secondary terminals a 
first derivative of the voltage supplied to 


its primary circuit. From Figure 1, the 
primary current is taken as: 


ep 

== 2 
tp Rp (2) 
This neglects the primary inductance of 
the damping transformer. Then, 


meee 
B= Mpty=— pep=tphep (3) 
D 


The damping transformer thus is defined 
by the time constant 
eeye (4) 

Rp 

The case of f, = JT, 1, in which each 
damping transformer time constant is 
made equal to the preceding machine 
delay (time constant), results in a-criti- 
cally damped solution. It gives rise to the 
concept of each damping transformer 
“taking care of’ the preceding machine 
time delay in respect to stability and 
damping. If critical damping be taken 
as 100 per cent, this concept provides a 
bench mark for stating the per cent 
damping used in each position. 

By Routh’s‘ criterion, if the determi- 
nantal equation corresponding to equa- 
tion 1 be written as 


b+ Bop?+ Bip+Bo=0 (5) 
the regulating system will be stable, if 


Bo, By, and Bo are positive, and 
B,B, > Bo (6) 


Stable operation, in general, is secured 
up to some value of amplification without 
the necessity of damping transformers, 
whereas, if the amplification is increased 
further, damping becomes necessary for 
stability. In fact, theoretically, infinite 
amplification can be used stably with 
proper damping transformers. 


SoME UNSOLVED PROBLEMS 


The foregoing brief description of a 
few of the known concepts and criteria 
of voltage regulating systems, while far 
from complete, will serve as a rough back- 
ground for stating some of the unsolved 
problems. 
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Figure 3 (left). An ideal- 
ized regulating system hay- 
ing three delays and three 
damping transformers and 


Though Routh’s criterion defines the 
boundary limits of the stable operating 
region, it is sometimes necessary to know, 
not only that a system is stable, but also 
how quickly and how closely normal volt- 
age will be restored following a disturb- 
ance. Whatamountandlocationofdamp- 
ing will result in the most rapid restora- 
tion of voltage to normal? 

In a voltage-regulating system having 
time delays, the introduction of resist- 
ance in a stage reduces the time constant 
and also the amplification of that stage. 
How far is it efficient to go in this direc- 
tion? 

Damping transformers with or without 
primary delay may be introduced in any 
of several stages of a regulating system. 
There are stable and unstable combina- 
tions. 
degrees of damping, various speeds of 
recovery to normal voltage, and require 
greater or lesser amplitudes of linear vari- 
ation in the devices involved. For ex- 
ample, the exciter may require a higher 
ceiling in one case than in another for the 
same over-all system performance. It is 
desirable, therefore, to determine the 
operation as a function of the damping 
transformers used, and to determine the 
optimum systems from the standpoint of 


1. Minimum size and weight for a given 
performance. 


2. Best performance for given rotating 
machines with static damping devices unre- 
stricted. 


3. Best performance with a single damping 
transformer. 


This paper contributes primarily to two 
phases of the problem. First, the elec- 
trical analogy method is _ presented, 
proved, and its technique is worked out. 


Figure 5. Analogue for 
regulating circuit of Figure 3 
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The stable ones involve various - 
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Second, a linear-circuit solution by this 
method is given for the general case in- 
volving up to three delays and up to three 
damping transformers. By covering the 
full range of parameters, this solution 
includes inherently the solutions for 
simpler cases involving one or two delays 
and the use of one or two damping trans- 
formers. 


Electrical Analogy Method 


Anelectrical analogue for the regulating 
system of Figure 3 is shown in Figure 5. 
It consists of several delay circuits of 
adjustable resistance and capacitance 
which can be adjusted to have time con- 
stants, RC, proportional to the time con- 
stants, L/R, of the fields in the actual 
regulating system. The damping trans- 
formers are very similar to those used in 
the actual system, except that they are 
smaller and are made adjustable by taps 
on the primary winding and on the series 
resistors. Each stage is separated from 
the next by an electronic amplifier which 
draws so little energy from the resistance- 
capacitance circuit as to have negligible 
effect upon its operation at the frequen- 
cies involved. Each amplifier supplies 
power to the next resistance-capaci- 
tance stage as well as power to one 
damping transformer at a voltage propor- 


“tional to the capacitor voltage of the pre- 


ceding stage. The final amplifier, A, 
makes it possible to design the damping 
transformers to work into a high imped- 
ance input, which accounts for their small 
size. 

The total voltage amplification of the 
analogue must be the same as the voltage 
amplification in the actual regulating sys- 
tem. However, it is not necessary that it 


if 
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be distributed in the same manner so 
long as proper correction is made in the 
damping transformer time constants, as 
will be outlined in a subsequent section. 

This analogy is an electrical analogy of 
an electric system. The great advantage 
of the analogy in this case lies in the abil- 
ity to build the analogue practically in a 
readily adjusted laboratory model. 

An alternative analogue, suggested by 
G. D. McCann, is shown in Figure 6. In 
this analogy the damping transformers 
have been replaced by common resistors 
in the preceding stages. This avoids 
parasitic oscillations which occur at cer- 
tain frequencies with the damping trans- 
formers but requires isolation of the power 
supplies for the several amplifier stages. 


TRANSIENT CALCULATING LABORATORY 


The regulating system analogue is in- 
corporated with several other pieces of 
equipment to form a calculating labora- 
tory for the solution of transient prob- 
lems. It will clarify the discussion to 
point out the relationship of the several 
pieces of equipment in this laboratory. 

Referring to Figure 7, the panel at the 
left is the regulating system analogy al- 
ready mentioned. At the extreme right is 
a synchronously driven group of eight 
commutators operating at ten revolutions 
per second. Each commutator can be 
used to perform ten circuit opening and 
closing operations per second in the net- 
work, or analogue, which is set up for 
study. Usually, the time constants are 
so arranged that the transient practically 
is completed in about one half of this 
time, and the remaining one half of the 
time is used to permit or force the circuit 
to come to rest before being subjected to 
the same transient again. The transient 
voltage or current in any part of the cir- 
cuit can be measured by one of the two 
oscillographs shown at the center of the 
main cabinet. As the transient is re- 
peated, the transient voltage undergoing 
observation shows as a steady image on 
the oscillograph screen. It can be meas- 
ured or recorded photographically. This 
method has been in use for some time for 
the study of transient voltages in electric 
power systems.’ 

The main cabinet in Figure 7, surround- 
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ing the two oscillographs, includes power 
sources, forcing functions, de-energizing 
resistors, and switches for connecting 
either the oscillographs or the commu- 
tators to any desired points of the network 
which has been set up. The central 
switching cabinet contains a large number 
of busses brought to terminals. Circuits 
to be analyzed and switched are connected 
to these terminals. The brushes on each 
of the commutators are connected . to 
selector switches which can select these 
busses. The cathode-ray oscillographs 
also are brought to selector switches 
through which they can be connected to 
any of the busses. The brushes on each 
commutator are continuously adjustable 
throughout 360 degrees by means of 
cranks shown on the commutator assem- 
bly in Figure 7. Thus the period of clos- 
ure of each commutator can be adjusted 
from zero to 180 degrees, while the phase 
of closure of one commutator with re- 
spect to another also can be varied 
throughout the full 360 degrees. 

This equipment, is sufficiently flexible 
to solve a large number of transient 
problems. To the busses of the central 
measuring cabinet can be brought not 
only the regulator analogy but also all 
manner of other circuits to solve various 
electrical and mechanical problems. For 
example, the panel in the background in 


Figure 6. 
sistors 
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Alternate 
analogy using common re- 


A front view of the calculating 
laboratory equipment 


Figure 7. 


The recently incorporated regulating system 

analogy at the left includes variable resistance- 

capacitance circuits to represent time delays, 

adjustable damping transformers, and five 
stages of amplification 


Figure 7 contains low loss inductances 
and capacitances for setting up analogues 
of mechanical systems. 

Also, the a-c network calculator is lo- 
cated in an adjacent room and has con- 
nections directly to the transient calcu- 
lator. The a-c network calculator is used 
ordinarily to solve steady state problems, 
ot to make transient solutions by a series 
of steady-state step-by-step solutions. It 
contains several hundred circuits upon 
which entire power systems can be repre- 
sented in miniature. The original com- 
bination used by Evans and Monteith’ for 
studying power system transient voltages 
consisted of commutators, cathode-ray 
oscillograph, camera, and _ selector 
switches used in conjunction with the a-c 
calculating board circuits. 


SERVO ANALYZER 


The regulating system analogue used in 
conjunction with the commutators, power 
sources, and measuring equipment con- 
stitutes a servo analyzer. It is an 
analyzer of sufficient flexibility for study- 
ing the performance of many types of 
regulating systems. In the regulating 
system, Figure 3, and its analogue, Fig- 
ure 5, for example, the recovery voltage 
following a sudden change in the refer- 
ence voltage (change in the voltage-ad- 
justing rheostat) may be determined by 
suddenly impressing a small d-c reference 
voltage by means of one of the commu- 
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(B) 


Figure 8. Recovery voltage oscillations 


A—lTest 
B—Calculation of 3-delay 3-damping- 
transformer case of the appendix 


A=100 K=4 
To +At, = 0.0765 
T1,=0.263 
ty =0.096 
ts=0.9392 
k=4 
C—Test: 9-delay double-damping case 
A=100 
To tAt =3(0) 
I =0.263 
tz = 0.096 
tz = 01939 


D—Test showing change of reference voltage 
E—Test showing sudden load of a machine 


tators. The regulating system will act to 
raise the regulated voltage to the new 
reference voltage. The oscillation of the 
regulated terminal voltage as it ap- 
proaches its new value is shown on the 
oscillograph screen and may be measured 
or photographed. 


ANALTYICAL PROOF OF THE 
ACCURACY OF THE ANALOGUE 


In order to determine the accuracy of 
the analogue prior to its use in responsible 
engineering studies, several cases have 
been ,calculated analytically and, com- 
pared with solutions obtained from the 
servo analyzer. McCann, Herwald, and 
Kirschbaum® already had shown good 
agreement for parts of the analogue in- 
volved in determining the response curves 
of simple error servomechanisms. How- 


ever, several of the amplifying stages and 
damping transformers were not involved 
in their study, and also modifications had 
been made since that time. 

Figures 8A and B show the comparison 
of calculated and servo analyzer solutions 
for the case of a 3-delay system with two 


(C) 


damping transformers. The analytical 
solution is given in the appendix. The 
agreement between analytical solution 
and solution from the servo analyzer is 
entirely adequate for the general analysis 
of regulating systems contemplated. 
Agreement of either of these methods with 
actual machine performance is a matter of 
the refinement used in determining the 
constants and the extent of the effects of 
saturation not represented in the analogy 
or the calculation. 

A calculation also was made for the 
case of a 2-delay double-damping system. 
In this case the calculated frequency and 
damping time constants were 0.43 cycle 
per unit and 0.577 per unit respectively 
compared with 0.45 cycle per unit and 
0.53 per unit time constant obtained from 
the record reproduced in Figure 8C. 


BOUNDARY CONDITIONS 


In the general regulation study, it was 
found necessary to represent two types of 
boundary conditions in order to simulate 
voltage regulator action. These two 
conditions correspond with suddenly 
changing the reference voltage and with 
suddenly adding load to a generator. 
Figure 9A shows the method of represent- 
ing a sudden change in reference voltage. 
When the commutator opens, the refer- 
ence voltage E is applied, and the other 
conditions likewise are fulfilled, just as in 
an actual system. « 


Suddenly Applied Load. In the pre- 
ceding case, the exciter voltages e; and é: 


Figure 9. Simulation of boundary conditions 


A—Sudden change of reference voltage 
B—Analogue for suddenly applied load on 
a-c generator: 


(D) 


were equal to the generator voltage, é3, 
immediately after = 0. In the case of 
inductive load suddenly applied to a 
generator, the transient drop in the termi- 
nal voltage is accompanied by a transient 
increase in field current (and field JR 
drop). The field JR drop after time=0 is 
equal to the generator terminal voltage 
under the assumptions that the amplifica- 
tions are external to the machines. How- 
ever, the voltage e2 at this instant is in- 
sufficient to support e;, and es starts with 
a downward slope. 

From their values immediately after a 
load is added, the exciter voltages eventu- 
ally will need to be increased an amount b 
to support the generator terminal voltage 
that exists right after ¢ = 0; and in- 
creased a further amount, a, to restore 
normal voltage. The ratio b/a = k, 
varies from 1 to 4, depending on the type 
of generator and the amount of load 
added, as shown in Table I. 

For a sudden load that causes a tran- 
sient voltage drop E, the boundary condi- 
tions are established properly if e3 is an 
amount E belowreference, and e, and e, are 
each an amount kE below e3. This con- 
dition is established by the circuit of 


‘Figure 9B which, at the same time it. 


establishes a reference voltage an amount 
E above é; (e3 is 0), also adds a voltage, 
—kEtoe,and é,. From this initial point, 
€3 will have to rise an amount F, and e; 
and e, an amount (1+)£, to reach the 
reference voltage. Actually, if the system 
is stable, they will settle at slightly below 
the reference, that is, at 


(7) 


ey = 2 = 3 = A+1 

It may be noted that the pilot exciter 
voltage starts up at the same rate, pe, 
whether the reference is changed suddenly 
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Figure 10. Performance of a 3-delay regulat- 
ing system 


A=100; £=0 


by an amount £ or an added load causes 
a transient voltage drop, E. However, 
it has 2 to 5 (that ts, 1 + 2&) times as far 
te go to reach its fimal steady value m 
the latier case. As the maim generator 
field current has about the same amount 
to change in either case, and the exciters 
are usually fast compared with the 
generator, this causes only a moderaie 
over-all effect on ¢ 

Cognizance must be taken of the fact 
that ¢, and e¢: now imecinde the fixed shift 
voltage, —ZE. However, as only the 
change in voltage after i = 0 is of mterest, 
the fact that the constant portion. —2ZE,, 
is not included im the oscillograph meas- 
urement of these quantities does not 
matter. 

When the commutator is open, the 
voltage across the resistor comnected to 
its brushes is fixed almost solely by the 
constant current power source, as this 
resistance is small, only a few hundred 
ohms, compared with the 25,000 ohms 
nminunum in R; or with the I-megohm 
damping transformer circuit. In Figure 
8, D and E represent similar solutions 


005 
006 
O07 

O10 


Tt will be noted that the voltace time 
curve starts out horizontally m d, bat 
with an initial downward slope m e. 
The former represents a change m ref- 
erence with the regulator simply follow- 
ing up, whereas the second represents 
the sudden loadms of a turbogeneraior 
followed by regulator action restorimg the 
voltage to normal 


The Quantitative Solution of the 
3-Delay System 


Useful data on the performance of 
voltage regulator systems obtained by 
the use of the new analyzer and by 
calculation are contained m this section. 
They incinde a graphical presentation of 
the performance of the general 3-delay 
3-damping-transformer system of Figure 
3. Contaimed m this solution are the 
special cases of one and two delays and 
of zero, one, and two damping trans- 


1. Time Comstant ts Per Unit, T.- 
As the oscillation is primarily a = 
frequency phenomenon, its damping can 
be described in terms of the time constant, 
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O16 
ORO 
O30 


or time for the envelope of the oscillation 
to drop to 0.368 of its initial value. Ths 
time constant, ike all other time con- 
stants of the system, is expressed im per 
unit of the mam generator time constant, 
T; When the generator time consiant 
is known for a particular system, the 


constants (27) the oscillation decays to 
0.368? = 0.135 of its valme at the be 
ginning of the interval In one half 
time constant (057) decays to 


Table I 


k=b/a=Ratio of Initial Field Current Increase 
to Later Additions! Increase When Load Is 
Added (Low Power Factor) 
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0.368'/2 0.605 of its initial value. 


2. Frequency in Cycles Per Unit, f. 
As the unit of time is the generator time 
constant, 72, the frequency is expressed 
as cycles in this time. The frequency 
and damping time constant together, 
largely determine the character of the 
oscillation. Termination of a frequency 
curve indicates that the phenomenon 
changes at that point to an exponential 
decay defined by its time constants, both 
of which are plotted. 


PARAMETERS OF THE SYSTEM 


The parameters of the generalized 
regulating system of Figure 3, namely, 


te ; 
CURVE SET I4 


0 


To, T1, To, hh, t2, tz, and A are seven in 
number. There would have been three 
more had not the amplifications of the 
three machines and the regulator already 
been lumped into a single amplification 
with appropriate corrections in the damp- 
ing transformer time constants, h, fo, 
and tz. If only three numerical values of 
each of these seven parameters were 
considered, the total number of cases to 
be studied would be 3? 2187. 


Performance of a 3-delay regu- 
lating system 


Figure 12. 


Set6: A=200; t=O 
Set 10: A=50) 4=0 


Ine 


aReNie 


Poca lea Oy, 


Figure 11. Performance of a 3-delay regulat- 
ing system 


A=100; t=0.1 


Actually, more than three values of most - 
of the parameters would be needed. 
This illustrates the enormous value, iu 
fact the outright necessity, of reducing 
the number of independent variables, if 
the job is to be handled at all in a reason- 
able time. 

One possible reduction in the number 
of parameters is evident immediately 
upon inspection of differential equation 
1 which can be written as follows: 
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A—I)=0 


Figure 13. Effect of first stage time delay with 
no damping transformers 


A=100; T,=0.91; tt=t=t;=O 


es(p?+ Bop?+ Bip+ Bo) =0 (8) 
where 
T,4+T: T,+Ate 
B= 1+ 2 i+ 2 (9) 
TiT2  (To+A1)Ti 
1 TM4+At, T2+At 
Bez (M+ 2) + ( 2+Ats) (10) 
TT» (To+At) T1T2 
1+A 
i 
(meant ap 


As Ty) and At always enter together 
as the function (7) + At), this function 
can be treated as a single variable. In 
addition to reducing the number of 
variables to six, this result is important 
in itself. It shows that a first stage 
damping transformer, connected as indi- 
cated, has the same effect as lengthening 
the first stage delay which, as will be 
shown, makes the system less stable, 
other things being equal. 

Also, as the study showed that a re- 
duction of Ty) greatly improved the 
stability, the foregoing relationship sug- 
gested the possibility of securing stability, 
with the first damping transformer re- 
versed to speed up the voltage rise 
instead of retarding it. The use of a 


Table Il. 


For Each Curve, the Abscissa te Is Varied From O to 1. 
All Time Constants Are in Per Unit of Te. 


lh=0, T,=1, and Intermediate Values. 


B—T)=0.017 


A—hh=0; t:=0O 


negative value of t has the same effect 
as reducing JT). This must not be carried 
to the point of making (7; + Ato) nega- 
tive. 

Previous investigators had pointed 
out that with each damping transformer 
time constant positive and equal to the 
preceding delay, critical damping oc- 
curred. Practical damping, therefore, had 
been viewed as involving positive time 
constants of one fifth to one tenth of 
the critical values. Thus the possibility 
of improvement in performance by nega- 
tive damping in the first stage is in itself 
an important result of the study. 


THE Per Unir SYSTEM 


Use of the per unit system affords a 
further reduction of one parameter. 
The machine and damping transformer 
time constants all are expressed in per 
unit of one of them, usually of the 
generator time constant which is the 
longest. The times in the solution are 
likewise in per unit of this same time 


Index to General Solution 


In Each Set, Curves Are Drawn for 


Curve Fig- Curve Fig- 
Set A ts To+Ati ure Set A ts TotAti ure 
0 US seis ereteas TOD Fries. Oren tees Oise aie 11 

0 BAL Scie a(shote TOO sieve ss URE CE atts aa ORO bre tare 11 

0 Loa stoeves HOO’ corer C0 Fa a ye O)) LOsame voters 11 

0 WGirereesiene POS, csi sue Oz ater (OBPAVE Ar ucuprors 11 

0 GS soetere Se NOON sevice OL Qos ets O ravcie aeetave bs 

0 LS yesoees MOOR tiers OZ OOS ree * 

0 VD sare Siete WOO Me sate. Osta ote * ORO ea eet. * 

0 20 cue e) VOOs erie Oe2aeak ne OF20 Fee = 2 

0 at ee LOG: eee. Qeb eases Op yartat * 

0 Ds aie, ales MOO sas Oc igs haes QSOS Fe sce * 

0 DSi ated TOO! cia OB Srciet ODO ieee ae * 

0 DA erence LOO Rete ODierieeys. OR20 ee nak nm 


* These curve sets are available but were not included in paper. 


Curve sets 6 and 10 give a sufficient com- 


parison of amplifications of 50 and 200 with 100. Curves 17 to 24 cover ¢s greater than 0.1 which does not 
appear necessary in view of the excellent performance with ¢3=0.1. 
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oi 0.084; th = 0) 


Gf, 01084- At, = —0.08 


Figure 14. Response is a function of T;+Ati 


First stage delay is canceled by reversed damp-- 
ing transformer 

h=0.29; te=0.012; ts=0.27 

All in per unit of Te 


constant. The generator time constant 
then does not neéd to be varied in the 
solution to cover the full range.of all 
parameters. 

The number of variables now has been 
reduced to five. They are (J + Ah)/T2, 
A heyed les, to/T2, ts/To, and As Def dis always 
will be one per unit and will not be 
varied, For convenience, the variables 
will be written (To “+ Ah), 10 to, ts, A) 
these being expressed in per unit of 7». 
Thus, 7, may be chosen any convenient 
value in the analogy, so long as the other 
time constants are the same per unit of 
T, in the analogy as in the actual system. 
The amplification, however, must be 
the same in the analogy as in the actual 
system. 


ARRANGEMENT OF THE DATA 


The general data are arranged in the 
24 curve sets indexed in Table II. Each 
curve set applies to particular values of 
A, (To + At), and #. In each set, 
curves are drawn for two or more values 
of T; between 0 and 1.0 as needed for 
interpolation. Each curve covers a 
range of t, as abscissa from 6 to 1.0, The 
ordinates are damping t:me constant, T, 
and frequency. as outlined. 

Data are given for thee values of 
amplification, namely 50 1(0, and 200, 
with #; = 0, aad for two values of fs, 
namely, 0 and 01 wth 4A = 00. 


INTERPRETATION 


Certain points of interest may be noted 
concerning the curves Figures 10 to 12. 
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Figure 15. A 2-delay system is stable for all 
time constants 


To=0; h=tp=ts=0 
All in per unit of Te 


Set 1 represents a 2-delay system 
which is stable throughout. At 7; = 0 
it reduces to a l-delay system. The 
exciter voltage damping transformer, 
bk, is quite ineffective. It reduces the 
frequency of the oscillation but actually 
increases the time for the oscillation to 
die out. This would be tempered by 
saturation effects in an actual exciter. 


The high frequency implies a correspond- ' 


ingly high exciter ceiling. 

As Tyo + At = O, the solution is a 
function of 7, + As instead of 7, and 
i, separately. Note that the performance 
is the same for 7; = 1, & = O and for 
T, = 0, & = 0.01, as A = 100. 

Set 3 applies to a 3-delay system with- 
out generator damping transformer. It 
shows that f is needed for stability and 
that there is an optimum point of damp- 
ing for quick recovery. For 7; = 0, 
the system is reduced to a 2-delay system. 

Set 14 illustrates the benefits of a 
generator voltage damping transformer. 
With & = 0, and # = 0.1, it is well 
damped having a damping time constant 
of 0.1 to 0.2 per unit for practical exciter 
time constants. This is a small fraction 
of the shortest damping time constant 
that can be secured without the benefit 
of ¢;, as can be seen by comparing with 
Figure 11. 

With ¢; = 0.1 the 2-delay case, T; = 0 
(set 14), is nonoscillatory below % = 
0.003. Consequently, the frequency 
curve stops at that point, while two 
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B—T, =0.05 


time constants are shown below that 
point. Most of the recovery transient 
is associated with the larger of these 
two time constants. 


OTHER DATA 


In addition to the general solution a 
number of exploratory cross sections have 
been taken to show variations of par- 
ticular interest which would require 
comparing several curve sheets or to 
present performance data of a different 
nature. This additional information is 
outlined here. 


Effect of First Stage Time Delay. In 
Figure 13 is shown the pronounced im- 
provement in reducing the time delay of 


the first stage. Coupled with the differen- © 


tial equation, which showed that revers- 
ing the damping transformer connections 
(making # negative) has the same effect 
as reducing J», this suggests the im- 
portant possibility of improvement with 
negative damping in the first stage. This 
is one of the most important results of 
the study. 

To demonstrate experimentally that 
the same effect as reducing 7» could be 
secured by a reversed first stage damping 
transformer, the three oscillograms of 
Figure 14 were secured with identical 
settings of the analogue except for 7 
and #4. In part a, Ty and # were both 
zero. Inb, Tyis 0.076 per unit, and 4=0, 
while in part c, with 7» still 0.076, 4 has 
been increased until it neutralizes the 
effect of the first stage delay, To, almost 
completely. 


A 2-Delay System Is Stable. This well- 
known fact is attested to by the oscillo- 
grams of Figure 15. With 7) = 0 and 
no damping transformers in use, 7; was 
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D—T, =3.73 


varied over the extremely wide range of 
0 to 3.73 per unit of the generator 
time constant, T>. 


Good Damping With Generator and 
Exciter Damping Transformers. The 
oscillogram of Figure 16a was taken with 
the analogue set up to represent a 3- 
delay system, T)>=0.084 per unit, and 7; 
=(.29perunit. The generator and exciter 
damping transformers then were adjusted 
for optimum damping as judged visually 
with fast smooth recovery in mind. 
This resulted in & = 0.012 and ¢#; = 0.12. 


Damping Transformer Adjustments. In 
the analogue the same damping trans- 
former time constants can be secured 
with a transformer tap giving a higher 
mutual inductance and the use of a corre- 
spondingly increased primary resistance. 
This raises the primary inductance as 
the square of the increase in mutual, and 
hence increases the primary time con- 
stant. The use of two combinations 
giving the same mutual time constant, 
Figures 16B and C, shows that approxi- 
mately the same solution is obtained in- 
the two cases, although the primary time 
constant is four times as great in B as 
in C. However, the differences are 
appreciable, and in some other cases the 
effect was more than shown here. This 
effect, therefore, warrants further study. 


Initial or Boundary Conditions (Figure 
17). In general, two types of initial 
or boundary conditions have been used, 
representing respectively a sudden change 
in reference (k = 0), and the sudden 
application of load (k = 1 to 4). In 
Figure 17, & has been varied from 0 to 
6, for a typical 2-delay system with an 
exciter time constant JT; = 0.29 of T». 
This shows the initial downward trend 


Figure 16 


A—Shows good recovery obtained with 
A=100; Tp =0.084; h=0.29; t;=0; 
t2=0.012; ts=0.12 
B and C—Show the same damping ob- 
tained with ts=0.03 but with (6) 1:1 ratio and 
(c) 1:2 ratio damping transformer 


A=100; To=0.084; I1=0.29; te=0.012; 
t=O 


AIEEE TRANSACTIONS 


(A) (B) 


Figure 17. Effect of type of boundary condi- 
tion 


A—k=0 (change of reference voltage) 
B—k=92 (salient-pole machine suddenly 
loaded) 

C—k=6 
D—k=0 (change of reference) 
E—k=4 (turbogenerator suddenly loaded) 
A, B, C—A=100; To=0) T,=0.29; tp =0.09; 
ts=0 
, E—A=100; To =0.14; T,=0.29; tz =0.02, 
tz;=0.01 


D 


of generator terminal voltage and greater 
dip as & is increased. 

Parts e and f of the same figure illus- 
trate the same relations in a typical 3- 
delay system. 

Refer to Table I to associate the initial 
or boundary conditions with machine 
types and loadings. 


The Generator Voltage Damping Trans- 
former. The effect of increasing f; in a 
typical 3-delay system is shown graphi- 
cally in oscillograms a to f of Figure 18. 
This figure speaks for itself of the effec- 
tiveness of the generator voltage damping 
transformer. An exciter voltage damping 
transformer, f: = 0.02, was in use through- 
out this series of tests. The damping 
transformer overloads the third-delay 
stage, when ¢; = 0.54 and does not give 
a correct simulation. 


Conclusions 


The servo analyzer amply has demon- 
strated its value in providing the essential 
oscillographic data of Figures 13 to 18, 
which could not have been secured eco- 


Figure 18. Effect of varying generator damp- 
ing transformer - 


To=0.1 4; hh =0.29; 
k=4 
All time constants in per unit of Te 


A=100; t2=0.02; 
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B—t;=0.02 
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nomically by test or calculation, and in 
checking and supplementing the calcu- 
lated damping curves of Figures 10 to 12. 
Thus proved for the simple 3-delay 
system, it opens the way for obtaining 
general data on more complicated systems 
which could not be calculated. Even for 
the 3-delay system, it affords the most 
practical way of including initial condi- 
tions in a general study. 


These curves show the performance of 
any 3-delay voltage regulating system. 
For example, consider a system consisting 
of a turbogenerator having a time con- 
stant of 5 seconds, an exciter of time 
constant 1 second, and a variable voltage 
pilot of time constant 0.5 second. As- 
sume that the regulator is static or 
electronic and of substantially zero time 
constant and that the over-all voltage 
amplification of the system is 100. 
What recovery performance can be ob- 
tained with an exciter voltage damping 
transformer alone, or with a combina- 
tion of generator and exciter voltage 
damping transformers? 


In per unit of 7, the time constants 


are: T, = 1/5 = 0.2, and JT») = 0.5/5 = 
0.1. Table II shows that with A = 100, 
tj = 0, To = 0.1, curve set 3. applies. 
With 7; = 0.2 and an exciter voltage 


damping transformer, optimum damping 
is secured with & = 0.04, which results 
in a damping time constant T = 1.8 per 
unit or 9 seconds. Thus with the refer- 
ence voltage suddenly changed 10 per 
cent, the terminal voltage is restored to 
within approximately 3.7 per cent of 
normal in 9 seconds and 1.4 per cent of 
normal in 18 seconds. For a sudden 
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second longer. 


C—t;=0.05 


(D) 


load causing a 10 per cent transient volt- 
age drop, the time is a few tenths of a 
The frequency is about 
0.75 cycle per unit (5 seconds) or 0.15 
cycle per second. 

If both generator- and exciter-voltage 
damping transformers are used, having 
0.01 and #; = 0.1, the damping 
time constant is 0.21 per unit or 1.05 
seconds, compared with 18 seconds for 
the previous case. The frequency is 1.2 
cycles per unit, or 0.24 cycle per second. 


Lh = 


DAMPING CONCEPTS 


Several rather new concepts of damping 
have resulted from this study. It pre- 
viously had been known that stability 
could be secured by making each damping 
transformer time constant equal to the 
previous machine delay. . This was taken 
as a measure of complete damping with 
lesser amounts generally being used prac- 
tically, even to the complete omission of 
one or two of the damping transformers. 
However, the analyzer studies have 
demonstrated that it is decidedly ad- 
vantageous to reduce the first stage 
damping transformer. In fact, the system 
recovers more quickly with it reversed 
to assist rather than retard the first stage 
build up, so long as JT) + At, is not made 
negative. 

A generator voltage damping trans- 
former is more effective than an exciter 
voltage damping transformer of the same 
time constant. When a system is stabi- 
lized by a generator voltage damping 
transformer, the reduction of the exciter 
voltage damping transformer time con- 
stant actually improves the recovery over 


D—t; =0.10 
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a large part of the range. This trans- 
former also might be reversed to ad- 
vantage, although this was not tried. 

A linear 3-delay system cannot be 
well damped by an exciter voltage damp- 
ing transformer, fo, alone. That is, it 
cannot be restored to normal in a small 
fraction of the generator time constant. 

The exciter voltage damping trans- 
former referred to here is one meeting 
practically the condition of no primary 
delay. If its primary time constant were 
made equal to that of the generator, it 
would become theoretically identical in 
action with the generator voltage damping 
transformer, fs, of this study. While this 
is generally impractical with the usual 
generator time constants, it is in a direc- 
tion worth investigating. Such an in- 
vestigation was not within the scope of 
this study. 

The studies indicate that in a typical 
2-delay system, with a generator damping 
transformer, #3, tf should be reduced to 
a low value, but not to zero for optimum 
results. (See T, = 0 in curve set 14.) 
The minimum damping time constant is 
60 per cent of that for = 0. 

Without damping transformers the 
addition of a small third time delay has 
a marked effect, even a small amount of 
added delay changing the system from 
quite stable to instable. However, when 
the system is well damped by #3, variation 
of 7) over the usual range has very 
little effect on the generator terminal 
voltage, é3. 


POSSIBLE EXTENSIONS 


Throughout the study of the simple 3- 
delay system, it has been recognized 
that this is far from the most complicated 
of the systems in current or contemplated 
use. It is, however, an important class 
of systems, and it was believed necessary 
to work out the technique of the new 
analyzer with a system which could be 
checked frequently by mathematical 
analysis. 

The greatest value of the analyzer for 
voltage regulation studies is visualized 
as being in the analysis of the more 
complicated systems which cannot be 


calculated economically. These include 


Table Ill. Calculation of Equation 21 
t, Per t, Per 
Angle Unit e3 Angle Unit e3 
Pisces Ole are 0 1802.1 l64 25 
1522, 30,097.45 2-—0729) 2 210se nt SoS ae blab 
30°...0.194...—0.34 240. ode DOL «olin dior 
60°. 0.388..0.— 0217 9 “2708... LP evAGnedlcovs 
90°. .0.582...+0.23 300°.:.1.940,...1,035 
120°....0.776...-+0.65  330°...2.184. 0.904 
150°, ..0.970...+-0.96  360°.,.2.328...0.97 


These values are plotted in Figure 8. 
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various regulating combinations and less 
simple exciters with coupled field cir- 
cuits, and feedback or sustaining fields, 
and with the inclusion of saturation 
effects. Such studies should lead to 


improvements in designs and facility in - 


the determination of the best system 
designs to meet any given requirements. 


Appendix. Analytical Solution 
of the 3-Delay 3-Damping- 
Transformer Case for Specific 

Boundary Conditions 


Inorder toverify the accuracy of the servo- 
analyzer, the following analytical solution 
was made for a case that would bring into 
play all of the elements involved in any of 
the studies. 

With reference to Figure 3 the solution 
for generator terminal voltage, e3, as a 
function of¢time, is desired for the case of a 
suddenly applied load. The machine is as- 
sumed to be a 2-pole turbogenerator with 
an inductive load of approximately half of 
full load value, suddenly added. The as- 
sumed constants and the steps of solution 
follow. 


Corrected Constants* 


A=100 

k=4 

To+At =0.0765 
T; = 0.263 

i 1.0 

t, =0.096 - 

t3 =0.232 


Boundary Conditions 


The initial conditions corresponding to 
suddenly applied load are: 


Reference voltage = E (a constant) (12) 
== —kE (13) 
e3= 0 (14) 


The reference voltage, E, will be taken as 
1.0 following zero time. 


The Determinantal Equation 


When the constants are substituted in 
equations 8-11, the determinantal equation 
is the cubic equation, 


p3+495p?+ 1,695p+ 5,000 =0 
The roots of this equation are found to be: 


pi = —491.59 
po, Ps= —1.71+j2.74 


The General Solution 


The complete general solution is as fol- 
lows: 


€3 = He~ 491-64 €-1.71'¢ (D cos 2.74t+ 


; A 
F sin i dia aaa) BE 15) 


* Corrected for tube plate and load resistance and 
damping transformer primary resistance. 


Harder—Voltage Regulator Problem 


It is composed of a highly damped term 
having. a time constant 1/491.6 =0.00203 
per unit, and an oscillatory term having a 
frequency of 2.74/6.28=0.435 cycle per 
unit, and a damping time constant of 
1/1.71 =0.585 per unit. 


Evaluation of Arbitrary Constants H, 
D, and F 


é=(1+T2p)e; 
A 
= —490.6He- “4 —__ fF 
€ PAL “fe 


e—""'(_0.71D+2.74F) cos 2.74t— 
(0.71F+2.74D) sin 2.74¢ (16) 


Qg= (1+ Tip) ee 


A 
= 63,109He- “4. ——__ 
te Aq at 
e~-7t(_936D4.0.99F) X 
cos 2.74t— (2.36 F+0.99D) sin 2.74¢ 


(17) 
At t=0, e,=0, and e=ea = —4 
e;=H+D-+0.99=0 (18) 
e:= —490.6H—0.71D+2.74F+0.99= —4 

(19) 
e, =63,109H —2.36D+0.99 F+0.99 = —4 

(20) 


Solving equations 18-20 for the arbitrary 
constants, we obtain: 


H=8.35X1075 
D=-—0.99 
= —2.05 


The Resulting Solution for e; as a 
Function of t 


3 =8.35 X 10-5 91-8 4 E— 0. yy 
(—0.99 cos 2.74t—2.05 sin 2.74) + 
0.99 (21) 
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Discussion 


C. Concordia (General' Electric Company, 
Schenectady, N. Y.): We appreciate the 
great usefulness of the electric circuit 
method in the study of control systems and 
realize the practical impossibility of obtain- 
ing the numerous response curves by hand 
calculations. However, in view of Harder’s 
conclusion that ‘“‘The servo analyzer..... 
affords the only practical way of including 
initial conditions in a general study,’’ we 
feel obligated to mention that we have used 
the differential analyzer with considerable 
success for similar studies. In such studies 
we usually have considered specific cases in- 
cluding the effects of generator saturation, 
self-excitation, resistor steps, and so on, 
rather than a general linear case. 

We have studied some linear cases, how- 
ever. An example of some of the results of 
these studies is shown in Figure 1 of this dis- 
cussion. This figure is presented since it 
illustrates an effect not specifically discussed 
in the paper, namely, the effect of variation 
in two of the factors comprising the over-all 
regulating-system amplification factor, keep- 
ing this over-all amplification factor con- 


stant. The factor a is proportional to the 
regulation amplification; 6b to the exciter 
amplification. 


With regard to the use of general studies, 
we usually have found it desirable to make a 
detailed study of the case at hand, rather 
than depend on conclusions drawn from 
studies of idealized cases. An example of 
what we mean is given by Harder’s con- 
clusion that “A generator voltage damping 
transformer is more effective than an exciter 
voltage damping transformer of the same 
time constant.” This conclusion, as he 
points out in the paper, depends upon his 
idealization of the stabilizer equation to the 
form of his equation 3 ; 


€s = pen 


ALTERNATOR 
TERMINAL VOLTAGE 
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CURVES 20, 21, AND 22 ARE 
WITH SMALLER DISTURBANCE 


A more nearly correct expression, and one 
much more easily realized in practice, is of 
the form 


abp 
és= é 
es ety 
where b is the stabilizing transformer pri- 


mary time constant. We donot believe that 
it is unreasonable to make the primary time 
constant 6; equal to the generator field time 
constant 73, in which case a stabilizing 
transformer supplied from the exciter volt- 
age becomes equivalent to an idealized 
stabilizer supplied from the generator 
voltage. 

We should like to ask what value of 
primary time constant was actually used in 
the electrical analogue. 

We are completely in agreement with 
Harder that better performance usually can 
be attained by getting stabilizing signals 
from more than one place, and have made 
several installations of voltage regulators 
with such combinations of stabilizers. 


E. L. Harder: Concordia has raised several 
questions regarding the use of the differen- 
tial analyzer and the treatment of the prob- 
lem. The reference to the analyzer being 
the only way to include initial conditions in 
a general study was meant to be in contrast 
to hand calculation methods rather than ex- 
cluding the differential analyzer. This has 
been corrected in the published text. With 
the regulator problem set up in mathemati- 
cal form and the differential equation 
known, a great deal of information about the 
performance can be obtained by analytical 
methods, particularly for systems of only 
three or four delays. From the roots of the 
determinantal equation one obtains the fre- 
quency and damping rates of transient os- 
cillations. Also steady state frequency 


Table for Figure 1. - Effect of division of 
amplification between regulator and exciter 
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Figure 1. 

regulator response 

obtained on dif- 

ferential analyzer. 

See accompanying 
table 
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Voltage 


analysis is feasible for quite complicated 
systems. However, the point which was 
being stressed in the statement referred to is 
the inability to include initial boundary con- 
ditions by any but quite laborious methods 
of hand calculation. Thus, it is necessary to 
resort to a mechanical analyzer to obtain the 
solutions for specific boundary conditions 
for the large number Of cases as needed in a 
general study. 

Insufficient information is given in con- 
nection with Figure 1 of Concordia’s dis- 
cussion to see why the solution should differ 
for the same over-all amplification but dif- 
ferent distributions. The difference appears 
to be more than could be due simply to 
changed boundary conditions. In our gen- 
eral solution it was shown both theoretically 
and by tests that with all other parameters 
held constant, the solution did not change 
with variations in the distribution of the 
amplification around the closed loop, In 
the analogy studies, it was shown repeatedly 
that the location of the amplification was im- 
material and it could be lumped at one point 
or distributed in any desired manner without 
affecting the solution. When feedbacks are 
used and the distribution of amplification 
is altered, it is necessary to change the feed- 
back time constant in direct proportion to 
the change in amplification in that part of 
the loop reaching from primary winding to 
secondary winding of the feed-back device. 
This is necessary to keep the same effective 
feed-back time constant and hence the same 
differential equation. What we believe may 
have happened in the case shown by Con- 
cordia is that the distribution of amplifi- 
cation was made without the changes re- 
quired to keep the feed-back time constant 
in the same relation to other delays and 
consequently the differential equation and 
the resulting solution was changed as shown 
in his figure. 

This simply illustrates the important gen- 
eralities obtained by defining all feed-back 
time constants on the basis of unit amplifica- 
tion from primary to secondary terminals. 
These data then can be interpreted in any 
actual system of that class, regardless of the 
distribution of the .mplification. 

In regard to the two equations given for 
damping transformer feed-back voltage, 
neither can be said to be more correct than 
the other. Both can be realized fully in 
practice, the first being a transformer in the 
field current proceeding a given voltage and 
the second being a transformer connected 
across a given voltage. Analogies were used 
representing both cases. It is believed that 
since the presence of primary time constants 
equal to the subsequent machine delay 
makes the performance equivalent to no 
primary time constant and the damping 
transformer connected one stage later, then 
the data presented in the paper covers the 
full situation. The performance as the 
primary time constant is varied from zero up 
to the machine delay is intermediate be- 
tween the performance characteristics shown 
for the transformer in one position or in one 
stage later. It would hence be undesirable 
to increase the number of variables in the 
probiem by intruduction of primary delay 
as a separate variable since the effect can be 
determined from the data already presented. 
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A New Single-Side-Band Carrier System 


for Power Lines 


B. E. LENEHAN 


ASSOCIATE AIEE 


Synopsis: A new method of single-side- 
band generation, working on the frequency- 
addition principle, is described. Apparatus 
consists of linear modulators combined with 
wide-range phase-splitting circuits to pro- 
duce the signals. 


HE USE of power-line conductors for 
y Wastes has become quite com- 
mon in the past ten years. Line fault 
protection and telemetering for load con- 
trol have increased the demand for avail- 
able frequencies so much that larger 
power systems are approaching a crowded 
condition in the available frequency 
space. At the present time, multiplex 
operation, by using various tone frequen- 
cies in the audible region, commonly is 
used to reduce the number of channels 
required. 

The present range of frequencies in 
general use is from 50 to 150 ke, although 
some use has been made of frequencies 
from 40 to 300 ke. Extending the band 
of frequencies may not be a satisfactory 
solution in all cases. Losses in the power 
equipment connected to the lines and 
coupling difficulties limit the use of the 
lower frequencies. Radiation at the 
higher frequencies is appreciable, and the 
assignment of these frequencies to radio 
beacons for aircraft may prevent their 
use for power-line carrier over a large 
area. In some locations, widening the 
band may be practical, but a better solu- 
tion is believed to be the use of the single- 
side-band system.! This system re- 
quires about half the frequency range per 
Paper 47-112, recommended by the AIEE joint sub- 
committee on power system applications of carrier 
current for presentation at the AIEE North Eastern 
District meeting, Worcester, Mass., April 23-25, 
1947, and at the AIEE summer general meeting, 
Montreal, Quebec, Canada, June 9-13, 1947. Manu- 


script submitted November 20, 1945; made avail- 
able for printing March 3, 1947. 


B, E. LENEHAN is with the meter division of the 
Westinghouse Electric Corporation, Newark, N. J. 
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channel required by other systems. 

When signals are to be transmitted at 
higher frequencies by power-line carrier 
or radio, some method of transferring the 
signals from their normal low frequencies 
to high frequencies at the sending end and 
back again at the receivingend isrequired, 
When theinstantaneous value of thesignal 
is transmitted by the rising and falling 
amplitude of the high frequency wave, 
the method is called amplitude modu- 
lation and is the most commonly used 
method. If the frequency is varied in 
similar manner, it is called frequency 
modulation. Another way to look at the 
problem is to resolve the signal wave into 
its component frequencies. When this 
is done, a voice signal may be found to 
have components from 150 to 3,000 cycles. 
When the signals are transferred to a 
higher frequency, the high frequency 
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Figure 1. Typical power-line transmission 


characteristics 


Lenehan—Single-Side-Band Carrier System 


signal may be shown to consist of the 
normal frequency, a group of higher fre- 
quencies near by, called the upper side 
band, and a similar group of lower fre- 
quencies, called the lowerside band. For 
amplitude modulation, there is one fre- 
quency in each band for each frequency 
in the signal. For frequency modulation 
there may be more than one. Each fre- 
quency component occurs at least twice, 
and this results in the signal occupying 
at least twice as much space in cycles 
as it did in its low-frequency state. The 
single-side-band system consists of trans- 
mitting only one group of these frequen- 
cies, each frequency being equal to the 
carrier frequency plus or minus the 
frequency of the signal component. 


Application 


Power-line carrier communication dif- 
fers from other carrier signaling in using 
a channel designed fori something quite 
different, carrying voltages of thousands 
of volts and currents of hundreds of 
amperes, which means that any imped- 
ances added to alter its characteristics 
will be of large physical size and corre- 
sponding cost. Also, the presence of other 
equipment must be tolerated. Figure 1 


‘shows transmission curves at different 


frequencies for twolines. A is exception- 
ally good and B is exceptionally bad, as 
the result of several sections of different 
construction. A line such as A presents 
no problems, but line B has two wide chan- 
nels and one narrow channel which might 


be used, and one of these is the second ° 


harmonic of another, which would be an 
undesirable allocation of frequencies. 
Equipment to be used on such lines must 
be continuously adjustable in frequency, 
which is the basis on which this system 
was developed. 


Historical 


There are two different methods of pro- 
ducing a single-side-band signal. The 
most used system consists of eliminating 
all components of the amplitude mod- 
ulated signal, except the desired side band 
by using filter circuits. This system was 


AIEE TRANSACTIONS 


Figure 2. The frequency ad- 
dition method 


The first two lines represent carrier 
current; the next two, signal cur- 
rents; the fifth and sixth, the 
two modulator outputs; and the 
seventh and eighth, the sum 
and difference frequencies 
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described by John R. Carson, of the Bell 
System, about 1915.2 Carson’s patent 
shows tuned circuits instead of filters, 
probably because the filter circuit had 
not then been developed in the proper 
form. This type of system has been de- 
veloped to a high degree and is used ex- 
tensively by the telephone companies.* 
This type of system was not considered 
suitable for general power-line use be- 
cause of the number of circuits to be re- 
tuned to change frequency and the diffi- 
culty of designing and building adjustable 
filters with the proper performance. 

The other system consists of adding 
the carrier and signal frequencies together 
to produce the single-side-band frequen- 
cies. To do this requires polyphase 
sources of both frequencies, which is 
difficult to accomplish for a wide band of 
frequencies, such as the voice band. As 
any polyphase system can be changed to 
any other with transformers, a pair of 
voltages equal in magnitude and 90 de- 
grees displaced in phase is required from 
every frequency component in the signal. 
Asystem of this type wasinvented in 1925 
by R. V. L. Hartley in which this result 
was accomplished by using two multi- 
section filters of different design. Each 
filter section produces a phase change of 
180 degrees as the frequency increases 
from the lower to upper edges of the band 
it passes. By making one filter with one 
more section and its pass band propor- 
tionally greater, the two outputs will be 
close to 90 degrees apart over a band of 
frequencies somewhat less than the band 
width of the narrower filter. The greater 
the ratio between the highest and lowest 
frequency, the more sections would be 
required. The patent estimates that 
“this probably would require filters hav- 
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ing at least 20 sections’’ for the voice 
band. Such a complicated circuit would 
not be a practical solution. Later, an 
improved form of this circuit was used by 
Byrne as part of a polyphase broadcasting 
system.® By use of the later-developed 
phase correctors of the lattice type, the 
number of sections required was reduced 
greatly, but the system still required a 
large number of circuit elements. These 
methods have small magnitude errors, 
but large phase-angle errors. The 
method to be described in the paper uses 
a network of nine circuit elements to pro- 
duce two currents very close to 90 degrees 
apart, with the main errors in the mag- 
nitude. Circuit theory indicates that 
only one of these conditions (90-degree 
phase or magnitude equality) can be met 
ata time over arange offrequency. Cor- 
rect phase displacement was selected as 
the preferred condition, and a close ap- 
proximation to equal amplitudes was 
secured. 


The Modulating System 


The amplitude of an a-c wave com- 
monly is expressed as the sine of an angle 
proportional to time. Each low-fre- 
quency term must be added to or sub- 
tracted from the carrier-frequency term 
to’ produce the required single-side-band 
output. The trigonometric formula for 
the sine of the sum or difference of two 
angles is: 


sin (A +B)=sin A cos B+cos A sin B 


As the cosine terms are 90 degrees out 
of phase from the sine terms, 2-phase 
currents of both carrier and signal fre- 
quencies are needed, and they must be 
multiplied together in pairs and added. 


Lenehan—Single-Side-Band Carrier System 


Figure 3. Schematic circuit of a copper-oxide 
ting modulator 


This is shown graphically in Figure 2 and 
mathematically in Appendix I. 
Two-phase currents of the signal and 
carrier frequencies are produced by phase- 
splitting circuits which produce 90-degree 
displaced outputs of closely equal mag- 
nitudes. These outputs are multiplied 
together by two copper-oxide modulators. 
Each of these consists of four rectifier 
disks connected in a ring, all facing the 
samme way in series. This is shown in 
Figure 3. One current, the carrier, is 
larger than the other current, and its 
presence changes the resistance in the 
circuit of the other current. If the total 
signal circuit resistance is inversely pro- 
portional to the voltage output of the 
carrier phase-splitting circuit, the output 
current will be proportional to the desired 
product. This requires operating the 
modulator in a slightly different manner 
from previous practice, but the resulting 
signals are very free from undesired fre- 
quencies.” * Each of the phase-shifting 
circuits is equivalent to a voltage with an 
impedance in series. This impedance is 


’ nearly all resistance, and the combination 


is shown in Figure 3. 

Tracing through thesignal current path, 
the circuit consists of the internal imped- 
ance of the phase shifter Z, and the equiva- 
lent load resistance R/4 in series with a 
parallel circuit of the two halves of the 
carrier-frequency input transformer and 
the two rectifier disks shown in solid lines. 
These disks are in parallel for the signal 
and in series for the carrier input, but 
each circuit is independent and balanced 
against currents in the other, except for 
resistance changes in the rectifiers pro- 
duced by the presence of the carrier 
current. When the carrier current 
changes polarity, the dotted disks come 
into service, and the connection to the 
output transformer is made to the other 
end, reversing the output polarity as it 
should. The resistance of the rectifier 
to the smaller signal current is, for the 
two parallel disks, one half the incre- 
mental resistance. For the larger carrier 
current, the resistance for the two 
disks in series is twice the usual resistance, 
2e/i. Operating conditions are chosen, 
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such that the total resistance in the signal 
circuit in inversely proportional to the 
carrier voltage Ec. The mathematics of 
this is given in Appendix II. The result 
is that the e-¢ curve required for linear 
modulation is closely similar to obtain- 
able rectifier curves. (See Figure 7). 

The schematic diagram is shown in 
Figure 4. The carrier phase splitter con- 
sists of a resistor, capacitor, and mutual 
inductor in series across the secondary of 
the input transformer. The voltage 
across the resistor appears in one branch 
of the output circuit, and the voltages 
across the capacitor and mutual inductor, 
connected to add, appearintheother. A 
change in frequency affects the voltages 
across the capacitor and mutual inductor 
in opposite directions, with the result that 
their sum varies only over a 25 per cent 
range for a 4-to-1 frequency range. The 
resistor branch has an inductor and ca- 
pacitor added to the output side, and the 
inductor—capacitor branch has a resistor 
similarly added to make the internal im- 
pedances of the outputs equal at all fre- 
quencies. The voltages across the ca- 
pacitor, inductor, and resistor at 80 ke, are 
in the ratio 1 tol to2. Over the range of 
50 to 150 ke, the currents in thetwooutput 
branches will be balanced within 15 per 
cent and be 90 degreesapart. Theactual 
outputs will be somewhat closer together, 
as some saturation will take place in the 
high voltage branch when the modulator 
is operating. 


SIGNAL 


CARRIER 


OUTPUT 
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The signal phase splitter is similar in 
principle to the carrier phase splitter, but 
has an additional parallel resonant circuit 
added which increases the voltage in the 
resistor side by drawing out-of-phase cur- 
rent through the reactor and capacitor 
which are added to equalize the im- 
pedances. This voltage increases as 
the edges of the band are approached 
and improves the balance. The reactance 
introduced by the addition of this 
circuit is opposite in sign from the rest 
of the circuit and permits equalizing the 
output voltages at the edges of the band 
by varying the design proportions of the 
different elements. This circuit was de- 
signed for the operating range of 150 to 
4,200 cycles and to provide at the same 
time the attenuation needed between the 
power level of the usual telephone line 
and the best operating level for the modu- 
lator. Figure 5 shows the performance 
obtained with the modulators replaced 
with 300-ohm fesistors. At the low 
power levels used, the best measurement 
method available was the 3-voltage 
method which requires that the waves be 
sinusoidal to determine phase angles. 
The modultors are nonlinear resistors and 


so could not be used with this method. - 


The performance is given in Figure 5 with 
ten volts applied to the phase-splitter 
input over a wide range of frequency. 
E, and E, are the two output voltages, 
and @ the angle between them. £, is re- 
peated at 1/10 scale to permit the values 


Figure 4 (left). Cir- 

cuit arrangement of 

single - side - band 
transmitter 


Figure 5 (below). 
Performance of sig- 
nal-frequency phase 
splitter over an ex- 
tended range of fre- 


quency 
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at extreme frequencies to be plotted. 
The input admittance of the circuit is 
similar to the curve for E,, and, when 
the proper input impedance-matching 
transformer is used, the outputs E; and £, 
are practically constant over the designed 
range. Itis possible to have equal volt- 
ages at four frequencies and 90-degrees 
phase displacement at three frequencies 
in the band. The reactors used have a 
Q value of about 18. More complicated 
circuits have been tried, but do not seem 
to add enough to the performance to war- 
rant their use. 

The carrier frequency is suppressed by 
passing direct currents through the two 
signal paths. Each adjustment controls 
a carrier current that is 90 degrees from 
the other, so zero can be reached by al- 
ternately adjusting the controls similar 
to balancing an a-c bridge for magnitude 
and phase. Without these adjustments, 
the rectifiers normally will be balanced 
closely enough to reduce the carrier about 
20 decibels below maximum signal. Add- 
ing these adjustments permitted —72 
decibels to be obtained. The limitation 
was in the sensitivity of measurement. 
Balancing for the undesired side-band 
elimination is accomplished with the taps 
on the transformer secondary resistors. 
Figure 6 shows the modulation charac- 


teristic from line input to amplifier grid ~ 


input. It is linear to the point where the 
output voltage is high enough to cause 
conduction to take place on one of the 
idle rectifier disks through the idle half 


of the output transformer winding. At- 


this point, a limiting action takes place, 
and some distortion results. Distortion 
is low, even with overloading, but over- 
loading produces some output in the un- 
desired side band. The lowest harmonic 
appearing in the desired band is the fifth. 
Laboratory tests show less than four per 
cent distortion for the combined trans- 
mitter and receiver measured in the usual 
manner. 
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Figure 6. Modulator performance from 


signal input to amplifier input 


This modulation arrangement is very 
versatile, as either or both side bands 
may be produced. The carrier can be 
added in phase with both side bands to 
produce amplitude modulation, or it may 
be added at 90-degrees phase to provide a 
form of phase modulation by superposing 
direct current on the signals in the same 
manner as the carrier is suppressed. 
Carrier with one side band also is ob- 
tained readily, which provides reduced 
channel width advantages with ability 
to be received on ordinary amplitude 
modulation equipment. 

The oscillator in any single-side-band 
system is required to have better than or- 
dinary frequency stability. The oscil- 
lator used has been described elsewhere.® 
It uses the transitron circuit and is tem- 
perature controlled to reduce drift with 
temperature changes. The circuit used 
is not sensitive to frequency changes re- 
sulting from tube characteristics of dif- 
ferent tubes. 

The receiving methods used are similar 
to those used for amplitude modulation. 
The carrier is added to the receiver output 
in a balanced demodulator stage, which 
also limits the signal output to prevent 
blasting during the time the automatic 
gain control is reducing gain. This 
arrangement is quite useful, if another 
transmitter is operated from the re- 
ceiver, as overmodulation is prevented by 
the volume-compressing features of this 
arrangement. 

This system normally would be used to 
transmit a voice band from 150 to 3,000 
cycles for telephone or tone-telegraph 
operation. The performance of the 
modulator for frequencies above 3,000 
cycles is still fairly good, the main result 
being a larger output of the undesired side 
band. As this undesired output is 6 to 12 
ke removed from the desired band and 18 
decibels lower in magnitude, a simple 
tuned circuit used in the transmitter can 
reduce the undesired output to a level 
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where it would not be noticeable. The 
modulator thus can handle two channels 
if one first is converted to a single-side- 
band signal on 3-ke carrier upper side 
band, or 6-ke carrier lower side band; 
or the space above can be used for tone- 
telegraph control or telemetering signals. 

Concerning the shift in frequency which 
takes place when sending and receiving 
oscillators are not at the same frequency, 
the question of its effect on the quality of 
transmission usually comes up. The ear 
perceives sound by a resonance indication, 
and the positions of the resonances along 
the frequency scale are shifted sideways 
asmallamount. Music involves frequen- 
cies in definite ratios. Speech frequen- 
cies below about 800 cycles determine 
intelligibility. Since the frequency error 
is a greater percentage at low frequencies, 
one would expect the following conditions 
to be observed. Music sounds as if the 
instruments were out of tune when the 
difference is two to five cycles. Speech 
requires a 20-cycle difference before any- 
thing wrong is noticeable. If one were 
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not making listening tests, or if one were 
not familiar with the speaker’s voice, a 
difference of 50 cycles probably would 
be accepted without question. However, 
speech is still intelligible even at 200 
cycles difference, but it sounds like a ven- 
triloquist’s efforts. Twenty cycles is con- 
sidered a satisfactory limit, as music is 
not transmitted and most tone-signaling 
equipment requires channels wider than 
40 cycles to transmit the telegraphic side 
bands. Twenty cycles is about one part 
in 5,000, which is within the possibilities 
of a well-designed oscillator. 

Equipment operating on these princi- 
ples has been designed and built. The 
standard 19-inch panel arrangement is 
used, permitting older type transmitters 
to be used as power amplifiers if conver- 
sion to single side band becomes necessary 
because of crowded frequency conditions. 
The general use of single-side-band trans- 
mission is almost equivalent to doubling 
the available frequency space, and ad- 
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ditional advantages in noise reduction by 
greater equivalent power output also are 
realized. 


Appendix |. Condition for 


Suppression of the Undesired 
Side Band 


Let S sin At and K,S sin (Af+é@) and 
C sin Bt and KC sin (Bt+®) be the signal 
and carrier pairs of currents, @ and ® being 
approximately 90 degrees. 

The modulator output will be: 


CS{sin At sin Bt+K,Ke sin (At+6) x 
sin (Bt+®)] 


As sin X sin Y=1/2 cos (X—Y)—1/2 
cos (X + Y), the output can be written: 


CS/2{cos (A—b)t—cos (A+B)t+ 
KK. cos [(A —B)i+¢6—6] — 
KiK2 cos [((A+B)t+6+4] } 


Combining the terms by vector addition 
gives the amplitude of the lower side-band 
term (A—B)t as: 


CS/2V 14-Ky?Ky?+2K, Ks cos (b—8). 


Figure 7. Compari- 
son of required curve 
for linear modulation 
(solid) with possible 
rectifier curve 


(dashed) 


Range up to 0.6 
milliampere in 
practice 


This is zero if K}\K2=1 and 6—@=180 de- 
grees, or if Ki1K2= —1 and 6=®. 

Study of the vector relations shows that 
phase angle is of more importance than 
magnitude in securing good cancellation. 
The fact that the angles may be equal or 
supplementary to obtain cancellation per- 
mits residual phase errors to be minimized. 


Appendix Il. Conditions for 
Linear Modulation 


Let 


€-=carrier voltage 

r,= internal resistance of carrier source 

é,=signal voltage 

r,=internal resistance of signal source 

r,=load resistance on transformer second- 
ary 

4)=output current 

e=voltage on rectifier disk 

z=current in rectifier disk 

K=a constant factor 


=2e+r,t. 
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For linear modulation 
Ki, =e,e, = (2e+r,t)i, pees 
0 Cbs ct)lo\ 1. 4 oe 


or 

de 2K Ty, 

=e =o oe 

di 2e+ra (+5 ) 

The solution of this equation is 


2K 


Qe+ret 


2K 


This curve looks like an efficiency curve of a 
machine, and the portion below the maxi- 
mum can be fitted quite well to a rectifier 
characteristic. 

Figure 7 shows the curve for rs=r,=400 
ohms, r,=300 ohms, K =350 in solid line, 
with the rectifier curve dotted. 


References 


1. A COMPARISON OF THE AMPLITUDE-MODULA- 
TION, FREQUENCY-MODULATION, AND’ SINGLE-SIDE- 
BAND SYSTEMS FOR PowER-LINE CARRIER TRANS- 
missrons, R. C. Cheek. AIEE TRANSACTIONS, 
volume 64, 1945, May section, pages 215-20. 


2. Unirep States Patent 1,499,382, John R. 
Carson. 


3. CARRIER CURRENT TELEPHONY AND TELEG- 
rapuy, E. H. Colpitts, O. B. Blackwell. AIEE 
TRANSACTIONS, volume 40, 1921, pages 205-300. 


4. A New SINGLE-CHANNEL CARRIER TELEPHONE 
System, H. J. Fisher, M. L. Almquist, R. H. Mills. 
AIEE Transactions, volume 57, 1938, January 
section, pages 25-33. : 


Discussion 


E. W. Kenefake (General Electric Com- 
pany, Syracuse, N. Y.): In the application 
of power-line carrier, it has been found very 
convenient to use equipment which is con- 
tinuously adjustable in frequency. The sys- 
tem described by Lenehan, seems to have 
been developed from that viewpoint and, as 
it is described in his paper, it apparently 
enjoys that flexibility. 

In describing a system for power-line 
communication, he has described the trans- 
mitter, but little information is given on the 
receiver. The characteristics of the receiver 
will largely determine the practical band 
width required per channel in the field. 

In describing the transmitter, the sup- 
pressed single side band is reported to be 18 
decibels down, above 3,000 cycles, and the 
logical question is, what degree of suppres- 
sion is obtained below 3,000 cycles? The 
magnitude of the undesired side band is a 
potential barrier in attempting to double 
the number of carrier channels over a given 
frequency range. 

The attenuation range of carrier equip- 
ment is as high as 50-80 decibels and, al- 
though the undesired side band may be 
down as much as 30 decibels, this side band 
would be strong when its transmitter is lo- 
cated near a receiver which is receiving a 
signal from a distant transmitter. 

At the same time, the degree of suppres- 
sidn or selectivity of the receiver to inter- 
ference on the undesired-side-band side, can 
prevent compressing the width of one chan- 
nel. . Single-side-band receivers are more 
susceptible than double-side-band receivers 
to interference on one side, because this 
interference is right in the audible range and 
not 4,000 to 6,000 cycles, as in double-side- 
band receivers, which is not reproduced very 
well by either a telephone handset or the 
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human ear. Therefore, from the knowledge 
of the characteristics of his system, the 
author should be able to estimate what 
band width per channel will be required for 
the application of single side band to power 
lines. 

Apparently, automatic volume control is 
obtained by automatic gain control in the 
audio portion of the receiver. This gain 


control in the receiving end will be activated’ 


by the strength of modulation as well as the 
power-line attenuation. Automatic volume 
control on double-side-band systems com- 
pensates for line attenuation changes only, 
and leaves speech levels to be handled by 
other means. If this single-side-band sys- 
tem is proposed for 2-frequency duplex 
operation it would seem that a hybrid bal- 
ance would be very difficult to maintain. 
Perhaps the author can add some clarifying 
comments concerning that type. 


\ 


B. E. Lenehan: The information given on 
the receiver was limited because it is very 
little different from previous receivers. A 
narrow channel receiver which is adjustable 
in frequency can be built on the superhetero- 
dyne principle, which will give the selectiv- 
ity needed. 

The undesired side band is present in all 
single-side-band systems to whatever de- 
gree the filters or other means may transmit 
it. This system gives 32 decibels or greater 
reduction before the transmitter tuned cir- 
cuits are reached. ' 

A carrier system having high attenuation, 
with a receiver and transmitter on adjacent 
channels, is often studied to determine ap- 
plication limits of particular equipment. 
However, nobody would ever so allocate 
frequencies if he could avoid it. A narrow 
channel system gives one more room to 
avoid such conditions. 


Lenehan—Single-Side-Band Carrier System 


5. A Carrizk TELEPHONE System FOR TOLL 
Casces, C, W. Green, E.I. Green. AIEE Trans- 
ACTIONS, volume 57, 1938, May section, pages 
227-36. 


6. Unirep States_ Patent 1,666,206, R. V. L. 
Hartley. 


7. PoLyPpHASE BROADCASTING, John F. Byrne. 
AIEE TRANSACTIONS, volume 58, 1939, July sec- 
tion, pages 347-50. 


8. CoppeR-Ox1pE MopuULATORS IN CARRIER 
TELEPHONE Systems, R. S. Carruthers. AIEE 
TRANSACTIONS, volume 58, 1939, June section, 
pages 253-9. 


9. THe Mopvuraror Brincz, R. K. Hellman. 
Electronics (New York, N. Y.), March 1938, 


10. TRANSITRON OSCILLATOR FOR HIGH STABILITY, 
Werner Muller. Electronic Industries (New York, 
N. Y.), December 1945. 


11. SrncLie-Smpz-Banp Generator, M. A, Hon- 
nell. Electronics (New York, N. Y.), November 
1945. 


12. A Srmwpre Smncre-Smpe-Banp Carrier Sys- 
tem, R. C. Cheek. Westinghouse Engineer (Pitts- 
burgh, Pa.), November 1945. 


It is true that a single-side-band receiver 
“is more sensitive to interference on one side 
than on the other, and also true that a low- 
pass audio-frequency filter can make it very 
insensitive to interference on the other side. 
Changing sides is possible to clear up an in- 
terference condition on only one side. Also, 
interference on double-side-band systems is 
not limited to frequencies above 4,000 cy- 
cles, as the carrier transmitted will combine 
with the interference sidebands to demodu- 
late the signal to audio frequency. This 
situation is almost exactly the same as on 
the ‘‘susceptible” side of the single-side- 
band receiver and is cured the same way by 
adequate receiver selectivity. 

Automatic gain control can be applied 
anywhere to a single-side-band receiver, 
since each audio frequency is replaced by a 
single carrier frequency at the transmitter 
and a single intermediate frequency at the 
receiver. Actually, it is applied in the inter- 
mediate frequency stages and when gain 
limiting is needed to prevent singing or 
other difficulties, a low value of carrier can 
be transmitted to hold the gain from rising 
in the absence of received signal. This is ac- 
complished by adjusting the carrier sup- 
pression circuits and would require a 
slightly wider band width: The 2-fre- 
quency duplex system does not seem to be 
a logical system to use when channel condi- 
tions are crowded, so hybrid coil balance 
conditions are not expected to be encoun- 
tered too often; however, transmitting car- 
rier in small amounts can limit the gain 
around the loop to values which will permit 
successful operation. 

Proper allocation of channels should per- 
mit twice as many channels as a double-side- 
band system. I do not believe the limita- 
tions mentioned by Kenefake are any differ- 
ent from corresponding ones we now en- 
counter on double-side-band systems. 
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Lightning Investigation on the 25-Kv 
System of the West Penn Power 
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HE 25-kv system of the West Penn 

Power Company is practically an over- 
head network. It feeds 374 step-down 
substations supplying customers and dis- 
tribution loads, and also serves directly 
a number of industrial customers.. The 
system is located in regions where light- 
ning storms are frequent and usually 
severe. Therefore, lightning is one of the 
principal hazards to continuity of service 
and protection of the substations is im- 
portant. In order te obtain some knowl- 
edge of the demands made on the pro- 
tective devices in the substations, the 
West Penn Power Company, with the 
co-operation of the Westinghouse Electric 
Corporation, in 1939 began an investi- 
gation of the discharge currents in the 
lightning arresters in certain of the 25-kv 
substations. The investigation ran con- 
tinuously until the end of 1945. The sub- 
stations studied were selected on the basis 
that they be within easy reach of the 
headquarters of the company and on past 
indications that lightning surges are likely 
to be frequent and severe at the locations, 
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as shown by damaged substation appa- 
ratus or lightning arresters. 

The purpose of the investigation has 
been to determine the frequency with 
which the arresters discharge and to ob- 
tain data on the character of the discharge 
currents. The recording instruments 
used were high- and slow-speed fulchrono- 
graphs, surge crest ammeter links, mag- 
netic surge front recorders, photographic 
surge current recorders, and paper disk 
indicators in which the discharge punc- 
tures a paper. These instruments have 
been described before the Institute.1,? 


System Characteristics 


The West Penn Power Company has 
five main generating stations with a total 
capacity of 560,000 kw. Power is fed 
into the 25-kv system at these generating 
stations and through a number of 132/25- 
kv step-down substations. In each of 
the source substations, the 25-ky wind- 
ings of the transformers are Y connected 


Figure 1. Ford Col- 
lieries Number 2 sub- 
station and 25-kv line 
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with the neutral grounded through 18 
ohms of resistance. The 25-kv_ sub- 
stations under study receive their power 
from this system. In these stations the 
25-kv windings of the transformers are 
delta connected. All of the substations 
under observation are dead-end stations 
of wood construction. They are equipped 
with transformers stepping down to dis- 
tribution voltage, air break switches, 
fuses, and lightning arresters. 

Typical 25-kv line construction is 
shown in Figures 1 and 2. Poles, cross- 
arms, and crossarm braces are wood with 
34.5-kv pin-type insulators on steel pins. 
Three standard 10-inch strain insulator 
disks are used when fastening to wood and 
four to steel. Guys are located so as to 
obtain the maximum flashover distance 
on wood consistent with mechanically 
strong design. Wood insulating members 
with flashover gaps are used in the guys 
so arranged that the over-all flashover 
value of the pole assembly is not reduced. 
Air break switches have wood insulating 
sections in their vertical operating pipes. 
The lines to each of the substations stud- 
ied are highly exposed to lightning. 


Substations Studied 


Measuring equipment was installed in 
four 25-kv substations; Keystone Pipe 
Line, Ford Collieries Number 2, Ford 
Collieries Number 3, and Ligonier. 

The Keystone Pipe Line substation is 
located at the end of a branch circuit 
3.49 miles long. The contour is such that 
the line traverses rolling country with 60 , 


per cent of the line above the average ele- 
vation. This substation, Figure 3, is 
located on a hill at approximately the 
maximum elevation of the line. Until 
1945 the principal load on this substation 
was a 600-horsepower 2,300-volt syn- 
chronous motor fed through a_ short 
underground cable from three 200-kva 
transformers in the substation. For 
some time, the motor operated without 
rotating machine protection, and during 
this period the motor winding failed. It 
was rewound and capacitors were installed 
on the machine bus. In the following 
year the motor failed again. It was re- 
wound completely and lightning arresters 
were added at the capacitor bank to pro- 
vide better machine protection. The 
motor has not been in service since 
December 1945, consequently, the capac- 
ity of the substation was reduced to one 
3-phase 100-kva transformer shown in 
Figure 3. ; 

The Ford Collieries Number 2 sub- 
station is located at the end of a branch 
circuit 1.2 miles long as shown in Figure 4. 
The line to this substation traverses a 
long valley and a long hill with the sub- 
station located approximately at the low 
point of the circuit. The substation and 
the line to it are shown in Figure 1. 
Ford Collieries Number 3 is located at the 
end of a branch circuit 2.3 miles long, 
Figure 4. The line to it traverses rolling 
country. Ford Collieries Number 2 has 
three 500-kva and Number 3 has three 
667-kva transformers which supply 2,300- 
volt coal mine loads. Before the light- 
ning investigations were started, there 
was a direct stroke of lightning to the 
25-ky circuit at the fourth and fifth poles 
from the Ford Collieries Number 2 sub- 
station. Two out of three transformers 
approximately one year old were found 
with badly distorted and open-circuited 
coils. New transformers and modern 
arresters were installed and some time 
later a direct stroke occurred about one- 
half mile away resulting in an arrester 
failure at the substation. The trans- 
formers were detanked, examined, and 
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Figure 2 (left). The 25- 
kv line adjacent to 
Ligonier substation 


Figure 3 (right). Key- 
stone Pipe Line substa- 
tion showing fulchrono- 
graphs, surge crest am- 
meter links, magnetic 
surge front recorder, and 
paper disk recorder 


The photographic re- 
corder is in back of the 
fulchronographs (left) 


Figure 4 (below, right). 

Schematic map of the 

three Ford Collieries 
substations 


Lengths of lines and 
distance between 2 and 
3 are given in miles 


found to be in good condition. A very 
high discharge current was indicated by a 
paper disk recorder connected in the 
common ground lead of the 3-phase ar- 
rester, the only measuring device installed 
at the time. 

The Ligonier substation is located at 
the end of a 9.75-mile circuit, one of six 
circuits connected at the Latrobe 25-kv 
substation. Within six miles of Ligonier, 
the circuit rises approximately 1,000 feet 
and then drops 750 feet to the Ligonier 
substation. This substation has three 
500-kva transformers supplying 4,800- 
volt distribution load. Before the light- 
ning investigation was started and nine 
days after a bank of new transformers 
had been installed, one transformer failed 
during a storm No signs of a direct 
stroke could be found. Modern 20-kv 
line-type arresters were installed in 1943 
and no troubles have been experienced 
since. 


Recording Equipment - 


The installations of recording equip- 
ment in the several substations were 
generally the same. One is shown in 
Figure 3. A high speed fulchronograph 
and surge crest ammeter links were con- 
nected in the ground lead of each arrester 
pole of a 3-phase bank. A slow speed 
fulchronograph, surge crest ammeter 
links, surge front recorder, and paper disk 
recorder were connected in the common 
ground lead of each 3-phase arrester bank. 
The photographic recorders were in each 
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arrester pole at two of the stations and in 
the common ground lead of the three poles 
in the third station. Three substations 
were equipped with all of these instru- 
ments. Data on the fourth station 
equipped only with the paper disk re- 
corder also are used in this paper to 
amplify the information on the frequency 
of arrester discharges. 

The substations and dates on which the 
observations were begun are listed in 
Table I. 


Table | 
De 
Arrester Years 
Year Three Single 
Name of Station Begun Phase Phase 
Keystone Pipe Line*..... LOSOMRE aaa leche 21 
Ford Collieries No. 2*....1940...... Ge tee 18 
Wigotiess <0.%a heehee TOAT Aire ar Dee wehs 15 
Total arrester years studied...18...... 54 
Ford Collieries No. 3f....1940...... 6 


* Photographic recorders were installed at these 
statiens in 1943. ’ 


} Ford Collieries Number 3 had paper disk recorder 
only connected in the common ground lead of the 
3-phase arrester bank. 
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The total. number of 3-phase arrester 
years on which data were obtained with 
the paper disk recorder is 24. Data with 
the additional measuring apparatus were 
obtained on 18 3-phase or 54 single-phase 
arrester years. The data presented in 
this paper are in the form of statistical 
curves. Figure 5 is a plot of a typical 
fulchronograph record. 


Frequency of Arrester Discharges 


In Figure 6 are plotted the statistical 
data on arrester discharges as obtained in 
the stations studied. A considerably 
greater number of discharges were re- 
corded by means of the paper disk indi- 
cator than by the fulchronograph indi- 
cating that there are numerous discharges 
of magnitude or duration, or both, below 
the sensitivity of the fulchronograph. 
Over the period of study, the average 
number of discharges in three phase ar- 
rester banks, recorded by the paper indi- 
cators, was between 5.6 and 6 from which 
it may be concluded that over a period of 
years the arrester banks in the four sta- 
tions will discharge about the same num- 
ber of times. In any one year, however, 
the number of discharges may vary from 
one to ten. . 

The fulchronograph data indicate fewer 
discharges and a greater variation in the 
average discharges per year, from 1.2 to 


2.4, a ratio vi 1 to 2. In any one year 
some arrester poles might not discharge 
any currents of magnitudes detectable by 
the fulchronograph as shown by curve 5 
of Figure 6. Based on the fulchrono- 
graph data alone, the Keystone Pipe Line 
substation arresters discharged more often 
than the others. The average number of 
discharges per year through the Keystone 
Pipe Line arresters as measured by the 
fulchronograph was almost twice that at 
either Ford Collieries Number 2 or Li- 
gonier. 

During the investigation, 34 composite 
fulchronograph records were obtained. 
In 3 of these only one pole of the arrester 
discharged, in 6 cases two poles dis- 
charged, and in 25 all three poles dis- 
charged. In the case of the single pole 
discharges, the currents were low—200, 
250, and 350 amperes. 

An analysis of the discharges detected 
by the paper recorders in Ford Collieries 
Number 2 and Number 3 and of the dates 
on which they occurred indicates that of 
the total of 43 discharges recorded at the 
two stations, 25 occurred simultaneously 
as nearly as can be determined at both 
stations; 10 at Ford Collieries Number 2 
only; and 8 at Ford Collieries Number 3 
only. The simultaneous records ob- 
tained indicated in nearly all cases a rela- 
tively high current at one substation and 
a relatively low current at the other which 


Figure 5 (left). Typical 
fulchronogram of light- 
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Figure 6 (below). Frequency of arrester dis- 
charges on several different bases 


A—A\l discharges* as recorded in ground 
lead of 3-pole arrester bank (24 3-pole ar- 
rester years, 154 discharges) 

Curve 1—Number of discharges in any one 
year 
Curve 2—Average number of discharges per 
year for total period studied 


B—Fulchronograph records+ only, obtained 
in common ground lead of 3-pole arrester 
bank (18 3-pole arrester years, 34 records) 


Curve 3—Number of records obtained in any 
one year 
Curve 4—Average number of records per year 
for total period studied 


C—Fulchronograph records} in individual ar- 
rester poles (54 arrester pole years, 90 
records) 

Curve 5—Number of records in any one year 


Curve 6—Average number of records per 
year for total period studied 


* All discharges include records obtained 
with the paper disk recorders, with fulchrono- 
graphs and surge crest ammeters, and photo- 
graphic current recorders. Where records 
were obtained on several instruments simul- 
taneously, this is called a single discharge. 
Curves 1 and 2 cover four stations 


+ Records obtained with fulchronographs and 

surge crest ammeters only at three stations, 

Keystone Pipe Line, Ford Collieries Number 2, 
and Ligonier 
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MAXIMUM CREST OF 
EACH DISCHARGE. 


(90 SINGLE POLE 
ARRESTER DISCHARGES) 


RESTS OF ALL COMPONENTS. 
(124 SINGLE POLE ARRESTER 


COMPONENTS.) 


KILOAMPE RES 


RECORDS WITH CRESTS 
ABOVE 5000 AMPS. (10) 


PERCENT OF DISCHARGES HAVING FRONT 
DURATIONS EXCEEDING VALUES IN ABSCISSA. 


DURATION OF FRONT IN MICROSECONDS 


Figure 8. Distribution of the durations of 
the fronts of arrester discharge currents as 
measured by magnetic surge front recorder 
in common ground lead of a 3-pole arrester 


would be expected if the discharges were 
caused by the same disturbance. 

The statistical distribution of the mag- 
nitudes of crest currents measured by the 
fulchronograph in each arrester pole is 
shown in Figure 7. The curve for maxi- 
mum crests shows only the highest cur- 
rent in each complete or composite record, 
whether it has one or several components. 
The curve for all individual components is 
lower. The maximum currents measured 
in any arrester pole were two records of 
10,000 amperes each. Fifty per cent of 
the components had crests above 550 
amperes, and 2.5 per cent above 5,000 
amperes. The discharge currents meas- 
ured in the arresters under observation 


are lower than those in direct strokes? as | 


also has been found in other investi- 
gations. 


Durations of Fronts 


Data on the durations of the fronts of 
the discharge currents as measured by the 
magnetic surge front recorder are given in 
Figure 8. The data indicate that the low 
current discharges have short fronts. 
This is the result of the sudden current 
surge when the arrester gap sparks over. 
These data corroborate other data of a 
similar nature.* For discharges of less 
than 1,000 amperes crest, one record was 
obtained with a front longer than 1.5 
microseconds. This hada front of 10 
microseconds and a negative crest current 
of 200 amperes recorded in the arrester 
ground lead and in one pole only of the 
arrester bank at Ford Collieries Number 
2. Probably this was an induced surge 
or one that had been attenuated. In 
general, the higher current discharges 
have longer fronts. The shortest fronts 
recorded were two less than 0.5 micro- 
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_-ALL ARRESTER RECORDS (25) 


BETWEEN 1000 & 5000 AMPS. (lO) 


60 LESS THAN 1000 AMPS. (5) 


PERCENT HAVING TIME TO HALF VALUE 
AT LEAST AS GREAT AS IN ABSCISSA. 


MICROSECONDS 


second with crests of 300 and 350 am- 
peres. The steepest front measured was 
1.5 microseconds for a current of 11,000 
amperes recorded in the common ground 
lead, indicating an average rate of rise of 
current of some 7,340 amperes per micro- 
second. The highest crest current re- 
corded in any of the poles of the arrester 
during this discharge was 7,900 amperes, 
indicating an average rate of rise in the 
individual arrester of 5,000 to 5,500 
amperes per microsecond. 


Times to Half Value 


Figure 9 shows the data on the times to 
half value for each component discharge 
current recorded by the fulchronograph. 
One curve has been plotted for all records 
and one for those records with crests 
above 1,000 amperes only as these may be 
more significant. Similar data for direct 
strokes also are shown for comparison. 
The times to half value are less than those 
in direct stroke currents. Fifty per cent 
of the discharges had times to half value 
in excess of about 35 microseconds. 
None of the discharges greater than 1000 
amperes had times to half value greater 
than 60 microseconds although some of 
the low current discharges indicated times 
to half value somewhat over 100 micro- 
seconds. It appears from a comparison 
with data obtained on arresters in sub- 
stations on another system‘ that the times 
to half value recorded in this investigation 
are greater. The reasons for this are not 
known. They might reside in some 
differences in system construction or in 
locality. 


Total Duration 


The measured durations of the arrester 
discharge components are shown in 
Figure 10. The fulchronograph and the 
photographic recorder measurements are 
plotted separately, and the direct stroke 
data are shown for comparison. The 
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DIRECT STROKES - McCANN (2) 
(118 RECORDS) , 


ARRESTER DISCHARGES 
ALL RECORDS (6!) 


RECORDS WITH CREST 
CURRENTS OVER 1000 AMPS. (36) 


40 60 80 00 200 
TO HALF VALUE 


Figure 9. Times to half value of components 
of single pole arrester discharges as measured 
by fulchronograph 


photographic recorder data indicate 
longer durations than the fulchronograph 
because the photographic recorder is more 
sensitive. It will indicate low surge cur- 
rents and also power follow current if 
present. The longest duration indicated 
by the fulchronograph was 2,000 micro- 
seconds and the longest by the photo- 
graphic recorder was 22,900 microseconds, 


- the equivalent of between two and three 


half cycles of 60-cycle current. Fifty 
per cent of the photographic recorder 
records had durations less than 3,000 
microseconds, less than a quarter cycle of 
60-cycle current. For the shorter dura- 
tions, the arrester discharge and direct 
stroke data coincide. At the longer dura- 
tions, the arrester discharges are shorter. : 


‘This may be partly because the currents 


in the arresters are less than in direct 
strokes, because some of the long tail 
current is drained off through the neutral 
grounds at the 25-kv source stations, and 
because flow of current through the ar- 
resters may be interrupted before the 
lightning current in the line has died out. 
This is quite likely if the wave shape and 
magnitude of the lightning voltage and 
the 60-cycle voltage combine such that 
the current through the arrester goes 
through zero at some instant.’ Inspec- 
tion of the records obtained with the 
photographic recorders disclosed a large 
number of operations in which the power 
follow current was either absent or of very 
short duration, considerably less than a 
quarter of a cycle. There were four rec- 
ords on which the power follow current 
was apparently more than one half cycle: 
two in which it was approximately two 
half cycles, and two in which it was be- 
tween two and three half cycles. In these 
cases the nature of the lightning discharge 
may have been such that current flow 
through the arrester was sustained be- 
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yond a half cycle or it may be due to re- 
striking in the arresters. 


Protection by 
Lightning Arresters 


From the discharge currents recorded 
in the arresters, the magnitude of the 
voltage that would have appeared in the 
substation if no protection were present 
can be calculated. For the substations 
studied, a discharge current of 250 am- 
peres through an arrester pole indicates a 
disturbance whose voltage, if uncon- 
trolled, would have been 150 kv, the basic 
insulation level for 23-kv-class insulation. 
Any discharge current in excess of 250 
amperes would indicate voltages that 
might be hazardous to' the apparatus. It 
can be seen from Figure 7 that a con- 
siderable percentage of the discharges 
were greater than 250 amperes. An 
analysis of the 34 composite records ob- 
tained with the fulchronograph showed 
that in all but two eases there was a dis- 
charge in one or more arrester poles higher 
than 250 amperes. Thus, 32 of the indi- 
cated operations of an arrester in a sub- 
station were caused by disturbances that 
might have caused trouble. This in- 
volves 18 3-phase arrester or substation 
years or an average of 1.8 cases of trouble 
a year per substation. Some of these 
no doubt would have involved more than 
one phase, as indicated by the data of 
Figure 7. 


Service Experience With 
Lightning Arresters 


Previous to 1932 the West Penn Power 
Company had many 25-ky transformer 
failures every year, most of them occur- 
ting during lightning storms. Many fail- 
ures were examined thoroughly and a 
study made of the age and insulation 
level not only of the transformers that 
failed but of others as well. At the same 
time a campaign was started of inter- 
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connecting all grounds and checking their 
resistances regularly. The character- 
istics of the various types of arresters used 
on the system also were given much con- 
sideration in the over-all study. As a 
result, it was decided to install 20-kv 
arresters on all the types of transformers 
that were failing and on all manufactured 
previous to 1920. 

It was recognized that failures would 
occur on the 20-kv arresters because of 
the overvoltage that would be impressed 
on them when a ground occurred on the 
25-kv system, but it was believed that it 
was better to lose an arrester occasionally 
than a transformer. Because of the 
possibility of having a 20-kv arrester fail 
during a storm, thus leaving a trans- 
former without adequate protection, it 
was decided to install gaps on all trans- 
former bushings. 

When new line-type arresters with 
larger discharge capacity and improved 
characteristics became available in 1937 
and 1938, these were applied on new in- 
Stallations ‘and where better protection 
was needed. A study soon showed that 
the latest type 25-kv arresters would pro- 
vide equivalent protection to the earlier 


20-kv arresters and in some cases better 


protection so it was decided to use 25-kv 
arresters generally and 20-kv arresters 
only in very special cases on very old 
transformers. 

A study was started to develop the 
failure rate on both the old and new 25- 
kv and 20-kv arresters and figures were 
set up on the basis of the number of 
arresters per 100 arrester years that were 
damaged by being demolished or other- 
wise becoming unfit for service. The 
first comparison made covering four years 
service of new and old arresters showed 
the rates given in Table II. 

The present policy provides for general 
use of new 25-kv arresters and 20-kv 
arresters in special cases only. A check 
as of January 1, 1946, gives the following 
failure rate on the 100 arrester year basis 
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Table Il 


Number of 
Arrester Years 


Failures Per 100 
Arrester Years 


25-kv arresters 
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20-kv arresters 
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INGW:. EMDEST Sie aleee ool Tj4® 5. apc parse 994 
Old and newtypes.....4.86 ..:....... 1,957 


Motels. scisscwntiese rc EVES ees ett 5,363 


for all new style arresters on the system 
covering a 6 to 7 year period. 


25 kv—for 1,760 arrester years, 0.56 failure 
per 100 arrester years. 


20 kv—for 1,602 arrester years, 1.6 failure 
per 100 arrester years. 


From the standpoint of initial and re- 
placement costs of arresters, the last 
figures for new arresters only indicate why 
25-kv arresters should be used generally 
on the 25-kv system. At 132-kv step- 
down stations the voltage may be as high 
as 26 kv which is a 30 per cent overvoltage 
on a 20-ky arrester. However, the 20-kv 
failure rate is not excessive when the 
advantages are considered of obtaining a 
lower level of protection where needed. 

Since the adoption of the plan for using 
reduced voltage arresters where needed 
and the regular checking and reduction 
of substation ground resistances (75 per 
cent of all stations now have 7.5 ohms or 
less and practically all others have 10 
ohms or less), transformers and other 
equipment failures have been reduced 
greatly. Old style arresters are being re- 
placed as rapidly as can be justified eco- 
nomically. 

Because of the extent of the system, the 
cost of replacing an arrester may be an 
appreciable part of the cost of the arrester 
itself, and with over 300 unattended sub- 
stations it readily can be seen how impor- 
tant it is to make the proper application 
of modern arresters. 


Conclusions 


The maximum crest currents ‘recorded 
in an arrester pole were two discharges of 
10,000 amperes each. The highest aver- 
age rate of rise of discharge current re- 
corded in an arrester pole was 5,500 am- 
peres per microsecond. Times to half 
value averaged 32 microseconds with a 


Figure 10. Total durations of individual com- 

ponents of arrester discharge records as 

measured by the fulchronograph and by the 
photographic recorder 
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maximum of 110 microseconds. The 
longest total duration was 22,900 micro- 
seconds. Fifty per cent of the discharges 
had durations less than 3,000 micro- 
seconds. Many operations were accom- 
panied with power follow current of very 
short duration. However, in four cases 
the duration of the power follow exceeded 
one half cycle. 

The same disturbance or storm will 
affect stations reasonably close to each 
other. 

The composite fulchronograph records 
of 3-pole arrester discharges indicated 
that in 93 per cent of the cases voltages in 


excess of the 23-kv-class basic insulation 
level would have appeared in the sub- 
station if no lightning protection had been 
provided. 

Service experience with modern light- 
ning arresters indicates the importance of 
proper application. Arresters with 
ratings lower than the system voltages to 
which they might be exposed had higher 
failure rates. However, economics 
justify the use of reduced voltage rating 
arresters in Special cases to provide maxi- 
mum protection to old equipment, 
thereby reducing the risk of interrupting 
the service to important loads at the’ risk 


of an occasional arrester failure. 
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Discussion 


Glen Appleman (Pennsylvania Power and 
Light Company, Allentown, Pa.): This 
paper is so well presented as to leave very 
few questions unanswered that might arise 
in connection with the stated purpose of the 
study as covered by the introduction. 

It would be helpful to know whether the 
Ford Collieries Number 2 substation, at 
which two transformers approximately one 
year old failed, and the Ligonier substation 
at which one new transformer failed, had 
any kind of lightning protection at the time 
of these failures. It is clear that they were 
equipped with modern arresters soon after 
the failures. 

One of the valuable contributions from 
this paper is in the paragraph which shows 
that 32 out of 34 recorded disturbances 
would have produced voltages high enough 
to be hazardous to the apparatus, if the 
arresters had not been in service. This 
feature probably has not been stressed as 
strongly as it should have been by protection 
engineers. 

In the third paragraph under the heading 
of ‘Service Experience With Lightning 
Arresters’”’ the statement is made ‘“‘. . .so it 
was decided to use 25-kv arresters generally 
and 20-kv arresters only in very special 
cases on very old. transformers.’ Under 
this same heading Table II shows 871 ar- 
rester years for mew 25-kv arresters and 994 
arrester years for new 20-kv arresters which 
would seem to indicate that there are more 
“‘very special cases on very old trans- 
formers” than general cases. The fifth 
paragraph also seems to indicate a great 
many special cases for the’ 6-to-7-year 
period, reported as of January 1, 1946, with 
1,760 arrester years for 25 kv and 1,602 ar- 

_rester years for 20 kv, ‘‘all new style ar- 
resters.” 

It seems that most operating companies 
would find much the same situation and it 
would be equally difficult to standardize on 
one arrester only, and at the same time ob- 
tain best protection to equipment, unless 
all are the lower voltage rated arresters. 
It seems quite possible that the improve- 
ments to grounding as discussed in the paper 
may reduce substantially the failure rate, 
especially on the lower voltage rated ar- 
resters and future performance show up 
more favorably for them. 
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It is assumed that these arresters are 
Westinghouse LV or LVS arresters; the 
impulse breakdown voltage based on a 
1!/. x 40-microsecond wave is 68 kv for the 
20-kv arrester and 84 kv for the 25-kv ar- 
rester and based on the AIEE standard 75 
and 93 kv, respectively, which shows quite 
an advantage for the 20-kv arrester to pro- 
tect the lower impulse level insulations. 
The 60-cycle rms breakdown values are 45 
and 55 kv, respectively, which if corrected 
for the 25 per cent plus or minus tolerance 


still leaves values of 33.75 kv and 41.25 kv, ~ 


respectively, for the 20-kv and 25-kv ar- 
resters. Even with 26 kv at step down feed 
in stations there would seem to be ample 
margin for using the 20-kv arrester at any 
station on the 25-kv system, even with a 
complete shift of ground potential from 
neutral to one of the phases. 


H. W. Hartzell (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The authors have presented an excellent 
technical paper which I believe should merit 
thoughtful consideration by every engineer 
who is interested in lightning protection of 
electric systems. 

In connection with that part of the paper 
devoted to service experience with lightning 
arresters, it would be interesting to know 
what the experience indicated regarding the 
influence of Xo/Xi and Ro/ Xi ratios on 
arrester failures. Also, are any limiting 
ratios of these sequence impedances ob- 
served by the application engineer when 
reduced-rated arresters are considered for 
application at a station to the extent that 


an arrester of reduced rating would not be’ 


applied in spite of the age and low insulation 
level of the equipment to be protected? 


R. B. Reed (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): 
The authors of this paper have presented a 
very comforting picture of the effectiveness 
of modern arresters. This appears to apply 
particularly in stations connected to trans- 
mission lines with an impulse strength ap- 
preciably greater than the basic insulation 
level of the station itself. Moreover, their 
records may be useful in indicating the per- 
formance of the transmission line itself. 
The data from 34 composite fulchronograph 
records appear to indicate that lightning 


Bowen, Beck—Lightning Investigation 


surge currents in excess of 350 amperes re- 
sult in phase to phase flashes with their par- 
ticular line construction. It may be of 
value in estimating line performance on 
similar systems if the authors would give 
some indication of 


1. Whether the phase to phase flashovers occurred 
over insulators or in mid-span. 


2. What percentage of the multiphase arrester dis- 
charges were accompanied by line outages. 


3. The impulse flashover strength between phases 
on the line. 


4, The impulse flashover strength to ground on the 
line. 


William C. Bowen and Edward Beck: In 
reply to Reed’s discussion, the critical im- 
pulse flashover from line to ground over the 
guyed poles is approximately 1,200 kv and 
between phase wires is approximately 700 
ky. Regarding the probability of phase to 
phase flashovers and their correlation with 
the arrester discharges, considerable study 
was given this matter, but sufficient data 
were not available to warrant the drawing 
of definite conclusions. It appears that cur- 
rents considerably in excess of 350 amperes 
would be required to produce sufficient 
voltage to cause phase to phase flashovers. 

Referring to MHartzell’s discussion, in 
view of the fact that the neutrals on the 
system are grounded through 18 ohms of 
resistance, it was recognized that during 
ground faults complete displacement of the 
neutrals is to be expected. In fact some 
general calculations have shown that in some 
locations voltages from sound phases to 
ground actually exceed the normal phase to - 
phase voltage by small amounts. No spe- 
cific calculations were made in connection 
with the study discussed in the paper. 
When reduced voltage arresters are applied, 
this is done entirely on the basis of protect- 
ing old equipment, regardless of the system 
voltages that may occur during faults. 

Appleman has raised the question of light- 
ning protection at Ford Collieries Number 
2, and the Ligonier substations. At the 
time of the transformer failures, both sub- 
stations were equipped with arresters that 
are now obsolete. No trouble has occurred 
in these stations since modern arresters were 
installed. 

There are many 20-kv arresters on the 
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Arrester Rating, Failures Per 100 
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system as a result of the earlier policy. At 
the present time, no new 20-kv arresters 
are being purchased. The special cases now 
are taken care of by the relocation of such 
20-kv arresters already on the system that 
are replaced by new 25-kv arresters. Asa 
result, the ratio of 25-kv to 20-kv arresters 
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is increasing. To bring the arrester per- 
formance data up-to-date, the figures of 
January 1, 1947 are shown in Table I of 
this discussion. 

Comparison of these figures with those 
given in the paper for January 1, 1946, shows 
the trend. 

In those substations where records of dis- 
charges were made, the arresters are West- 
inghouse. The tabulated data on service 
experience with arresters include not only 
Westinghouse but also those of other manu- 
facture. 

Appleman points out that the 60-cycle 
spark-over voltage of the 20-kv arresters is 
considerably in excess of the maximum 
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system voltage that would appear across the 
arrester even with a complete shift of the 
neutral. Although this is a fact the 60- 
cycle spark-over is not a criterion of an ar- 
rester’s ability to withstand system voltage, 
if it is discharged by asurge. This is deter- 
mined by its rating which defines the maxi- 
mum voltage of power frequency, applied 
across its line and ground-terminals, against 
which the arrester can clear the power follow 
current and restore itself to an insulator fol- 
lowing a discharge by lightning. In the 
case of the 20-kvy arrester, this is 20 kv. 
The spark-over voltage is higher than the 
voltage which the arrester can interrupt 
successfully. 
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Lightning and 60-Cycle Power Tests on 
W ood-Pole Line Insulation 


P. L. BELLASCHI 


FELLOW AIEE 


ECAUSE of the good impulse char- 
aracteristics wood possesses, it now is 


utilized extensively and with specific in- 


tent as an economic means for providing 
the necessary impulse insulation strength 
required of present-day power transmis- 
sion and distribution lines. Material 
progress has been made in this field in'the 
course of the past ten years, as evidenced 
from technical contributions and the 
practical results achieved.1~”° 

Much has been accomplished in recent 
years, but certain fundamental data in re- 
gard to wood as an insulating material 
still are lacking or are not generally well 
known. It appears that further rationali- 
zation and progress in this important 
field require a more comprehensive knowl- 
edge of wood, not only from an impulse 
standpoint, but also in regard to its power- 
quenching ability and its properties with 
respect to leakage effects as well as to 
other significant characteristics that wood 
possesses. The need for more complete 
data on the performance of wood, in re- 
gard to both impulse and power-frequency 
operation, has been recognized for some 
time, and, in view of this, the results re- 
ported here should be timely and helpful. 
Because of the economic importance of 
wood, this contribution should serve to 
direct attention again to the possibilities 
of wood and to crystallize thought on the 
problems that merit further attention. 


Impulse Strength of Wood-Pole 
Line Insulation 


The first impulse tests on wood poles at 
the Sharon high-voltage laboratory were 
made in 1933 and are reported in Figure 
1. Since that time similar investigations 
have been conducted on wood poles, wood 
crossarms, wood guy insulators, as well as 
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on porcelain insulators in combination 
with wood. A 3-million-volt surge gen- 
erator of high capacitance, 0.008 micro- 
farad or better, was used throughout the 
tests. Unless otherwise indicated, the 
impulse voltage applied conformed to 
the standard 11/, x 40-microsecond wave. 
A summary of typical and significant 
tests appears in Table II. Figure 2 pre- 
sents representative volt-time curves for 
a few of the wood-pole insulation struc- 
tures studied. 

Typical wood-pole line insulation tested 
is shown in Figures 10 and 11. Details 


of the wood structure, moisture content of , 


wood, treatment, as well as other factors 
that may influence the impulse strength 
are summarized in Tables I and II. Pole 
4, a 60-foot transmission line pole, was in- 
stalled in the yard in 1931 and pole 5, a 
few years later. These and all the other 
poles, as well as the wood crossarms, were 
secured from a local utility, and are quite 
representative of line equipment actually 
used in service. In fact, some of the 
poles tested had seen service, but most of 
them were new. At the time of test, 
practically all of the poles were at least 
one or two years old and in some instances 
considerably more. Prior to the tests, 
poles 1 and 3 were outdoors lying on the 
ground throughout the winter and early 
spring and, no doubt, had a high moisture 
content. On the other hand, pole 2 was 
stored indoors in a warm, dry place and 
consequently was very dry at the time of 


Paper 47-115, recommended by the AIEE commit- 
tee on power transmission and distribution for pres- 
entation at the AIEE summer general meeting, 
Montreal, Quebec, Canada, June 9-13, 1947. 
Manuscript submitted ‘November 12, 1946; made 
available for printing April 2, 1947. 


P. L. Bevvascu is development engineer with the 
Westinghouse Electric Corporation, Sharon, Pa. 


The author acknowledges the assistance of L. B. 
Rademacher also of the Westinghouse Corporation. 


Bellaschi—Insulation Tests 


test. The condition of the crossarms 
ranged from normal moisture content to 
a dry state. All the tests were conducted 
outdoors with the exception of the light- 
ning-stroke tests. 

Analysis of the foregoing data indi- 
cates that the impulse strength of wood is 
influenced primarily by three factors. 
They are 


1. Length of the wood structure. 
2. Duration of the impulse. 
3. Moisture content in the wood. 


Other factors are of secondary or little 
importance, and, in fact, these are not 
readily perceptible because of the inher- 
ently large variations in the strength of 
wood which may have a spread of +15 
per cent for any one group of tests (see 
Figure 1). 

The data in Table II for the wood poles 
are plotted in Figure 3. The curves 
clearly show the relationship between 
length of wood structure and impulse 
strength. For instance, a cedar pole of 
normal moisture content: has a strength 
of 100 kv per foot for a length of 12 feet 
and only 50 kv per foot for a 40-foot 
length. That is, the full wave strength of 
a 40-foot pole is 2,000 kv, whereas only 
12 feet of the same pole will withstand 
1,200 kv. 

The second factor is apparent from a 
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Figure 1. Impulse strength of transmission-line 
wood pole for various lengths of pole 
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Figure 2. Volt-time characteristic of typical 
wood-pole line insulation structures 


consideration of Figure 2 and the steep- 
front data in Table II. As shown in Fig- 
ure 2, the volt-time characteristic of 
wood is practically flat from 40 to 2 
microseconds. The data in Table II re- 
ferred to Figure 2 indicate that for shorter 
impulses these characteristic curves rise 
very abruptly. At one half microsecond 
duration, which for the voltages consid- 
ered here corresponds to a very steep-front 
impulse, the strength of wood for a 10-foot 
length of pole is 230 kv per foot, that is, 
more than twice the strength at 40 micro- 
seconds. 

The third significant factor, which is 
the moisture content in the wood, is 
clearly brought out in Figure 3. Very 
dry wood may have an impulse strength 
40 per cent higher than that of wood of 
normal moisture content (12 to 15 per 
cent). In fact, bone-dry wood may attain 
a strength comparable to the strength of 

ir.. However, when wood such as cedar 
or fir has been subjected to a wet season 
or to sustained rainy weather, it readily 
can suffer a reduction in strength of fully 


Figure 3. Impulse 260 
strength of wood poles 240 
as affected by moisture 220 

in wood 20 


K.V. PER FOOT 


30 per cent and possibly even more. 
When wood is dry, even a short sprinkle of 
rain will tend to lower the impulse 
strength or to introduce erratic behavior. 
This effect is indicated’in the test data on 
a 10-foot crossarm reported in Figure 2 
which were recorded on a dry crossarm 
during weather which was clear except for 
an occasional sprinkle. The low values 
apparently were the result of this condi- 
tion. Ingeneral, more consistent results 
are obtained when wood is normally dry 


and ina state of moisture equilibrium with - 


the atmosphere. 

The following are some of the factors 
which appear to be of secondary impor- 
tance. Age in itself does not seem to be 
a factor of importance in determining the 
impulse strength of wood. For instance, 
the 12-foot length of pole 4 which was 
tested in 1933 was retested in 1944 with 
practically identical results (Table II). 
From the data, we find that in general fir 
crossarms have a higher unit strength 
than cedar poles, but. this is probably a 
result of the better over-all homogeneity 
of crossarms rather than the kind of wood. 
In connection with wet poles either alone 
or in combination with porcelain insula- 
tors, partial or incomplete breakdown 
could be observed in some of the tests. 
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Most of the tests were made with posi- 
tive polarity impulses, as the same or 
higher strength was expected from im- 
pulses of negative polarity. However, 
some of the check tests with negative im- 
pulses indicated. perceptibly lower 
strength. 

In comparing results it will be found 
that in general there is good agreement 
between the findings of this investigation 
and those given in references 11 and 13. 
This is particularly the case with reference 
to the impulse strength of insulators in 
combination with wood crossarms and 
also in regard to the effect of moisture on 
impulse flashover. For instance, the im- 
pulse strength of four suspension insulat- 
ors and a 4-foot crossarm in Table II is 
740 kv as compared with 770 kv from ref- 
erence 11 for a similar insulation. From 
these and other investigations, ft often 
had been assumed, from tests usually 
limited to wood members not more than 8 
or 10 feet, that the unit strength corre- 
sponding to these lengths would continue 
unchanged for greater lengths. This in- 
vestigation actually shows that increasing 
the length of the wood member from 10 to 
30 feet will result in a reduction of the 
unit strength from 110 kv per foot to 
nearly one half as much. On this point 


Table I. Wood Poles, Wood Crossarms, and Other Line Insulation Structures Tested 
Structure Wood Treatment Moisture Content Reference Comments 
Piolevdin. tas srtre ciara sal ale mate ois Western red cedar....... Butt creosoted.....:. High content....... Figure 10 oe) ; : 
POLS Di a aie pate at apn Orae Oiees «sie Western red cedar....... Butt creosoted....... Very dry: i. cn cane ne Higuresl Oy jem sre ae ee Common distribution-line wood 
OMG ects ns salen sthelatel aa okt Western red cedar....... Butt creosoted....... High content....... Figure 10 poles “ ‘ y 
Slo) Fe: Ue each RRC NERS Che Otek Western red cedar....... Butt creosoted....... Normal exposure....Figures 10 and 11....... Transmission-line 60-ft pole, 18-in. 
; diam butt 
POG Didat ois «, san tere ace sete Western red cedar....... Butt creosoted....... Normal exposure.,..Not shown............ Distribution-line 45-ft pole, 14-in. 
diam butt 7 

Grossarmid) 5.5.0. Rae Wate Dotgias firs: cio. ss Yo va CUmtreated:s..c4 cis nists ote Normal exposure. ...Figures 10 and 11 ? : 
RerGRc tinh Do Bete sgh: « Goataht al JOOURIAS IIE ac shares a sles ies, Untreated... 2. scs Normal exposure, ... Figures 10 and 11 ..Common distribution-line wood 
GHOSSALTMNIS £7. Cais c elalslewie se Douglas fir seis aitheles ets! Mintrented: st. a. cist alo's Fairly drys. vests Figure 10 crossarms : 2 
SEAL STL, Sts fo, Soni eclengite is OWS AS ks a cteueteteum Hecelas Untreatedint Scenes IDGY. dc wiv oraaie:sies, ater Wot showisie..< pieces < 10-ft crossarm 31/2 X 4-in section 
Crossarm and suspension . 

NOR EAEC DEAE) cr eM OEY Ao slat estate Pote ees mee acer tatiahe ens Tek ata hosiolls?e (e's: ov cia, eqetelsdayeMel wiabat ove ovo oliacat’a\ ph oe’ elia'(a.'lelialersns Figures 10, 11 and 12 
Pole and apparatus insu- | 

LR IRS EMME TAH, Pea ey cet Le etc he: ANe Ia he: Heras iile cis to idan Tore (ole, pera a'd WEL siale Hien e atabia Oe awe Wk’ A arsreos Figures 13 and 14 
Wood-guy strain insula- : 2 EA 

COLE ORM tiscicsere ais es Beles PNT TN Soha aie oes sias'e ao) <6 CreOSOLCU ssais ls oie foherese DRY Sieae ale a vie ele) staretas Figtire 7s iit etaremte nye ote 8-ft wood guy with 42-in air gap 
Approximately 100 poles..... Cedar, pine, chestnut....With and without....Various............ Figures 4and 5........ Poles used in lightning-stroke tests 
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(A) 


(8) a) 


Figure 4. Lightning-stroke fashover of wood 
poles in laboratory 


and with respect to the rapid upturn of 
the impulse characteristic of wood below 
two microseconds, there is good agreement 
between reference 12 and the findings pre- 
sented here. 


Damaging Effects of Lightning 
and Protective Measures 


Since the development of the lightning- 
stroke generator in 1935, nearly a hundred 
distribution wood poles have been tested. 
Most of these poles were western red ce- 
dar, and the remainder chestnut and pine. 
In this test, flashover of the pole is ini- 
tiated by a very steep-front impulse ris- 
ing at the rate of 3,000 to 4,000 kv per 
microsecond, followed in a matter of mi- 
croseconds by a current discharge of 


Table Il. 


lightning-stroke intensity and duration.”! 
The current discharge attained ampli- 
tudes of 25,000 to 50,000 amperes and 
had a total duration of fully 100 micro- 
seconds. The character of these tests is 
illustrated in Figure 4. 

About 20 per cent of the poles were 
damaged to the extent shown in Figure 
5B, 15 per cent showed no damage of con- 
sequence (see Figure 5A), and the re- 
mainder were splintered to an amount 
not considered too serious. These per- 
centages apply for a single discharge. 
Naturally, multiple discharges on the 
same pole usually accentuated the dam- 
age. Figure 6 shows typical damage to 
poles in service from actual lightning; 
this can be compared to damage produced 
in the laboratory. In addition to testing 
poles, a few crossarms in combination 
with poles also were tested. The damage 
to the crossarms was rather light; how- 
ever the number of tests is not sufficient 
to draw a definite conclusion. 

In the field, the probability that light- 
ning currents discharging over poles may 
exceed 25,000 amperes is less than 50 
per cent. Therefore, considering a rate 
of 50 strokes per annum per 100 miles of 


line, which is a reasonable figure for Penn- ” 


sylvania and adjacent Central States for 
33-kv and 66-kv lines completely unpro- 
tected, the laboratory tests indicate that 
less than a dozen poles in 100 miles of 
lines are likely to suffer damage to the ex- 
tent shown in Figure 5B. Though the 
conditions for the laboratory tests differ 
somewhat from those in the field and field 
data on damage caused by lightning are 
limited, the foregoing estimate is surpris- 
ingly well borne out by actual cases of 
field experience (see reference 9). 

The laboratory lightning tests further 
indicate that wood poles of high moisture 


Typical Impulse Data of Wood-Pole Line Insulation 
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(A) (B) 
Figure 5. Wood poles damaged by labora- 
tory lightning 


content shatter with greater ease than 
dry poles. Apparently this has been the 
experience in the field too. It also was 
observed during the tests that the proba- 
bility of the wood catching fire is remote; 
unless the wood is very dry and the stroke 
severe. The presence of a long-duration 
current component in the discharge, also 
referred to as “hot lightning,” may well 
accentuate the probability of the wood 
catching fire. 


Flashover, Ky Per Condition ‘ 

Insulation Date of Test Impulse Ky Foot of Wood Weather 
a ee eS SS EE EE Se SS ae 
24 ft pole 420 Assia pane neue wae em ine ai as 6 Nov 1933..... 11/)X 40 positive polarity..........- 1.6002. .-<%6 Ly Sa Normal exposure. ... Wet spell 
13 Ft pole45 005 gan wee sees See eee Nov 1933..... 11/s:X 40 positive polarity.........-. LES UES Spe Ene Normal exposure... . Wet spell 
6 ft, pole’4.. Sts pees: sot sce os eee Nov 1933..... 1'/:X40 positive polarity........... Vo eee 5 130-55. Normal exposure. ... Wet spell 
12 Ft pole 450 ns sas owes eae eee wee ee May 1944. ...11/:X40 positive polarity........... 2200 cn 000 = 100 <-x- Normal exposure. .... Fairly dry 
24 ft, pole 5.240 a5 as sie a ae eee May 1944. ...11/X40 positive polarity........... 5 S00 A = os ES 533 Normal exposure. ...Fairly dry 
13 ft, pale G2. ns cree bee oe eee May 1944. ...11/:X40 positive polarity........... aL S0G. wena 108-226. Normal exposure. ... Fairly dry 
10 ft, crossarm 4.5 2603.< cndec nen MeN E wees May 1944. ...11/:X40 positive polarity........... iL OGs a Pe tt Saree {Bo Pee Sy rr eee Fairly dry with oc- 

casional sprinkle 
10 ft, pole 2. Wo. 3. <eaaee eee eee nee April 1944....11/sX40 positive polarity........ eb gOOU eis wists 1S... Wery dryi..2 seek Fairly dry 
12 ft nalelS ys «<6 2a scdcniwin cee ee April 1944... .12/:X40 positive polarity........... BOOS Fc mnie eas aie Wetu wt... teens Fairly dry 
Four 5%/4X10-in. suspension insulators : - 
plus 4 ft of crossarm 1... ..........-+---- April 1944....11/sX40 positive polarity........... 210 b ee ee Roe Normal exposure.... Fairly dry 
Two 14!/:X17-in. apparatus insulators 
plus G ft of pole/8- 1 o5. 25.2. nes ss vee April 1944....11/sX40 positive polarity...... eee User aati ate eral Wet noi acs sins cues Fairly dry 
8-ft wood-guy** insulator with 42-in. air 
Pa Rene Beer Se Sin taiia' watenn Reade Sue ee peice Nov 1938..... 3,500 kv/microsecond front, ™ 
negative polarity*. .............- T8000 cv an 20a. EXy..- SAR oe ...Not exposed 
10-ft wood poles: . cocceuk «sickle ces cae Sar Dee 1935..... 3,000 to 4,000 kv/microsecond 
front, negative polarity*.......... 2300 - aa ys | eens Warious.... 3... seene Not exposed 


* Time to flashover approximately 0.5 microsecond. 
** Effective length of wood, 7 foot. 
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(A) 
Figure 6. Wood poles damaged by lightning 
in the field 


(B) 


Lightning-stroke tests also were made 
on wood-guy insulators in connection with 
application to wood-pole lines (see Tables 
I and II). Figure 7 illustrates one of 
these tests. In this insulator, the creep- 
age distance of the wood is twice the air 
jump between the ends of the protective 
gap; the prongs are set at an angle of 30 
degrees. Out of 15 lightning-stroke appli- 
cations, 2 discharged over the wood. 
However, the amount of damage to the 
wood (apitong) was not considerable. 
Experience’® indicates, and these tests 
confirm it, that for complete protection 
the horn gap on wood-guy insulators re- 
quires a setting of not more than 40 per 
cent of the wood insulation length and a 
clearance from horn tip to wood of about 
20 per cent the wood insulation length. 


Power-Quenching Characteristics 
of Wood-Pole Line Insulation 


It had been suspected for some time 
that wood may possess deionizing or arc- 
quenching characteristics to some de- 
gree. The early impulse investigations 
gave evidence, and more recent tests 
clearly establish, that wood does possess 
this property to an appreciable measure. 


For example, as illustrated in the cath-- 


ode-ray oscillograms of Figure 8, upon 
flashover or breakdown of the wood, re- 
sidual voltages ranging from a fewto10kv 
per foot may develop. An examination 
of the discharge and of its effect, such as 
shown in the examples of Figures 4 to 5, 
likewise point emphatically to the arc- 
quenching property of wood. There can 
be no question that, where the arc grazes 
the surface of the wood or is confined in 
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the fibers, the normal deionizing action of © 


the arc is intensified. It seems apparent 
that the underlying phenomena are com- 
plex and hardly conducive to engineering 
determination other than through actual 
testing and field experience. 

In addition to utilizing wood for its 
good impulse strength, operators too, 
have been ‘exploring its power-quenching 
properties. The field experience and ob- 
servations reported in recent years in 
connection with wood-pole lines, either 
designed for or rehabilitated with these 


Figure 7. Lightning-stroke flashover of wood- 
guy insulator in laboratory 


objectives in view,*:!4~” all lend encourag- 
ing support to the possibilities of wood in 
this direction. As the result, a demand for 
some fundamental studies on the power- 
quenching characteritics of wood de- 
veloped, and, to this end, an investigation 


was undertaken at Sharon. The tests and . 


results of this investigation are reviewed 
briefly and summarized here. 

The circuit arrangement and method of 
test used are shown in Figure 9. Flash- 
over of the insulation tested (A) was ini- 
tiated by the surge generator previously 
described, much in the same manner as 
flashovers due to lightning occur in the 
field. Simultaneously, the insulation was 
excited at a 60-cycle voltage directly from 
a 2,500-kva 230/4/3 to. 13.8-kv trans- 
former (T,), which in turn derived its 
power supply from a 2,000-kva generator 
(G) through a very low-impedance volt- 
age regulating transformer (7;) also of 
2,000 kva. Most of the tests were made 
with this arrangement, though in a few of 
the tests the high-voltage transformer 
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(Tp) was an 18,000 kva 100/13.2-kv | 
transformer. The physical arrangement 
of the testing equipment and facilities, as 
well as the general outlay, are apparent 
from Figures 10 and 11. Typical tests on 
a wood crossarm in combination with four 
standard suspension insulators, resulting - 
respectively in no power and power follow, 
are illustrated in Figures 11 and 12. 
Other conditions of test were as follows. 
In the first place, provision was made to 
flash over the insulation under test at any 
point desired on the 60-cycle voltage 
wave. The magnetic oscillograms in 
Figure 15 illustrate this point, as well as 
indicating typical cases in which no power 
current (J,) followed the impulse flash- 
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Figure 8. Residual voltages in wood-pole line 
insulation resulting from impulse flashover, as 
evidenced by cathode-ray oscillograms 


over. Examples in which power followed 
are given in Figure 16. The magnetic 
oscillograms, in addition to recording the 
power currents and voltages involved, 
also provided pertinent data in respect to 
the characteristics of the power circuit. 
A point to note is that no power of any 
consequence was absorbed by the surge 
generator; a suitable air-blast multiple 
gap (PQ in Figure 9) was provided for 
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quenching power follow. Another point 
of interest is in connection with time of 
recovery of the power circuit. Oscillo- 
grams, as well as calculations, indicate 
that the time of recovery is not more than 
a few hundred microseconds. This value is 
comparable with rates of recovery usually 
encountered in service on transmission 
and distribution systems. Another con- 
dition of interest is that there were no 
limitations imposed on either the impulse 
voltages or the currents available. In 
fact, some of the currents used attained 
intensities approaching lightning-stroke 
currents. 

A total of 117 impulse-power tests were 
applied to a 4-unit suspension insulator 
string in combination with various wood 
crossarms. The effective length of cross- 
arm was varied from 21/, to 71/2 feet. 
Table III summarizes the more pertinent 
data relating to these tests. An examina- 
tion of these data will indicate that vari- 
ous factors determine whether 60-cycle 
power may or may not follow the impulse 
flashover over wood-pole line insulation. 
Practically, it is difficult to segregate from 
these data alone the individual contribut- 
ing factors, but, as the total tests attain a 
reasonable number and do embrace in 
good measure the factors involved, sta- 
tistically these data should suffice to draw 
a general curve or chart. And this has 
been done in Figure 17. 

In Figure 17 the test data are reduced 
and expressed in per cent of power and no 
power follow, and plotted in terms of the 


Figure 9. Circuit ar- 

rangement for combina- 

tion impulse-power tests 

on wood-pole line insu- 
lation 


Vs 


[oe] 


G—2,000-kva generator 
B—Circuit breaker 
C—Tripout and reclosing device 


Tp—2,500 kva, 230/+/3 to 13.8 kv, 17.8 per cent impedance 


transformer 


Ts—Laboratory transformer for voltage adjustment: 2,000 kva, 


1.1 per cent impedance 
A—Insulation assembly tested 


SG—Surge generator (circuit constants: Cs, Ls, Rs, Rx) 


PQ—Power-quenching gap 


Vg, Ip, lse—Power voltage and currents recorded at magnetic 


oscillograph 
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60-eycle voltage divided by total flashover 
length. This reference in kilovolt rms 
per inch not only is of interest practically 
speaking, but even more as it appears 
to embody fundamental significance. 
Figure 17 deserves careful study, and 
it should be considered that this 
is a chart of statistical character. A 
point of particular interest derived from 
this chart is that the probability of power 
following an impulse flashover—for the 
conditions of test as reported—diminishes 
to a vanishing point for an average oper- 
ating stress of 0.6 kv rmsperinch. That 
is, two inches per kilovolt for the dis- 
charge path over the wood crossarm, and 
the insulator string should limit to 
practically zero the probability of a power 
arc following impulse discharge. It can 
be observed from the chart that in- 
creasing the average operating stress to 
2.9 kv rms per inch increases the proba- 
bility of power follow to 50 per cent. 
Similar tests were conducted on wood 
poles in combination with apparatus in- 
sulators, as illustrated in Figures 13 and 
14. The results are summarized in Table 
IV, which comprises a total of 92 impulse- 
power tests: The behavior of pole 2 is 


particularly striking in that it shows a . 


zero probability of power follow for a unit 
average stress as high as 2.6 kv rms per 
inch. This pole was very dry, which may 
account for this unusually good perform- 
ance. Eachtimea test was made it was 
observed that a sliver of wood the entire 
length of the section tested would be re- 
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moved, indicating apparently that the 
path of the discharge was under the sur- 
face of the wood throughout. In all other 
tests too, a good deal of slivering was ob- 
served as is evidenced in the photographs. 
That is, a discharge usually would gouge 
a sliver from the pole or crossarm, indi- 
cating deionizing action. With reference 
to poles 1 and 3, analysis of the data indi- 
cates that for these poles the average 
stress corresponding to zero probability 
of power follow is 0.5 kv rms per inch— 
a value identical with that for suspension 
insulators and crossarms. At 1.2 kv rms 
per inch, power invariably would follow. 
It is well to repeat that these poles had a 
high moisture content. 


Deionization of Power Arc 
and Rapid Reclosure 


Some tests were made in connection 
with the reclosure of the power circuit 
immediately following clearance of the 
fault. The mode of test is apparent from 
the circuit arrangement, Figure 9. Fol- 
lowing the establishment of the power 
arc, in the manner previously described, 
the short circuit would be cleared, and 
then in a matter of 23 to 25 cycles the 
power voltage reapplied. Circuit breaker 
B was equipped for this clearing and re- 


Figure 10. Typical wood-pole insulation 
structures tested (3-million-volt surge genera- 
tor in background) 
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closure operation. The oscillograms of 
Figures 18 and 19 illustrate the sequence 
of events and also show, respectively, 
typical examples of successful reclosure of 
the power circuit and of restrike of the 
power arc. All these tests were con- 
ducted on six feet of pole 1 in combination 
with two apparatus-type insulators, the 
total path of surface discharge being 


slightly in excess of 100 inches. The test 
results are summarized in Table V. 

These data show that at 92 ky, and for 
a time interval of 23 or 24 cycles following 
the clearance of the short circuit, the 
power circuit could be reclosed success- 
fully each time. At a voltage 45 per cent 
higher (133 kv) the are invariably would 
restrike. In these tests the average stress 


Figure 11 (left). Impulse-power 
test applied to suspension insu- 
lator string and wood crossarm 


No power follow (note the im- 
pulse discharge over the insulators 
and wood crossarm) 
Power voltage =69 kv rms 


Figure 12 (right). Impulse-power 

test applied to suspension insulator 

string and wood crossarm result- 
ing in power follow 


Power voltage =100 ky rms 


per unit length of discharge correspond- 
ing to successful reclosure is 0.92 kv mms 
per inch. As wood-line insulation, which 
is designed for zero-probability power 
follow, that is 0.5 kv rms per inch, would 
not approach a unit stress in excess of 
0.92 kv rms per inch, a line so designed 
inherently has ample clearances from a 
consideration of reclosure. 
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Table Ill. Combination Impulse-Power Tests on Four 534-by-10-Inch Suspension Insulators and Wood Crossarm 
Positive Impulse Synchronized on 
60-Cycle Voltage Wave at: 
Test Wood 2 Se 60-Cycle Voltage Number With Power Without Power 
Group Crossarm Polarity Point on Wave Applied Kv-Rms of Tests Follow Follow Comments* 
Meio honce Crossarm 1..... Negative. ..55 deg beforecrest.......... GO setaredstd staeteretat eeyais Wrersieeeteie NOME) te.0ys areretesiois Byer ai negs One power follow occurred 
4-ft length D2). iscchedel chstes = <ovehare Ds rehstsrapaie tieleed SL ies apars ener iontets 4 at 69 kv on preliminary 
Lae emiseiorio scan cc (UPicie crete INONE sislsrezer evelsuets 6 tests. At 138 kv power- 
VS ereraioners Golo Antes Sis © Ae Be eS aN eGo 3 follow current attains a 
maximum of 70 amp rms. 
See Figure 16, Currents 
are proportional to volt- 
: age applied. 
Bist pedis s01.3 Crossarm 2..... Negative. ..55 deg beforecrest.......... Me ieee o matinee foo PES ote as NONE Ran eee 1 
7)/-ft length DD tein one eevee tole ieee GENOVA Gn cine os 5 1 
SB Fk Aalaete CF OSSALHT, oer tes Negative. ..55 deg beforecrest.......... WAS torete yom stakel> Shien ihe eetreteeeretens None iii, eaterefoee 4 
4-ft length...... Negative. ..55 deg aftercrest........... LOS tere pu ommetene AWD Ce ror tomes Cos 1 Seetas Algo CGO 7 
i: Tere Sate Crossarm 2,....Negative...55 deg aftercrest......... Aol ete en odaudeor Gir. ereitaieae . Ac Ra tAae Se ebiastem at Refer to Figures 10 and 15 
2-ft length IW ec matten ood acre Fc Dik a eueyate raster ag ou00 Son aoe! for typical oscillograms of 
Dice everatehe wie catehes 11 sts.sters asta isttaistrt st attics th power follow and no 
Positive....55 deg aftercrest..... DEBS ccd bier Os OO on Biss tretaetersts ely avareags Ss 1 power follow 
Negative. ..25deg before crest.......... AGA ei one oj aastoed Oly a renal SX CANOE Do claye sincere .10 
Ge ono manaac CG aA Beak 2) Phat 3 Sit 
922A eGehre Saas 10.97.80 eis aisle Fisuatexsesiele 9 
PUG cristae 10> casas ots Saran coe 4 
MBB isisrecovets eteres Er: Sache cin eect Ve iD,. yauars etalon oe 1 
Dutaysarea .Crossarm 3,.... Negative. ..25 deg beforecrest.....:... OOS aus She Sine HOM Ao thes Cee Oo F Ried Sac: 
4-ft length AG siocitlare ciate sale Oi fircetins eeNONE’: hiepinta.atesyeis 6 
6.......~Crossarm 2).....Negative. ..25 deg before crest........... GOR, Sats gcinentes Lc stots sie raps: UNOME Wt Matardol tet tats 1........View of actual tests are 
21/2-ft length OD icicle vieicicrdatcrees Lue Re cei ‘A INODGii ts alae 1 shown in Figures 11 
: WOO Se ooricitie ie EAS Mea euarize cutee over lke fiche ncketererste 1 and 12. 


* Other conditions of tests: 


1. Typical oscillograms of power follow are given in Figure 16. Currents are proportional to voltage applied. 
2. Intests 1 to 5, power was supplied from a 2,500-kva high-voltage transformer. In test 6, power was supplied from an 18,000-kva transformer. See Figure 11. 
3. For tests 1 to 4, the current of the impulse discharge is a 5-microsecond wave with superimposed damped oscillations, attaining a crest of 9,500 amp. For 


tests 5 and 6, the current discharge is a 50-microsecond duration, oscillatory wave, attaining a crest of fully 20,000 amp. 


and Rs=350 ohms, and in the second Cs=0.066uf and Rs=0. See Figure 9. 
4, The atmospheric conditions during these-tests were as follows: barometric pressure =740 mm Hg; temperature 10 to 25 C; absolute humidity =5 to 10 mm 


Hg; weather generally clear. 
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In the first arrangement C,=0.008yf 
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Figure 13. Impulse-power test applied to stack 
of two apparatus insulators in combination with 
wood-pole section 


Power voltage =69 kv rms 


In this investigation, circumstances and 
time did not permit exploring this field to 
the extent it really deserves. Though the 
tests made are not extensive enough to 
draw general conclusions, among other 
things they do point out a technique and 
method that can be followed to great ad- 
vantage in future and more extensive re- 
search in this important field. 


Leakage-Current Effects 


The oscillograms of these investigations 
show that leakage currents invariably 
occurred when the wood was wet and 
when the primary (porcelain) insulation 
was proportioned inadequately with re- 
spect to the 60-cycle voltage applied. 
At no time were leakage currents observed 
when testing pole 2 and crossarms 1, 2, 
and 3 in combination with their respec- 
tive porcelain insulators. As stated pre- 
viously, all these wood members were in a 
dry state. Leakage currents were re- 
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corded frequently when testing poles 1 
and 3, which were wet poles. Examples 
of these leakage effects are indicated in 
Figures 20, 21, and 22. 

The oscillograms of Figure 20 were re- 
corded when testing a 6-foot section of 
pole 1 (wet) in series with an air gap rela- 
tively short but spaced sufficiently to do 
more than withstand the 60-cycle voltage. 
Upon flashover of the pole and series air 
gap on the impulse and when power- 
follow current did not develop, a leakage 
current immediately would appear and 
would be sustained (see C of Figure 20). 
In these tests the first trace of leakage 
can be discerned on the oscillograms at 
33 kv. As the 60-cycle voltage is in- 
creased, the leakage rises, but the rate is 
higher than proportional. For instance, 
at 54 kv the leakage current across the 
6-foot section tested was 0.9 ampere, and 
at 122 kv it had gone up to 4.8 amperes. 
The corresponding resistances are 60,000 
ohms and 25,000 ohms. As these cur- 
rents were too feeble to operate the relays, 
this leakage effect continued unless the 
circuit was interrupted manually, None 


of the tests were continued more than 10 — 


or 20 seconds, long enough, however, to 
develop incipient charring in spots (see 
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Figure 14. Impulse-power test applied to stack 

of two apparatus insulators in combination 

with wood-pole section resulting in power 
follow 


Power voltage =138 kv rms 


Figure 13). In several instances con- 
siderable puffing out of the smoke from 
the pole, as well as concentrated burning 
in spots, could be observed, all giving the 
impression that the rate of damage must 
have been considerable. It stands to 
reason that even a leakage current of 0.9 
ampere, developing 9 kv per foot length 
of pole, if sustained for any length of time, 
would result in serious damage to the pole. 
Also, it is well to point out that a leak- 
age current of this magnitude definitely 
would constitute a shock hazard. 


The oscillograms of Figures 21 and 22 
correspond to tests made on 6-foot lengths 
of pole 1 (wet) and pole 3 (wet) respec- 
tively, each in series with a stack of two 
apparatus-type insulators. Oscillogram 
A of Figure 22 gives additional evidence of 
high sustained leakage currents, as pre- 
viously observed. In oscillogram B, im- 
mediately upon impulse flashover of the 
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Figure 15. Synchronization of impulse fash- 
over with 60-cycle voltage 


A preceding and B following crest of 60-cycle 
voltage 


insulator stack and pole, a high leakage 
current appears which develops quite 
rapidly into a _ short-circuit current. 
Similarly, in Figure 21 the short-circuit 


current really starts out as a heavy leak- 
age rapidly deteriorating into a fault. 

From the foregoing data and observa- 
tions, as well as from recent studies con- 
ducted elsewhere”? ** there can be little 
doubt that the subject matter of leakage 
currents and the problems connected 
thereto have not been well understood 
and that additional studies in this field 
may well be pursued to advantage. 
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Figure 16. Typical oscillograms of power follow 


Discussion of Results— 
Their Practical Application 


From an engineering standpoint, there 
is available now a good working knowl- 
edge in regard to the impulse character- 
istics of wood and also a reasonably good 
understanding of the performance of wood 
under lightning-stroke conditions. These 
developments naturally are the accumu- 


7-Inch Apparatus Insulators and Wood Pole 


Table IV. Combination Impulse-Power Tests on Two 141/-by-1 


Positive Impulse Synchronized on 


60-Cycle Voltage Wave at: 


Test Wood 60-Cycle Voltage Number With Power Without Power 
Group Pole Polarity Point on Wave Applied Ky-Rms of Tests Follow Follow Comments* 
1 ee Role teeta. Negative..... 55 deg beforecrest........ OCT Soc hic LO eee eee eee NOG Aoi ola icles 10 .At 138-kv  power-follow 
6-ft length 86 £0 90) Jc. a PAS ae Pet a eg a None current reaches maximum 
RUE 22 bee Bhs oid etal acy 2 ee ee None of 70amprms. Currents 
1S Ee im Sane ee She) Se Soh CAN None are proportional to volt- 
age applied 
See Pole 2..........Negative .45 deg before crest 69) 6c acid. cereee DAR Sees DROUES 7-2 eerie BY hae ahi This pole had been stored 
6-ft length 92 Bo ae ets None 2, soictenie 4 in the laboratory and was 
11S @ 3533555 By eee None i335 oso as 3 very dry 
1380 S57 30 eee Gx aes None fsa. 6 
2 SRST de ed Ae ee ee eee 138 oes} 2s atts uate as hair None sc..2.435: 3 
O-1e leet Be enn 3 a. AE oe eas a ee yin ae RN 13S = ca. See Se) edi DONIC Sern ae 3 
ZTE lengehinn rite deci tek etnies ee eer ate a ae ener yah tee 138) 55 Sts te. cere i es ae None 4. ceo. es 6 
Nath Vexigtha.. 3 sho cist cies sce hae ate ee I creme ote heuer es eon 138°" ick «eee Gs So aoeraems Sd rte oy dere 3 
Dies Fs Poles cee Negative 55 deg before crest 69 os ons See B.S Aa ae None: 05% sf25's < 3 ....View of actual tests are 
6-ft length QB Sten eee Be eos ea i re a 1 shown in Figures 13. 
116% So. Aten EN) ne Te = sens oie None and 14 
EQ-Ft lengthy Sse ec 6 Toke carte as ands cine, ae eetae eS 138 | acto ie eS san Won’. Cees one 3 
(4 insulators) 
EEN, POE Sins cise =a Negative..... Near erestisict econ 2naeiss 4G oe eer 7 Ee ene INDIE. jonas ce 2 
6-ft length 69 cadre Scones el eee eee if Pee ec 8 
OZ, texto hoe teers ers a ee DF eect oes None 
Ditrde. Poles. tas . Negative..... Nearerest: fo on6 a6 <5 | ee ee 2 , Ee ee Noneta eee 1 
6-ft length G9) SS. eee pie ct a BP oe eee 1 
92 1 1 0 
* Other conditions of tests: 
1. In tests 1 to 4 power was supplied from a 2,500-kva high-voltage transformer. In test 5, power was supplied from an 18,000-kva transformer. 
2. For tests 1 to 3, C;=0.008uf and Rs=500 ohms. For tests 4 and 5, Ce=0.066uf and Rs=0. See Table III for corresponding impulse currents. 
3. See Table III for range of atmospheric conditions. 
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TOTAL NUMBER OF TESTS 117 


WIDTH OF BLOCK IS PROPORTIONAL 
TO THE RESPECTIVE NUMBER OF TESTS 


Figure 17. 
power follow versus 
average unit stress in 
kilovolts-rms per inch 


Data apply to wood 
crossarm in combination 


PERCENT- WITH POWER 


with four suspension in- 


sulators 


PERCENT-WITHOUT POWER 


Jative result of other investigations, in 
addition to this contribution. 

Likewise, the recent findings on the 
power-quenching characteristics of wood 
related in this paper and the correspond- 
ing field observations, as reported in refer- 
ences 14-18 and 20, all indicate that prog- 
ress is being made in this direction too. 
The significance of the experimentalresults 
in Figure 17 may be visualized in part from 
a consideration of available field data. 
In this connection, for example, the field 
statistical data in references 14 and 15, 
telating to 33-kv wood-pole structures, 
specifically state that for insulation clear- 
ances (arc-over path), in which an average 
unit stress of 0.40 kv rms per inch is not 
exceeded, the annual rate of power-arc 
faults experienced practically reaches an 
asymptotic value. That is, a further de- 
crease in average unit stress does not 
appreciably lower the power faults, 
whereas an increase in the stress to 1 kv 
rms per inch will more than quadruple the 
rate of power faults. In Figure 17, an 
average unit stress of 0.40 kv rms per inch 
lies in the zone of zero-probability power 
follow. The foregoing correlation is 
indicative of the fundamental character 
of the experimental data. 

It stands to reason, however, that the 


— Short Civcaté 
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experimental data on the power-quench- 
ing characteristics of wood cannot be pro- 
jected directly into the application field 
without consideration being given to the 
additional influencing factors that are 
present in actual operation. Of particu- 
lar importance is the total duration of 
the stroke discharge. Multiple and long- 
duration discharges naturally will accen- 
tuate the possibility of power follow. 
Other factors requiring attention are the 
effect of wind swinging conductors to- 
gether or toward grounded objects, tree 
branches falling on the conductors, kites, 
and the like. 

In applying the experimental data, con- 
sideration should be given to the relative 
frequency of flashover. For instance, an 
increase in the impulse level of a distribu- 
tion line from 100 to 300 kv is likely to 
eliminate completely all flashovers origi- 
nating from induced voltages and, to 
that extent, account for improved per- 
formance in addition to the betterment 
resulting from a threefold decrease in 
average unit stress. The foregoing facts 
illustrate the necessity of taking into con- 
sideration the essential factors of the prac- 
tical problem, in applying the experi- 
mental data. 

A criticism that might be raised against 


Figure 18 (left). Os- 

cillograms of power 

follow and_ successful 
reclosure 


Figure 19. 
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Per cent 


Table V. Data on Reclosure of Power Circuit 

Following Clearance of Fault Tests Made on 

Two 141/.-by-17-In. Apparatus Insulators and 
6 Foot of Pole 1 


Num- Success- 


60-Cycle ber ful Number 
Voltage Reclosure of Re- of Re- 
Kvy-Rms Time* Tests closures. strikes 
Q2..;. .231/2 cycles. ...5...;. Be oe None 
109... .241/2 cycles....5....- AN Aes cee 1 
133... .241/2 cycles....3..-.. None..... 3 


* See Figures 18 and 19 for typical oscillograms and 
method of measuring reclosure time as used here. 


the experimental data in Figure 17, and 
the similar data for the poles, is that the 
powér currents in these tests in no in- 
stance attained values above 100 am- 
peres. In this connection, however, the 
point of fundamental considerations is 
that the phenomenon involved is one of 
probability of power follow resulting from 
impulse flashover. The amount of power 
current that actually may follow, once 
breakdown is established, does not appear 
to be a determining factor in affecting 
probability of power follow, provided the 
conditions of adequate surge current dis- 
charge and availability of power voltage 
are met. Therefore, similar results are 
expected from tests conducted entailing 
higher power-follow currents than were 
permitted by this investigation. 

There can be no question of the desira- 
bility of further research and study, both 
in the field and in the laboratory, en the 
matter relating to the power-quenching 
characteristics of wood. In future 
studies of this character consideration 
should be given to multiple impulse dis- 
charges. 

Likewise, the test results on the rate of 
deionization of power arcs, as well as the 
findings on leakage-current effects, all 
emphatically point to the need for addi- 
tional work in this field. It would seem 
that the economic importance of wood as 
an insulator, and the means it provides for 
securing improved operating service, 
would well justify further studies. The 
results and methods presented here should 
indicate the direction in which future in- 
vestigations may be approached. 


Oscillogram of power follow and restrike of arc 
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Figure 20. Typical oscillograms of sustained leakage currents 


Conclusions 


1. The three predominant factors that de- 
termine the impulse strength of wood are: 
the length of wood; the duration of the im- 
pulse; and the moisture content in the wood. 


2. The extent of shattering of wood poles 
and crossarms from lightning is limited. 
The amount of damage that may result can 
be estimated, and, if economically justified, 
means can be provided to reduce such dam- 
age. 


2 


3. Wood possesses distinct power-quench- 
ing characteristics which in a measure now 
are being utilized with intent by some 
operators. Experimental data presented in 
the paper indicate that for an average unit 
stress of 0.5 kv rms per inch the probability 
of power-follow is practically zero for single 
impulse discharge. However, the experi- 
mental findings cannot be projected directly 
into the application field without due con- 
sideration being given to the additional 
determining factors underlying service condi- 
tions. 


4. Questions relating to the rate of deioni- 
zation of the arc as well as the matter of 
leakage currents deserve further study. In 
this connection the paper presents methods 
of testing and technique that can be fol- 
lowed to advantage. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): This paper provides a very agree- 
able answer to some othe wishful thinking 
many of us have been doing for a long time. 
It should now be possible to produce in- 
expensive wood-pole designs with the insu- 


847 


lation so co-ordinated as to obtain excellent 
lightning performance in regions of low to 
moderate storm frequency. Through the 
use of short-time and critical spark-over 
data already available for wood members, 
and the corona coupling factors reported by 
McCann!, the structures, including flash- 
over diverting members, can be so propor- 
tioned that a latge majority of lightning 
flashovers will be confined to line-to-ground 
paths over wood. These paths can be made 
of sufficient length to give a low probability 
of power follow and subsequent line outage. 

Figure 1 of this discussion as originally 
plotted was based upon meager data gleaned 
from long-are tests and a number of investi- 
gations previously reported, and is now 
modified by a consideration of Bellaschi’s 
results. An effort has been made to evalu- 
ate the average outage probability resulting 
from lightning spark-over as a function of 
total insulation expressed in terms of spark- 
ing distance. Six 53/, by 10-inch suspen- 
sion insulator units with a sparking distance 
of three feet constitute a part of the total 
insulation at each conductor support for the 
115-kv class, and 12 units with a sparking 
distance of six feet were assumed to be used 
for the 230-kv class. These curves indicate 
that for an average ratio of outages to spark- 
overs of 50 per cent, the 115-kv line would 
require a total of 5.5 feet of line-to-ground 
insulation and 8.5 feet line to line. For 
the same outage ratio the 230-kv line would 
require 10.5 feet of line-to-ground insulation 
and 16.5 feet line to line. If the outage 
ratio is reduced to 10 per cent, the lengths of 
insulation required are 15 and 24 feet for 
the 115-kv class and 29 and 46 feet for the 
230-kv class. 

In calculating and plotting these curves 
approximate allowances were made for 
multiple and sustained-current strokes as 
well as for the relatively light strokes fre- 
quently encountered. .Actually the sus- 
tained-current. strokes are probably of little 
consequence when considerable lengths of 
wood areinvolved. This theory is advanced 
because the long-duration components are 
ordinarily so small that the conductor surge 
admittance, subjected to the residual volt- 
ages developed across the spark-over path, is 
more than adequate to drain these currents 
away 

It must be remembered that these curves 
are intended to represent average conditions 


and that any one specific performance prob- 
ably will deviate therefrom appreciably. 
Any comments by the author or other engi- 
neers and any data further modifying or con- 
firming the curves will be greatly appre- 
ciated. 

I should like to ask Bellaschi if the surge 
voltages applied during the combination 
impulse-power tests were of definite over- 
voltage magnitude or were just the critical 
values for the insulation involved. Is there 
any difference in the power-follow tendency 
if the initial spark-over results from the ap- 
plication of a surge of critical value or of 
high overvoltage? 

Were any data obtained on the power- 
follow characteristics of porcelain insulators 
alone and air gaps alone? These data 
would assist in developing a more complete 
understanding of the subject. 

There is a marked difference between the 
residual voltage shown in cathode-ray oscil- 
lograms A and B of Figure 8 of the paper. 
The former is for a pole of high moisture con- 
tent and shows a residual voltage of 7.5 kv 
per foot. The latter is for a pole of normal 
moisture content and shows a residual volt- 
age of only 3.33 kv per foot. Is this one of 
the idiosyncrasies of wood, or is there a 
logical explanation? What would be the 
residual voltages of similar lengths of air 
gap and of porcelain insulation? 

This paper adds a very considerable 
amount to our knowledge of the perform- 
ance of wood as supplementary lightning 
insulation. It encourages and lends con- 
fidence to the further use of wood, particu- 
larly in regions of moderate lightning expo- 
sure. As Bellaschi points out, there are, 
however, several important gaps yet to be 
filled. Among the further studies needed 
are 


1. Additional tests on poles and crossarms of vari- 
ous lengths and of normal outdoor weather exposure 
to establish better average performance and to in- 
dicate normal limits (see Table II of the paper, test 
groups 4 and 5, and Table IV, test groups 1, 2, 
and 3). 


2. The influence.of number of porcelain insulator 
units on crossarm and pole performance. 


3. The spark-over voltage and power-follow char- 
acteristics of crossarms with two strings of insulators 
representing line-to-line conditions. 


4. Field studies employing structures with co- 
ordinated supplementary lightning insulation to 
establish more completely the approximate laws of 
performance. 


115 KV Class: 6 Suspension Units 
Plus Wood Structure 


| 


230 KV Class: 12 Suspension Units 
Plus Wood Structure 


LINE TO GROUND 


LINE TO LINE 


Figure 1. Approxi- 
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5. -Additional tests on high-grade wood members 
to determine the influence of cross-sectional area on 
power-follow characteristics. Some structural 
members, such as long guy insulators without gaps 
and flashover diverter elements, may be of small 
cross section and their performance should be de- 
termined. Perhaps Bellaschi can supply this infor- 
mation from data already available. 
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R. W. Caswell and F. E. Andrews (Public 
Service Company of Northern Illinois, 
Chicago, Ill.): This paper covers a subject 
very pertinent with respect to design . of 
medium-voltage wood pole lines. The fac- 
tors influencing power follow now seem to 
be the most important missing link in the 
general problem of wood-pole-line lightning 
flashovers and this paper is an important 
addition to the knowledge of the subject. 
However, as indicated by the author, it is 
our opinion that considerably more work is 
necessary to provide a satisfactory quanti- 
tative basis for design. The author has 
dealt principally with the relationship of 
length of path over wood and voltage. The 
effect of factors other than these remain to 
be evaluated as influencing power follow. 

For example, under “Power Quenching 
Characteristics of Wood-Pole Line Insu- 
lation,’’ reference is made to the timing of 
the impulse and to the magnitude of the 
lightning stroke currents, but the effects of 
these variables are not discussed, presum- 
ably because the data obtained were not 
sufficient for drawing satisfactory conclu- 
sions. However, an inspection of Tables 
III and IV indicates that the timing of the 
impulse with respect to the power system 
wave has considerablebearing on the results. 
The number of cases with power follow is 
consistently greater for the impulse 25 de- 
grees before crest in comparison with 55 
degrees before crest. All of the tests re- 
ported by this paper are single impulse dis- 
charges and are not related to magnitude of 
lightning stroke current. The greater ioni- 
zation resulting from higher lightning stroke 
currents and for multiple or long duration 
discharges undoubtedly will result in sus- 
ceptability to power follow greater than for 
the single discharges of the value and type 
used in these tests. : 

From Figure 17 and the discussion per- 
taining thereto, it is considered that no 
power follow should oecur with a voltage 
stress less than 0.5 kv per inch. This con- 
clusion is quite contrary to our experience as 
reported in reference 20. In Table I of 
that paper, data are given on 33 kv line 
structures having a path of 110 inches over 
wood comprised of parts of both pole and 
crossarm. These data show that 14 per 
cent of the flashovers located by inspection 
in the field were accompanied by power 
follow. Thisis on the assumption that each 
structure where evidence of flashover was 
found was considered as only one case. 
From these data and from many other ob- 
servations from high impulse level 33-kv 
lines, we know that power follow is not un- 
common on structures of this type. These 
structures have a voltage stress of approxi- 
mately 0.3 kv per inch of wood and our ex- 
perience accordingly indicates that for satis- 
factory design the stress should be kept well 
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below this figure for avoidance of power 
follow. The differences between our field 
experience and the results of Bellaschi’s 
laboratory work might be explained by other 
factors which were outside the scope of his 
data as presented, such as those already 
mentioned, voltage recovery characteristics, 
and amount of power follow current. 

The records from photographic recorder 
installations described in reference 20 indi- 
cate a large number of multiple and pro- 
longed lightning discharges. This points 
to the probability that the amount of ioniza- 
tion associated with lightning discharges of 
this type is an important factor influencing 
power follow. 

The information shown in Figure 3 rela- 
tive to decrease in impulse strength of wood 
in kilovolts per foot as the length of the sec- 
tion increases is of particular interest in the 
design of structures involving the longer 
wood sections. This point has not been 
shown so clearly in past data. More com- 
prehensive test data to confirm the shape of 
the curves of Figure 3 would seem desirable. 

Under ‘‘Leakage-Current Effects’’ it is 
stated that leakage currents invariably oc- 
curred with wet wood when the porcelain 
insulation was proportioned inadequately 
with respect to the 60-cycle voltage applied. 
It would be helpful if the author would give 
us information on the amount of porcelain 
used in these cases. If the amount of por- 
celain was comparable to what is used in 
normal practice, this point has considerable 
practical significance. Another question is 
whether the porcelain was wet or dry at the 
time of the tests. 

In conclusion, we wish to reiterate our 
opinion that Bellaschi’s work is an impor- 
tant contribution to a better understanding 
of power follow induced by lightning flash- 
overs; and it is hoped that he and others will 
continue work along this line with the objec- 
tive of obtaining additional data sufficiently 
comprehensive to provide a much more firm 
basis for design than now appears to exist. 


H. N. Ekvall (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): This paper pre- 
sents some very interesting laboratory re- 
sults on the power-quenching character- 
istics of wood insulation which I would like 
to compare with field experience of the 
Philadelphia Electric Company. 

The author concludes from Figure 17 that 
the probability of power current following 
an impulse flashover diminishes to a vanish- 
ing point for an average operating stress of 
0.5 kv rms per inch or two inches per kilo- 
volt expressed in terms of insulating flash- 
over distance. This conclusion was based 
on single impulse discharges and on power 
follow currents no greater than 100 amperes. 

Extensive field experience on the 33-kv 
wood-pole lines of the Philadelphia Electric 
Company indicated that when an operating 
stress of 0.5 kv rms per inch was reached, 
there was a leveling off effect in the rate of 
power arc faults and that further decreasing 
the unit stress, within practical 33-kv line 
design limits, did not lower the failure rate 
appreciably. At the point where leveling 
off began the rate was only 0.5 power-arc 
faults per 100 structures per'year. It ap- 
peared that the vanishing point could not 
be reached without resorting to much longer 
flashover distances than obtained on our 
standard 33-kv wood-pole structures, using 
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high ridge pin configuration with pin type 
insulators and 8-foot crossarms. With like 
size structures operating at 13 kv, the 
vanishing point appeared to have been 
reached with the elimination of wire ‘“‘burn- 
downs,”’ but in this case the unit stress was 
0.16 kv rms per inch or approximately six 
inches per kilovolt. ‘ 

Therefore, under field conditions it ap- 
pears more likely for the vanishing point to 
occur at a lower operating stress than the 
0.5 kv rms per inch value found in the labo- 
ratory. One reason for this apparent dis- 
crepancy may be the presence of long- 
duration multiple strokes in the field 
whereas only single impulses were used in 
the laboratory. Another factor may be the 
difference in the recovery rates for fault 
currents of the order of 5,000 amperes in the 
field as compared to less than 100 amperes 
used in the laboratory. 


J. T. Lusignan (Ohio Brass Company, 
Mansfield, Ohio): The information con- 
tained in Bellaschi’s paper should prove very 
helpful to transmission engineers using wood 
to gain lightning insulation. Such informa- 
tion represents considerable laboratory work 
as it is not possible to draw worthwhile con- 
clusions from wood studies with only a few 
tests. There is too much spread in the data 
points, the plus or minus 15 per cent figure 
which the author gives checking quite well 
with our findings obtained at the Barberton 
laboratory and given in his references 11 
and 13. 

We thoroughly concur as to the impor- 
tance which moisture plays. I would like 
to emphasize that it is moisture 7m and not 
on the wood that controls. We determined 
this by splitting identical specimens and 
lacquering half of each one to exclude mois- 
ture. On subsequent wet tests, the flash- 
over voltages were reduced the usual amount 
on the unlacquered specimens but scarcely 
affected on the lacquered ones. It was sur- 
prising to find how quickly rainwater pene- 
trated wood specimens to affect flashover 
voltages. Our results (reference 13) showed 
that within a few minutes after the water 
was turned on the flashover values dropped 
and held at appreciably lower levels. 

We found creosoting to have little effect 
on impulse flashovers either as to grade or 
quantity of oil used. 

Partial breakdown of combined porcelain 
and wood insulation, noted by the author 
particularly on wet structures, checks with 
our findings. This behavior was readily 
discernible on oscillograph waves. It seems 
probable that the same thing occurs most of 
the time, even dry, with such different in- 
sulation members in series-parallel, such as 
wood, porcelain, and air. The voltages 
across each would depend on their relative 
impedances. The times of spark-over or 
puncture would depend on their individual 
volt-time curves. Accordingly, it seems 
reasonable that their breakdowns would-not 
necessarily be simultaneous. 

The author’s laboratory studies of the 
effect of wood paths on power-follow cur- 
rents are most interesting, particularly since 
they are apparently the first of their kind. 
J am wondering whether he found any meas- 
urable difference between the arc-quenching 
properties of woods that shattered easily 
and those that did not. What I have in 
mind is whether an arc forced to remain on 


Bellaschi—Insulation Tests 


the surface of a wood member wouid sustain 
better than one inside. In this connection, 
did the author find any difference in the 
quenching properties of creosote treatment 
of wood? If it could be determined that 
certain wood preservatives have a so-called 
deionizing effect possibly some future con- 
sideration could be given to that in addition 
to the preserving factor. 


Paul M. Ross (Ohio Brass Company, Mans- 
field, Ohio): Bellaschi has made a worth 
while contribution by presenting pertinent 
and new information regarding the use of 
wood in transmission line structures. 

Referring to the computation of the gradi- 
ent data in Figure 17, were the 60-cycle 
test voltages divided by the total flashover 
length of the wood only or were they di- 
vided by the total of wood flashover length 
plus insulator flashover length? If the 
latter is the case, do your data permit 
identification of the arc quenching properties 
of the wood element separate from deioniza- 
tion occurring over the insulator path? Do 
your tests permit conclusions to be drawn re- 
garding the length of a plain air gap that 
might be used to avoid power current follow 
after impulse flashover? 

In Tables III and IV four points on the 
60-cycle voltage wave were selected at 
which impulses were applied. How does the 
probability of power current follow vary asa 
function of the point of application of the 
impulse with respect to the voltage wave? 
During your research work for this paper 
did you find any indication that the proba- 
bility of power currrent follow varies as a 
function of the magnitude of the lightning 
discharge current (assuming a fixed point on 
the voltage wave for impulse application) ? 

Regarding the leakage current effects re- 
ported, were the leakage currents initiated 
by impulse application to the air gap or in- 
sulator plus wood combination (Figures 20, 
21, and 22)? If such was the case, was the 
impulse voltage of sufficient magnitude to 
cause flashover of both the insulation ele- 
ments connected in series? Was there 
visible evidence of a low current are across 
the air gap or insulator during these tests 
which would indicate that to be the path the 
leakage current followed in order to reach 
the wood element? The term “leakage 
currents,’’ when used in relation to insu- 
lators, may refer to a current flow through 
surface contamination layers. These cur- 
rents, even when the surface contamination 
layers are wet, are surge-like in nature, but 
rarely exceed a small fraction of the author’s 
reported current magnitudes. Did the in- 
sulators used on these tests have clean sur- 
faces? 


H. L. Melvin (Ebasco Services, Inc., New 
York, N. Y.): After participation in some 
of the earlier laboratory and operating tests 
on wood, also combinations of wood, insu- 
lators, and air gaps (reported to the In- 
stitute in 1930 and 1988), it is gratifying to 
see the continued interest in this important 
investigation. The contribution made 
through the presentation by Bellaschiis very 
useful because data of greater accuracy and 
extended scope are made available for design 
purposes. It is believed that those of us 


who have employed wood construction ex- 


tensively and utilized its impulse insulation 
characteristics will agree that actual operat- 
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ing experience confirms in large measure the 
results of these laboratory tests. 

Only three suggestions or comments are 
offered, perhaps by way of emphasis to 
statements in the paper: 


1. Test data from both the laboratory and field, 
as well as the wood itself, must be used intelligently 
if optimum operating and economic results are to be 
secured. 


2. Possible damage to the wood, which would im- 
pair the mechanical security and life of the struc- 
tures, must be taken fully into consideration in 
developing designs. 


3. Selection and treatment of the wood, if neces- 
sary, for extending the life and retention of required 
factors of safety are important particularly for 
higher voltage lines. 


P. L. Bellaschi: It is apparent from these 
discussions and from the paper that more 
work is necessary in this field. These area 
few of the questions which require addi- 
tional attention or on which more research is 
desired :: 


1, Effect of multiple and long-duration discharges 
on power follow. 


2. Impulse and power-follow tests conducted on 
other insulation structures representative of prac- 
tical design of low, medium, and high voltage wood- 
pole transmission lines. 


3. Voltage recovery characteristics and amount of 
power follow. 


4, Impulse current and voltage and mode of ap- 
plication. 


5. Power follow as function of point of application 
of impulse with respect to 60-cycle wave. 


6. Means for utilizing power-quenching charac- 
teristics of wood more effectively and to minimize 
damaging ’/effects of lightning. 


7. Relative deionizing action of insulators and air, 
alone and in combination with wood. 


8. Mechanism of impulse breakdown of wood, 
alone and in combination with porcelain and air 
insulation. 


9. MDeionization of power arc and rapid reclosure 
corresponding to conditions of service. 


10. Leakage effect in its various practical aspects. 


11. Sundry others. 


An answer in a practical sense is probably 
at hand to some of these questions but the 
fact remains that more comprehensive work 
need be done in this entire field to provide 
a much more firm basis for design. This 
further activity can be pursued to greatest 
advantage, to the industry at large, in three 
related areas 


(a). Research and development in the laboratory. 
(6). Investigation tests in the field. 


(c.) Field studies on lightning and analysis of 
experience. 


Heretofore our joint efforts have been 
limited to (a) and (c). Actual field tests 
would be very valuable in effectively inte- 
grating these two activities. A program of 
this character well planned and conducted 
certainly could be productive of very worth- 
while and practical results. This would 
accelerate the answer to the various basic 
questions enumerated here. Such field 
tests naturally would require portable im- 
pulse-generator equipment amply pro- 
portioned to secure the practical and basic 
engineering results in view. 

The field experiences on 33-kv wood-pole 


structures presented respectively by Caswell: 


and Andrews and Ekvall when referred to a 
common basis appear to be in reasonably 
good agreement. In these field data, for a 
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voltage stress of about 0.3 kv rms per inch 
approximately 14 per cent of the flashovers 
were accompanied by power follow. Ac- 
cordingly, the chart in Figure 17, which 
holds for a single impulse discharge, is 
shifted to the left a corresponding amount 
when such factors as multiple and long- 
duration surges, amount of power-follow 
current, and voltage recovery characteristics 
as are encountered in the field become super- 
imposed thereon. 

In the tests impulse currents were as high 
as 20,000 amperes and durations greater 
than 50 microseconds (see Table III). In 
this respect as well as in the timing of the 
impulse with the 60-cycle voltage, more data 
appears desirable if quantitative conclu- 
sions are to be drawn. However, the total 
tests attained reasonable number, embracing 
the various factors sufficiently, to draw a 
statisticalcurve. Inregard to the matter of 
leakage currents, invariably these occurred 
with wet poles in series with an air gap which 
was sufficient to more than withstand the 
60-cycle voltage (Figure 20). Pole 3 (wet) 
when tested at 66 kv with a stack of two 
apparatus-type insulators likewise resulted 
in high sustained leakage currents. In this 
case the primary insulation appears inade- 
quately proportioned. The writer well 
agrees with Caswell and Andrews that more 
comprehensive impulse data on wood-pole 
structures and lengths are desirable for de- 
sign purposes. 

The experiences at the Barberton and 
Sharon laboratories in regard to the impulse 
strength of insulators in combination with 
wood, the effect of moisture, partial break- 
down, and similar factors, to which Lusig- 
nan refers, both run quite parallel to each 
other. The suggestion Lusignan advances 
in regard to possibly improving the power- 
quenching properties of wood by means of 
treatment did not receive specific considera- 
tion in these tests but is something worth 
considering. Too many variables were in- 
volved in these tests to draw clear-cut quan- 
titative relationship between the degree of 
splintering experienced and the power- 
quenching ability of wood. In this con- 
nection I may say that we were surprised in 
the unusual good performance of pole 2. 
This pole was very dry. When testing this 
pole attention was given especially to the 
slivers removed. It was observed that each 
time a test was made a sliver the entire 
length of the section tested would be re- 
moved, indicating apparently that in this 
case the path of discharge was under the sur- 
face of the wood throughout. 

The suggestions Melvin makes in regard 
to assessing intelligently the laboratory and 
field data when applying these to actual 
design, in designing for mechanical integrity 
of the wood structure even when this is sub4 
ject to direct strokes, and prolonging its life 
by preserving it certainly are basic con- 
siderations. The pioneering engineering 
contributions Melvin has made in this field 
are worth restating here. 

In his discussion Ross poses a series of 
questions. The data in Figure 17 are plot- 
ted in terms of the 60-cycle voltage divided 
by total flashover length. In this manner 
the power-quenching effects of the wood and 
of the insulator combined are taken into 
account together. Limited tests have been 
made on plain air gaps which indicate that 
about twice the distance is required to avoid 
power follow. As stated previously suffi- 
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cient tests were made covering a sufficiently 
wide range of conditions in regard to surge 
current and timing of impulse with respect 
to the 60-cycle voltage wave to draw a sta- 


tistical chart, but tests are hardly sufficient. 


to segregate quantitatively the correspond- 
ing effects of each. The text will clarify the 
significance of and the conditions accom- 
panying Figures 20, 21, and 22. Tests were 
made with both an air gap and insulators in 
series with the wood. The leakage current 
in the air gap and over the insulators defi- 
nitely was visible in each test in the form of 
an arc. The insulators were maintained 
reasonably clean in these tests. Ross is 
quite right in stating that the term “leakage 
currents’ needs better defining, for other- 
wise confusion very well can ensue in the 
use and significance of this term. 

Starr raises some very interesting and 
pertinent questions which I shall endeavor 
to answer to the best of my abilities. In 
a territory where lightning is severe and 
where multiple and long-duration discharges 
are contributing factors to the operation of 
lines, the outage factors indicated in his 
curves lie probably toolow. That is, under 
these conditions I would expect more fie- 
quent outages. For instance the field data 
on 33-kv wood-pole structures referred to 
previously indicate that for a voltage stress 
of about 0.3 kv rms per inch (wood) approxi- 
mately 14 per cent of the flashovers were 
accompanied by power follow. The corre- 
sponding unit stress (wood plus insulators) 
in the curves for the path to ground is about 
0.45 kv rms per inch for either 115 kv or 230 
kv. In view of this it would seem that these 
curves might not be conservative for appli- 
cation in a severe lightning region such as 
Northern Illinois or Pennsylvania. How- 
ever, in regions of low or moderate storm 
frequency and where conditions of multiple 
stroke may not be so preponderate it can 
well be that these curves are quite reason- 
able. In what direction they may be modi- 
fied at a future date will depend on actual 
field observations and findings. I agree 
with Starr that the long-duration compo- 
hents may not be as important as they may 
seem, on account of the fact that these be- 
come absorbed by the line and can be di- 
verted to ground through transformer wind- 
ings on systems with the neutral grounded. 

In the power-follow tests reported in the 
paper the impulse generator was set amply 
above the critical flashover voltage of the 
insulation structure tested so that invariably 
impulse flashover would result. As stated 
previously, limited tests were conducted on 
plain air gaps. These tests indicated that 
about twice the distances are required for 
plain air as for wood and insulator struc- 
tures. No particular significance has been 
assigned to the residual voltages in Figure 8. 
In this connection it might be well to call 
attention again to the results observed from 
the tests on pole 2, which was very dry. 
The behavior of this pole was remarkable in 
that it showed a zero probability of power 
follow for a unit average stress as high as 
2.6 kv rms per inch. Although the average 
results for either the poles or crossarms were 
substantially the same, a small cross-section 
member probably is likely to be less effective 
in quenching power follow than a large cross- 
section member. The wood itself can be a 
factor too. I certainly concur with Starr 
that more work can be done to advantage in 
this field. 
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Synopsis: Outstanding economies may be 
effected by metering high-voltage loads on 
the low-voltage side of the power trans- 
formers, and compensating the metering to 
include the transformer losses. The trans- 
former-loss compensator is an accessory to 
the regular watt-hour meter on the low-volt- 
age side and causes the meter to include the 
transformer losses in its registration. No 
changes are made in the meter itself, either 
structurally or in adjustments, it retains its 
integrity as a standard measuring instru- 
ment. The method is intended primarily 


for use on’ customers’ installations where the - 


contract provides for supplying and billing 
for energy and demand at distribution or 
transmission voltages. Based on established 
principles, the accuracy performance is 
equal to that of metering on the high-voltage 
side. Testing techniques have been de- 
veloped and co-ordinated with meter testing 
practice, so that its routine application and 
maintenance can be done by metermen. 
This paper is the result of experience with 
compensating meters since 1932, and the 
more recent application of transformer-loss 
compensators. It is intended for electrical 
utility executives and engineers considering 
the possible advantages of the method for 
their systems and for guidance in co-ordinat- 
ing the application of transformer-loss com- 
pensators with metering. practice. 


1* supplying industrial loads to the 
customers of electrical utilities, service 
often is furnished at distribution or trans- 
mission voltages. In such cases the cus- 
tomer either owns or rents the trans- 
formers which step down to the utilization 
voltage. Billing metering for installations 
of this kind ordinarily is placed on the 
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_ former secondary circuits. 


high-voltage supply side, as the trans- 
former losses are a part of the registra- 
tion. Metering on the low-voltage side 
usually is less costly. It possesses the 
further advantages of simplifying the 
high-voltage construction with greater 
safety to men and equipment, and is pro- 
tected entirely from lightning and surge 
disturbances on the high-voltage side. _ 
The fundamental principles by which 
compensation for transformer losses is 
possible have been known to engineers for 
many years. Copper losses vary as the 
square of the current, and for practical 
purposes iron losses vary as the square of 
the voltage. Various networks have been 
designed by engineers to meet the meter- 
ing requirements of specific installations, 
and the compensating meter was devel- 
oped to make possible routine metering 
installations on the low-voltage side for 
utility customers supplied from high- 
voltage lines. The methods in use are: 


1. Compensating metering,! in which a 
separate meter, connected to the low-voltage 
side, registers the transformer losses. Its 
registration is added to that of the regular 
watt-hour meter to obtain billing quantities 
as of the high-voltage side. The disad- 
vantages of this method are that a special 
meter is necessary, the measurement of 
maximum demand is more complicated 
than with high-voltage metering, and special 
test equipment, normally not carried by 
meter testers, is required. 


2. Line-drop compensators can be used to 
compensate the load watt-hour meter for 
copper losses,? but the commercial forms 
have the disadvantage of introducing rela- 
tively high burdens into the current trans- 
This is not 
desirable on metering installations. Burdens 
have been reduced to some extent by 
omitting the reactance unit, which is not 
necessary where the desired measurement 
includes only power measurements.*° The 
application of these devices generally re- 
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quires special test equipment, and their 
periodic testing by conventional methods 
is outside of the scope of metermen. 


3. The adjustments of the meters them- 
selves can be used to approximate the losses. 
The light-load adjustment of meters can be 
made to compensate for core losses quite 
closely, but as the full-load adjustment in 
principle raises or lowers the entire char- 
acteristic curve of the meter, its use for cop- 
per-loss compensation involves compromises 
in performance. In general, this method is 
suitable for billing only where the meters 
are known to operate within certain load 
ranges, or where the copper losses are rela- 
tively small. 


4. The addition of calculated losses to load 
registration has been advocated,* and while 
feasible from an engineering point of view, 
this is practical only in special cases for 
utility billing of customers’ loads. Loss 
factors may vary widely, not only between 
customers but also for the same customer 
from month to month. Data obtained by 
actual measurement with compensating 
meters on typical installations are included 
in Appendix III. 


5. The transformer-loss compensator de- 
scribed in this paper has been designed to 
compensate for the transformer losses for the 
range of conditions that are characteristie 
of metering on the low-voltage side, where 
service is supplied at distribution or trans- 
mission voltages. No changes are made in 
the regular watt-hour meter, either in con- 
struction or in its method of adjustment; 
the burdens imposed on instrument trans- 
formers are sufficiently low to be acceptable 
for metering installations; and the measure- 
ment of demand as of the high-voltage side 
introduces no complications where a single 
transformer bank is installed. The methods 
of procedure that have been developed per- 


ees 7 
| potentiac | 
| I WATT-HOUR 
| | METER 
| | 
te Z) 
a 
| | copper 
COMPENSATOR | tr. Loss 
a] | 
| I 
| ----j-----IRON 
LOSS 
power | | 


TRANSFORMER | 
* _ 


ort 


SERVICE 3 


Figure 1. Principle of transformer-loss com- 
pensator 


ae 


CURRENT 
TRANSFORMER 


851 


SERVICE 


COMPENSATOR 


sator 


LOAD 


mit both the initial calibration and the 
routine maintenance of the installations to 
be done by metermen who are capable of 
handling the corresponding installations on 
the high-voltage side. These methods may 
be adapted to any system of meter testing 
practice. 


Principle of 
Transformer-Loss Compensator 


In the transformer-loss compensator, 
the line-drop compensator principle is 
used for adding the copper-loss increment 
to the registration of the load watt-hour 
meter. The burden imposed on the in- 
strument transformers has been made 
sufficiently small to be acceptable for 
metering installations by designing the 
insulating transformer to step down 
rather than with the 1-to-1 ratio used in 
the commercial forms. The ratio of 5.0 
to 0.5 amperes has been found to be satis- 
factory, but its exact value is unimportant 
when the method of adjustment described 
in this paper is used. Commercially, the 
copper-loss transformer is a  5-volt- 
ampere l-volt 5-ampere to 10-volt 0.5- 
ampere unit of good phase-angle perform- 


Figure 2. Connections of 
a transformer-loss compen- 
on a 


single-phase 
circuit 


ance and is designed to be capable of 
carrying 100 per cent overload continu- 
ously. The 0.5-ampere side is connected 
to an adjustable resistor unit for which a 
value of 5 ohms has been found to meet 
the general range of requirements of com- 
mercial installations. For unusual con- 
ditions, higher or lower resistor values 
may be.used. The difference of potential 
across the resistor is added to the second- 
ary line voltage, and the combination is 
applied to the potential coil of the meter. 
As the voltage across the resistor is pro- 
portional to the current, the loss incre- 
ment as registered by the watt-hour meter 
is proportional to the current squared. 
For the measurement of the iron-loss 
increment the “dummy load” method is 
used.4 A 7.5-volt-ampere 230/6-volt 
transformer is connected to the low-volt- 
age supply, and the 6-volt side is con- 
nected in series with an adjustable resistor 
unit, so that a current equivalent to the 
iron loss is passed through the current coil 
of the meter. Ordinarily, a 250-ohm 
adjustable resistor gives sufficient range, 
but units of higher or lower values of re- 
sistance may be used if necessary to ob- 


=: Figure 3. Two-element 
 transformer-loss com- 
pensator 
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Figure 4. Three-elementtransformer-loss com- 
pensator 


tain the desired performance. For 115- 
volt circuits, the transformer has suffi- 
cient capacity to be operated at half 
voltage. The compensator, therefore, 
may be used either for 230-volt or 115- _ 
volt installations, or on the secondary of 
potential transformers. Figure 1 shows 
the principle of operation. 

The assembly of transformers and re- 
sistors, together with a double-throw test 
switch and a terminal block, is intended 
as an accessory to the watt-hour meter, 
and its connections to a single-phase cir- 
cuit on the low-voltage side of a trans- 
former are shown in Figure 2. The test 
switch of the compensator in its normal 
position (up) connects the transformer- 
loss compensator into the circuit, and the 
transformer losses are included in the 
registration of the watt-hour meter. 
When the switch is in the test position 
(down), the transformer-loss compensator 
is inoperative, the meter is connected as a 
watt-hour meter, and may be subjected to 
all of the tests common to ordinary testing 
practice, including the test for creep. The 
compensator test switch is arranged so 
that the cover cannot be replaced while 
the switch is in the test position. The 


Internal connections of 2-element transformer-loss com- 
pensator 
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connections are such that no changes are 
necessary in grounding practice of cur- 
rent transformer and potential trans- 
former secondaries. 


Polyphase 
Transformer-Loss Compensators 


In the practical application of trans- 
former-loss compensators there is little 
need for the single-phase device. Usu- 
ally single-phase loads are supplied from 
low-voltage distribution circuits or net- 
works and are metered and billed at the 
supply voltage. For polyphase circuits, 
duplicates of the single-phase unit may 
be used, but it is more practical to provide 
polyphase transformer-loss compensators. 
Two arrangements meet all requirements, 
one for use with 2-element meters, the 
other for 3-element meters. 

For polyphase circuits it is practical 
to add the entire iron loss on one meter 
element, hence only one core-loss trans- 


Figure 7. Connections of 2-element trans- 
former-loss compensator on 2-phase 3-wire, 
or on 3-phase 3-wire circuits 
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Figure 6 (left). Internal 

connections of 3-ele- 

ment __ transformer-loss 
compensator 


Figure 9 (right). Con- 
nections of 2-element 
transformer-loss com- 
pensator on 3-phase 
4-wire delta circuits 


former is used in polyphase transformer- 
loss compensators. The 2-element form 
is shown in Figure 3, and the 3-element 
form in Figure 4. Their internal connec- 
tions are shown in Figures 5 and 6 re- 
spectively. The connections of the com- 
pensator into various 2-element circuits 
are shown in Figures 7, 8, and 9, and for 
3-element circuits in Figures 10 and 11. 

In the interest of simplicity, potential 
transformers have not been shown in the 
various diagrams of connection. It is 
obvious, however, that, where potential 
transformers are used with metering on 
the low-voltage side, the voltage applied 
to the meter may be applied also to the 
potential element of the transformer-loss 
compensator. The compensator con- 
nections of Figure 7, shown with a power 
transformer bank connected in open delta, 
are applicable to any other transformer 
connection from which a 3-phase 3-wire 
supply may be obtained on the low-volt- 
age side. In all cases the type of circuit 


Figure 8. Connections of 2-element trans- 
former-loss compensator on 2-phase 5-wire 
circuits 
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on the low-voltage side determines the 
proper metering. 


Practical Considerations 


INSTALLATION 


A transformer-loss compensator may 
be added to an existing installation which 
measures the entire output of a trans- 
former bank on the low-voltage side. On 
installations of this type, however, there 
should be no means of disconnection be- 
tween the low-voltage terminals of the 
transformer bank and the point where 
the meter potential transformers, or the 
meter potential circuits, are connected. 
This is necessary so that iron-loss regis- 
tration may be obtained whenever the 
transformer bank is energized from the 


Figure 10. Connections of 3-element trans- 
former-loss compensator on 3-phase 4-wire 
Y-connected circuits 
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Table I. 


Tests of Burdens Imposed by Transformer-Loss Compensators on Instrument Trans- 


former Secondaries 


Compensator Adjustment 


Approximate 

Per Cent of Resistor, Power 

Meter Rating Ohms Vv Amp WwW Va Factor 

Potential circuits 

Rees ores. PPE SBxrke Ace UL BVO Oi ore teen: OSO0SSe. erence OAS EG bie 0. 66 Teens 0.645 

B10) ford iaitaverststeiece GE Ger eles. WLS Raven roctste OSOL Te pate te LASS aaeacnterae 2) OB ase seteershs 0.909 
ONS Moet L2G) BiScrcetey sree V20 (Se Btn? 0.00615. 5 i2.-. ORAS seetetts O38 0.650 
5.10 Socata e GSO Zac tc L200. iP tet ee O-O185) tiene QED kes ented 2 22018 ee cost 0.964 
OUD iatreterteree pe VAG WS tee 2380'S facta ase OLOTT5y oaiteaers BZO en materia 4./025)2'52 neue 0.795 
BO RRS set ayes ALS Giclee eens, < 230 Bh Weenies ct Os025: cera Ga a ye S L750 st: Sees 0.807 
OVS, sxc earner ee MDS anshisrse arvie 240 ee eer. O3020 ee eet 3100), a55 cher 4, 800: eae 0.742 
RUMAH ony a rsroroc LAD tek ss 240! heme stale O5027- 2 aici OTO4s. 4 cence 6, 480s ee 0.778 

Current circuits 
0, Be oii tic onere care Oe asi teyon tare ORB4O Nae eects 520) Sioa ce f 69) ees LO eee 0.995 
Al 20 Rrcrekte ey PALS TAs ee 6G O41 4 ae eles DEO m crsterntaags 206%). mucus DOT cenchareniae 0.995 
2. Sieaoecerateaereee Bisa hens OP5255 neue SO yt Castaaes 2) GOS raeters 2). 62a mite a as 0.990 
3) Osis cecrcceronreie Cre Olaliesa Mave rerere OBL Ti iss out Bi Ole yaeetextame Beale sersessverars 3 200m rete 0.989 
5 OOK ica tee wake LOLO Se sare OnvOSiwes earer DOh™ Meira ae S2(Gior ha cine 3) (B40) oe lee 0.979 


high-voltage side, even though the load 
may be disconnected. 

A simple form of meter panel construc- 
tion provides a trough about three inches 
deep for enclosing the meter test switch 
and wiring. With this construction, the 
transformer-loss compensator needs no 
cover and may be mounted in the trough 
below the meter. Transformer-loss com- 
pensators have about the same dimensions 
as the various types of phasing trans- 
formers that are used to convert a watt- 
hour meter into a var-hour meter. Fig- 
ures 12 and 13 show typical 2-element and 
3-element meter panels with the cover of 
the trough removed to show the internal 
arrangement. Figure 14 shows the 3-ele- 
ment panel with the cover in place. In 
external appearance, the meter panel is 
entirely similar to that which would be 
provided for metering on the high-voltage 
side, or for low-voltage metering without 
compensation for transformer losses. 


ECONOMICS 


The economy of using transformer-loss 
compensators is greatest for the higher 
supply voltages. The cost of a 460-volt 
or 2,300-volt metering installation com- 
pensated to the 33-kv supply may be less 
than 30 per cent of the metering cost at 
33 kv, thus saving approximately 70 per 
cent. For a 13.2-kv supply, savings may 
be only 20 per cent, while for a 2.3-kv in- 
stallation metered at 230 volts, metering 
at the supply voltage is frequently lower 
in cost. In the latter case an exception 
may occur where existing 230-volt meter- 
ing can be used with no other change than 
the addition of the transformer-loss com- 
pensator. 

The relative cost of instrument trans- 
former equipment at the two voltages 
gives the best index of costs. Usually 
there are also construction savings in 


854 


metering at the lower voltages, both to the 
supply company and to the customer, and 
in some cases the space required for meter- 
ing on the high-voltage side may be at a 
premium. Figure 15 shows the instru- 
ment transformer equipment on one of the 
older 33-kv installations. Figure 16 
shows the metering transformers mounted 
in an outdoor cabinet for a comparable 33- 
kv installation metered at 460 volts. The 
same construction applies to 2.3-kv and 
4.0-kv installations. Indoor installa- 


tions at these voltages use an assembly of” 


instrument transformers that may be 
mounted on the wall, in metal-clad 
switchgear, or on the ceiling as shown in 
Figure 17. 

The economic advantage of low-voltage 
metering is reduced, and sometimes elimi- 
nated entirely, where more than one 
metering equipment on the low-voltage 
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LOAD 


Figure 11. Connections of 3-element trans- 
former-loss compensator on 6-phase 7-wire 
circuits 
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side is required in piace of a single instal- 
lation on the high-voltage side. 


BURDENS 


When a transformer-loss compensator 
is connected into the meter circuits, an 
additional burden is placed on the instru- 
ment transformers. Table I gives test 
results of burden measurements. Po- 
tential burdens are given for 115 and 120: 
volts for two extreme conditions of ad- 
justment, representing respectively iron 
losses equivalent to 0.5 per cent and 5.0 
per cent of the meter rating. Current 
burdens are shown at five amperes for 
various adjustments for copper losses 
from 0.5 per cent to 5.0 per cent of the 
meter rating. The values given for 1.25. 
per cent of meter rating represent an 
average condition. With modern instru- 
ment transformers, the effect of adding 
these burdens will not require a retest of 
the instrument transformers. 


Technical Considerations 


The transformer-loss compensator be- 
comes practical by co-ordinating its tests 
and adjustments with meter testing prac- 
tice. Watt-hour meters connected to 
instrument transformers usually are 
tested at three loads, namely 0.5 and 5.0: 
amperes at power factor 1.0, and at 5.0: 
amperes at 0.5 lagging power factor. 
These are termed respectively light-load, 
heavy-load, and inductive-load tests. On 
polyphase meters, the final test is made 
usually with the current circuits of all 
elements in series and the potential cir- 
cuits in parallel. This is known as the 
series test. 

Losses in per cent of load are deter- 
mined for the light-load and heavy-load 
test points, and the transformer-loss. 
compensator is adjusted for these values. 
The compensator then will cause the 
meter to include the proper percentage of 
losses at any load to which the meter may 
be subjected in service. For example, the 
2-element meter and compensator of 
Figure 7 is tested and adjusted on a single- 
phase test circuit at power factor 1.0, in 
accordance with the method outlined in 
this paper. In operation on 3-phase load 
at power factor 1.0, one meter element 
operates at power factor 0.866 lagging, 
the other at 0.866 leading. Full-load 
kilowatts then are 86.6 per cent of thekilo- 
watt load under which the meter was 
tested, the loss compensation in kilowatts 
remains the same, and the percentage loss 


' as measured becomes 1/0.866 of that at 


the full-load test value. This is correct 
for operation on 3-phase loads at power 
factor 1.0. 
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Loss DaTa 


The method of calculation on which 
the calibration of transformer-loss com- 
pensators is based is similar to that de- 
veloped for compensating metering. The 
manufacturers of transformers, in general, 
make tests on each transformer rated 100 
kva or over, and, for smaller ratings, tests 
are made on representative samples from 
production. The test data are obtained 
by furnishing the manufacturer with the 
transformer serial numbers and the volt- 
agerating. For calibrating a transformer- 
loss compensator for use with a watt-hour 
meter, the following information is re- 
quired: 


1. Iron loss at rated voltage. 


2. Copper loss at 75 degrees centigrade at 
rated full-load current. 


3. Voltage taps provided in the high- 
voltage or low-voltage side. 


If power factor tests are intended to be 
made on the low-voltage side, or if a var- 


Figure 12. Typical 
2-element meter 
panel with graphic 
demand meter and 
transformer-losscom- 
pensator (panel 
cover removed) 


hour meter is to be calibrated, the follow- 
ing additional information is required: 


4. Per cent exciting current at rated volt- 
age. 


5. Per cent impedance. 


From the installation itself, information 
is obtained relative to the taps in use and 
the length, size, and material of the con- 
ductors from the low-voltage side of the 
transformer bank to the metering point. 
For most types of construction, the meter- 
ing point is the point where the potential 
transformers (or the meter potential cir- 
cuits) are connected to the circuit. 


DETERMINATION OF COMPENSATOR 
SETTINGS 


The iron and copper losses are calcu- 
lated for full load on all elements of the 
meter at power factor 1.0, because this is 
the load at which the heavy load test of 
the meter is made. These losses are cal- 
culated in per cent of the kilowatt load 


Table Il. Characteristics of Watt Losses and Typical Performance of a Watt-Hour Meter 
With Transformer-Loss Compensator 


Meter Rating, Registration, Per Cent 
Per Cent Copper Loss, Iron Loss, Total Loss, — 
Kva Per Cent Per Cent Per Cent Desired Actual Error 
Power factor = 1.00 
7 Ae RTS Raine ROA IC QUOZ SE ei sss ace a DGSOOO, sears. sfe toe EO)SOZ 5) ceyaic erga s 119 De rereveters TLD Gini oteie s —0.4 
Bactes,: ste te OLOG ZINE Peters ToOGOLET siete Si O22 esc VOSEOz eee NOT Okie —0.1 
OP El ees care cats DOs ecle tae Su080). Seca AtdOS sceieetnece LOS SLES setates 104.1.:24)4,.% 0 
DLE es See oe OV 246: Ser nste TOGO) epercte gers PARO A a enn LOD SD retusa O02 aaa tore +0.2 
Os aeeh ee Mestact Mik ts OS61G ee eases GIRARD HS aac uear iar SP ee Ber 101.4 LOCO aes +0.5 
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at which the meter is tested. For a poly- 
phase meter at the heavy load test point, 
this is the product of the number of ele- 
ments of the meter and the kilovolt- 
ampere rating of each element. The per 
cent losses for any other test load may be 
calculated by proportion. While copper 
losses vary as the square of the load cur- 
rent, per cent copper loss varies directly 
with per cent load on the meter.? Simi- 
larly per cent iron loss varies inversely with 
per cent load on the meter. Therefore, it 
is simple to determine the per cent loss 
for any load. For meter test loads at 
power factors other than 1.0, it is necessary 
only to divide the per cent iron and per 
cent copper losses by the desired power 
factor. Details of the calculations for an 
actual installation are shown in Appendix 
I. Though only the three values deter- 
mined in Appendix I are used for calibrat- 
ing a transformer loss compensator, addi- 
tional calculations were made to show 
more complete loss data for series tests on 
a 2-element meter. These loss charac- 
teristics are given in Table II, and shown 
graphically in curves E and F of Figure 
18. 


ACCURACY PERFORMANCE 


Typical laboratory test results for a 
watt-hour meter and transformer-loss 
compensator combination, with the meter 
elements in series, are given in Table I 
and are shown graphically in curves G 
and H of Figure 18. Tests of the watt- 
hour meter without compensator are 
shown in Figure 19. It is interesting to 
note that the characteristics of the meter 
with compensator reflect, within the accu- 
racy of the tests, the performance of the 
meter alone. 

Tests in service on five actual installa- 
tions showed the performance of the 
meters with loss compensators compared 
with the high-voltage billing meters to 
range from 99.84 per cent to 100.26 per 
cent, with an average of 100.08 per cent. 
This performance is well within the re- 
quirements of public utility commissions. 
The tests covered a period of 13 weeks, 
during which the total registration 
amounted to more than 2 million kilo- 
watt-hours. 

Conditions may arise where the iron 
loss alone is less than the starting load of 
the meter, or even the load under which 
the meter will continue rotating when the 
load is reduced. The same limitation 
applies to a watt-hour meter on the high- 
voltage side. The integration of iron loss 
alone is somewhat more accurate for 
meters with transformer-loss compensa- 
tors than with actual measurement on the 
high-voltageside, because ironlossisadded 
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Figure 13. Typical 3-element meter panel 
with graphic demand meter and transformer- 
loss compensator (panel cover removed) 


at power factor 1.0 where the perform- 
ance of meters is better than at the lower 
power factor of the iron loss itself. 


TRANSFORMERS WITH TAPS 


Transformers used on customer’s serv- 
ices frequently are provided with full 
capacity taps to permit adjustments in 
the utilization voltage. Loss data sup- 
plied by manufacturers generally are 
based on the rated voltage, but sometimes 
on the full windings. Iron losses in watts 
measured at rated voltage are the same 
as those obtained when connection is made 
to a tap and its rated voltage is applied. 
For copper losses of transformers for the 
service under consideration, it is suffi- 
ciently close to consider that the losses 
are divided equally between the high- 
voltage and the low-voltage windings, 
and the size of conductors is the same 
throughout each of the windings. Taps 
on the high-voltage side are mostcommon. 
With metering on the low-voltage side, if 
copper loss is given for rated voltage V, 
and voltage tap V; is used, the multiplier 
to be applied to copper loss at rated volt- 
age 


M,= V,/2V,+0.5 (1) 


For taps on the low-voltage side, with 
metering also on the low-voltage side, 


M,= V,/2V,+(V;i/ V;)?/2 (2) 
Multipliers calculated in this way for the 


most common taps are given in Table ITI. 
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The multipliers, where required, are in- 
corporated in equations 4 and 23. Where 
taps are used on both windings, both 
multipliers are used. 

In practical experience, it happens oc- 
casionally that the operating tap on a 
transformer is changed, or, when the 
metering equipment is to be calibrated, 
the tap to be used isnot known. For the 
usual relations of losses, the effect of a 
change of plus or minus 10 per cent in tap 
voltage on a meter with loss compensator 
will be within plus or minus 0.1 per cent 
at power factor 1.0 and within plus or 
minus 0.2 per cent for power factor 
0.5 As these deviations are well within 
the permissible test limits to which watt- 
hour meters can be adjusted, actual re- 
calibration of the compensator is seldom 
necessary. 


Automatic Tap Changers. Though 
these are not used ordinarily on the type 
of installations under consideration, they 
can be taken care of by basing the calibra- 
tion on the median point, as deviations 
from it in both directions will tend to 
cancel. As their range is generally within 
plus or minus 10 per cent, the discussion 
of the preceding paragraph applies. 


EFFECT OF TRANSFORMER CONNECTIONS 


The connection of the power trans- 
formers may affect the calculation of 
copper losses for the determination of the 
meter setting points. For symmetrical 
connections, such as delta-delta, star- 
star, star-delta or delta-star, the losses 
furnished by manufacturers on the basis 
of single-phase tests apply directly. 
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Figure 14. Typical 3-element meter panel 
with cover in place 


Open-Delta Connections. For such 
connections, shown in Figure 7, it must be 
remembered that full-load losses occur 
when the kilovolt-ampere load on the 
bank is equal to 86.6 per cent of the sum 
of the individual ratings of the two trans- 
formers. For this connection, the value 
of the sum of the kilovolt-ampere ratings 
of the transformers is multiplied by 0.866 
for use in equation 3. 

Scott Connections. This is used com- 
monly for transformation between 2-phase 
and 3-phase circuits. A number of meth- 
ods of calculating the losses for these con- 
nections are available, but for application 
in determining compensator settings, the 
following simple procedure is useful. 

The teaser transformer is connected on 
the 86.6 per cent tap. In accordance 
with Table III, the multiplier to be ap- 
plied to copper loss will be 1.077 or 0.808, 


Table Ill. Copper-Loss Multipliers for Com- 
mon Transformer Taps With Low-Voltage 
Metering 

Tap on Tap on 
Per Cent High-Voltage Low-Voltage 
Tap Winding Winding 
. 808 
-0.855 
-0.890 
.0.926 
.963 
.000* 
.038 
.076 
115 
.155 
* Tap on which copper-loss data are based. 
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depending on whether the metering is on 
the 2-phase, or on the 3-phase side. 

In the main transformer the angular 
relation between the currents in the two 
parts of the winding on the 3-phase side 
has an effect on copper loss. For meter- 
ing on the 3-phase side, the copper loss 
multiplier is 0.875, and for metering on 
the 2-phase side the multiplier is 1.167. 
These multipliers are applied to equations 
4and 23. 


Three-Phase' 4-Wire-Delta Connection. 
With this a 2-element meter, as shown in 
Figure 9, combines two currents displaced 
by 120 degrees on the secondary of a 
double-primary current transformer. If 
meter tests are made on each element at 
line voltage, which is a common practice, 
percentage losses are determined as in 
Appendixes I and II. The percentage of 
copper loss as determined in equation 13 
or 25 applies to the copper-loss adjust- 
ment for the meter element connected to 
the single-primary current transformer 
(the bottom element in Figure 9). For 
the top element, the multiplier of 1.155 is 
incorporated in equations 13 and 25. 
For operation in service, the registration 
of the loss increment then will be propor- 
tional to the load balance between the 
two meter elements. 


Initial Calibration 


The compensator settings having been 
determined as in Appendix I, the meter 
and compensator are connected for test. 
The watt-hour meter is adjusted in the 
usual way by placing the compensator 
test switch in the “‘test’”’ position. When 
all tests on the meter are completed, the 
compensator test switch is opened, which 
places the copper-loss elements in circuit. 
The copper-loss resistors of the compen- 
sator are adjusted at the heavy load test 
point, so that the copper loss is added 
equally on all elements.* Then the com- 


* For 3-phase 4-wire-delta meters, see preceding 
paragraph. 


Table IV. Interpretation of Service Test Re- 
sults on Transformer-Loss Compensator Instal- 


lations 
aE 
Per Cent Registration 
With- 
With out Conclusion 
Com- Com-  Dif- 
pen- pen-__ fer- Whr Com- 
sator sator ence Meter pensator 
100.0...100.0.. 0 ~..Perfect...... Perfect 
99.8... 99.7..+0.1..Satisfactory. .Satisfactory 
100.3...100.3.. 0 Satisfactory . . Perfect 
99.6... 99.7..—0.1..Adjust....... Satisfactory 
99.6..2.99.6.. 0 —..Adjust.....<- Perfect 
99.8...100.2..—0.4. .Satisfactory ..Adjust 
100.0...100.4..—0.4..Adjust....... Adjust 
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pensator test switch is closed in the “nor- 
mal” position which includes the iron-loss 
element in the circuit, and test connec- 
tions are made for the series test. The 
iron-loss element is adjusted to the cal- 
culated light-load setting points. A final 
check should be made with compensator 
at heavy load and inductive load. 

The operation of the compensator is 
automatic for changes in load power fac- 
tor. It must beremembered, however, that 
any deviation in power factor from the 
nominal value of 0.5 lagging will result in 
differences from the desired performance. 
For inductive load tests, therefore, it is 
important that the test results be com- 
pared with desired values for the power 
factor at which the test is made. 


Service Tests 


Tests in service follow the same prin- 
ciples. The ‘‘as found” accuracies with 
compensator related to the percentages that 
the meter should read are the accuracies of 
the combination. A test on the meter 
without compensator determines the need 
for adjustment, either of the meter or of 
the compensator. The compensator per- 
formance is indicated by the difference be- 
tween the results of tests with and without 
compensator. Table IV shows the inter- 
pretation of typical test results. It is 
assumed that the permissible test limits 
are plus or minus 0.3 per cent. 

If the compensator requires adjust- 
ment, errors on the heavy-load test are 
corrected with the copper-loss adjust- 
ments, those at light load with the iron- 
loss adjustment. If inductive load tests 
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Figure 15. Instrument transformer equipment 
on a 33-ky metering installation 


are desired in the field, it is important te 
establish and correct for the true power 
factor of the test load as discussed under 
“Tnitial Calibration.” The phase-angle 
of loading devices, and possible variations 
in the 3-phase line voltages, all have an 
effect on the true power factor of the test 
load. However, it is not necessary to 
make inductive load tests in the field, as 
with a correctly designed compensator 
the heavy-load test gives a complete 
check of compensator performance. 

Any method of meter testing may be 
used with transformer-loss compensators, 
but, as the total loss curves are not 
straight lines, the tests with and without 
compensator should be made at approxi- 
mately the same test load, and as closely 
as practicable to the nominal values of 
test load. Where fixed phantom load de- 
vices are used, it is desirable to provide a 
separate tap in the heavy-load circuit, so 
that approximately the same current will 
be passed through the meter when the 
compensator is in circuit as when it is 
short-circuited for tests on the meter 
alone. 


Power Factor Tests 


In some utilities, power factor tests are 
made on customers’ loads from time to 
time. When transformer-loss compen- 
sators are used for the watt-hour meter, 
such tests may be made on the low-volt- 
age side and corrected to the point of sup- 
ply by calculation. The procedure is the 
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Figure 16. 


Instrument transformer assembly 
installed outdoors on 460-volt metering in- 
stallation (applicable also to 2.3-ky and 4.0-kv 
metering) 


same as for compensating metering. This 
is described in Appendix A of reference 1. 


Var-Hour Measurements With 
Transformer-Loss Compensators 


In some utilities, var-hour meters are 
used for determining monthly average 
power factor, or with a demand meter 
controlled by the var-hour meter, power 
factor at the time of maximum demand. 
The most common type of var-hour 
meters used on polyphase circuits are 
watt-hour meters connected to autotrans- 
formers that provide a 90-degree phase 
displacement for the meter potential cir- 
cuits. No actual installations of this type 
have been made with transformer-loss 
compensators, but from the results of 
tests the principle of the transformer-loss 
compensator may be applied also to var- 
hour meters of this type. 

The percentage of var losses in trans- 
formers is much higher than the watt 
losses. The sample calculation in Appen- 
dix II gives values for setting points on 
the same service installation as in Appen- 
dix I. It was found that the iron-loss 
transformer of the compensator had suffi- 
cient capacity to take care of var loss and 
that its connection to the meter side of a 
standard autotransformer introduced.no 
appreciable errors. For copper-loss com- 
pensation of vars, however, a larger trans- 
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nected to an autotransformer to measure 
var-hours. One meter was used as a 
standard, and the other, with compen- 
sator, was used to obtain the performance 
data in Table V. The tests were made at 
approximately 120 volts on a 3-phase 3- 
wire circuit, and the desired performance 
was calculated for each reading, in accord- 
ance with the principles outlined in this 
paper. The results are shown graphically 
in Figure 20. 

In applying the loss compensator to 
var-hour meters, it should be remembered 
that the core loss of transformers in vars 
varies more nearly as the fourth power of 
the voltage,' rather than with the square 
of the voltage as in the transformer-loss 
compensator. Hence, for practical pur- 
poses, the most accurate performance for 
var-loss compensation will be obtained by 
adjusting the compensator at about the 
average operating voltage. 

The fact that the test results in Table V 
and Figure 20 show the meter to be pre- 
dominantly slow may be ascribed to the 
difference between the test voltage of 


former than that used with watt-hour 
meter compensators will be required. It 
is considered that a copper-loss trans- 
former rated 20 volt-amperes, 4 volts, 5 
amperes, to 20 volts 1 ampere may be 
expected to meet the requirements. 
Good phase-angle performance for this 
transformer is particularly important. 
Burdens for the var-hour compensator 
will be proportionately greater than 
those shown for the watt-hour compen- 
sator in Table I. 

Tests were made to demonstrate the 
applications of the principle by using two 
5/5-ampere current transformers in place 
of the regular copper-loss transformers. 
This improvised compensator was ad- 
justed at 115 volts in accordance with the 
results of Appendix II, and comparative 
accuracy tests were made between two 
identical watt-hour meters, each con- 


Figure 17. Instrument transformer assembly 


installed indoors on a 460-volt installation 
(applicable also to 2.3-kv and 4.0-kv installa- 
tions) 


Table V. Characteristics of Var Losses and Performance of a 3-Phase 3-Wire Var-Hour 
Meter With Special Transformer-Loss Compensator 


Var-Hour Registration, Per Cent 
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Figure 18. Loss characteristics and series test 
performance of a 2-element watt-hour meter 
with transformer-loss compensator on a 1,000- 


kva transformer bank 


C—Per cent copper loss, power factor 1.0 
D—Per cent copper loss, power factor 0.5 
lagging 
E—Per cent total loss, power factor 1.0 (de- 
sired performance, power factor 1.0) 
F—Per cent total loss, power factor 0.5 lag- 
ging, (desired performance, power factor 0.5 

lagging) : 
G—Actual performance, power factor 1.0 
H—Actual performance, power factor 0.5 
lagging 


approximately 120 and the voltage of 115 
at which the compensator was adjusted. 


Other Applications 


Though this paper deals largely with 
the routine application of compensators 
tor utility metering installations on cus- 
fomers’ loads, other application will be 
evident to engineers.. For example, in 
statistical metering, losses of step-up and 
step-down transformer banks, together 
with line losses, may be included in a 
transformer-loss compensator to provide 
metering as of a remote point. Compen- 
sators may be connected to subtract losses 
if desired, hence they may be applied to 
metering in tie lines. 


Conclusions 


The application of transformer-loss 
compensators to metering on the low- 
voltage side, as compared with metering 
on the high-voltage side is advantageous 


1. When the metering cost is appreciably 
lower than for metering on the high-voltage 
side. 


2. For exposed locations on the system, 
where high-voltage instrument transformer 
equipment may be expected to be trouble- 
some because of lightning or other disturb- 
ances, 


3. When the limited available space makes 
the installation of high-voltage metering 
equipment difficult, hence more expensive. 


4. When a customer with a rate for low- 
voltage service is changed to ‘a high-voltage 
service rate. 


The principle of the transformer-loss 
compensator can be applied to measuring 
var losses, but further development work 
on var-hour compensators is required. 

Generally speaking, metering on the 
high-voltage side should be preferred 
1. Where multiple compensator installa- 


tions are necessary in place of one metering 
equipment on the high-voltage side. 


2. Where a part of the load is used or dis- 
tributed at the supply voltage (high-voltage 
metering is necessary in this case). 


3. Where the cost of high-voltage metering 
is lower than a compensator installation. 


Appendix |. Sample Calculation 

for Applying a Transformer-Loss 

Compensator to a Watt-Hour 
Meter 


The application of a. transformer-loss 
compensator to a watt-hour meter on a 
specific installation will clarify the pro- 
cedure. 


Table VI. Range of Monthly Measured Per Cent Losses in Kilowatt-Hours and at Time of 
Maximum Demand 
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Figure 19. Accuracy characteristics of a 
modern watt-hour meter 


A—Power factor 1.0 
B—Power factor 0.5 lagging 


Conditions Assumed 


A 1,000-kva transformer bank, consisting 
of three 13,200/440-volt 333-kva trans- 
formers, is connected delta-delta. Metering 
at 440 volts will be by a 2-element instru- 
ment transformer-rated watt-hour meter 
connected to two 1,500/5-ampere current 
transformers and two 440/110-volt potential 
transformers. It is desired to compensate 
the watt-hour meter to read as of the 
13,200-volt side of the power transformers, 
using a transformer-loss compensator. 

A field inspection indicates that the con- 
nections from the low-voltage side of the 
transformers to the metering point consist of 
the following conductors 
1. Carrying phase current—each phase. Three feet 


500,000 circular mils copper conductor, and 82/3 feet 
1/4 by 4 inch copper bus. 


2. Carrying line current—each line. Five feet 
500,000 circular mils copper conductor (three in 
parallel) and 51/3 feet 1/4 by 4 inch copper bus. 


Standard meter testing practice provides 
for routine testing of polyphase meters with 
elements in series on the final test. Tests 
are made on meters at light load, heavy 
load, and inductive load, for which normal 


Figure 20. Performance at lagging power 

factor of a 3-phase var-hour meter with trans- 

former-loss compensator for a 1,000-kva 
transformer bank 


L—Desired performance, power factor 0.0 
M—Actual performance, power factor 0.0 
N—Desired performance, power factor 0.5 
O—Actual performance, power factor 0.5 
P—Desired performance, power factor 0.866 
Q—Actual performance, power factor 0.866 
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current values are 0.5 and 5.0 amperes at 
power factor 1.0, and 5.0 amperes at 
power factor 0.50 lagging. The nominal 
voltage on the low-voltage side is 460 volts. 


Calculation 


The manufacturer of the transformers 
supplied the following data: 


Per 

Transformer Iron Loss Copper Cent 

—————— at Rated Loss Im- 
Num- Kva Voltage, at Full ped- 
ber Rating WwW Load, W ance 


Per Cent 
Exciting 
Current 


Beil 333....1,685... 4,092..6.47...1.895 
DeRatetetisys 333-.. 211,675... 4,132. (6.65. 4.2.050 
Garospe 333....1,665... 4,132..6.60...1.870 


Total. ...999....5,025...12,356 


Line current on low-voltage side (full load on 
transformer bank) *=999X 
1,000/440 x 1/3 =1,310.9 amperes 


(3) 


Transformer copper loss at meter rating} = 
(1,500/1,310.9)2 12,356 = 16,178 
watts- (4) 


Conductor copper loss (J?R) at meter rating 
(resistance per 1,000 feet based on standard 
wire tables). 


Carrying linecurrent 1,5002*15x 
0.00691/1,000=233 watts (5) 


1,500? X 16 X0.00815/1,000 = 293 
watts (6) 


Carrying phase current (1,500./3). 
866.1? 9 X0.02074/1,000 = 
140 watts (7) 


866.1? 26 X0.00815/1,000 = 
159 watts (8) 


Total copper loss at meter rating = 16,178+ 
233+ 293+ 140+ 159 = 17,003 watts 


(9) 
Iron loss at standard voltage (460) = 
(460/440)? 5,025 = 5,492 watts (10) 


Meter rating (for series test) =2EI cos @= 
2X 460 X 1,500 X 1.00 = 1,380,000 
watts 


(11) 


At meter rating per cent iron loss= 5,492 
100/1,380,000 = 0.398 per cent (12) 


Per cent copper loss=t17,003X 
1,380,000 = 1.232 per cent (13) 


As per cent iron loss varies inversely as 
the per cent load on the meter, and per cent 
copper loss varies directly as the per cent 
load on the meter, the desired performance 
of the compensator is summarized as follows: 


g 
- coi) 
a fs 
= 8 
5a ag 
° Pa eins ° 
x £6 Per Cent Loss One 
4 
Test z Rees a ge ee 
Load <a, Iron Copper Total aA Qe 
Lightee fon. 100.0..3.98 ..0.123..4.103...104.1 
Heavvresaai 100.0. .0.398..1.232..1.630...101.6 
Inductive...100.0..0.796. .2.464. .3.260...103.3 
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This table is based on meter tests at 
power factor 1.00 at heavy load (100 per 
cent of meter rating) and at light load (10 
per cent of meter rating). Inductive load 
tests are made at meter rating at lagging 
power factor 0.5. 

When corrections for instrument trans- 
former performance are used, the accuracy 
settings of the meter are entered under 
“Watt-hour Meter Accuracy - Setting.” 
These settings added to per cent total loss 
give the “Desired Registration With Com- 
pensator.”’ 


Appendix Il. Calculations for 
Applying a Transformer-Loss 
ompensator to a Var-Hour 
Meter 


The principle of the transformer-loss com- 
pensator can be applied to the usual forms 
of var-hour meters used on 3-phase circuits, 
These are watt-hour meters connected to 
autotransformers that produce the desired 
90-degree phase displacement of the voltages 
applied to the potential coils of the meter. 

In calculating the desired settings for the 
compensator, the per cent impedance and 
per cent exciting current obtained from the 
manufacturer of the transformers in Ap- 
pendix I are used. The calculations are as 
follows: 


Vars of Iron Loss 


For transformer a 


va = 333,000 X 0.01895 =6,310 (14) 
cos 6=1,685/6,310 =0.26703 

sin 6=0,9637 (15) 
vars= 6,310 X 0.9637 =6,080 (16) 


In the same way vars of iron loss for trans- 
former b=6,600, and for transformer c= 
6,000. 


Total vars of iron loss at 440 volts =6,080-+ 
6,600+6,000=18,680 (17) 


At the standard meter voltage (460) total 
vars of iron loss= (460/440)4x 
18,680 =22,315 (18) 
Vars of Copper Loss 


For transformer a 


va = 333,000 X 0.0647 = 21,545 (19) 
cos 6=4,092/21,545 =0.1899 

sin 6=0.982 (20) 
vars = 21,545 X 0.982 = 21,157 (21) 


In the same way, vars of .copper loss for 
transformer 6=21,746, and for transformer 
c=21,591. 


Total vars of copper loss at full load on the 
transformers = 21,157+21.746-+ 
21,591=64,494 (22) 


At the standard heavy load test point for the 
meter (1,500 amperes primary) 


Total vars of copper losst = 
(1,500/1,310.9)? 64,494 = 84,443 
(23) 
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Practice, George B. Scileicher. 


Meter rating (for series test) from formula 
11=1,380,000 vars 

For tests at meter rating as a watt-hour 
meter, per cent vars of iron loss= 
22,315 X 100/1,380,000=1.617 (24) 


per cent vars of copper losst = 


84,443 X 100/1,380,000=6.119 (25) 

The compensator settings are 
5 

3 So 

hw OD s+ 

Aan oo 

Pye 2% 

eer Ho o 

mES Per Cent Loss oe 

Test ai, ee a s 

Load Sg, Iron Copper Total RAE 


Light; fercret 100.0..16.170.. 0.612..16.782..116.8 
Heavies. 00 05a Oly, Goll Onaniiaa is onal Ora 
Inductive 100.0.. 3.284..12.238..15.472..115.5 
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Losses on Actual Installations 


In considering methods of including meas- 
ured transformer losses in billing metering, 
there appears to be a tendency for engineers 
to underestimate the magnitude of the losses 
in relation to the actual load. While trans- 
former efficiencies are high, customer’s in- 
stallations are operated often under highly 
variable conditions. Transformers must be 
capable of carrying the maximum load, but 
in practice they will continue to be used 
even though load requirements are reduced ~ 
greatly. Billing metering practices-of utili- 
ties must be capable of meeting such varia- 
tions with the same reliability as conditions 
of heavy loads. The examples of today are 
plants with curtailed operations because of 
strikes; in other cases large transformers 
were installed for heavy war loads that may 
not be equalled for years in postwar produc- 
tion. f 

Table VI gives loss data in per cent of load 
for monthly kilowatt-hours and for 30- 
minute maximum demand of 13 customers, 
for which the losses were measured by com- 
pensating meters. Monthly losses varied 
from 1.6 per cent to 32.9 per cent. While the 
tests were made during the period from 1932 
to 1935, customers A and C had increases 
in load that resulted in overloads and the 
installation of larger transformers; custo- 
mers B, E, F, K, and L had maximum de- 
mands that required transformer banks of 
the rating actually installed, while customers 
D, G, H, I, J, and M could have carried 
their loads on smaller transformer banks 
during the entire period of the test. The 
results in general are quite typical of custo- 
mers’ installations, and it must be concluded 
that losses are sufficiently variable and im- 
portant to be measured. 
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Discussion 


Thomas J. Pearson, Jr. (Boston Edison 
Company, Boston, Mass.): The author’s 
paper represents an excellent presentation 
of an advancement in the art of electric 
metering. It should be of value to utility 
companies who are utilizing methods of low 
voltage transformer loss measurement as 
well as to others who will recognize and 
adopt this type metering in the future. In 
the instances where compensated or com- 
pensating metering can be proved feasible, 
the several merits of the transformer loss 
compensator may warrant its use. 


MATHEMATICAL ANALYSIS OF 
TRANSFORMER Loss COMPENSATOR 


While the author has aptly described the 
principles of operation. of the transformer 
loss compensator, it occurs to me that 
mathematical analysis of the method might 
be of interest to those reviewing the paper. 
Taking the simple case of the single phase 
compensator, as illustrated in Figure 1 of 
the paper, the vector diagram in Figure 1 
of this discussion of currents and voltages 
may be drawn. In drawing the vector 
diagram, phase angles of the current trans- 
former and the copper and iron loss trans- 
formers incorporated in the compensator are 
omitted in the interest of simplicity. 


Ey, =line voltage 

I, =line current 

Is =current transformer secondary current 

A=current transformer ratio 

R.=equivalent resistance of iron loss com- 
pensator circuit 


E,/R2=component of current proportional 
to line voltage (compensator current) 

R,=equivalent resistance of copper loss 
compensator circuit 

I,R=component of voltage proportional to 
line current (compensator voltage) 

Ey=total voltage applied to watt-hour 
meter potential coil 

Iy=total current supplied to watt-hour 
meter current coil 

@=line power factor angle 

6,=power factor angle of current and 
voltage applied ‘to watt-hour meter 


An ‘uncompensated watt-hour meter 
registers at a rate equal to the product of the 
line voltage, the line current, and the cosine 
of the phase angle or 


E,Iz cos 6 


A compensated watt-hour meter registers 
at a rate equal to the sum of the products 
of the individual voltages and currents ap- 
plied to the meter multiplied by the cosine 
of the respective phase angles or 


Exvlu cos 6; 
Accordingly 


Exlu cos 6,=EzI, cos 6+],7?Ri+ E,?/Re 
+£E,I, cos 6X Ri/R2=power-+cop- 
per loss+iron loss+extra factor 


The so-called extra factor,{[E,I,@ cos (Ri~ 
R;)], is a negligible quantity since Ri~0.5 
ohm and R:~9,600 ohms according to the 
values of resistance and transformer ratios 
indicated by the author under ‘‘Principles of 
Transformer-Loss Compensator.” It should 
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be further noted that while this extra factor 
occurs in the mathematical analysis of the 
compensator it actually is corrected for in 
the method used by the author in calibrating 
the compensator with the watt-hour meter. 


COMPARATIVE TEST OF TRANSFORMER LOSS 
COMPENSATOR WITH COMPENSATING 
METER 


In order to determine the efficiency of 
the transformer loss compensator as a 
measuring device, a comparative test was 
made with a standard compensating meter 
under shop conditions. This test was made 
possible through the author’s co-operative 
loan of an actual transformer loss compensa- 
tor. 

The meters used in this test are referred 
to as meters 1, 2, and 3 and are identified as 
follows: 


Meter 1. Standard transformer rated watt-hour 
meter—2!/2 ampere, 120 volt, 3 wire, 2 element, 
3 phase. Primary rating 1,500 ampere, 480 volt, 
3 wire, 3 phase. 


Meter 2. Same as meter 1, but used with trans- 
former loss compensator. 


Meter 3. Standard transformer rated compensat- 
ing meter—21/2 ampere, 120 volt, 3 wire, 3 element. 


Each meter was calibrated carefully prior 
to making the comparative test. The 
compensating meter was calibrated for the 
same losses (actttal losses of 1,000-kva trans- 
former installed on system) as the trans- 
former loss compensator. 

In the comparative test a 120-volt 3-wire 
3-phase service supplied test voltages and 
currents. to the three meters which were 
connected in series. Y-connected balanced 
resistance loads were used. 

In order to duplicate system load con- 
ditions, load curves were drawn for an 
actual installation and the duration of each 
value of load was determined. A fair dupli- 
cation of actual load conditions was em- 
ployed in the test although it was not 
feasible to follow the time schedule in every 
instance. One hundred per cent load was 
taken as 120X5X+/3=1,040 watts. 

All accuracy figures in the test were ob- 
tained from actual registration figures. In 
order to eliminate errors due to difference in 
accuracy of meter 1 and 2, check runs were 
made at each load with the compensator cut 
out from the meter. A correction was then 
applied to the registration of meter 2 to 
compensate for any difference in accuracy. 

The results of the comparative load test 
are listed in Table I of this discussion. They 
indicate that, with a unity power factor 
balanced load, no appreciable differences in 
registration were found in the two methods 
of low voltage transformer loss metering. 

Additional tests were made with the same 
setup at 100 per cent load with unity power 
factor, 0 per cent load, and 100 per cent load 
with power factor 0.5 lagging. The results 
obtained are listed in Table II. 

Under a condition of no load, the watt- 
hour meter (number 2) associated with the 
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Figure 1. Wector diagram 


transformer loss compensator failed to 
register the core loss. This failure is due to 
the fact that the transformer core loss was 
quite small, representing less than 0.2 per 
cent of the watt-hour meter rating. The 
compensating meter (number 3) is designed 
to measure such losses and did register the 
core loss. 

When tested at 0.5 power factor, the watt- 
hour meter with compensator was found to 
have a relatively large error in terms of the 
losses being measured. The error is small, 
though, in terms of total load being meas- 
ured. 

Further test and analysis indicated that 
this low power factor error occurred in the 
measurement of copper loss and was caused 
by the potential coil currents of the meter 
flowing through the copper loss circuits of 
the compensator. The addition of suitably 
sized capacitors in parallel with the meter 
potential coils reduces this error to a neg- 
ligible value. 


CONCLUSIONS 


The use of a transformer loss compensator 
in conjunction with a standard watt-hour 
meter appears to be an economical and ef- 
ficient method for the secondary metering of 
power transformer input. It is compact, re- 
quires no special test equipment, and should 
be less expensive than the conventional com- 
pensating meter. It is not considered to be 
a superior substitute for primary metering 
in general, but rather an additional method 
of secondary metering to be considered in 
cases where such metering can be proved 
economically feasible. 


W. M. Howe and H. E. Trekell (General 
Electric Company, West Lynn, Mass.): 
This paper describes an improvement over 
previous schemes of accomplishing the 
measurement of high voltage energy with 
metering equipment on the low-voltage side 
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of power transformers. The introduction of 
the auxiliary transformers to furnish the 
iron loss compensation and the copper loss 
compensation makes possible the desirable 
decrease in burdens on the main instrument 
transformers. At the same time the 
auxiliary transformers and the impedances 
used allow the two compensators to be prac- 
tically independent of eachother. Thisresults 
in simpler connections and convenient test- 
ing facility. The auxiliary equipment can be 
mounted in a self-contained compensator 
unit which in turn can be connected directly 
between the main instrument transformers 
and a standard watt-hour meter. The test- 
ing procedure is more straightforward and 
does not present hazards of error existing in 
previous schemes. This should result in a 
somewhat higher degree of accuracy. 

The general advantages and disadvan- 
tages of the use of this type of metering over 
high-voltage metering have been discussed 
at considerable length in previous papers 
cited by the author and in discussions of 
these papers. In general, these advantages 
and disadvantages are not changed materi- 
ally except in respect to lower burdens and 
improved installation and testing facility. 


G. B. Schleicher: The discussions are 
appreciated. As pointed out by Howe and 
Trekell, the general advantages and disad- 
vantages of the method described are the 
same as for the compensating meter (refer- 
ence 1 of the paper). The transformer-loss 
compensator, and particularly the technique 
of its application, have been developed 
primarily to simplify installation and main- 
tenance procedure. 


The mathematical analysis by Pearson is 


useful to those who wish to review the funda- 
mentals. In preparing the paper, the author 
has taken the position that the principles in- 
volved have been known in the art for many 
years (reference 2, 4, and 5 of the paper); 
but practical application has been limited to 
special situations, because each installation 
represented an individual engineering prob- 
lem. One of the main reasons for the paper 
was the development of a technique for 
calibration and testing that could be applied 
by metermen with only general engineering 
supervision. Those interested in the 
theoretical aspects will be interested not 
only in the mathematical analysis in Pear- 
son’s discussion, but also in the appendix of 
reference 4 of the paper. This proves the 
correctness of copper-loss compensation by 
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the line-drop compensator principle, using 
resistance only (reference 5 of the paper). 

The comparative tests that are described 
are interesting. No comments are necessary 
for the tests at various loads at power factor 
1.00. The over-all error value of —0.46 per 
cent at 0:5 power factor reported in the dis- 
cussion compares with the author’s value of 
0 per cent in the next to the last line of Table 
II of the paper. The reason for the differ- 
ence is in the phase angle performance of the 
copper-loss transformer. The ones used by 
the author were prewar transformers, and at 
the burden in use had a phase angle of +2 
minutes. Later transformers, purchased 
during the war, had phase angles from +50 
minutes to +60 minutes at the same burden. 
The tests reported in the discussion corrob- 
orate the importance of good phase-angle 
performance for the copper-loss transform- 
ers, and this has been indicated in the 
paper. It is anticipated that when commer- 
cial models of transformer-loss compensa- 
tors become available, their performance 
will equal that of prewar units. The con- 
dition, when it exists, is evident from routine 
shop tests, in that a compensator properly 
adjusted at power factor 1.00 will show 
deviations from the desired value of per- 
formance in tests at 0.5 power factor, if the 
phase-angle error is appreciable. The cor- 
rection of the error by connecting a capacitor 
across the meter potential circuits is feasible 
when the phase angle of the copper-loss 
transformer is positive. The capacitor in 
this case changes the power factor of the 
burden on the copper-loss transformer and 
furnishes a means for phase-angle correction. 
However, it appears more desirable to cor- 
rect the error at its source, rather than to 
add corrective measures. ~ 


The tests at no load, which show that core 
loss alone when it is less than the starting 
load of the meter will not be registered, 
corroborate the author’s findings. This is 
recognized in'the paper under ‘Accuracy 
Performance.’”’ It should be remembered, 
however, that when the load is sufficient to 
start the meter, core loss is included in the 
registration. The same limitation of course 
applies to metering on the high-voltage 
side, and in this respect the compensating 
meter is superior. 

The author agrees that the method de- 
scribed in the paper is not intended as a com- 
plete substitute for primary metering; it is 
offered as a companion method, of billing 
meter accuracy, and is intended for those 
cases where its use results in economies. 
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Synopsis: This paper presents engineering 
and lightning performance data on the Ten- 
nessee Valley Authority’s 161-kv and 115-kv 
transmission lines. Normal maximum line 
loadings are tabulated, and certain trans- 
mission lime operating practices are 
described. 


HE Tennessee Valley Authority oper- 

ates 2,195 miles of 161-kv lines and 
795 miles of 115-kv lines in an area of ap- 
proximately 80,000 square miles. The 
geographical area and the major 115-kv 
and 161-kv transmission lines are shown 
in Figure 1. 

The 7-year period from August 16, 
1939, to August 15, 1946, inclusive, has 
been chosen because the data are more 
complete than for prior years. The data 
are presented principally in tabular form 
and illustrations. Table I presents en- 
gineering and performance data for the 
161-kv lines and Table II for the 115-kv 
lines. Figure 2 shows the configuration 
for steel tower lines and Figure 3 for wood 
pole lines. 

The predominant type of construction 
for a given line is tabulated. Where the 
different types will be of interest, tabu- 
lations for more than one type of con- 
struction for a given line are shown. 
There are many cases of minor irregulari- 
ties, such as a few spans of double-cir- 
cuit construction in congested areas or the 
insertion of relatively short lengths of 
wood pole construction in a steel tower 
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line to route the line around some war ac- 
tivity. These have no effect on the over- 
all performance as the protection level of 
the particular line has been maintained. 

Several short lines have been omitted 
because the performance of such lines 
does not reflect the true performance of a 
long line of the same construction. A 
comparison of the performance of refer- 
ences 21 and 37 of Table I will illustrate 
this. 

All outages shown were caused by 
lightning as determined by oscillograph 
data and other available information. 
Lightning performance is given on the ba- 
sis of outages per 100 miles per year. This 
provides a ready means of comparison of 
performance. Also, the average outages 
for the 7-year period are reduced to an iso- 
keraunic level of 50 to provide a means of 
direct comparison. 


Topographical and 
Other Characteristics 


The terrain covered by the high-volt- 
age transmission system varies from flat 
or rolling with sandy or clay soil in Missis- 
sippi and West Tennessee, to mountain- 
ous with rock formations in East Tennes- 
see, Western North Carolina, and North 
Georgia. The greater portion of the area 
may be classed as rolling or hilly with 
clay soil prevailing. 

The isokeraunic levels, Figure 1, vary 
from approximately 55 in the northern 
part of the area to approximately 65 in 
the southern part of the area in Missis- 


‘sippi. The 60 level is slightly below and 


more or less parallel to the southern 
boundary of Tennessee. Thunderstorms 
may be expected any month of the year. 
Based on 30 years of record,’ one thun- 
derstorm day in January and December, 
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and 13 to 14 thunderstorm days in July 
may be expected. 

The earth resistivity varies from three 
meter-ohms in the West Point, Miss., 
area, to 10,000 meter-ohms in the Blue 
Ridge, Hiwassee, and Fontana areas. 
The value which generally prevails is 600 
to 700 meter-ohms. 


Structural and Other Features 


All the 161-kv and 115-kv lines con- 
structed by the Authority are designed on 
the principle of the direct-stroke theory. 

The majority of the 161-kv lines cov- 
ered by this paper were constructed by 
the Authority. Generally, these are 
steel tower lines with two overhead 
ground wires. Steel grillages are consid- 
ered a satisfactory means of grounding 
those structures erected on grillages. 
On structures requiring concrete footings, 
four ground rods are driven under each 
footing, bonded together and bonded to 
the reinforcing steel, and connected to 
the tower by two copper conductors. 

Examination of old steel towers in the 
area indicates that galvanizing will last 
about 30 years, whereas wood poles de- 
teriorate rapidly in this area of high pre- 
cipitation and long hot summers. For 
these reasons, it is more economical to use 
steel towers for major lines. 

Present designs using wood poles re- 
quire full-length treatment of all poles, 
whether pine, fir, or cedar. Some of the 
early installations used butt-treated fir 
or cedar which proved unsatisfactory. 

Wood pole construction is used on some 
161-kv lines. Before the war, wood was 
used only when time was limited and con- 
struction could be expedited. Two over- 
head ground wires are used. The pole 
ground on each pole is connected to the 
overhead ground wire, bonded to the pole 
hardware, and stapled to a copper plate 
on the pole butt. A ground rod is driven in 
each pole hole with a sufficient length ex- 
posed to insure contact with the copper 
plate. The insulator hardware is not 
grounded. During the war, the copper 
plate on the pole butt was omitted as well 
as the ground rod in each hole and, in- 
stead, the ground wire was wrapped 
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Table I. Lightning Performance and Design Features of 161-Kv Lines 


TOWER INSULATORS CONDUCTORS 
ro) S WIKE SAG 
= i m pe ee Pee ete LINE GROUND WIRES 
ite #2 us  #o8ek 8 28 82 
5 LINE DESI GHATION ee SAY Be pe eee ee ee Ae eee 
a = ow 5 & a 9a 8, #2, gs S| & g 2 =I BGR Sak 
43 qa Bz Lp} aco SS a6 BS et AS & a NS & Beplehte\ ec 
eR hm om ea rere Ta ecified pe oe 
Oo g yh ~~ < od 
1 2 3 i 5 6 7 8 9 10 11 12 2B 15 16 ey 
1 ALCOA-LONSDALE-NORRIS i237 des ot 2a 1125 66 11/lkh 5-3/4, 11 636 ACSR 2 7/16 Steel 36 38 
2  CENTERVILLE-COLUMBIA 6-938 25.6 1 3c 855 50 10/10 53/4, 10 397.5 ACSR ae} Steel 12.5 22 
3  CENTSRVILLE-WHST NASAVILLE (a) 1928 Whe 1 2E 960 65 10/11 5-3/8 9.4 266.8  ACSR 1 3/8 Steel 30 35 
L CENTERVILLE-WILSON DAM 1-'30 © 68.8 ' 
DOUBLE CIRCUIT TOWERS (ONE CIRCUIT UP) 1-30 15.9 1 2c 885 65 10/11 5-3/8 9.4 266.8 CSR ie 23/8" a Steel, sel, ames 
SINGLE CIRCUIT TOWERS 1-'30 52.9 1 25 960 65 10/11 5-3/8 9.4 266.8  ACSR 1 3f Steel 300 53k 
5  CHEROKEE-DOUGLAS-ALCOA . hehe = =47.8 1 2A 990 6 l1/f/lh 5-3/4 11 500 COPPER 2° 3/6 Steel 30 37 
6  CHEROKES-NORRIS he46 355.11 2a 1090 66 11/lk «5-3/4 11 636 ACSR 2 Steel 30 36 
7 CHICKAMAUGA-WATTS BAR 2-137 48.6 1 2A 1150 6 lf” 583/, 12 636 ACSR 2 7/16 Steel 33 4o 
8  CLARKSVILLE-WEST NASHVILLE 9-"h5 38.1 1 2A 1050 71 «#(11/lh «5-3/4 11 636 ACSR 2 7/16 Steel 7 ney) 
9  COLUMBIA-SOUTH NASHVILLE este hie7) ad 2a 1080 66 (11/1h 5-3/4, 11 636 ACSR 2 7/6 Steel 29 35 
10 FONTANA-ALCOA enh 277 2A 460 65 16 5-3/4 1h 636 ACSR 2 Steel 53 64 
11 FONTANA-SANTEETLAH 5-2 5685 22 3¢ 590 38 11/l, 5-3/4 11 636 ACSR 2 +7/A6 ‘steel 30. 35, 
12 FORT LOUDOUN-ALCOA SW. STA. 8-1), 15.5 1 3¢ JOO 37 11/ly 5=3/4 12 636 ACSR 2 7/16 Steel 11.5 14 
13 GUNTERSVILLE-CHICKAMAUGA 12-7278 = 91,0 2A 1100 66 11flh 5=3/fy 12 636 ACSR 2 7/6 Steck 30 36 
14 GUNTERSVILLS-HUNTSVILLE (e) 1-13 2.0 2 3¢ 500 38 11/1, 5-3/4 11 300 COPPER 2 3/8 Steel TesieaosS 
15 HIWASSEE-ALCOA SW. STA. (3) 6-"1 51.1 1 2A 1060 6 11/1, 5-3/4 11 636 ACSR 2 7/6 Steel 2 Oak 
16 HIWASSEE-APALACHIA-CBICKAMAUGA {3} 5-1h0 68.1 1 2A yoo 66 11/fl, 5-3/4 11 636 ACSR 24-7, Steel 32 39 
17 KENTUCKY DAM-CLARKSVILLE f) 1l-"4, 70.8 1 3¢ 620. 38 11/, 5-3/4 12 636 ACSR 2 7/16 Steel 9.6 11.5 
18 K&NTUCKY DAM-MARTIN (g) 9-thy 60.6 1 3¢ 520 38 11/1h 5-3/4 11 300 COPPER 2 3/8 Steel 7-7 10.4 
19 WORKIS-PINEVILLE 9-"hl 50.9 1 3¢ 600 38 11/flkh 5-3/4 11 700 COPPER 2 7/16 Steel 9.2 12.6 
20 PICKWICK-NORTH MEMPHIS 6-"L0 102.7 1 2A 1050 66 11/1, 5-3/4, 11 636 ACSR 2 7/6 Steel 28 33 
21 PICKWICK-SOUTH MEMPHIS 2 11-'37 103.3 1 2A 750 63 16/19 5-3/4, 16 636 ACSR 2 7/16 Steel 13 16 
22 SOUTH MEMPHIS-NORTH MEMPHIS (h) 9-10 8.7 1 28 650 72 11/fh 5-3/4 11 397.5  ACSR 2 3/8'= “steel © 718) > 21: 
Ge) Eels ee eee Haye 177 2 Br dodo oh Ia/l 525A) ane. G00!) COpRERNN eo" © 7/16NmeStes) MICO NESS 
24 SOUTH NASHVILLE-WEST NASHVILLS (4) 1929 14.3 1 Onc 660 76 11/lk 5-3/4 11 266.8  ACSR 1 3/8 cu.tweld 18 19 
25 WATTS BAR-ALCOA SW. STA. 7-'38 45.4 Z 2A 1090 66 11/lkh 3543/4 11 636 ACSR 2 7/16 Steel 30 35 
26 WATTS BAR-FORT LOUDOUN To*hy = ely. 1 3c 600 37 11/lkh 5-3/4 11 636 ACSR 2 TAG Steel 8.5 10.3 
27 WATTS BAR-NORRIS 7-936 643 1 2A 1000 64 19/21 5-1/8 16.9. 636 ACSR 2 7/16 Steel 29 39 
28 WATTS BAR-SOUTH NASHVILLE 6-, 127.9 1 3¢ 600 38 11/flh 5-3/4. 11 477 ACSR 2 7/16 Steel 8.6. 10.3 
29 WHEELER-COLUMBIA #1 9="36 8965.5 1 2a 1080 72 l/h 5-3/4 12 397.5 ACSR 2 7/16 Steel 39s 
30 WHEELER-COLUMBIA #2 3-0 64.3 1 2a 1070 «72 11/lh 5-3/4 12 397-5 ACSR 2 7/16 ~ Steel 39 43 
31 WHEELER-GUNTEKSVILLE 12-936 65.8 1 2a zo. (66 «(11/lk 5-3/4 636 ACSR 2) T/Ab) steel, 9 57. 
32 WHEELER-WATTS BAR 7-936 © 161.5 
WOOD SECTION Gel 74 3B 570 he 9/12 6.5/5.5 10.2 636 ACSR 2 3/8 steel 6.7 14.0 
STEEL SECTION 65.4 1 2a 980 6, 19/21 ale: 16.9 636 ACSR 2 7/16 Steel 2 35. 
33 WILSON DAM-DECATUR-HUNTSVILLE (e) . Satlg Thel 1 3c 620 4 11fle2 5-3/4 11 300 COPPER 2 1/2 Steel 12 15 
31, WILSON DAM-PICKWICK #1 2-135 LB 5 3D 710 «#357 «11/3 5-3/4 11 39725 ACSR 2 7/16 Steel 9.7 10.9 
35 WILSON DAM-PICKWICK #2 1-"hO = 456 2a 1080 63 16/19 5-3/4, 16 636 ACSR 2 7/6 Steel 29 35 
36 WILSON DAM-WHEELER #1 7-36 15.5 1 2a 990 64 19/21 5-1/8 16.9 636 ACSR 2 G16 Steel 27 F356 
37 WILSON DAM-WHEELER #2 =o 15.4 1 2h 990 64 16/19 5-3/4 _16 636 ACSR 2 7/6 Steel 27 _—36 


(a). Maximum angular swing producing minimum clearance to structure or (c). At isokeraunic level of 50. 
ground. (d). Counterpoise completed September 24, 1943. 


(6), Allcounterpoise. These were installed as part of initial installation except (e). | Originally operated at 115 kv. See Table II, references 15, 16, and 18. 
for reference 3 (see note 4). Were converted to 161*kv operation on May 30, 1943. 


Table Il. Lightning Performance and Design Features of 115-Kv Lines 


TOWER" —— INSULATORS ss CONDUCTORS WIRE 846 
~~ 2 G na LINE 
Ss & -~ . o he DH GRD. WIRE 
bad H Oo 0 io} om Hy 
se gi ap gf SgSgS Ga fy B2 ay ag a Big 83g 
§ LINE DESIGNATION es 6 Bs &. 2,228 fe s8 28 NF ag = FI 8 
aa og” BE *g gés*8 Be a #2 G8 a g ge g jb Bee 
a =e 8 g® ae x Ca) Gaetan 
a = : 
1 2 3 4 5 6 7 8 9 10 ll 12 13 wy 15 16 17 18 
1 ARLINGTON-WATERVILLE (a) 1926 53.1 Lesa 680 12 7/8 5-1/8 6.2 250 Copper! (Now g=---1eeena= e--- 19.5 
2 ARLINGTON-MARYVILLE=-OCOEE #1 (e) 1914 83.3 1 25 4oo 48 8/9 —-3/, 6.5 400 Alun. 1 3/8 Steel 4. 9 
3  BURNSVILLE-TUPELO-WEST POINT T-'39 90.7 tsi 560 ho 7/9 5=3/f, .7.0 /o ACSR 2 3/8 Steel 8.5 10.5 
4 CHI €KAMAUGA-CLEVELAND-OCOEE #1 (f) 2967 1 
CHICKAMAUGA-CLEVELAND SECT. 1926 25.7 7h ee 480 38 8/8 ke3/, 6.6 3/0 Copper NO ---- e-ee- -e-- ll 
CLEVELAND-OCOBE #1 SECT. 1913 14.0 Sean SrG 58 66 8/9 le3/, 6.6 2/0 Copper 1 1/y cu.Clsd U, 15.6 
5 CHICKAMAUGA-VALDEAU-HALES BAR 22.5 1 
CHICKAMAUGA-VALDEAU SECT. 10-",) 6.1 1 “63% 550 38 7/9 5-3/4, 7.0 h/o Copper 2 3/8 Steel 8 12.6 
VALDEAU-HALES BAR SECT. (g) 1930 16.4 1 ec 790 65 8/9 5-3/8 7.5 397.5 ACSR x 3/8 Steel 20 21 
6 GREAT FALLS-SO. NASHVILLE (h) 1913 76.8 1 
GREAT FALLS-MUKFREESBORO SECT. 1913 44.8 Lo 2 D 820 oO 8/9 e3/f, 6.6 2/0 Copper 2 5/16 Steel 19 23 
MURFREESBORO-SO. NASHVILLE S&CT. 1913 32.0 iy BND 620 oO 8/9 e3/y 6.6 2/0 Copper 2 5/6 steel 11 13.2 
7 ‘HALES BAR-GREAT FALLS-OCOE# #1-KNOXVILLE (i) 199.1 
HALES BAR=COLLEGS JCT. SECT. 1915 37.3 ye 45355 8/9 3/4 6.6 ~=00 Alum. 1 3/8 Steel 7.6 © 9.1 
COLLEGE JCT.-GREAT FALLS SECT. 1913 31.8 2 ero ho 8f h-3/, 6.6 2/0 Copper 2 5/16 Steel 12.5 15.0 
COLLEGE JCT.-CLEVELAND JCT. SECT. 1913 34.4 1 2D 66, Lo 8 h-3/, 6.6 2/0 Copper 2 5/16 Steel 12.5 15.0 
FORT LOUDOUN-OCOEE #1 SECT. (3) 1913 68.7 Teer ispkayy TESYE os! 4-3/4 6.6 4/0 Copper 1 3/8 Steel 7.4 10.4 
FORT LOUDOUN-WASHINGTON SECT. 1913 26.9 pW ty 550 7 8 L-3/, 6.6 2/0 Copper 1. 3/8 Steel 9.6 15-4 
8  JACKSON-COVINGTON-RIPLEY-SO. MEMPHIS 112.1 i 
JACKSON-COVINGTON SECT. 2-110 48.1 Teenie 7 53/4 7 fo ACSR 2 3/8 steel 8.5 104 
RIPLEY-COVINGTON-MEMPHIS SECT. 1927 64.0 ee ete 570 38 6 5-1/8 5.4 2/0 Copper No ---= <=--- -=-- 10.6 
9  JACKSON-MARTIN 2-82 60.0 17 sic 570 38 7, 5-3/4, 7 42/0 ACSR 2 3/8 Steel 8.8 10,8 
10 NORRIS-COAL CREEK (k 10="h)y Lok Te R2i5 525 36 8/12 besfy 6.6 2/0 Copper 1 3/8 Steel 7-9 15.0 
11 = NORKIS-WASHINGTON (2 9-138 27.6 1633 Joo 32 7f 5-3/4 7 397.5. ACSR 2 7/16 Steel 13.4 16.8 
12 OCOBE #1-OCOEE #2 (n 1913 75 1 enc 673 66 8 he3/), 6.6 2/0 Copper 1 5/16 steel 18.5 20.5 
13 + PICKWICK-BURNSVILLE 20135 17.1 1 BSTC 590 lh 6 5-3/4, 6 Lf ACSR 2 3/8 Steel 9 11.4 
uy  PICKWICK-JACKSON 7-36 52.4 eR) suo bh 7/9 5334, 7 fo ACSR 2 3/8 Steel 7.9 9.6 
15 SO. HUNTSVILLE-DECATUR 3 1925 2.2 Le 3:10 520 28 8/12 5-3/5 8 300 Copper 2 1 Steel 7.4 8.9 
16 SO. HUNTSVILLE-GUNTERSVILLE (n 1920 24.0 We aul 630 3h 8467/8 =n, «25810 ACSR 2 3/8 steel 6.5 8.1 
17. «SO. NASHVILLE-SPRINGFIELD 10-"hl 30.4 Ls )C 599 38 7/99 5-3, 7 bf ACSK 2 3/8 Steel 9.5 11.6 
18 WILSON DAM-DECATUR (a) 1925 49.4 iy £30 670 28 8/12 5-3/4 8 300 Copper 2 1/2 Steel 12.0 14.9 


(c). Maximum angular swing producing minimum clearance to structure or (f). Operated as two separate lines after December 19,1943. Chickamauga-. 
ground. Cleveland section has steel crossarms. 


(6). Based on 11/2 x 40 microsecond positive wave, (g). Installed two ground wires on top arm, two phase conductors on middle 


(c). At isokeraumic level of 50. arm, or one phase conductor on bottom arm October 31, 1944. Original con. 
(d). Terminated at Douglas hydroelectric plant on June 30, 1945, leaving 31 Struction listed in table. 
miles in service between Douglas and Waterville. Remainder retired. (h). After February 9, 1941, this line was operated as two separate sections. 


(e). Removed from service on December 3, 1944. (i). Prior to the retirement of College Junction—Cleveland Junction section on 
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Table | (continued). Lightning Performance and Design Features of 161-Kv Lines 
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(f). Operated temporarily at 115 kv from November 23, 1944, to September 16, (hk). Originally 132-kv double circuit towers (steel). Converted to 161 kv by 
1945; thereafter at 161 kv. changing arms using two on one side of structure and one on the other. 
(g). Operated temporarily at 115 kv from September 4, 1944 to September 17, (i). Changed operating voltage on November 1, 1944 from 115 kv to 161 kv. 
1945; thereafter at 161 kv. (j). Operated first year without counterpoise. 


Table Il (continued). Lightning Performance and Design Features of 115 Kv Lines 
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November 14, 1943, all lines operated as a unit. After that the lines op- (k). Operated at 66 kv prior to October 1, 1944, 

erated as three separate lines, one Hales Bar-—Great Falls, another Fort (l). Operated as Norsis-Arlinton until November 5, 1944. 

(3 ieee 1 Sj eee te pried oe ii crenata RIO oe 1 (m). Retired June 6, 1943; was on one side of double circuit towers, 66 kv on 
(reference 4). Original line was Ocoee 1-Knoxville, routed into Fort Lou- other side. 

doun October 10, 1943. (n). Converted to 161 kv on May 30, 1943. See Table I, references 14 and 33. 
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Figure 2. Types of steel construction 


around the pole butt. The only excep- 
tion to this type of construction is the 
Wheeler-Watts Bar line, reference 32. 
The wood pole section of this line, Figure 
3B was constructed in order to obtain ex- 
perience with this type of construction. 

The 115-kv lines constructed by the 
Authority are of wood pole design with 
two overhead ground wires, pole grounds, 
and other features similar to the 161-kv 
design. 

Counterpoise is installed by the Au- 
thority only where exceptionally good 
operation is necessary for system pro- 
tection. Where two generating stations 
were connected to the system with only 
one line (item 5, Table I), this line was 
counterpoised to a 14,000,000-volt level. 
Generally, where a line forms part of a 
closed loop and the system is stable with 
a temporary fault on such line, rapid re- 
closing oil circuit breakers are used and 
the line is not counterpoised. Counter- 
poise is installed only when commensu- 
rate economies will be realized, and no 
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Figure 3. Types of wood pole construction 
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money is spent to get only a good line 
operating record. The benefits to the 
system are the main considerations. 

Counterpoises are installed on nine 
161-ky lines constructed by the Authority 
and one acquired 161-kv line. The pro- 
tection level sought is from 10,000,000 to 
14,000,000 volts, and the value is de- 
pendent upon various factors. In the 
case of the nine lines constructed by the 
Authority, the counterpoises were in- 
stalled as a part of the original construc- 
tion after initial tower-ground . esistances 
were measured. The one acquired line 
on which a centerpoise was installed is the 
Centerville-West Nashville line (refer- 
ence 3, Table I). 

Where counterpoise’ has been installed 
a detailed study of the characteristics of 
each tower has been made, and installa- 
tions have been made only on such towers 
and of such length as required to bring 
the protection level to the desired value. 
Generally, not more than 20 per cent of 
the towers in any line require counter- 
poise. Experience has proved to our 
satisfaction that the present designs based 
on the direct-stroke theory are conserva- 
tive and that a steel tower line with an 
average resistance of 50 ohms or less will 
give good operation. 

Counterpoises are not installed on 115- 
kv lines. 

The 115-kv and 161-kv lightning ar- 
resters are located as nearly as practicable 
to the transformers in the generating 
plant and primary substations. 

Ring gaps are installed, in general, on 
the high-voltage lines in the hydroelectric 
plant substations which have been built 
since 1939. These gaps are on one bus- 
supporting insulator of each phase at a 
convenient point between the line oil cir- 
cuit breaker and the point where the line 
ties on to the substation structures. 
Gaps are not installed in the primary sub- 
stations. The lines described in Tables I 
and II, with the exception of one 115-kv 
line, are not provided with gaps. 

There are no sectionalizing air break 
switches except at substations, in the 115- 
kv or 161-kv lines which have been con- 
structed since 1939. Some purchased 
lines were equipped with sectionalizing 
air break switches. In a few cases, the 
switches have been removed. There are 
a few installations of air break switches 
on short 115-kv tap lines. Standard in- 
sulation is used on these switches. The 
switch bases are connected to a ground 
field on the side of the structure opposite 
the operating handle. A ground plate, on 
which the operator stands, is connected 
to the operating pipe above the operating 
handle. 
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Transpositions have not been used in 
161-kv and 115-kv lines constructed by 
the Authority, except one line; however, 
these were later removed because of 
flashovers resulting from improper clear- 
ances. On the Authority’s system, there 
does not appear to be any condition re- 
quiring transposition. 

The principal effect of the war period on 
line construction is that such material as 
was available was used. On some lines 
wood poles were used because they were 
available although steel towers would 
have been preferred. Likewise, conductor 
sizes were used which were different than 
normally would have been used. In one 
case, the South Nashville—Louisville 
double-circuit line, double-circuit steel 
towers were used although it would have 
been more desirable from the outage 
standpoint to have constructed two sep- 
arate lines on separate rights-of-way. 


Line Performance 


As might be. expected, the lightning 
record of the 161-kv lines is generally 
better than the 115-kv lines. The actual 
average outage per 100 miles per year for 
the 161-kv lines varies from zero to 22.6, 
with three-fourths of the lines having a 
value of less than four. Corresponding 
values for the 115-kv lines are zero to 


Table Ill. Normal Maximum Loading of 161- 
Ky Lines 
——— SS 
Mega- 
Line Designation watts 
1. Aleoa—Lonsdale—Norris,........++++-+> 150 
2. -Centerville-Columbia.........--++-++++- 37 
3. Centerville-West Nashville.........-.-- 51 
4. Centerville-Wilson dam.......-+--++-+: 80 
5. Cherokee-Douglas-Alcoa ......+-+-+++- 153 
6. Cherokee-Norris......+-0-ee se rerrcens 147 
7. Chickamauga-Watts Bar.......-+.++++ 130 
8.. Clarksville-West Nashville.........-+-- 104 
9. Columbia-South Nashville.......+..--- 95 
10. Fontana-Alcoa.......--.+-seeeeeee ress 220 
11. Fontana-Santeetlah... 1 ....-+-++--++: 105 
12. Fort Loudoun-Alcoa switching station... 160 
13. Guntersville-Chickamauga...,.-.++-+-- 142 
14. Guntersville-Huntsville.........---+.+- 100 
15. Hiwassee-Alcoa switching station.....-- 144 
16. Hiwassee-Apalachia-Chickamauga...... 160 
17. Kentucky-Clarksville.......+--++++5+> 102 
18. Kentucky-Martin............ eset ouns a 72 
19. ‘INorris-Pineville. << sae. cies meer 137 
20. Pickwick-North Memphis............-- 78 
21. Pickwick-South Memphis............-- 70: 
22. South Memphis-North Memphis....... 54 
: Sar LANG A erste 7s 
23. South Nashville-Louisville { Linesee 75 
24. South Nashville-West Nashville......... 108 
25. Watts Bar-Alcoa switching station...... 170 
26. Watts Bar-Fort Loudoun,...........-- 154 
07 Watts Bar-NOrmisS. ss. os ees see es oes 135 
28. Watts Bar-South Nashville...........- 145 
29. Wheeler-Columbia number 1........... 115 
30. Wheeler-Columbia number 2..........-- 120 
31. Wheeler-Guntersville...........--+-++- 105 
32. Wheeler-Watts Bar.........-.-+---++> 120 
33. Wilson-Decatur-Huntsville:..........+- 74 
34. Wilson-Pickwick number 1.........--.- 67 
35, Wilson-Pickwick number 2.........+--- 68 
36. Wilson-Wheeler number 1.........-.-- 100 
87. Wilson-Wheeler number 2.........--+- 90 
rity) Magee rai ior hia eere eae ee oe. SEES 
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54.9, with over half of the lines having a 
value in excess of ten. 

An interesting comparison of two. lines 
in the same area which are almost of 
equal length is given in references 20 and 
21in Table I. Reference 20 is 161-kv de- 
sign and reference 21 is 220-kv design, 
both operating at 161 kv. The average 
actual outages are 2.76 and 0.69, respec- 
tively. The performance of the double- 
circuit South Nashville-Louisville line 
(reference 23, Table I) is also of interest 
because of the relatively large number of 
2-circuit outages. 

The counterpoise was completed on the 
Centerville-West Nashville line on Sep- 
tember 24, 1943 (reference 3, Table I). 
A comparison of the performance of this 
line with that of the Centerville-Wilson 
Dam line (reference 4, Table I) indicates 
an improvement in performance because 
of the counterpoise. 

Lightning resulted in 687 outages on 
the 115-kv lines between August 16, 1939, 
and August 15, 1946. Of this total num- 
ber of outages, 4.37 per cent resulted in 
damage sufficient to prevent the line from 
immediately being returned to service. 
Thus, 115-kv steel-tower lines had 7.17 
per cent and the wood pole lines had 2.24 
per cent permanent faults out of the total 
interruptions experienced on each type of 
construction. 

The 161-kv lines experienced 399 out- 
ages from lightning, of which 1.755 per 
cent resulted in enough damage to pre- 
vent the line from being returned to serv- 
ice immediately. The steel tower lines 
had 1.44 per cent permanent faults, and 
the wood pole lines had no permanent 
faults out of the total number of interrup- 
tions experienced on each type of con- 
struction. 

A combination wood and steel line had 
11.11 per cent permanent faults. These 
faults were on the steel section of the line 
at a point where sufficient clearance was 
not allowed on the transposition tower. 
This difficulty has been corrected by the 
elimination of transpositions. 


Line Loading 


Three times each week, the power sys- 
tem dispatchers make a survey of the in- 
dicated amperes, kilowatts, reactive kilo- 
volt-amperes and kilovolts which occur 
on the lines, transformers, generators, and 
synchronous condensers at the attended 
substations and generating plants. Tap 
positions on step-type and induction-type 
voltage regulators also are included in 
these readings, which are recorded in 
tabular form and are read on specified 
hours which represent minimum, aver- 
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age, and maximum hours of system load. 

This survey supplies to the power sys- 
tem dispatchers a comprehensive picture 
of the operating data on the system and 
avoids the necessity for certain hourly 
log sheets. 

Varied flows of water in the Tennessee 
River and its tributaries cause changes in 


the location of generation for hydroelec- 


tric energy in the network, and this re- 
sults in a difficult problem of scheduling 
plant generation. This load survey, orits 
equivalent, is essential in the scheduling 
of both plant and interconnected trans- 
mission line loadings. . 

Table III shows normal maximum load- 
ing of the 161-kv lines as observed on the 
weekly survey and does not represent si- 
multaneous maximum line loadings. Up 
to the present time, the full capability of 
certain individual lines has not been dem- 
onstrated because of the operation of the 
line in parallel with other lines, or with 
transformer banks, which keep the line 
from carrying higher normal maximum 
loads. 

The 115-kv lines, in general, transmit 
quantities of power commensurate with 
their designed characteristics. Four of 
the 115-kv lines have transmitted normal 
maximum loads as follows: 


Arlington—Waterville........ 66 megawatts 
Norris-Washington..........69 megawatts 
Pickwick—Burnsyville.........50 megawatts 
Pickwick—Jackson...........54 megawatts 


Signal Relays 


Since line sectionalizing air break 
switches are not in every case available, 
signal relays which have a 90-to-425-am- 
pere current range have been applied in 
order to locate faults and to minimize the 
patrolling time of the lines. The relay is 
a small device comprised of a magnetic 
circuit with a small hinged armature and 
glass reflector and a calibrated air gap 
suitable for changing the adjustment, 
thereby allowing the relay to operate at 
a prescribed current. 

The relay is attached to the line con- 
ductor, and it will operate when current 
flows through the conductor to a line 
fault. By using several of the relays on 
the three phases at different places along 
a defective transmission line, the location 
of the fault can be readily determined.. 

Two methods of attacking the relays to 
the transmission line are found practic- 
able. 


1. By the permanent installation of a 6- 
foot hot-line stick to each of the relays 
(generally three to a set) so that the relay 
and stick may be hung directly on to the 
line and the armature reset with another hot- 
line stick. 
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2. By the use of a hot-line clamp attached 
to the side of the signal relay in such a 
fashion that the conventional ground stick 
with a hot-line clamp head may be used to 
clamp the signal relays in place on the con- 
ductor. 


Use of Automatic Oscillographs 


Automatic oscillographs are installed 
at all of the principal generating plants 
and at three of the larger switching sta- 
tions. These oscillographs are initiated 
by the flow of zero-sequence current 
to start operation in the event of 
ground faults, even though of low magni- 
tude, and by low positive-sequence volt- 
age which will obtain initiation from in- 
terphase faults which do not involve 
ground. The performance of the trans- 
mission circuits mentioned herein were se- 
cured from automatic oscillograph rec- 
ords. In addition to this type of informa- 
tion, the automatic oscillographs are used. 


(a). To secure performance records of pro- 
tective relays applied to transmission lines. 


(b). To verify the adjustment and perform- 
ance of high-voltage oil circuit breakers. 


(c). To secure information on the effective 
operation of the generator excitation system 
and the control voltage under abnormal con- 
ditions. 


(d). To determine the location of perma- 
nent faults and weak points on the transmis- 
sion lines. 


A study of the oscillograms, from our 
viewpoint, has resulted in definite gains 
in performance and has served as a basis 
for improvement in facilities and equip- 
ment. Some salient points of such im- 
provement are 


1. The inadequacies of relays applied to 
long, heavily loaded transmission circuits 
and possible remedial changes in protective 
relays for such circuits were determined 
from automatic oscillographic records. This 
analysis effectively resulted in the develop- 
ment and application of the admittance type 
of transmission line relays on the Author- 
ity’s system. 


2. Maladjustment of oil circuit breaker 
contacts can be detected and, in several 
cases, the presence of dangerous surge volt- 
ages due to restriking of oil circuit breakers 
was detected from automatic oscillographic 
records. 


3. Points of low clearances or inadequate 
insulation have been located on transmis- 
sion lines by an indication from the auto- 
matic oscillograph of repeated flashovers at 
the same location. : 


4. Many cases of permanent faults are lo- 
cated with a reasonable degree of accuracy, 
and, by utilizing the current and voltages 
obtained on the oscillograph record in con- 
junction with the known characteristics of 
a transmission system at the time of the 
fault it is possible to compute the distance 
along the transmission line to the point of a 
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fault. This computation and approximate 
fault location frequently can be accom- 
plished while the line maintenance personnel 
is being assembled for patrol and repair. 
Faults are usually found within three or 
four miles of the computed location. The 
maximum of error in location by computa- 
tion is approximately seven miles. 


5. Interesting and valuable information 
of the susceptibility of various lines to elec- 
tric flashovers during lightning storms and 
the nature of such flashovers is determined 
from a study of the oscillographic records. 
From data collected and analyzed from 
February 1939 to August 1942, it has been 
deduced that 40 per cent of the faults appear 
to be single phase-to-ground faults. The 
remaining 60 per cent of the faults is approxi- 
mately equally divided between faults which 
involve only two phase conductors and 
those which involve only three phase conduc- 
tors for their inception. There are only a 
very few cases in which faults originate as 
single phase-to-ground faults and subse- 
sequently involve additional phase conduc- 
tors. Information of this type cannot be 
secured from relay targets. In fact, there 
are only a very few instances where all three 
phase targets have operated even on faults 
where oscillograph information indicates, 
conclusively, that the faults involved all 
three phase conductors from inception. 
Usually, on faults which involve two phase 
conductors, only one phase relay target was 
shown. The oscillograph analysis clearly 
indicates that the number of faults which 
involved all three phase conductors is much 
greater than the number expected based on 
previous information secured from relay 
targets and that the number of faults which 
involved only one phase conductor is much 
lower than was expected based on relay 
targets. 


Relaying and Reclosing of Lines 


The plan followed for the application of 
relays on the oil circuit breakers which 
control the 115-kv and 161-kv lines is to 
take advantage of any changes in relays or 
relay applications which will improve the 
performance of the lines as well as the 
system. Parallel with the improvement 
in relay schemes is the reduction in oper- 
ating time and an increase in the inter- 
rupting rating of the oil circuit breakers. 

The discussion in this section pertains 
to the relay and recloser scheme which is 
in operation as of August 15, 1946. 

All of the 161-kv lines listed in Table 
I are equipped with some form of ter- 
minal comparison relays. Most of these 
lines employ 3-zone distance relays of 
either impedance, reactance, or admit- 
tance charactersitic to which terminal 
comparison is added to the second zone 
to permit instantaneous clearing for faults 
anywhere within the line. Two of the 
lines employ metallic circuits for terminal 
comparison; the remainder of the lines 
utilize carrier frequency superimposed 
upon the transmission circuit for that 
purpose. Six of the circuits employ single- 
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zone impedance relays with carrier com- 
parison for normal protection and with 
instantaneous and induction overcurrent 
relays for phase backup. Ten of the lines 
employ 3-zone admittance type relays or 
relays which utilize phase angle as well 
as the magnitude of voltage and current 
as a basis for determining the line dis- 
tance to the point of fault. The remain- 
der of the lines utilize 3-zone impedance 
or reactance relays. In all cases, ground 
relays consist of current polarized direc- 
tional units with appropriate nondirec- 
tional residual ground units for high 
speed clearing of ground faults in con- 
junction with the terminal comparison 
carrier metallic circuit. Backup ground 
relays also are provided usually either for 
the current polarized directional units or 
for the potential polarized directional 
units. 


Automatic reclosing with the oil cir- 
cuit breakers is employed in some form on 
all of the 161-kv transmission lines. Im- 
mediate high speed reclosing at both ter- 
minals, with no check of voltage or syn- 
chronism, is employed on all circuits 
which utilize the admittance type relay 
units; the only limitation on this ultra- 
high speed reclosing is that the breakers 
must be tripped through the carrier 
blocking channel or by zone one at both 
terminals in order to indicate that both 
line terminals were disconnected at sub- 
stantially the same time. Also, instanta- 
neous reclosing is prohibited if the pro- 
tective relays indicate that tripping oc- 
curred due to excessive power swings 
rather than to an actual fault on the pro- 
tected line. All of the 161-kv lines, in- 
cluding those equipped with ultrahigh 
speed reclosing, have facilities provided 
for reclosing into a dead line, closing on 
indication of synchronism, with the sys- 
tem at both ends of the affected line tied 
through another transmission circuit. 
At the substation ends of several of these 
transmission lines, facilities are provided 
for automatic closing of the oil circuit 
breaker onto a de-energized station bus 
when the line ig energized from the gen- 
erationend. Automatic synchronizing fa- 
cilities are provided on several of the 
lines. — 


The 115-kv transmission lines listed in 
Table II are all equipped with distance 
relays of either the impedance or react- 
ance characteristic. One of the lines also 
has carrier comparison applied to the dis- 
tance relays. The ground relays em- 
ployed usually consist of current-polar- 
ized directional ground relays. Fre- 
quently two in number, one is of the high- 
speed induction directional current-polar- 
ized type, and the other is either a stand- 
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ard-speed induction current polarized di- 
rectional type or a potential polarized di- 
rectional unit controlling a residual over- 
current element. 

Reclosing features are provided on all 
of the 115-kv citcuits which employ some 
form of check before closure. The checks 
employed are to ascertain dead line-dead 
bus, or that the parts of the system adja- 
cent to both terminals of the affected line 
are in synchronism through other trans- 
mission circuits. 


Summary 


A definite decrease in lightning out- 
ages is obtained by the use of counter- 
poise. The record of the 161-kv lines is 
better than that of the 115-kv lines when 
considering lightning performance. The 
qualities of a line as related to design and 
operation must be considered on the basis 
of the individual line location and func- 
tion. 

Transmission line loads of 220, 170, and 
145 megawatts have been transmitted, 
respectively, over distances of 27.7, 45.4, 
and 127.9 miles on the 161-kv class lines. 
The 115-kv class lines have transmitted 
66 megawatts for a distance of 53 miles. 

Proper application of protective relays 
and of oil circuit breakers is essential in 
obtaining the best over-all operation of a 
transmission line. 

Material improvements in transmission 
line design and operation are made pos- 
sible by the use of automatic oscillo- 
graphs. Oscillograph records indicate 40 
per cent of the faults caused by lightning 
of the 161-kv lines to be single phase-to- 
ground. The oscillograph affords a tool 
for locating a fault within a 4-mile range 
as observed from the records. 

Observation of the operating record of 
steel tower transmission lines which have 
average ground resistance of 50 ohms or 
less indicates that there is little to be 
gained by installing counterpoise on such 
lines. 


Reference 


1. ELercrricAL TRANSMISSION AND DISTRIBUTION 
REFERENCE Book. Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 
First edition, 1942, page 306. : 


Discussion 


E. W. Knapp (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada) : 
The authors have presented a very interest- 
ing and valuable paper. There are a num- 
ber of points which have occurred to me, 
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however, which might be clarified to ad- 
vautage. 


1. Is it the general practice to install short buried 
counterpoise wires radiating from individual 
towers? F 


2. Has continuous buried counterpoise been 
installed to any extent, and if so, approximately 
what is the relative per cent of lines equipped with 
short versus continuous counterpoise? 


3, Is any distinction made between short and con- 
tinuous counterpoise when applied to a trans- 
mission line constructed through territory of high 
resistance soil? 


4. Is it customary to apply an automatic time 
interval reset feature to the automatic reclosing 
installations, and if so, is the reset feature limited 
in the number of successive reclosures? 


J. D. Harper (Aluminum Company of 
America, Alcoa, Tenn.): The authors have 
presented a most interesting paper on trans- 
mission line performance. It is apparent 
that the Tennessee Valley Authority has 
done an excellent job of obtaining maximum 
performance from its lines. This experience 
will be of value to all concerned with trans- 
mission problems. 

_ Early in 1928 there was a crystallization 
of the ideas concerning the use of the cathode 
ray oscillograph for field studies of lightning. 
The immediate result of this was the desire 
to establish lightning laboratories in the 
field. 

The Aluminum Company of America, 
through its subsidiary, the Knoxville Power 
Company, afforded a transmission line of 
high insulation value and recognizing the im- 
portance of lightning investigation, joined 
the Westinghouse Electric and Manufactur- 
ing Company in a co-operative field research 
endeavor in 1928. 

The determining factors governing the 
selection of East Tennessee were the great 
number and severity of thunderstorms, and 
the existence there of the most heavily in- 
sulated steel tower transmission line in 
operation in the Southeast at the time. 

The transmission line consists of two cir- 
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cuits operated at 154,000 volts and extends 
from Alcoa, Tenn., to the Santeetlah power 
house in Western North Carolina, a distance 
of approximately 30 miles. A rugged coun- 
try is traversed with several long river cross- 
ings, elevations ranging from around 700 
feet at Alcoa to 2,600 feet in the moun- 
tainous sections. 

This investigation indicated that low re- 
sistance tower footings and low resistance 
ground wires were desirable for decreasing 
flashovers. 

Continuous progress has been made in the 
improvement of these lines since the in- 
vestigation beginning in 1928. 


1. The relaying has been modernized as the art 
of relaying progressed. The lines now are pro- 
tected by high speed relays using carrier blocking. 


2. Towers have been redesigned and two ground 
wires installed on all single circuit towers and the 
ground wire raised on the double circuit towers 
to comply with modern standards on double circuit 
towers. See Figures 1 and 2 of this discussion. 


3. Some 130,000 linear feet of counterpoise has 
been installed on the 60.4 circuit miles of trans- 
mission line, which is around 12 equivalent miles, 


. with two counterpoise cables or about 20 percent 


of the total circuit miles. Counterpoise has been 
installed on 120 towers or around 52 percent of the 
total number. It was necessary only to lower the 
resistance of the tower footings on certain sections 
of the line, therefore, all of the 120 towers are not 
tied together, The -protective level is now 10 
million volts. Calculations for this revision were 
made jointly by Tennessee Valley Authority and 
Aluminum Company of America. Computed 
probable outages per 100 miles per year is 0.94. 
Tower footing resistances were measured with the 
ground wires disconnected wherever possible and 
double the measured value was used where this 
was not possible. The counterpoise used was 
5/16-inch galvanized steel strand buried to a depth 
of 18 inches. It was not possible to use conven- 
tional installation methods because of the rugged 
terrain and a special plow was made of a pavement 
ripper tooth fastened to a heavy tractor. Backfill 
was accomplished by running a 20-ton tractor back 
over the furrow. Hand digging was necessary in 
a few spots. The general layout of the counter- 
poise conforms to the same principles as applied 
on the lines whose performance is analyzed by the 
authors. See Figure 3 of this discussion for a 
typical counterpoise installation. In some cases 
the counterpoise was extended tower to tower. 
The length depended upon individual tower footing 
resistance. 


4. All oil circuit breakers have been modernized 
from 1,500,000-kva interrupting capacity to 
2,500,000-kva interrupting capacity with 8-cycle 
interrupting time, 


5. Lightning arresters rated 161 kv have been 
nstalled or are planned at all line terminals. 


6. Automatic reclosing has been installed at the 
Alcoa and Santeetlah ends of the line. 


7. Automatic oscillographs are used to study line 
troubles. 


These improvements as mentioned have 
been spread over the years from 1928 
through 1945 and have cut down transmis- 
sion outages from an averiige of around 
seven per year to two in 1944 and one in 
1945 and none in 1946, and none to date. 

Co-ordinated operation with the intercon- 
nected system has been much smoother due 
to the improved performance of our trans- 
mission lines. 


SB. Crary (General Electric Company, 
Schenectady, N. Y.): This paper has many 
points worthy of emphasis. Four of these 
are 


1. Reduction in outages per 100 miles per year 
at the higher voltage levels. 


2, Transmission line loadings appreciably higher 
than the surge impedance loading, even for line 
lengths up to and beyond 100 miles. 


- 
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3. High percentage of multiphase faults. 
4. Successful use of high-speed reclosing. 


The authors’ experience confirms the 
trend toward high circuit loadings as one of 
the most effective ways to reduce the cost of 
transmitting electric energy. High-speed 
reclosing, particularly for the interconnected 
type of system described, offers an effective 
means for obtaining reliability when carry- 
ing high circuit loadings. The high per- 
centage of multiphase faults further sub- 
stantiates, as has also been indicated on 
other high voltage systems, the desirability 
of 3-phase reclosing as contrasted with 
single-phase reclosing for the type of system 
described. 

Single-phase reclosing, as is well known, 
has an important field of application for 
single-circuit lines and possibly double- 
circuit lines on the same tower with no 
other important parallel circuits, but sacri- 
fices simplicity with little performance ad- 
vantage for most of the circuits of a large 
interconnected system. 

This paper points to the possibility of 
further reductions in line insulation, par- 
ticularly at the higher voltage levels such as 
230 kv and above. The use of lower levels 
of line insulation represents an important 
economical possibility now being given care- 
ful consideration. Outages due to lightning 
can be reduced in number by line shielding 
or made relatively inconsequential by rapid 


reclosing, depending upon the system under _ 


consideration. With lightning or outages 
produced by lightning better controlled the 
only other important source of overvoltage is 
the switching surge. Switching surges can 
also be controlled, to relatively unimportant 
values, by proper system grounding, use of 
circuit breakers with a minimum tendency 
to restrike, and the proper use and location 


of arresters. Arresters can be located on the | 


line side of the circuit breaker, as well as at 
the terminals of the transformer, to afford 
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Figure 3. Typical counterpoise installation 


Distance A depends on footing resistance of 
individual towers—100 feet minimum 


lightning surge protection for the breaker 
and switching surge protection for the line. 

Therefore, by an extension of the trans- 
mission design principles indicated in the 
paper by Hapgood and Almon, further im- 
portant economies appear to be right at 
hand. 


G. D. Floyd (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, 
Canada): The statement in this paper re- 
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garding transpositions is very interesting. 
Transpositions, though well designed, are a 
point of weakness in a high voltage line, and 
it would be very desirable if they could be 
eliminated entirely. The Central Elec- 
tricity Board, in Great Britain, has omitted 
transpositions on its 182-kv network, with, 
I believe, no adverse experience. It has, 
however, reversed the phases at substations, 
so as to obtain substantially balanced 
capacitances for the network. Could the 
authors state whether any like attempt was 
made to balance the capacitances in their 
circuits? Have any measurements been 
made to determine if operating telephone 
circuits were more noisy as a result of the un- 
balances? What was the effect, if any, on 
power line carrier circuits? What arrange- 
ments, if any, were made with communica- 
tion interests to provide increased separa- 
tion, or other remedial measures, as a result 
of the lack of transpositions in the power 
circuits? 


K. E. Hapgood and C. P. Almon, Jr.: The 
authors appreciate the excellent discussions 
and questions by S. B. Crary, G. D. Floyd, 
J. D. Harper, and E. W. Knapp. 

Crary mentions two important facts, 
namely, (1) in an interconnected type sys- 
tem, 3-phase high speed reclosing together 
with line shielding offer a means of improv- 
ing reliability when transmission lines are 
operated at high circuit loadings; and (2) 
the possibility of reductions in the line in- 
sulation at voltage levels of 230 kv and 
above. 

Floyd questions the effects of the omission 
of transpositions. No problems of un- 
balanced voltages nor harmful effects upon 
telephone circuits or power line carrier 
currents have occurred. Phases are not re- 
versed at substations. In all cases, we 
furnish copies of location maps to all inter- 
ested parties, such as telephone, telegraph 
and railroad companies, to check any pos- 
sible difficulties. If it appears that difficul- 
ties might arise, a decision is reached among 
the parties as to corrective procedures. 
Such problems are anticipated as far as 
possible in the initial selection of the line 
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location. As a result, the problems have 
been negligible and easily solved, All com- 
munication interests have been very co- 
operative. 

Harper’s discussion is of much interest, 
and confirms the beneficial results to be 
obtained from counterpoise. The benefits 
obtained from high speed reclosing and the 
use of automatic oscillographs for analysis 
of system performance parallels the Author- 
ity’s experience. 

Knapp has inquired as to the type of 
counterpoises used. Two general rules have ~ 
been followed on installing counterpoises. 


1. To install sufficient counterpoise at each struc- 
turé to produce the desired protection level. 


2. To install the counterpoise within the limits of 
the right-of-way. 


In general, the counterpoise at each tower 
leg is relatively short and will parallel the 
transmission line. No distinction is made 
between a short and continuous counter- 
poise for the reason that the counterpoise is 
installed to provide the desired protection 
level. The experience so far is that there has 
been used a negligible amount of counter- 
poise connecting two or more structures. 

Knapp also inquired as to the charac- 
teristics of the reclosing relay. This relay is 
a so-called “one-shot” reclosing relay. It 
has an adjustable time delay reset up to 
1!/, minutes. In general, the 1'/, minute 
reset time is used. The timing motor circuit 
is initiated through an “a” switch on the 
breaker. The timing circuit is so arranged 
that the breaker must be closed for the full 
reset time interval for the relay to reset. If 
the breaker should open before the reset 
time has elapsed, the relay will require the 
full time interval to reset after the next 
closing of the breaker. , 

It is the belief of the authors that reliable 
system performance requires the proper use 
of line shielding, high speed reclosing, and 
adequate relaying in conjunction with one 
another rather than the use of any one of 
these by itself. Automatic oscillographs 
provided a very useful method of checking 
the performance of the various system com- 
ponents. 
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Interlaminar Eddy Current Loss in 


Laminated Cores 
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Problem 


NTERLAMINAR eddy current loss in 
cores of electromagnetic machines 
carrying a-c flux is a function of the re- 
ciprocal of the interlaminar resistance, 
the square of the lamination width, and 
the square of the magnetic flux density.1 
Since the core loss of iron varies approxi- 
mately as the square of the induction, the 
interlaminar eddy current loss expressed as 
a percentage of the fundamental core loss 
is nearly independent of the flux density. 
By. applying this theory, it can be cal- 
culated that, for electrical grade steel 
(one per cent silicon), the loss due to inter- 
laminar eddy currents will be approxi- 
mately one per cent of the fundamental 
core loss if the interlaminar resistance is 
ten ohms centimeter squared per lamina- 
tion for a punching six inches wide behind 
the slots when the laminations are short- 
circuited on the side away from the teeth, 
as is usual in rotating machinery. In 
cores, such as the usual transformer core, 
where the laminations are not short- 
circuited on one side, the required re- 
sistance for the same width of punchings 
is 2.5 ohms centimeter squared per 
lamination. 

One per cent silicon steel sheet as re- 
ceived from the mill has an interlaminar 
resistance of the order of 0.05 ohm centi- 
meter squared per lamination. To in- 
crease the surface resistance to a satis- 
factory value, the laminations sometimes 
are coated with an organic varnish or its 
equivalent or, in some cases, insulation is 
provided by oxidizing the laminations 
after punching. 

Regardless of the treatment applied to 
produce more desirable surface resistance, 
it is found that the interlaminar resistance 
of pairs of punchings varies over a wide 
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range of values. It is difficult to predict 
loss due to interlaminar currents in a com- 
plete machine because the theory is de- 
veloped on the premise that the resistance 
between each pair of laminations is the 
same. A method of testing interlaminar 
resistance and of analyzing test results is 
desired which can be applied to predict 
accurately the loss resulting from inter- 
laminar eddy currents in a core having a 
nonuniform interlaminar resistance. 


Discussion of Methods of 
Testing and Analysis 


Standard practice in measuring inter- 
laminar resistance, according to the tenta- 
tive American Society for Testing Ma- 
terials method (A 34-40-T), is to place 40 
Epstein strips between two copper plates 
backed with an insulating material, apply 
a predetermined pressure between the 
plates and measure the resistance across 
the stack. The interlaminar resistance in 
ohms centimeter squared per lamination 
is calculated by multiplying the value ob- 
tained by the area under pressure and 
dividing by the number of strips. 

The following example shows how mis- 
leading such a procedure may be. Sup- 
pose a sample of 40 pieces has 38 contacts 
of low resistivity and one contact with a 
resistance of 400 ohms _ centimeter 
squared. Even if the value of the low re- 
sistance contacts approaches zero, the re- 
sistance across the stack will be more than 
400 ohmscentimeter squared and the inter- 
laminar resistance will be calculated to be 
more than 10 ohms centimeter squared per 
lamination. 

It may appear from this example that a 
reasonable test method would be to test 
one lamination at a time between two 
plates. This would disregard coating-to- 
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coating contact which may give quite 
different resistance values than copper-to- 
coating contact. Thus, it appears that a 
more valid test is obtained when two 
laminations at a time are placed under 
pressure and the resistance between the 
two coated surfaces alone is measured. 
This can be done by removing the coating 
from a portion of each of the two outside 
surfaces and connecting the resistance 
measuring device through these points. 
Since this would be a lengthy procedure, 
the data presented here were obtained by 
measuring the resistance between the 
copper plates when two laminations were 
placed under pressure between them, thus 
apparently measuring the resistance of 
four surfaces. 

In measuring the resistance across two - 
contacting surfaces, the value obtained 
is the resistance of a number of parallel 
circuits made up from the alignment of 
low resistance spots on both surfaces. 
The high resistance spots have a negli- 
gible influence. 

It has been found that for some types of 
surfacetreatment, notably those producing 
a thick coating, a high average resistance 
and a broad range of values, the copper- 
to-coating contact is of the same order of 
magnitude as coating-to-coating contact. 
For some other types of surface treatment 
the copper-to-coating contact is much 
lower than the coating-to-coating contact. 
This is generally true for coatings which 
are thin or surface treatments which may 
provide incomplete coverage. If there 
are a few low resistance points on each 
surface of the laminations, the prob- 
ability of alignment of low resistance spots 
on adjacent treated surfaces is low, while, 
onthe other hand, every low resistance spot 
on a treated surface makes contact with 
the copper plate, thus giving a low read- 
ing. Since it is impossible to tell what the 
copper-to-coating resistance may be 
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Sample tested in 100 groups of two laminations 
each 


without measuring it in each case, it is safe 
to consider the two pieces per test as two 
laminations in every case, since a correc- 
tion for copper-to-coating contact would 
increase the value obtained. 

Laminations rather than Epstein strips 
were used for the major portion of the 
tests on which this work is based in order 
to evaluate a surface treatment as an in- 
sulator of burr-ground areas or of two to 
three mil punching burrs as well as of the 
wide unbroken areas. It was assumed 
that this would give results representative 
of those to be expected from normal 
manufacturing procedures. 

Obviously a test of only one group of 
two laminations could not represent 
adequately the resistance of a surface 
treatment and for this reason from 30 to 
50 groups of two laminations each must 
be tested. The need for a method of 
analyzing results presents itself imme- 
diately. 

An arithmetic mean of the 30 or 50 
readings does not give a true picture be- 
cause there are usually a few resistance 
values, both high and low, which seem in- 
consistent with the remainder of the data 
and because the resistance values are not 
repetitive, value for value, if the test is 
repeated. 

Conclusions drawn from the data by 
examination of tables or graphs present- 
ing all the data are based essentially on 
an arithmetic mean and were considered 
inadequate. However, a graphical study 
using points plotted for each resistance 
value indicated that the resistance values 
might fit a normal distribution curve. 
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To test this possibility, the resistance 
data were plotted on arithmetic-prob- 
ability paper. This paper is designed in 
such a manner that a normal (sym- 
metrical) distribution curve is trans- 
formed to a straight line if the percentage 
below a measured value is plotted against 
that measured value. Figure 1 shows a 
typical curve obtained by plotting cumu- 
lative per cent against resistance on 
arithmetic-probability paper and is plot- 
ted from data obtained from 100 tests 
(two pieces per test) of a single sample. 
Since-the curve is not a straight line, it is 
evident that the distribution of the re- 
sistance values is not symmetrical but is 
skewed. 

Since the curve in Figure 1 appears to 
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Figure 2. Logarithmic-probability curve of 
data from which Figure 1 was drawn 


be exponential, logarithmic-probability 
paper seems more suitable. Figure 2 
shows the same curve as a straight line on 
logarithmic-probability paper. While 
Figure 1 and Figure 2 are the result 
of 100 tests, it has been customary 
to facilitate testing by making 30 tests 
of a sample. It has been found that 
30 tests of a sample will determine the dis- 
tribution curve quite accurately although 
larger number of tests may give a set of 
points which will approximate a straight 
line more closely. However, in many 
cases the points from 30 tests lie in as 
straight a line as the points in Figure 2 
which represents a good set of data. 

It is apparent that there is a lower 
limit of resistance values dependent on 
the resistivity of the steel and, since there 
is no upper limit, a skewed distribution 
of some type is expected. Why the dis- 
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tribution of interlaminar resistance values 
is logarithmically skewed has not been 
determined but its existence has been 
verified by plotting curves from over 300 
sets of data. 

In order to show the significance of the 
slope and mean values of resistance dis- 
tributions plotted on arithmetic-prob- 
ability paper, three synthetic distributions 
are given in Figure 3. Curves A and B 
have the same median value and curve C 
has a higher median value. The slope of 
the curves is diminished progressively 
from A to C. The three cases shown in 
Figure 3, which are redrawn according to 
the usual method of plotting distribution 
curves (normalized to identical area), are 
identified by the same letters in Figure 4. 
The value at which a distribution curve 
(Figure 3) crosses the 50 per cent line is 
the arithmetic mean, the median value 
and the most probable value. It can be 
seen that a steep slope on arithmetic- 
probability paper signifies a broad dis- 
tribution curve. As the arithmetic- 
probability curve approaches a hori-. 
zontal slope, the distribution curve 
plotted in the usual manner becomes more 
sharply peaked. 

In order to show the significance of 
slopes, median values and arithmetic 
mean values of resistance distributions 
plotted on logarithmic-probability paper, 
Figure 5 and Figure 6 are presented. The 
lines on Figures 5 are synthetic distribu- 
tions typical of many we have observed. 
These curves are replotted in Figure 6 in 
the usual manner of plotting distributions 
and are designated by the same letters as 
in Figure 5. It can be seen from Figure 6 
that all the curves are skewed toward low 
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Figure 3. Synthetic arithmetic-probability 
curves 
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Figure 4. Normal distribution curves corre- 
sponding to arithmetic-probability curves of 
Figure 3 


Peak of curve C is at 21 per cent 


values. The value at which the logarith- 
mic curve crosses the 50 per cent line is 
the median value, but because of asym- 
metry it differs from the corresponding 
point on an arithmetic-probability curve 
in that it is not the average value or the 
most probable value. 

It can be seen that the distribution 
curve is peaked at a value below the 
median value and that the skewness, or 
shift of this peak from the median value, 
is proportional to the slope of the loga- 
rithmic-probability curve, increasing as 
the slope increases. The fraction by 


which the median value must be multi-. 


plied to obtain the value at the peak of 
the distribution curve will be called the 
“peak-shift” factor. This measure of the 
skewness is plotted against the slope of 
the logarithmic-probability curve in Fig- 
ure 7. The slope of the logarithmic- 
probability curves is measured as the 
number of cycles or fractions of cycles on 
the logarithmic scale between the inter- 
sections of the probability curve with the 
20 per cent and 80 per cent lines. Frac- 
tions of cycles must be measured on a 
linear basis. This may be done most 
easily by taking the difference between 
the logarithms of the resistance values at 
80 per cent and 20 per cent. , 

Figure 7 covers the range of slopes 
found in the majority of interlaminar re- 
sistance distribution curves. Logarith- 
mic-probability curves with slopes less 
than 0.25 cycle between 20 per cent and 
80 per cent are nearly normal distribu- 
tions and should be plotted on arithmetic- 
probability paper. 
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The arithmetic mean is above the 
median value for all cases on logarithmic- 
probability curves and the factor by which 
the median must be multiplied to obtain 
the arithmetic mean varies with the slope 
of the logarithmic-probability curve as 
shown in Figure 8. This factor will be 
called the distortion factor. 


Application of the Method to 
Calculation of Interlaminar Eddy 
Current Loss in a Machine 


Since the loss due to interlaminar eddy 
currents is a function of the reciprocal of 
the interlaminar resistance or of the inter- 
laminar conductivity, it is not correct to 
use, the average resistance value of the 
laminations to calculate the loss in the 
core due to interlaminar eddy currents. 
This is true because the reciprocal of the 
average of a group of numbers is not equal 
to the average of the reciprocals. 

Referring to Figure 9, suppose curve A 
represents the distribution of a certain 
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Figure 5 (above). Synthetic logarithmic-prob- 
ability curves 
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Figure 6. Skewed dis- 

tribution curves corre- 

sponding to logarithmic- 

probability curves of 
Figure 5 
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group of resistance test values. Ifa curve 
is drawn such that all points are recipro- 
cals of the corresponding points on curve 
A, then curve B results. Thus, the inter- 
laminar conductivity values (laminations 
per ohm centimeter squared) are also dis- 
tributed on a logarithmically skewed 
curve. Curve B has no meaning unless 
cumulative percentages are now inter- 
preted as percentages above a given value. 
Curve C is the same as curve B but is 
plotted so that percentages are again per- 
centage below a given value. Since curve , 
C has the same slope as curve A, the 
average interlaminar conductance is found 
by multiplying the median conductance 
by the distortion factor. The resistance 
corresponding to the average conduct- 
ance, which will hereafter be called the 
antiaverage resistance, is found by taking 
the reciprocal of the average conductance. 
This is easily done by dividing the median 
resistance by the distortion factor. 

Referring to specific values to illustrate 
this principle, the median resistance value 
from curve A (Figure 9) is 2.22 and the 
distortion factor from Figure 8 is 1.52. 
Multiplying these values gives an average 
resistance of 3.385. The median con- 
ductance is 0.450, and multiplying this by 
1.52 gives an average conductance of 
0.684. The reciprocal of the average con- 
ductance is found to be 1.46 which might 
also be called the antiaverage resistance. 
This same value is obtained more easily 
by dividing 2.22, the median resistance, 
by 1.52, the distortion factor. 

A discussion of the interlaminar re- 
sistance required to obtain satisfactory 
machine performance is of interest, It 
has been stated previously that, if the re- 
sistances of all laminations are equal, a 
resistance of approximately ten ohms 
centimeter squared per lamination (Fig- 
ure 10) is required to keep the loss due to 
interlaminar eddy currents at one per cent 
of the fundamental core loss of one per 
cent silicon steel for machines having a 
depth of core behind the slots of six inches 
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Figure 7. Peak-shift factor versus slope 


(punchings short-circuited on a frame or 
shaft). A little thought will show that the 
eddy current loss of a core, which is made 
up of laminations which have nonuniform 
interlaminar resistance (conductance), is 
the same as the eddy current loss of a 
core which is made up of laminations 
whose interlaminar conductances are all 
equal to the average conductance in the 
nonuniform case. Thus, in a practical 
case where the interlaminar resistance of 
eachofthelaminationsis different, the anti- 
average resistance must be ten ohms cen- 
timeter squared per lamination to fulfill 
the aforementioned requirement. 

The bulk of the tests on which this 
work is based were made at 50 pounds per 
square inch because of simplicity of opera- 
tion of the available test device. Since 
actual machine pressures may be several 
_ times this value, a study of resistance 
variation with pressure has been made 
yielding the values given in Table I 
which applies to one type of surface treat- 
ment only. A large number of additional 
tests indicate a range of values from 0.24 
to 0.57 for the ratio of median values of 
interlaminar resistance at 250 pounds per 
square inch to median values at 50 pounds 
per square inch obtained from the same 
samples. This range includes differences 
in types of surface treatments and prob- 
ably is much narrower for any one type of 
insulation. 

It is estimated that the average pres- 
sure in a machine does not exceed 150 
pounds per square inch so it is conceivable 
that the loss in a machine due to circulat- 
ing currents may be as much as two per 
cent of the rated iron loss if the anti- 
average resistance, according to tests at 
50 pounds per square inch, is ten ohms 
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centimeter squared per lamination. Ifthe 
actual pressure were 500 pounds per 
square inch, the loss due to circulating 
currents would increase to about four per 
cent of the fundamental iron loss. 

If there is a spot in a machine where the 
loss is excessively high and the heat de- 
veloped causes deterioration of the inter- 
laminar resistance film on adjacent lami- 
nations,. the fault becomes progressively 
worse and may cause the machine to fail. 
Therefore, in addition to knowing the 
antiaverage resistance, which determines 
the portion of core loss of the machine due 
to interlaminar circulating currents, it is 
most important to know that the poor end 
of the probability curve does not reach 
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Figure 8. Distortion factor versus slope 


values low enough to endanger the 
machine because of hot spots. In other 
words, one needs to know what percentage 
of resistance values may fall below a 
specified minimum value. This is a func- 
tion of the slope, considering the median 
value to be constant. For example, in 
Figure 5, curve B represents a better 
condition than curve A even though the 
median values are the same because 
curve B has a smaller percentage of ex- 
tremely low values. 
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The problem of possible hot spots in a 
core may be analyzed satisfactorily by ob- 
taining answers to the following two ques- 
tions: 


1. What minimum resistance can be per- 
mitted in a specified small length of core? 


2. How often will a low resistance group of 
laminations occur if ten per cent of the tests 
lie below the minimum resistance? 


In answer to the first question, it seems 
safe to assume that for a short length of 
iron, say ten laminations (approximately 
one-fourth inch), double iron loss, or an 
interlaminar eddy current loss correspond- 
ing to 100 per cent in Figure 10, would 
be permissible. That would mean a re- 
sistance of 0.1 ohm centimeter squared 
per lamination would be permissible for 
ten per cent of the tests. This condition 
should be true at the pressures which may 
exist in a machine. If it is assumed that 
the pressure is 500 pounds per square inch 
and a ratio of 0.25 is used (approximate 
value from Table I), then the minimum 
resistance should be 0.4 ohm centimeter 
squared per lamination for not over ten 
per cent of laminations tested in groups of 
two at 50 pounds per square inch. 

To answer the second question, it is 
necessary to estimate how often there will 
be ten consecutive laminations in a 
machine, each lamination having a re- 
sistance value of 0.4 ohm centimeter 
squared per lamination or less, if ten per 
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Figure 9. Relation of distributions of resistance 
and conductance 


A—Interlaminar resistance 

B and C—Interlaminar conductance 
a—Median interlaminar resistance 
b—Average interlaminar resistance 
c—Median interlaminar conductance 
d—Antiaverage interlaminar resistance 
e—Average interlaminar conductance 
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cent of the laminations tested two at a 
time are below 0.4 ohm centimeter 
squared per lamination. According to 
probability theory, the probability of oc- 
currence of simultaneous independent 
events is equal to the product of the indi- 
vidual probabilities. The applicability of 
this theory was verified experimentally by 
tests of the same set of laminations, two, 
four, and eight pieces at a time, 50 tests 
being made for the groups of two and four 
pieces, and 100 tests for the groups of 
eight pieces. These data are plotted in 
Figure 11 where the line for two pieces per 
test is drawn through the test points and 
the other two lines are calculated from it 
by applying this theory. It will be noted 
that the test points for four and eight 
pieces per test are in good agreement with 
the theoretical curves. Therefore, it is 
correct to extrapolate from tests involving 
groups of two or larger groups, provided 
that the insulation is of a type which pro- 
vides about the same resistance in a cop- 
per-to-coating contact as in a coating-to- 
coating contact. 

Now if ten per cent of the tests are be- 
low 0.4 ohm centimeter squared per 
lamination according to the distribution 
curve obtained from tests on two pieces 
at a time, this means that the probability 
of obtaining a test value of 0.4 ohm 
centimeter squared per lamination or less 
is 0.10. Then the chance of having ten 
such laminations (five groups of two) to- 
gether is 0.10~*, or once in every 100,000 
laminations. 
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Figure 11. Logarithmic-probability curves for 
the same sample tested three ways 
A—Iwo pieces per test (50 tests) 
8—Ffour pieces per test (50 tests) 
C—tight pieces per test (100 tests) 


For this size of lamination we have as- 
sumed (six inches wide behind the slots), 
18 inches is a reasonable value for the core 
length which would require about 1,000 
laminations per core (for laminations 
0.018 of an inch thick). Thus, a group of 
ten laminations in which the interlaminar 
eddy current loss is equal to the funda- 
mental iron loss could occur with a fre- 
quency of one in every 100 machines. 

It does not follow from this line of 
argument that one out of each 100 ma- 
chines will develop a serious hot spot if 
these limits of interlaminar resistance are 
accepted. But, if the interlaminar re- 
sistance of the laminations adjacent to 
the high loss section is lowered sub- 
stantially because of the heat and pres- 
sure developed, the effect is cumulative 
and the high loss section of the core gradu- 
ally widens and becomes progressively 
worse within itself until a serious hot spot 
is developed. However, if the inter- 
laminar insulating material is such that it 
is not affected by a reasonable rise in tem- 
perature or pressure and if the insulation 
on the coils is unaffected, this cumulative 
increase of interlaminar loss will not occur 
and the limit that a maximum of ten per 
cent of the laminations may lie below 0.4 
ohm centimeter squared per lamination is 
a conservative risk and is safely on the 
high side. 

Reliabilit 

This method of plotting logarithmic- 
probability curves of resistance values of 
punchings tested two at a time has 
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Figure 12. Reliability of test method 


Each curve represents 30 tests on the same 
sample shuffled between the four groups of 
tests 
Cx 
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proved reliable in that almost identical 
curves are obtained when the usual group 
of 30 tests is repeated on the same sample. 
This is illustrated by Figure 12 showing 
four curves obtained by testing the same 
sample four different times with thorough 
shuffling between each group of tests. The 
set of points from which curve A is drawn 
do not lie as near to a straight line as the 
other sets of points. However, when curve 
A is drawn so as to weight all points, it is 
in good agreement with the other curves. 

It is apparent that the test method de- 
scribed here leads to more valid values of 
interlaminar resistance which are lower 
than would be obtained by the conven- 
tional methods. Further, properties of 
the logarithmic distribution have been 
recognized which lead to the use of a re- 
sistance value which is less than the 
median value for the purpose of calculat- 
ing the interlaminar eddy current loss of a 
core. The use of the method of test and 
analysis described here increases the 
estimated core loss due to interlaminar 
eddy currents. Losses calculated in this 
way should be nearer the actual losses and, 
therefore, should be more reliable than 


a machine, the application of this method, 


termined by the Epstein test), should 
reduce the experience factor by account- 
ing for part of the previously inexplain- 
able loss. 


Conclusion 


Interlaminar resistance of punchings 
can be tested and evaluated so as to de- 
termine the probable performance in a 
finished machine by testing a set of lami- 
nations for interlaminar resistance in 


groups of two and treating the data 
statistically by plotting a logarithmic- 
probability curve. Two important facts 
can be obtained from the probability 
curve: 


1. The resistance corresponding to the 
average conductance (antiaverage resist- 
ance) from which the core loss due to inter- 
laminar currents can be calculated. 


2. The percentage of laminations which lie 
below a minimum resistance at or above 


which resistance the danger from hot spots 
in a machine will be negligible. 


Definite limits, which must be met in 
order that the losses due to interlaminar 
currents will be no more than one per 
cent of the total core loss, have been 
stated. 
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Discussion 


Guerney H. Cole (nonmember; The Ameri- 
ean Rolling Mill Company, Middletown, 
Ohio): In searching for the cause of exces- 
sive energy loss in the cores of electric equip- 
ment, it is frequently possible to eliminate 
from further consideration the interlaminar 
eddy current loss in a very simple way. In 
most 60-cycle machines, even of quite large 
size, the interlaminar loss will be negligible 
when the interlaminar resistivity of the 
magnetic core expressed in ohms centi- 
meter squared per lamination is not less than 
the square of the core width expressed in 
inches. It is seldom necessary to have the 
resistivity so high as indicated by this simple 
relationship as it usually insures a margin of 
safety of several hundred per cent even 
when one side of the core is short-circuited 
and the resistivity measurements are made 
before one side of the core is short-circuited. 
This relationship is based upon the formula 
given later in this discussion and upon the 
well known transformer equation showing 
dependence of volts per turn upon fre- 
quency, induction, and area of core. 

This simple relationship gives at least the 
order of magnitude of a safe value of re- 
sistivity. It is surprising how many en- 
gineers have little idea of the order of mag- 
nitude of interlaminar resistivity necessary 
for safe operation of their machines. This 
paper should stimulate interest in this sub- 
ject. Furthermore, the paper presents 
many of the fine points of making and 
evaluating interlaminar resistance measure- 
ments of special value to those setting up 
acceptance test methods. 

The interlaminar resistivity of some satis- 
factory cores will be found to be many 
thousands of times higher than that of other 
cores that result in no trouble. Sometimes 
this is due to the fact that the resistivity in 
both cases is adequate but in one case has a 
tremendous margin of safety. In other 
cases the rate of change of the total flux, or 
of the voltage per turn induced in the core, 
is so different as to permit a very widespread 
difference in interlaminar resistivity. Be- 
cause of the wide range in requirements, the 
type of necessary surface treatment varies 
widely. This is illustrated by Figure 13. A 
laminated core built of pickled steel with no 
added precautions to prevent interlaminar 
loss may be adequate for a doorbell trans- 
former inasmuch as the resistance of a cube 
one inch on a side would be 400 times as high 
as for solid steel. However, a resistivity 
thousands of times greater than that of a 
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core made of pickled electrical steel lamina- 
tions is required for power transformers or 
large rotating machines. 

With no assumption other than that the 
flux density and the interlaminar resistivity 
are uniform (such as usually is approxi- 
mately true when burrs have negligible 
effect) it can be shown that 


1 
P=(E/t)?x*— 
(E/)*XTR 


where 


P =interlamination loss in watts 

E/t=number of volts per turn induced in 
any coils surrounding the magnetic 
core 

R=resistance in ohms measured perpen- 
dicular to the plane of lamimations 


This loss will be four times as great if one 
side of the core is short-circuited. From 
this formula and design data it will be found 
that ten ohms centimeter squared per 
lamination is the proper value for the con- 
dition mentioned by the authors in the 
second paragraph of their paper. 

In connection with the authors’ discus- 
sion of the development of hot spots in 
cores, it may be of interest to point out that 
a method of insulating electrical sheet steel 
has been developed comparatively re- 
cently which greatly lessens the tendency of 
the insulation on the steel to disappear when 
excessive heat is developed in the core. 
This inorganic insulation for electrical steel, 
known as ‘“‘Carlite”’ insulation, results froma 
chemical and thermal treatment of the sur- 
face rather than the application of a coating. 
The insulation resistivity will remain ade- 
quate even when the core is operated at a 
visible red temperature for many hours. 

Although it is quite important to control 
interlaminar eddy current loss, few papers 
have been presented on this subject and 
hence the data and information given in this 
paper should be valuable both te design en- 
gineers and those responsible for insuring 
that electrical sheet steel is insulated ade- 


quately. 


R. F. Franklin (General Electric Company, 
Schenectady, N. ¥.): The authors of this 
paper have presented a very interesting 
analysis of a perplexing problem. The 
theoretical calculation of interlaminar eddy 
current loss in laminated cores has been pre- 
sented ably in previous papers before the 
Institute but little attention has been given 
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to adequate and practical methods of ob- 
taining the essential factor of interlaminar 
resistance on which the calculation de- 
pends. This paper deals with this latter 
problem and the method of measurement 
and analysis of data presented should be 
helpful to a solution of this problem. A 
third and final step would be that of cor- 
relating the calculated interlaminar eddy 
current loss, using tested values of inter- 
laminar resistance here presented, with 
actual test values as obtaimed in laminated 
cores. Because of the many factors present, 
this problem probably would involve the 
analysis of an extended number of tests by 
the probability method here used. 

Another method of measuring the mter- 
laminar resistance factor is described by the 
writer in a recent article! This method, 
which is used by the General Electric Com- 
pany for quality control of the application 
of enamel and oxides to laminations, has 
proved valuable because of its simplicity 
and convenience for mass production testing 
which is so important in assuring adequate 
interlaminar resistance. The method m- 
volves the use of a testing device which has 
ten separate insulated and spring mounted 
contacts, having a small resistance in series 
with each, which are applied to the surface 
of the insulated lamination under selected 
conditions of pressure, temperature, and 
voltage. A reading of the combined current 
through the ten contacts gives an indication 
of the magnitude of surface resistance. 
There is obtained, therefore, in one reading 
an average reading that would be obtained 
in taking ten separate contact measure- 
ments at different points on the surface. 
While interlaminar resistance is not meas- 
ured directly, a theoretical relation exists 
between the instrument reading and surface 
reading which can be used for assuring 
adequate interlaminar resistance. 


REFERENCE 


1. MsASUREMENT AND CONTROL OF INTERLAMINAR 
RESISTANCE OF LAMINATED MaGNETIC CORES, 
R. F. Franklin. Builziix of the American Society 
for Testing Materials (Philadelphia, Pa.), January 
1947, page 57. 


A. C. Beiler and P. L. Schmidt: The 
authors agree with Franklin on the ad- 
visability of correlating the calculated inter- 
laminar eddy current loss with actual test 
values on laminated cores. As he poimts out, 
it is necessary to apply statistical methods to 
such test values and large numbers of tests 
are involved. , 

Franklin makes reference to the test de- 


ST 


vice which has been produced by the 
General Electric Company as described in 
his reference 1. The test device appears to 
be a practical one for evaluating various 
coatings which might be applied to steel 
sheets or to laminations. Because of the 
uniformity of the method in regard to test 
area, pressure, and the manner of making 
electric connection, the device should be an 
excellent one for shop control, or for de- 
velopment work in which relative resistance 
values of several types of insulation are de- 
sired. However, the authors feel it lacks 
several features which should be included in 
a device which is to provide data applicable 
to the calculation of interlaminar eddy cur- 
rent loss. 

Coating to coating contact, a fundamental 
consideration in laminated cores, is ignored 
by the method used with Franklin’s device. 
The importance of including such contact in 
resistance measurements and its effect on 
resistance values obtained are discussed in 
the body of the paper (see paragraphs 3, 4, 
and 5 under “Discussion of Methods of 
Testing and Analysis’’). 

In the sixth paragraph under “‘ Discussion 
of Methods of Testing and Analysis” the 
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authors have discussed the necessity of in- 
cluding the effect of punching burrs on 
measurements of interlaminar resistance. 
This is another quality of all laminated cores 
which is not taken into account by the device 
developed by Franklin. 


Still another feature which the authors 
feel needs improvement in his device is the 
relatively small total area under test. As 
the area under, test is increased, the re- 
sistance will be reduced because the test 
value obtained varies inversely with the 
probability of alignment of low resistance 
spots or areas which are distributed over 
the entire lamination surface. Therefore, it 
is essential to test an area as large as pos- 
sible, but such that a uniform pressure can 
be applied over the entire sample area. The 
best solution to the problem of test area is 


- the use of an entire lamination whenever 


possible. 


This problem appears to be one in which 
advantage has been gained through experi- 
mental attack along different lines by two 
groups working independently. A combina- 
tion of the best features of both methods 
should lead to a more satisfactory test de- 
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vice than is now available. Such a device 
would incorporate Franklin’s technique for 
making contact with the laminations and 
applying variable temperature and pressure, 
and would include other features such as 
contact of two lamination surfaces, the effect 
of punching burrs, and the greater reli- 
ability of larger test area. 

Cole’s discussion clearly brings out the 
fact that the interlaminar resistance re- 
quired is determined by the application. 
This is influenced by three major factors, as 
follows: 


1. Tyne of construction, that is, whether or not 
the laminations are short-circuited on one edge, or 
by through-bolts or rivets. 


2. Type of operation, that is, intermittent or con- 
tinuous and the allowable temperature rise in each 
case. 


3. Lamination width, that is, the total flux en- 
closed in possible circuits through the laminations. 


The last of these points is discussed in the 
body of the paper (paragraph 4 under 
“Application of the Method to Calculation 
of Interlaminar Eddy Current Loss in a 
Machine’’) and is illustrated in Figure 10. 
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Preliminary Report on Laboratory 


Aging Tests on Class A Insulation 


AIEE TRANSFORMER SUBCOMMITTEE 


Synopsis: The paper gives the results of a 
series of co-operative laboratory aging tests 
made on Manila paper in oil sealed in glass 
tubes. The aging temperatures were 100, 
120, and 135 degrees centigrade. . The 
changes in tensile strength, elongation, fold- 
ing tests, oil color, and oil acidity are given 
in tabular formin TablesI,II,and III. The 
tensile strengths of the paper in per cent of 
initial versus time are plotted in Figures 1, 
2, and 3. The 120- and 135-degree-centi- 
grade tests are completed. The 100-degree 
tests are being continued. 


HIS REPORT gives the results of 

aging tests conducted by the four 
co-operating laboratory groups located at 
Pittsfield, Mass., Sharon, Pa., Milwaukee, 
Wis., and Chicago, Ill. 

The purpose of the tests was to de- 
termine whether the tensile strength of 
class A insulation (Manila paper) sealed in 
tubes with oil and protected from the air 
continues to decrease with time or 
whether the strength decreases to a cer- 


Paper 47-127, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
March 25, 1947; - made available for printing April 
15, 1947. 


Personnel of subcommittee on transformers: F. S. 
Brown, chairman; M. K. Brown, J. E. Clem, H. L. 
Davis, I. W. Gross, H. B. Keath, V. M. Montsinger, 
J.R. North, W. C. Sealey, F. L. Snyder, F. J. Vogel, 
C. F. Wagner, H. H. Wagner, E. R. Whitehead. 
Members of working group: V. M. Montsinger, 
chairman; P.L. Bellaschi, W. C. Sealey, and F. J. 
Vogel. 

The subcommittee is indebted to the following men 
and organizations for assistance rendered: 

The General Electric tests, under F. M. Clark’s 
supervision, were conducted by S. W. Kernaghan. 
The Westinghouse tests, under the supervision of 
Doctor C. F. Hill, were conducted by L. McCulloch. 
The Allis-Chalmers tests were conducted by J. P. L. 
McCoy, W. H. Krause, and J. M. Doherty. 

The Illinois Institute of Technology tests were made 
under the supervision of Professor F. J. Vogel, with 
the help of L. W. Matsch of the Armour Research 
Foundation in making the measurements. 


The oil and paper were furnished by the Westing-. 


house Electric Corporation. The test samples were 
treated and sealed in the test tubes by the General 
Electric Company. 
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tain percentage of its initial strength and 
then very little, if any, for long periods of 
time. 

Tests were made at 100, 120, and 135 
degrees centigrade. The 120- and 135- 
degree tests are completed. The 100- 
degree tests are still under way and will 
run for one or two more years. 


Co-operating Organizations 


The co-operating organizations were the 
General Electric Company, Westinghouse 
Electric Corporation, Allis-Chalmers 
Manufacturing Company, and The. Ar- 
mour Research Foundation of the Illinois 
Institute of ples 


Deception of Materials and 
Preparation of Test Samples 


DESCRIPTION OF MaTeERIALS (Paper 
and Oil) 


Manila Paper. 
Manning Paper Company: 


ISI cotitent.. per Cent, ... ae. oscars lem 
Alpha cellulose, per cent.............. 88 
DELotextracey Per CEM ts: yateretertn ae ce 7.6 
Apparent density, gram per cubic 
Centimeters. tis sonia oe ear iene 0.65 


Porosity or air resistance, seconds.......37 
Carbon tetrachloride solubles, per 


oil. 


a 
4 
Sn 
oO 
Se 
oo 
Figure 1. Aging of + 2 
Manila paper at 100 de- 


grees. centigrade 
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Data on paper from- 


PREPARATIONS OF TEST SAMPLES 


Strips of Manila paper (0.0033 by 0.5 by 
10 inches), formed into a 3!/2-inch coil and 
tied with cotton string, were inserted into 
Pyrex test tubes, (25 by 200 millimeters). 
The tubes were constricted to a 1/4-inch 
neck 6 inches from the bottom. All test 
samples were vacuum dried and impreg- 
nated with Wemco C oil. Excess oil over 
50 milliliters was removed from tubes. 
They were flushed with dry nitrogen and 
immediately sealed at room temperature 
and atmospheric pressure. 

1. Amount of pep 13 strips 0.0033 to 


0.5 by 10 inches or 2.2 grams (dry weight) 
per tube. 


2. Amount of oil: 50 milliliters oil (and 


paper) per tube. 


3. Ratio paper to oil: 5 per cent paper, 


95 per cent oil. 

4. Gas space: 15 per cent nitrogen gas, 
85 per cent oil (and paper). 

5. Vacuum treatment: All test samples 
vacuum dried in one tank at 112 degrees 
centigrade for 24 hours of broken vacuum 
followed by 72 hours of fine vacuum (500 to 
800 microns). Oil impregnated while hot. 
Soak under vacuum while cooling. 

6. Drying of oil: Wemco C oil dried to 
10 parts per million water content before 
impregnating by bubbling with dry nitro- 
gen. 

7. Water content tubes: 0.74 milligram 
per tube. Based on dry paper weight the 
water content of the paper would be 330 
parts per million. 


Information on Testing Methods of 
Each Laboratory Group 


GENERAL ELECTRIC COMPANY 


Tensile strength. Schopper tester, 125 
millimeter gap. Samples: tested im- 
mediately on breaking tube. Tested at 
70 degrees Fahrenheit and 50 per cent 


GENERAL ELECTRIC (#) 


WESTINGHOUSE (x) 
ALLIS - CHALMERS (a) 


oes aie aa —_ILL. ImsT. TECH. (0) 


(AT 105 DEG.) 


WEEKS 


879 


relative humidity. Values given are the 
average of ten tests. 


Folding test. Tinius Olsen folding en- 
durance tester. One kilogram load. 
Records number of double 90-degree 
bends. . 


Ou color. American Society for Test- 
ing Materials units, by comparison with 
known oil standards. 


Oil acidity. Solvent method, titrating 
with NaOH. Results calculated to milli- 
grams KOH per gram. 
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WESTINGHOUSE ELECTRIC CORPORATION 


Preparation of paper samples and tensile 
strength. All test strips were extracted 
with heptane and were conditioned for 
24 hours at 65 per cent relative humidity 
and room temperature. Testing machines 
used were a Scott 0 to 50 pounds, a 
Schopper 0 to 10 pounds, and a Tinius 
Olson 0 to 10 pounds. Testing spacing 
was five inches. Tests were made accord- 
ing to ASTM D202-43. Values given are 
the average of five tests. Tensile strength 
is expressed in percentage of unimpreg- 
nated paper. 


Oil color. 
colorimeter. 

Oil acidity. Titration by 0.02 normal 
KOH. 


ASTM units, by Union 


ALLIS-CHALMERS MANUFACTURING 
COMPANY 


Method of testing for tensile strength. 
After the vials were broken, the paper and 
oil were transferred immediately to a 
clean dry jar with an airtight seal. The 
strips of paper were removed from the 
jars and tested immediately without re- 
moving any of the oil, and without con- 
ditioning the samples to the humidity of 
the room in a Henry L. Scott tensile test- 
ing machine readable to the nearest one- 
half pound. Paper held at 135 degrees 
centigrade for three weeks and over was 
difficult to handle because of brittleness. 
The values given are the average of five 
tests. 
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Figure 2(above). Aging 
of Manila paper at 120 
degrees centigrade 


Figure 3. Aging -of 
Manila paper at 135 de- 
grees centigrade < 


Oil acidity. Given in milligrams KOH 
per gram by titration. 

Oil color. National Petroleum Associa- 
tion units. 


ARMOUR RESEARCH FOUNDATION 


Tensile strength. Tested with a Thwing- 
Albert tensile tester, with the pull ad- 


ERAN 


als se os ales 


GENERAL 
ELECTRIC 
(e) 


justed to increase at four pounds per 
second. The results were expressed as 


pounds pull at failure. The test spacing 
was eight inches. Special care was used 
to cushion the pull at the clamps. Made 
immediately after sample had cooled and 


glass tube opened. 


Table I. Summary of 100-Degree Cenuorade Aging Tests 


Folding 
Tensile Strength Test, 
Aging ——+ Number, Oil Acidity, 
Time, Lb Per Per Cent Elongation, Double Oil Color, Mg KOH 
Weeks In.?X 103 Initial Per Cent Folds ASTM PerG 
General Electric Company 
LBs. cadicta steer eO Oe nee Vier ACTS 0.005 
epd pha NS ia oveiieXevnysispeists 1G Melenateenarate TE ic ae 0.004 
OS Beis rise Set Se ae Sy, Ee 0.003 
O62 Sistine nls Dee eS caietea 0.007 
OE acid sieierat ete ocr Jeon israie« 0.025 
Westinghouse Electric Corporation 
Per Cent 
Onerade ne LOG oe aiectee FOO. 0; aera ant DE cate Ne sionstage cusuateren Anan Lessithan' lo cis. . + 0.012 
5 csrscapaite OFF gt calevaus OE Ovarreatereratiate Ls Ute aisueceeeaare conics »Less than ft) o3. 3%... 0.012 
Qa seis OS Seog acis UP GE ee ete SAU eer ee SSG i ee Ae os 0.017 
SO sonvetee ak 98 eisia avavete LL BUAC Oe OOS ROE EER bE Ane Gece cyan Le sganacniSyeuays 0.020 
L008 So aes (Ch serene 68.0 
Allis-Chalmers Manufacturing Company National 
Petroleum 
— Association 
Olen ateraccs 22 crete ..100,0 
DievsfefNesciers 22 TOONON, Sen ace eae Sipieyaiel of 6 miele Aria apiolavetaleis, sie MDieetercttone's 0.012 
Piers Geren Y fag ee Sd Qed nruccanetycecate eee Pade Scie eis emia rietece siehwaie 1:2 eo ee 0.013 
BO etn OEM atehetctsve 100.0 
Armour Research Foundation (aged at 105 C) 
Tensile Strength Elongation Tear Tests Power ° 
 - Factor, Specific Oil Acidity, 
Per Cent In. Per Force, Per Cent Per Inductive Mg KOG 
Lb Initial 8In, Per Cent G Strength Cent Capacity Per G 
O} > 34232 (av @)i. 10050)... tO cone tee more nen GOtnEnE Te 8002515 shat fa amie ssls s -035 ) 
£6 2h MAVe) age 95.00% 9 en tle tae DAs ois aisle SOe cleicierh mM UOM TER O59) Sil 2 1d Oirerers O00 
8.66. .21.1 gee OL A0F OAT eee 14 ceils DS oeratava a OS iio aac aoe nemesis es One | 
1270 waked stb RCI 4 
29.6 ..19.7 sees S520T on ORO calcein a Lace Deis: Sos cheats i eet CORA a 8 0.054 
42.7 ..10.03 eelefeu Soe) ma O OS enters LQ ae Seta caterers rience Ke ne cad nein ee ltaectaes 0.060 
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AIEE TRANSACTIONS 


Tear test. Expressed as force in grams 
and tested with an Elmendorf tear tester. 


Fold tests. Some tests were made with 
a Tinius Olsen fold tester, but because of 
the large variation was not considered as 
a satisfactory indication and the tests are 
not included in the results. 


Oil acidity. Neutralization number 
obtained by ASTM procedure expressed 
in milligrams KOH per gram of oil. 


Power factor. Oil from tubes tested at 
100 degrees centigrade in a cell at 60 
cycles. 


Record of Temperatures 


GENERAL ELECTRIC COMPANY 


The 100-degree-centigrade temperature 
was plus or minus 1.0 degree with no over- 
heating. 

The 120-degree-centigrade temperature 
was plus or minus 2.0 degrees averaging 
close to 120 degrees centigrade and twice 
the temperature was 124 degrees centi- 
grade over night. 

The 135-degrees-centigrade tempera- 
ture was plus or minus 0.5 degree and was 
low at 129 degrees for two days. 


WESTINGHOUSE ELECTRIC CORPORATION 


The temperature of the three ovens did 
not exceed two degrees above the nominal 
values, and 80 or 90 per cent of the read- 
ings fell between the nominal tempera- 
tures and three degrees below. The 
average temperatures of the ovens from 
the 270 daily readings are 99.5, 119.4, and 
134.4 degrees centigrade. 


ALLIS-CHALMERS MANUFACTURING 
CoMPANY 


The oil samples were aged at 100 and 
135 degrees centigrade in a Precision 
Scientific Company oven with tempera- 
ture control resulting in a temperature 
variation of less than one degree. 


Spread of Maximum and Minimum 
Values From Average Tensile 
Strength 


GENERAL ELECTRIC COMPANY 


Above 38 per cent the initial strength 
of the variation was 6 to 14 per cent. Be- 
low 38 per cent the variation was from 24 
to 70 per cent. 


WESTINGHOUSE ELECTRIC CORPORATION 


_ Above 40 per cent of initial strength 
the spread was from plus or minus 2.5 to 
plus or minus 7.5 per cent from average. 
Below 25 per cent the spread was from 
plus or minus 25 to plus or minus 50 
per cent from average. 
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Table Il. Summary of 120-Degree-Centigrade Aging Tests 
; Folding 
4 Tensile Strength Test, 
pone — Elongation, Number Oil Acidity, 
ime, Lb Per Per Cent Per Double Oil Color, Mg KOH 
Weeks In.?2< 103 Initial Cent Folds ASTM Per G 
General Electric Company (average of two separate tests) 
Oe eee VE. LEE ea. HOOD O wx cucrnergic oats 1S es ee ree acic QORe watosr Dye Sassueistes 0.004 
3 POG eke arc ccs SG Dis post cabane suc AO ears exe vases ones: « MD aiatevee.¢ erie te 0.005 
1022 Be GN =n dere is AA OU ies onto ORB) ix cxcttetevcsians Cache Sines Batevsapr aie 0.016 
Zoe kit 7). & Rane oe Ae 6670). ees OF2B ie ane Ps ace Le eae Ra One 0.026 
BOR ts, BA Aare Shae in's ae Cae ObMIDSh Geeta strc Ves PAGRTCE We cvetetone sre 0.085 
75 De Oa re ore sits Lil! O's ever iee One Xe stots: Sehr Oe ties a Toe 0.160 
Westinghouse Electric Corporation 
Per Cent 
OFA LOG Pr ote chete TOOZO Nera ra cies Ya eb eee eri tc “GN Ressthan lo cor snes 0.012 
Biche 89) crete 83): OF. ekrve ae te Di hm nn lpvats svoteaeietevs custorsiene AGMA. nate reise 0.017 
LOvarnatscxs Paw ee oot GOTO A sla octets LS Bised chad asic asec ashen ears 1 iE teas ee 0.012 
2's faitsnate Lay aa eee ve SB diceine sone. MQ icncte scareersvtlcjetete) recein aretate Y heal 5 tee 0.012 
50. OT in epee rate Qe Vicia Mavsteas sveie wls:s's ovale ale ore aeme hile = Sates Ley heer 0.02 
82.. 16 aha toys 15a 
LOO tes 134g Bk 1253 
Armour Research Foundation 
Tensile Strength Elongation Tear Tests Power 
SS = Factor. opecisic = Oil Acidity, 
Per Cent In. Per Per Force, Per Cent Per Inductive Mg. KOH 
Lb Initial 8% In. Cent G Strength Cent Capacity Per G 
0 ROOM AVIE)) drt 000 se Os 23ers a. Dyed, MOUs, cue TOO SSE cP atest keteie eho iets eh eve 0.035 
4502078 Mateth OS c Sier ep Os OD isetahersy lived steve reas) Py hee any tee AB meee 0.11 OB Ula seaese 0.056 
8.6 ..16.3 LAVAS 0s SeWUR, es Aeaid fede Oh Pee SB siete ccc niaae sae oes eae 0.057 
L272 OF OL 39.2 
29.6... 9.1 SOe 2 ere. O5) wean ORG tse crs (O) eerie Ovtersrte (ake eat asa ade 0.062 
AQT soe 11/59 BA A crete OO Sb caterers OFC ise: (Ole ge aon Olg.5 5, 0.21 vIEDT ae aes 0.087 
Table Ill. Summary of 135-Degree-Centigrade Tests 
Sg SSS... SSS oe 
Folding 
Tensile Strength Test, 
Aging Number Oil Acidity, 
Time, Lb Per Per Cent Elongation, Double Oil Color, Mg KOH 
Weeks In.? 103 Initial Per Cent Folds ASTM Per G 
General Electric Company 
ORs: 5-8 le arent LOO! Oe vate tenes USS eons soca eas beer Vat roid,seeeae 0. 004 
aS See Loe Tevarins arts 90. Vite eb ies OP Occ tite cimts. ORS sye/te, Ly Ree Berta 0.027 
Sseinisasic Upig dtocnoe 67.4 AC UAY feist CL 1 ae Be ie Wat ae eee ae 0.064 
LO eres avers De Diarerere thse Wy GY (ie ea OPR tcc cere nate Os Seis 1 Vetoes 0.10 
14 R28 OG. Saehiscc.cte Li fe MNS GIP ye hetetxe is Os Bictere See RY opine oan 0.09 
Westinghouse Electric Corporation 
Per Cent 
Oneereis.as TOG Meee erres LOONO Rey yevore. ccs sue Dich. reel « av soroees eretete mivhateie is Wess thaws mcs oe 0.012 
3 PRS «Sets SO he srtonats SAR Opies estos BOD onasecste tole eee a ayee ees aleet : We icv 0.012 
Sere ser. Chile. agen oieaiee ors ODED AR: sc a chs 1 a) tS a cic oio. coin 1 wea OL OL7, 
LOW er cle 25) Ries FS Che dictates Heeheiets oasis oie eee eee ets 1 See ce 0.023 
pb baa tee eaters cya AAT ers soe Paco t vein sittagere ane apoat Mere Tei eiers urs teP an ohe A/S orate: 0.058 
OY ert [aCe Se cc - Cen Ct oe hon AE OLS coe OBE ood Oc oniok, Lessithan:2.  i.s/ecatere 0.100 
Allis-Chalmers Manufacturing Company 
Lb National Petroleum Association 
Obra: DOE Sees shetant 100.0 
fi SRS Ss AS ie Asean aees GSE oe Le acter PITA ne As od ines 1.8 Ree 0.012 
Bic cethicee Ae terete oles TS: D: Deer Nes ad i cai oi sl eberetetet dhavtue clever erarans IS (se, Paver: 0.018 
VO Werereve dye ea Nor RRA (C1) Gee Pa ete a erm Signin acinomincy a0 Libis 0.040 
Armour Research Foundation 
Tensile Strength i Ps. 
Elongation Power Specific Oil Acidity, 
Per Cent Factor, Inductive Mg KOH 
Lb Initial In. Per 8 In. Per Cent Per Cent Capacity Per G 
BR fn Jo en bee SS SS ee 
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Summary of Test Results 


The results of the tests made at the 
four laboratories are given in Tables I—III. 
The per cent initial strength versus time 
dataare plottedin Figures 1-3, respectively. 
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Discussion 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): In view of the 
sharp increases in recent years in the in- 
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stalled costs of electric equipment, it has 
become increasingly necessary to utilize the 
equipment as much as feasible. This means 
increasing the load capabilities up to tem- 
perature limits as far as available data indi- 
cate will besafe. Therefore, the data in this 
paper are of timely interest. 

H. A. Adler of this office has found on 
analyzing data in the paper that the de- 
terioration of the insulation follows a law 
expressed by the formula 


d=1-—(e™) 
where 


d=the per unit deterioration 
t=time 
k=constant 


This means that the rate of deterioration 
at any given temperature is not a constant 
percentage of the original value, but rather 
that the rate of deterioration at any given 
time is a constant percentage of the remain- 
ing strength at that time. This would mean 
that the absolute values of deterioration per 
unit of time become smaller and smaller for 
long durations. From the available data it 
appears that the rate of deterioration as de- 
termined from tensile tests doubles for an 
increase in temperature of from 5 to 9 de- 
grees centigrade. 

It has been surprising to note that there 
is considerable difference in test results be- 
tween the various laboratories in view of 
experience with oven-aging tests on cable 
insulation in Chicago, and earlier work at 
the Massachusetts Institute of Technology. 
Nevertheless, the data showing the highest 
rates of deterioration still indicate that it is 
safe, for example, to have occasional emer- 
gency operation at 135 degrees centigrade. 

It is my understanding that all samples 
were prepared from the same material, by 
the same laboratory, and only the aging and 
the final tests were made by the various co- 
operating laboratories. The discrepancies 
in results may be due to differences in test 
methods between the various laboratories. 
It is noted that Westinghouse samples were 
tested after extraction of the compound 
which may account for some of the differ- 
ences. However, apparently the other labo- 
ratories tested their samples in the impreg- 
nated condition. 

The results of tearing tests and of folding 
during tests are of special interest. Both 
tests indicate much greater deterioration 
than the tensile tests. In service the insu- 
lation of transformer windings may be sub- 
jected to considerable distortion incidental 
to the great temperature changes to which 
the transformer may be subjected during 
operation. The temperature range between 
no load on winter days and heavy load may 
be as much as 125 degrees centigrade under 
normal operation and about 160 degrees, 
taking into account loading under emer- 
gency conditions. Considering the distor- 
tion to which the insulation may be sub- 
jected due to these temperature changes it 
seems to me that data on tearing strengths 
may be of more value than data on tensile 
strengths. This point is emphasized by the 
fact that the paper shows much greater de- 
terioration in the folding endurance tests 
than have been shown in the tearing tests. 

In connection with the over-all problem of 
safe temperatures, obviously more labo- 


ratory data such as shown in this fine paper 
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will be welcome. In addition, utilities 
should find it useful to keep operating re- 
cords on transformers that carry high loads 
during normal or emergency operation. 


P. L. Bellaschi (Westinghouse Electric 
Corporation, Sharon, Pa.): . The results of 
laboratory aging tests on insulation pre- 
sented in this report should be of some help 
in clarifying understanding on this subject 
matter. For instance, these co-operative 
tests demonstrate that results are repro- 
ducible provided all conditions in method 
and test are the same. The differences in 
the results evidenced from Figures 1, 2, and 
3 apparently may be due to some departure 
in the details among the four laboratory 
groups: in the preparation of the paper 
samples for tensile test, the testing, as well 
as such other factors as control and measure- 
ment of the temperature. 

As stated in the report, these laboratory 
tests were made on Manila paper in oil in 
sealed glass tubes. One of the criticisms 
directed to this arrangement is that in a 
sealed test-tube arrangement such as this 
the decomposition products remain in con- 
tinual contact with the paper, whereas in an 
actual transformer the decomposition prod- 
ucts have ample opportunity of removal or 
escape from the paper proper and become 
absorbed elsewhere. 

The effect of these decomposition prod- 
ucts is well illustrated from tests made at 
the Westinghouse Research Laboratories 
which were conducted in the course of the 
co-operative tests presented in the report. 
In one series of tests, the volatile products of 
decomposition were removed from the test 
tube by means of a condenser, much in the 
same manner as volatile products are re- 
moved and condensed from any enclosed 
container. The results of these tests in 
which the volatile products are removed, 
show prolonged life of the Manila paper, 
Likewise, tests on Manila paper in oil in the 
presence of pressboard and other trans- 
former insulating materials result in longer 
life of the Manila paper. This latter essen- 
tially is the method Sloat followed in his 
tests. 

Many attempts have been made in the 
past to project the results of laboratory 
aging tests on insulation in terms of actual 
transformer operation in service, but in- 
variably this approach has encountered 
serious difficulties. In this connection a 
statement appears in the introductory sec- 
tion of the present ‘“Guides for Operation of 
Transformers” which because of its bearing 
on this subject is reproduced here! 


Practically all of the data in reference to the aging 
of insulation at different temperatures has been ob- 
tained in laboratory tests in which the decrease in 
mechanical strength has been measured. The rela- 
tion between the life expectancy of insulation as 
indicated by laboratory tests and the actual life of a 
transformer is largely theoretical so that loading 
based on such information must be tempered by 
sound judgment based on experience, 


With due cognizance to the place and 
significance fundamental research holds on 
the one hand and to the vital importance 
practical experience has on the other hand, 
there is an intermediate gap, however, that 
needs filling in this field of development. 
In recognition of this situation, life tests on 
15 transformer models were initiated some 
four years ago at the Sharon transformer 
works. In these transformers all known 
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methods of oil preservation are represented 
in the tank construction of the different 
units. The transformers are operated out- 
doors, subject to heavy load variations twice 
weekly, with top oil temperatures in the 
summer well up to 90 degrees centigrade for 
most of the transformers and as high as 100 
degrees centigrade in one or two of the units. 
When completed we believe these life tests 
on actual transformer models will fill in an 
important gap that now exists between labo- 
ratory test-tube insulation tests on the one 
hand and practical experience on the other. 


REFERENCE 


1. Gums FoR OPERATION OF TRANSFORMERS, 
REGULATORS, AND Reactors, AIEE Transformer 
Subcommittee. AIEE Transactions, volume 64, 
1945, November section, pages 797-805. 


W. A. Del Mar (Phelps Dodge Copper Prod- 
ucts Corporation, Yonkers, N. Y.): Bel- 
laschi’s tests of insulation in which he al- 
lowed the products of decomposition to 
escape and the comparison he made with 
tests in which the products of decomposition 
were retained in the test cell, remind me 
of tests made a few years ago by two cable 
manufacturers on a new synthetic oil which 
appeared to have promising qualities for 
cable insulation. The laboratory of one 
manufacturer made a point of allowing the 
products of decomposition to escape and 
came to the conclusion that the oil was ex- 
ceedingly stable. The other manufacturer, 
realizing that the products of decomposition 
do not escape from a cable, made his tests 
in a closed cell and came to the opposite 
conclusion. 

One explanation of this was that the 
harmful ingredient in the closed cell tests 
was chlorine from a catalyst used in process- 
ing the oil. I do not know whether that is 
the correct explanation, but it occurred to 
me that the presence of chlorine from bleach 
might be responsible for the committee’s 
results with closed cells, 


V. M. Montsinger: It is true, as pointed 
out by Bellaschi, that the conditions in a test 
tube do not represent the exact conditions 
in a transformer. It was agreed, however, 
by the working group of which he was a 
member, that for the purpose of these tests, 
namely, to see whether or not class A insu- 
lation ceases to deteriorate in mechanical 
strength when it reaches say 40 per cent of 
its initial value, the ratio of 5 per cent paper 
and 95 per cent oil plus 15 per cent gas space 
represented conditions in a sealed-type 
transformer, close enough for practical pur- 
poses. 

If pressboard is an important factor it 
should have been added when the program 
was agreed upon. I donot believe that the 
addition of pressboard would have caused 
the curves to flatten out—that is, stop the 
continual decrease in tensile strength with 
time. 

Unless Bellaschi can give some definite 
comparisons between life of insulations aged 
in tubes in which the volatile products of 
decomposition were (1) removed, and (2) 
were not removed, the tests.apparently do 
not mean very much except perhaps to indi- 
cate that the unsealed (conservator) type 
has some advantage over the sealed type of 
transformer when subjected to short-time 
high temperatures. 


ATEE TRANSACTIONS 


{In connection with Halperin’s discussion, 
if the condition of insulation is judged by 
tearing tests (or folding tests) its life would 
be of the order of a year or so at a tempera- 
ture of 100 degrees centigrade. We know 
that a transformer will last several times orre 
or two years at 100 degrees centigrade. 
The life is probably too short even when 
judged by tensile strength but for the pur- 
pose of this study the tensile tests should be 
the best ones to use, 
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Halperin gives the equation which ex- 
presses the per unit of deterioration with 
time. It would be helpful if a simple equa- 
tion could be derived factoring both time 
and temperature but it does not appear that 
this is possible. 

G. H. Halsey of the transformer division 
has derived the following equation which 
fits approximately the General Electric 100- 
and 120-degree and Westinghouse 135- 


Class A Insulation 


degree test lines. The equation ts of the 


form 
Ts =100e—“" 
where 
1 
1,000 
Ts=per cent tensile strength 


T=temperature, degrees centigrade 
t=time, weeks 


0.1147 — 10.58 


be 
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Rotating Stability Regulators for 


Synchronous Motor Drives 


W. SCHAELCHLIN 


MEMBER AIEE 


N transmitting. power from a prime 

mover to a load by means of an a-c 
system consisting of either a synchronous 
or induction motor drive, it is necessary 
to provide sufficient torque margin so as 
to avoid pulling the machines out of step 
when subjecting them to momentary 
overloads. 

Very often it is uneconomical to build 
all torque margin as inherent stability 
into the machines, that is, to make the 
continuous excitation high enough to 
take care of momentary overloads. It is 
obvious that such practice may result in 
motors and generators of excess capacity. 
Regulated stability, therefore, is being 
used more and more where possible, be- 
cause it permits reducing the size of the 
machines as much as 20 to 30 per cent 
without danger of pulling out of step due 
to sudden load peaks. The advantage 


gained is particularly important in case of - 


large machines where a reduction in size 
represents a real saving in weight and 
cost. 

Regulated stability has been used suc- 
cessfully for several years and several 
papers’)? have been presented, giving a 
rather complete discussion of the various 
factors involved. 

It is the purpose of this paper to de- 
scribe the performance of the Rototrol 
stability regulator as applied to ship pro- 
pulsion for tankers and troopships and 


Paper 47-128, recommended by the AIEE commit- 
tee on industrial control devices and marine 
transportation for presentation at the AIEE sum- 
mer general meeting, Montreal, Quebec, Canada, 
June 9-13, 1947. Manuscript submitted April 26, 
1946; made available for printing April 17, 1947. 


W. ScHAELCHLIN is manager in the marine and 
general mill control engineering department of the 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa. 
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which has proved equally successful for 
other drives, such as model motor drives 
associated with wind tunnels, steel mills, 
and hoists. 


How Stability Control Functions 


The performance of an a-c system can 
be illustrated by the well known vector 
diagrams of Figures 1 and 2 which repre- 


sent the extreme cases of operating a. 


synchronous motor from a generator of 
equal internal reactance X or taking 
power from an infinite bus. With the 
excitation held constant, the internal 
voltage vectors Ey spread apart as the 
load increases until at a displacement of 
about 90 degrees the system becomes un- 
stable and the motor pulls out of step. 
Expressing this relation mathematically 


PRIME 
MOVER 


(A) 


MAXIMUM POWER 
FOR «=90° 


(B) 


Figure 1. Typical vector diagram for syn- 
chronous motor propulsion drive with equal 
reactance in motor and generator 
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for round rotor machines and taking no 
account of losses, the energy transmitted 
by the system of Figure 1 is 
1.73 Ey? a a 

Kil tts = in =e 1 

ilowatts 1,000 X sin 5 cos 9 (1) 
_ When operating the motor from an in- 
finite bus as per Figure 2, the power trans- 
mitted is 


; 1.73 £,? 
Kilowatts = = S 
1,000 X 


in @ (2) 


In both cases the maximum power 
occurs at an angle of 90 degrees between 
the two internal voltages Ey of Figure 1 or 
between the internal motor voltage Ey 
and the line voltage E of Figure 2. 
Regulating the steady-state stability of 
an a-c drive consists in automatically ad-~ 
justing the excitation of the motor or 
generator as a function of load. Several 
methods are available to accomplish this. 
In some cases the volts or volts per cycle 
are held constant* while in other in- 
stances it is preferred to maintain con- 
stant steady-state stability as illustrated 
in Figure 3. 
These curves illustrate the performance 
of a 5,400-kw turbine generator used for. 
ship propulsion and show the line 
voltage and power output as a function of 
current. Assuming a desired steady- 
state stability with 10 per cent torque 
margin, for instance, the*90 per cent 
points of the various power curves are 


INFINITE BUS—— 


FOR ~=90° 


LINE VOLTS E 


(B) 


Figure 2. Typical vector diagram for syn- 
chronous motor connected across infinite bus 
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projected on their respective voltage 
curves as shown. The points thus ob- 
tained form a new curve that shows the 
voltage required for constant steady- 
state stability over the whole load range. 

It is interesting that this regulated 
voltage curve is not flat but has a rising 
characteristic as the load increases. The 
lower end of the curve which applies to 
light loads usually is not extended below 
50 per cent of normal and is made to 
follow the dashed line shown in Figure 3. 
This insures about unity power factor at 
no load and reduces the operating losses 
toaminimum. Little, if anything, would 
be gained by decreasing the excitation 
further. 

For many applications the control of 
excitation is not critical at all as far as its 
relation to load is concerned. It is per- 
fectly feasible, for instance, to increase 
the excitation much faster than shown in 
Figure 3, provided that the overload is of 
a transient nature only. By doing this 
the transient stability can be increased 
materially without complicating the con- 
trol as will be discussed later. 


Rototrol Stability Regulator 


After having established the desired 
volt-ampere relation for maintaining 
proper torque margin, the information 
thus gained can be impressed as a suitable 
intelligence on a regulating device for the 
necessary amplification. Among the 
various means available for this purpose, 
the Rototrol has given excellent results 
because of its effectiveness and simplicity 
of operation. 

The name Rototrol is derived from the 
words rotating and control and is applied 
to a d-c generator or exciter whose func- 
tion it is to regulate the performance of an 
electric drive through automatic adjust- 
ment of the excitation of the generators 


and motors comprising the driving 
machinery. It is similar to any con- 
ventional exciter except that it is pro- 
vided with various control fields and usu- 
ally includes a self-energizing amplifying 
winding. — 

Figure 4A illustrates a typical applica- 
tion of a Rototrol stability regulator for 
variable-speed turbine-electric ship pro- 
pulsion. It should be noted that the con- 
trol field consists of three separate wind- 
ings, A, B, and D. Two windings A and 
B measure current and volts per cycle, 
respectively, while the third winding D 
carries a fixed excitation. An additional 
self-energizing field C is connected in the 
Rototrol armature circuit and serves to 
amplify the intelligence fed into the con- 
trol fields A, B, and D. 

Figure 4B gives a typical picture of how 
a Rototrol functions. Its total. voltage 
output E is produced by the ampere turns 
0-2, of which only a small part 1-2 is 
supplied by the control windings. By 
varying the resistor R, it is possible to 
‘tune’ the armature circuit, that is, the 
self-energizing field C will supply all am- 
pere turns to produce the voltage E and 
the line X, will fall together with the air 
gap line X,. Maximum amplification is 
obtained under this condition. 

With the fixed field D and the voltage 
winding B being of equal strength but of 
opposite polarity, it follows that the 
Rototrol would regulate for constant volts 
per cycle if the current coil A were 
omitted. The addition of the latter will 
produce a slope in the voltage curve such 
as is shown in Figure 3 or steeper if de- 
sired. 

In determining the circuit constants of 
a Rototrol stability regulator, it is neces- 
sary to consider the amplification and 
speed of response required to insure a 
satisfactory transient stability of the com- 
bined equipment. Moreover, precautions 
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Figure 3. Performance 

curves for 5,400-kva 

turbine generator at 100 
per cent power factor 
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Figure 4. Rototrol stability regulator for ship 
propulsion 


CV =constant voltage 


have to be taken to avoid hunting, the 
danger of which increases with the degree 
of amplification required in the regulator.* 

Calculations and actual operating data 
indicate that the scheme of stability con- 
trol shown in Figure 4A is not critical and 
that it is possible to secure the proper 
speed of response without requiring high 
amplification and antihunting means that 
go with it. In this respect the current 
component of the Rototrol control field 
has a particularly beneficial influence. In 
case of a sudden load surge, it immediately 
provides full boosting of the excitation 
proportional to the load while the in- 
stantaneous drop in line voltage due to the 
transient reactance is relatively small. In 
most cases this reactance is only about 
one-third of the synchronous reactance so 
that for a given amplification the current 
component of the Rototrol control field is 
about three times as effective as the 
voltage component. In other words, the 
use of a current component permits a re- 
duction of regulator amplification. 

It is of course important that the time 
constant of the Rototrol exciter is rela- 
tively low as compared to that of the 
main machines. Moreover, it readily can 
be seen that the transient stability in- 
creases in almost direct proportion with 
the time constant of the generator and 
motor field which governs the delay of 
flux due to an increase of load. 

In applying the stability control of 
Figure 4 to turbine-electric ship propul- 
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5 2 3 4 5 
TIME-SECONDS 
Figure 5. Oscillogram showing speed of re- 
sponse of Rototrol regulator during maneuver- 
ing of ship 


sion, it is necessary that the ceiling 
voltage of the exciter be high enough to 
take care of the maximum load peaks that 
occur during manettvering. It is well 
known that a steam turbine may develop 
as high as 300 per cent torque when 
suddenly applying full steam flow. For- 
tunately, however, the inertia of the tur- 
bine-generator set is high as compared to 
the WR? of the combined motor, pro- 
peller, and entrained water so that actual 
tests indicate a maximum torque of about 
170 per cent only that has to be trans- 
mitted to the motor when accelerating a 
ship that is dead in the water. These load 
surges may occur rather suddenly, par- 
ticularly during crash stops when the 
propeller load changes from a state of 
cavitation to an efficient slip stream of 
water around the wheel. 

Figure 5 illustrates the transient con- 
dition for a 3,500-horsepower turbine- 
electric synchronous motor drive when 
changing from synchronous to induction 
motor operation during maneuvering of 
the ship. Even though the low power 
factor load as induction motor is heavily 
demagnetizing, the momentary line volt- 
age dip does not exceed about 14 per cent. 


Operation Beyond the 
Inherent Stability Point 


Extensive tests have been made to in- 
vestigate the various phases of stability 
control and to find out if and to what ex- 
tent it is possible to operate a system with 
_ regulated stability beyond the inherent 
pull-out point. 

One of the studies consisted of a test 
setup with two 130-kva synchronous 
machines coupled to d-c motors and 
generators as shown in Figure 6A. In 
order to find out the actual pull-out point 
with regulated stability, the line voltage 
was decreased while maintaining a con- 
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Figure 6. Operation with regulated stability 
beyond inherent pull-out point 


stant load of 130 kw. Perfectly stable 
operation was obtained even though the 
voltage was reduced below the inherent 
pull-out point B of Figure 6B and the 
system became unstable only-after the 
voltage was reduced to 1,650 volts or 70 
per cent of the inherent pull-out voltage. 
Rough calculations indicate that the 
angle between the generator and motor 
voltage vectors was increased to about 
130 degrees. 

For normal or steady-state operation, 
it is of course undesirable to operate below 
the inherent pull-out point since both the 


§ 
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. 5 
Figure 7. Typical Roto- 
trol stability control for 
constant speed drive 
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field and stator losses would increase un- 
necessarily. Nevertheless, itis interesting 
to know that the regulator will permit 
operation beyond the inherent pull-out 
which insures that much additional pro- 
tection during transient conditions. 


Stability Control of Constant Speed 
Synchronous Motors 


There are many industrial applications 
of synchronous motor drives that can be 
provided with regulated stability in order 
to reduce their size and weight. Such 
motors are usually of the constant speed 
type and are connected to a constant 
voltage bus as shown in Figure 7. 

A Rototrol exciter, either directly con- 
nected or separately driven, supplies the 
excitation for the motor. The control 
field consists of winding A and B, the 
ampere turns of which are suitably am- 
plified by means of. the self-energizing 
field C. 

At no load the shunt field B only is 
supplying excitation, As the load in- 
creases the current field A becomes effec- 
tive and increases the excitation to meet 
the higher torque demands. By properly 
porportioning the fields A and B it is 
possible so to design the slope of the 
excitation curve that the motor operates 
essentially with constant torque margin or 
constant power factor over the whole 
operating range. 

When large loads are applied suddenly 
to a motor running at light load, the ex- 
citation characteristic may be selected on 
a basis of insuring high transient stability. 
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Since the latter depends to a certain ex- 
tent on the initial excitation, it may be de- 
sirable to operate with excitations greater 
than required to insure unity power factor: 
below full load. The value of minimum 
excitation depends a great deal on the 
magnitude of the instantaneous load surge 
and the speed of response of the excitation 
system. — 

Various means are available for ad- 
justing the excitation control to meet a 
given application requirement. They 
may consist in suitably proportioning the 
Rototrol control fields or in the use of 
saturable reactors that give a sharp break 
in the excitation characteristic. Some- 
times the Rototrol fields are connected to 
maintain a definite power factor. What- 
ever control scheme is used, it should be 


borne in mind that the amplification re- 
quired in the regulator depends a great 
deal on the quantity measured by it. 


Conclusions 


Test data as well as actual operating 
experience indicate that it is possible to 
design synchronous motor drives of 
variable and constant speed with low in- 
herent torque margin and thereby gain a 
saving in weight and cost that is appreci- 
able in many cases. Regulated stability 
is adequate to protect the motor against 
pull-out provided the time constant as 
well as the ceiling of the excitation system 
are selected to meet the load requirement. 

The Rototrol stability regulator pre- 
sents a simple means of accomplishing the 


desired results and the benefits derived 
from current compensation are par- 
ticularly emphasized. 
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Discussion 


A. Uno Lamm (Allmanna Svenska Elek- 
triska Atkiebolaget, Ludvika, Sweden): 
The author mentioned that the magnetic 
amplifier or transductor might be used in- 
stead of the rotating regulator. We have 
found that the behavior of the transductor 
is very similar to that of the rotating d-c 
machine, and that also the mathematical 
treatment of both regulators in the dynami- 
cal case is the same. The speed of response 
of the transductor is fundamentally greater 
because of the absence of air gap in the 
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magnetic circuit, with consequent absence 
of magnetic energy to store up and consume 
during regulation. There is, however, for 
the present an economic limit to the use of 
the transductor especially as the cost of the 
metallic rectifier, which is combined with 
the transductor, compares favorably with 
the rotating machine only below certain 
power rating, and this critical rating varies 
between about one-half and five kilowatts 
depending upon conditions. 


W. Schaelchlin: Lamm’s comment concern- 
ing the similarity of the rotating and trans- 
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ductor regulator is well taken in that both 
types are using the same fundamental cir- 
cuits. 

It is not quite clear, however, why the air 
gap of the rotating regulator should cause 
an increase in time constant, although it 
is admitted that the introduction of an air 
gap has a tendency to increase the input into 
the control windings. As we see it, the 
speed of response and the time constant de- 
pends a great deal on the amplification and 
the relative strength of the varidus windings. 
Moreover, it is also necessary to evaluate 
the armature speed of the rotating regulator 
in order to obtain a good comparison of the 
two types of regulators. 
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Operation of Power Line 


Carrier Channels 
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OWER LINE CARRIER has become 

an accepted medium for the trans- 
mission of intelligence for high-speed re- 
laying and several other functions be- 
tween stations on a power system.*5 Be- 
cause of its versatility, it has been applied 
extensively to transmission networks of 
all voltage classes and all degrees of com- 
plexity.1 Its widespread use, however, 
has required a new line of thinking and 
appreciation of values by the power engi- 
neer who is accustomed to 60-cycle phe- 
nomena. Instead of megawatts and kilo- 
watts, he will be dealing with watts and 
milliwatts. Where the power engineer has 
been accustomed to transmission effi- 
ciencies not far from 100 per cent, in car- 
rier work he must expect efficiencies of one 
per cent down to 0.01 per cent or even less. 
Many applications of carrier to transmis- 
sion lines uncoyer new problems which 
had not been encountered previously. 
Their correct solution results in a carrier 
channel of a dependability limited only by 
that of the power line itself. It is the pur- 
pose of this paper to describe the behavior 
of carrier frequencies on power systems, 
and to discuss some of the more common 
problems that arise in establishing a reli- 
able carrier channel on a power line. 


Differences Between Power and 
Carrier Frequencies 


While the fundamental concepts of 
electric waves apply equally to power and 
carrier frequencies, the frequency differ- 
ence of approximately 1,000 to 1 makes 


Paper 47-142, recommended by the AIEE joint 
subcommittee on power system applications of car- 
rier current for presentation at the AIEE summer 
general meeting, Montreal, Quebec, Canada, June 
9-13, 1947. Manuscript submitted March 27, 
1947; made available for printing April 25, 1947. 
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negligible at carrier frequencies many fac- 
tors of prime importance at power fre- 
quencies and vice versa. . Most transmis- 
sion circuits are electrically short com- 
pared to the wave length of a 60-cycle 
wave, but at carrier frequencies with wave 
lengths as short as one mile the same cir- 
cuits are electrically long in most cases. 
Consider a typical overhead transmis- 
sion line at power and carrier frequencies. 
Assuming a velocity of propagation equal 
to the speed of light, the wave length of a 
60-cycle wave on such a line is about 3,100 
miles. The voltage at the receiving end 
of a line one wave length long would be 
360 degrees out of phase with that at the 
transmitting end. However, it is known 
that a maximum of power can be trans- 
mitted over a line when the receiving end 
voltage lags the generator voltage by 90 
degrees. For this line, the theoretical 
power limit would restrict transmission to 


not more than a quarter wave length or 


770 miles. On the same transmission line 
at a carrier frequency of 60 ke (60,000 
cycles) the wave length would become 
approximately 3.1 miles. One fourth of 
this distance or a little over three quarters 
of a mile appears to be the maximum 
distance for efficient transmission of car- 
rier. However, with carrier we are not so 
much concerned with transmission effi- 
ciency as with providing a voltage to 
energize a sensitive carrier receiver, and 
actually distances of several hundred miles 
are possible. 


Relative Efficiencies 


The foregoing discussion introduces 
another significant difference between 
power and carrier transmission, which is 
the relative efficiencies. The losses in 
any transmission circuit consist of series 
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resistance and shunt leakage losses. On 
modern transmission lines the leakage 
losses are small, and the series losses are 
kept to a minimum by raising the voltage, 
thus decreasing the current required to 
transmit a given amount of power. Since 
most lines at power frequencies are elec- 
trically short, the impedance is deter- 
mined primarily by the step-up and step- 
down transformers and the connected load 
at the receiving end. 

With carrier transmission, however, the 
lines are electrically long and most of the 
power is absorbed in the line. Thus the 
receiving equipment has little effect on 
the transmitting end impedance. While 
the transmission efficiency at carrier fre- 
quencies may be determined quite easily 
for uniformly constructed 2-terminal 
lines,'4 the complexity of most transmis- 
sion circuits is such that it is usually more 
practical.to determine this efficiency by 
actual test. At first thought, it might 
seem that the very low efficiencies (in the 
order of one per cent) which are quite 
common, would be entirely unsatisfactory. 
However, it should be remnembered that 
the energy losses of carrier transmission 
do not involve large amounts of power and 
modern carrier receivers operate on input 
power down to one milliwatt or even less. 

As an aid in expressing transmission 
losses at carrier frequencies, the power 
engineer has borrowed a convenient unit 
from the communication field—the deci- 
bel. The decibel is nothing more than the 
logarithm of the ratio of two values of 
power, voltage, or current. Since the 
over-all efficiency of two or more circuit 
components in series is the product of the 
efficiencies expressed in per unit values, 
the total circuit loss in decibels can be 
determined easily by adding the decibel 
losses of all the components. The decibel 
can be defined in terms of the following 
equation: 
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Figure 1. Typical power line for application 
of carrier, and frequency-attenuation curves 
under different line switching conditions 


assuming that FE, and E, are measured 
across circuits of the same impedance. In 
expressing the loss of a transmission cir- 
cuit, P; and E, are input quantities, and 
P, and E, are the values measured at the 
receiving end. 

Various power and voltage ratios and 
the corresponding decibels are shown in 
Table I. 


Table |. Power, Woltage, and Decibel 
Relations 
De 

Power Voltage 

Ratio Ratio Decibels 
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_ . Inlight of the table, consider a carrier 
channel with an attenuation of 30 decibels. 
If a carrier transmitter of P watts output 
will produceasatisfactory signal, doubling 
the transmitter output will allow satis- 
factory transmission through 33 decibels 
attenuation, and not through an addi- 
tional 30 decibels, which would mean a 
total attenuation of 60 decibels. Com- 
mercial carrier equipment usually is rated 
in decibels range for a transmitter-re- 
ceiver combination. If a transmitter of 
higher power is substituted, the increase 
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in decibels operating range will be equal to 
the decibels increase in power output of 
the transmitter. The maximum decibels 
also can be increased by using amore sen- 
sitive receiver, but line noise limits the 
usable increase that can be obtained in 
this way. The more sensitive receiver 
will give satisfactory output in the ab- 
sence of noise, but if the line noise is of the 
same magnitude as the desired signal, the 
added sensitivity is of no value. Under 
such a condition, a more powerful trans- 
mitter would be needed to give a satis- 
factory signal-to-noise ratio at the re- 
ceiving point. 


Characteristics of a Power System 


The ideal carrier channel would be a 
single-circuit line connecting two power 
stations with no other lines to it at either 
station and with no taps on the line be- 
tween the stations. Such a line, unfortu- 
nately, never is encountered in practice, 
but usually is complicated by the pres- 
ence of parallel lines, taps, and other lines 
connected to the bus at the line terminals. 
The attenuation of a 2-wire uniform line 
increases approximately linearly with 
frequency, but on many actual lines the 
departure from linearity is very large. If 
there are one or more branch circuits, 
particularly circuits which are relatively 
short at carrier frequencies, the increase in 
attenuation is no longer proportional to 
the frequency, but may vary widely for a 
small change in frequency. In fact, a 
change of 5 per cent in the frequency may 
easily cause an increase or decrease of as 
much as 25 decibels in some circuits. If 
the power circuit is changed by system 
switching so that the branch circuits 
connected are changed, there may be 
equally great changes in attenuation. 
Therefore, it is desirable that the line be 
studied carefully in order to determine the 
most suitable frequency for operation of a 
carrier channel. 


To determine a suitable frequency for 
a carrier channel on a line complicated 
with taps, it is often necessary to make a 
frequency-attenuation test of the line 
over the carrier-frequency band.6 Sucha 
curve for a typical line under various con- 
ditions is shown in Figure 1. The char- 
acteristic of the line AB with line traps at 
each end is shown in curve 1. The char- 
acteristic of the same line with tap C and 
its associated equipment in service is 
given in curve 2. The introduction of this 
circuit not only increases the average 
attenuation of the line AB, but also intro- 
duces irregularities caused by reflection 
and absorption effects. Thus between 
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points five kilocycles apart there is as 
much as ten decibels difference in attenua- 
tion. 

The characteristic of the same line sec- 
tion AB with both tap lines C and D is 
shown in curve 3. This curve shows not 
only an increase in the average attenua- 
tion because of the division of the carrier 
energy among the paths from A to B, C, 
and D, but also reflection effects that are 
so pronounced as to give a 20-decibel 
variation in attenuation over a 6-ke inter- 
val. Furthermore, there may be no simi- 
larity between the last two conditions. 
That is, the peaks and troughs in attenua- 
tion will not necessarily occur at the same 
frequencies. The peaks in attenuation are 
caused by reflection on the taps C and D 
at carrier frequencies for which the elec- 
trical lengths of the tap line are equal to 
an odd multiple of one-fourth wave length 
(1/4, 3/4, 5/4) at that particular fre- 
quency. For this condition, the input 


ADDED LOSS CAUSED BY TAP LINE — DB 
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Figure 2. Additional reflection loss caused 

by tap line an odd quarter wave length long, 

plotted as a function of normal tap line loss 


impedance of the taps may be very low 
(in the order of 10 ohms) compared to a 
normal line impedance of 500 ohms.” If 
it were possible to terminate the taps with 
their characteristic impedance (Zo), then 
the input impedance of the taps would be 
essentially equal to Zp and the attendant 
increase in attenuation would be only a 
few decibels. As the length of the tap 
increases, the tap line attenuation reduces 
the severity of the reflection losses. This 
is shown in Figure 2 which is a curve of the 
added attenuation introduced by an odd- 
quarter-wave-length-long tap line as a 
function of its normal attenuation. If the 
normal attenuation is low, the reflection 
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loss will be very high. As the tap line 
attenuation increases, the reflection loss 
decreases, approaching a minimum of 
three decibels (half the power) for a tap 
with no appreciable reflection. 

It is possible to minimize the effects of 
taps by inserting a line trap in the tap on 
the phase wire to which carrier is coupled 
{assuming phase-to-ground coupling). 
While this will not completely isolate the 
tap because of carrier energy which trans- 
fers to the other phase wires, it will re- 
duce its influence to a negligible value. 
From an examination of the three curves 
of Figure 1, it may be possible to select a 
satisfactory operating frequency without 
using traps on the tap lines. For example, 
at 80 ke the attenuation varies only 10 
decibels (from 8 to 18) for the three condi- 
tions, and the attenuation does not change 
too rapidly for a few kilocycles on either 
side of 80ke. This would be a satisfactory 
operating condition for modern carrier 
receivers. 


Determination of Frequency— 
Attenuation Relation 


From the foregoing discussion, it is 


evident that it often will be necessary to 
make an actual test on a transmission 
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system to determine suitable frequencies 
for carrier channels. This is particularly 
true if a single carrier circuit is to include 
two or more sections of a transmission line 
with their attendant busses, taps, trans- 
formers, and other circuit irregularities 
at carrier frequencies. While the fre- 
quencies for which a tap is an odd quarter 
wave length long can be calculated read- 
ily,‘ the actual frequency at which a tap 
line will present a low impedance is also 
dependent on the terminating impedance. 
This impedance is often a transformer 
bank whose characteristics at carrier fre- 
quencies effectively change the electrical 
length of the line. For this reason, it is 
generally not feasible to calculate the ef- 
fect of taps. On a simple 2-terminal line 
section to be arranged for carrier relaying 
with line traps at both ends, the carrier 
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frequency usually can be selected without 
tests on the line, since the power circuit 
will be nearly ideal for the application of 
carrier. 

On complex networks the problem con- 
sists of making an actual test on the line 
by transmitting carrier from one terminal 
in steps of a few kilocycles, and measuring 
the strength of the received carrier at each 
frequency at the opposite end of the cir- 
cuit over which a carrier channel is to be 
established. A suitable setup for making 
such a test is shown in Figure 3. Carrier 
is to be transmitted from station A to 
station B. Line traps are indicated as 
would be required for a relaying channel. 
If line traps are to be used, their imped- 
ance can be simulated reasonably by open- 
ing the circuit breaker behind them. A 
still better substitute, but less convenient, 
would be to open a disconnect switch on 
only the phase to which carrier is coupled. 
Voltmeters V1 and V2 are vacuum tube 
voltmeters suitable for carrier frequencies. 
Ammeter A is preferably a thermocouple 
instrument for measuring the radio-fre- 
quency current intothe coupling capacitor. 
The power into the line thus can be deter- 
mined from the V1 and A readings when 
the line tuner is adjusted to resonance. 
At the receiving terminal, however, the 


termining frequency- 
attenuation characteris- 
tic of a transmission line 


At A, P1=V1 XA watts 


2 
At B, pon watts 


P41 
Decibel loss=10 log Po 


power is usually too low to use a volt- 
meter and an ammeter. Instead, the line 
tuner is disconnected from the carrier set 
and terminated in a noninductive resistor 
R, preferably equal to the characteristic 
impedance of the line. It usually will be 
sufficiently accurate to use a resistor value 
of 500 ohms for overhead lines and phase- 
to-ground coupling. If no line trap is to 
be used (as might be the case for a tele- 
metering channel), the input impedance 
of the line at B may be far below 500 ohms 
because of the other lines connected to the 
bus at that station. It is desirable to 
know this value of impedance to aid in 
adjusting the line tuner, and it can be 
determined easily by transmitting any 
frequency from A which gives a satis- 
factory signal at B, then varying the value 
of R and determining the power dissi- 
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Figure 3. Setup for de- 


pated in resistor R. This power will be a 
maximum when the value of R is equal to 
the input impedance of the line at B. 

At each frequency step, the line tuner 
A is adjusted to resonance and the trans- 
mitted power determined. Similarly at B 
the line tuner is adjusted for maximum 
voltage across the terminating resistor R. 
This is simpler and gives more accurate 
results than retuning a carrier receiver at 


~ each point. From the formulas in Figure 


3 the total loss in decibels of the line and 
coupling equipment is computed. De- 
pending on the accuracy desired, it may 
not be necessary to readjust the line tun- 
ers at each frequency step. Figure 4 
shows the broadness of response of a 
typical phase-to-ground line tuner at three 
different frequencies in the carrier band. 
These curves were obtained by tuning the 
inductance L for resonance at 55, 75, and 
120 ke, and for each setting varying the 
transmitter frequency above and below 
resonance. From these curves it is ap- 
parent that an error of not more than one 
or two decibels would be introduced by re- 
tuning the line tuner only a few times over 
the carrier band of 50 to 150 kc. 

Figure 5 shows part of a power system 
provided with a carrier channel for tele- 
metering and supervisory control. This 
particular system was not clean-cut for 
the application of carrier for three reasons: 
first, near the center of the line was a tap 
which extended two different distances in 
opposite directions from the line; second, 
there was a parallel path of a different | 
length connecting the two stations; and 
third, at both line terminals there were 
numerous short lines connected to. the 
station bus. Frequency-attenuation tests 
as previously described were made and 
the results also are shown in Figure 5. 
The curve clearly shows the effect of the 
tap at about 63 ke. From these curves, 
frequencies of 95 and 105 ke were selected, 
and proved satisfactory in subsequent 
operations. If a satisfactory frequency 
could not have been found for all operat- 
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Figure 4. Response of phase-to-ground line 
tuner showing added loss caused by operation 
off resonance 
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ing conditions, a line trap could be in- 
serted in the tap at X to isolate it suffi- 
ciently from the line to allow operation 
of the carrier equipment. 

In many instances a less elaborate test 
is sufficient to select an operating fre- 
quency. At each frequency setting of the 
transmitter, the plate current of a simple 
biased-detector receiver, such as that used 
for carrier relaying (circuit in Figure 7), 
is read as an indication of signal strength. 
If the received signal is strong enough to 
saturate the receiver, the coupling can be 
reduced to operate on the linear slope of 
the detector characteristic. Of course, 
it is necessary to retune the receiver at 
each frequency. Such a test procedure 
will not give actual decibels loss over the 
carrer channel, but will give an indica- 
tion of relative signal strength. This pro- 
cedure is particularly useful if it is desired 
to explore a small part of the carrier band 
to determine if a given frequency is on a 
steep slope or at the valley of an attenua- 
tion curve. Results of such a test and the 
line on which the test was taken are shown 
in Figure 6. Frequencies of 85, 124, and 
149.5 ke were already in use and from 
the curve, the obvious choice was 116 ke 
for a telemetering channel from station B 
to station D. Two years’ operating ex- 
perience at this frequency has confirmed 
the validity of the test. 


Operating Practice 


MANUAL CHECKS 


After a satisfactory carrier channel has 
been established, periodic checks are 
necessary to insure continuity of service 
and foretell impending failure of the chan- 
nel in many cases before it occurs so that 
corrective measures can be taken. One 
of the simplest tests is a manual check of 
carrier reception by station operators 
once an hour, once a shift, or any other 
desired interval. The operator at one 
station starts carrier, and the operator at 
the other end of the channel reads the 
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biased detector plate current or any simi- 
lar quantity to give an indication of re- 
ception. If the readings show a progres- 
sive decrease in value on successive 
checks, some impending trouble usually is 
indicated. Of course, it is necessary to 
correlate the readings obtained with other 
conditions such as weather, battery volt- 
age, or system switching conditions, as 
will be explained subsequently. 

A typical carrier receiver for relaying 
operates at plate current saturation for 
normal input signals, such as point Bl on 
the curve of Figure 7. For a wide vari- 
ation in received signal (B1 to B2) there 
is little or no variation in detector plate 
current. To give a better indication of 
actual signal level, attenuation is intro- 
duced into the receiver input at point X 
in the circuit of Figure 7 to reduce the 


Figure 6. Transmis- 
sion line response be- 
tween stations B and 
D by plotting detector 
plate current against 
frequency 
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normal signal to the knee of the satura- 
tion curve of the receiver (Al on the 
curve). Now, a reduction in received 
signal level from B1 to B2 will appear to 
the receiver as a reduction from A1 to A2, 
and the drop in detector plate current will 
indicate the change in signal strength. 
By taking two readings, one with the at- 
tenuator in and one with it out of circuit, 


Figure 5. Power system 

for application of carrier 

telemetering and super- 

visory control channel, 

and frequency-attenua- 

tion curves for different 
line conditions 
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Figure 7. Circuit of biased-detector carrier 
receiver, and typical saturation curve 


a better idea can be obtained of the signal 
strength. Normally the attenuator is 
short-circuited through an auxiliary re- 
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lay contact, and is inserted in the receiver 
input circuit only when checking recep- 
tion. The use of this attenuator may be 
called accurately a “reserve signal” test. 
Since sleet is one of the chief reasons for 
reduction in received signals, the device 
is often called a ‘‘sleet detector.” 


It might be well to point out a few fac- 
tors other than weather conditions which 
will influence the readings obtained in 
the “‘sleet test.” A change in battery 
voltage will affect the transmitted power 
and thus alter the received signal. Fig- 
ure 8 shows a family of curves for a relay 
receiver operated at different supply volt- 
ages. From the curves it is seen that 
with a constant input signal such as 
point A, wide detector plate current varia- 
tions can be expected with varia- 
tion in d-c supply voltage. Changes 
in the system conditions (line switching) 
will alter the carrier attenuation as pre- 
viously shown in Figures 1 and 5. Asa 
result of these factors, a series of received 
signal readings must be analyzed care- 
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Figure 8. Saturation curves of biased-detector 
carrier receiver with variations in d-c supply 


fully and correlated with other data to be 
interpreted properly. 


AUTOMATIC CHECK-BACK 


A basic diagram of a completely auto- 
matic system for checking transmission 
and reception of carrier is shown in Fig- 
ure 9. At station A, a timing motor M1 
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STATION A 


runs continuously, and transmits carrier 
for a few seconds at any desired interval 
such as one hour. Reception of the car- 
rier signal at B picks up an alarm relay 
RA which seals in through contact M1 a 
timing relay M. This timing relay initi- 
ates transmission of carrier from B 
(through contact M) to send a “‘check- 
back” signal to A. Reception of carrier 
at A energizes an alarm relay RA which 
short-circuits the alarm bell. After a 
time interval sufficient for this to take 
place, a contact M1B starts another tim- 
ing relay M2 which closes a contact M2 
in the alarm bell circuit. If carrier is 
being received, the alarm bell cannot ring 
as it is short-circuited by RA. After a 
few seconds M1B opens and M2 resets, 
opening the alarm circuit. Then the M2 
contact at station B opens, and M resets, 
stopping carrier from B, Relay M1 at A 
stops local carrier after a time interval 
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sufficient for carrier from B to be received. 
Each time that carrier is received, a single- 
stroke bell is sounded. Failure of carrier 
at either A or B will interrupt the normal 
sequence and the alarm bell will seal in 
and ring continuously to call the oper- 
ator’s attention to the trouble. 


Special Considerations 


Two-FREQUENCY OPERATION 


For certain applications of carrier, 2- 
frequency operation is necessary; that 
is, the transmitters at the two ends of the 
line are tuned to different frequencies and 
the receivers are tuned to receive only 
the signal from the opposite end of the 
line. In this way it is possible to receive 
only the remote signal even though the 
local transmitter is operating. Such an ar- 
rangement is necessary where telemeter- 
ing signals are transmitted in one direc- 


Figure 9. Circuits for 
automatic checking of 
carrier channel between 


two stations 
+ 


STATION B 


tion over a carrier channel, and load con- 
trol impulses are sent in the opposite 
direction. The simultaneous use of a car- 
rier channel for telemetering and super- 
visory control is another instance where 
2-frequency carrier operation is required 
to prevent interference between received 
telemetering signals and transmitted 
supervisory impulses. In addition at 
the terminal where both telemetering and 
supervisory impulses originate, if a single 
carrier transmitter is used, it will be 
necessary to modulate the carrier with 
two audio-frequency tones, one for each 
function, and separate them with filters 
at the other end of theline. In the inter- 
est of conserving channel space in the car- 
rier frequency band, it is desirable to set 
the two frequencies as close together as 
the selectivity of the receivers will permit. 
With a given set of equipment it is unfor- 
tunately not possible to make a simple 
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statement of minimum frequency separa- 
tion which will apply in all cases. The 
attenuation of the carrier channel, the 
transmitter power, the type of transmis- 
sion (continuous wave or modulated), and 
the permissible ratio between the wanted 
and unwanted signals are all factors which 
influence the minimum frequency sepa- | 
ration. Briefly, the reason that no defi- 
nite figure for channel separation can be 
given is the inherent shape of receiver 
selectivity curves. 

Figure 10 shows a typical receiver selec- 
tivity curve. The abscissa scale is fre- 
quency, while the ordinate scale is deci- 
bels. The curve shows the rejection of a 
frequency other than f, to which the re- 
ceiver is tuned. Stated another way the 
curve shows the decibels increase in level 
above that of f, in received signal at fre- 
quencies other than f, which would be 
required to give the same receiver output 
as at f,, For example, at frequency f’ a 
signal 20 decibels above f, in level would 
give the same receiver output as at f,, 
similarly, 40 decibels for f’’ and 60 deci- 
bels for f’’’. Thus, a transmitter oper- 
ating at f’’ with a power output 20 deci- 
bels above the received signal would cause 
an unwanted signal in the receiver 20 
decibels below the desired signal. How- 
ever, if the incoming signal was so weak 
that the local transmitter output was 40 
decibels above it, it would be necessary 
to operate at f’’’ to maintain a 20-decibel 
difference between the wanted and un- 
wanted signals. This illustrates the rela- 
tion between frequency separation, at- 
tenuation and the transmitter power. A 
statement of allowable frequency sepa- 
ration for given equipment which would 
be satisfactory under one set of condi- 
tions might not hold for a line of higher 
attenuation. For this reason no simple 
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Figure 10. Typical selectivity curve of carrier 
receiver 
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statement can be made to cover all cases. 

As an aid in reducing allowable fre- 
quency separation, a parallel resonant 
trap circuit tuned to the local transmitter 
frequency can be inserted in the receiver 
input lead to greatly attenuate the un- 
wanted signal. The frequency separa- 
tion then is limited largely by the ability 
of the receiver to tune out the reactive 
component of the trap at the frequency 
of incoming signal. 


CARRIER ON POWER CABLES 


The application of carrier to power 
cables is fundamentally the same as for 
overhead lines. However, there are sev- 
eral new factors which must be taken into 
account. Perhaps the most important 
of these is the low characteristic imped- 
ance of a power cable, in the order of 25 
ohms as compared with 500 ohms for an 
overhead line. A typical line tuner and 
coupling capacitor when tuned to reso- 


Discussion 


W. E. Duncan (Tennessee Valley Authority, 
Chattanooga, Tenn.): The problem of 
determining just what line traps are re- 
quired and when they can be omitted in 
transmission systems has been discussed in 
many papers, and I believe that Lensner’s 
paper covers the major problems in making 
actual measurements of the lines in question 
so as to determine the carrier frequency .at- 
tenuation characteristics. However, after 
such data have been secured, and it is deter- 
mined that a frequency can be used without 
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nance may have a resistive component of 
as much as 140 ohms.? This resistive 
component is in series with the power 
cable, and the transmitter output power 
is divided proportionally between the 
tuner and the cable. 
25 and 140 ohms, the coupling loss will be 


25+ 140 


10 logio = ii(0) log 6.6 


=8.2 decibels 


This value of coupling loss is considerably 
higher than the one decibel or so loss en- 
countered in coupling to an overhead 
line. : 

Another important factor is the mis- 
match loss which occurs if the carrier cir- 
cuit includes both an overhead line and a 
section of power cable. Because of the 
abrupt change in impedance and conse- 
quent improper termination, reflections 
occur at the junction. The reflection 
loss in decibels at the junction of circuit 
elements of different impedances is given 
by the formula 


Paes identi — 00 We 
Oss in decibels = 0. SSS 

10 ay) VA 
where Z, and Z, ax- the impedances of 
the two parts of t, circuit. Applying 
this formula to cablé ind line impedances 
of 25 and 500 ohms, respectively, we ob- 
tain a mismatch loss of 
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20 logio 


Thus, for a carrier circuit comprising both 
overhead line and cable, the coupling and 
mismatch losses alone add up to 16 deci- 


bels without taking into consideration the 


losses on the cable and the line proper. 

A third important factor is whether the 
cable sheath is continuous or is separated 
into sections isolated with bonding trans- 
formers. If the latter is the case, the re- 
turn path for the carrier energy cannot be 
through the sheath as the bonding trans- 
formers present a very high impedance 


the aid of line traps, there is no assurance 
that the system operators will not upset the 
carrier channels during abnormal switching 
conditions, especially during bad weather. 
Let us look at curves 1 and 3 in Figure 1 
of this paper; this shows a difference of ap- 
proximately ten decibels between different 
line conditions, and it can be seen that con- 
siderable differences in attenuation could 
occur when additional lines are connected or 
disconnected from the main line carrying the 
carrier frequency. The best possible way to 
overcome this erratic condition is to install 
line traps to isolate completely the carrier 
channel to start with. Under the foregoing 
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and consequent attenuation to carrier 
frequencies. The earth is then the re- 
turn path, and the carrier attenuation on 
a cable with bonding transformers is often 
so high as to preclude the use of conven- 
tional carrier equipment such as is used 
for relaying which will operate through a 
maximum loss of 30 decibels. A fre- 
quency-attenuation curve of a transmis- 
sion circuit containing both cable and 
overhead line as well as several taps is 
shown in Figure 11. 


Conclusions 


A carrier channel will give dependable 
service if the equipment-is installed, ad- 
justed, and operated properly. Field 
tests to determine a satisfactory oper- 
ating frequency are often necessary, par- 
ticularly on complex power systems with 
parallel paths for the carrier energy and 
short taps on the line which may give 
serious reflection losses. As the power 
engineers become better acquainted with 
the behavior of carrier frequencies on 
their power systems, they will find that 
they can apply carrier advantageously to 
more and more of their lines with confi- 
dence in its ultimate performance. 
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condition, without the use of line traps in 
the trapped circuit, a transmitter power out- 
put of 100 watts will be required to produce 
the same results as would be achieved by the 
use of line traps and a 10-watt transmitter. 
This increase of power, of course, would give 
a possible interference to other channels. 
Therefore, the advantages of additional 
traps over higher transmitter power to 
obtain the same results would be lower inter- 
ference to other carrier services, much more 
stable line conditions during weather 
changes, carrier frequencies restricted to 
specific areas, any frequency could be used 
rather than a selected few, the installation 
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could be engineered completely prior to the 
actual receipt of materials, construction 
could proceed without being held up by 
making a lot of time-consuming field tests 
to determine operating frequencies, and the 
shifting of frequencies would be permitted 
at any later date as the system may require. 
It is believed, in most cases, it would be 
found that the use of a few additional line 
traps would pay big dividends in carrier 
channel stabilization. 


A. W. Walton (Oklahoma Gas and Electric 
Company, Oklahoma City, Okla.): The 
author has presented some important and 
interesting principles regarding the opera- 
tion of power line carrier current channels. 
It is desirable to run tests to predetermine 
the optimum frequency, however, there are 
some factors that make this step imprac- 
ticable. In a complex power transmission 
system, considerable carrier by-pass equip- 
ment may be necessary before any tests can be 
conducted. If the 50-to-150-ke carrier spec- 
trum is well occupied the problem becomes 
more complex. We in the southwest area 
have found it necessary to use higher fre- 
quencies, repeaters, and line traps for tele- 
meter channels. 

If a carrier channel is to be reliable an- 
other factor must be considered. Lensner 


894 


mentioned that line noise limits the usable 
increase obtained by using a more sensitive 
receiver. A high signal to noise ratio is 
desirable but very little has been said or 
published concerning this matter. 

Receiver design and characteristics should 
be critically examined in this respect by 
those contemplating telemeter applications. 


H. W. Lensner: The liberal use of line 
traps, particularly on an extensive power 
system with many carrier channels, is a 
desirable practice from the standpoints of 
choice of frequency and operation of the 
system. Where a large number of fre- 
quencies must’ be assigned with sufficient 
separation to avoid interference, the prob- 
lem is simplified considerably if the trans- 
mission characteristics of the power lines 
need not be considered. This can be ac- 
complished by completely isolating each car- 
rier channel with line traps. 

There are many instances, however, where 
frequency-attenuation tests are justified. 
In the example of Figure 5, practically all 
the high-voltage transmission circuits are 
shown. There was very little carrier on the 
system, so a wide choice of carrier fre- 
quencies was available. A few tests re- 
vealed suitable frequencies for a 2-frequency 
channel between stations. On similar sys- 
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tems which are not too complex, attenuation 
tests are worthwhile. 

It has been the writer’s experience that 
line noise is very seldom a problem in estab- 
lishing a reliable carrier channel. In those 
cases where it does interfere with satis- 
factory operation, there are several ways of 
reducing its effect. First, an attempt should 
be made to find the source of the noise. A 
faulty insulator or bushing will give carrier 
interference long before the device fails. 
Certain types of loads, such as arc furnaces, 
have caused severe interference in carrier 
receivers. Judicious use of line traps will 
increase the signal-to-noise ratio by con- 
fining all the carrier energy to the desired 
circuit and by trapping out lines which may 
be the source of the noise. 2 

Where audio tone modulation is used, tone 
filters in the receiver output effectively re- 
duce the band width and thus reject a pro- 
portional amount of noise. Another way to 
reduce the response of a carrier receiver to 
noise is to slow down the operation of output 
relays as much as possible consistent with 
correct performance. By so doing, the relay 
will not respond to short pulses of noise, yet 
will operate on the desired signals of longer 
duration. A study of a noisy line to deter- 
mine its cause plus the application of one or 
more of the remedial measures mentioned, 
will go a long way toward establishing a 
dependable channel. 
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Synopsis: A radically new modulation 
technique for multichannel telephony has 
been developed which involves the conver- 
sion of speech waves into coded pulses. An 
8-channel system embodying these princi- 
ples was produced. The method appears to 
have exceptional possibilities from the stand- 
point of freedom from interference, but its 
full significance in connection with future 
radio and wire transmission may take some 
time to reveal. 


HIS paper describes an 8-channel 

transmission system employing pulse 
code modulation (PCM) which was 
developed in portable form for field 
operation. Other work carried on simul- 
taneously by W. M. Goodall, also of 
Bell Telephone Laboratories, resulted in 
the development of an experimental 
system using a different method of 
coding. A method for pulse code modu- 
lation is proposed in a United States 
patent issued to A. H. Reeves. 

In carrying out this new type of modu- 
lation, the speech wave applied to each 
channel is, in effect, transmitted sample 
by sample and each sample is represented 
by a multiunit code employing on-or-off 
pulses, hence the term PCM or pulse 
code modulation. Thus, code pulses 
carry the message in contrast to the 
continuous modulation of a carrier as in 
ordinary amplitude modulation, or to 
the timing or position of pulses as in a 
pulse position modulation? system. 

The nearly instantaneous samples of 
the speech wave are taken at intervals 
sufficiently close together to permit 
the receiver to produce a faithful re- 
creation of the original wave. The 
Paper 47-131, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
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dependence merely on the presence or 
absence of pulses gives this-new system 
a high degree of freedom from inter- 
ference as compared with other types of 
modulation systems. The system also 
permits achieving regenerative repeating 
and thereby prevents noise from adding 
up from section to section in a long 
repeatered route. 

The conversion of the voice wave 
into coded pulses involves two prin- 
ciples: sampling and quantizing. 


Theory of Operation 


SAMPLING PRINCIPLE 


‘The sampling principle states: if a 
signal is sampled instantaneously at 
regular intervals and at a rate slightly 
higher than twice the highest signal 
frequency, then the samples contain all 
of the information of the original signal. 
This means, if a non-periodic voice wave 
is plotted, it can be reproduced in all its 
detail from the values of a set of ordinates 
erected at equally spaced intervals pro- 
vided the spacing of the sampling ordi- 
nates is less than half the period of the 
highest frequency component of the 
original wave. If a voice wave, for 
example, is passed through a low pass 
filter whose cutoff frequency is below 
4,000 cycles, all of the information neces- 
sary for its distortionless reconstruction is 
contained in a set of very short samples 
of the voice wave taken at regular in- 
tervals at the rate of 8,000 per second. 
No intrinsic distortion is involved. This 
sampling principle was used in a 
previously described? microwave relay 
system using pulse position modulation. 

Application of the sampling principle 
reduces the problem to one of sending 
a finite number of bits of information 
giving the magnitudes of the samples of 
the voice wave. However, this step 
alone does not permit translation to code 
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because the possible magnitudes of these 
samples may and generally will occupy 
a continuous range of values. This 
difficulty is resolved by a second step, 
the application of the quantizing prin- 
ciple. 


QUANTIZING PRINCIPLE 


If one experimenter were obtaining 
points on a curve and calling them to a 
second person for plotting on a graph, it 
would be necessary for them to agree 
upon the precision required. If they 
agreed to use two significant figures, 
for example, they might choose co-ordi- 
nate paper with 99 lines above and 99 
lines below the axis. Each point then 
would be plotted on one of these lines. 
Those experienced in curve plotting 
would expect to obtain a good likeness 


_to the original smooth curve in spite of 


the fact that only 199 possible discrete 
values of sample had been used. Were 
it desired to communicate this informa- 
tion, it is apparent that each discrete 
point could be represented by a code 
character composed of a sequence of on- 
or-off pulses. 

The quantizing principle states: each 
of a set of small ranges into which a 
larger range may be divided is assigned 
a single discrete number. This number 
may be that corresponding to the mean 
of the range. In the example above, 
any value from —0.5 to +0.5 would be 
called zero, or the value between 94.5 
and 95.5 would be called 95. It is quite 
apparent that some distortion or granu- 
larity is inherent in the application of 
the principle of quantization to samples 
of an electric signal carrying the informa- 
tion of the spoken word. The greater 
the size of the range assigned to a given 
character and the fewer characters used, 
the greater will be this ‘granularity. 
The problem is to determine the smallest 
number of steps into which voice signals 
may be quantized without serious dis- 
tortion, and what the size of each step 
should be. 


NUMBER AND SIZE OF STEPS 


The range of voltages covered by voice 
signals, from the peaks of a loud talker 
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to the weak passages of a weak talker, 
is of the order of a thousand to one. If 
the range of voltages assigned to each 
code character were small enough to 
keep the granularity within desired limits 
for the weaker passages, and if the range 
assigned to each character were the same, 
it would be necessary to assign several 
thousand characters to positive voltages 
and a like number to negative volt- 
ages, which would require approximately 
8,000 different code characters. By 
making most of the steps vary logarith- 
mically, nearly uniform percentage pre- 
cision is obtained throughout the greater 
part of the range and far fewer steps 


are needed. It has been found by experi- 
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CHANNEL 
INPUTS. 


Figure 1 (left). One 
terminal of an 8- 
channel PCM system 


Figure 2 (above). 
Functional diagram 
of PCM transmitter 


ence that 16 steps which vary logarith- 
mically give quite intelligible speech; 
32 give acceptable quality even if several 
such systems are connected in tandem; 
and the granularity introduced by a well 
designed system using 128 characters is 
little enough so that the reconstructed 
speech wave is reproduced to a high 
degree of fidelity as judged by experi- 
enced observers. With binary digits, 
the number of available characters is 
2 raised to a power equal to the number 
of on-or-off pulses, called digits, com- 
prising the code. Thus with four pulses, 
16 characters are possible, with five 
pulses, 32 characters, and with seven, 
128. Hence a 5-pulse code will give 
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acceptable quality and a 7-pulse code 
gives very high quality. 

To: recapitulate, application of the 
sampling principle permits the reduction 
of a continuous signal to 8,000 discrete 
samples per second, and application of 
the quantizing principle, provided log- 
arithmic steps are used, permits each 
sample to be represented with sufficient 
accuracy by a code character which 
uses one of the various combinations of 
five to seven on-or-off pulses. ; 
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Pulse code modulation also permits 
multiplexing the channels by time divi- 
sion.’ If the pulses are short, so that the 
five to seven on-or-off pulses comprising 
one character can be sent in a small 
fraction of the 125-microsecond intervai 
between characters, the clear time may 
be occupied by code pulses from other 
voice channels thus permitting multiplex 
operation with many channels. 


Figure 3. Block diagram of coder 


TO PULSE 
SHAPER 


1 


f 
! 
1 
' 
1 


SEE 
WAVE FORM 
BELOW 
! 
i 
! 
U 
t 
/ 
‘ 
(? 
tf 
ve 
DIGIT PULSES ngs 
ae sa 
Mi oe 
' 
\ 
H 
AIEE TRANSACTIONS 


==2 

=-3 

INPUT GATING FILTERING --4 
oA AND AND 

ag DECODING AMPLIFYING == 

--6 

--7 

--8 


GATING 


CIRCUIT 


Figure 4 (above). 
Figure 5 (below). 
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Functional diagram of PCM receiver 
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SPEED OF OPERATION 


A single-channel PCM system carrying 
speech runs at 8,000 characters per second 
and the 8-channel system to be described 
runs 64,000 per second. The pulsing 
speed is 8,000 X 8 X 5 which is 320,000 
on-or-off pulses per second. It is ap- 
parent that high speed electronic devices 
must be used to attain such speeds of 
operation. A surprisingly large number 
of such electronic devices as well as 
many different methods of operation 
have been proposed. 


Method of Operation 


OUTLINE OF THE METHOD 


At the transmitting end, the method 
of operation depends on the use of a 
“binary counter’’* to count the num- 
ber of pulses passing through a “gate” 
which is opened for a length of time 
proportional to a speech sample.* 

In the 8-channel PCM system (Figure 
1) which uses conventional radio re- 
ceiving tubes the following sequence: of 
events, presently to be described in more 
detail, results in the automatic con- 
version of speech to code. Looking 
at the left of Figure 2, the voice signal of 
each channel first passes through a 
low-pass filter whose cutoff frequency is 
less than 4,000 cycles per second. Next 
the-resulting signal is sampled at regular 
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intervals 8,000 times a second. These 
samples (amplitude-modulated pulses) 
are converted to pulses of uniform am- 
plitude and variable length. The length 
of each pulse is logarithmically related to 
the magnitude of the corresponding sam- 
ple. These length-modulated pulses go 
to an amplifier and turn it on for intervals 
of time corresponding to the length of 
each pulse. This amplifier or gate 
passes a number of cycles of a frequency 
so chosen that the longest pulse passes 
16 cycles more than the shortest. A 
binary counter counts the number of 
half cycles and its condition at the end 
of the count is utilized to produce the 
desired corresponding code characters. 

Essentially, the function of the PCM 
receiver is to perform these operations 
in reverse although not necessarily by the 
same methods. The result is a copy of 
the original signals but at a later time. 
In a well designed system, the accuracy 
of copy depends chiefly upon the fineness 
of the steps used in quantizing the 
samples. During the intervals of time 
a channel is inactive, there need be 
no output or noise. 


Figure 7. Transmission 
stability of 160-mile 
circuit 
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In the PCM transmitter (Figure 2) 
the timing of all operations is fixed by a 
320-ke crystal-controlled oscillator. In 
the diagram of Figure 2, this oscillator 
and a 5-stage and 8-stage ring counter® 
are included within the block designated 
“oscillator and pulse generators”. The 
output of the oscillator is coupled to the 
5-stage ring counter which divides the 
input frequency by five, producing in 
each stage of the counter 64,000 output 
pulses per second. Pulses in the output 
of a particular stage go to another ring 
counter which has eight stages and there 
produce pulses in each stage at the rate 
of eight thousand per second or every 
125 microseconds. Each stage in the 
8-stage ring counter produces pulses of 
15°/s microseconds duration at 125 
microsecond intervals and, at any instant, 
one and only one stage is producing a 
pulse. 

Each: voice signal passes through a 
low-pass filter to a sampler. Each sam- 
pler also receives pulses from a par- 
ticular stage of the 8-stage ring counter. 
The sampler is designed to deliver pulses 
whose magnitude is determined by the 
voice signal and whose time of occur- 


-rence is coincident with that of the ap- 


plied pulses from the ring counter. When 
a voice signal is applied to any channel 
input, corresponding positive or negative 
pulses (samples of the voice signal) ap- 
pear in the time intervals assigned to 
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that channel. The output from the 
samplers is a type of signal known as 
pulse amplitude modulation. 

The coder is designed to operate from 
length-modulated pulses. The output 
of the samplers, therefote, needs to be 
converted from pulse amplitude modula- 
tion to pulse length modulation and this 
is done in a converter. 

In the converter, a capacitor is charged 
to a magnitude controlled by the am- 
plitude-modulated pulse. The time re- 
quired for the capacitor to discharge to a 
specified voltage is proportional to its 
charge. The discharge current generates 
length-modulated pulses. The leading 
edges of these pulses, which are repre- 
sented by the discharge current, recur at 
regular intervals. 

These length-modulated pulses are 
used to turn on an amplifier. This am- 
plifier, designated ‘‘gate’’, consists of 
a twin tube whose grids are driven in 
push-pull by a 1,600-kc sine wave, ob- 


tained by generating the fifth harmonic - 


of the 320-kc oscillations. The plates of 
the tubes are coupled to the first stage 
of the binary counter and deliver short 
pulses (pips) at a rate of 3,200,000 per 
second for the duration of each of the 
length-modulated pulses. These short 
pulses are counted. 

Each stage of the 5-stage binary 
counter (Figure 3) consists of two tubes 
one of which may be called the odd tube 
and one the even tube. The circuit 
is designed so that when either tube 
conducts, the other does not. Thus, 
the application of a pulse causes a stage 
to reverse its position and assume the 
opposite state regardless of which state 
it was in. For example, if the even tube 
is conducting and the odd tube is not, 
the application of the next pulse causes 
the even tube to become nonconducting 
and the odd tube conducting. Coupling 
between stages is such that a pulse is 
applied to a succeeding stage only when 
the even tube of the previous stage is 
made to conduct. Knowledge of the 
condition of conduction of either of the 
tubes tells whether an even or odd number 
of pulses has been applied to that par- 
ticular stage. 

At the end of the counting interval, 
to discover how may pulses have been 
counted, it is sufficient to examine the 
odd tubes. If the odd tube of the first 
stage is found conducting, we write down 
1 and if nonconducting, 0. If the odd 
tube of the second stage is conducting, 
the number recorded is 2 and if non- 
conducting, 0. Similarly, for the remain- 
ing three stages we write 4 or 0, 8 or 0, and 
16 or 0, respectively. The number of 
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pulses counted equals the sum of the 
five numbers obtained in this way. The 
maximum change in length of the 
length-modulated pulse controlling the 
gate is such that counts from 0 to 31 are 
possible. With no input to a channel, 
a count of 15 or 16 is equally probable. 

Application of a reset pulse to the 
counter forces all of the even tubes to 
conduct, thereby cutting off plate current 
to the odd tubes. Removal of the reset 
pulse releases the counter which is then 
in a condition to count the next series of 
pulses. 

Following each counting period and 
preceding the reset pulse, the condition 
of the counter is transmitted to the PCM 
receiver by sending in succession an on- 
or-off pulse for each counter stage de- 
pending upon whether the odd tube is 


conducting or non-conducting. The first: 


on-or-off pulse is transmitted under 
the direct control of the first counter 
stage. The data from the remaining 
stages is stored. This is accomplished 
by charging capacitors, called storage 
capacitors, under control of the counter 
stages. Gate tubes acting as amplifiers 
are coupled to the storage capacitors 
and are pulsed (turned on) in successive 
intervals and do or do not deliver 
pulses as indicated by the condition of 
each counter stage. 

As these pulses from the coder are not 
uniform in shape or duration, they are 
applied to a pulse shaper. This pulse 
shaper consists of a gate, opened or 
closed by the coder output, and fed by 
short pulses which recur uniformly at a 
320-ke rate. By this means the coder 
pulses control the release to the line of 
pulses of uniform amplitude and duration. 

In Figure 3 are shown idealized wave 
forms of the voltage as a function of 
time at the output of the various counter 
stages. Time advances from left to 
right as is conventional for oscillographic 
presentations. 


SYNCHRONIZATION 


In order that the eight channels may 
be separated, it, is necessary that the 
receiver gates: should receive pulses of 
exactly the right frequency and in the 
correct time relation. The transmitted 
signal contains a prominent 320-ke com- 
ponent which is selected by tuned am- 
plifiers and limiters to-produce a steady 
320-ke wave. Suitable gate pulses are 
produced by dividing this frequency by 
five and then eight. After division by 
40, there are 40 possible time relations 
between these gate pulses and the cor- 
responding signals from the transmitter, 
only one of which results in correctly 
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separating the coded signals and routing 
them to the desired channels. This 
uncertainty must be resolved by the 
transmission of a frame marker or other 
appropriate identification. 

In the PCM receiver, the block de- 
signated “synchronizing control circuit’’ 
(Figure 4) selects the frame marker 
pulses and prominent 320-ke sine wave 
which are used to lock the “oscillator 
and pulse generators” in their required 
time relation with respect to the received — 
pulse array. 
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For decoding, channels are separated 
by pulsed amplifiers serving as gates. 
As previously stated, the decoding 
process is functionally the reverse of the 
coding process and results in amplitude- 
modulated pulses. These are delivered 
to a low-pass filter which passes the voice 
frequencies and rejects the higher fre- 
quencies. Amplification provides the de- 
sired signal power for transmission to 
the subscriber. 


Transmission Performance 


The coded signals produced by the | 
PCM transmitter can be transmitted by 
radio, coaxial | cable, nonloaded cable 
pair, open-wire line or any other path 
suitable for transmitting 320,000 on-or- 
off pulses per second to the PCM receiver. 
The system has been operated success- 
fully over a transmitting medium whose 
band width was limited to 420 ke. 

Thus, in order to transmit the intel- 
ligence of each nearly 4,000-cycle message 
circuit, this particular PCM system uses 
a 52.5-ke band. This is appreciably © 
more than the theoretical minimum for a 
single 5-digit PCM channel. Since a 
4,000-cycle band is the theoretical mini- 
mum for transmitting 8,000 on-or-off 
pulses per second, and since each channel 
uses 8,000 5-pulse characters per second, 
20 ke is the theoretical minimum band 
width for each PCM channel of this 
system. For comparison, a conventional 
single sideband carrier system uses a 
4,000-cycle band for each message circuit. 

The eight message circuits which each 
system provides give acceptable per- 
formance as indicated by the trans- 
mission-frequency and load performance 
characteristics of Figures 5 and 6. As 
might be expected, the transmission 
stability of each of the eight message 
circuits is outstanding. Figure 7 is a 
typical recording of the level of a 1000- 
cycle test tone received from one of the 
eight message channels and shows that 
the over-all variation in transmission is 
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less than 0.3 decibel. The 160-mile 
circuit referred to in Figure 7 was ob- 
tained by applying an 8-channel PCM 
system to a microwave radio-relaysystem 
having three repeaters. 


Conclusion 


With the good transmission perform- 
ance which this type of system affords, 
the individual channels can be used to 
carry the usual message services in- 
cluding signaling and dialing. PCM 
appears to have exceptional possibilities 
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from the standpoint of freedom from 
interference especially when applied to 
systems having many repeaters in tan- 
dem, but its full significance in con- 
nection with future radio and wire trans- 
mission may take some time to reveal. 
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Motor Control for Latest New York 
Transit System Subway Cars 


L. G, RILEY 


MEMBER AIEE 


Synopsis: Early in 1948 the Board of 
Transportation of New York, N. Y., will 
place in service the first of several hundred 
new subway cars, marking the post-war re- 
vival of one of the oldest and best estab- 
lished branches of the electrical traction 
ndustry. Since the year 1900, more than 
11,000 passenger cars have been built for 
the four large cities in the United States 
having rapid transit systems, a large per- 
centage of which are still in service. An ex- 
pansion program needs, therefore, to recog- 
nize and conform in general to established 
practices of operation, maintenance, and 
service conditions. This paper discusses 
the extent to which modern features of 
higher acceleration, dynamic braking, and 
smoother operation are being introduced 
without any major changes in the existing 
systems and operating methods. 


HE 1948 traffic expansion program 

for the New York transit system sub- 
way divisions will include the construc- 
tion of three sizes of passenger cars, all of 
which are to be supplied with identical 
motor and control equipments. Quad- 
tuple 100-horsepower high-speed motors 
will be used, each wound for 300 volts 
and permanently connected two in series. 
The maximum length of train will consist 
of 11 cars, all of which will be motorized 
and controlled from a single head-end 
operating station. A 32-volt battery and 
a motor generator charging set on each 
ear will provide control voltage supply 
for all.motor control and auxiliary equip- 
ment. 

The control equipment will include 
electropneumatic unit switches and a cam 


Paper 47-148, recommended by the AIEE_com- 
mittee on land transportation for presentation at 
the AIEE summer general meeting, Montreal, 
Quebec, Canada, June 9-13, 1947. Manuscript 
submitted March 24, 1947; made available for 
printing April 29, 1947. 
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controller similar to those now in success- 
ful operation in rapid transit service. 
The rate of acceleration is higher than on 
the present cars of the New York transit 
system. Dynamic braking will be in- 
cluded. These requirements necessitate 
the use of additional apparatus, com- 
pared to existing cars. 
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Speed-—time curve during rush hour 
service 


Figure 1. 


Weight of car = 77,000 pounds 

Passenger load = 32,000 pounds 

Four motors per car 

Acceleration = 2.5 miles per hour per second 


Braking = 3.0 miles per hour per second 
Rush Hour Schedule 
Local Express 
Stops per mile (oh) 0.93 
Length of stops, sec. 33.4 41.8 
Speeds, mph 15.6 99.0 


Series—parallel automatic acceleration 
will be provided at a rate of 2.5 miles per 
hour per second for each car, between the 
limits of the empty weight and the aver- 
age rush hour load. Under average con- 
ditions, the motors will reach the full 
series connection at 6.5 miles per hour, 
parallel full field at 14.0 miles per hour, 
and parallel shunted field at 19.0 miles 
per hour. 
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Two important. considerations have 
led to the adoption of dynamic braking as 
a supplement to the air brake system: 


1. The additional safety to be derived from 
a dual brake system in the operation of long 
trains at close headways. 


2. The elimination of a large percentage of 
the brake-shoe dust which normally accu- 
mulates in the cars and subway structures. 


The automatic dynamic brake will 
provide selective rates between 1.5 miles 
per hour per second and 3.0 miles per hour 
per second for seated loads, above which 
the air brakes will provide additional re- 
tardation up to 4.0 miles per hour per 
second total. Automatic blending of the 
two braking systems will be provided, 
both systems being controlled by a single 
brake lever. Full dynamic braking will 
be effective from 42 miles per hour to 10 
miles per hour and will fade out at 5 miles. 
per hour, being supplemented by the air 
brake for the final stop. Above 42 miles 
per hour, braking will be with shunted 
fields and at a reduced rate. 

Figure 1 illustrates the speed-time 
operation of a train in typical express 
service. 


Starting 


As a means of improving schedule 
speeds, the acceleration rate will be con- 
siderably higher than that on existing 
New York transit system cars and will 
require a greater number of starting 
notches to produce smooth acceleration. 
The equipment will have eight notches in 
series, five notches in parallel, and five 
shunted field notches, making a total of 
eighteen. Four of the series notches will 
be used in building up to full rate. 
Notching increments in tractive effort 
will vary 10 per cent above and below the 
average. Electropneumatic switches will 
be used for all resistance and series— 
parallel switching, the rates being con- 
trolled by a current limit and automatic 
progression interlocking the switch 
units. All control circuits will operate 
from a 32-volt battery. Field shunting 


-will be produced with a cam controller, 


electropneumatically operated. A fixed 
rate of 2.5 miles per hour per second will 
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parallel will be by the bridging method, 
without loss of tractive effort. 

Figure 2 indicates the disposition of the 
switch units in the motor circuits to com- 
plete the connections for parallel opera- 
tion. 

Figure 3 is a notching curve showing the 
uniform spacing of the eighteen starting 
notches. 


Braking 


All switching equipment provided for 
motor paralleling, resistor notching, and 
for field shunting will also be used for the 
regulation of dynamic braking, with the 
addition of sufficient resistors and switches 
to provide for high-speed brake applica- 
tions. A total of 18 brake notches, in- 
cluding five field shunting points, will 
hold the notching increments to 10 per- 
cent above and below the average re- 
tardation effort. 

In the power-off or coasting position, 
the brake circuits will be closed and at 
any speeds below 40 miles per hour, the 
field shunt notching will progress at a low 
braking current under the control of a 
“spotting” limit relay. The equipment 
is thus positioned in proportion to car 
speed and is prepared to respond promptly 
whenever a brake application is called for. 
Above 45 miles per hour, the initial 
brake current in the coasting position will 
develop a retardation effort sufficient to 
prevent the train from hea i on 
long down grades. 

While the basic spotting system affects 
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only the position of the field shunt con- 
troller, spotting may take place on any of 
the series resistor notches, depending on 
the-shut-off speed and the length of the 
coasting period. In general, the spotting 
relay will select the proper notch, depend- 
ing on the field strength required to get 
spotting current response. Two-way 
spotting on the field controller will insure 
proper positioning of equipment within 
one second after closing the coasting cir- 
cuits. Brake response will be secured by 
building up field strength and one or two 
resistor notches, depending on the brak- 
ing rate desired. 

An electric top portion of the brake 
valve will close control circuits to set up 
dynamic brake and spotting connections, 
in the release position, with the power 
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Figure 4. Motor cir- 

cuit schematic © dia- 

gram. Brake opera- 

tion at 30 miles per 
hour 
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Y =SPOTTING RELAY 
Z=LOCKOUT RELAY 
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master controller in the off position. In 
the service positions, dynamic braking 
will be initiated and rate selection will be 
in proportion to straight air pressure on 
each car as determined by the position 
of the brake lever. For this purpose, 
a compounding coil on the limit relay 
will be energized in proportion to air 
pressure in an actuator attached to a 
rheostat. 

Blending of the air brake system with 
the dynamic brake above the 3 miles per 
hour per second rate with seated load and 
below to 10 miles per hour will involve ad- 
mission of sufficient air to make up the de- 
sired total above the dynamic brake effort 
being developed at any given time. The 
air brake system will include a lock-out 
magnet valve in the brake cylinder pipe, 
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Brake notching curve showing the 
18 steps 


Figure 5. 


energized by dynamic current and ad- 
justed to hold out the air except as re- 
quired to make up the desired total brak- 
ing effort. 

From 10 to 5 miles per hour, while the 
dynamic brake is fading out, brake cylin- 
der air will be admitted to produce the 
desired graduation for completing the 
stop. An emergency application of the 
air brakes from track trip, brake valve, or 
release of the controller handle will cut off 
power and nullify the dynamic brake. 

Figure 4 is a corollary to the motor 
circuit diagram, Figure 2, showing the 
switching required to set up the loop cir- 
cuits for dynamic braking. 

Figure 5 is a notching curve similar to 


Figure 6. Motor current and voltage curves of power to coasting 


Figure 3, showing the disposition and 
spacing of the 18 braking steps. 

Figure 6 is presented to show the motor 
current and voltage changes and the 
timing involved in the recapture of resid- 
ual volts to start the circulation of 
spotting or inittal braking current. The 
essential feature is to close the braking 
loop in from 0.10 to 0.20 second after 
power is shut off. 

Figure 7 is a follow up of Figure 5 to 
illustrate the time and buildup character- 
istics of brake response following a coast- 
ing period, during which the spotting 
voltage and current have been regulated 
to correspond to car speed by the field 
controller and spotting relay. 

Figure 8 is an enlargement of the brak- 
ing portion of the speed-time curve of 
Figure 1 to show the build-up of the 
dynamic brake, and its blending with the 
air brake during the fade-out below 10 
miles per hour. 


Description of Apparatus 


In general, the apparatus will be similar 
to the standard line of electropneumatic 
control equipments in regular use. There 
are now available numerous refinements 
and newly developed details which will in- 
crease the reliability and life of wearing 
parts and tend to reduce maintenance. _ 


MASTER CONTROLLER 


The master controller will consist of two 


drums, the reverse drum, and the main 


drum, assembled on concentric shafts. 
These drums will close the contacts 
necessary for the operation of the control 
circuits to the nine train line wires re- 
quired for the simultaneous control of 
all power and braking functions on each 
car in the train. Three of these circuits 
must be energized to apply power, thus 
affording full protection against the loss of 
head-end control of power shut-off, due 
to any faulty crossing of train line circuits. 

The operating shafts of the drums will 


extend through the top cover plate. The 
main handle will have a vertical spring 
motion which operates the emergency 
pilot valve and a rotary motion which is 
transmitted to the main drum. The re- 
verse drum will be mechanically inter- 
locked with the main drum so that it can- 
not be operated unless the main drum is 
in the off position. Conversely, the-main 
drum cannot be operated when the re- 
verse drum is in the off position. 

In its location, handle positions, and 
method of operation, the controller is 
identical with those in all existing cars, 
thus perpetuating the established pro- 
cedures for the training of operators. 

In addition to the directional selective 
circuits, the reverse drum will include 
contacts for disconnecting the B+ supply 
to the main drum, and such other door 
and signal circuits as may be required. 
A starting relay, actuated by the closing 
of all doors will be included in the con- 
troller assembly. 


Motor DISCONNECTION Box 


For ease in disconnecting the motors to 
remove the trucks, two 4-pole enclosed 
switches will be used. The switch box 
will be split in halves, one portion 
attached to the car body and the hinged 
cover portion connected to the flexible 
motor lead cables. By opening the box 
and separating the open hinge, the cover 
stays with the truck, and all leads are 
disconnected. 


MaIn Fuse Box 


Supplementing the third rail shoe 
fuses, there will be a main fuse of the 
copper ribbon type mounted in a suitable 
blowout and arc resisting box. The fuse 
element will be held with wedge clamps 
and released by insulated grips for easy 
replacement. 


MAIN KNIFE SWITCH 


A single-pole double-throw knife switch 
will be mounted in a sheet metal box with | 


Figure 7. Motor current and voltage curves of ycoarting to brake 


transition 1.25 transition 
, : SEGOND 
os 1.0 SECOND Sem es a | BRAKE 
| BUILD-UP 


LO SECOND INTERVALS 
het = \. A RECAPTURED VOLTAGE ora 
py ak ~~~SORMaL os 


a GECAY 


: VOLTAGE / 
i . - 


0.10 SECOND ' 
- 
PoweR BRAKE COASTING 
POSER” GRCUIT BRAKING CURRENT 
D BRAKE ae 
APPLICATION Wes 
) SPEED | SPEED 
' 
LoaD SPOTTING CURRENT - (SHUNTED FIEL 
CURRENT EL) CURRENT 


902 Riley—Motor Control for Subway Cars 


MILES PER HOUR F} 


ists nee RETARDATION Ioaog 


Figure 8. Speed- 
time retardation curve 
with combined air 
and dynamic brake 


3000 


\MAKE 


44 


PEELE RETA CH 
26] RASC 


MILES PER HOUR 
ou 
ix) 


ASSUMED AIR 
mi HADED GRADUATION 


leet At 2000 


pale to 
PEACE EEE 5 
£0. CECE EBnwea 
2; vi pe 


A 49.5-ton car (with 
seated load) from 40 
miles per hour 


2400 
2200 


1800 


POUNDS RETARDING EFFORT PER MOTOR 


IELD_|N%& -9 1 
ear firecit ro SRR Tp] 
oH BeSEeaN Te || 800 
on | Seaaeee 600 
alfy 400 
alHz 200 
ob fo) 
Poems. 845756. 7 8. 9 10 I a2 a, 18 19 20 
BAKE, SECONDS 


insulated lining. In the open or test 
position, the motors and power circuits 
will be disconnected to permit inspection 
and control sequence testing, and the 600- 
volt auxiliaries will be connected to a 
bar plug attachment through an en- 
closed fuse. 


Line SwitcH Box 


Two heavy duty electropneumatic 
switch units will be supplied for power 
application and overload protection. An 
improved form of magnetic blowout and 
extended arc chutes will provide high 
interrupting capacity, together with long 
life of contact and arcing members. The 
units will be mounted in a sheet metal 
container having hinged side covers and 
felt dust guards. 

A separate compartment on one end 
plate will house the relays with a hinged 
cover providing access to three sides of the 
relay panel. The relays will have supple- 
mental dust protection. 

Two overload relays will provide in- 
dependent protection for each pair of 
motors. A line relay set to drop out at 
400 volts will provide no-voltage release 
on rail gaps. A vent valve piped to the 
line switch cylinder will be opened by line 
relay and overload relay action to supple- 
ment the magnet valve exhaust and pro- 
duce quick action in opening the line 
switches. 

A low energy relay will be so connected 
and calibrated as to hold in from spotting 
or residual voltage until the speed drops 
to less than 5 miles per hour. Contacts 
on the relay close the unlock circuit to the 
doors when the relay drops out. 


The magnetic valves used on the line 
switches, as well as those on the switches 
in the control box, will be a recently de- 
veloped type with flat composition seats 
requiring no grinding. The shape and 
size permit a compact switch assembly 
and the valves will be detachable. 


CONTROL Box 


All switching apparatus except that in- 
cluded in the line switch box will be as- 


sembled in a single container with covers. 


on all sides for ready access to each item. 
The central compartment will include 
nine single-pole and six double-pole 
switches for completing the  series— 
parallel, braking, and resistor switching 
circuits. These switch units will be of the 
same general design as the line switches, 
except that the arc chutes will not extend 
through the covers, and the size and 
capacity will be suitable for single motor 
circuits. Control circuit interlocks will be 
of the cam type, with silver contact ele- 
ments. 

One end container will enclose the air- 
operated reverser, having anall-metal drum 
and the current limit relay controlling the 
automatic switching progression for both 
power and brake load regulation. A 
second limit relay will control the position- 
ing or spotting of the field shunting con- 
troller during coasting. The other end 
container will include the field controller 
for regulating the shunting of motor 
fields, during both power and brake opera- 
tion. This controller will consist of a 
group of cam-operated switches, the cam 
shaft being operated by a rack and pinion 
actuated by a balanced-pressure air en- 


gine. Magnetic valves controlling the air 
engine will be of the same construction as 
those used on the unit switches. 

Auxiliary relays will be mounted ad- 
jacent to the cam controller, supplement- 
ing the switch interlocking system in the 
transfer from power to brake operation. 
The relay panel will be provided with a 
supplemental dust-tight cover. 


INDUCTIVE SHUNTS 


The traction motor fields will be 
shunted to 50 per cent in the full speed 
running position. Inductive shunts will 
be used, combined with resistor tubes for 
the intermediate steps between full field 
and 50-per-cent shunted field. 


MAIN RESISTORS 


All starting and braking resistors will 
be of the wound-ribbon nonbreakable 
type, assembled in convenient sizes of 
frames, and proportioned for natural 
ventilation. Capacities will be such as to 
withstand the most severe duty cycles 
without injurious overheating. 


Motor GENERATOR SET 


The unusually severe conditions im- 
posed on the 600-volt-32-volt battery 
charging system by line surges and third- 
rail gaps require special provision in the 
starting and regulating equipment. Step 
starting, quick release on loss of power, 
and protection against motoring from the 
generator end will be provided. 


Summary 

Rapid transit service demands the ulti- 
mate in mechanical and electrical relia- 
bility for all elements of rolling stock de- 
sign. Long life and economical main- 
tenance follow as a matter of course. 
These factors have been given full con- 
sideration in the design and selection of a 
modern standard line of equipment for 
the New York subways. 
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An Electronic Regenerative Repeater 


for Teletypewriter Signals 


R. B. HEARN 


NONMEMBER AIEE 


HE important factor in teletype- 
writer signal transmission over circuits 
is the relative position on a time scale of 
the code pulses. .If this timing is pre- 
served, wide amplitude variations can be 
experienced without errors resulting. 
Correctly timed signal pulses at the trans- 
mitting end of a circuit are not necessarily 
properly timed at the receiving end, as the 
transmission path may shift the timing of 
some transitions with respect to others. 
However, if the signals are not too badly 
changed or distorted, it is possible to re- 
time them at an intermediate point and 
send them on in their original form. 
Many arrangements have been devised 
for automatically retiming and retrans- 
mitting teletypewriter signals. These 
arrangements are known as regenerative 
repeaters. A few of these have been de- 
signed to make use of electronic timing 
arrangements and the purpose of this 
paper is to describe such an electronic 
regenerative repeater, known as repeater 
TG-29, designed originally for use by the 
Armed Forces. 


Theory 


The usual start-stop teletypewriter 
code has seven time intervals for each 
character. In the arrangement discussed 
in this paper all of these intervals are of 
equal length in time with the exception of 
the last, or seventh, which is 1.42 units. 
The first interval or start pulse in the 
group of seven pulses required to transmit 
a teletypewriter character is always 
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spacing, that is, some condition different 
from that existing when no messages are 
being sent. The next five pulses are selec- 
tion pulses and may be any combination 
of marks or spaces. The seventh pulse is 
the stop pulse and is always marking. 
For best reception the various pulses as 
received should begin and end in their 
proper positions relative to the beginning 
of the start pulse and, although the re- 
ceiving device is tolerant of a certain 
amount of time distortion, this may be 
exceeded on some circuits. A regenera- 
tive repeater inserted in the circuit before 
this limit is reached correctly interprets 
the distorted pulses and retimes them so 
that the signals retransmitted are sub- 
stantially perfectly timed. The electronic 
regenerative repeater accomplishes this 


Figure 1. Repeater enclosed in wooden case 
ready for transportation 


Weight 270 pounds 
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function. It employs a sine wave oscilla- 
tor which begins to oscillate when the 
start transition of the teletypewriter code 
is received. This oscillator starts without 
a transient and oscillates through one 
cycle during each unit pulse length. At 
the middle of each cycle a short impulse 
generated under control of the oscillator 
determines the proper instant for trans- 
mitting a signal. The signal will be 
initiated by this impulse. 


General Description 


The regenerative unit is enclosed com- 
pletely in a weatherproof wooden case 
with removable front and back and is 
shown closed for transportation in Figure 
Me 

The repeater may be connected to vari- 
ous line circuits such as neutral (open and 
close) telegraph circuits, 2-path polar tele- 
graph circuits, or to a BD-100 10-line 
Army telegraph switchboard as a cord 
circuit. Except when used as a cord cir- 
cuit repeater, the type of operation used 
on one side of the repeater is independent 
of the type used on the other side. The 
external circuit may be a simplexed field 


Figure 2. Front view of repeater with cover 
removed showing spare parts, repeater panel, 
and power supply 
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Figure 3 (above). Front view of repeater 
panel with lower compartment open for access 
to plug-in type polar relays 


Weight 65 pounds 


wire (up to 30 miles in length) terminated 
in another repeater TG-29, a BE-77 type 
Army line terminating unit, or a line cir- 
cuit of a BD-100 switchboard, or it may 
be a local circuit connected to the local 
side of a d-c polarential line repeater or 
the local side of a voice frequency carrier 
terminal. 

The cord circuit arrangement permits 
connection to two or more line circuits 
multiplied in the BD-100 switchboard in 
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Figure 4 (below). Front view of repeater 
panel with upper compartment open for main- 
tenance 


such a manner that signals received by 
any line circuit are regenerated and re- 
transmitted to each of the other line cir- 
cuits in the multiple group. Such an 
arrangement is advantageous for con- 
necting two long switchboard line circuits 
and for switchboard conference connec- 
tions. 

The necessity for providing for a wide 
range of applications necessarily has in- 
creased the complexity of the repeater 
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circuit. For commercial use many of 
these applications would not be required. 

Included with the repeater are a recti- 
fier power unit for converting 115- or 230- 
volt 50-60-cycle a-c power supplied from 
an external source to plus and minus 115- 
volt d-c power for the operation of the 
repeater, and circuits for lining up the 
repeater and for adjusting polar relays. 
The power unit contains three regulated 
115-volt d-c sources, a 6.3-volt supply for 
gas and vacuum tube heaters, and an 
autotransformer to supply 115 volts to a 
teletypewriter motor when the primary 
supply is 230 volts alternating current. 
One positive and one negative source of 
115-volt d-c power are used in the opera- 
tion of internal circuits. The third source 
of 115-volt direct current is negative and 
provides current for the external line cir- 
cuits connected to the repeater when such 
a supply is needed. 

Figure 2 shows the repeater with the 
front removed. The equipment is sup- 
ported on an iron framework by means of 
shockproof mountings. It may be re- 
moved from the frame work and mounted 
on a standard 19-inch relay rack. As 
will be noted from Figure 2, binding posts 
are provided for line and ground connec- 
tions, jacks for connecting a teletype- 
writer, a meter and switch for measuring 
voltages and currents for assistance in 
lining up the repeater and adjusting re- 
lays, together with such switches and 
rheostats as are needed for operation and 
adjustment of the repeater. The control 
panel mounted directly beneath the oper- 
ating tubes is hinged for maintenance 
purposes and to gain access toa “speed” 
switch on the panel in the rear. This 
switch conditions the repeater for tele- 
typewriter operation at either 368 or 404 
operations per minute. Figures 3, 4, and 
5 show the complete repeater unit with- 
out the power supply. 


Operation 


The functional diagram shown in Fig- 
ure 6 indicates the major components of 
the repeater. Separate sending and re- 
ceiving circuits are provided for each line. 
The receiving circuit for line A controls 
the bias and hold circuit for the receiving 
relay associated with line B and prepares 
the send relay associated with line B to be 
operated by the marking or spacing pulses 
from the electronic distributor. The re- 
ceiving circuit also starts the electronic 
distributor at the beginning of each char- 
acter. The receiving and sending relay 
circuits for neutral operation are shown 
in Figure 7. 

A start pulse received from either line 
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operates a receiving relay which starts 
the character timer shown in Figure 8 and 
thereafter neither receiving relay can con- 
trol the character timer for the duration 
of its timing period. The character tim- 
ing is obtained from the V2 and V3 tubes 
and their associated resistances and ca- 
pacitors. It is started by opening the 
plate circuit of gas tube V2. This causes 
an abrupt change in the potential on the 
cathode of the V2 tube from a slightly 
positive potential to 92 volts negative 
potential. The capacitor between the 
cathode and grid causes the grid to be 
about 60 volts negative with respect to 
the cathode at this time so that the closure 
of the plate circuit to positive battery will 
not cause the V2 tube to become conduct- 
ing until the charge on the capacitor be- 
comes approximately zero. A half pulse 
after the end of the fifth selection pulse, 
the character timer is ready to be restored. 
Re-establishment of current through the 
plate of V2 changes the voltage on the 
cathode to a slightly positive value which 
is applied to the grid of the V3 gas tube. 
The latter tube restores the charge on the 
capacitor between the grid and cathode 
of tube V2 and the character timer is 
then ready to time the next character. 


The pulse timing oscillator and a pulse 
timing distribution circuit also are shown 
in Figure 8. The main elements of the 
oscillator circuit are the L1 coil with a 
tuning capacitor shunted across it and an 
amplifying tube V4. While tube V2 in 
the character timer is conducting, a posi- 
tive potential is applied to the left-hand 
grid of tube V4. The path closed through 
the left-hand cathode and plate of tube V4 
to the ungrounded side of the Z1 coil will 
hold the circuit in a nonoscillating condi- 
tion. While the V2 tube is nonconducting 
the left-hand grid of tube V4 is negative 
and the holding circuit path is blocked 
thus leaving the oscillator free to oscillate. 
The frequency of oscillation is determined 
by the inductance of coil L1 and the ca- 
pacity of the capacitor shunted across it. 
It is approximately 46 cycles at 368 
operations per minute, teletypewriter 
speed, and ten per cent higher at 404 
operations per minute speed. 

The V5 tube circuit receives a sine wave 
voltage which is inverted and repeated as 
impulses to the grids of the impulse dis- 
tribution gas tubes V6, V7, V8, and V9. 
These grids normally are held at a nega- 
tive potential by fixed potentiometer 
circuits. The impulses applied to these 
grids cause each of these tubes to become 
conducting when their plate circuits are 
closed to positive 115-volt potential. 
The constants in the regenerator circuit 
are arranged so that the first impulse for 
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each character will oecur one-half of a 
unit pulse length after the beginning of 
the start pulse is received and successive 
impulses will occur a unit pulse length 
apart. Typical wave shapes and time re- 
lations of pulses for one particular char- 
acter are shown in Figure 9. 

After receiving relay AR has opened its 
marking contact, thus starting the char- 
acter timer, it will close its spacing con- 
tact, thus establishing a circuit through a 
winding of the A relay which will operate 
the A relay tospacing. When the A relay 
opens its marking contact, the biasing 
current in the receiving relay on the line 
B side, which was in a spacing direction, is 
reversed to provide a holding current 
through the 2-7 and 8-9 windings, and the 
marking current through the 2-7 winding 
and the spacing current through the 3-6 
winding of the sending relay BS are inter- 
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Rearview of repeater panel 


rupted. When the A relay closes its spac- 


‘ing contact, a circuit is closed from posi- 


tive battery through the 8-9 winding of 
the BS relay to the plate of tube V9, a 
marking current is established through 
the 3-6 winding of the BS relay and the 
R relay (not shown) is operated to spac- 
ing. The R relay is controlled by cur- 
rents through the R36, R388, R35, and R37 
resistors. The V9 tube will become con- 
ducting on the first impulse and will cause 
a current to flow through the 8-9 winding 
of the BS relay which will be sufficient to 
overcome the marking current in the 3-6 
winding and operate the BS relay to spac- 
ing. 

The next marking pulse may occur on 
the first selection pulse or it may not occur 
until the stop pulse but when it is re- 
ceived, the AR relay will return to mark- 
ing which will cause the A relay to do 


Figure 6 (below). Functional block diagram 


SIGNALS 
RETRANSMITTED 
RECEIVE | apse 
| RELAYS 


| “BR"e’”B” LINE 8 


= 


UNDISTORTED ~ 
SIGNALS 


“ 
‘ > 
4 
, 
Ba 
~— 


LINE A 


likewise. When the spacing contact of the 
A relay is opened, the spacing current 
through the 8-9 winding and the marking 
current through the 3-6 winding of the 
sending relay BS are interrupted, and the 
Rrelay is operated to marking. When the 
A relay closes its marking contact, a cir- 
cuit is closed from positive battery 
. through the 2-7 winding of the BS relay 
to the plate of tube V7 and a spacing cur- 
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rent is established through the 3-6 wind- 
ing of the BS relay. The V7 tube will be- 
come conducting on the first impulse 
after this circuit has been established and 
will cause a current to flow through the 
2-7 winding of the BS relay which will be 
sufficient to overcome the spacing current 
in the 3-6 winding and operate the BS 
relay to marking. 

Subsequent transitions will cause the 
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LINE B 


R26R27 
RI4 ROI R43,R44 
=tS¥ L3MEGY |3MEG~ 20000 
+ ROS -1'5¥. SY R9D 6SN7GT ey 
1.OMEGY > = |OMEGY = 
200008 
R36,R38 R35,R37 ; : 
+15V cl3 WDG. 8-9 WDG 7-2 cll = +15V 
OF REL.(R) OF REL(R) i 
(NOT SHOWN) (NOT SHOWN) © 7 
Ki 21450” 21450“ H Z 
-15v-4 -¥- -115V 
-11S¥. ee at ~ aplBs =115V 
: = = P4 a 
20000“ 20000“ 
ADJUST BIAS ADJUST BIAS 
I TO ELECTRONIC REGENERATOR CIRCUIT 
NEUTR 
: [} EAN BAT [) DISTANT BAT 
2 zs . oF EE SO a ‘ oh ees Figure 7 (above). Relay circuit arranged for 
us ne: neutral operation over lines having battery © 
2050 | si supplied at the distant end 
aN 240000" . 
zy NS, Mae Ae Mee Figure 8 (left). Electronic regenerator circuit 
24oo00% 3 a 5) é started by the first pulse of a code and stopped 
Sia as 5 after producing seven impulses 
- § beg R24 ial rT 
15000 5545™ aa * 
f “HSV Bens eae same sequence of operation. After the 
R58 ROT Peo uinc in co + 00! .F fifth selection pulse, the character timer 
$0,000 lomec™ ered’ a R78. R76 : : 
| 7; aS Wes will be ready to stop the oscillator as soon 
oe: (R89, “ai P3 Higies. R77 R75 _ as the elements of the circuit have been 
wee Pre ee Ie restored to marking by the stop pulse. 
TIMER | R6! | Any transitions from marking to spacing 
R6 : , : E 
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stantially perfect timing by the method 
outlined here. This applies to displace- 
ments which occur at random (that is, 
some early and some late). An addi- 
tional amount of systematic distortion 
such as bias may be handled in addition to 
the random distortion by adjusting the 
bias current of the receiving relay to re- 
move the bias as it is received. 

The R relay mentioned as being oper- 
ated by the spacing contact of the A relay 
is arranged to operate from the spacing 
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contact of the B relay also. The contacts 
of the R relay operate the local teletype- 
writer magnet circuit. When one or both 
line circuits are arranged for neutral op- 
eration the sending contacts of the telety pe- 
writer are connected in series with one 
neutral line circuit. Regenerated signals 
are sent in one direction and nonregener- 
ated signals in the other: direction. 

The sending contacts of the teletype- 
writer operate a local relay S which sends 
unregenerated polar signals in both direc- 
tions when both lines are arranged for 
polar operation. The circuit for 2-path 
polar operation is shown in Figure 10. 
With 2-path polar operation, if relay BS 
or AS should fail to respond to the last 
marking pulse from line A or B, respec- 
tively, the repeater would remain inopera- 
tive in one direction unless some means 
were provided for operating relays A.S and 
BS to marking. This condition is pre- 
vented by relay C which operates to spac- 
ing when current flow is through its 3-6 
winding and one of the other windings. 
In operating to spacing, relay C opens the 
oscillator stop lead and thereby prevents 
the oscillator from being stopped by the 
character timer until relays AS and BS 
have both been operated to marking. 
Relay C acts in the same manner when 
neutral loops are used although it is not 
required to prevent a circuit tie-up. 

When the 7G-29 repeater is connected 
to a BD-100 switchboard, multiway re- 
generation is obtained. Such a connec- 
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tion is shown in Figure 12. As indicated 
in this figure, much less apparatus is re- 
quired for a repeater limited to this appli- 
cation only since one way transmission 
serves either line. Additional switch- 
board circuits may be added by patching 
from the “upper’’ jack of one unit to the 
“lower” jack of the next unit and signals 
received by any of the units will be regen- 
erated and repeated to all others. 

The receive relay bias and hold circuit 
is shown in Figure 11. Bias current flows 
from plus 115 volts through the marking 
contact of the A relay, the 9-8 and 7-2 
windings of the BR relay, one-half of a 
double triode V1, to the ‘‘adjust bias line 
B” potentiometer. This current has a 
spacing effect on the BR relay and its 
magnitude is adjusted by the “adjust 
bias line B’’ potentiometer. The use of 
the vacuum tube permits an accurate 
adjustment over a wide current range. 
When the marking contact of the A relay 
is opened, the bias current through the 
9-8 and 7-2 windings of the BR relay is 
reversed and becomes a holding current. 
This path is traced from plus 115 volts 
through the R96 resistance, the relay 
windings, and the R43, R44 resistances to 
minus 115 volts. When the marking con- 
tact of the A relay is closed, the re-estab- 
lishment of the spacing current in the 
windings of the BR relay is delayed until 
the charge on the C13 capacitor becomes 
sufficiently positive to permit current to 
flow in the V1 tube. 
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The bias and hold currents for the AR 


relay are adjusted by the “‘adjust bias line 


A”’ potentiometer and are controlled by 
the marking contact of the B relay and 
the second triode in tube V1. 

A “cut’’ key is provided for each line 
and when operated it prevents the line 
from interfering with transmission be- 
tween the repeater TG-29 and the other 
line. This may be necessary when a line 
is in trouble (that is, open or grounded) 
and when it is desired to establish com- 
munication over one line before the other 
is completed. 

The “‘cut” key is also used in conjunc- 
tion with the “measure bias” key to 
facilitate lining up the repeater. Lining 
up the repeater consists of adjusting the 
two line currents while the system is in a 
marking condition and then while “‘repeat 
space”’ signals are being received the char- 
acter timer is adjusted, the bias current 
ranges are measured, and the bias cur- 
rents are adjusted. ‘‘Repeat space’’ sig- 
nals must be received from the line on 
which the bias current range is being 
measured. 

The polar relay adjusting circuit pro- 
vided in the repeater is arranged with a 
bias measuring circuit for centering pole 
pieces of a relay and with operate and 
nonoperate circuits for obtaining the cor- 


rect pole gap. Since the polar relays. 


have pin connectors, they can be removed 
readily from the repeater circuits and in- 
serted in the test circuit connecting block. 


Performance 


Three models of the T7G-29 repeater 


-were constructed and tested. All of these 


sets would correct distortions up to 45 
per cent when the relays were in good ad- 
justment and the controls were set prop- 
erly. When the settings were not made 
carefully and the relays had only a fair 
adjustment, the repeaters would accept 
the signals with 40 per cent distortion. 
By very careful adjustment of the relays 
and controls, signals having 48 per cent 
distortion could be regenerated and re- 
transmitted properly. In no case did the 
distortion of the retransmitted signal ex- 
ceed 5 per cent. 

The repeater will retransmit a break 
signal satisfactorily. 

The power supply is closely regulated 
so that the primary power may vary from 
50 to 65 cycles and from 100 to 125 volts 
without interfering with the proper opera- 
tion of the circuit. , 

Laboratory tests were made at 60-, 66-, 
and 100-word-per-minute speeds. The 
circuit is extremely stable at all speeds for 
long periods. 
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Conclusion 


The TG-29 repeater was designed for 
portable use on whatever type of power 
supply was available. Thus the size and 
weight of the unit were greater than is 
necessary for central office use. The cir- 
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cuit also may be simplified for central 
office use as many of the options added for 
field use would not be required. 

In spite of the satisfactory performance 
of the repeater, it was never put into pro- 
duction. This was largely due to the de- 
lay necessary to produce these repeaters 
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Figure 10 (above). Relay circuit arranged for 
2-path polar operation 


Figure 11 (left). Bias and holding circuit 
associated with receiving relay 


whereas mechanical regenerative 
peaters were already available. 

The circuit components do not require 
close manufacturing tolerances. Com- 
pensation for variations in the tolerances 
of the components of the character timing 
circuit is made with the adjustable rheo- 
stat used for setting the speed. The oscil- 
lator circuit is tuned by adding small mica 
condensers in parallel to obtain an accu- 
rate tuning. 

There are several advantages which 
will be gained by the use of the electronic 
device to replace a mechanical unit in ob- 
taining regeneration. The most impor- 
tant of these are: 


Te= 


1. Freedom from the mechanical mainte- 
nance effort which is required to keep 
mechanical units in proper working order. 


2. Freedom from lubrication difficulties at 
low temperatures. 


3. Ability to operate at lower temperatures 
than is practical with mechanical units. 


4. Stability of operation over long periods 
at high speed. 
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5. It is readily adjusted for different oper- 
ating speeds or codes 


The ability to send a clean break is re- 
tained. This is very essential in the case 


of half duplex operation over long multi- 
section circuits as the break signal may 
never reach the distant end if the break 
signal releases periodically allowing sig- 


Relay Protection of Power Transformers 


AIEE RELAY SUBCOMMITTEE 


Synopsis: This report of the AIEE relay 
subcommittee presents the results of a 
3-year investigation of present and preferred 
practices in the relay protection of power 
transformers. Consideration is given to the 
influence of advances in the protective art 
and progress in the design of and methods 
of operating power transformers. A survey 
covering experience with over 56 million 
kva of power transformers has been analyzed 
in the light of the characteristics of the relay 
devices now available, in order to develop 
criterions of adequacy of protection and its 
inherent limitations and to recommend de- 
sirable improvements in devices and 
methods. 


OURTEEN years ago, the relay sub- 

committee of the AIEE published a re- 
view of practices and trends in the pro- 
tection of electric equipment, including 
transformers.! During the intervening 
years, interesting developments . have 
taken place in the devices available for the 
protection of transformers. However, 
developments in the transformers them- 
selves and in methods of operation em- 
ployed to make maximum economic use of 
equipment? have brought about more 
stringent requirements for protective 
relays and devices. Improved reliability 
of power transformers has been utilized 
in system designs which depend on that 
reliability to achieve better electrical 
service with lower investment cost and 
relaying systems must not impair this 
reliability. The advances in the art of 
relays and devices have involved many 
disturbing compromises between the 
basic requirements of service protection 


Paper 47-149, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9+13, 1947. Manuscript submitted 
April 10, 1947; made available for printing April 
29, 1947. . 


Personnel of working group of the AIEE relay 
subcommittee of the AIEE committee on protec- 
tive devices: W. R. Brownlee, sponsoy; 
Asbury, E. T. B. Gross, E. L. Harder, L. F. Ken- 
nedy, W. A. Lewis, W. E. Marter, E. G. Ratz, J. J. 
Tesar, F. J. Vogel. 
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and limitation of equipment damage be- 
cause of magnetizing inrush current, and 
transformer ratio taps which limit the 
sensitivity of differential protection. 
These limitations have become increas- 
ingly felt as the art of system protection 
has progressed, and the standards of 
service have been raised. The increased 
magnetizing currents associated with the 
more general use of higher permeability 
irons and the trend toward higher con- 
centrations of system short-circuit ca- 
pacity are also factors. 


In October 1944, Chairman W. A. 
Lewis of the relay subcommtittee of the 
AIEE protective devices committee ap- 
pointed a working group to study and cor- 
relate transformer protection. This 
group has reviewed the characteristics of 
devices now available for the protection 
of transformers, seeking evidence as to 
their adequacy, for the purpose of crys- 
tallizing information on what elements 
are in greatest need of improvement. A 
questionnaire was circulated to certain 
representative users of transformers in the 
United States and Canada, to determine 
both present and preferred practices. A 
total of 28 comprehensive replies have 
been received, covering experience with 
over 56 million kva of power transformers. 


A preliminary report of the working 
group on transformer protection was sent 
to certain interested individuals in Janu- 
ary 1946 and _ subsequently copies 
were distributed at a conference session on 
transformer protection held in New York, 
N. Y., at the January 1946 winter con- 
vention. A subsequent conference deal- 
ing with gas pressure and gas accumulator 
protection was held in Detroit, Mich., 
on June 27, 1946, at the AIEE summer 
convention, and a conference paper? 
presented at the January 1947 winter 
meeting developed additional infor- 
mation and discussion. The basis of this 
final report includes information devel- 
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nals from the distant end to take control. 


No Discussion 


oped through these conference sessions, 
and also certain data which were not avail- 
able for the preliminary report, such as 
information on the co-ordination of ther- 
mal relay characteristics with short cir- 
cuit protection. 


Types of Protection Employed 


Figure 1 illustrates the various types of 
protection now being employed for dif- 
ferent sizes of power transformers. It is 
interesting that differential relaying con- 
tinues to be the most generally accepted 
protection for transformers, over a broad 
range of size. However, a keen interest 
has been shown by a few companies in 
certain other forms of protection, such 
as pressure protection, thermal protec- 
tion, and gas accumulator detection, and 
increasing use of these is anticipated. 

The 28 companies reported 44 explo- 
sions or fires in the past five years. At 
least some of these transformers were 
protected by differential relays. Several 
cases were reported where partial winding 
faults were not cleared by the differential 
relays. 


Differential Protection 


The majority of differential relay in- 
stallations protect a zone which includes 
the transformer high voltage and low 
voltage circuit breakers. Probably be- 
cause of the increased reliability of power 
transformers, there is an increasing tend- 
ency to omit the transformer high volt- 
age circuit breaker, securing differential 
protection by totalizing the currerits in 
the high voltage line circuit breakers, 
and tripping these (as well as the low 
voltage circuit breaker) in case of a trans- 
former fault. Thirteen of the companies 
are employing differential relaying with 
no local high voltage oil circuit breaker, 
using bushing current transformers in the 
power transformer to supply differential 
relays, and tripping the remote breaker, 
either through a pilot wire system or a 
carrier current transfer tripping scheme. 
Eight of the companies report the use of a 
similar arrangement, except that local 
differential relays are used to close a 


911 


single-pole high-voltage grounding switch 
to cause opening of the remote high volt- 
age circuit breakers.* 

The relative sensitivity of differential 
protection may be expressed in per cent 
as the ratio of the pickup current of the 
relays to the full load current of the trans- 
former bank. The reported sensitivity 
ranges from 30 per cent to 200 per cent, 
the average ‘‘typical’’ value being about 
70 per cent. Certain installations of a 
generator and a transformer operating 
as a unit are reported with pickup cur- 
rents as low as 11 per cent. Most of the 
companies reported relay speeds of about 
0.1 second, although a few reported one- 
third to one-half second. 


LIMITATIONS ON THROUGH FAULTS 


It is indicated that the limitations in 
settings of differential relays brought 
about by through short circuits has been 
largely overcome, first by the use of ratio 
type differential relays, and especially by 
careful application of bushing current 
transformers and ratios for better per- 
formance. 

Several methods of predetermining 
bushing current transformer performance 
have been presented in recent years.®° 


LIMITATIONS OF MAGNETIZING INRUSH 
CURRENT 


About three-fourths of the companies 
reported substantial difficulties with false 
tripping of differential relays on magne- 
tizing inrush current. Some of those 
who reported no difficulties used relatively 
long relaying time (one-third to one-half 
second) or decreased sensitivity, or both. 

_ Other things being equal, the magnitude 
and duration of magnetizing inrush cur- 
rent has been shown to be influenced by 


1. The ratio of the normal flux density to 
the saturation or maximum flux density of 
the iron. 


2. The value and sign of the residual mag- 
netism. 


3. The total impedance of the circuit 
through which the current flows. 


4, The point of the voltage wave at the 
moment of closing of the circuit.7 


For any particular transformer, one 
important criterion of interference with 
sensitivity, other things being equal, 
may be taken as a function of the maxi- 


mum short-circuit kilovolt-amperes at_ 


the bus from which the transformer is 
energized, divided by the kilovolt-am- 
pere rating of the transformer. It has 
been shown’? that the maximum inrush 
current (in per cent of rating) where this 
ratio is 50, is 3 times as great as the cur- 
rent associated with a ratio of 10. It is 
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significant that in the most troublesome 
examples cited, the ratio of system short- 
circuit kilovolt-amperes to transformer 
bank capacity ranged from’ 15 to over 
150, with a typical value of 70. The con- 
tinued increase in the interrupting ca- 
pacities of available circuit breakers and 
the resulting perm‘ssible greater con- 
centration of system capacity indicate the 
growing importance of this factor. 

The magnetizing inrush current prob- 
lem is increased by the use of oriented 
iron with its higher normal flux densities 
and greater retentivity. The replies 
make little mention of the use of these 
units in the larger sizes. However, the 
design flux densities now permissible with 
modern low-loss silicon iron are sub- 
stantially above those in common use 
15 years ago. 


REMEDIES EMPLOYED FOR MAGNETIZING 
INRUSH DIFFICULTIES 


One “solution” to the inrush current 
problem is equivalent to saying: “Just 
ignore it.”” That is, if the differential 
relays operate when the transformer 
bank is energized, the bank is then ener- 
gized again, with the hope that the 
breaker will remain closed. Some feel 
that faults are more likely to occur when 
a bank is energized than at other times 
and that therefore this procedure is un- 
satisfactory. Also, the operating prac- 
tices of many companies require leaving a 
transformer out of service until tested, 


. when differential relays have operated, so 
as to minimize the possibility of serious ~ 


explosions and fires when a defective 
transformer is re-energized. 

Many replies indicated that increased 
pickup of the differential relays had been 
used. Considerable judgment must be 
exercised in such instances, since any in- 
crease in pickup will reduce at least pro- 
portionally the sensitivity for which dif- 
ferential protection has been provided. 
A few companies report the use of longer 
time settings. 

Three companies reported the use of 
magnetizing inrush current ‘‘suppressors”’ 
which decrease the sensitivity for an ad- 
justable time after a bank is energized, 
unless the voltage drops below a set value. 
Two other companies reported the use of 
harmonic restraint relays’ and two others 
expressed plans for using either suppres- 
sors or harmonic restraint methods. 

One company has developed a special 
relay which rectifies the offset current 
waves to desensitize the differential re- 
lays on inrush current.® Another de- 
vice depends for its discrimination on the 
fact that the magnetizing inrush current 
is in effect a half-frequency wave.’ 


Relay Protection of Power Transformers 


A number of companies use residual 
relays wherever an ungrounded winding of 
a transformer is connected to a grounded 
neutral system, and some report the 
additional use of differentially connected 
residual relays for the protection of 
grounded Y transformer windings. An- 
other expedient which has been used to 
combat the magnetizing inrush problem is 
the provision of two current transformers 
per single-phase high-voltage winding for 
differential protection, similar to gen- 
erator type, along with an over-all scheme 
of reduced sensitivity to clear faults out- 
side of this zone. Increased sensitivity is 
gained in this case for ground faults only, 
since turn to turn faults produce no unbal- 
ance. 

The number and variety of methods 
used to meet the magnetizing inrush situ- 
ation without serious interference with 
the desired relay sensitivity, is an indica- 
tion that this difficulty is quite general. 
There is need for improvement in dif- 
ferential schemes to provide increased 
sensitivity without incurring unnecessary 
tripping on energizing currents. 


Fuse Protection 


Many companies are using high voltage 
fuses with low voltage circuit breakers for 
protection against transformer faults. 
This choice is an economic one, since in 
the smaller size of transformers, the cost 
of a high voltage circuit breaker may be a 
substantial portion of that of the trans- 
former. Improvements in high voltage 
fuses and the increase in reliability of 
power transformers have influenced the 
trend away from providing high voltage 
oil circuit breakers for the smaller trans- 
formers. Application of fuses to the 
high voltage side of transformer banks 
requires careful analysis, since the fuse 
is a single pole device and individual 
phases can be cleared. Under certain con- 
ditions, it is possible for a phase-to-phase 
fault after blowing one high voltage fuse 
to be maintained through the load con- 
nected to the secondary of the bank. 
The impedance of the load may reduce 
the fault current to a value below the 
blowing point of the remaining fuses 
and the fault continues with no protection 
to clear it, resulting in burned-out trans- 
former windings. Another condition 
which may cause difficulty is the separate 
fusing on the high voltage side of two 
banks which normally operate paralleled 
on both the high and low voltage sides. 
A fault occurring on the high voltage 
side of one bank blows the fuses on that 
bank only. The fault is again main- 
tained and the application should be 
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checked to see that either the low volt- 
age bank circuit breaker will trip or that 
the fuses on the second bank will clear the 
fault. 

In most power transformer applications 
the high voltage fuses are needed to protect 
only those faults occurring in the trans- 
former, or on the connections between 
the transformer and the low voltage cir- 
cuit breaker. The increased size of fuses 
on distribution systems and resultant 
longer relay settings for distribution 
feeders sometimes give rise to a selectivity 
problem between the transformer fuses 
and the reclosing distribution breakers. 
More information on fuse operating char- 
acteristics as influenced by successive 
heating and cooling during typical re- 
closing cycles would be helpful. 


Thermal 
Protection 


Much progress has been made in studies 
of transformer loading involving hot spot 
temperatures as a function of time, both 
with no appreciable loss in transformer 
life, and with small emergency losses." 
In order to make the most economic use 
of transformer capability, a method has 
been described for loading transformers 
by copper temperature,’ using a bimetal 
element in the top of the transformer, 
heated from a current transformer. An 
ambient compensated time lag device 
has been offered for the purpose of dup- 
licating the temperature-time capability 
of the transformer.!® 

A number of companies report the use 
of embedded temperature detectors. Re- 
cent transformer designs have avoided the 
use of such devices in the higher voltages, 
because. of the difficulty of securing the 
desired high impulse level. 

Most of the companies replying used 
the ordinary top oil type thermometers, 
which it is agreed are at best an approxi- 
mation. About half of the companies 
make extensive use of hot-spot tempera- 
ture devices for sounding alarms, and 
some are making increasing use of ther- 
mal relays for disconnecting transformers, 
even at attended stations. Two com- 
panies report several cases of faulty co- 
ordination between thermal type devices 
and feeder overcurrent relays, in that 
transformers have been disconnected in- 
correctly (and locked-out) during nearby 
short circuits. Investigation disclosed 
that some of these thermal devices had 


been designed to overprotect the trans- 


former in the fault current range and 
hence would operate more quickly than 
the normal feeder protection. Fortu- 
nately, the shape of the time-current 
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characteristics can be controlled by de- 
sign within quite wide limits. 

Co-ordination with overcurrent relay 
protection requires a rather substantial 
delay in operation of transformer thermal 
relays on short-circuit currents. Many 
distribution feeder circuits cannot employ 
instantaneous tripping devices because 
of the presence of nearby transformer 
banks with large fuses, and these feeder 
breakers are usually automatic reclosing 
for a total of four tripping operations. 
Also in many cases, the transformer will 
have a low voltage circuit breaker be- 
tween its terminals and a bus from which 
circuit feeders are supplied, in which case 
complete co-ordination is required be- 
tween the feeder breakers, the trans- 
former breaker, and the transformer 
thermal relay, allowing ample margin for 
repeated operations, different initial top- 
oil temperatures, etc. 

Therefore it is recommended that the 
short time characteristic of the trans- 
former thermal devices be such that they 
will withstand without operating fault 
currents of at least the durations listed in 
the following table. These currents are 
assumed to be applied following full load 
operation and are on the basis of the 
self-cooled rating of the power trans- 
former. 


—————— 


Fault Current Time in Sec 


Times Normal Load (Minimum) 
Pa ah pd an Die ie ae tee a A 
DIU Reaee oh eae NOE ae eee Bene nay cit 5 
in.) RRNA os olraeae ns atta action ette 40 


Below five times rated load the curve may blend 
into the thermal protective characteristic desired 
for the power transformer. 


Pressure Protection 


Considerable attention has been fo- 
cused recently on the use of pressure relays 
to provide sensitive supplementary pro- 
tection for power transformers. A simple 
type of device consists principally of a 
bellows, adjustable to operate when the 
tank pressure exceeds 5 to 15 pounds per 
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square inch (depending on the relative 
position of the device on the transformer 
case). Another device is designed to 
operate on sudden changes in pressure, 
using a diaphragm with a small: hole, 
sufficient to permit gradual changes in 
pressure to be equalized without opera- 
tion. This element usually is furnished 
as part of a combination gas pressure and 
gas accumulator device. A third type 
of device consists of a combination unit 
mounted directly in the piping connection 
from the transformer to the conservator, 
the ‘pressure element” consisting of a 
float:or vane which is pushed aside by a 
rush of oil through the connecting pipe. 


The float or vane type of pressure de- 
vice has found. extensive applications in 
continental Europe’! and Great Brit- 
ain® as the principal protection for power 
transformers. A few of the perforated 
diaphragm units have been used in the 
United States,” although each company 
has installed only a small number of 
experimental units, and therefore little 
experience data is available. However, 
four of the larger users of transformers 
in Canada have made extensive applica- 
tions of a perforated diaphragm type of 
unit and report very satisfactory results. 
Theory and limited available experience 
indicate that this pressure device may 
provide more sensitive protection than 
that usually obtained with differential 
relays. 

More recent installations in the United 
States have been of the bellows type of 
relay. The operating speed is about one 
cycle at pressures 15 per cent or more 
above the setting. Five companies re- 
port using these on power transformers 
for increased sensitivity, three report 
their use for alarm only, and two report 
success. with application to induction 
regulators which have no other equip- 
ment protection; (that is, the regula- 
tor is protected as part of distribution 
circuit). Successful installations are re- 
ported, even in the case of nonoiltight 
indoor units, where the pressure wave 
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has been sufficient to trip and lock out 
the circuit, preventing explosions which 
sometimes would occur on re-energizing. 
Also destructive failures have occurred 
where, in the opinion of those reporting 
them, the use of pressure relays might 
have minimized damage to the trans- 
formers. Some of these failures were 
preceded by several observed voltage 
surges or recorded ground currents of 
very short duration, indicating prelimi- 
nary faults which extinguished them- 
selves before operating the differential 
relays. 

The working group that has prepared 
this paper believes that the use of pressure 
protection for power transformers offers 
much promise as supplementary pro- 
tection with differential relays, for pro- 
tection of smaller transformers together 
with overcurrent protection, and for 
difficult applications such as regulating 
transformers, feeder voltage regulators, 
rectifier transformers, and other special 
transformers. 


Gas Accumulator and 

‘Gas Detector Devices 

For many years the Buchholz type of 
gas accumulator fault detection!* (com- 
bined with pressure protection) has found 
widespread use in continental Europe 
and in Great Britain.’ Probably the 
rather extravagant claims made for this 
device as the sole protection for trans- 
formers, and the former royalty costs 
which were considered excessive!® have 
been important factors in retarding ap- 
plications in the United States. The 
device consists essentially of two float 
chambers connected in the piping from 
the transformer to the conservator so 
that any evolved gas will be trapped in 
the system. One float chamber collects 
gas bubbles given off gradually, and oper- 
ates to sound an alarm. The float or 
vane in the other chamber is operated by 
a rush of oil through the piping to close 
a set of contacts which disconnect the 
transformer. Many examples have been 
cited of either core faults or partial wind- 
ing faults which were detected by the gas 
accumulator system and severe damage 
thus prevented. 

In Canada and in the United States, the 
diaphragm and float combination device 
has had moderate application. This 
device is designed for mounting directly 
on the transformer case, and contains a 
float chamber to sound an alarm on the 
accumulation of gases. Favorable ex- 
perience is reported by four of the larger 
users of transformers in Canada, who 
have made extensive applications of the 
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-small oil-insulated 


diaphragm-—float combinationrelay. One 
reported the detection of several high re- 
sistance joints out of 40 transformers in 
ten years. Another cited detection of a 
number of failures of core bolt insulation, 
and a third reported discovery of seven 
cases of defective brazed joints out of 36 
transformers in a period of slightly more 
than three years. All of these were de- 
tected and repairs made before the faults 
progressed beyond the incipient stage. 
Those who prefer not to use gas ac- 
cumulator relays usually cite as objections 


1. That special transformer construction 
may be required. 


2. That it is discouragingly expensive to 
untank and inspect a transformer after a re- 
lay indication, but before the fault has de- 
veloped sufficiently that it can be found. 


38. It is difficult to maintain the devices 
and to interpret their indications. 


No special transformer construction was 
used in any of the reported Canadian in- 
stallations, and methods used to interpret 
indications have been quite successful. 
Accumulated gas is tested for combus- 
tibility, and sometimes a chemical analy- 
sis is made. The color of the gas 
provides a quick indication. Consider- 
able weight is given to the length of time 
between alarms, especially if the interval 
is decreasing. A Canadian manufacturer 
reported tests on a joint of 40 interlaced 
strands, one of which intentionally was 
made defective. Current was passed 
through the joint to complete failure, 
which occurred 12 weeks after the first 
gas alarm. 

Available gas accumulator relays now 
are limited in application to conservator 
type transformers. An electrochemical 
device is available to detect incipient 
faults in askarel insulated transformers. 
Experimental installations have been 
made in Canada of a platinum wire type 
of device to detect combustible gases in 
sealed-tank trans- 
formers. 

It is believed that the value of gas ac- 
cumulator relays for detecting incipient 
faults generally has been underestimated 
in the United States, and that with proper 
application and interpretation, their use 
with conservator type transformers may 
be worthy of more consideration. It is 
hoped that adequate methods will be 
developed for applying the gas detection 
principle to other types of transformers. 


Conclusions and Recommendations 


1. Differential protection is the generally 
accepted method of clearing transformer 
faults. This provides satisfactory speed of 
clearing, usually covers the entire zone be- 
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tween circuit breakers, and offers a fair de- 
gree of sensitivity. 


(a). Incorrect tripping on magnetizing inrush cur- 
rent is a major problem, especially where the avail- 
able short-circuit kilovolt-amperes on the bus to 
which the transformer is connected is large with re- 
spect to the transformer size. Trends toward higher 
design flux densities accentuate the problem. 


(b). The use of either transferred tripping or a 
local line grounding switch to trip a remote circuit 
breaker offers attractive possibilities for providing 
differential protection to transformers without re- 
quiring separate high voltage circuit breakers. 


(c). There is need for improvement in differential 
schemes to provide increased sensitivity without in- 
curring unnecessary tripping on energizing currents. 


2. Combinations of high voltage fuses and 
low voltage circuit breakers provide a reason- 
able compromise type of protection for the 
smaller sizes of power transformers. Prob- 
lems of selectivity between these fuses and © 
reclosing circuit breakers on feeders sup- 
plied from the transformer are complicated 
by the various reclosing cycles used. More 
information on the various heating and cool- 
ing time constants of different types of fuses 
would be helpful in developing better meth- 
ods of predetermining fuse and breaker co- 
ordination. 


3. The wider application of pressure pro- 
tection offers considerable promise 


(a). To provide supplemental protection with sen- 
sitivity greater than that usually obtained with 
conventional differential schemes alone. 


(b). For protection along with overcurrent relays 
where it is not feasible to provide a satisfactory 
differential scheme. 


(c). To solve inherently difficult applications, such 
as step regulators and rectifier transformers. 


(d). For fast, low cost protection and reclosing 
lockout of feeder voltage regulators. 


4. The value of gas accumulator relays for 
detecting incipient faults generally has been 
underestimated in the United States. 


(a). Substantial experience in Canada has demon- 
strated the value of gas accumulator relays to detect 
conditions such as turn to turn faults, core insula- 
tion failures, and defective joints. 


(b). Objections commonly raised to the gas ac- 
cumulator method of detecting faults can be over- 
come largely by suitable application and proper 
interpretation of relay indications. 


(c). The present commercially developed gas de- 
tector relays are limited in application to conserva- 
tor type transformers. Experimental installations 
indicate that devices may be developed for extend- 
ing gas detection principles to other types of 
transformers. 
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E. L. Harder (Westinghouse Electric Cor- 
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port represents the fulfillment of a very im- 
portant part of the relay subcommittee pro- 
gram. It is the policy of the committee to 
review in turn the several important as- 
pects of relay protection, that is, generator 
protection, transformer protection, line pro- 
tection, and bus protection. This report is 
a thorough going examination of the trans- 
former protection problem giving the pres- 
ent status of the art and délving quite 
thoroughly into each of the important 
phases. In the course of this delving, 
numerous problems arose and to most of 
these, solutions or tentative solutions have 
been agreed upon or proposed. 

For example, consideration has been given 
to thermal protection of transformers and its 
co-ordination with protective relaying. At 
first it was thought that characteristic 
curves would be required on all thermal 
relays in order properly to co-ordinate them 
with protective relays. However,: after 
study of the problem it was found that a 
single co-ordination characteristic could be 
established between all transformer thermal 
relays and all relay protection. This is a 
most important simplification as it provides 
a clear-cut division between the problems of 
transformer thermal protection, normally 
handled by transformer designers and users, 
and relay protection, normally handled by 
another group of engineers. The dividing 
line consists of a single operating time at 
five times normal and one at 20 times 
‘normal. All thermal relaying is to be slower 
and all protective relaying to be faster than 
these values. The exact values to be used 
are still subject to discussion. The value 
tentatively proposed in the report for five 
times normal of 40 seconds may be a little 
long. Our studies indicate that 30 seconds 
might be better from the standpoint of the 
transformer devices. However, there ap- 
pears no doubt that the method will be 
workable, and that suitable values can be 
arrived at after study has been given both 
to the transformer and relay requirements. 
The tentative values proposed in the report 
represent the summary of replies from 
several relay users. 

The report also very naturally has 
brought to light and crystallized a few 
problems which could not be resolved fully 
by the working group and which remain as 
a goal for solution by those interested in this 
problem. There are still rather wide differ- 
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ences of opinion on the use of gas accumula- 
tor and gas pressure relays. More work is 
needed on the practical sensitivity of the 
pressure type relay. There is little question 
of the sensitivity of the accumulator type, 
but in its present form it is believed non- 
applicable to transformers having a gas 
cushion above the oil. The agreement that 
differential and gas relays supplement in 
most cases rather than replace each other is 
quite notable. 

There also remains the problem of deter- 
mining fault current magnitudes for partial- 
winding faults and the consequent degree of 
protection afforded by differential relays. 

In conclusion it is believed that this report 
and the attendant work and stimulus has 
been very beneficial to the industry and par- 
ticularly to the engineers who have partici- 
pated in the discussions and decisions. It is 
hoped that there will be further activity 
towards solving some of the currently un- 
solved problems so that by the time of the 
next report several years from now, the com- 
mittee-may be able to report satisfactory 
solutions to these problems also. 


A. M. Doyle (Canadian General Electric 
Company, Toronto, Ontario, Canada): 
As the Canadian manufacturer of a gas 
detector relay described in the paper, we 
offer the following comments. Canadian 
operating experience using the relay has 
been discussed in another paper,! and 
therefore these comments will apply only 
to their general application. 

Our company undertook the production 
of these devices at the request of the Shawin- 
igan Water and Power Company and the 
Hydro Electric Power Commission of On- 
tario, and first shipments were made in 
1939. The devices as produced were modi- 
fications of those formerly manufactured by 
the Walter Kidde company, from licenses 
under patents held by Max Buchholz. 

Since that time some 600 relays have been 
applied in Canada to power transformers 
and regulating transformers in ratings 
from 667 kva to 50,000 kva. In some cases 
the relays were supplied as a part of new 
transformers; in others they were sold to 
other transformer manufacturers for incor- 
poration in their products; and they also 
have been sold on a supply basis for applica- 
tion to existing transformers. 

Originally, we were of the opinion that 
the device would only be expected to per- 
form its function with sufficient sensitivity 
if extensive internal modifications. were 
made to the transformer to ensure that any 
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gas generated in it positively would be di- 
rected to the relay. . Also, a number of false 
operations normally could be expected when 
a transformer is first put into service. For 
these reasons there was some hesitancy on 
our part towards the active promotion of 
this device. However, the operating experi- 
ences indicate that this attitude was too 
conservative and that more actrve promo- 
tion of the relay appears justified. This is 
particularly true in view of the successful 
performance of relays which have been ap- 
plied to existing transformers where in 
many cases the only feasible location for the 
relay was on the manhole cover. 

Our present practice in applying relays to 
new transformers is to locate the relay on 
the transformer cover near the wall of the 
tank, where it can be reached for servicing. 
Any reinforcing members on the underside 
of the transformer cover are made with slots 
to avoid the accumulation of gas pockets. 
Also, mounting flanges for bushings and 
relief vents are provided with an extension 
below the cover to prevent any gas creeping 
along the underside of the cover from enter- 
ing these pockets. 

It should, of course, be emphasized that 
at the present time the particular type of 
gas detector relay that is being manufac- 
tured in Canada is applicable only to trans- 
formers equipped with conservators. How- 
ever, in Canada, the conservator is almost 
exclusively accepted as the desirable means 
of oil preservation. 
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Ben C. Hicks (Shawinigan Water and Power 
Company, Montreal, Quebec, Canada): 
The relay subcommittee is to be commended 
on its appraisal of the uses and limitations of _ 
the various forms of protection applied to 
power transformers. The information re- 
garding trends and the recommendations for 
improvements are both interesting and valu- 
able. 

Regarding the remedies resorted to for 
overcoming difficulties with differential pro- 
tections due to magnetizing inrush current 
when energizing transformers, it may be ob- 
served that none is entirely satisfactory. 
Concerning one of these remedies, namely, 
the desensitizing of the protection for an 
adjustable time when energizing the bank, 


-it may be in order to remark that, although 


this method may have considerable value 
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when closing a switch to energize the bank, 
it would be ineffective when voltage is re- 
covering following a nearby through fault; 
a condition under which magnetizing cur- 
rent also tends to flow. 

Considering the difficulties inherent in 
securing a completely satisfactory differen- 
tial protection, one is led to wonder whether 
any serious thought has been given to the 
possibility of devising something in the 
nature of a split phase protection for trans- 
formers. Any efforts in this direction would 
of course require the co-operation of the 
transformer designers but might be produc- 
tive of something useful in the way of im- 
proved transformer protection. 


F. L. Lawton (Aluminum Company of 
Canada, Ltd., Montreal, Quebec, Canada) : 
The relay subcommittee has presented a 
very comprehensive analysis of present and 
preferred practices in the relay protection of 
power transformers. 

It is interesting to note from the paper by 
John G. Noest! that ‘‘Buchholz relays were 
universally used on transformers with dif- 
ferential relays as back-up” and further 
“Buchholz relays were specified by the in- 
surance underwriters.” 

Experience on the Saguenay system defi- 
nitely has convinced us of the very real merit 
of the Canadian version of the Buchholz 
relay in picking up incipient troubles, such as 
defective core bolt and other core insula- 
tion, poorly brazed or poorly sweated joints 
in conductors, and many others. Our initial 
installation of 36 gas-detector relays on as 
many single-phase 13.2/154 kv 30,000-kva 
transformers has furnished conclusive proof 
of their effectiveness, fully substantiated by 
field installation of an additional 88 relays 
on transformers ranging from 18,750 to 
30,000 kva. 

The gas-detector relay, comprising a gas- 
accumulation element and a gas-pressure 
element, is the only device which will detect 
a slowly developing trouble in a transformer 
and give warning in ample time so that the 
transformer can be removed from service at 
the operator’s convenience, untanked, and 
the evidence of the incipient fault found, so 
that remedial measures can be effected. 
Cost of repairs or alterations under such 
circumstances are far below the costs which 
would be incurred in event of a fully de- 
veloped fault. It should be borne in mind 
that the differential protection can operate 
only after the transformer is in trouble, 
and after service interruption or inconven- 
ience has been experienced. 

After the gas-accumulation element has 
given warning of an incipient fault, it is pos- 
sible to check the indication, on the site, by 
the use of a small portable device used in 
‘many industries for checking the inflam- 
mability of gases. We have confirmed some 
of our gas-detector relay indications in this 
manner and by later visual inspection, after 
untanking. 

The device in question, one make of which 
is known as the ‘‘Vapotester”, is an easily 
portable and rugged instrument for testing 
the inflammability of gas. Briefly, it con- 
sists of a Wheatstone bridge circuit in which 
two arms are composed of interchangeable 
platinum filaments. One filament is sealed 
in and the other so arranged that air or gas 
may be drawn over it. A combustible gas- 
air mixture will ignite on the surface of the 
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exposed element, increase its resistance, and 
upset the balance of the bridge. The dial 
of the meter is calibrated in terms of per- 
centage of the lower explosive limit. The 
instrument is extremely sensitive and in tests 
has proved very reliable. 
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J. T. Madill (Aluminum Company of Can- 
ada, Ltd., Shipshaw, Quebec, Canada): 
Referring to gas accumulator and pressure 
protection of transformers it is gratifying 
to see the recommendations the committee 
has made. For the benefit of those who are 
doubtful, it may be stated definitely that on 
the Saguenay system, when any transformer 
is untanked, as a result of gas formation and 
gas tests with a device such as a ‘“‘Vapo- 
tester”, we are absolutely sure there is a fault 
in the transformer and that we can locate it. 
To date there is not sufficient experience 
available for the statement to be made that 
pressure protection will replace differential 
protection, and no one is making this claim. 
However, at the present time it would seem 
that pressure protection might make pos- 
sible the consideration of larger or more ex- 
tensive differential zones, since these should 
be called upon to operate very infrequently. 

In the case of a transformer tripped by 
differential protection when being energized, 
the practice on the Saguenay system is to 
try it again. The winding and the oil 
temperature indicators show there is no 
high temperature, the gas detector relay 
shows there is no gas to explode and no 
pressure waves being set up, the ground re- 
lay shows no ground current. Therefore it 
is almost impossible for a real fault to be 
present. 

In conclusion the committee is to be con- 
gratulated for their excellent report. 


E. E. George (Ebasco Services, Inc., New 
York, N. Y.): The report presented by the 
relay subcommittee is very comprehensive 
and gives a well-balanced picture of present 
and preferred practices in transformer pro- 
tection. One or two items are worthy of 
special comment, There is astatement that 
“the operating practices of many companies 
require leaving a transformer out of service 
until tested, when differential relays have 
operated, so as to minimize the possibility 
of serious explosions and fires when a defec- 
tive transformer is re-energized.”’ This prac- 
tice suggests further uses for relays which 
indicate excessive temperature, sudden rise 
in oil pressure, or accumulation of gas. 
In cases where a transformer is needed to 
restore service, it is the practice of many 
operating companies to re-energize the trans- 
former after differential operation if there is 
no evidence of trouble in the transformer 
itself. Heretofore such evidence generally 
has had to be obtained by external inspec- 
tion. It is suggested that, if the trans- 
former is equipped with relays which indi- 
cate sudden pressure rise or gradual ac- 
cumulation of gas and if there is no indica- 
tion from these relays and there is no indica- 
tion of high top oil temperature, it should 
be reasonably safe to re-energize the trans- 
former, since there is minimum possibility 
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of fire or explosion. It is probable that 
there has seldom been an insulating oil 
fire where the top oil temperature previ- 
ously has not reached at least 400 degrees 
Fahrenheit and it is likewise probable that 
there has seldom been a transformer ex- 
plosion where there has not been a previous 
distillation of oil into gas over a period of 
time. The use of temperature, pressure, 
and gas relays therefore is suggested as a 
means of revising operating procedure to 
give maximum protection to both the equip- 
ment and the service. 

It is very difficult to understand the 
reluctance of United States manufacturers 
to build or supply gas relays in this country. 
About ten years ago the writer attempted to 
purchase either Buchholz or Hackbridge 
relays from English manufacturers but was 
unable to do so because of the commercial 
restrictions of United States manufacturers. 
The relay subcommittee has done an excel- 
lent job in publicizing the successful experi- 
ence of several of the large utilities in Can- 
ada with the Buchholz relay. If there is 
some reason why gas detector relays will 
not operate satisfactorily ‘‘south-of-the- 
border’, perhaps the easiest way to con- 
vince the operating companies of this fact 
is for the manufacturers to let us try a few 
of these relays. The operating companies 
are very quick to interchange operating 
experience without any help from the 
manufacturers. If it should turn out that 
the gas relays are a satisfactory and gen- 
erally needed means of supplementary pro- 
tection, it will not take much effort to de- 
velop the United States market. 

One further comment on the subcomniit- 
tee report is submitted as a result of many 
questions asked about the meaning of the 
word “askarel” as used therein. Many 
operating and relay engineers who are not 
connected actively with transformer nego- 
tiations never have heard of this word which 
seems to refer to noninflammable insulating 
liquids such as ‘‘Pyranol” and “‘Inerteen.” 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): The report calls 
attention to the possibility of wider applica- 
tion of gas actuated relays (gas-accumulator 
and pressure relays) which have been ap- 
plied quite successfully: abroad, and more 
recently in Canada. Valuable information 
is contained in a paper on typical trans- 
former faults and gas detector relay pro- 
tection by J. T. Madill,1 and additional 
Canadian experiences have been described 
by A. L. Hough.? Present applications of 
gas actuated relays were mainly on trans- 
formers with conservators, however, the 
same principles can be used for the develop- 
ment of relays for transformers with inert 
gas filling the space above oil level, or com- 
pletely sealed. 
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W. R. Brownlee: The relay subcommittee 
appreciates the confirming and supple- 
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mentary information provided by the dis- 
cussers. It is especially gratifying to note 
an increasing awareness on the part of 
manufacturers and users of a number of 
protection problems, not yet completely 


solved, which have been emphasized by 
modern trends in the design, application, 
and operation of power transformers. 
While this report concludes the special 
assignment of the working group, the relay 
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YDROELECTRIC developments in 

Canada have provided an abun- 
dance of low-cost electric power, which 
has encouraged the use of electricity 
for metallurgical operations, particu- 
larly those in which large amounts of 
power are consumed. In fact, today, 
other types of fuel are being replaced by 


electric heat where economy of operation 


is a major factor. 

In the consideration of metallurgical 
installations which would be of interest to 
electrical engineers, a choice has been 
made of those electric furnaces or proc- 
esses which are of large size or have un- 
usual features, as well as others which are 
representative of electric furnace prac- 
tice in Canada. 

This paper therefore will describe sev- 
eral interesting installations, noting any 
special features in the usage or control of 
electric power, and quoting metallurgical 
results secured, which in some instances 
are not obtainable by other methods. 


Steel Strip Annealing 


In the manufacture of tin plate and 
black plate, coils of steel strip are passed 
through a cold reduction mill in which the 
thickness is reduced from 0.140 inch to as 
little as 0.008 inch. This severe cold 
working sets up very high stresses in the 
strip and modification of the structure of 
the metal is necessary before further satis- 
factory processing can be accomplished. 
This annealing can be performed by heat- 
ing the strip to a temperature in excess of 
1,200 degrees Fahrenheit; the higher the 
temperature, the shorter the time re- 
quired at the elevated temperature for 
complete transformation. 

Common practice has been to anneal 
such strip in coils in batch-type furnaces, 
but at the plant of Dominion Foundries 
and Steel Limited, Hamilton, a continu- 
ous-strip annealing furnace has been in- 
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stalled which for some applications pro- 
duces a superior product and which in 
addition enables much quicker handling of 
special or emergency orders. Figure 1 
shows a view of this furnace taken from 
the exit end. It is best described as a 
tower-type furnace and is the only one of 
its kind in Canada. -Its size may be esti- 
mated by comparison with the workmen. 
It is 45 feet high by 10 feet wide by 50 
feet long, this length including the loopers 
but not the coiling and uncoiling mecha- 
nisms. 

Outline drawing, Figure 2, will enable 
the path of the strip to be followed from 


the uncoilers, through the welder, entry _ 


pinch rolls, entry looper, heating and cool- 
ing chambers, master pinch rolls, and 
delivery looper to the coiler. With eight 
strands in each looper, which is 40 feet 
high, the operators have a length of 300 
feet or a time limit of approximately from 
one to two minutes in which to weld the 
strips together or to remove finished coil 
from coiler and start a new coil. 

Speed of the strip may be varied from 
60 to 400 feet per minute by Ward- 


Paper 47-138, recommended by the AIEE commit- 
tee on industrial power applications for presentation 
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subcommittee intends to maintain a con- 
tinuing interest in the performance of 
present equipment, in the evolution of de- 
vices and methods for which improvement is 
indicated, and in new developments. 


Leonard control of the master pinch rolls 
at the exit end. Normal operation calls 
for a speed range between 150 and 300 
feet per minute for strip thicknesses vary- 
ing from 0.025 to 0.008 inch. The com- 
mion width of strip is 32 inches. For sim- 
plification of operation of the furnace, 
temperature controls are set at a given 
value and the speed is the only variable 
which is regulated to give the metallurgi- 
cal results desired. 

Heating units in the four vertical cham- 
bers are divided into 28 60-kw single- 
phase circuits which are controlled in 11 
separate zones by ‘“‘on-off” contactor 
operation, actuated by temperature con- 
trol instruments. The total connected 
heating load is 1,680 kw, being fed from a 
2,000-kva transformer bank, equipped 
with taps to give furnace voltages between 
195 and 242 volts. 

Of the eight cooling towers, the first one 
is insulated to extend the hot zone and 
permit equalization of strip temperature 
and to control the initial cooling rate. 
The second tower is uninsulated, the 
third one is water-cooled, while the next 
four are water-cooled and also equipped 
with fans for agitation of furnace atmos- 
phere past the water cooling coils to pro- 
vide most effective cooling. The last 
tower is merely uninsulated, and bright 
strip leaves this tower at a temperature 
below 300 degrees Fahrenheit. 

To prevent oxidation of the sheet or dis- 
coloration through oxidation, the furnace 
chambers, both for heating and cooling, 
are provided with a partially combusted 
gas atmosphere which is produced in one 
4,000-cubic-feet-per-hour atmosphere-gas 
converter. This output gas is passed 
through a refrigerated cooler for removal 
of moisture to a low dew point before in- 
sertion into the furnace. 

The user of this furnace reports that 
some metallurgical results have been se- 
cured which were unobtainable in batch- 
type furnaces. The fast anneal appears to 
give a product with very fine grain size, 
which is superior for some applications 
but not suitable for others, so that care is 
exercised in the use to which material is 
put following heat treatment by this _ 
method. The total power and heating 
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is provided from a 400-kva single-phase 
transformer and voltage to the wires is 
controlled, within plus or minus one-half 
volt, through an induction voltage regu- 
lator actuated by a controlling voltmeter. 
Manual or automatic control is secured 
by manipulation of push buttons. The 
proper voltage to give required wire tem- 
perature’ first must be determined from 
optical pyrometer readings on the wires 
just before they enter the quench bath 
and tabulated for different wire sizes and 
speeds. Such voltages are of the order of 
40 to 80 volts with transformer coils in 
parallel and 80 to 150 volts with coils in 
series. Currents vary from 7,500 down to 
2,270 amperes on different taps. 

The lead-patenting process produces 
wire with a denser grain structure which 
permits more cold working. It also en- 
ables higher tensile strength and fatigue 
properties to be developed in the finished 
wire. This method of resistance heating 
further assures a uniformly heated prod- 
uct so that duplication of results is sim- 
plified. 


Heat Treatment of 
Aluminum Alloys 


Installations of electric furnaces in the 
aluminum industry in Canada exceed 
30,000 kw and various types of electric 
resistance furnaces are utilized in melting, 
holding, preheating, annealing, and heat 
treating of aluminum and its alloys. 
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Figure 4. Elevator 
type aluminum heat- 
treating furnace, 
tated 760 kw, with 
quench tank below, 
installed at Alumi- 
num Company of 
Canada Limited, 
Kingston 


View shows load of 
sheets being raised 
into heating chamber 


Figure 4 shows a general view of a typical 
furnace used for heat treating aluminum 
alloy sheets. 

This may be described as a vertical- 
draft air heat treating furnace. It is box- 


Figure 3. Partial schematic diagram of con- 
tinuous “wire patenting furnace, installed at 
Steel Company of Canada Limited, Hamilton 
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shaped, post-supported over a quench 
tank, and equipped with a drying cham- 
ber, a trolley system for handling loads, 
and a horizontal door in the bottom. The 
various load-handling operations are per- 
formed hydraulically, being controlled by 
push buttons to provide either automatic 
sequence control or individual control of 
any operation. 
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Furnace dimensions can accommodate 
a load of sheets up to 5,000 pounds, tak- 
ing sheets 28 feet long by 6 feet wide. 
The load is raised into the furnace, heated 
to the desired temperature, and held at 
this temperature until assured of equali- 
zation, then fast-quenched into the water 
tank below the furnace. Following this, 
it is moved into the drying chamber for 
removal of water. 

The electrical capacity is 760 kw, di- 
vided into four control zones. Heating 
elements are-mounted on the inside walls 
of the furnace, with steel baffles in front of 
them for guidance of convected air. Heat 
is transferred from elements to the load 
by means of six axial-flow alloy fans lo- 
cated in the roof of the furnace, and which 
provide the high-speed air circulation nec- 
essary in aluminum heat treating furnaces. 

This equipment has a capacity of 50,000 
pounds of aluminum-alloy sheets per 24- 
hour day, heating to a maximum temper- 
ature of 1,020 degrees Fahrenheit and 
maintaining temperature uniformity 
within the furnace chamber to within plus 
or minus 5 degrees Fahrenheit of the con- 
trol point. Such control is secured by po- 
tentiometer type controllers actuated 
from thermocouples located in the air 
stream 


Short Cycle Annealing 
of Malleable Iron 


White malleable iron, as cast in the 
foundry, is extremely hard and brittle, 
and is not suitable for commercial ap- 
plications until its physical properties 


Figure 5. Typical annealing cycle for malle- 
able cast iron 
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have been changed by annealing. This 
process precipitates the element carbon, 
which is in a combined state in the white 
iron, to a dispersed graphitic condition in 
the annealed state, and imparts to the 
metal strength, ductility, and the ability 
to take considerable distortions before 
rupture. 

The ultimate use for the material de- 
termines the actual composition and the 
required heat treatment. The addition of 
silicon affects the heat treatment consid- 
erably; the higher the silicon content, the 
shorter will be the required annealing cy- 
cle. A typical cycle for malleable parts as 
used in the automotive industry is shown 
in the chart, Figure 5. 

Three distinct stages may be noted. 
These are 


1. Preheat: 
2. Soaking at temperature. 
3. Cooling. 


In the preheat stage, the castings are 
brought up to a temperature in excess of 
1,750 degrees Fahrenheit. During the 
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Figure 6. Pusher-type controlled-atmosphere 
malleable-iron-annealing furnaces, each rated 
340 kw 


Installed at McKinnon Industries Limited, St. 
Catharines 


soaking period they are held at this tem- 
perature for a sufficient time partially to 
alter the structure of the metal. Slow 
cooling through the critical range further 
alters the structure of the metal and it 
should be observed that the maximum 
rate of cooling through the critical range 
is 10 degrees Fahrenheit per hour. 

Prior to the adoption of electrometal- 
lurgy in the heat treating of malleable 
iron, the process was carried out in fuel- 
fired ovens, which resulted in a prolonged 
annealing cycle requiring 5 days or more, 
whereas now with electric annealing 
equipment it may be accomplished in 32 
hours or less depending on material com- 
position. é 

Continuous type electric furnaces are 
in general use for this application, and 
Figure 6 illustrates two out of a total of 
five pusher-type furnaces installed at 
McKinnon Industries Limited, St. Cath- 
arines. Castings are loaded on trays, 
which are pushed progressively through 
the heating chamber, fast cooling section, 
and slow cooling section to the exit end. 
The respective lengths of these various 
furnace sections are designed to suit the 
cycle required. 

In jobbing plants which are required 
to produce different metal analyses for 
different applications, a more flexible 
furnace arrangement is desirable, so that 
heating and cooling cycles may be varied. 
With the type of annealing cycle illus- 
trated in Figure 5, this can be accom- 
plished by utilizing two furnace chambers 
and transferring the loads quickly during 
the fast cooling stage. 

Figure 7 illustrates two double-cham- 
ber elevator-type furnaces which have 
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Figure 7. Double-chamber elevator-type mal- 

leable-iron-annealing furnaces, each rated 450 

kw in high temperature chamber and 100 kw 
in low temperature chamber 


Installed at Auto Specialties Manufacturing 
Company (Canada) Limited, Windsor 


been installed at Auto Specialties Manu- 
facturing Company, Ltd., Windsor. The 
high temperature chamber rated 450 kw 
takes the load of cold castings, heats them 


Figure 8. Three-station 9,600-cycle motor- 

generator-type induction heater rated 125 kw, 

installed at Thompson Products Limited, St. 
Catharines 


Heated drill bits being removed from heater 
and inserted in quench bath 
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to 1,750 degrees Fahrenheit, and holds 
them at this temperature for the desired 
portion of the annealing cycle. In this 
chamber, also, the rich carbon content of 
the castings combines with the limited 
amount of air in the chamber to generate 
sufficient carbon monoxide (CO) atmos- 
phere to protect the castings from scaling. 

At the proper time the car is transferred 
quickly to the low-temperature chamber, 
which is then at a temperature of 1,200 
degrees Fahrenheit or more, and in this 
chamber the cooling through the critical 
range (from 1,420 to 1,300 degrees 
Fahrenheit approximately) is controlled 


Figure 9. Elementary wiring diagram of 3- 
station induction heater 


From Tocco manual of The Ohio Crankshaft 
Company, Cleveland, Ohio 
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automatically by the use of heating units 
or of a blower which circulates air through 
cooling tubes. When the temperature 
has dropped below 1,250 degrees Fahren- 
heit the castings may be removed from 
the furnace and air-cooled. 

This particular furnace accommodates 
a load 17 feet long by 4 feet wide by 3 feet 
high weighing 7 tons, and on the basis of 
16 hours for heating and 16 hours for cool- 
ing, produces over 10 tons per 24-hour day 
from each pair of furnace chambers. The 
power consumption for a typical load will 
average 275 kilowatt-hours per ton. 


Induction Heating for 
Forging and Hardening 


The development of detachable drill 
bits has revolutionized the mining indus- 
try and millions of them per month must 
be forged and heat treated. In the forging 
operation the slugs are heated uniformly 
throughout, whereas in hardening the bits 
the hardness pattern required calls for a 
hard surface with a softer tough core. 

Thompson Products Limited in St. 
Catharines have found that a 9,600-cycle 
induction heater can be utilized for both 
these processes, that is to heat up the 
slugs and bits prior to forging and harden- 
ing. Figure 8 shows such an equipment 
set up for heating bits prior to hardening 
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Figure 10. Work station for motor-generator-type induction heater, 
installed at Thompson Products Limited, St. Catharines 


Heated slug being removed for forging into drill bit 


and the sketch in Figure 9 shows the type 
of control which is involved in such a 3- 
station induction heater. 

As illustrated in Figure 8, the bits are 
loaded into one end of a 2-inch-diameter 
quartz tube through which they are 
pushed by a reciprocating arm. “The 
heating coil is of multiturn construction 
wrapped closely around 18 inches of the 
quartz tube. The next 22 inches of the 
tube are used for soaking the bits, during 
which time interval the temperature 
equalizes in the bit and as it is removed 
from the end of the tube it is at a uniform 
temperature of 1,500 degrees Fahrenheit. 

Bits are removed individually from the 
tube by an operator and stood upright on 
a conveyor passing through a water bath 
with the cutting face immersed to a depth 
of only one-quarter inch, so as to control 
the hardness pattern. When putting bits 
through this heater at the rate of 20 per 
minute, each weighing an average of from 
4 to 5 ounces, the power required is 40 kw. 

As the hardening operation on these 
drill bits is the last operation performed 
on them, the equipment can be located at 
the end of the production line. The forg- 
ing process, however, is accomplished in 
the early stages of manufacture in a part 
of the plant where smoke, heat, and dirt 


922 


Figure 11 (above). 
Simplified circuit 
diagram of automatic 
electrode regulator, 
continuous type 


From reference 1 


Figure 12 (right). 
Amplidyne - type 
electrode regulating 
controller installed 
on 3-phase 1,800 
kva arc furnace at 
Ford Motor Com- 
pany of Canada 
Limited, Windsor 


usually are prevalent. This type of induc- 
tion heating equipment permits the loca- 
tion of the work station (illustrated in 
Figure 10) where desired and leaves the 
motor-generator equipment in a dust-free 
location. Power connection to the work 
station is made through special nonin- 
ductive cables run through copper 
sheathed ducts to minimize losses. 

The operation illustrated in Figure 10 
is similar to that of heating prior to hard- 
ening. The slugs are fed intermittently 
through a tube and individually removed 
for transfer to the forging press. Since 
these slugs are of uniform cross section, 
they do not require additional time for 
temperature equalization but heat up uni- 
formly in a tube 14 inches long which is 
surrounded by a multiturn coil. With a 
production of 11 slugs per minute, the 
power demand is 30 kw. 

In this plant the use of induction heat- 
ers has replaced a standard type of heat- 
ing furnace, since the operation is prac- 
tically automatic and relative scale-free 
material is obtained. Water is circulated 
at a high rate of flow through the heating 
coils, and water output temperature is 
kept below a maximum of 75 degrees 
Fahrenheit. 

The possibilities of automatic cycle con- 
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trol on this equipment by utilization of 
timers make for greater flexibility and 
their application to functions which can- 
not be duplicated by other means. At 
the present time these 3-station heaters 
cannot use all three stations simultane- 
ously, but a type of amplidyne voltage 
maintenance control is being supplied to 
enable utilizing two or three work stations 
simultaneously for maximum operating 
efficiency. 


Continuous Regulation of 
Electric Melting Furnaces 


Electric arc melting furnaces are in 
general use throughout industry today 
and development work has been concen- 
trated on improving their stability and 


reducing power surges. At the Ford Mo- 


tor Company plant in Windsor an ampli- 
dyne control has been applied to one of 
the melting furnaces which has been 
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shown to give smooth performance under 
optimum operating conditions. 

For best operation of an arc furnace, 
the regulator must utilize both are volt- 
age and are current to control the elec- 
trode movement, which in turn varies the 
power input. Contact-making regulators 
have been built which operate on this 
combined principle, but the amplidyne 
method accomplishes the same functions 
in a smoother manner without utilizing 
any circuit-breaking devices. 

The diagram illustrated in Figure 11 
shows in simplified form how this type of 
control is applied to the furnace circuit. 
The output of the are current trans- 
former is rectified and passed through a 
resistor. The voltage across this resistor 
is then proportional to are current. The 
reference voltage to balance against this 
current-produced voltage is set up from a 
rectifier across the arc voltage, which is 
reasonably constant during normal opera- 
tion. 

The net voltage unbalance between the 
two is applied to the amplidyne field, and 


Figure 13. Three-phase electric arc melting 

furnaces installed at Fahralloy Canada Limited, 

Orilla, rated 500 pounds and 1,500 pounds 
per hour, respectively 


the amplidyne output is applied to the 
armature of the electrode motor. High 
sensitivity results from the fact that a 
small voltage unbalance is arranged to 
excite the amplidyne to give full electrode 
motor torque. Any slight change in arc 
current thus promptly moves the elec- 
trodes, the amount of motion usually be 
ing small with overshooting practically 
eliminated. 

Figure 12 illustrates the amplidyne con- 
trol installed on one 1,800-kva furnace in 
Windsor which has demonstrated many 
inherent advantages in controlling a fur- 
nace for melting steel, cast iron, or alloy 
steel. It has been found most satisfactory 
when a suitable slag is maintained on top 
of the molten change. 

Some of the advantages which have 
been reported from this installation may 
be mentioned briefly and can be observed 
in the operation of this equipment. 

There is no hunting of electrodes. With 
the extreme speed of response, movement 
of the high-speed electrode motor shafts 
is normally only a fraction of a revolution 
at a time compared with several revolu- 
tions at a time observed on a similar fur- 
nace controlled by other means. 

The power curve is smoother, since 


surges are minimized and operation 


maintained close to the optimum point, 
thus producing most efficient operation. 
Lower maintenance is evident, since 
the operation of electrode motors is less 
frequent and much less violent; also, 
instru- 
ments have been eliminated. A further 


contactors or cantact-making 
effect, not so evident, is that with no over- 
shooting of electrodes, there is less elec- 
trode consumption. 

Better quality low-carbon alloy steel 
has been produced since the reduction in 
electrode wastage has minimized carbon 
addition to the charge and enabled 
closer composition control. 

Demonstrations of the operation of this 
amplidyne control equipment have shown 
to many furnace operators that these and 
other not so evident inherent advantages 
are being realized daily in this installa- 
tion. 


Alloy Steel Melting in 
Electric Arc Furnace 


A typical installation of electric arc 
melting furnaces, utilized in the manu- 
facture of alloy steels, is shown by Figure 
13. These two furnaces are installed in 
the plant of Fahralloy Canada Limited, 
Orillia, one being rated 500 pounds per 
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hour and the larger one 1,500 pounds per 
hour. 


The 500-pound furnace is used ex-’ 


clusively for the production of heat-re- 
sisting alloys and stainless steels. The 
larger furnace is used principally for the 
production of mild and medium carbon 
steel castings, but its output can be var- 
ied to meet the occasional demand for 
castings in special types of steel, and for 
heat and corrosion-resisting castings of 
weights beyond the capacity of the small 
furnace. Typical analyses of alloy cast- 
ings made in these furnaces are given in 
Table I. 

All of the alloys produced are of the 
nickel-chrome series, having the remain- 
der principally iron and with occasional 
additions of molybdenum or tungsten. 
The furnaces are acid lined and the melt- 
ing practice consists of charging pure fer- 
roalloys and low-carbon steel scrap, then 
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Table 1. Composition of Alloy Castings, 
Per Cent 
Mo- 
lyb- 
Chrom- de- 
ium Nickel num Carbon 
Heat 
rei eis bolde onal elcinin oootdomisenod oft 0.35 to 0.45 
PE tole ot VG oto. dot 0.25 to 0.35 
Corrosion 
resisting.... §24....15....3...0.20 maximum 
PAG ico ED Goce 0.20 maximum 


melting and pouring as rapidly as possi- 
ble. No refining process is required in 
the furnace as the charge is selected to 
give the correct analysis of alloy and car- 
bon content. 

Monthly records of operation show 
that the average energy consumption 
when melting these alloys is in excess of 
650 kilowatt-hours per ton. During the 
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early stages of melting, before a steady 
arc is established, the demand fluctuates 
widely. However, when the melting 
process has steadied down, the demand 
stabilizes at approximately 350 kva for 
the 500-pound furnace and 750 kva for 
the larger furnace. 

As new metallurgical processes de- 
velop, there is an ever increasing tend- 
ency to consider electric power as the sole 
source for heating—whether in the form 
of resistance, induction, or salt-bath 
furnaces—since it has been shown that 
time cycles may be shortened, automatic 
operation more readily applied, and more 
uniform results consistently secured. 
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Synopsis: The importance of adequate 
city transportation is recognized. Success- 
ful handling of the rapidly increasing travel 
during the war as well as the subsequent 
high level of traffic that has been main- 
tained proved difficult. Trolley coaches 
and Presidents’ Conference - Committee 
street cars were introduced in 1928 and 1936, 
respectively, and the total now exceeds 
10,000. They established a high degree of 
availability and usefulness in meeting war 
demands and have a definite economic field 
of application for city transit ranging from 
500 to 12,000 maximum passengers per hour 
in’ one direction. They use city streets 
efficiently and reduce traffic congestion. 
Operation is quiet, a feature which adds 
greatly to the comfort of the ride. The 
trolley coach has ample power for rapid 
accelerating at 3.5 miles per hour per second; 
it will run above 40 miles per hour, and nor- 
mal stopping ability equals 3.5 miles per 
hour per second. The control provides 
quick, smooth starting and _ stopping. 
These performance details combine to pro- 
duce schedule speeds of 12 to 15 miles per 
hour. Motor capacity of the PCC street 
car is liberal so as readily to permit 3.5 miles 
per hour per second starts. Car speeds ex- 
ceed 40 miles per hour and service dynamic 
braking is at 3.15 miles per hour per second. 
The latter is supplemented by drum and 
track brakes. The 99-step control provides 
smooth starts and stops. These features 
combine to produce schedule speeds 25 per 
cent, or more, beyond those of old street 
ears. A conservative saving in operating 
expenses for the trolley coach is three cents 
per vehicle mile in comparison with the 
motor bus. PCC street cars effect savings 
in track and roadway maintenance, equip- 
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ment maintenance, transportation costs, 
and accident expense when compared with 
old street cars while power costs tend to in- 
crease. However, the important factor in 
each case is the gain in revenue that these 
modern vehicles will produce in competition 
with other means of travel, as was demon- 
strated prior to the war. The economic 
advantages can be utilized in modernization 
programs and should be used more exten- 
sively. 


Importance of City Transit 


EOPLE expect low cost and con- 
venient means of travel between vari- 
ous sections of cities. Adequate transit 
establishes the required access of shopping 
and delivery districts, expands residential 
territory, and avoids the concentration of 
workers in homes near offices and fac- 
tories. The growth of every large city 
depends on quick travel within the metro- 
politan area. The development and appli- 
cation of new vehicles must keep pace 
with this demand for utility in city trans- 
portation. 


City Transit Problem Difficult 


The rapid rise of transit traffic during 
1941, 1942, and 1943 carried the level of 
travel up to 70 per cent more than that for 
the years 1936 through 1940. There was 
a further moderate increase in 1944 and 
the past two years have been close to 80 
per cent ahead of the 1936-1940 average. 


The amount of business during 1946 was | 


the equivalent of nine people being trans- 
ported in comparison with each five for 
the 1936-1940 period. 

The heavy demands placed on city 
transit systems, particularly in the war 
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years, required both ingenuity and re- 
sourcefulness to meet service needs. The 
situation was further complicated by the 
existing inadequate supply of moderr 
transit vehicles and the limitations placed 
on the production of new units. Inability 
to obtain sufficient maintenance personnel 
reduced the work which could be done to 
the minimum that would keep vehicles 
running. The objective was to provide a 
maximum amount of essential transporta- 
tion with the least expenditure of mate- 
rials and labor. 

City transit systems gained a sub- 
stantial number of passengers due to 
“necessity riding” created by wartime re- 
strictions of automobile travel. The im- 
portance of retaining a major portion of 
these riders was appreciated and long be- 
fore hostilities ended, means of providing 
service to accomplish this result were 
being studied. The problem was recog- 
nized as one of vital economic importance 
to the urban transit industry. It involved 
replacing all old vehicles with moderate 
types as rapidly as practicable. For- 
tunately, the use of public urban transit 
facilities has continued at a high rate 
since the end of the war for a much longer 
period than was anticipated. This has 
provided a greater opportunity for 
modernization before passengers change 
their riding habits. 


Meeting City Transit Demands 


The trolley coach and Presidents’ Con- 
ference Committee street car have proved 
their usefulness and economic soundness 
for city transit service. The modern 
version of the former vehicle started its 
career in 1928 and the latter was first 
used in 1936. When the war began, 
trolley coaches and PCC street cars (in 
service and purchased) totaled 4,868. 
The limited procurements allowed during 
the principal war years—1942, 1943, and 
1944—raised the total to 5,856 at the end 
of 1944, an increase of 21 per cent. Com- 
mitments were greater after termination 
of the European conflict and when all 
hostilities ceased, the total had gone up to 
6,753. By the end of 1945, the total 
reached 7,762, and 1946 brought the 
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fo) 
1928 1930 1932 1934 1936 1938 1940 1942 1944 1946 
YEAR 
figure up to 10,274.. Thus, 1945 and 1946 Figure-1 (left). Trolley 


showed successive gains of practically one 
third for each year. The comparative 
figures are given in Table I. The in- 
creased ‘‘used trend”’ for the two vehicles 
is best illustrated by the chart in Figure 1. 

Trolley coaches and PCC street cars 
have a wide range of economic usefulness 
in city transit service. The former can be 
applied for maximum hour travel as low as 


Table Il. Number of Vehicles 
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PCC 
Trolley Street 
Date Coaches Cars Total 
End of 1941:.2..2- 2,840 45 62, 028c 08 4,868 
End of 1944....... BO 2 eet OL .0 aed 5,856 
End of war........3,D17.+... SB 2aGin van 6,753 
End of 1945....... 4098 5 fe 3,664..... 7,762 


End of 1946.......5,924..... 4,350..... 10,274 - 
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coach operation started 
in 1928 and PCC street 
cars in 1936. The past 
two years, 1945 and 
1946 show rapid ex- 
pansion in the use of 
these vehicles 


TROLLEY COACHES AND PCC STREET CARS ar i 
USE CITY STREETS EFFICIENTLY 
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TROLLEY COACHES AND 
PCC STREET CARS OPERATE QUIETLY 
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Figure 2 (top, right). Traffic delays caused by street congestion 

are a serious problem. Trolley coaches and PCC street cars re- 

quire the least amount of street space for handling passengers. 

The chart shows actual space occupied for the same number of 
Passengers 


Figure 3 (above). A low noise level con- 


500 passengers in one direction. It is the 
most efficient unit up to 2,500 passengers 
per maximum hour, and in many cases, is 
handling successfully much heavier traffic. 
The low point for the street car starts at 
2,500 and goes up to 12,000 passengers 
per maximum hour in one direction. The 
latter figure represents 150 vehicles per 
hour on a 60-foot street—30-second head- 
way—with loading equivalent to 1'/, 
times the seating capacity. This com- 
pares with possible peaks of 180 vehicles 
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tributes substantially to passenger comfort. 
The trolley coach and PCC street car are 
both quiet operating vehicles 


per hour and loadings equal to 2!/; times 
seating capacity. When travel exceeds 
12,000 passengers per maximum hour for 


one direction, rapid transit trains are re- 


quired. 
Trolley coaches and PCC street cars 
established exceptional availability . 
AIEE TRANSACTIONS 


records during the war years when the 
sharply upward trend of transit traffic 


was in progress. Both vehicles were 
highly dependable under extremely ad- 
verse conditions. The long life of parts 
when renewal items were scarce and the 
minimum amount of attention needed 
from depleted maintenance personnel con- 
tributed substantially in providing essen- 


Figure 4. Trolley 
coach at the termi- 
nal of a_ heavily 


traveled city line 


Figure 5 (below). Trolley coach speed time 
and distance—time curves 


Trolley coaches start rapidly and operate up 
to speeds above 40 miles per hour. The 
curve is based on a 12-ton loaded coach, 
single 140-horsepower motor, 11.42 to 1 gear 
ratio, 43-inch rolling diameter tires, 550 volts, 
level roadway, train resistance from tests, and 
3.5 miles per hour per second acceleration 
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Figure 6 (below). The 


PCC street car is an ef- 

ficient mass transporta- 

tion vehicle for handling 
heavy city travel 


Figure 7 (right). Smoothness in performance 


Smooth operation is characteristic of the PCC 

street car. After the gradual build-up of 

acceleration, the rate is held constant until all 

resistance is cut out and the motor fields are 
shunted 
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tial transportation service. A 100 per 
per cent availability record often was at- 
tained and close approximation of this 
performance was a normal expectancy. 
The usefulnes§ of these modern transit 
units was demonstrated and the reli- 
ability of the propulsion and control 
equipment was an important contributing 
factor. 


Efficient Street Use and Quiet 
Operation 


The limited capacity of city streets in 
metropolitan areas and the congestion 
caused by the automobile have made 
city dwellers realize more and more that 
street use is a civic problem. Large ex- 
penditures for widening, even where such 
measures are practicable, rarely prove to 
be a solution. Much can be gained by 
judicious allocation of existing street 
space. The elimination of parking and 
more general use of public transit ve- 
hicles are important factors. 

The trolley coach and PCC street car 
are excellent units for transporting pas- 
sengers over heavy thoroughfares. This 
is illustrated by Figure 2 which shows a 
street use comparison for 60-foot road- 
ways. Two 54-seat PCC street cars in a 
400-foot city block will transport 162 pas- 
sengers (81 in each direction) when loaded 
on a basis of 11/, times seating capacity. 
In the case of 44-seat trolley coaches, the 
equivalent of practically 21/2 of these ve- 
hicles would be needed in the same block. 
However, 81 automobiles would be re- 
quired with an average of two passengers 
per car (checks show average loading to 
be 1.7 passengers per car). 

Trolley coaches and PCC street cars 
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are among the quietest vehicles operating 
on city streets. The noise level of the 
former is practically the same as the 
modern automobile. This is illustrated 
by Figure 3 which compares various ve- 
hicles based on tests made in Cleveland 
and New York. The noise level of the 
trolley coach is far below the modern 
motor bus. The electric propulsion equip- 
ment is practically silent in its operation. 
There is no roar of an engine, vibration of 
the body, and rattle of exhaust. The ex- 
tensive use of rubber in the construction 
of PCC street cars contributes sub- 
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has the inherent characteristic of rapidly 
increasing dynamic braking as speed 
goes up. When running down grade, and 
the electric brake is applied, the desired 
rate is obtained quickly. Braking effort 
can be held nearly constant over the en- 


_tire speed range, thus maintaining a high 


average. 

Westinghouse control apparatus, 
known as Electrocam, is an assembly of 
cam group and unit switches which have 
operating coils suitable for a 12-volt 
battery and generator power source. 
There are 15 accelerating steps (12 series 
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stantially to its low noise level. Also, the 
vehicle has the advantage of quiet electric 
propulsion and the new “all electric” 
model eliminates brake rigging. As is 
shown by Figure 3, the PCC street car 
always has compared favorably in noise 
level with the modern motor bus and the 
latest design is much improved. 


Trolley Coach Performance 


The modern trolley coach (Westing- 
house equipped) is propelled by a single 
140-horsepower 600-volt series motor. 
This machine can develop 235 horse- 
power for starting, thus, providing 
exceptional accelerating performance. 
A typical 12-ton average loaded coach 
requires less than 200 horsepower to 
start at 3.5 miles per hour per second. 
The availability of ample power for rapid 
accelerations is an important factor in 
maintaining fast schedule speeds. The 
motor has capacity for sufficient dynamic 
braking (motor braking) to reduce the 
duty on brake drums and linings to a de- 
gree that permits obtaining long life— 
two years or more. The series machine 
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resistance, one full field and two shunted 
field) designed to give equal trac- 
tive effort increments, thus providing 
smooth rapid starts. There isa graduated 
build-up to the selected rate which is 
maintained uniformly as the coach gains 
speed. Acceleration gradually decreases 
with the attainment of higher coach 
speed until power is cut off. There are 13 
control steps for dynamic braking, all with 
full motor field strength. Here, again, 
the provision of equal increments of brak- 
ing effort maintains a smooth rate of 
braking from 40 to 3 miles per hour. 

The trolley coach is capable of main- 
taining schedule speeds of from 12 to 15 
miles per hour in urban service with from 
seven to ten stops per mile. Tests made 
to check actual operation show that 
average ‘schedule speeds are at least 80 
per cent of the maximum. Figure 5 in- 
cludes curves which depict the quick 
starting characteristics, the high speeds 
attained, and the distances covered. The 
vehicle has set a new standard for fast 
travel over congested city streets. This 
accomplishment is made possible by the 
availability of ample motor capacity to 
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give rapid starts, a speed range that per- 
mits minimum running time with varying 
degrees of street congestion, rapid stops 
produced with combined dynamic and 
drum braking, and the ability to maneu- 
ver around slow moving vehicles and 
street obstructions. 


PCC Street Car Performance 


The propulsion equipment of the PCC 
street car consists of four 55-horsepower 
300-volt series motors—220 horsepower 
per car. Two motors are connected in 


Figure 8. PCC street cars provide rapid travel 


Schedule speeds are based on 21 tons loaded weight, 
four 55-horsepower motors per car, 7.17 to 1 gear ratio, 
25-inch wheels, 550 volts, 3.5 miles per hour per second 
acceleration, 3.15. miles per hour per second braking, 
five pounds per ton grade resistance, Davis train resistance 
plus six pounds per ton for resilient wheels, and seven 
seconds average stop time. Old street cars are based on 
93 tons loaded weight, four 40-horsepower motors per 
car, 15 to 58 gear ratio, 26-inch wheels, 1.75 miles per 
hour per second acceleration, 2.00 miles per hour per 
second braking, 20 pounds per ton train and grade 
resistance, and other data the same as for PCC street cars 


series on 600 volts and the two sets 
operate in parallel. The four motors 
are capable of producing 365 horsepower 
for normal service accelerations. It re- 
quires 300 horsepower to start a 21-ton 
loaded car at 3.5 miles per hour per 
second. Thus, the power needed to make 
the rapid accelerations required by high 
speed service is available. Sufficient 
capacity is provided to permit service 
dynamic braking and it is used for all 
normal stopping. The deceleration rate 
obtainable with a 21-ton loaded car is 
3.15 miles per hour per second. The 
series motor gives a quick build-up of 
dynamic braking, provides simple brak- 
ing connections, and facilitates equal 
division of braking duty among the four 
machines. 

The control apparatus includes a line 
switch, a group of contactors for setting 
up the main circuits, and an accelerator 
for adjusting resistance when starting and 
stopping. The latter device, which is the 
most important item, has 99 steps for 
cutting resistance in and out of the motor 
circuits. During starting, the large num- 
ber of notches results in such small trac- 
tive effort increments that acceleration 
remains practically constant after the 
selected rate is attained. The same 
situation exists during dynamic braking 
and the full rate is carried down to almost 
zero speed. Dynamic braking is supple- 
mented by four shaft drum brakes and 
four track brakes. Drum braking and 
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track braking are used in emergency 
while the former completes the stop after 
dynamic braking fades out (about 11/, 
miles per hour) and holds the car after it 
stops. Also, drum braking functions 
whenever the dynamic brake is inopera- 
tive. The control power for accelerating, 
braking, and all auxiliary circuits is sup- 
plied from a 32-volt storage battery so 
that the various devices can function 
even in case: of a  dewirement. 

Smoothness in the performance of the 
PCC street car is an outstanding charac- 
teristic. This is illustrated by the curves 
which appear in Figure 7. One of the two 
curves included is applicable to an old 
type street car and shows the extreme 
variations in accelerating rate that are 
obtained. The other curve, taken on a 
PCC street car under the same conditions, 
demonstrates the smooth build-up of 
acceleration to the selected maximum. 
The rate is maintained until the notching 
is completed and the speed of the car be- 
gins to decrease. 

The PCC street car can operate with 
schedule speeds 25 per cent, or more, 
higher than those maintained by old 
street cars. A comparison based on vari- 
ous stops -per mile is shown in Figure 8. 
Curves are included for both maximum 
and average performance. The latter 
takes into account turns at street corners, 
delays at traffic signals, interference of 
street traffic, and other similar items that 
may affect schedules adversely. The im- 
provements in schedule speeds result 
from the quick starting, high speed run- 
ning, and rapid stopping characteristics 
that are obtained with ample motor 
capacity and smooth operating control. 
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Economic Considerations 


The economic field of application of the 
trolley coach and PCC street car based on 
maximum hourly traffic has been men- 
tioned. Trolley coaches wilt reduce 
operating expenses in comparison with 
motor busses because of savings in main- 
tenance, power, and transportation costs. 
Fixed charges are affected by differences 
in investment and life of the equipment. 
A comparative analysis requires consider- 
ation of construction costs, investment in 
physical property, operating expenses, 
taxes, and renewals and replacements. 
Studies that have been made of proposed 
and existing trolley coach installations in 
many cities show that a saving of three 
cents per coach mile in operating ex- 
penses is a conservative estimate of the 
economy of the vehicle when compared 
with the motor bus. 

PCC street car operating expenses are 
reduced in comparison with old street 
cars because of savings in track and 
roadway maintenance, equipment main- 
tenance, transportation costs, and acci- 
dent expense. Power costs are increased 
because of the operation of higher sched- 
uled speeds. However, the important fac- 
tor is to modernize the service so it will 
be attractive to passengers. 

The necessity for retaining a high traffic 
volume on city transit systems is the urge 
for modernization. Prior to the war, the 
trolley coach and PCC street car both 
demonstrated their ability to increase 
revenues in competition with other means 
of travel. Trolley coaches produced im- 
provements of 25 to 35 per cent while 
typical gains for PCC street cars ranged 


from 10 to 15 per cent. Thus, the two 
vehicles have proved their ability to 
attract passengers. 


More Trolley Coaches and PCC 
Street Cars Needed 


Trolley coaches and PCC street cars 
generally have been applied on city 
transit systems. These vehicles are the 
product of considerable engineering ef- ‘ 
fort to provide a comfortable ride, im- 
prove performance, and increase operating 
efficiency. Results are creditable as a 
contribution to the betterment of city 
transit facilities and the new units will 
assist substantially in meeting the needs 
of modernization program. Action should 
be taken to expand the installations of 
these vehicles and thereby realize the 
benefits of the improvements in urban 
transit. 
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Modern Railway Passenger-Car 


Auxiliary-Power Equipment 


D. R. MACLEOD 


MEMBER AIEE 


HE purpose of this paper is to outline 

some of the principles which have 
governed the development of electric 
equipment for railroad passenger cars and 
to discuss some of the possible develop- 
ments which may prove of advantage to 
the industry. 

Immediately after the close of World 
War II the railroads began to order a 
large number of passenger cars in a deter- 
mined effort to retain a large part of the 
passenger business which had come to 
them during the war years when the use 
of the private automobile was restricted 
severely. There are today approximately 
3,000 cars on order for various railroads. 
This tremendous building program was 
foreseen during the war and insofar as was 
possible the engineers of the railroads and 
of the manufacturing companies planned 
for it. As might be expected, a large 
number of different ideas were given a 
quick trial and adopted by different rail- 
roads. All of these ideas had as their 
basis a very large increase in the amount 
of power which would be required for 
electric devices on the cars. Air con- 
ditioning, fluorescent lighting, and elec- 
tromechanical water coolers were specified 
for almost all the cars. Air-conditioning 
equipment was specified with greater ton- 
nage capacity available if it should be 
needed to take care of the increased quan- 
tities of fresh air which would be required 
to cope with the smoking problem in 
coaches. Some railroads have experi- 
mented with electrostatic-type air filters 
Paper 47-153, recommended by the AIEE com- 
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but as yet no widespread application of 
these devices has been made. The illumi- 
nation in railway coaches has been raised 
at the reading level to from 18 to 24 foot- 
candles and in some cases higher levels 
have been used. One railroad which has 
ordered more than 400 cars since the end 
of the war has used 60-volt d-c fluorescent 
lighting, but the great majority of the 
other railroads have used 60-cycle a-c 
fluorescent lighting. Water coolers cap- 
able of cooling from 3 to 5 gallons per hour 
of water have been installed in practically 
all new coaches. Some sleeping cars have 
been equipped with individual tap water 
outlets in each compartment, roomette, or 
bedroom. 

Some railroads have given considera- 
tion to small refrigerator units in each 
roomette for the storing of babies’ milk 
bottles. A small auxiliary heater would 
be required to bring the milk to the re- 
quired temperature for feeding. Electric 
blankets for sleeping cars and even for 
coaches have been given consideration 
and undoubtedly will be applied in the 
future. Public address systems have 
been supplied for coaches so that stations 
can be called over the loud speaker system 
and other important events announced. 
Some cars have been wired for the wire 
recorder. Equipment for radiobroadcast 
reception also can be installed if desired. 

In keeping with their policy to provide 
the maximum degree of comfort and en- 
tertainment to their passengers, consist- 
ent with good economy, the railroads 
have been experimenting with the de- 
velopment of new types of dining cars. 
Electromechanical refrigeration soon will 
replace the old iceboxes in the kitchens. 
These new refrigerators will have different 


- temperatures for the correct refrigeration 


of such diverse items as frozen foods, 
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meats, fish, and beverages. The use of 
frozen foods in the kitchen will speed up 
the preparation of meals and reduce the 
number of men required in the kitchen. 
At least two railroads are experimenting 
with full scale electric cooking with the 
idea of reducing temperatures in the kit- 
chen so that the kitchen crew can work in 
comfort. Other railroads have long used 
grill cars with small-scale electric cooking. 
Some railroads which have used garbage 
Disposalls in the past with a high degree 
of success will continuetheir useandothers 
will adopt them. At least one railroad is 
trying out electric dishwashing with a view 
to further speeding up workin the kitchen. 
One railroad has equipped dining cars for 
the showing of motion pictures between 
meals, and other entertainment features 
undoubtedly will be added as they become 
available for use on railroad cars. The 
railroads contemplate equipping cars on 
feature trains with nurseries. These 
would be furnished with germicidal lamps, 
sun lamps, and other health preserving. 
features to insure the comfort and sani- 
tation of the younger travelers. Germi- 
cidal lamps also are being used in water 
coolers and other water outlets on the 
train. 

All of these devices have called for in- 
creased generator capacities on cars. 
One all-electric diner which is now being- 
built will have a total maximum generat- 
ing capacity of 66 kw. Conventional 
dining cars are being equipped with 
generators having maximum kilowatt 
capacity of 50 kw. Coaches and sleeping 
cars are being equipped with generators 
having maximum capacities between 20 
and 35 kw output. The great majority 
of cars that are being built today will be 
owned or controlled by the railroads in the 
East. Therefore, the great majority of 
new cars are being equipped with axle- 
driven generators. In the West where 
the railroads have to contend with long 
grades with limited horsepower loco- 
motives, many have adopted engine- 
driven generators for lighting and engine- 
driven compressors for air conditioning. 
The majority of these have been of rela- 
tively low capacity in each unit and have 
used propane as the fuel. The trend ap- 
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Outline drawing of type GMG- 
150 motor generator set 


Figure 1. 


pears to be toward the use of a single 
engine-driven unit for the supply of elec- 
tromechanical air conditioning, fluores- 
cent lighting, and all other power services 
on the cars. These engines will probably 
be of the diesel type using standard diesel 
fuel as used for locomotives and will prob- 
ably drive 3-phase, 60-cycle alternators at 
1,800 rpm. Even on these cars equipped 
with engine-driven alternators, batteries 
will be required for emergency lighting 
and for supplying power in terminals or 
other locations where the engines cannot 
be run either for reasons of economy or 
because of noise or fumes. 

Cars equipped with axle-driven genera- 
tors have been equipped with batteries 
ranging from 1,200 ampere-hour capacity 
for 32 volts to 600 ampere hours for 64- 
volt and 114-volt d-c systems. A large 
number of these cars have been supplied 
with means for converting direct current 
to alternating current for use by fluores- 
cent lights and fan motors. In some 
cases this a-c supply has been of extremely 
small capacity. as required for electric 
razors. The great majority of the new 
axle generators are equipped with a-c mo- 
tors so that they can be plugged in, in 
yards and terminals, for the supply of 
power while the car is not in motion and 
for battery charging after the battery has 
been run down. These a-c motors are all 
220-volt 3-phase 60-cycle, as this has been 
very well standardized by the railroads for 
use in their terminals. Many of the axle- 
driven generators are driven by a Spicer 
drive. The Spicer drive consists of a gear 
unit mounted on the axle of the car, a pro- 
peller shaft, and a clutch. Power is 
transmitted from the axle through the 
axle mounting to the gear unit and 
through the propeller shaft to the clutch 
and generator. The gear unit consists of 
a hypoid gear mounted on a quill which 
rotates on antifriction bearings. The 
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gear drives a hypoid pinion which also is 
mounted on antifriction bearings. The 
clutch is a safety device consisting of a 
single-plate friction clutch with the ca- 
pacity controlled by spring pressure. In 
case of very heavy overload on the genera- 
tor, the clutch slips at the friction sur- 
faces, generating heat in the safety plate 
which in turn is transferred to the safety 
plugs causing these to melt and allow the 
safety plate to move out of engagement 
with the friction facings. This type of 
drive has been used very successfully for 
a number of years for generators before 


“the advent of the motor generator sets 


which are now in common use. When a 
motor generator set is used for the axle 
generator an automatic clutch is used in 
place of the simple safety clutch. This 
clutch engages and releases automatically. 
It engages when the drive shaft from the 
axle of the car is rotating at approxi- 
mately 280 rpm, thus permitting the 
motoring of the generator by means of the 
a-c motor mounted on the same shaft. 
There are in use on railroad passenger 
cars today, 32-volt d-c, 64-volt d-c, and 
114-volt d-c batteries with the corre- 
sponding charging voltages. There are 
also 220-volt 3-phase 60-cycle, 110-volt 
3-phase 60-cycle, 110-volt single-phase 
60-cycle, and variable-voltage, variable- 


frequency systems with a nominal fre- 


quency of 60 cycles. Since it appeared 
impossible for the railroads to standardize 
on any one voltage or system of power 
supply, it became necessary for the elec- 
trical manufacturers to design their equip- 
ment with the objective of using the great- 
est number of parts common to all units 
of a given line to keep manufacturing 
costs and the number of renewal parts 
within reason. A good example of this 
thought of standardization is described 
later in connection with the axle-driven 
generators developed by the company 
with which the writers are associated. 
When the electrical loads on passenger 
cars were small there was no compelling 
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reason to depart from the 32-volt d-c sys- 
tem which, by 1930, had become standard 
on almost all railroad cars. With the 
growth of load which accompanied the 
introduction of air conditioning, the 
heavy currents which had to be handled 
and the large cables required to transmit 
these heavy currents with low voltage 
drop caused a number of railroads to in- 
vestigate the possibilities of higher voltage 
systems. One big drawback to higher 
voltage systems was the increased hazard 
of grounds due to leakage over battery 
terminals. Consideration also had to be 
given to the requirements of some types of 
cars so that in case of failure of the light- 
ing system on one car, the circuits could 
be plugged through to an adjacent car. 
This factor plus the leakage problem and 
the development of a 64-volt d-c fluores- 
cent lamp led to the adoption of 64 volts 
direct current (nominal) by some rail- 
roads. Other railroads decided to go all 
the way in the direction of using d-c mo- 
tors designed for voltages that were stand- 
ard in industry. They also decided that 
the increased efficiency of the higher volt- 
age justified any increased hazard due to 
leakage. There also appears to be some 
saving in weight with a 114-volt (nominal) 
d-c system, as compared with the same 
kilowatt-hour capacity at a lower voltage, 
None of the arguments appears to be com- 
clusive to the writers of this paper, and it 
is hoped that the railroads eventually will 
standardize on one direct voltage for all 
new cars. 


Batteries 


There are two types of batteries in 
géneral use on railway passenger cars. 
These are the lead-acid type battery! and 
the nickel-iron-alkaline type. The lead 
acid type uses 16 cells for the nominal 32- 
volt d-c system, 32 cells for the nominal 
64-volt d-c system, and 57 cells for the 
nominal 114-volt d-c system. The 
nickel-iron-alkaline type uses 25 cells for 
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the 32-volt system, 50 cells for the 64- 
volt d-c system, and 90 cells for the 114- 
volt d-c system. In railway practice 
lead-acid batteries are charged at voltages 
ranging from 2.25 volts per cell to 2.5 
volts per cell. Some railroads use a 
charging voltage of 2.35 volts per cell 
during the summer months and raise the 
charging voltage during winter months. 
The nickel-iron-alkaline batteries are 
charged at voltages ranging from 1.6 volts 
per cell to 1.8 volts per cell. The usual 
charging voltage is 1.7 volts per cell. 

The characteristics of a battery on 
charge consist ofa family of curves with a 
rising characteristic when plotted with 
charging current as the abscissa, charging 
voltage as the ordinate, and per cent 
charged as the parameter for the family 
of curves. This family of curves is 
affected by the temperature of the battery 
and its age. Some railroads using lead- 
acid batteries have applied temperature- 
responsive relays in the battery boxes to 
adjust the charging voltage in response to 
battery temperature. This is done to- 
ward assuring a more nearly correct 
amount of charge. When the battery be- 
comes fully charged, the excess current 
not required for converting the active 
material decomposes the water of the 
electrolyte and oxygen which are released 
as bubbles of gas. Some railroads have 
adopted the device of lowering the charg- 
ing voltage slightly when the charging 
current falls below a certain value. The 
temperature-compensating relay accom- 
plishes the same purpose and is a more 
correct indication of the charging voltage 
to use. 

Other things being equal, a battery 
having high rates of charge and discharge 
will have a shorter life or require more 
maintenance than one having lower rates 
of charge and*discharge. In the appli- 
cation of axle-driven generators, there- 
fore, on passenger cars, the objective 
should be to keep the rates of charge and 
discharge as low as possible. The cri- 
terion of ampere-hours into the battery 
and ampere-hours out of the battery 
therefore is used to determine the correct 
application of axle-driven generators as 
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operating conditions. 


discussed in the section on axle-driven 
generators. 


Axle-Driven Generators 


The function of the axle-driven genera- 


‘tor is to supply the load on the car while 


the train is moving at speeds above that 
at which the generator is capable of cut- 
ting in and to keep the battery charged so 
that when the train speed falls below the 
cut-in speed, the battery will be capable of 
carrying the entire load on the car until 
the train can resume a higher speed or 
until it reaches a terminal where the axle- 
driven motor generator may be plugged 
in, or the batteries put on d-c charging if 
a straight axle driven generator is used on 
the car. The drive may be provided with 
a number of different gear ratios so that 
the same generator operating within its 
permissible speed range may be used for 
high speed trains operating as high as 120 
miles per hour or on slower-speed trains 
which may only have a maximum speed 
of 80 miles per hour. Intermediate ratios 
are also available. Some railroads have 
profiles on which they run at speeds in ex- 
cess of 100 miles per hour in some sections 
and at speeds which may fall as low as 20 


miles per hour in going over heavy grades. - 


If these grades were of sufficient length to 
require a prolonged drain on the battery 
a generator with a wide speed range from 
the no load cut-in speed to maximum per- 
missible operating speed is required. 
Considerable freedom of selection exists 
within a given size of generator. It is al- 
ways possible to exchange volts for am- 
peres by using a different number of turns 
in the armature coils. There is also free- 
dom in selection of the size of the field, 
depending upon the range of excitation 
which will be required to cover the given 
At the high-speed 
end of the operating range of the genera- 
tor, the designer must provide a shaft of 
adequate dimensions so that the critical 
speed is at a safe distance above the maxi- 


mum permissible operating speed. The* 


generator must also commutate satis- 
factorily the maximum load at the maxi- 
mum speed when the exciting field 


Figure 2 (left). Type 
GMG-150, a-c_ d-c 
motor generator set 


Figure 3 (right). Assem- 

bly of voltage control 

relay panel (upper) and 

(lower) generator control 
panel 
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strength is at a minimum. Care must be 
taken to see that the ampere turns re- 
quired by the field at the maximum speed 


-are lower at no load than at full load. 


This means that a generator with the 
greater number of ampere turns in rela- 
tion to the armature-reac.ion ampere 
turns over the pole face is considered more 
stable than one with fewer exciting am- 
pere turns. The greater the stability of © 
the generator, the less likely it will be for 
the regulator to hunt at high speeds and 
the better will be the commutation. A 
more stable machine, therefore, should re- 
sult in lower maintenance. The degree 
of stability that is built into a machine is 
determined by the judgment of the indi- 
vidual designer in relation with the ac- 
cumulated experience of similar designs. 
Since most railroads have some margin 
above their maximum operating speed, 
the stability of the generator becomes of 
particular importance at speeds below 
approximately 90 per cent of maximum 
permissible speed. However, the regu- 
lator designer must take the maximum 
stability into account in designing his 
regulators to prevent hunting at the 
maximum permissible speed. 

At the lower end of the speed range the 
designer is faced with the’ problem of 
field heating because the field amperes are 
a maximum at the cut-in speed. If alow 
cut-in speed is required in relation to the 
maximum permissible speed for a given 
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Figure 4. Charging characteristics, lead-acid 


motor generator 


field structure, the designer may use a 
greater number of turns per coil on the 
armature. This gives him more volts for 
a given excitation but reduces the section 
of his copper for a given slot dimension. 
Thus a 64-volt (nominal) d-c generator 
with exactly the same physical dimensions 
and field copper may be designed with 
three turns per coil or with four turns per 
coil. The no-load cut-in speed at 85 per 
cent of normal voltage of the 4-turn ma- 
chine might be 520 rpm with a maximum 
permissible speed of 3,780 rpm while the 
3-turn machine would have a no-load cut- 
‘in speed at 85 per cent of normal voltage 
of 690 rpm. However, the kilowatt ca- 
pacity of the 4-turn machine would be less 
than 75 per cent of that of the 3-turn ma- 
chine. There is some loss in capacity due 
to the poorer copper space factor with 
four turns as compared with three turns. 
The full load speed is the significant speed 
and these also will be proportional to the 
number of turns. 
fined by the American Association of Rail- 
roads specifications in the following man- 
ner: 
The generator with covers arranged as in 
summer service shall be capable of delivering 
for three hours for enclosed and five hours 
for ventilated machines at the output side 


of the generator regulator at all speeds above 
1.25 times minimum full load speed: 


1. Rated current at rated voltage without exceed- 
ing specified temperature rises. 


2. Rated current at all voltages between 20 per 
cent above and 20 per cent below rated voltage 
without injurious heating. 

The motor generator sets for 32-, 64-, 
and 114-volt d-c batteries, manufactured 
by the company with which the writers 
are associated, all have the same outline 
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Full-load speed is de- . 


VOLTAGE 


batteries, 20-25-kw Figure 5. 


dimensions and approximately the same 
weight (see Figures 1 and 2). They are 
2-bearing machines for suspension. by 
bonded rubber resilient mountings be- 
neath the car-body. The machines are 
self-ventilated with fan mounted on the 
armature shaft. Baffle type air cleaning 
is provided in the air entrance passages at 


both a-c and d-c ends of the machine. - 


Many of the parts such as brush holders, 
are interchangeable on the four different 
machines. Table I gives some of the 
pertinent data for these motor generator 
sets. 

The control system for these motor 
generator sets consists of a voltage con- 
trol relay panel, generator control panel 
(see Figure 3), and a 3-pole cross-the-line 
a-c motor starter. 

The voltage-control panel incorporates 
a contact-making, electromagnetically 
controlled relay with both voltage and 
current elements. The voltage element 
acts to maintain constant direct voltage 
output from the d-c generator from full- 
load cut-in speed to the current-limit cut- 
in value of amperes load. At the point 
where current-limit cut-in value is reached 
the current element acts on the voltage- 
control relay to reduce the d-c generator 
voltage while permitting the load current 


Charging characteristics, nickel-iron-alkaline 
20-25-kw motor generator 


AMPERES X100 


battery 


to increase. The slope of this voltage 
curve at the full-load cut-in speed is ap- 
proximately 25 per cent increase in am- 
peres for approximately 15 per cent reduc- 
tion in voltage. The point» where cur- 
rent-limit cut-in is reached increases in 
amperes load as the speed of the genera- 
torincreases, thus taking advantage of the 
increased rating of the self-ventilated 
machine at the higher speeds. 

The 32-volt 20-25-kw motor generator 
battery charging characteristic when 
operated with voltage control relay is 
shown in Figures 4 and 5. 

The generator control panel mounts the 
reverse-current relay, the line contactor, 
the load-limit shunt and relay, and main 
fuse or overload relay. A voltage ele- 
ment is included with the reverse-current 
relay as a differential element to pick up 
the generator contactor when the genera- 
tor voltage exceeds battery voltage by 
approximately two volts. The generator 
contactor is opened again by the reverse- 
current element of the same relay with a 
reverse load-current. of approximately 
seven amperes. The load limit shunt and 
relay act to change the current limit cut-in 
value to hold 15.5-kw output of the d-c 
generator at 1,750 rpm when operating 
from 220-volt 3-phase 60-cycle wayside 


Maximum output (lead battery), kw............... 
No load (85 per cent normal volts) cut-in speed, rpm 
Full load (100 per cent volts) speed, rpm........... 
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D-c output on a-c wayside power, kw............-- 
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plug-in power from the 25-horsepower in- 
duction motor. A relay is included to 
prevent load being applied to the motor 
generator set until it comes up to normal 
operating speed when operating from 
wayside power. 
_ The motor generator has an armature 
reversing switch mounted on the commu- 
tator end of the set. The initial revo- 
lution of the motor generator operates 
this armature-reversing switch to correct 
generator polarity for the direction of 
train travel. The generator builds up its 
terminal voltage as a self-excited machine. 
In applying these axle-driven motor 
generator sets for a particular run it is 
necessary to consider not only the kilo- 
watt rating but also the minimum full- 
load speed. The best generator for the 
job is the one that results in the least am- 
pere-hour discharge from the battery. 
Certain railroads have long runs involving 
mountain grades where speeds average 18 
to 25 miles per hour and also relatively 
long restricted speed approaches to route 
terminals. In these cases low cut-in 
speed is more important than having a 
high kilowatt output from the generator. 


However, other railroads have runs where - 


almost all of the traveling is done at rela- 
tively high speeds in which case a high 
kilowatt rating is more important than 
low cut-in speed. 

As an example of this, an application 
study was made of a run from Washing- 
ton, D. C., to St. Louis, Mo., using the 
actual speed—distance curves and convert- 
ing them into speed—time curves for calcu- 


Figure 6. Diesel-engine-driven 25-kw alter- 
nator power unit for undercar mounting; cover 
open, engine alternator in undercar position 
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Table II. Calculation of Charge and Discharge 


Duty on Battery 


A B 
Generator capacity, kw........... 20-25....30-35 
Fullload cut-in speed, rpm........ 690.... 915 
Atap-hricharges: 1. ey cnue eee Pala ef HES E34 P10) 
Amp=-hr'discharge.. .,0. 5 -sneuutee 696.... 1,057 
Aimp-hrCharge >< i007/..26 ent 1,482.... 2,680 


Calculations from speed—time curves based on 17.8 
kw, constant load 235 amperes at 75 volts charging 
and constant load 235 amperes at 64 volts discharg- 
ing. 


lating the ampere-hour charge and dis- 
charge duty on the battery. The results 
of the computations are given in Table II. 
These data indicate that generator A 
will give a more satisfactory operation be- 
cause of lighter-load duty on the battery 
even though the kilowatt rating of the 
generator is lower. This advantage of 
low cut-in speed of course becomes. less 
important as the percentage of operation 
becomes predominately high speed. 


A-C Power Supply 


The railroads long have realized the 
advantages of induction motors for use on 
passenger cars instead of commutator mo- 
tors. This advantage of a-c power has 
been brought more forcefully to their at- 
tention in recent years by other inno- 
vations such as fluorescent lighting, elec- 


Figure 8 (below, right). 
Type 5LY153 ampli- 
dyne-booster inverter 
for supplying 60-cycle 
3-phase power for rail- — 
road passenger cars 
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tric razors, radios, public address sys- 
tems, and sound motion pictures. 

This requirement for a-c power has led 
the railroads into many different methods 
of obtaining it, such as 
(a). Head-end power cars with engine- 


driven alternators and distribution lines to 
feed a-c power back through the train. 


(6). Engine-driven alternators mounted on 
individual cars. 


(c). Motor-alternator sets driven by d-c 
motor from the battery. 


(d). Vibrating-reed inverters operating 
from the battery. 


(e). Amplidyne-booster inverters, or sim- 
ple inverted-synchronous converters operat- 
ing from the battery circuit. 


Head-End Power 


An ideal system of power supply for the 
electric loads on railroad passenger cars 
consists of a large engine-driven generator 
power plant consisting of two or more 
units at the head end of a train. The 
operating disadvantages are principally 
those associated with an interchange of 
cars between different railroads and be- 
tween different trains on the same rail- 


Figure 7. Diesel-engine-driven 25-kw alter- 


nator power unit for undercar mounting; cove 
open, engine alternator swung out 180 degrees 
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Figure 9. Voltage-regulator panel 3G-NA13 
for use with amplidyne-booster inverter 


road. The advantages and disadvan- 
tages of this system have been discussed 
thoroughly by J. D. Loftis.” 


Engine-Driven Generators for 
Car-Mounting 


Most railroads require that any pass- 
enger car be capable of carrying its air- 
conditioning load for at least two hours 
independent of any outside power source. 
Even where a-c plug-in power is available 
in yards and terminals there are other con- 
ditions which require a relatively large 
battery. These batteries must be 
charged at a relatively high rate, while the 
car is running, putting a heavy drag on 
the locomotive. For example, a 20-car 
train may require as much as 800 horse- 
power from the locomotive for the elec- 
trie power taken by a car. This is an 
appreciable percentage of the locomotive 
rating for normal operation. On some 
railroads the variation in the number of 
cars that have to be hauled by the same 
locomotive in different trains may be so 
great that no credit can be given to a 
self-contained power plant for the saving 
in ‘locomotive horsepower. However, 
where trains of the same length are hauled 
by the same !ocomotives day after day the 
saving in locomotive horsepower can be 
credited to the self-contained power plant. 
In this case an engine-driven. power plant 
on each passenger car with a felatively 
small battery for starting the engine and 
for emergency incandescent lighting will 
be more economical than an axle-driven 
generator and large storage battery. The 


1947, VoLuME 66 


problem of noise, exhaust fumes, and 
maintenance must be evaluated and these 
considerations may outweigh first cost 
advantages of the individual power plant. 

A number of railroads have used two 
propane engines on each car for driving 
air-conditioning compressors directly and 
a small d-c generator for the lighting, 
auxiliaries, and charging a small battery. 

In recent years Diesel fuel has become 
available on a number of railroads and 
railroad shops have become proficient in 
maintaining this type of engine. The ad- 
vantages of a-c power for motors and 
fluorescent lighting have turned the atten- 
tion of several railroads to Diesel-engine- 
driven power plants that can be mounted 
under a car. Several manufacturers are 
developing Diesel-engine-driven a-c power 
plants for undercar mounting. Some 
consideration also is being given to engine- 
driven d-c generators. Advances made 
during the last war in the design and 
building of reliable small engines and also 
advances made in the electrical field in 
design and construction of a-c generators 
and the voltage-control components have 
made this possible. Figure 6 and 7 show 
a 25-kw a-c 230-volt 3-phase 60-cycle 
power plant for undercar mounting. 
Much attention has been given to accessi- 
bility of the power unit for maintenance. 

There are several problems associated 
with the use of small engine-driven alter- 
nators on cars. First and foremost is the 
need for clean air for the engine intake. 
If the air is taken from under the car the 
filters are bulky and will require frequent 
cleaning. If taken from inside the car a 
location must be found where the noise 
will not be objectionable. Since fluores- 
cent lighting usually will be operated on 
the same bus as the air-conditioning com- 
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Figure 10. D-c starting panel, type 17FM-63 
for amplidyne-booster inverter 


pressor motors the response of the engine 
governor and the speed of the voltage 
regulator must be given careful considera- 
tion. Most small engines usually are 
supplied with mechanical governors which 
have relatively slow response to suddenly 
applied loads. On the converse, the me- 
chanical governor is less likely to hunt if 
the engine-driven generators are to be 
operated in parallel. It is desirable to 
use unloading valves on the compressor to 
reduce the high torque of the compressor 
when the start is made from an unfavor- 
able position of the piston. A high speed 
regulator is needed to reduce lamp flicker 
of fluorescent lights due to the high start 

ing current of induction motors. 


Motor Alternators 


Self-regulating motor alternators use 
static devices and auxiliary fields to con- 
trol alternating voltage and frequency. 
Resistors that change their value with 
voltage are used to modify the field of the 


_ d-c motor in response to load and a differ- 


ential field excited by rectified a-c load 
current is used to compensate for changes 
in speed due toload. The d-c motor cur- 
rent is fed into the a-c field to compensate 
for impedance drop with load. Since the 
a-c amperes depend on the kilowatts of 
the load and its power factor and the d-c 
motor amperes depend upon kilowatts 
load and applied direct voltage, it can be 
seen that this system gives only approxi- 
mate control of voltage and frequency 
under varying load conditions. It is used 
where a-c motors are not started from the 
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same bus that supplies fluorescent light- 
ing. 


Vibrating-Reed Inverters 


These devices are used where small a-c 
power outputs are required as for razor 
outlets on Pullman cars and coaches that 
do not have other sources of alternating 
current. They have proved economical 


on applications where intermittent serv- . 


ice is required. The modern type is de- 
signed? for ease in replacing parts that are 
subject to wear. 


Amplidyne-Booster Inverters 


The only practical method that has 
been developed of getting constant- 
voltage constant-frequency a-c power 
from the axle of a car is to generate direct 
current by means ‘of an axle-driven 
generator and then convert to alternating 
current. This double conversion means a 
serious loss in power and, therefore, it is 
important to use as efficient a conversion 
unit as possible. With existing air- 
conditioning systems the advantage of 
driving the air-conditioning compressor 
with an a-c motor has not justified the 
conversion of all the d-c power to a-c 
power. 

The nearest combination to the all a-c 
power car would be a car with a-c power 
for motors, fluorescent lighting, radio and 
public address systems, and electric razor 
outlets, except the air-conditioning com- 


Figure 11. Input-output curves, 6.25-kva 
and 8-kva amplidyne-booster inverters 
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pressor motor and emergency lighting. 
This a-c power can be supplied by one ma- 
chine if that machine has voltage char- 
acteristics that will allow a 1-horsepower 
induction motor to be started on the same 
a-c power supply bus as the fluorescent 
lights. This has been done by supplying 
5-kw 6.25-kva amplidyne-booster in- 
verters. The principal electric loads on 
the car, except the 15-horsepower_ air- 
conditioning compressor motor which is 
fed directly from the d-c bus, are carried 
by the amplidyne booster inverter. In 
the case of one railroad, this includes a 1- 
horsepower 3-phase 60-cycle condenser 
fan motor, a l-horsepower 3-phase 60- 
cycle evaporator fan motor, two single- 
phase 1/3-horsepower exhaust fan motors, 
all fluorescent lighting, a single-phase 
drinking water cooler motor, and other 
small a-c loads. 

The amplidyne-booster inverter sup- 
plies substantially constant 230-volt 3- 
phase 60-cycle power within the operating 
range of the axle-driven generator and 
storage battery. The equipment consists 
of an inverted converter in series with an 
amplidyne mounted on the same arma- 
ture shaft and in the same frame, a static 
voltage regulator of the saturable-reactor 
type, and a step-type d-c motor-starting 
panel. Figure 8, 9, and 10 show pictures 
of the equipment. The amplidyne bucks 
or boosts the direct voltage from a me- 
dium value to maintain substantially con- 
stant alternating voltage at the slip rings 
of the inverter. The frequency variation 
is between 58 and 62 cycles with d-c bat- 
tery voltages of 105 volts to 160 volts for 
114-volt battery and corresponding direct 
voltages for a 64-volt battery. The con- 
trol field of the amplidyne requires an out- 


. put of approximately one watt from the 


static regulator and the response is prac- 
tically instantaneous with suddenly ap- 
plied loads.* 

The curves of Figure 11 shows the d-c 
kilowatt input versus a-c output at 80 per 


400 


cent power factor of typical 6.25-kva and 
8-kva a-c amplidyne-booster inverters 
when operating on the battery. The 
efficiency will be higher at higher voltages. 
The 6.25-kva machine is used on sleepers, 
parlor cars, and coaches. The 8-kva ma- 
chine is for application on diners where 
additional a-c power is required for food 
storage locker refrigeration. 


D-C to D-C Booster 


The development of fluorescent lights 
suitable for use on 60 volts direct current 
led to some demands for a booster that 
would step up power from a variable- 
voltage nominal 32-volt circuit to 60 volts 
direct current. An ordinary motor- 
driven series booster can be used for this 
purpose,® but the response is slow and the 
control is bulky. A motor-driven ampli- 
dyne has been used to maintain 60 volts 
direct current for fluorescent lights. The 
field of the amplidyne requires very little 
power and it~was, therefore, possible to 

_control the field directly by means of a 
glow tube. This scheme could be used in 
place of the inefficient lamp regulator for 
60-volt fluorescent lamps operating on 
64-volt batteries. The higher cost of the 
equipment has been a factor in preventing 
any but a few experimental installations 
from being made. 


Variable-Voltage Variable- 
Frequency Inverter 


This system may be used where rela- 
tively small motors are to be started from 
the a-c bus while fluorescent lamps are in 
operation or where larger motors do not 
have to be started while fluorescent lamps 
are in operation. This method of supply- 


ing power for railroad passenger cars was 
suggested by M. A. Edwards of the con- 
sulting engineering laboratory of the com- 
pany with which the writers are asso- 
ciated. 


It has been in successful opera- 


” 

a 

a 

= 

< 300 

S] 

2 

= 

| 

te 

= 

[ee } 

rd 
Figure 12. Variation 3 300 
of lamp current with 
voltage and frequency < 


72T8 Slimline F lamps 
with reactance ballast 
(choke coil only of cata- 
logue 59G513 ballast) 


MacLeod, Hause—Modern Railway Auxiliary Power 


400 500 600 700 
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TO START 
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Figure 13. Losses in 72T8 Slimline F lamp 


with reactance ballast 


Choke coil only of catalogue 396513 


tion on a Pennsylvania Railroad car since 
early in 1945 supplying power to fluores- 
cent lighting only. 

The current taken by an air cored re- 
actance will remain constant if the voltage 
is decreased as the frequency of the power 
supply is decreased to maintain a con- 
stant volts per cycle. A fluorescent lamp 
using an inductive ballast will take ap- 
proximately the same current at different 
frequencies if the constant-volts-per- 
cycle relationship is maintained. Figure 
12 shows the variation of the current 
taken by a 72-inch TS type F fluorescent 
lamp with an inductive ballast in series 
with the lamp as the voltages and fre- 
quencies are varied. The lamp current 
at 600 volts, 60 cycles, is 0.200 ampere 
while at 400 volts, 40 cycles, the lamp cur- 
rent is 0.160 ampere. An alternator with 
fixed excitation driven by a d-c motor 
from a variable-voltage power supply 
therefore could operate over a wide range 
in speed within a somewhat less than pro- 
portional change in lamp intensity. The 
lamps may not start at 400 volts; in 
general the 72-inch lamp requires more 
than 500 volts to start the arc. Once the 
arc is started the lamp will continue to 
function until the lamp current is reduced 
appreciably below 100 milliamperes but 
for satisfactory operation should not 
operate below 100 milliamperes. Lower 
voltages are required to start the shorter 
lamps. For example, the 42-inch T8 
requires about 400 volts to start and may 
start at lower voltages under favorable 
conditions. 

Since the alternating voltage of an in- 
verted direct synchronous converter (in- 
verter) varies in proportion to the direct 
voltage input and since the speed of a 
shunt-excited inverter is a direct function 
of the applied direct voltage a simple 
inverter may be used to supply power for 
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fluorescent lighting from the variable 
direct voltage on railway passenger cars. 
The designer of the inverter can design 
for approximately constant volts per cycle 
in order to keep the lamp current reason- 
ably constant for a wide variation in volt- 
age. It will be noted from Figure 13 that 
the watts input will remain approximately 
constant if the lamp current is kept con- 
stant as the voltage and frequency are 
varied. If the voltage is reduced faster 
than the frequency the lamp intensity is 
reduced and the watts input to the lamp 
and its ballast is reduced. For example, 
the power input at 600 volts, 60 cycles, is 
48 watts; at 350 volts, 30 cycles, the 
power input is 37 watts; but at 400 volts, 
50 cycles, the power input is 31 watts. 
Where small batteries are used or when 
prolonged periods of running on the bat- 
tery are necessary, it is desirable to design 
the inverter so that the alternating volt- 
age falls off more rapidly than the fre- 
quency to reduce the lamp load when the 
charging generators are not operating. 

Fluorescent lamps when operated on 
alternating current have a nonuniform 
light output caused by the cyclic varia- 
tions in current. This effect, known as 
stroboscopic, becomes more noticeable as 
the frequency is decreased. With electric 
discharge lamps there is little energy 
stored to maintain the light during the 
zero current part of the cycle as is the case 
with filament lamps. Thus the light out- 
put goes nearly to zero each half cycle 
when the current passes through zero in 
the fluorescent lamps, although the 
fluorescent powders (except blue) do 
phosphoresce to some extent. If lamps 
are connected alternately on each of the 
three phases of a 3-phase system the 
stroboscopic effect is greatly minimized 
since two of the lamps will have current 
when the third lamp is out. Thus, if the 
lamps are so arranged that the area to be 
lighted receives light from lamps on each 
phase, the stroboscopic effect ordinarily is 
not noticed. Similar results can be ob- 
tained through the use of a Tulamp auxili- 
ary which operates two lamps 90 degrees 
out of phase. 


However, this type of auxiliary is not - 


satisfactory on a variable-voltage vari- 
able-frequency system because of a ca- 
pacitor which is in series with one of the 
lamps. Therefore, with this system it is 
recommended that three phases be used 
to overcome the stroboscopic effect. 

The charging current taken by a ca- 
pacitor varies directly as both the voltage 
andthe frequency. Ifthe lagging current 
taken by an inductive ballast be corrected 
by means of a capacitor across the line to 
give unity power factor at 60 cycles, the 
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resultant current taken by the lamp bal- 

last and capacitor will lag more and more 

as the d-c battery voltage falls. This fact 

can be used to give some control of the’ 
voltage-frequency relationship corre- 

sponding to different direct voltages. 

The synchronous speed of an induction 
motor varies directly with the frequency. 
A low-slip,3-phase,induction motor opera- 
ting from a constant-voltage variable- 
frequency source will deliver torques at 
per-unit slips approximately proportional 
to the frequency for a wide range in fre- 
quency. For all practical purposes, 
therefore, the speed of the motor will be 
directly proportional to the frequency. 
The rotor loss is, therefore, practically 
proportional to the horsepower output 
for a wide range in frequency. The 
torque of an induction motor varies as the 
square of the voltage so that if the voltage 
is reduced to 58 per cent of the normal the 
maximum torque becomes equal to the 
normal torque at normal voltage and nor- 
mal frequency (60 cycles). 

The cubic feet per minute delivered by 
a fan varies directly as the speed and the 
static pressure varies as the square of the 
cubic feet per minute. The total air 
horsepower, therefore, may be assumed to 
vary approximately as the cube of the 
speed. If the frequency applied to the 
induction motor is lowered from 60 cycles 
to 45 cycles,the motor will run at approxi- 
mately 75 per cent of normal 60-cycle 
speed and the fan will require only 56 per 
cent of normal torque, or 42 per cent of 
normal 60-cycle horsepower. The volt- 
age could be reduced as much as 50 per 
cent without exceeding the pull-out 
torque on 45 cycles. The maximum 
torque at 45 cycles is greater than the 
maximum torque at 60 cycles because of 
the lower reactance on the lower fre- 
quency. 

The operation of evaporator fans on the 
variable-voltage variable-frequency sys- 
tem has the advantage of reducing the fan 
load when the battery is not being 
charged. It also reduces the noise level 
of the fans at a time when the masking 
effect of train noise is absent. The make- 
up air taken into the car is reduced and 
the total load on the air-conditioning sys- 
tem is reduced, giving further reduction of 
the electrical load on the battery. The 
evaporator fans should run continuously 
to provide air circulation as long as the 
car is in use so that the fluorescent lights 
will not be affected by frequent starting of 
the motors. The condenser fan motor 
should not be run on the variable-fre- 
quency supply because it will start fre- 
quently. A separate inverter would be 
required for any motors that draw rela: 
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Proposed Rapid Transit System 


for Toronto 


W. E. P. DUNCAN 


NONMEMBER AIEE 


N January 1946 the citizens of Toronto 

by an overwhelming majority voted 
in favor of a proposal for the construction 
of a rapid transit system in Toronto as 
presented to the City Council by the 
Toronto Transportation Commission. 


Population 


The population of metropolitan To- 
ronto is now well over 940,000 and is 
growing steadily. The City of Toronto 
itself contains about three quarters of 
this. metropolitan population and occu- 
pies an area of 35 square miles. 

The city is in the form of an inverted 
T with a width along the lake front of 
about 11 miles, an average depth of about 
31/. miles, and a depth along the leg of the 
T of about 7 miles. In the leg of the T 
there is a community of over 80,000 
people who are served by only one con- 
tinuous north and south street. 

The business district is concentrated in 
a comparatively small central area and is 
surrounded by a semicircle of residential 
communities which extend well out into 
the surrounding -municipalities. There 
are no diagonal streets and the topo- 


graphical conditions force traffic into a 


few main north and south and east and 
west thoroughfares, all of which have to 
accommodate public transportation fa- 
cilities as well as other street traffic. 
Approximately 50 per cent of all transit 
passengers in Toronto have to make a 
transfer to another vehicle to reach their 
destination. There have been practically 
Paper 47-155, recommended by the AIEE com- 
mittee on land transportation for presentation at 
the AIEE summer general meeting, Montreal, 
Quebec, Canada, June 9-13, 1947. Manuscript 


submitted March 31, 1947; made available for 
printing May 2, 1947. 


W. E. P. Duncan is chief engineer in the Toronto 
Transportation Commission, Toronto, Ontario, 
Canada. . 
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no annexations to the city in the last 30 
years and with the exception of Uni- 
versity Avenue, there have been no major 
improvements in traffic arteries in the 
central downtown area in the same period. 

The increase in the volume of traffic 
during the last three decades has been 
spectacular, and downtown traffic move- 
ments have increased almost five times. 
There are few if any places on the Ameri- 
can continent where rush hour congestion 
equals that on Yonge Street, the main 
north and south artery in Toronto, where 
the rush hour speed of traffic averages 
about six miles per hour in the downtown 
section. 


Toronto Transportation Commission 


The local transportation facilities are 
provided by the Toronto Transportation 
Commission. This is a civic commission 
consisting of three commissioners ap- 
pointed for a term of three years by the 
City Council, to which the city has 
handed over all its powers, — rights, 
authorities, and privileges for the con- 
struction, maintenance, operation, con- 
trol, and management of its transit facili- 
ties. It now operates in Toronto surface 
street railways, busses, and_ trolley 
coaches on a universal fare system of 61/4 
cents’ with free transfer. It also operates 
similar services under agreement with 
nine municipalities on separate fare sys- 
teins. 

By means of its subsidiary company, 
Gray Coach Lines, it operates interurban 
service on the highways, westerly 120 
miles to Buffalo, northerly 200 miles to 
North Bay, and easterly’ 35 miles to 
Oshawa. 
ferry boats for the city between Toronto 
and Toronto Island. 
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It also operates a fleet of - 


The commission is an entirely separate 
corporation receiving no assistance of any 
kind from taxation and it is compelled by 
its act of incorporation to fix such tolls 
and fares as to make all transportation 
facilities under its control and manage- 
ment self-sustaining. It has been able to 
do this since its incorporation in 1921 in 
spite of increasing cost of: labor and ma- 
terial, without increasing its fare system. 
It has established a reserve for rehabilita- 
tion and deferred equipment renewals of 
approximately $20,000,000, and this is 
the foundation on which it proposes to 
base its rapid transit system. 


Rapid Transit Proposal 


As a partial solution of Toronto’s 
growing traffic problem, the Toronto 
Transportation Commission advocates 
the separation of public transportation 
from other traffic on two major routes 
(see Figure 1) by the construction of 


(a). One north and south subway under 
and near Yonge Street, extending from the 
Union Station on Front Street to the corner 
of Eglinton Avenue and Yonge Street. 


(6). One east and west subway under and 
in the vicinity of Queen Street, extending 
from Trinity Park in the west to just east of 
Broadview Avenue in the east. 


. Estimates of probable traffic in the 
Yonge Street and Queen Street subways 
indicate a total one way movement during 
the max'mum period of about 15,000 
passengers per hour on the Yonge Street 
subway and from 8,000 to 9,000 passen- 
gers per hour on thé Queen Street sub- 
way. 

The estimated peak traffic on Yonge 
Street is greater than a surface trans- 
portatior system can handle on one 
route, and is heavier even than the maxi- 
mum outbound hourly movements in the 
street car subway system in Boston, Mass. 
For this reason the Yonge Street line has 
been designed for full rapid trans‘t opera- 
tion utilizing special rapid transit trains. 

The Queen Street line for the present 
wou d be operated by the sur’ace type of 
street car, but the structure would be de- 
signed to accommodate the larger type of 
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Figure 1. Rapid transit for Toronto 


Route map 


rapid transit cars as a later development. 


Yonge Street Subway 


Plans and specifications for the Yonge 
Street subway are now well advanced. 
The final route for this subway is shown 
on Figure 2, and is as follows: 


From Union Station in subway under Front 
Street and under Yonge Street to Carlton 
Street; then swinging eastward on to a 
private right of way about 150 feet east of 
Yonge Street and continuing northward in 
subway toa point north of Davenport Road; 
then emerging to an open cut on private 
right of way through Rosedale; thence in 
subway under the Canadian Pacific Railroad 
at North Toronto Station; in open cut to 
St. Clair Avenue; in subway from St. Clair 
Avenue to Heath Street swinging across 
under Yonge Street to the west side emerg- 
ing in open cut north of the old Belt Line 
Railway and continuing on the west side of 
Yonge Street to Berwick Avenue with an 
underground terminal between Berwick 
Avenue and Eglinton Avenue. 


The stibway structure in general will be 


940 


kept as close to the surface as possible, 
consistent with the provision of necessary 
coverage for water pipes and other utili- 
ties below the street level. The*minimum 
depth between the surface and the top of 
the subway structure will be approxi- 
mately six feet. 

The total length of the Yonge Street 
subway will be 4.56 miles of which 3.20 


miles will be in subway construction and J 


1.36 miles in open cut. 

The subway will be designed to operate 
a maximum of 30 10-car trains with a 
passenger capacity of about 40,000 in one 
direction per hour. 


Cost 


The cost of the Yonge Street subway is 
estimated as follows: 


Rapid transit structures..... $19,835,000. 00 
Fixed subway equipment.... 4,805,006.00 
Off street rights of way...... 4,210,000 .00 


Motalraronsey ear tone $28,850,000 . 00 


This does not include the cost of the 
rapid transit cars which will be approxi- 
mately $5,000,000 more, replacing an 
equivalent number of obsolete street cars. 
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Design of the Structure 


For the subway structure a 2-track box 
section has been adopted as shown’ in 
Figure 3. The typical subway section 
between stations has an over-all width of 
32 feet 6 inches, an over-all depth of 
18 feet 8 inches, and°an inside width of 
13 feet 6 inches for each track with a 
clearance over the top of rail of 13 feet. 

At station sections, as shown on Figure 
3, the subway structure is 52 feet 4 inches 
wide, and 19 feet 3 inches high, with a 
transverse clear span of 23 feet 5 inches 
between columns. 

Where the depth of the subway per- 
mits, a mezzanine floor will be installed 
at the subway stations between the top of 
the subway structure and the street level, 
and fare collection and passenger control 
facilities will be concentrated on this 
floor (see Figure 4). 

The open-cut sections, as shown on 
Figure 5, have been designed with two to 
one slopes. The typical section will have 
a width of 44 feet at the bottom of the 
slope and an over-all right-of-way width 
of 120 feet. To carry cross streets over 
the open cut a fixed frame steel bridge 
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has been designed with a typical span of 
48 feet 11 inches and a minimum vertical 
clearance above the top of rail of 13 feet. 
Station platforms will be 500 feet long 
to provide for ultimate operation of 
trains of ten 45-foot cars. Platforms at all 
stations except terminals will be located 
at the side of the station and will be 12 
feet wide. Stations will be located at all 
main intersections and there will be 12 
stations on the Yonge Street subway. 
Plans for all the mezzanine stations in- 
clude escalators as well as stairs for the 
convenience of passenger movement. 
Escalators also will be provided for pas- 
sengers transferring between the Yonge 
Street subway and the Queen Street sub- 


,way which intersect at the Queen Street 


station. The Queen subway will pass 
underneath the Yonge subway at this 
point. 


Alignment and Gradient 


In general the alignment has been laid 
out with long tangents and easy curves, 
the only curve of significant magnitude 
being the curve between Front Street and 
Yonge Street which has a radius of 400 
feet. The maximum gradient, for short 
distances south of St. Clair Avenue and 
south of Davisville Avenue, respectively, 
is 3.5 per cent. 

In determining the alignment it was 
found that if the subway had been con- 
tinued north under Yonge Street the 
whole way, the gradients would have 
been much more severe or the subway 
would have been much deeper at inter- 
mediate stations with consequent incon- 
venience and delay to passengers. The 
increased cost of such an alignment would 
have been in the neighborhood of $6,- 
000,000. 

In view of the fact that the remainder 
of the Toronto system will continue to be 
serviced by surface vehicles and that 
passengers will have to transfer at all 
main intersections, it is essential that the 
subway should be close to the surface. 


Method of Construction 


The soils to be encountered in Toronto 
are favorable to subway cénstruction and 
the excavation generally will be through 
top soil, sandy clay, tough blue clay, and 
sand and gravel. A short section at the 
south end will be founded on Dundas 
shale. 

The method of construction proposed is 
by cut and cover on the subway section 
and by open cut on the remainder. 

It is proposed on the subway section-to 
drive heavy rolled steel sections on both 
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Figure 3. Typical cross sections of subway 


sides of the line of excavation and install 
wood lagging to support lateral side pres- 
sure. Steel beams then will be installed 
to span the subway excavation and on 
these there will be constructed a tempo- 
rary wooden street surface to carry all 
normal traffic. Construction work then 
will proceed under this. 

All utility pipes and cables will be sus- 
pended from the temporary steel struc- 
ture during the construction period ex- 
cept gas mains which will be removed 
from the excavation and relaid along the 
side of the street or otherwise provided 
for. 
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SECTION AT STATION 


BUBWAY DRAIN 


SECTION BETWEEN STATIONS 


Protection and Restoration of Utility 
Services 


One of the major problems of subway 
construction is the maintenance of the 
utility pipes, conduits, ducts, cables, 
splicing chambers, and manholes which 
lie beneath the surface of a modern 
street. Planning in this connection has 
been facilitated by the existence in To- 
ronto of a Public Utility Co-ordinating 


‘Committee consisting of representatives 


of the City Works Department, the To- 
ronto Hydro-Electric System, the Toronto 
Transportation Commission, Consumers’ 
Gas Company, Bell Telephone Company, 
Canadian Pacific Railways Telegraph and 
Canadian National Railways Telegraph, 
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and other interested utilities. This Com- 
mittee has very complete records of all 
existing subsurface utilities and acts as a 
clearing house for all changes or new in- 
stallations. Their records have been 
invaluable to the subway designers who 
must plan for protection, diversion, and 
maintenance of all these services dur- 
ing the construction period and their re- 
location and restoration before the com- 
pletion of the work. 


Electric Equipment 


The power for operation of the trains 
will be 600 volts direct current and power 
will be fed to the train by a positive con- 
tact rail about 20 inches outside and 6 


AIEE TRANSACTIONS 


NOILD3S SSsOud 


ynoAgy uoljejys jeidAy = “py 2inB14 


NOILD3S IWNIDGNLIONO 


422Wi1S BINOA 


' 
—~+6—_~ A cee ee Sg ee 


— INIT OMICTING 


A * me 
ue i — FNL INL AVMENE 4OINIT 2AISLNO' 4 
IND ENO) 7 a eee re ee ee a ree Ree te eS Se 


wens 40 
wn IwWwhiyes —-- -- + SSS SS SS SS ee SSS SS Se SS 


133Y1S 3ONOA 


rec r— eo oon re rr nr ter eee sn 


a 4 


S11 


~~ X= jou eund> i MuOsLY Ia AYMBNS 


IIT OMICTNe 


JO UE Oe fale tele) 


233Bi6 £0 DVIUOE 


2N17 .OMIOTING 


B) i 


Ww OL AMABIVAE 


bard 6ead 


943 


Duncan—Rapid Transit for Toronto 


1947, VOLUME 66 


- - 2067 ———$— > 


eat rica 


inches above the running rail and pro- 
tected by an insulator guard. The return 
circuit will be supplied by one of the 
running rails. 

The power for electric traction will be 
supplied from the commission’s own sub- 
stations, which will be located approxi- 
mately 6,500 feet apart with provision for 
intermediately located substations, should 
increased demands for service warrant 
the installation. 

The incoming power will be received at 
each substation at 13,200 volts, 3 phases, 
25 cycles, and will be converted to 600 
volts direct current by means of mercury 
are rectifiers which will have a class III 
railway service rating. 

Each mercury arc rectifier will be 
rated at 1,250 kw. They will be operated 
in groups of two, one having the trans- 
former connected delta-double Y, and 
one being connected Y-double Y, to give 
the effect of 12-phase operation, cutting 
down the possibility of inductive inter- 
ference. 

The larger substations will be limited to 
5,000-kw capacity and the smaller to 
2,500-kw capacity, to limit concentrations 
of current. The substations will be lo- 
cated strategically at the sectionalizing 
points on the third rail, enabling all sec- 
tions to be fed from each end of the sec- 


tion, thus eliminating the necessity of . 


supplementing the 140-pound third rail 
with feeder copper. 

The d-c feeders will run undergound 
from the d-c substation feeder circuit 
breakers to circuit breakers located in a 
room in the subway structure; from this 
point the feeders will run directly to the 
third rail. The substation circuit breakers 
will be fully automatic and supervisory 
controlled, while the ‘‘breaker” room cir- 
cuit breakers will be emergency alarm and 
supervisory controlled only. 

It is intended to use nonlead-covered 
cable throughout and standardize on 
1,500,000 circular mils. To provide for 
the possibilities of future increased loads, 
a duct bench will be run the entire length 
of the subway structure with large splicing 
chambers located about every 400 feet. 
The top of the duct run will be reinforced 
and used as a catwalk along the subway 
right of way. 

Table I shows the computed average 
running demand in kilowatts for various 
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cross section in 
open cut 
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sized trains at the maximum scheduled 
headway. 


Lighting 


All sections of the rapid transit system 
will be lighted adequately and every 
effort will be made to care for the safety 
and comfort of the passengers in this re- 
spect. 

In the designing of the lighting system, 
particular emphasis is being placed on 
reliability, ease of maintenance, and 
housekeeping. In general, the normal 
lighting of the subway will be provided by 
the use of fluorescent lamps in totally en- 
closed fixtures. 

Precautions against the failure of light- 
ing energy are being taken by the installa- 
tion of duplicate 3-phase 4-wire services 
and distribution equipment. These serv- 
ices will be supplied with power by the 
Toronto Hydro-Electric System from its 
208-120-volt network in the downtown 
area and from two separate feeders where 
the network is not available. Emergency 
lights will be located strategically and in 
event of a power failure for any cause, 
they immediately will cut in on stand-by 
storage battery power supply. 

The lighting intensities will be higher 
than those now generally used in sub- 
ways. The proposed intensities for the 
various areas are as follows: 


Mezzanine or control areas—7.5 to 12.0 foot- 
candles. 

Stairways and escalators—10.0 to 12.0 foot- 
candles. 

Loading platforms—7.5 to 12.0 foot-candles. 

Train tubes—1.0 foot-candle. 


Since a great deal of the lighting will be 
in continuous service night and day, it is 
thought that the maximum economy will 
be obtained by the use of fluorescent 
lighting. Accurate records of fluorescent 
lamp service under similar conditions 
have been kept by the Chicago Rapid 
Transit System, and it is understood that 
for the past three years the average life of 
their lamps has been 10,000 hours. 

Without entering into the controversy 
as to the relative merits of 25-cycle or 60- 
cycle power for southern Ontario, it is 
reasonable to say that the use of fluores- 
cent lamps with 25-cycle power is far 
from ideal because of the perceptible 
flicker of the lamps. Consideration there- 
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fore has been given to providing our own 
frequency changers. 

The use of frequency changers, how- 
ever, would involve the use of rotating 
equipment and auxiliaries which would 
be subject to failure and thus reduce the 
reliability of the lighting service. After 
considering all the factors involved in the 
conversion from 25 cycles to 60 cycles, in- 
cluding losses, fixed charges, space re- 
quirements, and so forth, it has been de- 
cided that conversion is not warranted, 
and that with two lamps in a totally en- 
closed fixture the perceptible flicker will 
not be objectionable to people accus- 
tomed to, 25-cycle lighting as we are in 
Toronto. 

The design of the actual fixtures to be 
used will be postponed as long as possible 
in order to take advantage of any ad- 
vances that may be made in the art of 
lighting. In general, however, it ap- 
pears to be desirable to use flush type 
fixtures in mezzanine and control areas, 
and surface mounted fixtures on plat- 
forms and in train tubes. 


Supervisory Control System 


A supervisory control system, of mod- 
ern design, will be installed and thereby 
all circuit breakers supplying traction 
power to the subway will be under the 
control of a centrally located load dis- 
patcher. This system also will incorpo- 
rate a chain of emergency alarm boxes 
spaced 500 to 800 feet apart throughout 
the subway. If an emergency occurs ~ 
which necessitates passengers leaving the 
train, the “pulling of any one of these 
boxes automatically will cut off the power 
to the third rail in that section and send in 
an alarm to the load dispatcher. A 
telephone will be located adjacent to each 
alarm box for the communication of de- 
tails of the emergency. ‘ 

The control of ventilating fans and the 
indications of failure of any pump or 
auxiliary power supply also will be ob- 
tained through the supervisory control 
system. 


Signal and Interlocking System 


The operation of trains in the subway © 
will be protected by automatic wayside 
signals of the 3-aspect color light type. 
A green light will indicate that the track 
ahead is clear and that a train may pro- 
ceed at maximum speed. A yellow light 
or caution signal will indicate that a 
train may proceed but must be prepared 
to stop at the next signal. Ared light or 
danger signal will indicate that a } train 
must stop. 

An automatic train stop will be asso- 
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Table |. Power Demand in Kilowatts 


Three Four Five 


2-Car 2-Car 2-Car 

Cars in Train Units Units Units 

Headway, sec....120 °..... PSO) vac srs 120 
Richmond....... D640 seni 3,525..... 4,430. 
LOO Herts inte oitieieoe.« 250208 eee 3,190..... 3,990 
SEC lain per poe LO Ose 3,055.47 35° 3,800 
WM glintons. pfs. cee O09 Dads cars kod acter 1,850 
‘Total yee. ihc 8,200) ses 1255... 5 14,070 


ciated with each signal and will enforce 
obedience to the ‘“‘stop”’ indication. This 
device, which will be located between the 
rails, consists of a lever which is held in 
the clear position when the signal is green 
or yellow. When the signal is red, this 
: lever is raised to a position where it will 
engage a trip arm on the train which will 
cut off the power and apply the brakes. 

The signals will be spaced one track 
block apart. The length of the track 
block will be determined from the emer- 
gency braking distance of the train at the 
maximum speed at which it is expected to 
run. 

At crossovers and other special work, 
the operation of the switch points will be 
interlocked with the signals and train 
stops to absolutely prevent two trains 
from coming together. 


{] 


ales 
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Rolling Stock 


The Yonge Street subway operation 
will be carried out by means of the most 
modern subway equipment and the de- 
sign of the car is now being undertaken 
by the commission’s own engineers in 
conjunction with the manufacturers. 

Because of local conditions the proposed 
design will differ somewhat from conven- 
tional subway car design, There are no 
existing rapid transit services in Toronto. 
Therefore, there are no restrictions on the 
design of the proposed car to meet fixed 
platform and coupler heights, as would be 
the case if the new cars were to operate in 
conjunction with old cars. 

The anticipated operating schedule for 
the Yonge Street subway will require 
accelerating and braking rates that can- 
not be obtained with the conventional 
electric equipment and the standard type 
of car. However, the desired performance 
rates can be obtained with PCC car equip- 
ment as already developed. It is planned, 
therefore, to use PCC car truck and elec- 
tric apparatus, to avoid the very exten- 
sive development, and delay, which 
would be involved in producing and test- 
Figure 6. Queen Street ing new heavy weight electric equipment. 

subway Noise reduction in the proposed subway 
General plan and profile has been given careful study. This is an 
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important consideration, because subway 
operation tends to magnify car noises. 
Experience in Toronto with PCC cars, 
which use a considerable amount of rub- 
ber to reduce noise, indicates that using 
. this type of equipment will help in reduc- 
ing noise in the subway to a minimum. 

Maintenance of the proposed subway 
cars will be greatly simplified by using 
PCC car equipment. There are already 
in operation, or on order, 390 PCC cars in 
Toronto, with maintenance facilities 
available to handle 1,500 cars. It will be 
unnecessary, therefore, to set up any new 
or extensive facilities for maintenance of 
the rapid transit equipment. 

The design of the car proposed to meet 
these conditions will consist of two bodies, 
each 45 feet long and 10 feet wide, semi- 
permanently coupled together. Each 
body will be carried on two standard 
PCC car trucks and equipped with PCC 
ear electric apparatus. The body con- 
struction will be of lightweight design, 
using high strength alloys where neces- 
sary. It is estimated that a 2-car unit 
will weigh not more than 75,000 pounds 
light and equipped for service, which is 
well within the capacity of the existing 
PCC car truck. 

Each of the 2-car units will be ar- 
ranged with a cab at the outer end to per- 
mit double-end operation. The interior 
will be arranged to provide as many seats 
as possible, consistent with allowing free 
movement of passengers through the car, 
and during loading and unloading. 

Following the latest practice in New 
York, N.Y., and London, England, sub- 
ways there will be an unusually high 
ratio of door area to body length, three 
doors being provided in each side of each 
body 45 feet long. 

The electric equipment will be essen- 
tially the PCC car type with certain 
modifications to meet subway operation. 
It is not considered necessary to provide 
an infinite number of accelerating and 
braking rates, as for surface car opera- 
tion, three rates only being proposed. 
This will simplify the control equipment 
for multiple-unit operation considerably. 

It is planned to operate trains up to 
five 2-car units in length, and any lesser 


number as may be required to meet serv- 
ice conditions. This will require the 
electric equipment to be capable of 
operating ten sets of quadruple motor 
equipments in multiple. 

The 2-car units will be uncoupled only 
when the cars are being taken from the 
subway to the central repair shop for 
heavy overhaul. 


Queen Street Subway 


After completion of the Yonge Street 
subway it is proposed as a second step in 
the rapid transit project to construct a 
subway from east to west under or near 
Queen Street, as shown in Figure 6. The 
exact design and location of this subway 
will depend to some extent on the city’s 
plans for improvement of the existing 
Queen Street. 

However, the present plan contem- 
plates subway construction under the 
street in the central section of the city 
with open-cut sections on private right 
of way to the east and west. The line 
will extend from Trinity Park in the 
west to Carlaw Avenue and Gerrard 
Street in the east, crossing the Don 
River on a high level bridge. 

It is estimated that the present maxi- 
mum traffic on the Queen Street route, 
about 9,000 passengers per hour, could 
be carried satisfactorily by surface cars 
operating through the subway at speeds 
of about 15 miles per hour including 
stops. 

Initially, therefore, this route will be 
operated by surface street cars which 
will extend east, northeast, west, and 
northwest beyond its portals on the 
existing surface system. Eventually 
when traffic justifies it rapid transit 
equipment will be used in this subway 
also, and the subway structures are 
being designed with this end in view 

The estimated cost of this work is as 
follows: 


OteIiCeuTresoncsracgicaite «lene $11,800,000 .00 
Fixed equipment........... 2,300,000.00 
Off street rights of way...... 5,200,000. 00 

LOtalaMnaiterbare ewer $19,300,000 .00 


The total length of the Queen Street 
route as at present contemplated will be 
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4.54 miles between its connections to the 
surface system at each end. 


Benefits 


The completion of the Yonge Street 
and Queen Street Rapid Transit project 


will provide a major improvement to the — 


citizens of Toronto. There will be a 
substantial reduction in travel time since 
rapid transit operation will eliminate 
completely the many interferences to 
the free movement. of transit velicles 
now encountered on Yonge Street and 
Queen Street. 

The operation of the subway will be 
carried out as an integral part of the 
Toronto Transportation Commission sys- 
tem with free transfers between the 
rapid transit lines and the connecting 
street car and feeder bus routes. There 
will be no change in the present fare 
consequent upon the carrying out of 
these projects. \ 

While the whole project was submitted 
to the citizens of Toronto by referendum 
at the last municipal election, and was 
approved by a ten to one majority, sub- 
ject to a grant being obtained from the 
Dominion Government, the city’s share 
is to be limited to the replacement and 
improvement of its own public utility 
services. 

The Commission has been advised 
that the Dominion Government may 
favorably consider the proposed subway 
as eligible for a timing grant of 20 per 
cent as part of the reconstruction pro- 
posal, but no definite agreement has yet 
been arrived at in this respect. 

At the present time the commission is 
concentrating on the development of 
contract plans and specifications for the 
Yonge Street subway. The date of 
commencement of the construction work 


will depend on the labor and material 


situation. 

It is expected that it will take about 
four years to complete this work on the 
Yonge Street subway from the time con- 
struction starts. Fhe Queen Street proj- 
ect will take a similar length of time, 
but will not be commenced until the 
Yonge Street line is completed. 
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Dielectric Heating—The Measurement 


of Loss Under Rising Temperature 


J. B. WHITEHEAD 


FELLOW AIEE 


HE heating of dielectrics under alter- 
f nating electric stress has been recog- 
nized since the early days of high voltage 
power transmission. With increasing val- 
ues of voltage and frequency, the losses 
in insulators have assumed great impor- 
tance, and have placed a premium on the 
development of low loss insulating mate- 
rials. On the other hand, in relatively 
poor insulators the losses may be so great, 
and the heating so rapid, that this method 
of heating has replaced, with advantage, 
steam and other agents for many indus- 
trial heating processes on composite ma- 
terials having moderate ne charac- 
teristics. 


The engineering of dielectric heating for 
large industrial processes is not yet clearly 
developed. The losses are apparently the 
result of dielectric absorption, or interfa- 
cial polarization, and are greatest some- 
where within the frequency range 1 to 100 
megacycles. So far, however, knowledge 
of the changes in value of the electric con- 
stants of the material being heated, over 
the range of temperature of the process, is 
wanting. In most cases a rapid heating 
cycle is desirable and rates of temperature 
rise of 60 degrees Fahrenheit per minute, 
ot higher arecommon. Moreover, it often 
happens that it is not possible to inter- 
rupt the heating cycle without impairing 
the efficiency of the curing process and the 
quality of the resulting product. 


The Problem 


Consequently, the problem presented is 
that of the measurement of the dielectric 
properties of a material during a period in 
which its temperature is changing rapidly. 
Most of the methods already developed 
for the measurement of dielectric loss at, 
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say, ten megacycles and upward, are sub- 
stitution methods, involve two or more 
settings (see American Society for Test- 
ing Materials designation D150-44T—for 
example, ASTM shunted susceptance vat- 
iation method), and voltage gradients so 
low that no appreciable change in tempera- 
ture resulting from dielectric loss occurs 
during the measurement. Such methods, 
therefore, are not suitable for the problem 
before us. Calorimetric methods for the 
measurement of power loss usually involve 
a hot steady state and the measurement of 
temperature gradients in the ambient me- 
dium. Such methods are either time con- 


suming or involve elaborate protection of 
the ambient field in which the tempera- 
ture gradients are measured. However, 
if the volume of the dielectric is fairly 
large and the duration of the heating cycle 
several minutes, it should be possible, by 
means of a proper selection and location of 
d-c electric heaters, either to duplicate in 
another sample the a-c heating curve, or 
to derive it in a point-by-point method of 
equivalent thermal input. This is a sub- 
stitution method therefore; and while not 
in the ‘‘precision” class, it nevertheless 


Paper 47-158, recommended by the AIEE com- 
mittee on industrial power applications for presenta- 
tion at the AIEE summer general meeting, Mon- 
treal, Quebec, Canada, June 9-13, 1947. Manu- 
script submitted January 6, 1947; made available 
for printing May 5, 1947. 


J. B. Whitehead is professor of electrical engineer- 
ing, The Johns Hopkins University, Baltimore, Md. 


The author acknowledges the support of the Arm- 
strong Cork Company, Lancaster, Pa., at whose 
request the work was done; the co-operation of 
Doctor G. W. Scott, Jr.; and the assistance of 
Doctor C. Frank Miller, Doctor F. G. Whelan, 


W. Rueggeberg, and C. B. Boenning in the experi- 
mental work. 


(ewe = 


ase 


Figure 1. Test cell 


Whitehead—Dielectric Heating 


ta 


4 
=i] 
253 eo ed 
=! 4 > 


BNET SAS 


ALOE WAT, 
1 ac 


RAK 


Se a ee 


Vine 


L---=74 


Choe SSN 
ooo 
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has yielded a very satisfactory degree of 
accuracy. 


The Method 


If a mass of dielectric material is com- 
pletely insulated thermally, and if its 
thermal properties do not change with 
rising temperature, then when it is sup- 
plied with thermal energy uniformly, and 
at a constant rate, its temperature will in- 
crease linearly with time up to some tem- 
perature of destruction. If the thermal 
insulation is very good, though not per- 
fect, the temperature-time curve will have 
an initial approximately linear portion, 
the gradient beginning to fall off only 
after the lapse of an appreciable time. 
This condition has been utilized for d-c 
calibrations in the method described in 
the following. 

If the dielectric with high thermal insu- 
lation is supplied with high-frequency elec- 
tric energy, as in a cell such as shown in 
Figure 1, the loss constants of the dielec- 
tric increase with increasing temperature, 
the rate of energy input (by dielectric 
loss) increases, and the temperature curve 
soon loses its initial linear character, and 
rises with rapidly increasing gradient to- 
ward a temperature of combustion or 
breakdown (see Figure 4). 

In Figure 1, A is the dielectric of flat 
cylindrical form; B, the high and low ten- 
sion electrodes, the latter consisting of 
central member and outer guard ring; C, 
backing plates of ‘Formica’; and Da 
surrounding cylinder of ‘‘Transite’’; these 
two materials have low thermal conduc- 
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tivities and high tensile strength. The 
whole measuring cell is mounted on stea- 
tite pillars Z, and within an outer steel 
framework J equipped for applying pres- 
sure to the sample A. Radio-frequency 
thermoammeters F read the currents 
from main and guard electrodes to ground. 
Temperatures are read by the thermo- 
couples T. H is an electrostatic screen 
surrounding the cell. : 

The simple electric connections are 
shown in Figure 2, together with the vec- 
tor diagram of voltages. The diagram 
also includes the vectors for the small in- 
ductive impedance of the ammeter and 
connection to ground. Voltage across the 
sample is read on a vacuum tube volt- 
meter. Thus current and voltage are 
read directly, and if the total heating 
watts are obtained by d-c calibration, the 
IR component in the vector diagram is 
known, and K, cos 0, tan 6, and other 
quantities are derived at once. 


D-C Calibration 


For the d-c calibration a duplicate cell 
is constructed identical in all respects with 
the a-c cell except that, instead of the elec- 
trode system, two, three, or more heating 
grids of thin sheet nichrome are inserted 
at the outer surfaces of the dielectric, and 


D-C INPUT WATTS 


TEMPERATURE — F 
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at times within its mass. The a-c elec- 
trodes are of the same material as the 
heaters, and the amount and location of 
all materials in the a-c and d-c cells is very 
closely the same. In calibrating, the d-c 
cell filled with an equal amount of di- 
electric replaces the a-c cell in the cell 
mounting, and a constant value of con- 
tinuous current is applied to the heating 
circuit. Internal temperatures again are 
read with the needle thermocouple. After 
about one minute the temperature 
throughout the mass of the specimen 
becomes approximately uniform and in- 
creases linearly with time as shown in 
Figure 3 (for several values of heating cur- 
rent). The linear relation continues for 
five, six, or more minutes when the curve 
begins to fall off as the cell begins to lose 
heat. Each of these curves in its linear 
portion represents a uniform rise of tem- 
perature—time gradient of so many de- 
grees rise per minute, corresponding to a 
uniform supply of energy in watts result- 
ing from the constant heating current. 
The family of heating curves may be com- 
bined in one curve showing heating watts 
as function of rate of rise of temperature, 
also shown in Figure 3. It will be noted 
that this curve is also a straight line up to 
50 or 60 degrees Fahrenheit per minute; 
it passes through or near to a zero point of 
no energy and no temperature rise; and 
beyond 60 degrees per minute turns up- 
ward slightly, as the cell begins to lose 
heat at large values of d-c energy input. 


Experimental Results 


Figure 4 shows the average location of 
the heating curves of two variations of the 
same material, each mixed with a binder, 
put under pressure in the cell of Figure 1, 
and heated by applying electric stress of 
0.8 volt per mil at ten megacycles. The 


Figure 3. D-c calibra- 
tion curves 


A—307.5 watts, 64.6 
degrees Fahrenheit per 
minute 
B—9298.7 watts, 47.7 
degrees Fahrenheit per 
minute 
C—166.1 watts, 32.3 
degrees Fahrenheit per 
minute 
D—110 watts, 29.8 de- 
grees Fahrenheit per 
minute 
E—64.5 watts, 11.88 
degrees Fahrenheit per 

minute 
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Figure 4. Temperature-time curves 


400 volts, 10 megacycles 


longer the heating cycle and the better 
the thermal insulation of the a-c and d-c 
cells. Fora long cycle a differential ther- 
mocouple circuit between the a-c and d-c 
cells in simultaneous excitation should be 
possible, allowing continuous adjust- 
ment of direct current to balance the a-c 
input. For short cycles this is not pos- 
sible for the direction of heat flow in the 


POWER FACTOR 


MIN 


Figure 5. Power factor and tan 6 


rate of heating is controlled readily by 
varying the applied voltage. Tempera- 
ture, current, and voltage can be read at 
one-half minute intervals. A tangent to 
the heating curve at any point gives the 
rate of temperature rise at that point. 
The corresponding rate of energy input, 
that is, watts, may be taken from the d-c 
calibration curve. If R is the effective 
resistance of dielectric heating, then the 
d-c watt input may be written as /?R, in 
which J is the measured high-frequency 
current corresponding to the point in 
question of the heating curve. The vec- 
tor TR of Figure 2 is now known and all 
quantities readily computed. Values for 
the two materials in question, of power 
factor, dielectric constant, tan 6, and loss 
factor are plotted in curves of Figures 5 
and 6. 


Accuracy 


As to accuracy, the instruments used 
ensure precision measurements within say 
one per cent or two per cent. More im- 
portant, however, are variables resulting 
from the rapid changes of temperature in 
the upper range, and the time interval 
necessary to adjust the therinopotenti- 
ometer; and from inherent variations of 
the material under test from one sample 
to another. The latter is reflected at 
once in the initial value of the high-fre- 
quency current, which may vary by as 
much as five to ten per cent in successive 
otherwise identical samples. For sam- 
ples showing the same value of starting 
current, the heating curves repeat quite 
closely. An example for three specimens 
is shown in Figure 7. 

The method is the more accurate the 


1947, VoLUME 66 


an infinite value, as the power factor ap- 
proaches unity. 

Two pictures of the mechanism of di- 
electric heating present themselves. First, 
interfacial polarization: The conductivi- 
ties of internal conducting paths of limited 
length increase rapidly with increasing 
temperature, causing greater resistance 
losses under the rapid reversals of the ab- 


Figure 6 (right). K 
and K tan 6 


two samples is not the same, and a defi- 
nite time interval is necessary for the 
equalization of temperature throughout 
the d-c specimen. This is, in fact, a chief 
limitation of the method. The a-c energy 
is developed uniformly throughout the 
sample, the direct current is applied by 
heater grids. However, this difference 
may be reduced by subdivision of the 
sample, increasing the number of grids, 
and by other methods. In the 3- to 6- 
minute cycles described, satisfactory uni- 
formity of temperature in both a-c and 
d-c samples is reached after one minute. 


Discussion 


The chief advantage of the method, as 
here described, is the simplicity of the 
linear d-c calibration shown in Figure 3. 
This, in turn, results from the relatively 
good thermal insulation, and the relatively 
low curing temperature of the materials, 
that is, less than 250 degrees Fahrenheit. 
For higher temperatures, thermal insula- 
tion is more difficult, linear d-c heating 
curves become shorter, and further sub- 
division of sample and heaters must be in- 
troduced. Best of all corrective measures 
is a longer heating cycle. 

From Figure 4 it will be seen that power 
factor and loss factor increase rapidly 
with increasing temperature, the former 
reaching nearly the value ‘“‘unity” at the 
end of the cycle (225 degrees Fahrenheit) ; 
beyond this point the material begins to 
burn. The dielectric constant also in- 
creases; less rapidly during the early 
stages, and more rapidly, in fact towards 
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Figure 7. 


sorption component of the charging cur- 
rent, thereby resulting in increasing val- 
ues of power and dissipation factors. As 
a second cause, molecular polarization. 
This, in general, would give the same type 
of behavior as interfacial polarization, al- 
though not coincident therewith over a 
range of frequency. The question of 
their relative importance can be answered 
best by measurements over a range of fre- 


‘ quency. Studies in this direction are 


under way. 
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Electronic Stabilizer for Power 


ERNST F. W. ALEXANDERSON 
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Synopsis: Voltage regulation of an alterna- 
tor historically has depended upon variation 
of the field current, and high-speed regula- 
tors have been developed in order to improve 
synchronous stability. This paper describes 
a voltage control brought about by varying 
the output current. A reactive load is con- 
nected to the generator terminals. This 
load is varied electronically in such a way 
as to maintain the desired voltage and line 
current. Whereas regulation by field con- 
trol is limited by the long time constant of 
the field winding, the electronic stabilizer 
acts upon the transient reactance and there- 
fore it has the fast response needed to regu- 
late the terminal voltage. The paper de- 
scribes a new method for increasing the sta- 
bility limits by supplementing present 
known methods and extending the limits 
of a-c power transmission. The elec- 
tronic stabilizer is intended to take care 
of certain regulating functions which can- 
not be performed by a field regulator. 
The use of the two in combination, there- 
fore, can be expected to yield still fur- 
ther improvement. No attempt has been 
made to compare this method with other 
methods of compensating the line and it is 
intended that these methods may be used 
in combination. Tests of a model equip- 
ment are described. A rough comparison 
has been made between this system and the 
use of series capacitors. Using present 
costs and parameters, the cost of the series 
capacitors was somewhat less. Further cost 
changes may alter this comparison, or there 
may be cases where series capacitors are not 
acceptable. 


HE LIMITATIONS of conventional 
synchronous power transmission are 
well known. It has been pointed out that 
most long distance transmission lines 
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Transmission 
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operate at a load corresponding to surge 
impedance,!? This is the loading where 
the inductance and capacity of the line 
neutralize each other so that the voltage 
remains constant throughout the line. 
Voltage regulation of an alternator his- 
torically has depended upon variation of 
the field current, and high-speed regu- 
lators have been developed in order to im- 
prove synchronous stability. This paper 
describes a voltage control brought about 
by varying the output current. A re- 
active load is connected to the generator 
terminals. This load is varied elec- 
tronically in such a way as to maintain 
the desired voltage and line current. 
Whereas regulation by field control is 
limited by the long time constant of the 
field winding, the electronic stabilizer acts 
upon the transient reactance and there- 
fore it has the fast response needed to in- 
crease the stability of long transmission 
lines. 

In its function it is analogous to a syn- 
chronous condenser because it is used to 
regulate the voltage at the point where it 
is connected by drawing a controllable 
current from the line. 


Analysis 


With fixed excitation the conditions for 
stability limit are shown in Figure 1. As 
the load motor (or equivalent) pole axis 
lags behind the generator pole axis by the 
angle 0, the vector difference Ep of effec- 
tive voltages follows a circular locus. 


The current follows a similar locus. 


Neglecting circuit resistance, the current 
I has the greatest projection on the volt- 
age E, when 0=90 degrees. For any 
greater angular lag, the restoring torque 
as measured by E,/ cos 0/2 is less and the 
load falls out of step. 
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Corresponding to this condition, the 
difference voltage may be considered as 
divided into fractions, 0-1 the drop corre- 
sponding to the generator armature re- 
action, 1-2 the drop across the generator 
transient impedance, 2-3 line drop, 3-4 
load transient impedance, 4-5 load arma- 
ture reaction. Quantities FH, and EF; are 
the voltages actually seen by voltage 
measuring devices at the machine termi- 
nals. For short lines Z, and #3 are ap- 
proximately 0.7 times EZ, and E,;. The 
validity of the diagram presumes no cor- 
rection in excitation during a transient 
variation in @. For the diagram ideal 
round rotor machines are assumed. 

If excitation response is fast enough to 
hold £; and A, constant during a tran- 
sient, then the stability diagram takes the 
form of Figure 2. The angle @ at pull out 
is now greater than 90 degrees but the 
angle 6, between the maintained voltages 


Figure 1. Fixed excitation 
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Figure 2. Regulated excitation 


is 90 degrees. Quantities E, and E, have 
now considerably greater numerical 
values, but these are not real voltages. 
They are the voltages that would exist at 
no load with the same excitation and with 
no saturation. The demagnetizing effect 
of the load current results in only the 
voltages F, and actually being induced. 
Under transient conditions the inductance 
coupling between field and armature tends 
to maintain these generated voltages and 
so the regulator must be only fast enough 
to support currents already set up by 
transient currents. 

Following this reasoning one step far- 
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ther, if we can maintain the magnitudes 
of E, and &;, the stability diagram be- 
comes Figure 3. The stability limit now 
corresponds to the angle 0.=90 degrees. 
The generated voltages EH, and FE, exist 
but the difference between them and 
terminal voltage is absorbed as drop in 
the machine’s transient reactances. 

In the past, efforts have been made to 
introduce a corresponding change in the 
generated voltage H, and EH, by an in- 
crease in field current, but such a change 
takes place so slowly that very little im- 
provement in stability has been realized 
above that corresponding to holding /; 
and , constant. The proposed system 
of control consists of carrying continu- 
ously a dummy inductive load on the 
generators so that the field strength 
needed to meet the transient already is 
established. It is the function of the 
electronic stabilizer to check the current 
flow in the dummy load so that the higher 
voltage inherent in the generator is im- 
pressed on the line terminals without any 
delay. 

Without the stabilizer, the system 
would fall out of step when the angle of 
E, and Ey exceeds the critical angle be- 
cause an increase of phase angle would re- 
duce the voltage so that the torque re- 
action of the generator shaft would be 
reduced and the change would become 
accumulative. With the stabilizer the 
opposite happens. A swing toward larger 
phase angle causes the electronic control 
to reduce the wattless dummy load so that 
the voltage increases. This, in its turn, 
causes the torque reaction on-the shaft to 
increase so as to restore the normal phase 
angle. An artificial synchronizing force 
thus is introduced which, added to the 
natural synchronism force, makes it pos- 
sible to carry higher load. 


Test Equipment 


Figure 4 represents the model test set- 
up used for studying this method of 
operation. It consists of a generator, a 
motor, an artificial transmission line, and 
an electronic stabilizer. The latter is a 


Figure 3 (left). Regu- GENERATOR 


lated terminal voltage 


CURRENT 
LIMITING 


Figure 4 (right). Elec- 

tronic stabilizer for 

power transmission test 
equipment 
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CIRCUIT 
TRANSFORMERS 


short-circuited phase controlled rectifier 
combined with current limiting reactors. 
The grids are controlled from current 
transformers in the line conductors at the 
generating end. 

The vector diagram, Figure 5, shows 
the relationship of currents and voltages 
of the line, the generator, the stabilizer, 
and the motor. The line has an elec- 
trical length of 630 miles equivalent to 67 
electrical degrees at 55 cycles. It can be 
operated reliably at a phase displacement 
of 60 degrees between terminals. At this 
load the current is leading at both ends. 
If there is a swing of phase angle due to a 
shock on the system, the power flow will 
increase with increasing phase angle and 
thus reacts as a synchronizing force. In 
ordinary synchronous operation, the syn- 
chronizing force is produced by an in- 
crease of current. In this case, however, 
the current is nearly constant because the 
line resonance gives it an effect approach- 
ing infinite impedance. A synchronizing 
force, however, is produced for two other 
reasons: the line current which at normal 
load was leading swings into phase; and 
the electronic stabilizer draws less current 
so that the voltage increases. The prac- 
tical conclusion is that a long line should 
be operated a little below surge impedance 
load. Further refinements of control 
may make the margin negligible, but the 
results obtained by the sample equip- 
ments are in themselves very encouraging. 

The use of the electronic stabilizer can 
be approached from two points of view. 
One is as an adjunct to a conventional 
system with natural stability in order to 
increase the effective stability and to 
carry more power. The other is to use 
the stabilizer as a necessary part of a long 
transmission line system which has low 
natural stability but is designed to de- 
pend upon the electronic stabilizer for its 
operativeness. The latter point of view 
is the more interesting. Our model test 
equipment was set up to explore this case; 
and, therefore, an artificial transmission 
line built with an electrical length of 630 
miles. The tests were made at 55 cycles 
because of the speed of motors that’ were 


ARTIFICIAL LINE 
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readily available, but it may be said that 
this choice of frequency has the advantage 
of being close to both of the important 
frequencies of 50 and 60 cycles. A gen- 
erator of 5-kva rating was operated with a 
line loading of 6 kw, whereas an alternator 
of a 15-kva rating was used to represent 
a large receiving system with other 
sources of power. 

The following are the constants of the 
test equipment which was operated at 
250 volts: 


Artificial line 

Three coils with a total inductance of 0.037 
henry. 

50 microfarads in delta between coils 1 and 
yp 


50 microfarads in delta between coils 2 and 
Si 


Generator 


Synchronous impedance 12.5 ohm. 
Transient impedance 1.4 ohm. 


Motor 


Synchronous impedance 2.5 ohm. 
Transient impedance 0.6 ohm. 


Stabilizer 


Reactor in series with stabilizer 0.024 henry. 
The tube equipment connected through a 
step-up transformer of two-to-one ratio. 


Figure 6 shows the characteristics of the 
generator with stabilizer at varying loads. 
In this case the excitation is fixed and the 
phase control of the grids is fixed except 
for the automatic action of the current 
transformer. It should be noted that the 
stabilizer maintains substantially con- 
stant terminal voltage but that the volt- 
age rises at high load when the grid con- 
trol becomes effective. The fact that the 
voltage rises instead of drops, as it would 
without the stabilizer, gives the system an 
artificial synchronizing force. 

Figure 7 shows the same characteristics 
with regulation applied to the generator 
field and the phase control of the grids. 
The grids are regulated so as to maintain 
constant terminal voltage up to full load, 
after which the voltage is allowed to rise 
at overloads. The field is regulated so as 


AMP. GENERATOR Cee 


AMP. LINE 


AMP. STABILIZER 


VOLT GENERATOR| 


Figure 5. 
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Electronic stabilizer for power 
transmission vector diagram for test equipment 


Figure 6. Character- 
istics—fixed’ field and 
fixed grid control 


to maintain constant current in the sta- 
bilizer. 


Synchronization 


The artificial synchronizing force differs 
in its action from the natural synchroniz- 
ing force. The oscillogram, Figure 8, 
shows the process of synchronization. 
When the line switches are closed, the sys- 
tem synchronizes promptly with a current 
swing which only slightly exceeds the nor- 
mal. It was observed that before synchro- 
nization the generator was running four 
per cent faster than the motor. During 
the process of pulling into step, the sta- 
bilizer acts as a commutator increasing 
the power flow when it is in the right di- 
rection and decreasing it when it is in the 
wrong direction. The oscillogram, 
Figure 9, shows currents and voltages of 
full load operation. 


Grid Control 


For those who are not familiar with 
power electronic devices, an explanation 
may be in order to show how the grid con- 
trol serves to regulate the current in the 
wattless dummy-load. 


vOLTS 


Figure 7. Character- 

istics—regulated field 

and regulated grid con- 
trol 
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In an ordinary rectifier the voltage can 
be controlled by retarding the phase of the 
grids so that 90-degree phase retard re- 
duces the rectified voltage to zero and no 
appreciable current flows even if the recti- 
fier is short-circuited. The stabilizer 
operates in substantially the same way 
with the difference that the usual re- 
actance in series with the d-c terminals is 
eliminated in order to speed up the action. 
On the converse, the reactance in series 
with the a-c terminals is greater than the 
usual one so that the maximum current 
that can flow is limited to a moderate 
overload. 


Wave Shape 


The oscillograms show a harmonic dis- 
tortion of the current flowing through the 
stabilizer. The harmonics are mostly 
the 5th and 7th because a 6-tube circuit 
was used. In practice, the tubes will be 
used in groups of 12 and so connected that 
these harmonics are eliminated. The 
11th ‘and 13th harmonics may be elimi- 
nated in a similar way by 24-phase con- 
nection, but this may not be necessary be- 
cause the reactance is so much higher than 
in ordinary rectifier circuits. 
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Figure 8 (above). Oscillogram showing syn- 
chronization 


A—NV olts generator 
B—Volts receiver 
C—Amperes receiver 
D—Amperes stabilizer 
E—Anmperes line 
F—Amperes generator 


Size of Stabilizer 


A question that must be answered is, 
what is the proportion between the kilo- 
volt-amperes of the stabilizer and the kilo- 
watts of the transmission line. Our tests 
indicate that the kilovolt-amperes of the 
stabilizer need not be more than 50 per 
cent. The model system can be operated 
with 25 per cent kilovolt-amperes, but 
the higher ratio has greater margin of 


safety. The following analysis may ex- 


plain these findings. 

Due to the interaction of inductance 
and capacitance of a long line, the current 
in the transmitting end follows the volt- 
age in the receiving end by phase as well 
as amplitude. Therefore, if there is a 
swing of phase angle of plus or minus 15 
degrees between the transmitted voltage 
and the received voltage, we can expect 
the transmitted current to swing plus or 
minus 15 degrees relative to the trans- 
mitter voltage. The normal current is of 
substantially unity power factor, and the 
phase swing of the current can be repre- 
sented by the addition of a wattless 
dummy load swinging plus or minus 25 
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may be of a type with which we have 
many years experience in the Carnegie 
Illinois frequency changer. No pretense 
is made of treating this subject exhaus- 
tively or to make economic or technical 
comparisons with other known methods of 
extending a-c transmission. Those other 


Figure 9 (below). Oscillogram of full load 


operation 


A—NV olts generator 
B—V olts receiver 
C—Anmperes receiver 
D—Anperes stabilizer 
E—Amperes line 
F—Amperes generator 
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per cent of full load current. This watt- 
less component is absorbed by the sta- 
bilizer. But we must do more than com- 
pensate for the phase variation of the cur- 
rent. We must overdo the compensation 
so as to create an artificial synchronizing 
force. We therefore may regulate the 
system so that 15-degree phase displace- 
ment causes the flow of a 50 per cent watt- 
less current. 


Conclusion 


This paper has been presented in order 
to suggest a new approach to an old prob- 
lem—the extension of electric power 
transmission. It is less radical than d-c 
transmission. The electronic equipment 


methods are specifically intermediate syn- 
chronous condenser stations and series 
capacitors. When to these we add the 
elec‘ronic stabilizer, we have three meth- 
ods which all differ in principle but, never- 
theless, may be used in combination. 
Whether the new method will compete 
economically in operating characteristics 
with other methods is for the future to 
determine. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The electronic stabilizer proposed 
by the authors is an interesting device for 
the improvement of long-distance transmis- 
sion performance. The general long-dis- 
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* tance problem rapidly is assuming greater im- 


portance as large low-cost generating plants 
are developed and industrial and metropoli- 
tan loads grow progressively heavier. The 
economic phase of the problem is always of 
uppermost importance, and technical im- 
provements must meet the final cost test. 
In this case, from a superficial study, it ap- 
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pears that the present cost aspects may be 
unfavorable. The authors and their asso- 
ciates are in a position to examine this angle 
critically on a comparative basis, and such 
a study would be of value to the industry. 
The proposal is technically sound in that 
it adds to the shunt-reactor loading scheme 
a highly refined control system. It permits 
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the generators and synchronous condensers 
to operate normally under saturated condi- 
tions with high air gap or induced voltages. 
Low terminal reactances thus are provided, 
and the ability to restore terminal voltages 
following a disturbance is practically in- 
stantaneous. The “‘infinite bus’’ condition 
is thereby more nearly approached. The 
possible high cost of the reactor control 
equipment is the only questionable item. 

This proposal again brings up the possi- 
bility of employing shunt reactors with a 
switching scheme to drop them when the 
terminal voltages begin to fall and the sys- 
tem begins to swing apart. They then could 
be reclosed on the system after the swing had 
reversed and the voltages had been restored 
by fast regulator action. In this case, low- 
voltage reclosing circuit breakers and bank 
switching of the reactors would replace the 
electronic equipment and its finely gradu- 
ated, fast control. The cost probably would 
be less, but the operating performance would 
be less desirable. 

With either scheme, the system costs 
would be increased by the large reactors and 
by the reduced power factor or increased 
kilovolt-ampere rating of the generators in 
addition to the control equipment. If the 
resulting increase in system capability can 
bear the added expense, the stabilizing 
equipment will be justified. 


C. H. Willis (Princeton University, Prince- 
ton, N. J.): Long distance power transmis- 
sion on conventional a-c systems presents 
two important problems or aspects as fol- 
lows: 


1. The problem of reflection. 
2. The problem of stability. 


The authors have dwelt largely on the 
problem of stability and have shown that 
the limits of power transfer can be raised 
by the use of the electronic stabilizer. It 
should be emphasized also that a reactive 
load at the line terminal will modify the re- 
flection coefficient and may be employed to 
prevent dangerous voltages. The operation 
of the line with a reactive termination read- 
ily may be understood by considering the 
voltage curve of a lossless line terminated in 


VOLTAGE 


t) DISTANCE ae 
SUPPLY OPEN 
END 
Figure 1 


an open circuit which is shown in Figure 1 of 
this discussion. There will be a voltage 
maximum at the open termination when the 
line is supplied from the distant end. If, 
however, the line be terminated in a capaci- 
tive reactance this reactance is equivalent to 
an extension of the line and the voltage maxi- 
mum will occur at the end of this equiva- 
lent extension, and therefore the voltage at 
the actual end of the line will not be a maxi- 
mum. This condition is represented by 
point a on Figure 1. 

This affect may be illustrated further by 
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considering a 620-mile 60-cycle or 1/5-wave- 
length line. When operated as an open line 
with an impressed voltage of 110 kv at the 
generator end the open end voltage would 
be 356 kv as shown in Figure 2. If, how- 
ever, this line be terminated with a suitable 
capacitive reactance, the operation may be 
modified as shown in Figure 3 where there is 
a voltage minimum at the. middle of the 
line and the receiving and sending end volt- 
ages are identical. The line may be termi- 
nated so that the voltage is a minimum at the 
center whenever the terminal load differs 
from the characteristic impedance. This 
operation necessitates a variable reactance 
at the receiving termination which is capaci- 
tive in character and continuously adjust- 
able as the watt load increases from zero up 
to the load corresponding to characteristic 
impedance termination. 

The synchronous condenser is one solution 
for this variable capacitor. Another possi- 
bility is the use of static capacitors in com- 
bination with an electronic reactor (phase- 
controlled tubes) to provide rapid and con- 
tinuous variation of the reactive current. 
This continuously variable ‘‘stabilizer’’ also 
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may be employed as an exciter for an induc- 
tion generator and when so employed pro- 
vides another avenue of attack on the 
problem of stability. The advantages of an 
induction generator were recognized fully 
by Steinmetz but the excitation for this 
machine has presented a serious problem. 
The Scherbius exciter is not particularly at- 
tractive and when a synchronous condenser 
is employed the advantages of the asynchro- 
nous generator are forfeited. No other al- 
ternatives have been commercially available 
until recently. The perfection of power fac- 
tor correction capacitors and the successful 
use of electronic tubes in power equipment 
provide the new means of exciting the in- 
duction generator. 

The stabilizer which consists of a fixed 
capacitor and an electronically variable in- 
ductor makes it possible to reconsider the 
induction generator for long distance power 
transmission. This machine in combina- 
tion with an electronically controlled reactor 
appears to provide a possible solution for 
a-c power transmission over distances ap- 
proaching a half wave length or 1,550 miles 
at 60 cycles. 

The economic aspects of this solution us- 
ing an induction generator must be com- 
pared with other methods of solving this 
problem to determine the most promising 
approach to long distance power transmis- 
sion. It should be observed, however, that 
the tubes handle the power only once in this 
application and not twice as in d-c trans- 
mission or frequency conversion. This 
makes the tse of tubes for controlling reac- 
tive current more favorable economically. 
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Alexander Dovjikov (Bonneville Power Ad- 
ministration, Portland, Oreg.): For the 
Northwest and northern California, the 
problem of increasing stability of the inter- 
connected systems and thereby making the 
transmission of power over distances of the 
order of 500 miles more economical is of par- 
ticular and pressing interest. It is not a 
problem of future planning but of today’s 
design of the major parts of such transmis- 
sion. 

The component systems—the Columbia 
River system of the Bonneville Power Ad- 
ministration interconnected with other sys- 
tems of the Northwest and the Shasta de- 
velopment on the Sacramento River—being 
mostly hydro systems and built in combina- 
tion with large irrigation projects represent 
a very favorable set of conditions for econ- 
omy by correlated operation of two large 
watersheds with a favorable diversity of run 
off, diversity of irrigation load maximums, 
and one system providing water storage 
space for the other. 

Due to the distance of this proposed a-c 
transmission the considerations of stability 
would keep the loading of a conventionally 
designed line too far below its economic 
loading. To make such long and therefore 
costly lines economically justifiable, meas- 
ures must be taken to increase the loading 
even above its surge impedance load. 
Whether the reactance of such a long line 
should be reduced by _ series-capacitor 
compensation, or whether synchronous con- 
densers of proper characteristics should be 
installed at intermediate sectionalizing sub- 
stations, the problem of excitation for syn- 
chronous machines is still one of most im- 
Although there is no particular 
difficulty: in overcoming the effect of 
armature reaction, the conventional meth- 
ods of high-speed excitation, whether 
by a rotating d-c exciter with high-speed 
response or an electronic exciter, are too 
slow to overcome the transient reactance 
voltage drop during the swings. The 
authors therefore propose to establish, 
even for normal operating conditions, in- 
creased excitation and an internal volt- 
age of a magnitude which will be neces- 
sary during transient disturbances. In or- 
der to obtain rated terminal voltage during 
normal operating conditions, the synchro- 
nous machine is loaded with regulated 
shunt reactors. Similar ideas of using 
shunt reactors on generator terminals (or 
step-up transformers operating at flux densi- 
ties considerably above normal and drawing 
large magnetizing current) have been sug- 
gested previously. The novelty of this pro- 
posal is the smooth and fast control of cur- 
rent through such reactors by means of 
grid-controlled mercury-are rectifiers be- 


tween pliases of the reactors. As the grid 


control requires a very small amount of 
power, very large currents through the rec- 
tifiers and therefore through the reactors 
may be controlled by instantaneous static 
voltage regulators, such as a static imped- 
ance voltage regulator or by a regulator 
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based on the phase angle of the current as is 


proposed by authors of the paper. The 
last type of regulator is not described suf- 
ficiently in the paper, and we assume that 
the authors’ idea is to regulate in accordance 
with phase angle between voltages at the 
sending and the receiving ends of the sys- 
tem—an idea which in a different and more 
complicated form has been advocated for 
some time by Brown-Boveri Company 
of Switzerland. Although the Brown- 
Boveri Company idea employs the compari- 
son of actual voltages at both ends of the 
system (as well as time rate of change of this 
phase angle), Messrs. Alexanderson and 
Prince state that the phase angle between 
current and sending-end voltage should be 
satisfactory for the purpose, and in this way 
considerably simplify the arrangement. 

With all the engineering attractiveness of 
the scheme proposed by the authors of the 
paper, and although the authors state “. . . 
no attempt has been made to compare this 
method with other methods,”’ we cannot get 
away from economic considerations—is it 
the most economic way to increase the sta- 
bility of the system? The authors, being 
connected with a large manufacturing com- 
_ pany, could give the comparative cost in the 
most authoritative way, and we hope that 
they eventually will do so. It seems, how- 
ever, that the expected increase in cost will 
be quite considerable. If we assume, as 
the authors do, that the reactors may be 
about 50 per cent of the kilovolt-amperes of 
the generators, the scheme increases the 
rated capacity of the generator that other- 
wise would operate, let us say, at unity 
power factor, to 112 per cent, and changes 
the generator power factor from unity to 0.9. 
Both of these factors increase the cost of the 
generator. To this must be added the con- 
siderable cost of reactors and of controlling 
mercury-are rectifiers—and to be effective 
they, must be, as the authors state, about 
50 per cent of the generator capacity. This 
economic problem is particularly important 
because the authors state that with the pro- 
posed method of stabilization, “The prac- 
tical conclusion is that a long line should be 
operated a little below surge impedance 
load.” We doubt that such solution of long- 
distance transmission could stand the 
economic test. There are other ways of in- 
creasing stability besides that described by 
the authors, as for example, electronic ex- 
citers on generators of moderate reactance, 
decrease of line reactance by means of series 
static capacitors, and these, or their com- 
bination, are just as valid from the stability 
point of view, and would permit trans- 
mission of amounts of power greater than 
the surge impedance loading of the circuit. 
The decision, therefore, will be made on the 
basis of comparative cost of transmission 
per unit of transmitted power. We are 
looking forward to such economic clarifica- 
tion of the proposed schemes. 


J. G. Holm (Gibbs and Hill, Inc., New York, 
N. Y.) and A. M. Taylor (Economic Trans- 
missions, Ltd., Birmingham, England): 
There has been for quite some time a need 
for a new device, or a new method, for im- 
proving stability of transmission lines, par- 
ticularly under transient conditions. “The 
device proposed by the authors is new in 
that rectifiers are used for contro] of the 
reactive load connected to the generator 
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terminals. The method, however, of con- 
necting such a load seems to be similar to 
that involved when shunt reactors are 
placed on the generator bus. The latter 
method has been analyzed by one of the 
discussers.! It has been shown that the re- 
actor increases the total system transfer re- 
actance, increases the excitation voltage, 
and lowers the power factor on the genera- 
tor. The increase in the total system trans- 
fer reactance lowers the system stability 
limit, while the increase in the excitation 
voltage raises it. When the latter factor 
predominates the system stability limit will 
increase. Since, however, the power factor 
of the generator is lowered, the installed kilo- 
volt-ampere capacity of generators must be 
greater when reactors are used than it 
otherwise would be. The improvement in 
stability limits obtained varies with the size 
of the reactor. The benefit obtained, how- 
ever, is not sufficiently high, when all costs 
are considered, to render the method very 
attractive. It, therefore, has not been used 
frequently, although such reactors have been 
installed both here and abroad. 

It may be that the electronic stabilizer has 
some additional advantages not pointed 
out sufficiently clearly in the paper, or that 
we have misunderstood some of the state- 
ments made by the authors, for one must 
say that some very pertinent data cannot be 
found in the paper. It is not stated, for 
example, what is the nominal voltage of the 
line, its rating, and the amount of power 
transmitted. Still from the data given it 
seems fairly certain that with the electronic 
stabilizer at the sending end the generator 
kilovolt-amperes will have to be increased 
appreciably. 

We would like to ask whether or not sud- 
den momentary load increases at the receiv- 
ing end have been considered, and if so, 
whether or not the electronic stabilizer can 
manage a 20- to 40-per cent increment of 
power thrown on the system when it carries 
its full load, reachings its maximum value 
in about one cycle. Unless the stabilizer 
can prevent the system from falling apart 
under these conditions it could not fulfill 
the purpose implied in its name. It does 
not seem to us that placing the electronic 
stabilizer at the receiving end also, that is, 
at both system ends, will help the line. 
Even though an electronic stabilizer will 
strengthen the field of the generators at the 
receiving end, under a momentary load in- 
crement of from 20 to 30 per cent the gener- 
ators will have to decelerate because the 
steam valves will not have had time to open 
and meet the sudden increment of load. 
Therefore, the necessary driving torque 
would not be forthcoming. It seems to us, 
therefore, that an electronic stabilizer will 
be helpful when placed at the sending end 
only. But even then other means will have 
to be employed if it is expected to raise ap- 
preciably the system stability limit, espe- 
cially on a 630-mile long line studied by the 
authors. Since it is our understanding that 
properly functioning series capacitors are 
not yet available for the higher voltages, 
intermediate synchronous condensers would 
have to be installed in at least two places. 

There seems to be, however, a different 
method for stabilizing a transmission line. 
If there is a deceleration at the receiving end 
resulting from a sudden increment of load, 
from whatever cause it might come, the 
only way to stop deceleration is either to 
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have the sending-end generators to provide 
a sudden voltage boost, transmitting mo- 
mentarily additional accelerating power, or 
to have at the receiving end an arrangement 
by which the load increment could be met 
locally. During the last few years we col- 
laborated on this general problem. A new 
method—the Taylor stabilizer—was de- 
veloped. Patents for it have been applied 
for in England, the United States, Canada, 
and some other countries. 

The Taylor stabilizer is a synchronous 
machine having certain characteristics which 
are easy to incorporate in the design. It is 
connected to the receiving end of the sys- 
tem through a special circuit. _The rating of 
the machine is some 15 to 20 per cent of the 
rating of the receiving-end rotating ma- 
chinery. Whena load increment equal to 20 
to 30 per cent of the system normal load is 
applied suddenly, the stabilizer circuit op- 
erates instantly. A required additional 
quadrature and in-phase voltage boost im- 
mediately is introduced into the line. Thus 
extra power is provided for receiver acceler- 
ation. The stabilizer supplies the addi- 
tional load momentarily, grabbing the incre- 
ment of current. Thus it is not necessary 
to transmit the extra power from the sending 
end, and the system while under a shock 
stabilizes with normal current passing over 
the line. This is maintained until the mo- 
mentary load increment is over or the fault 
cleared. The power factor at the sending 
end remains unaffected, so that there is not 
any need for the sending generators to have 
a greater kilovolt-ampere rating. 

On shorter lines the Taylor stabilizer may 
be placed at the receiving end only. In lines 
of over 500 miles additional complete sta- 
bilizers, with their circuits and boosting 
arrangements, are placed at intermediate 
points. These stabilizers supply the boosts 
required only by the Jine section between the 
stabilizer intermediate stations. The kilo- 
volt-ampere rating of their synchronous 
machines is considerably smaller than that 
of the receiver-end stabilizer. As the 
length of the line is increased the number of 
the intermediate stabilizer stations is in- 
creased. The power factor at the sending 
end remains at unity, and power is trans- 


' mitted without increasing the sending-end 


voltage which remains at a constant poten- 
tial. The stabilizer scheme works like a 
very large relay and is instantaneous and 
automatic in its action. Thus power may be 
transmitted over distances exceeding any- 
thing heretofore contemplated. 

The Taylor stabilizer may be used on 
short lines or in power plants where sudden 
heavy load changes occur similar to rolling- 
mill loads, On long transmission lines it 
helps to transmit power without loss of 
stability and it increases the limit of power 
that may be transmitted. The cost of this 
stabilizer is moderate; in the long linesit is 
appreciably less expensive than series-capa- 
citor compensation, at an estimated cost of 
$10 per capacitor kilovolt-ampere. 

At this time laboratory tests are being ar- 
ranged for in England. Whether or not 
studies on artificial systems will come en- 
tirely up to expectations is impossible to say 
today. At any rate, theoretical studies, on 
paper, show this method to be promising, 
sufficiently so as to warrant laboratory tests 
and expenditures involved. Since much is 
yet to be done and the apparatus is not yet 
fully developed, only an outline of the prin- 
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ciple of the new stabilizer is given in this 
discussion, and cautiously so, without any 
claim that it is a solution to the difficult 
problem of system stability. 

It might be that, when successfully de- 
veloped, it would prove advantageous to ap- 
ply the Taylor stabilizer jointly with other 
methods, of which one perhaps could be to 
have the electronic stabilizer at the sending 
end and the Taylor stabilizer at the receiv- 
ing end of the system. It is too early to 
pass on this at the present time. 
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A. Uno Lamm (Allmanna Svenska Elek- 
triska Aktiebolaget, Ludvika, Sweden): It 
should be quite clear that in Sweden there 
has been no doubt about the technical pos- 
sibility to solve all our problems of power 
transmission according to the a-c system. 
However, our investigations have shown 
that the yearly costs of the line, including 
the losses, are so much lower with direct 
current that the use of such current must be 
considered seriously. Herlitz has shown 
that the yearly cost for the line itself is 31 
per cent less with direct current as com- 
pared with alternating current, the same 
amount of power and most economical volt- 
age being assumed in both cases. A rough 
estimation of the additional cost of the ter- 
minal stations in the case of direct current 
shows that the economic superiority of di- 
rect current should begin at transmission 
distances of about 300 to 350 miles. 

These calculations, however, are based 
upon the assumption that the a-c line can 
be loaded up to the economical optimum, 
that is, that the stability does not limit the 
load. This condition is not fulfilled when 
the transmission distance is greater, and 
the economic superiority of direct current 
over alternating current grows, therefore, 
very steeply with increased distance. 

In Sweden, where in the future about 
2,000,000 kw have to be transmitted over 
distances of from 600 to 900 miles, as Borg- 
quist has shown, such large amounts can be 
saved by the use of direct current that it 
seems quite unjustifiable not to spend the 
necessary money to develop the d-c system. 

The authors have shown that electronic 
equipment also can be used to increase the 
possible load of a long a-c line towards the 
economical optimum, which appears to be a 
very interesting alternative solution to the 
problem of reducing transmission costs. 
The 31 per cent saving in total line cost with 
the use of direct current will still be true, of 
course, and when comparing the terminal 
stations we now also have to consider 
certain electronic equipment in the a-c 
case, possibly including also high voltage 
transformers for the stabilizer in a mid-point 
station. This means that the additional 
costs of terminal stations (including mid- 
point stations in the a-c case) will not be so 
unfavorable to the d-c system as before. 

There is another interesting aspect of the 
electronic stabilizer. It gives the possibility 
of trying out high-voltage mercury-arc rec- 
tifiers on a big scale on existing or planned 
a-c transmissions. Thus experience can be 
gained for such electronic equipment with- 
out economic sacrifice, which experience 
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later can be applied also to electronic ree- 
tifiers for d-c transmission. 

The Swedish trial plant for d-c transmis- 
sion which has been built by the State 
Power Board and ASEA in co-operation, is 
intended for 90,000-volt 6,500-kw direct cur- 
rent. It will comprise two series-connected 
rectifiers in each terminal station, but is 
now, in the first stage, operating with only 
one rectifier in each station and thus with 
half voltage and power. The line length is 
about 40 miles. The rectifiers are in full- 
wave connection using single-anode pool- 
cathode tubes. It is expected that the next 
big trial step will be of the order of magni- 
tude of 100,000 kw at 250 kv using a fourth 
wire on an existing 3-phase line, and the 
overhead ground wires as a return for the 
direct -current. Even if such trial plants 
must involve a considerable economic sac- 
rifice, it seems to be the most direct way of 
arriving at the big economic saving for long 
transmission lines which are offered by the 
d-c system, if the technical problems can be 
solved. . 


e 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): An electronic stabil- 
izer for power transmission presents an in- 
teresting possibility for increasing the power 
limits of long-distance power transmission 
worthy of careful consideration. Function- 
ally, the electronie stabilizer provides a 
mean by which a relatively large decrease in 
reactive current may be made at a point 
where it is located on the system for a rela- 
tively small drop in voltage. The electronic 
stabilizer must be located at a point in the 
system where there exists or is made avail- 
able an excess above normal of reactive 
(overexcited) kilovars. This makes it 
possible, as the authors have pointed out, 
for the electronic stabilizer to reduce in ef- 
fect the terminal generator or terminal sys- 
tem reactance. Thus, the electronic stabil- 
izer provides a method for obtaining a rela- 
tively small effective terminal reactance for 
a relatively small steady state or continuous 
current. This is making fullest use of the 
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Figure 4. Effect of generator terminal reactance 
Xq on steady state stability limit of 600 mile 


line* 
Xy=0.25 ¢ ©=electronic  sta- 
X7=0.10 bilizer regulat- 
Xq=0.40 ing high-voltage 
1,=0.25 transformer ter- 
x=0.8 ohm per mile minal; ys=10 
£,=E,=1.0 El=electronic  sta- 
r=0.08 ohm per bilizer regulat- 
mile ing generator 
b=5.2X10-§ mho terminal; ys=10 
per mile 


ys=Al,/AE, or Al,/AE 


* All quantities except when otherwise desig- 
nated are on a kilovolt-ampere and kilowatt 
base of 2.5 (ky)2. 


electronic valve principle. The practicabil- 
ity of the use of such a principle for power 
transmission depends, however, entirely 
upon its economical justification. The fol- 
lowing will attempt to show some of the 
relative advantages and disadvantages of 
such a scheme. 

Figure 4 of this discussion shows the effect 
on the steady state stability limit of de- 
creasing the terminal generator reactance 
for a typical 600-mile straightaway trans- 
mission line. As is now well recognized, by 
the use of a properly co-ordinated excita- 
tion system, the steady state stability limit 
is determined essentially by the transient re- 
actance of the generator. Accordingly, in 
Figure 4, for a typical case where the per 
unit generator transient plus transformer 
reactance = 0.40, the received steady state 
power limit can be increased from 0.82 to 
1.0 per unit if it were possible to, in effect, 
reduce to zero the total generator terminal 
reactance. By the use of an electronic sta- 
bilizer, it should be possible to obtain almost 
this increase in power limit as shown on 
Figure 4 of this discussion, provided the 
electronic stabilizer is capable of holding 
the high-voltage terminal voltage by main- 
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taining a low admittance (ys = AJ;/AEs), 
where AJ; is the change in stabilizer reac- 
tive current for a change of high-voltage 
terminal voltage AZ;. As shown on Figure 
4+ of this discussion, a control admittance of 
ys; = 10 would result in practically obtaining 
the theoretical value equivalent to zero 
generator terminal impedance (X@). 

This increase in steady state limits can be 
compared with other methods of line com- 
pensation of long distance power transmis- 
sion systems. As is also well known, it is 
possible to use either series capacitors or 
special intermediate synchronous condens- 
ers along the line to increase the possible 
loading in order to maintain economical val- 
ues of rated load for the longer distances. 
Such compensation equipment costs in the 
neighborhood of $10 per rated capacitor 
kilovolt-ampere for series capacitor com- 
pensation and special intermediate condens- 
ers are economically competitive. 

For the simple straightaway 600-mile-line 
case of Figure 4 of this discussion, 30 per 
cent line compensation of the line reactance 
by series capacitors would result in the same 
increase in steady state stability limit as 
may be realized by an electronic stabilizer 
holding the generator high voltage. The 
30-per-cent line compensation at $10 a 
kilovolt-ampere of a 600-mile 60-cycle line 
which has a surge impedance of 400 ohms 
and a reactance of 0.8 ohm per mile will cost 
$3.60 per transmitted kilowatt, when the 
rated load is the surge impedance leading. 
This is the: amount available to pay com- 
petitively for the electronic stabilizer and a 
larger generator in order to carry the reac- 
tive current required by the stabilizer. 

For this simple case of steady state sta- 
bility the electronic stabilizer meets with 
very difficult competition by the known 
methods of line compensation. Actually 
for a 600-mile line some margin would be 
required in the steady state stability limit so 
that some form of: line compensation prob- 
ably would be required, even if the elec- 
tronic stabilizer was used, so as to be able to 
transmit the unit or surge impedance power 
shown. 

Most transmission systems are not of the 
simple type indicated in Figure 4, but co.- 
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stitute parallel circuits so designed and ar- 
ranged that a fault may occur on any one 
line section or on the connected systems 
without loss of synchronism. In other 
words, the system must be able to with- 
stand transient shocks and must have the 
requisite transient stability. Studies of 
such systems indicate that the transient 
stability limits are, in general, less than the 
corresponding steady state power limits, 
either before or after the loss of the faulted 
line section. For the case of transient sta- 
bility, the electronic stabilizer 1: less effec- 
tive than it is for steady state as it is able 
during the important first swing only to re- 
duce suddenly to zero the reactive kilovolt- 
amperes that it was drawing initially. 
Therefore, its contribution is to increase 
somewhat the initial voltage behind tran- 
sient reactance and possibly to decrease 
slightly the initial operating angle. How- 
ever, line compensation methods effectively 
increase the transient power limits as well as 
the steady state. The series capacitors can 
contribute as much as four times their 
rated kilovolt-amperes during the transient 
swing and the current output of the interme- 
diate synchronous condensers is increased 
greatly during the transient condition. 

Some consideration has been given to 
placing the electronic stabilizer along an 
uncompensated line, but this presupposes 
that the line is loaded at impractically low 
or uneconomical loadings at less than the 
surge impedance loading. Such low loadings 
would be necessary so that the line can fur- 
nish the required reactive current or excita- 
tion for the electronic stabilizer. 

Based on such analyses, it can be con- 
cluded that the electronic stabilizer’s field of 
application would be for a single circuit 
transmission system where the steady state 
stability limit, with the system in normal 
operation, is the determining limit and when 
there exists a prejudice against the use of 
line compensating means. Both of these 
conditions are not likely to occur simultane- 
ously as the single circuit line can be com- 
pensated easily by standard methods of 
series capacitor compensation as it presents 
no serious or new problems for this simple 
type of single circuit application. 
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H. C. Steiner (General Electric Company, 
Schenectady, N. Y.): The authors have pre- 
sented a new and very interesting approach 
to the stability problem in long distance a-c 
transmission, and I would like to comment 
on the proposal from the tube standpoint. 
Frequently new applications of electronic 
tubes involve both the development ofa 
tube and an estimate based on engineering 
judgment as toits performance. In the pro- 
posed application we are fortunate in being 
able to evaluate these factors of perform- 
ance from actual experience. 

At the Edgar Thompson plant of the Car- 
negie-Illinois Steel Corporation there is in- 
stalled a 20,000-kw electronic power con- 
verter for exchange of power between their 
25- and 60-cycle systems. For control pur- 
poses the 20,000-kw capacity is divided into 
two units of 10,000 kw each. Each unit uses 
12 pentode ignitron tubes for rectification 
and 12 for inversion; or 48 tubes in all. In 
operation alternating current is first con- 
verted to direct current and then inverted to 
the frequency of the system requiring ad- 
ditional power. The nonsynchronous d-c 
link in this case is only a few feet in length. 
It operates at a potential in the order of 
15,000 volts. The first unit was installed in 
December 1943 and the second in February 
1944. Figure 5 of this discussion shows a 
general view of the installation. Perform- 
ance in terms of tube life is shown in Figures 
6and 7. The upper curve in Figure 6 shows 
the average life of the original tubes now in 
service and the lower curve the average life 
of all tubes in service. Figure 7 shows the 
replacement history. All tube removals 
are shown regardless of whether the cause 
was a tube problem or an equipment adjust- 
ment or operation problem. The curve 
shows clearly the initial problems en- 
countered and the improvement that may be 
expected with these problems removed. 

The pentode ignitron tubes used are de- 
signed for operation at potentials of 20 kv 
peak inverse and forward and with a current 
rating of 150 amperes (average) continuous, 
200 for two hours, and 300 for one minute. 
Six such tubes connected to the generator 
terminals as the authors have shown would 
control 7,500 kva, on the basis of the con- 
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Figure 5 (left). 
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View showing installation of the Carnegie-Illinois 
Steel Corporation 20,000-kw electronic power converter 


Figure 6(above). Pentode ignitron tube life at the Carnegie-Illinois 
20,000-kw electronic power converter 


957 


100 


ERVICE 


80 


60 


40 


20 


_ nr 
° ° 
PERCENT OF INITIAL TUBES IN S 


NUMBER OF REPLACEMENTS 


° 


YEAR 


Figure 7. 


tinuous average current rating, or 10,000 
kva if the 2-hour rating were considered be- 
cause of the relatively low duty required at 
maximum load conditions: The conditions 
that occur during commutation are.a good 
measure of tube duty. This duty depends 
on magnitude of the current commutated 
and the initial inverse voltage that occurs at 
the end of commutation. In the usual 
rectifier both factors tend to increase with 
increasing load, but in the proposed circuit, 
the voltage factor becomes zero at full-load 
current and a maximum at zero-load cur- 
rent. The duty therefore should be more 
favorable than that encountered in rectifier 
service. 

In the electronic stabilizer there is a single 
conversion of current. Because of this and 
in view of the favorable duty the 48 tubes in 
the 20,000-kw frequency changer would have 
a capacity of 80,000 kva in the electronic 
stabilizer. Such a unit would be capable of 
controlling a transmission line of 160,000-kw 
capacity on the basis of the 2-to-1 ratio of 
generating to stabilizer capacity that the 
authors have considered. It is probable that 
a multiplicity of rectifier units in the elec- 
tronic stabilizer is preferable for large 
capacities in order to provide diversity and 
harmonic reduction but if larger electronic 
tubes are needed, such tubes can be de- 
veloped. 


David C. Prince: We wish to thank all those 
who have taken part in the discussion of our 
paper. Almost as if by concerted action, 
they have developed the technical and 
economic aspects of the stabilizer as applied 
to the problem of long distance transmission 
better than we could have done it. 

All those who dealt with the technical 
aspects of the paper seemed to feel that the 
proposals are technically sound. 

Steiner reported satisfactory tube experi- 
ence with the Carnegie Illinois frequency 
changer which establishes the tube part of 
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Chronological record showing pentode ignitron tube re- 
placements and number of the initially installed tubes still in service 
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the electronic stabilizer on known ground. 

As Willis has pointed out, the combina- 
tion of the electronic stabilizer and a static 
capacitor can be used instead of the usual 
synchronous condenser. It also would pro- 
vide substantially instantaneous voltage 
control for asynchronous generators, al- 
though it is itself asynchronous. 

Holm and Taylor may have missed the 
point that the wattless kilovolt-ampere 
drain of the reactors is cut off by the elec- 
tronic regulator during such times as pull- 
out is threatened. We know both from 
theory and test that the regulator will do its 
work at either end of a line or distributed at 
intervals along a line. The applicability of 
the device is not related to any particular 
line loading such as surge impedance load- 
ing. 

If this discussion is representative, one 
may judge that the electronic stabilizer 
should be sound technically. 

It is interesting to learn from Dovjikov’s 
comments that there is an immediate need 
for means to increase the stability limit of 
long transmission lines, such as can be ob- 
tained by line compensation. I believe 
Crary’s comments on this paper will be of 
material assistance to Dovjikov in enabling 
him to evaluate the probable economics of 
this approach under present conditions. 

The outstanding questions are economic. 
According to Lamm, a d-c line itself has a 
superiority of 31 per cent for long lines. 
However, that theoretical advantage is not 
yet a practical one because of the terminal 
apparatus. 

In the matter of cost of the electronic 
stabilizer, it is always difficult to get general 
costs. It is doubly difficult to get general 
costs of a device that has not yet been given 
aservice trial. ; 

Meanwhile, the a-c transmission line has 
other competitors. Where electric energy is 
generated from fuel, the generation can take 
place anywhere between the source of fuel 
and the distribution center. Figure 8 of this 
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Figure 8. Cost of transmission of energy 


A-c transmission—partially compensated line 
two circuits 


@—Actual cost of transporting coal by rail 
and barge from West Virginia points to New 
York, N. Y. 


@—Actual cost of transporting coal by rail 
and barge to Boston, Mass. 


A—A-c transmission, 50 per cent load factor 
B—A-c transmission, 100 per cent load factor 
C—Cost of transporting coal by rail 


D—Cost of transporting natural gas by 24-inch 
pipe line 
E—Cost of transporting oil by pipe line 


discussion shows the comparative costs of 
transmitting electric energy as such or as 
fuel by rail or pipe line. These data are 
confired generally by similar data presented 
by E. E. George! From this, it appears that 
if power is to be generated from fuel, it is 
difficult for the a-c transmission line to com- 
pete with straight transportation of the 
fuel. As the amount of power to be trans- 
mitted and the load factor are increased, the 
relative position of the transmission line is 
improved. 

The electronic stabilizer—which is the 
subject of this paper—represents one effort 
to increase the transmittible power with a 
view to making electric transmission com- 
petitive. We shall do well to press the de- 
velopment of any available expedient in this 
direction, if we hope to maintain our favorite 
medium in a competitive position. 
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Synopsis: The concepts of minimum band 
width and nonminimum band width servo- 
mechanisms are introduced. Minimum 
band width servomechanisms are dealt with 
in this paper. A systematized approach to 
the synthesis of such servomechanisms is 
outlined and the method applied and de- 
tailed results obtained for one practical class 
of such servomechanisms. The technique 
enables the stability requirements and the 
accuracy requirements to be considered 
separately in succession. An engineering 
criterion of servomechanism ‘stability is 
enunciated. The critical design parameters 
and performance characteristics, including 
amplitude and phase margins, are tabulated 
for a practical class of minimum band width 
servomechanisms over the range of degree of 
stability of engineering interest. The corre- 
sponding build-up times, damping factors, 
and natural frequencies also are tabulated. 
Extensions of the viewpoint and method 
described are outlined. 


HE current literature is replete with 

numerous examples and types of 
servomechanisms, The methods of treat- 
ment thereof include the steady-state 
response method, the linear differential 
equation approach, a hybridization of 
these two methods of analysis and design, 
or the empirical method involving free 
use of physical concepts such as “velocity 
damping”’, “‘acceleration feed back”’, and 
“integral-derivative control.”’!~ 1% 

It is the purpose of this paper to at- 
tempt a further contribution to this rich 
background in the art along the lines of a 
generalized approach to the servomecha- 
nism design problem, where possible. 
To do so, it is believed necessary that the 
basis for such an approach be stated 
clearly at the outset. 

It is believed that the first item to be 
recognized is that it is the “loop-transfer 
function”, or ‘loop-gain function”’, which 
uniquely defines all of the properties of 
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the linear servomechanism and that for 
each such loop-gain function there is an 
infinite variety of physical embodiments 
of servomechanisms having this loop-gain 
function. Hence, the first point in the 
organized approach proposed herein is the 
categorization of linear servomechanisms 
according to the mathematical form of the 
loop-gain function, not according to a par- 
ticular physical configuration which has 
that loop-gain function. 

The second item in the organized ap- 
proach proposed herein arises from the 
engineering nature of most all servo- 
mechanism design problems, namely, that 
most frequently certain determining ele- 
ments of the servomechanism, physically 
and mathematically, are fixed from the 
outset and literally ‘handed to” the servo- 
mechanism engineer as invariants in the 
servomechanism design problem. For 
example, a relatively large and expensive 
prime mover, hitherto operating as the 
power amplifier driving the member to be 
controlled on an open-loop basis, becomes 
a fixed element of the servomechanism in 
controlling the motion of the driven mem- 
ber on a closed-loop basis. This is 
equivalent to saying that, in our servo- 
mechanism design, a certain portion of the 
loop-transfer function is itself invariant 
and this fixed portion of the loop-transfer 
function corresponds to the fixed physical 
elements of the servomechanism. 

A third item to be recognized in the 
formulation of our organized approach 


_ arises from the fixed nature of the “driven 


member’’ or element which is to be con- 
trolled. This also makes its own invari- 
ant contribution to the over-all loop- 
transfer function of the servomechanism 
to be synthesized. 

A fourth item to be recognized in this 
formulation is the fact that, whereas our 
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servomechanism may possess many inter- 
nal feed-back loops, each with or without 
its own distinctive transfer function in 
the feed-back path, it is assumed that the 
basic problem is that of having the driven — 
member correspond in its motion as 
closely as possible, within the prescribed 
bounds of stability and accuracy, with the 
input signal (mechanical, electrical, or 
otherwise) as a function of time. 

A fifth item entering into our formula- 
tion arises from viewing the servomecha- 
nism as being substantially a low-pass 
filter. The meaning of the words ‘‘opti- 
mum synthesis” in the present formula- 
tion of the problem is the design of that 
class of servomechanisms having the least 
band width consistent with the prescribed 
stability and accuracy characteristics. 
In other words, synthesis on the minimum 
pass-band basis insures that energy trans- 
mission through the servomechanism for 
control of the driven member is confined 
to that least: band of controlling signal 
frequencies requisite for accurate and 
stable control, on the one hand, and auto- 
matically eliminates from consideration 
those customarily encountered system 
noises outside the required pass band. 
This, from experience, is known to be a 
practical and fortuitous basis of .design 
in many cases. 

The sixth item in the formulation of the 
problem, based on all of the foregoing, is 
the choice of that mathematically simplest 
class of loop-transfer function which, if 
designed into the servomechanism, will 
make available the simplest form that the 
servomechanism can take in fulfilling the 
performance requirements. 

The seventh and last point then 
amounts to merely a description of the 
method as follows. We recognize that 
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the idealized loop-transfer function (a 
complex function of frequency) isarational 
function, consisting of a ratio of two poly- 
nomials in the frequency. The degree of 
the numerator and denominator poly- 
nomials establishes the degree of mathe- 
matical complexity. We choose a simple 
class of idealized loop-transfer function 
which enables us to fulfill the accuracy 
and stability requirements of most pres- 
ent-day servomechanism design problems. 
We investigate all the properties of such 
loop-transfer functions, in which the pa- 
rameters have been so adjusted that they 
correspond to minimum band width servo- 
mechanisms. We characterize the degree 
of stability (assuming the basic require- 
ments for stability, at all, first have been 
satisfied) by the maximum value of the 
steady-state system response function. 
In a sense, this measures the greatest 
proximity of the loop-transfer function to 
the Nyquist point on a steady-state zero- 
to-infinite-frequency response basis. We 
further characterize the steady-state ac- 


curacy of response by the value of the 


constant multiplier of the loop-transfer 
function which, at the determining fre- 
quency or frequencies, maintains the 
ratio of the error in the output of the 
servomechanism to the amplitude of the 
input to the servomechanism, at that 
frequency or frequencies, less than the 
prescribed value or values. The method 
of synthesis then becomes that of deciding 
upon -the degree of stability desired, the 
nature of stability desired (conditional or 
absolute), the choice of the correspond- 
ing loop-transfer function in normalized 
form, the introduction of the appropriate 
constant multiplier corresponding to pre- 
scribed steady-state accuracy require- 
ments, and finally, the eliciting of the 
critical frequency parameters for use in 
design. This, then, results in the com- 
plete statement of the idealized loop- 
transfer function necessary to meet the 
stated requirements on a minimum band- 
width basis. From this idealized loop- 
transfer function must first be removed 
the transfer functions of the fixed ele- 
ments in the servomechanism loop. The 
residual transfer function is that transfer 
function which must be synthesized into 
the servomechanism loop. In some cases 
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this can be done exactly, in others this 
reduces fundamentally to an approxima- 
tion problem. Having synthesized the 
residual transfer function into physical 
components, the loop connection of all 
the components results in physical 
achievement of that loop-transfer func- 
tion which meets (approximately or ex- 
actly) the stated requirements. 


It is the purpose of this paper to present 
the results of the foregoing method with 
one class of idealized loop-transfer func- 
tions. While other classes of functions 
of lesser and greater mathematical com- 
plexity may be shown to be required in 
some servomechanism design problems, 
the class dealt with herein has been of 
great utility and broad scope. 


The Idealized Loop-Transfer 
Function, A, and System- 
Response Function, M 


Basically, we need consider only the 
configuration in Figure 1. The box 
labeled A in Figure 1, contains all of the 
physical components of the system includ- 
ing the signal receiver, the controlling 
network, the prime-mover, and the 
driven member. The box labeled A 
may contain a variety and number of 
internal feed-back paths. It is assumed 
that the major closure of the servomecha- 
nism loop is accomplished through the 
—1 to 1 feed-back connection between 
output 6, and the input 0, Hence, the 
true input to the box labeled A is ¢, the 
instantaneous difference between the in- 
put function and the output response, 
namely 


(1) 


€=0;—9 


We denote by the same letter A the com- 
plex loop-transfer function of the box 
labeled A. This we call the steady-state 


loop-transfer function. Hence 
0,=Ae (2) 
6;=€(1+A) (3) 


The steady-state system response func- 
tion, M, expressing the ratio of output re- 
sponse to input function is given by . 


‘ 


67 A 


=M/ 


0, 1+A (4) 


We arbitrarily choose, but for physi- . 


cally valid reasons, a most useful class of 
loop-transfer functions given by 


@ s 
(445) 
ssa Se ET (5) 


A=, t eS 
Ge) (1438) 
ws 
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where 7, s, and ¢ form the following com- 
binations: 


Increasing Frequency 


Case r s t A Behavior 
Teva tants See Qe sae ) I ited 1/f2:1/f£: 1/f* 
Theses Deartak eames LES a certo 1/f+:1/f:1/f 
TET cpeuerevs Biase Dibea Doe crtreere 1/£3: 1/f: 1/£8 
TW) arerepanans Diessis ensestsed Qiclet es tabMeke 1/f2.1/f:1/f8 


Hence, w; and w: (where w:<w:) are seen 
to be, respectively, the ‘‘transition fre- 
quencies” located approximately at the 
points where the loop-gain function enters 
upon and emerges from a behavior on a 
frequency basis like 1/f. They are some- 
times called the “‘knee’’ or “‘corner’’ fre- 
quencies. For ease in mathematical 
manipulation the loop-transfer function 
given by equation 5 is normalized to 


1 (1+ax)* 
x” (1+bx)' £6) 
by the substitutions 
jw 
x=F VE 
ie 
a= Mee (7) 
@1 
age 
pee 
we 


All ‘“‘normalized frequencies’’ x have 
their corresponding “‘real frequencies’’ 
w=2nf. By a’ we denote the reciprocal 
of a, and by b’ we denote the reciprocal of 
b. 

The following additional nomenclature 
is used: 


In the loop-transfer function A: 


X¢ is the cut-off in the loop-transfer function, 
A(x,) =1. 

xy is the frequency of cross-over in the loop- 
transfer function, 0(xy) =z. 

Ay is the amplitude margin in the loop- 
transfer function, A (xy) =Ay. 
x—|6,| is the phase margin of the loop- 

transfer function, 6(%;) =0¢. 


In the system-response function M: 


M(Xm) = Nie 

M(xy) =1 (xu 0) 
(Xm) =m 
C4 (xu) ae Nrae 


Figures 2 to 9, inclusive, illustrate the 
behavior of these functions, and of the 
corresponding Nyquist diagrams, for each 
of the case functions specified. 


System Stability Considerations 


The proximity of approach of the loop- 
gain function to the Nyquist point, — 1 + 
j0, in the A-plane is well known to be a 
measure of degree of stability. Refer- 
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ence to Figure 10 demonstrates that this 
is almost equivalent to the determination 
of the maximum value which the system- 
response function attains as the frequency 
varies from zero to infinity. Hence, in 
this paper, we use M7,,,, as this measure 
of degree of stability. The range of prac- 
tical interest in the values of M,,,, 1s 
from the theoretically perfect value of 
unity to about 1.5, and, hence, is the 
range dealt with in this paper. 

The original Nyquist criterion of sta- 
bility,” and the one which must be re- 
sorted to in toto in all questionable cases, 
involves the question of the number of net 
encirclements which the plot of the loop- 
transfer function makes about the Nyquist 
point as the frequency varies from minus 
infinity through zero to plus infinity and 
then back to minus infinity along a semi- 
circular contour of infinite radius in the 
complex frequency plane. For example, 
case III behavior of the loop-transfer 
function as the frequency variable pro- 
ceeds along the contour shown in Figure 
11, is that shown in Figure 12. For sta- 
bility, according to the simplest form of 
the Nyquist criterion, zero net encircle- 
ments of the Nyquist point occur. 
less to say, such detailed consideration of 
a mathematical nature is sometimes con- 
siderable inconvenience to the engineer. 
Hence, for the use of servomechanism 
engineers, the simpler practical criterion 
of stability for the class of loop-transfer 
functions treated herein is simply that 
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Figure 2 (left). 


1 Nyquist diagram 


the Nyquist point must always be ‘‘seen” 
to the left when progressing along the 
loop-gain function characteristic in the 
direction of increasing frequency. It is 
obvious that the ability to ‘‘see” the Ny- 
quist point to the left is not altered funda- 
mentally by the occurrence of miscellane- 
ous loops in the loop-gain function in the 
neighborhood of the origin of the A-plane 
or elsewhere in regions essentially remote 
from the Nyquist point. 

Provided the Nyquist criterion of sta- 
bility, succinctly just stated, is satisfied 
first, then the indicated value of M,,,, is 
a true measure of the degree of such sta- 
bility. 

The foregoing assumes that when the 
box labeled A in Figure 1 contains minor 
feed-back loops the box labeled A itself 
represents a stable structure.4°~?" 

An alternate approach to the stability 
question is that utilizing the Routh crite- 
rion which really amounts to the determi- 
nation of the negativeness of the real parts 
of the roots of the system-determinantal 
equation. In investigating the detailed 
nature of the transient response, these 
roots always must be obtained, but the 
degree of stability is obtainable directly 
by use of the Nyquist criterion without 
first eliciting the roots of the system- 
determinantal equation. However, these 
criteria are merely two directly related 
different aspects of the stability problem. 
Their close interdependence will be evi- 
dent in the typical results which follow. 
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System Accuracy Considerations 


In the present status of the art of servo- 
mechanisms, accuracy requirements often 
are expressed in one of two ways, or a 
combination of both. One way involves 
what substantially might be called 
“steady-state accuracy”. A type of such 
is the steady-state response of the servo- 
mechanism to an impressed sinusoid of 
relatively low frequency. For the high- 
performance systems treated herein, the 
frequencies at which such accuracy re- 
quirements are specified are so low that 
A>>1. Hence, at such accuracy-deter- 
mining frequencies, equation 3 is, almost 
exactly, 
% 


oA 
€ 


(3a) 


Denote by w. that accuracy-determining 
frequency for which the accuracy require- 
ment is most stringent and by A, the 
requisite loop gain to fulfill that accuracy 
requirement. Then, assuming that », is 
less than w;, equation 5 yields 


~A, (8) 


Hence, the constant multiplier K in 
equation 5, for a fixed error-frequency 
we is directly proportional to the strin- 
gency of such accuracy requirement. In 
other words, as the accuracy requirement 
increases, the requisite gain level of the 
system must increase correspondingly. 
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For a fixed accuracy requirement, the 
gain level, or accuracy-factor K, is di- 
rectly proportional to the 7’th power of the 
accuracy-determining frequency, w. The 
gain level, or accuracy-factor, for an odd- 
type loop-gain function (case I or case 
[II), is in a ratio of to the K factor of 
an even-type loop-gain function (case II 
or case IV), for the same accuracy require- 
ment at the same frequency, w. The 
saine x values of normalized frequency 


(x=w/ r4/K) correspond to real frequen- 
cies in the ratio of the sixth root of A. for 
the case II and IV functions as compared 
to the case I and ITI functions. 

Another type of the steady-state ac- 
curacy of the servomechanism is that cor- 
responding to input functions of the con- 
stant displacement, velocity, and acceler- 
ation, and higher-order derivative, types. 
These already have been dealt with suffi- 
ciently in the literature. Suffice it to say 
that systems corresponding to the case II 
and IV functions have zero static error 
and zero constant-velocity error, whereas 
systems corresponding to the case I and 
III functions have zero static error, zero 
velocity error, and zero constant-accel- 
eration error. Servomechanisms of the 
type with loop-transfer functions having 
only a first order pole at the origin (w=0) 
fulfill only the zero static error condi- 
tion. 

The other type of accuracy by which 
servomechanisms often are characterized 
is the so-called “transient accuracy.” 
This basically involves consideration of 
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the nature of the response of the servo- 
mechanism to a step-function of unity 
(on a normalized basis). One feature 


characterizing “‘transient accuracy” is the 


“time-of-build-up”’ which we simply de- 
fine as the time required for the output 
response to go from approximately 1/10 
final unit value to 9/10 final unit value, in 
response to the applied unit step-func- 
tion. The second feature characterizing 
transient accuracy is the amplitude of 
“overshoot”, when existent, this being 
defined as the amount in excess of unity 
experienced as initial output response to 
applied unit step-function input. The 
third feature often associated with tran- 
sient accuracy is the total time required 
for the normalized output response, to ap- 
plied unit step-function input, to achieve 
a ptescribed proximity to unity, never 


‘thereafter deviating from unity by more 


than that prescribed amount. Because, 
however, of the interdependence of the 
third characteristic upon the first two, 
the first two characteristics are employed 
most commonly. 

As will appear subsequently, the steady- 
state accuracy and the transient accuracy 
are wholly interdependent and fixed for 
systems having the same loop-gain func- 
tion and degree of stability. 


Minimum-Band-Width 
Considerations 


Two major considerations enter into the 
choice of the minimum-band-width type 
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Figure 4 (left). Case Il loop-transfer and system-response functions 


Figure 5 (above). Case Il Nyquist diagram 


of servomechanism singled out for treat- 
ment. The first is that of minimizing the 
transmission of noise in the unnecessary 
portion of the signal spectrum through 
and beyond the system. The second mini- 
mum-band-width consideration arises 
from the fact that the fixed elements in 
many practical servomechanisms are es- 
sentially very low-pass transducers whose 
frequency-response characteristics gener- 
ally can only be varied, or their band 
width extended, with great difficulty. 
Minimum-band-width servomechanisms 
meeting the prescribed stability and ac- 
curacy requirements utilize such servo- 
mechanism elements in the most effective 
manner possible. Viewed from another 
standpoint, servomechanism synthesis on 
the minimum-band-width basis estab- 
lishes just what stability and accuracy 
requirements it is possible to meet with 
the fixed elements at hand. In some 
cases, it may be used to demonstrate that 
it is not possible to control, on a closed- 
loop basis, the response of the invariant 
driven member through the fixed prime 
mover with the degree of accuracy and 
stability desired. Considered from still 
another viewpoint, it may be absolutely 


necessary to use a nonminimum-band- 


width servomechanism, at some sacrifice 
in noise suppression, in order to satisfy 
the prescribed stability and accuracy re- 
quirements. In any case, for sheerly 
pragmatic reasons, and in the absence of 
being able to formulate any more cogent 
basis for these considerations at the pres- 
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ent time, the stipulation that we shall 
consider minimum-band-width — servo- 
mechanisms, plus the choice of loop-gain 
functions of practical importance, yields 
useful design data, on the one hand, anda 
greater insight into the interdependency 
and contrary attributes of servomecha- 
nism stability and accuracy, on the other. 


Method of Analysis 


In equations 4 and_5, for a given K or 
accuracy-factor value, the value of 1,,.,, 
its frequency location w,, and the fre- 
quency w,, at which M = 1, are all 
uniquely and simultaneously determined 
by w, and w:. Further, both w,, and w, lie 
between w; and w. in the increasing fre- 
quency sequence w1, wm, wy, w2. In nor- 
malized terms, equations 4 and 6, the 
values of Mimax, Xm, %,, all are determined 
uniquely and simultaneously by a and b 
(and, hence, by their reciprocals, a’ and 
b’). On an increasing x basis, the se- 
quence is a’, Xm, %,, 0’. 

Since a’ and b’ (w and w.) bracket x» 
and x, (wm, and w,), we define minimum- 
band-width servomechanisms (having 
loop-transfer functions of the type used 
herein) as those servomechanisms having 
the degree of stability characterized by 
Mmax and the degree of accuracy charac- 
terized by K, for which b’ (w») is a mini- 
mum. For each b’ (w.) value there is a 
corresponding unique a’ (w:) value. The 
reciprocal pair, a and 6b, and K specify 
completely the idealized loop-transfer 
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function, equations 5 and 6, around which 
the servomechanism is to be designed to 
fulfill the performance requirements. 

We restrict ourselves to those pairs of a 
and b values which characterize (con- 
ditionally or absolutely) stable servo- 
mechanisms, Case II is the only abso- 
lutely stable type in that the systems cor- 
responding thereto are stable for all values 
of loop-gain level; the other three cases 
are all of the conditionally stable type in 
that the systems corresponding thereto 
are stable or unstable depending upon the 
loop-gain level. 

Beginning with equations 4 and 6, we 
form first of all, the function M the abso- 
lute value of the complex system-response 
function, M. However, instead of deal- 
ing with M, the analysis and synthesis 
problems are more easily dealt with by 
considering the function 


Ff (x,a,b) 


1 
C(x,a,))=— -1= 
g(x,a) 


M? 


(9) 
where f and g denote functions of the vari- 
ables indicated. We may write 
g(x,a) + C(x,a,0)=f(x,a,6) (10) 


At the point x,, at which M>1 is a maxi- 
mum and C(x,a,b) a minimum* we have 


& (Xm) * C(Xm,a,b) =f (X%m,a,d) (11) 


and 


[2 g(x,a) - C(x,a,b) ed f(x,a,b) (12) 
Ox ox X= Xm, 


* In each case, there is one and just one such value 
for a given a and b. 


LOG X 


Figure 6 (left). 
system-response functions 


LOG X 


0) Figure 7 (right). Case Ill Nyquist diagram 2 
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Let M,,.x be assigned a fixed value and : 
set C(%m,a,b) equal to the corresponding 
constant, C. Equations 11 and 12 become 


Cg(%m,@) =f (%m,a,) 


}3 ro) 
| c2. g(x,a) a fea) | 


Equations 13 and 14 define } as a function 
of a. In accordance with our method 
just outlined, we now maximize b (mini- 
mize b’~w.). Differentiating equation 
13 implicitly with respect to a, and using 
equation 14, there results 


(13) 


(14) 


C2 glsema) == f(4m0,b) (as) 

Oa Oa 

The three equations 13, 14 and 15 form 
a simultaneous system which can be 
solved for x,,,a,b. Solutionsare restricted 
to positive values of x,,,a,0, for which 
b<a, for which 6 is actually a maximum, 
and which correspond to stable systems. 
In the appendix is shown for each case 
the (6,2) relationship which must be 
satisfied for system stability. 

In cases II and IV, the exact solution, 
utilizing equations 13, 14, and 15, is 
employed. Weuse case IV as an example 
of the method. Since r = 2, 5 = 1, and 
ey 


= 


f (x,a,6) mx! : 
b4x8+- 2b2x8+- «4(1+4+2b?—4ab) — 2x? 
(16a) 
2(«,a) =1+-4?x? (16b) 
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The simultaneous system corresponding 
to equations 13, 14, and 15 is 


B48 + 2b m8 + Xm4(1 + 2b? — 4ab) — 2%" 


= C(1+42x,?) (17) 
44% 9+- 6b 2X4 24m 2(1 +2b2—4ab) —2 

=aiG (18) 
aC = —2b%m? (19) 


The results of the solution of this system 
are summarized in section D of the ap- 
pendix.”* 

In cases I and III, an approximate 
solution, having maximum error of 4.4 per 
cent in the extreme case (M,,,, = 1.5) and 
considerably less error as M,,,, decreases 
from 1.5, was employed to lighten the 
computational work. Such approxima- 
tion was possible, without decreasing the 
utility of the results for these two cases by 
recognizing that, in the range of interest, 


a’x?>>1. For cases I and III, we have 
exactly 

g(x,a) = (1+a%x?)? (20a) 
f(x,a,b) =x4fi(x,a,0) (20b) 


We use gi=a! instead of g, and f,(x,a,b) 
instead of f(x,a,b), in equations 13, 14, 
and 15 and proceed as before. The va- 
lidity of the approximation may be checked 
by Newton’s method. This has been 
done. 

Taking case I as an example of the ap- 
proximate method, we have 
f(x,a,b) =x [b2x4+- (1 —2a%b)x*+-2(b—2a)] 

(21a) 
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Figure 8 (left). Case IV loop-transfer and 


t/2 


31 
2 


system-response functions 


LOG k 


00 Figure 9 (right). Case IV Nyquist diagram 


g(x,a) = (1+ax*)? (21b) 


Substituting g: and fi, in place of g and f 
in equations 18, 14, and 15, there results 
the following system of equations: 


b2x%mt-+ (1 — 20%) + %m_2+2(b—2a) =atC (22) 
2b2xXm?2+ (1 —2a7b) =0 
abXm?+1=—a*C 


(23) 
(24) 


The results of the solution of this system 
are summarized in section A of the ap- 
pendix.” 

The conditions on the permissible val- 
ues of a and b for stability are established 
in terms of the positive real value of 
x=xy (‘cross-over frequency”) at which 
the loop-transfer function A crosses the 
negative real-axis of the A-plane and has 
the value Ay. This occurs when \a| =. 
For the class of functions considered here- 
in 
@=(4—r) sts tan71 (ax) —fttan! (bx) (25) 


The equation for obtaining x, is, there- 
fore, 


(r—2) : =s tan! (axy)—ttan7! (bxy) (26) 


Case I has a single real cross-over fre- 
quency xy at which Ay, the correspond- 
ing loop-gain or ‘amplitude margin”, 
must be greater than unity for (conditional) 
stability in accordance with the practical 
criterion enunciated in the section on 
“System Stability Considerations.” See 
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-f(%u,4,b) =0 


Figure 3. Case II possesses no real cross- 
over frequency for all b<a(wi<we), and, 
hence, is absolutely stable. See Figure 5. 
Case III has two real cross-over frequen- 
cies, xy1 and xy, and for (conditional) 
stability the corresponding loop-gain 
values must satisfy the conditions Ayi>1 
and Ay<1. See Figure 7. Case IV 
has a single real cross-over frequency at 
which Ay must be less than unity for 
(conditional) stability. See Figure 9. 
The foregoing conditions establish the 
uniquely permissible paired values of a 
and bin each case. See appendix for the 
required inequality between a and 6, and 
the expressions for xy and Ay, in each 
case. 

The ‘‘cut-off frequency” x, in the loop- 
transfer function, defined by A(x,)=1, is 


obtained as the solution to the equation 
xe (1+-b%,2)'/? = (1-+-a%x,?)/? (27) 


The “phase-margin”, —|@,|, is obtained 
from 


6,=(4—7) ats tan-1(ax,) —ttan-"(bxe) (28) 


The unit-response band width x,, the 
value of x0 for which M=1, is obtained 
as the solution of 


(29) 


- The method of obtaining the remaining 
characteristics summarized in the section 
on the idealized loop-transfer function is 
considered obvious, and the literal results 
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va 
fa 


df 


of all the foregoing for this class of loop- 
gain function are listed in the appendix. 


Summary of Results 


Servomechanisms of interest and utility 
in most present-day applicatioris are 
characterized by M,,,, values in the 
neighborhood of 1.3. Accordingly, the 
foregoing analytical results have been 
employed in computing the pertinent sys- 
tem data for design use and performance 
analysis, for values of M,,,,. from 1.01 to 
1.5 in discrete steps. The corresponding 
information for intermediate values of 
Miax May be obtained easily by inter- 
polation. 

In Table I are shown tabulatedasafunc- 
tion of M,,, the characteristic data for 
the normalized steady-state loop-transfer 
and system-response functions, using the 
nomenclature of the section on loop-trans- 
fer and system-response functions. In 
Table II are tabulated first the roots of the 
normalized system-determinantal equa- 
tions, 1++-A =0,andsecond, the normalized 
build-up time and percentage overshoot of 
output response to an impressed unit 
step-function input, with the system start- 
ing from “rest’’ conditions. Both the 
normalized roots and the normalized 
build-up times are tabulated for the same 
discrete values of M,,,, as are the data 
in Fable I. All ‘‘normalized frequencies” 
(x values, a’ and b’) and “normalized 
roots” must be multiplied by ./K to ob- 
tain physically real frequencies (w=27f) 
and damping factors. ‘Normalized build- 
up times’ must be divided by the same 
factor to obtain physical build-up times in 
seconds. Finally, it is noted that the 
“normalized roots”, given specific initial 
conditions, enable one to calculate the 
residues and the complete transient re- 
sponse of the corresponding systems.” 
The various phase-angles are given in 
actual degrees and the amplitude mar- 
gins are listed in actual decibels, and may 
be used directly for comparison purposes. 

Note that r=3 for cases I and III (odd), 
and that r=2 for cases II and IV (even). 


A Typical Example 


Suppose it be desired to design a servo- 
mechanism of the minimum-band-width 
type described herein. Suppose further 
that the servomechanism be of the con- 
ditionally stable type with a degree of 
stability characterized by an M,,,, value 
of 1.3. Suppose finally that the response 
displacement error is to be 3 minutes or 
less for a sinusoidal input signal having a 
frequency of 1/9 cycle per second and an 
amplitude of 25 degrees. 
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(30a) 


Let us introduce a 2-to-1 margin of safety 
in meeting the accuracy requirements by 
using an A, value of 1,000. Then 


Koaa = Aw? =340 


evens Aon i (30b) 
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Figure 10. Interdependence of loop-transfer and system-response functions 
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Figure 11. Complex frequency contour 


as compared to the odd A functions (cases 
I and III). 

For the M,,,,=1.3 stability require- 
ments specified it is possible to go directly 
to Tables I and II for the normalized 
parameter values, roots, and build-up 
time of the minimum-band-width servo- 
mechanism. Among all four cases avail- 
able, case I, upon examination of the x 
values tabulated, is seen to be the one 
having the smallest band width. Sup- 
pose that this be the determining charac- 
teristic in our choice of case function. 
Then, by multiplying all normalized fre- 
quencies by the cube root of A.gq, oF 
6.98, the physically real w values are ob- 
tainable directly as follows: 


Lower transition frequency w: =2.96 radians 


Phase of M at wm, @m= —45.2 degrees 
Phase of M at w,, ¢y= —95.0 degrees 


The resulting idealized loop-transfer 


‘function is given by 


(31) 


It is this loop-gain function which must 
be synthesized as closely as possible into 
the servomechanism in order to satisfy 
the foregoing stability and accuracy re- 
quirements. Viewed from another stand- 
point, the transfer functions of the fixed 
elements (such as the prime-mover and 
driven element) first must beremovedfrom 


per second 

and Upper transition frequency w:=51.7 radians the idealized loop-transfer function given 
34/Kea =6.98 ) per second in equation 31, and the resulting residual 
Sr gme pkn| j (30c) Cut-off frequency w,=32.8 radians per sec- transfer function must be synthesized into 

; ond é the other elements in the servomechanism 
The same x values of normalized fre- Cross-over frequency wy =3.16 radians per joop, In most practical cases the synthe- 
quency correspond to real frequencies in second 5 sis of the residual transfer function 1s 
the ratio of eens te, Mass im —25-1 TAUAUS, DEF, + approximation problem. Viewed from 
crea 9s > Frequency of M unity, «, =43.7 radians per still another standpoint, the transition 
= =(A,) ’*= (1,000) “*=3.16 (30d) Stel frequencies w and w, are those around 


for the even A functions (cases II and IV) 


Phase margin 180—|0,| =46.6 degrees 
Amplitude margin A y =26.6 decibels 


which the servomechanism must be de- 
signed with the gain level so adjusted that 


Table |. Minimum-Band-Width Servo Parameters 
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the loop gain at a frequency of 1/9 cycle 
per second is 1,000. 

Although tachimetric and other rotat- 
ing electric equipment, inconjunction with 
simple configurations of static elements 
(coils, capacitors, and resistors, with or 
without amplifiers), at present commonly 
are employed in solving this synthesis 
problem either exactly or approximately, 
more elegant and often more economical 
solutions are available by synthesizing the 
residual transfer function into static net- 
works entirely. This newer technique is 
largely mathematical and uses the funda- 
mental tools of the networks synthesis 
specialist. 

Reference to Table II gives the roots of 
the system-determinantal equation, 1 + 
A=0, which roots, when multiplied 
through by the factor 6.98, yield the 
physical zeros of the system for calculat- 
ing transient response for any given 
initial conditions and input. 

The last columns in Table IT show that 
this servomechanism, if exactly syn- 
thesized, possesses a build-up time of 
0.035 second and 28.7 per cent overshoot 
in response to a step-function starting 
from ‘“‘rest” conditions. In some appli- 
cations this is a sufficiently rapid transient 
response; in others, a more rapid build- 
up time may be necessary. However, the 
1/w* behavior for frequencies close to 
zero frequency is a condition only approxi- 
mately obtained by most servomecha- 
nisms. The behavior of the physically 
realizab’e servomechanism for frequencies 
close to z2ro will generally be of the order 
of 1/w. 

The data contained in Tables I and II 
will be of qualitative value even in those 
cases where the behavior in the loop-gain 
function at frequencies close to zero is dif- 
ferent ‘from 1/w? or 1/w*, provided that 
at some very low frequency, and above, 
the loop-gain function behavior assumes 
the nature of the class function treated 
herein. In those cases for which the 
foregoing conditions are satisfied, the 
Nyquist diagram-will differ from those 
shown in Figures 3, 5, 7, and 9 for only 
very low frequencies, the essential con- 
ditions for stability in each case remaining 
unchanged. 


Conclusion 


In addition to the design usefulness of 
the particular data tabulated herein, it is 
hoped that the underlying viewpoint and 
method proposed and employed in this 
paper also may serve to stimulate further 
investigation along these lines, if only for 
the pragmatic reasons listed in the be- 
ginning. The specific class of general- 
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ized loop-transfer function dealt with is 
obviously only one in the sequence of in- 
creasingly complex loop-transfer func- 
tions possible of practical consideration, 
starting from the simplest. Others may 
see fit to complement the foregoing results 
by the presentation of similar data regard- 
ing the other classes of loop-gain functions 
of practical use in servomechanisms. 
The engineering criterion of linear 
servomechanism stability enunciated 
under ‘‘System Stability Considerations”’ 
is applicable to these other classes of 


INTERIOR 


INTERIOR 


loop-gain functions as well as to those 
treated herein having a second or third 
order pole at the origin (w=0). 

The data tabulated in the tables for the 
four generalized cases make available a 
wide range of high-performance servo- 
mechanism characteristics. They make 
it possible to choose in advance that par- 
ticular loop-gain function which meets 
the particular system design require- 
ments, for example, conditional or ab- 
solute stability, degree of stability, 
steady-state accuracy, transient accuracy, 
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transient overshoot, actual physical band 
width, location of M,,,,, amplitude, and 
phase margins. The chosen loop-gain 
function is then synthesized physically 
into the servomechanism, as outlined 
previously herein. 

The interdependency of steady-state 
and transient accuracy and stability is 
believed evident by examination of the 
results in the tables for the class of mini- 
mum-band-width servomechanism stud- 
ied. For a given degree of steady-state 
accuracy, as characterized by the gain 
level K as the degree of stability is in- 
creased (decreasing M,,,,) the required 
band width of the servomechanism 
rapidly increases. For a given degree of 
stability, as characterized by the value of 
M as the degree of steady-state ac- 
curacy is increased the required band 
width also increases. Fora given degree 
of stability, the steady-state accuracy in- 
creases directly as the gain level K; the 
transient accuracy (measured as the 
reciprocal of the build-up time of response 
to a step function) increases directly as 
the 7’th root of the gain level K. Fora 
fixed gain level K the steady-state ac- 
curacy remains fixed and the transient 
accuracy increases, but not linearly, as 
the degree of stability increases. As the 
normalized and the actual physical band 
width increase, the build-up time de- 
creases and the transient accuracy in- 
creases. 


max 


The results in Table II demonstrate 
that the percentage overshoot in the 
transient response to a step function is 
practically the same for all four cases 
considered, for a specified degree of sta- 
bility or M,,,. value. The percentage 
overshoot is approximately the same, 
whether there is a second or a third order 
pole at the origin (w=0), and correlates 
directly with the steady-state M,,,x 
value. For example, all four cases have 
approximately 30 per cent transient over- 
shoot for M,,,,= 1.3. 


The results in Table II also demon- 
strate that the normalized build-up time 
time is determined largely by the be- 
havior of the loop-gain function at #=0. 
For example, both odd (I and IIT) cases 
have approximately the same normalized 
build-up time for a particular value of 
Max; both even (II and IV) cases have 
approximately the same normalized build- 
up time for a particular value of M,,,.. 
The ratio in the normalized build-up 
times between the odd and even cases, for 
a particular value of M,,,., varies from 
roughly 1 to 2 for M,,,,=1.5, to roughly 
1 to 3for M,..=1.01. The ratio in the 
actual build-up times in seconds between 
the odd and even cases, for a particular 
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value of M,,,,, is this ratio in the nor- 
malized build-up times multiplied by the 
sixth root of A,, the absolute value of the 
loop-gain at the steady-state accuracy- 
requirement frequency, w,. Hence, for 
most high-performance (100 <A, $1,000) 
servomechanisms of the type described 
herein, the physical build-up time in sec- 
onds is of the same order for all four cases, 
for a particular value of ,,,,, and, like 
the percentage overshoot, correlates di- 
rectly with the steady-state M,,,, value. 


It is possible clearly to draw the forego- 
ng powerful conclusions from the cases 
analyzed by having initially imposed the 
minimum band-width condition. Non- 
minimum band-width servomechanisms, 
in certain instances, possibly may be 
found to possess characteristics not avail- 
able with minimum-band-width servo- 
mechanisms. Here, however, the con- 
nection between steady-state and tran- 
sient accuracy and stability does not ap- 
pear to be quite so clear nor so definite as 
the foregoing treatment makes possible 
for generalized minimum band-width 
servomechanisms. Further, until all the 
properties of generalized minimum band- 
width servomechanisms, characterized by 
increasingly complex loop-gain functions, 
have been elicited and made available to 
the profession, by methods similar to 
those employed herein, it appears that 
the use of a nonminimum-band-width 
servomechansim will continue, in each 
case, to be a matter requiring individual 
treatment. It may well be that our in- 
creased understanding of minimum-band 
width servomechanisms subsequently will 
make the analysis and synthesis problems 
of nonminimum-band-width servomecha- 
nisms more tractable. 
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A. Case I—Theoretical Summary 
(Approximate Solution) 
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where 0<v,<0.172 and z; is a derived func- 
tion corresponding thereto. 


Ne 
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ty=Vy; 


where y; is the single positive real root of 


Xm 
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D. Case 1V—Theoretical Summary 
(Exact Solution) 
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Amplitude Margin and Corresponding System Response 
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Subscript 7 denotes cross-over in left-half A plane. 


Subscript 0 denotes cross-over in right-half A plane. 


All An ratios refer to Nyquist point, —1 + 70. 


Subscript L denotes larger value of ANz for M>1. 
Subscript S denotes smaller value of Anm for M > 1. 


Ao not existent with A function class treated herein. (Ao referred to unit circle.) 
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where 2; is the single positive real root of 
64g 262224 (1++2b2—4ab)z—2=0 
xe=V 9 

where y; is the single positive real root of 
b*y4t 2623+ y?—a2y—1=0 


x 0 


For conditional stability 


2a 
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o< 


Amplitude margin and corresponding sys- 
tem response are given in Table III. 
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Selective Tripping of Low-Voltage Air 


Circuit Breakers 
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Synopsis: Selective or sequential tripping 
in low-voltage air circuit breaker application 
provides for removal from the system of a 
faulted part only, leaving the rest of the sys- 
tem in operation. Present standard circuit 
breakers generally are not suitable. Solu- 
tion of the problem is through direct-acting 
series tripping means with distinct current— 
time characteristics in ranges of overcurrent 
and fault current, with minimum time to 
complete interruption the objective. This 
subjects the circuit breaker to the very 
severe duty of having to carry short-circuit 
currents for appreciable times, whereas 
standard circuit breakers have been designed 
toopeninstantaneously. Modified standard 
circuit breakers may be applied to selective 
tripping, with limitations of application 
based upon (1) rated interrupting capacity 
and (2) series trip coilrating. As tests show 
that modified standard circuit breakers will 
carry short-circuit current for necessary 
times, they also may be applied with relay 
schemes requiring delayed tripping. In 
systems using cascade or backup arrange- 
ments of circuit breakers, little is gained by 
selective tripping. It is recommended that 
for a particular installation choice be made 
between selective tripping and cascade ar- 
rangement, according to relative importance 
of advantages of each. 


NERGY flows at utilization voltage 

through two or more circuit breakers 
in series, in the usual low voltage dis- 
tribution system. In such a system with 
sequential or selective tripping, circuit 
breakers are set to trip in predetermined 
sequence, so that the one closest to the 
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fault of those directly involved is the only 
one opened. The remainder of the sys- 
tem is left in operation. Complete se- 
quential or selective tripping on a system 
requires that the predetermined sequence 
be effective not only throughout the range 
of overcurrent but also through the range 
of fault current to interrupting rating of 
the circuit breaker. : 

Necessary sequence is by timing, sepa- 
rately, in overcurrent and in fault-current 
ranges, Circuit breakers having tripping 
characteristics required for sequential or 
selective tripping in the range of over- 
current alone are common. Sequential 
or selective operation in the ranges of 
both overcurrent and fault current is new. 
Suitable current-time tripping devices 
are required, and it is necessary to study 
behavior of circuit breakers carrying cur- 
rent of interrupting rating for an appre- 
ciable time. 


Selective Tripping 
Device Requirements 


Present standard low voltage air circuit 
breakers have dual overcurrent tripping 
means. Inverse time characteristic is 
effective for current between 1 and 12 
times overcurrent setting, and, at 12 
times, tripping isinstantaneous. That is, 
inverse time overcurrent is provided, but 
at 12 times the setting, the circuit breaker 
is tripped instantaneously. Such trip- 
ping characteristics are proper because 
overloads for permissible times are 
allowed, and protection of feeder circuits 
is excellent. Two or more such circuit 
breakers in series may be set to trip se- 
lectively on overcurrent. But, if the 
current is equal to or greater than the 
instantaneous trip value, all circuit 
breakers may trip. Severe short circuit 
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may shut down large sections of the sys- 
tem or perhaps the whole system. Cur- 
rent at or above the instantaneous trip 
calibration trips all circuit breakers 
through which it flows. 

Direct-acting series overcurrent trip- 
ping devices are used on low voltage air 
circuit breakers, except for the higher a-c 
ratings. In fact, there also, tripping is 
substantially the same, the distinction 
being that in large a-c circuit breakers, the 
tripping means is fed through a current 
transformer. Direct-acting series devices 
are possible because the circuit voltage is 


low. They are desirable because of sim- 


plicity, ruggedness, low cost, small space, 
easy maintenance, high operating speed. 

The tripping device for selective trip- 
ping is a direct-acting series device for the 
same reasons. A series coil excites an 
electromagnet, the armature of which 
moves at a calibrated current but is re- 
strained by two timing devices mechani- 
cally in parallel. At and above a pre- 
determined critical value of current, one 
restraining means is ineffective. The 
net result is a device which provides long 
time delay for current between 1 and 12 
times the current at which it is set, and 
very short time delay for current in the 
range from 12 times normal to interrupt- 
ing rating. The circuit is protected the 
same as with present standard circuit 
breakers, and in addition, system opera- 
tion is improved. © 


OVERCURRENT 
OVERCURRENT COIL 


SHORT TIME © 
PICK-UP SPRING 


LONG TIME 
OELAY 
CALIBRATION 


LONG TIME DELAY SPRING 
DISC 


SHORT 
TIME DELAY 
TIMER 


Scheme of operation of tripping 
device 


Figure 1. 
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In the range of fault current, time that 
current is allowed to flow must be just 
long enough to give opportunity for trip- 
ping the circuit breaker next in sequence 
in direction of energy flow. This time 
must be very short to prevent damage to 
conductors or apparatus and to minimize 
stress. It is measured in cycles, so the 
apparatus is called the ‘‘cycle timer.” 


, 


Selective Tripping Device 


A tripping device for selective tripping 
is shown schematically in Figure 1. Im- 
plied in the figure is the fact that the long- 
time timer is a dash pot or adhesive disk 
device. Design is not limited to these 
forms; for instance, the thermal-magnetic 
principle can be applied. So far, a suc- 
cessful purely mechanical timer has not 
been found for this application. 

The armature of the series-excited 
electromagnet starts to move at the cali- 
brated current and drives both timers in 
parallel when the current is between 100 
and 1,200 per cent of setting. The drive 
of the long-time timer is through a preset 
calibrated spring; the drive of the cycle- 
timer is direct. The spring is preset and 
calibrated so that for current above 1,200 
per cent it deflects. The long-time timer 
thus is eliminated as a restraint at a defi- 
nite current; at higher current, the arma- 
ture is restrained by the cycle timer only. 

Accurate measurement of time for these 
very short intervals is obtained by a me- 
chanical escapement. Precision is re- 
alized by accuracy of manufacture based 
upon design which uses maximum prac- 
tical motion of escapement, and the device 
is enclosed completely to prevent foreign 
material from interfering with its perform- 
ance. It is adjustable in the field over 
a range of approximately 5 to 20 cycles. 
A differential setting between circuit 
breakers of five cycles is sufficient for 
selective tripping. 

The armature of the tripping device 
actuates the cycle timer directly. While 
so performing, the armature moves to- 
ward the tripping position and in doing 
so, the air gap in the tripping electro- 
magnet is reduced. At the reduced air 
gap, the current that will hold the arma- 
ture in the new position, or cause it to 
continue toward tripping, is lower than 
that which produces similar effects in the 
first position. It is important that the 
tripping device return to its normal or 
starting position. when the current 
through it is reduced to normal, as a result 
of the opening of a circuit breaker nearer 
the load. Therefore, it is necessary in 
driving the timer for the maximum re- 
quired interval, that the motion of the 
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armature be small. It is necessary that 
at the end of this action the air gap be 
great enough, so that the armature will 
not be held in its new position or carried 
toward tripping by the new, lower current 
that flows when a circuit breaker nearer 
to the load opens. The motion of the 
armature should be limited to the practi- 
cal minimum for maximum interval meas- 
ured by the timer. 

At the same time, the cycle timer must 
be capable of being set for accurate per- 
formance. Timing is by inertia of an 
oscillating member, actuated by a toothed 
wheel. Intervals measured are multiples 
of the time corresponding to the action of 
one tooth. With a small number of 
teeth in the toothed wheel, settings will 
be relatively rough; successive settings 
will differ by amounts fixed by the action 
of one large tooth. For fineness of set- 
ting, many teeth should actuate the oscil- 
lating member during the interval meas- 
ured. The distance the’ driving arma- 
ture moves must be small for reasons 
given. These opposing requirements are 
satisfied through the use of a gear train 
between driving armature and toothed 
wheel, so that motion of the toothed 
wheel is a multiplication of the motion of 
the driving armature. At the end of the 
measured interval, the restraint of the 
cycle timer is removed automatically 
from the tripping armature. The arma- 
ture is then quite free to move, and trip- 
ping of the circuit breaker is positive. 

The cycle timer is supported in a sub- 
stantial housing and is completely en- 
closed. -The mechanism is protected 


_ against dirt and accidental rough hand- 


ling. The main driving shaft extends 
through a sealing bearing in the housing 
and is actuated by the armature through 
a lever and link outside. The housing 
serves also as the support for the cycle 
timer in the tripping device assembly. 
Adjustment of the cycle-timer is accom- 
plished by rotating the housing to re- 
quired position, and it is clamped there. 


Advantage of Separate Timing 
in the Two Current Ranges 


First attempts to solve the problem of 
selective tripping were based on extend- 
ing the long-time timer action beyond the 
12 times normal current limit. The in- 
stantaneous trip was set at 20 to 25 times. 
When the instantaneous trip is set at 
12 times, the performance is indicated in 
Figure 2, by the curve ABFC. When the 
instantaneous trip is set at 20 times, per- 
formance is shown by curve ABDGE. 
That performance is unacceptable. It is 
objectionable as to circuit protection, be- 
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TIME IN SECONDS 


1 
to) 400 800 1200 
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1600 2000 2400 


Figure 2. Comparison of performance—dual 
overcurrent versus selective tripping 


cause very high current is permitted for 
time measured in seconds. It is objec- 
tionable as to design in that great diffi- 
culty is experienced in arranging for re- 
petitive current-time performance with 
required precision. 

To prevent damage to apparatus in- 
volved from high current, it is necessary 
that the current be interrupted as speedily 
as possible. The basis of discrimination 
in selective tripping is comparative time 
of opening the several circuit breakers in- 
volved, so each such time must be the 
practical minimum, These times must 
be measured in cycles, rather than in sec- 
onds. The cycletimer, therefore, was 
introduced, and with it, the performance 
is as shown in Figure 2 by curve ABFGE. 
By the cycle timer, conditions represented 
in shaded area of Figure 2 were removed 
from device operation and added to safety 
of apparatus, so to speak. The cycle 
timer limits the time of flow of high cur- 
rents to a matter of cycles. Because the 
cycle timer, responsive directly to cur- 
rent, in turn acts directly upon the circuit 
breaker, a fast device in itself, the require- 
ment that it quickly interrupt fault cur- 
rent is satisfied. 


Inverse Time Versus Definite 
Time for Cycle Timer 


Fixing specifications for cycle timer 
performance included consideration, of 
whether it should have definite time- 
current or inverse time—current character- 
istics. Inverse time—current was chosen. 
Explanation will be upon the basis of a 
typical system of three stages of circuit 


breakers. Main circuit breaker / feeds a 


bus; from that bus several circuits are 
fed, each through a circuit breaker, 2, and 
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each circuit breaker 2 serves several cir- 
cuits, each protected by a circuit breaker, 
3. Loads include motors, and it is well 
known that motors contribute current to 
the fault, because they effectively be- 
come generators driven by their inertia. 
For a fault on the load side of circuit 
breaker 3, more such motor current flows 
through that circuit breaker 3 than 
through circuit breaker 2. This is so be- 
cause motor current through 3 is the total 
from all the motors on the system (except 
those on the particular faulted circuit, of 
course), whereas motor current through 
affected circuit breaker 2 is from some of 


the motors of the system, namely, those” 


on circuits fed from the bus which feeds 
circuit breaker 2. The component of 
fault current coming from the main power 
source is the same for each of the circuit 
breakers involved. Therefore, for a fault 
on the load side of a circuit breaker 3, the 
total current through that circuit breaker, 
3 is greater than the total current through 
its 2 circuit breaker, and that, in turn, is 
greater than the total current through /. 
Timers with definite time characteristics 
all will perform as though the same cur- 
rent flowed through all. Timers with 
inverse time characteristics will perform 
individually, according to magnitudes of 
respective currents, and with higher cur- 
rent, action is quicker. With inverse- 
time characteristics, therefore, the per- 
formance of the whole selective system is 
altered automatically in the desirable 
direction. The circuit breaker that 
should open is made to do so more 
quickly. In addition, because current 
through circuit breaker 3, is greater than 
that through 2, 3 automatically is speeded 
up relative to 2. In effect, the interval 
between scheduled openings of 3 and 2 
has been increased automatically, and 
happily by decreasing time for response 


timers, therefore, improve performance of 
selective tripping systems. The fault- 
current is interrupted more quickly, and 
the reliability of the system is improved. 
The adjustment of the system is made 
coarser by the automatic increase in 
intervals between scheduled openings of 
successive circuit breakers. 


Severe Conditions Imposed on 
Circuit Breaker 


Delayed opening at short-circuit cur- 
rent imposes very severe duty on the cir- 
cuit breaker. To produce smaller circuit 
breakers, of lower cost, tendency in design 
has been toward lighter parts and higher 
opening speeds. The designer has relied 
upon limiting the duration of short- 
circuit current in producing smaller cir- 
cuit breakers capable of interrupting enor- 
mous current. Duration of the fault with 
standard circuit breakers is as low as 1/2 
to 11/2 cycles for small circuit breakers to 
4 or 6 cycles for larger ones. Many 
standard low voltage circuit breakers have 
inherent instantaneous trips. ' There was 
some question, therefore, whether stand- 
ard circuit breakers could be modified to 
meet the severe requirements of selective 


tripping. 


Tests on Circuit Breakers Carrying 
Short-Circuit Current 


Tests were performed to determine 
whether standard circuit breakers could 
be modified so that they would carry full 
short-circuit current for the necessary 
times, without excessive damage to them- 
selves and without impairing rated inter- 
rupting capacity. A time of 30 cycles 
was chosen for tests. This is somewhat 
greater than the maximum timing re- 
quired and provided by the cycle timer. 


with standard procedure. A circuit was 
set up to give current not less than the 
standard interrupting rating for each cir- 
cuit breaker tested. This calibrated cir- 
cuit did not include the circuit breaker. 
The circuit breaker then was inserted. 
The tests included an O operation fol- 
lowed by a CO. The circuit breaker 
under test opened the circuit at the end of 
the 30 cycles. In all tests, contact weld- 
ing, action of contacts, action of circuit 
breaker as a whole, and interruption were 
considered matters of particular impor- 
tance. The circuit breaker in each case 
was mounted in a steel enclosure of stand- 
ard size and design for it. All tests were 
three phase. 

The results of the tests are summarized 
in Table I. A typical oscillogram is 
shown in Figure 4. Circuit breakers with 
higher ratings of series trip coils in each 
interrupting capacity rating performed 
quite satisfactorily in all respects, but it 
was established that there is a limitation 
based on the rating of the series trip coil. 


Application Limited by 
Trip Coil Rating 


Low voltage air circuit breakers are 
available in standard ratings (interrupt- 
ing capacity and continuous current) 
shown in Table IJ. Lower continuous 
current ratings involve series trip coils, 
which compared with those for higher con- 
tinuous ratings, are of greater number of 
turns of smaller cross section conductor. 
Smaller continuous current rating trip 
coils, therefore, have lower thermal ca- 
pacity and mechanical strength. The 
higher impedance of the lower rated coils 
does not reduce the current sufficiently to 
balance fully the lower thermal capacity 
and mechanical strength. Therefore, 
smaller continuous rating trip coils are 


by 3. Inverse-time characteristic cycle- The tests were carried on in accordance unable to stand the same current for 30 
Table |. Typical Data From Short-Time Rating Tests 
ae 28 Deen ee ES 
Current Through 
Circuit Breaker Description of Test Circuit Breaker 
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Figure 3A. Typical low voltage distribution 
system 
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Figure 3B. Family of curves for selective 
tripping in typical system 


cycles as those of higher rating. . Early 
in the tests, some of the smaller trip coils 
failed in less than 30 cycles. Further 
tests made on a variety of ratings showed 
that, in general, the series trip coil may 
be used safely for 30 cycles in a circuit 
where the current measured in the stand- 
ard way (circuit breaker short-circuited) 
is not greater than 100 times the con- 
tinuous rating of the coil. When a coil 
smaller than the minimum is required, it 
is necessary to derate the circuit breaker 
30-cycle rating to 100 times the continu- 
ous rating of the trip coil. Thus the 
minimum trip coil rating that can be used 
in a 15,000-ampere circuit is 150 amperes. 


Conclusions From Tests 


Modified standard circuit breakers will 
carry safely short-circuit current corre- 
sponding to their interrupting rating for 
30 cycles, except in the lower continuous 
current ratings. In those cases, the series 
trip coil is the limitation. In general, the 
30-cycle rating may be given as 100 times 
the continuous rating of the series trip 


974 


coil. In all cases, the circuit breaker 
interrupted the current satisfactorily. 


Performance of System With 
Selective Tripping 


Performance of circuit breakers with 
dual overcurrent and with selective trip- 
ping are compared in Figure 2. A typical 
low voltage distribution system is shown 
in Figure 3A, and the related family of 
circuit breaker performance curves for 
selective tripping are given in Figure 3B. 
In the usual system, the maximum time 
to be measured by the cycle timer is 20 
cycles. The last circuit breaker in selec- 
tive tripping succession, that is, the one 
nearest the load need not have a cycle 
timer. There is no circuit breaker be- 
yond it with which it can race in opening. 
Therefore, it has instantaneous trip in- 
stead of cycle timer, so that it is really 
dual overcurrent. Its time-current char- 
acteristics in the range of overcurrent 
must be in proper relation with those of 
predecessors in the succession. 

All circuit breakers used in the system 
illustrated have standard rated interrupt- 
ing capacity equal to at least 1.25 times 
estimated symmetrical short-circuit cur- 
rent. Additionally, even though that 
condition is satisfied, application must be 
examined further, because application is 
limited by 30-cycle current rating of the 
series trip coil. Suppose, for instance, 
circuit breaker 1 of Figures 3A and 3B is 
1,600-ampere continuous rating; circuit 
breaker 2 is 400 ampere, and 3 is 300 
ampere; all have standard (instantaneous 
trip) interrupting rating of 50,000.am- 
peres. Where there is small impedance 
between stages, as in assembled switch- 
gear, such a succession of circuit breakers 
would be applicable for a required (com- 
puted) interrupting capacity not greater 
than 30,000 amperes. The limit, 30,000 
amperes, is set because of limitations of 


series trip coil rating (800 amperes) and is | 


computed as 100 times that rating. 


Closing Against Fault Current 


Circuit breakers commonly remain 
closed, carrying current for long periods, 
so that usually a fault develops while they 
are closed, and they are required to open 
the fault from closed position. It is not 
impossible, however, that a fault is set up 
from some cause while a circuit breaker is 
open, so that the next time it is closed, it 
is closed against the fault. This opera- 
tion is severe on the circuit breaker under 
any circumstances, but especially so in a 
selective tripping system. A circuit 
breaker of today’s standard construction, 
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closed against a fault, will trip free and 
open instantaneously. It is not impera- 
tive that the closing operation be brought 
completely to the fully latched position. 
A circuit breaker applied in selective trip- 
ping is not tripped instantaneously; it is 
expected to carry the short-circuit current 
for its time interval. Should it be in- 
completely closed while that current flows 
through it, it probably will suffer great 
damage. In selective tripping, therefore, 
the circuit breaker must close, latch, and 
remain closed satisfactorily throughout 
its scheduled time. 

Tests showed that standard circuit 
breakers of 15,000- and 25,000-amperes 
rated interrupting capacity do close satis- 
factorily against short-circuit current 
with normal control voltage. Those of 
50,000-amperes interrupting rating and 
larger generally do not, and special over- 
size closing mechanisms are required. 
Circuit breakers for selective tripping 
generally require more powerful closing 
mechanisms than present standard circuit 
breakers. 


Relay Tripping 


For most applications, series tripping 
devices will be found quite adequate, and 
they have the advantage of lower cost and 
space economy over relays. There may 
be conditions where relay tripping is 
deemed preferable. The questionwhether 
it might be applied to-low voltage 
air circuit breakers has been much dis- 
cussed. Opposition is based on emphasis 
upon instantaneous tripping on fault cur- 
rent in present standard designs. Espe- 
cially where instantaneous trip is built 
into the circuit breaker, it is difficult, if 
not impossible, to arrange for proper 
functioning in delayed tripping systems 
under all conditions up to full rated short- 
circuit current. 

The modified circuit breakers discussed 
here as being applicable to selective trip- 
ping will close against short-circuit cur- 
rent, carry that current for 30 cycles, and 
interrupt the current. They, therefore, 
may be used with relay tripping, provided 
the 30-cycle period i not exceeded. Be- 
cause there is no series trip coil in these 
applications, that limitation does not 
exist. 

Total time is the sum of relay time, 
shunt trip time, and time for circuit 
breaker to open fully. It is this total 
time for the circuit breaker the opening of 
which is delayed longest which must not 
exceed the 30 cycles. A shunt trip takes 
some time to operate, and its operation 
is part of the circuit breaker opening proc- 
ess. Therefore, it is to be included as 
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part of the scheduled interval between 
successive circuit breakers. Direct-act- 
ing selective tripping devices are designed 
so that they will reset if the fault is re- 
moved (for instance, by opening of a cir- 
cuit breaker nearer the fault) before the 
expiration of the time they are set to 
measure. It can not be arranged to re- 
call a shunt trip, once it has started, ex- 
cept by opening its coil circuit very soon 
after it is closed. So it is possible the 
chances for false tripping may be greater 
with relay tripping than with direct- 
acting series selective tripping, unless 
individual scheduled times are set prop- 
erly. 


Cascaded Circuit Breakers 


To reduce the first cost of switching and 
protective equipment, the backup or cas- 
cade arrangement of low voltage air cir- 
cuit breakers sometimes is used. In this 
arrangement, the circuit breaker nearest 
the source of power has fully the inter- 
rupting capacity for the circuit, but the 
circuit breakers in the next two stages are 
applied at twice and three times their 
rated interrupting capacities, respec- 
tively. To protect the circuit breakers 
thus used beyond their rating, the circuit 
. breakers in the series are tripped instan- 
taneously as the short-circuit current ap- 
proaches interrupting rating of the over- 
loaded members. Short-circuit current 
of such magnitude, therefore, causes two 
circuit breakers to open, or all three, if 
the fault is severe. The smaller circuit 
breakers are backed up by those of higher 
interrupting ratings, and their very life 
depends upon the backup circuit breakers 
opening simultaneously with them. Ob- 
viously, too, in order to be effective, the 
backup circuit breaker must be tripped 
instantaneously, and all circuit breakers 
involved must open in proper co-ordina- 
tion. Should the backup circuit breaker 
be retarded in opening, as by selective 
tripping devices, the small circuit breakers 
of the system then are called upon to try 
to interrupt current in excess of their 

atings, and they may be damaged badly. 
As many circuit breakers must open, the 
feeds to.many loads are interrupted. 

Full advantages of selective tripping, 


Table Il. Ratings of Standard Circuit Breakers 


Rated Rated Ratio Interrupting 
Interrupting Continuous Rating Continuous 
Capacity Current Current Rating 
15,0000... “eoto 2252. .4; 600 to 66.7 
25 O00 ee) a G0: to: 7 C00. st. 4. 500 to 41.6 
50,000. 200 to 1,600..... 250 to31.2 
75,000....2,000 to 3,000..... 37.5 to 25.0 
100,000....4,000 to 6,000..... 25 to 16.6 
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Figure 4. Typical oscillogram of tests 


Test on 2,000-ampere circuit breaker 


Current in Amperes, Rms 
Phase BPhase CC Phase Average 


Innushyen. «ae tiet. 102,000...69,700..108,500..93,400 
At one half cycle. 91,000...60,300.. 87,500..79,600 


therefore, can not be realized in the cas- 
cade arrangement. Combination of over- 
current trip, providing long-time over- 
load, with short-time delay fault current 
trip plus instantaneous trip, has been ap- 
plied in a few cases of cascaded circuit 
breakers. The instantaneous trip was 
set at 80 per cent of the rated interrupting 
capacity of the next smaller circuit 
breaker in series. Above this current, 
selective tripping is impossible. Little 
is gained, therefore, toward continuity of 
service by the added complication of selec- 
tive tripping with circuit breakers in 
cascade. 

Figure 5 shows the performances of 
three stages (the maximum allowable) of 
circuit breakers in cascade, and the same 
circuit breakers with selective tripping. 
The curve AB is the same for both; it 
shows performance of the circuit breaker 
nearest the load. Performance of the 
circuit breaker next nearer the power 
source is shown (1) for cascade arrange- 
ment by curve CD and (2) for selective 
tripping by CD’. Performance of the 
circuit breaker nearest the power source 


i; shown (1) for cascade arrangement by — 


curve EF and (2) for selective tripping by 
curve EF’. Inacomparison of perform- 
ance in the two cases, the advantage of 
selective tripping over cascade arrange- 
ment is represented by the shaded area. 

Instantaneous trips are necessary on 
the backup circuit breakers in cascade, 
and because of it selective tripping on high 
fault currents can not be had. It would 
be good judgment in general, therefore, to 
confine selective tripping to noncascaded 
circuit breakers. Where the benefits of 
selective tripping are wanted, all the cir- 
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INTERRUPTING TIME IN CYCLES 


TIME IN SECONDS 


FAULT GURRENT— THOUSANDS OF AMPERES 


Figure 5. Comparison of performance—cas- 
cade arrangement versus selective tripping 


cuit breakers must be of full interrupting 
rating; none should be applied beyond its 
interrupting rating. 


Conclusions 


Selective or sequential tripping of low 
voltage air circuit breakers is desirable. 
With it, only a faulted part of a system is 
removed, and the rest of the system con- 
tinues in operation. 

Selective tripping is accomplished 
through a special direct-acting series 
tripping device on the circuit breaker, 
which provides long-time delay on over- 
current and very short-time delay on 
fault-current. The several circuit 
breakers in series are set so that they will 
respond to overcurrent and to fault cur- 
rent in proper sequence. 

Delaying the opening o° a low voltage 
air circuit breaker while it is carrying 
fault current is somewhat revolutionary. 
Design has been upon the basis of quick- 


-est possible opening of fault current. 
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The criterion for application of circuit 
breakers in selective tripping is the 30- 
cycle rating. Tests show that standard 
low voltage circuit breakers may be 
modified to make them applicable in 
selective tripping without derating, ex- 
cept where derating is necessary because 
of series trip coil limitation. That is, 
modified standard low voltage air circuit 
breakers may be applied in selective trip- 
ping according to the same procedure 
currently used with standard circuit 
breakers, except that application is lim- 
ited to a fault current of 100 times the 


rating of the series trip coil. That cur- 
rent is estimated in the standard way; it 
is the current that would flow in the cir- 
cuit with the circuit breaker short-cir- 
cuited. 

With circuit breakers available that 
will carry fault current for an appreciable 
time, and interrupt it, it is in order to use 
them with relay tripping. 

Cascaded circuit breakers with selec- 
tive tripping gain little. The advantages 
of each system should be weighed for a 
particular application, and one or the 
other should be chosen, according to the 


immediate importance of respective ad- 
vantages. 
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Discussion 


Robert W. Smith (General Electric Com- 
pany, Philadelphia, Pa.): In most discus- 
sions of selective tripping of air circuit 
breakers, the emphasis has been on the 
necessity for more accurate timing of the 
overcurrent tripping devices. Deans points 
out another factor which is equally impor- 
tant, but which has not been emphasized 
so much in previous discussions. This 
factor is the requirement that air circuit 
breakers must be capable of being closed 
and latched on high short circuit currents, 
of remaining closed and carrying this high 
current for a specific time interval, and 
of then opening and interrupting the 
current. Present breakers were not designed 
with such severe duty in mind, although 
Deans has indicated it was possible to 
modify some of the present designs to get 
satisfactory performance on such duty. 
It may be that satisfactory performance 
was obtained, but the data presented in 
Table I and Figure 4 of the paper are in- 
adequate to prove such performance. For 
example, Table I indicates that the test 
illustrated by Figure 4 had a duration of 
24 cycles, yet Figure 4 shows only 15 cycles 
of this test and further, it does not show the 
interruption of the circuit at the end of the 
test. Also the contact welding indicated on 
test 3 and the magnitude of the currents at 
the end of the current-carrying period should 
be more thoroughly discussed. In any event 
I agree with Deans as to the importance of 
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a high close-and-latch rating and a high 30 
cycle rating. Certainly in any new circuit 
breaker designs, such ratings should be just 
as much a requirement as the providing of 
accurate short-time tripping devices. 


H. L. Rawlins (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): Deans has 
outlined the reasons for selective tripping of 
breakers and has excellently described some 
of the factors involved in the selective opera- 
tion of low voltage breakers. 

We have also been working on this prob- 
lem and agree with most of Deans’ conclu- 
sions. As might be expected, we disagree 
with others. We agree that selective opera- 
tion of low voltage breakers is desirable. In 
fact, it should have been done long ago. We 
agree that the short time delay used to ob- 
tain selective operation should have an in- 
verse characteristic since advantage can be 
taken of the difference in breaker ratings to 
provide greater differences in time between 
steps of selectivity to increase the reliabil- 
ity of timing or to provide a shorter over-all 
time at the higher fault currents. Both of 
these are desirable. 

We also agree that low voltage breakers 
should have a short time (or 30-cycle) rating 
equal to the interrupting rating up to 50,000 
amperes. To close and latch in on currents 
of 50,000amperesandaboverequires stronger 
and more expensive closing mechanisms 
which are not required. An application 
study has indicated that short time ratings 
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above 50,000 amperes are not required 
provided that higher rated breakers have a 
short time rating of 50,000 amperes and can 
provide short time delay up to that curren 
with instantaneous tripping at higher cur- 
rents. . 
We differ somewhat from the author in 
that we feel a cascaded system can be im- 
proved through the use of selective tripping. 
Although a cascaded system is definitely in- 
ferior to a full capacity system, we cam see 
no reason for not taking advantage of se- 
lectivity on such a system. The very fact 
that a cascaded system works at all indi- 
cates that selectivity would be beneficial. 
Since both the liquid film delay and the 
mechanical delay have definite limitations, 
we feel that their combination will be unsat- 
isfactory. We have supplied this combina- 
tion but are discarding it-in favor of sealed 
units having positive fluid displacement. 


William Deans: A great many tests were 
made in investigating this subject. The 
data presented are intended merely to be 
typical—to be illustrative of the nature. of 
the investigation. Conclusions drawn in 
the paper dre based upon the complete data. 

There is no doubt that selective tripping 
may be applied with circuit breakers in cas- 
cade, and to some advantage. It is clear, 
though, that full advantage of selective 
tripping may be had only when all circuit 
breakers have full interrupting capacity re- 
quired. 
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Silicone Insulation as Applied to 


Naval Electric Power Equipment 


H. P. WALKER 


NONMEMBER AIEE 


Synopsis: The general problem of ship- 
board electric equipment is reviewed in 
relation to the use of silicone insulation as a 
possible means of providing smaller lighter 
weight equipment. Silicone compounds are 
discussed giving physical and chemical prop- 
erties which are of interest to the Navy. 
Laminated and molded insulation is dis- 
cussed giving the development problems in- 
volved as well as showing present test data. 


HE Bureau of Ships, United States 
Navy Department, is very much 
interested in obtaining light weight, 
small size, and more reliable electric 
equipment for shipboard use. 

Until the coming of silicones, a new 
class of high polymeric materials,' the 
maximum operating temperature of elec- 
tric equipment was 125 degrees centi- 
grade. This temperature is the total 
winding or coil temperature measured by 
the rise in resistance method and all coil 
temperatures mentioned hereafter will be 
those measured by the rise in resistance 
method. The 125-degree-centigrade 
value is the maximum operating tempera- 
ture for class B insulated equipment, 
where the insulation consists of inorganic 
materials such as woven glass cloth, tape 
’ and cordage, mica, and asbestos bound to- 
gether by an organic varnish. The in- 
organic materials will withstand higher 
operating temperatures, but tempera- 
tures over 125 degrees centigrade will 
soon damage the organic varnish. Once 
the varnish or binder is damaged, the 
‘electric equipment soon fails electrically 
since the ever-present vibration, abrasion, 
and moisture cause loss of dielectric 
strength of the insulation, and short cir- 
cuits and burn-outs occur. 

In many types of electric equipment, 
such as motors, generators, and. trans- 
formers, the 125-degree-centigrade tem- 
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perature limits any further reduction in 
size or weight of the equipment. The 
bottleneck is the heat endurance of the 
insulating varnish. 

When preliminary laboratory tests indi- 
cated that the silicone insulating var- 
nishes had more heat endurance than 
organic insulating varnishes, the Bureau 
of Ships became extremely interested. 

The assistance of a group of manu- 
facturers was requested by the bureau to 
set up a test program. This group con- 
sisted of representatives of three motor 
manufacturers (Westinghouse Electric 
Corporation, General Electric Company, 
Reliance Electric and Engineering Com- 
pany); two silicone manufacturers (Gen- 
eral Electric Company, and Dow Corning 
Corporation); and the Bureau of Ships. 
A testing prograni was formulated, con- 
sisting of four parts 


1. Laboratory tests on basic materials. 


2. Simulated 
motors. 


service tests on special 


3. Simulated service tests on electric 
equipment designed “from-the-iron-up” to 
take full advantage of the heat endurance 
of silicone products. 


4. Installation of silicone designed equip- 
ment for actual shipboard operation. 


Silicone electrical insulating varnishes 
are one form of the many types of silicone 
products. Other types of interest in the 
electric equipment field consist of 


1. Silicone resins for building laminated’ 


and molded thermosetting materials. 


Paper 47-132, recommended by the AIEE comunit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
March 31, 1947; made available for printing April 
21, 1947. 


H. P. WALKER is an electrical engineer in the elec- 
trical department of the Bureau of Ships, United 
States Navy Department, Washington, D. cc 
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2. Silicone resins for high temperature 
paints. 


3. Silicone lubricants for bearings. 


4. Silicone rubber for gaskets. 
Silicone Varnish 


The Westinghouse Electric Corporation 
and Dow Corning Corporation have done 
a large share of the work on thermal test- 
ing of silicone varnishes.2: * This thermal 
testing is being done on three silicone var- 
nishes 
DC-990A 
DC-993 
DC-996 


At the present time laboratory tests on 
bas c materials and simulated service tests 
on special motors are being conducted. 
The laboratory tests consist of flexibility 
tests after heat aging, cold checking, di- 
electric strength (both dry and wet), in- 
sulation resistance, abrasion, and so forth. 

Flexibility tests made on varnish films 
baked on aluminum panels indicate that 
the life obtained at 225 degrees centi- 
grade is 1,750 hours; that is, before the 
film cracks when bent over a 1/8-inch 
mandrel. When compared to similar 
tests on organic varnishes, this gives sili- 
cone varnishes a margin of about 100 
degrees centigrade 

The next phase of the test program was 
to use silicone varnish on an actual motor. 
Westinghouse built a standard commer- 
cial motor using glass covered wire, glass 
and mica tape, and DC-990A silicone var- 
nish. This motor was operated for 3,800 
hours at 240 degrees centigrade when 
bearing failure occurred. The insulation 
was still in good condition, From this 
preliminary test, it was estimated that the 
ultimate life of the insulation would be 
about 5,000 hours at 240 degrees centi- 
grade. This life was so extraordinary 
that an extensive program was under- 
taken by Dow Corning and Westinghouse 
under the sponsorship of the Bureau of 
Ships. 

Westinghouse built a number of special 
motors for test purposes. These motors 
were 10-horsepower 440-volt 3-phase 60- 
cycle sizes. The windings consisted of 
glass covered wire, glass and mica tape, 
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and DC-993 impregnating varnish. The 
DC-993 was an improvement over DC- 
990A. Because bearing failure had oc- 
curred on the previous motor, special pre- 
cautions were taken to keep the bearing 
temperatures below 100 degrees centi- 
grade, even though the motor winding 
temperature was well over 300 degrees 
centigrade. Using the special motor de- 
sign, the heat stability of the insulation 
could be tested without running into 
bearing trouble. 


A test procedure was set up so as to 
approximate actual shipboard’ operation. 
It was agreed to run the motors at high 
temperatures followed by humidification. 
In such a cycle the heat run produces 
actual aging or deterioration of the insu- 
lation while the humidification serves as 
an indicator of weakness that may be de- 
veloped from the heat. Since frequent 
testing of the insulation was desirable, it 
was decided that 25 of these heating- 
humidification cycles would be attempted 
during the estimated life of the insulation. 
At that time no definite data were avail- 
able for estimating life of a silicone insu- 
lated motor. However, from the results 
of the flexibility tests, it was felt that a 
life rule of 8- to 12-degree-centigrade rise 
would halve the life. A curve was estab- 
lished based on the tests on the first mo- 
tor tested (5,000 hours at 240 degrees 
centigrade) which, when extrapolated 
back to a proposed operating tempera- 
ture of, say, 175 degrees centigrade, would 
give a life of about 50 years. 


Motors were run at temperatures of 
200, 240, 280, 300, and 310 degrees centi- 
grade to check these life line values and 
establish more complete data. Cycling 
tests were made and only actual running 
time of the motor. was considered. The 
latest data available on this test were 
reported as of August 1, 1946, and are 
shown in Table I. It is interesting to 
note that this test started several years 
ago and is still in progress. As can be 
seen from Table I, the DC-993 motor that 
failed at 310 degrees centigrade would 
give satisfactory performance for 400 
years at a winding temperature of 190 
degrees centigrade (hot spot temperature 
205 degrees centigrade), or about 800 
years at 180 degrees centigrade (hot spot 
temperature 195 degrees centigrade). 
From all data available to date, it is con- 
sidered that a total hot spot temperature 
of 200 degrees centigrade maximum may 
be a satisfactory tentative limit for Navy 
rotating equipment utilizing this type of 
silicone resin, provided the bearing prob- 
lem can be solved. Other engineers* have 
recommended that the limiting hot spot 
temperature for silicone insulation be set 
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Table |. Silicone-Insulated-Motor Tests 
, 
= a #8; w 
& & 3 od 
3 hed Ki a S 3 
Se oe ewe ee 3 
> eZ Oo He 4 


DC-993..310..46..5,131. .3,395..Failed on 47th 
cycle 


DC-993. .300. .44..5,402..2,040. .Still running 


DC-993. .280..35..6,600.. 773. .Still running 

DC-993..240.. 1.. 189.. 2. .Recently 
started 

DE-993.. 240.5 22, 220. 2..Recently 
started 

Class B..275..35..1,280.. 111..Original 

and class A 

DC-996 

Class Bienes. oll OoOa. 92..Failed on 33d 
cycle 

Class B. .200. .40..3,760.. 4..Failed on 40th 
cycle 


* Extrapolated on basis of 10-degree rise in operat- 
ing temperature reducing life by 1/2. 


at 175 degrees centigrade. This tem- 
perature limit appears conservative. In 
line with obtaining more data on the 
thermal aging of the newer silicone resin 
DC-996, the Bureau of Ships has con- 
tracted with Dow Corning to run tests on 
a group of Navy-type motors presently 
being rewound with DC-996 at the Phila- 
delphia Naval Shipyard, Philadelphia, 
Pa. These tests will be made using the 
same procedures as listed here for the DC- 
993 motors. 

Tests on a d-c subway traction motor 
insulated with DC-990A‘* were discon- 
tinued after operating 1,675 hours at 285 
degrees centigrade (hot spot temperature 
300 degrees centigrade) without failure, 
and the motor was replaced with another 
traction motor wound with DC-993 sili- 
cone varnish. Tests are now starting on 
this motor. 

Another set of tests,® made on a group 
of motor controller contactor coils of the 
solenoid type, revealed that when the coils 
were operated at 275-degree-centigrade 
temperatures, the resistance of the coils 
increased from about 1.5 per cent at 
7,000 hours to 8 per cent at 12,000 hours. 
This indicated that at temperatures 
around 275-300 degrees centigrade the 
copper wire oxidizes, and the diameter of 
the wire is reduced, so that the resistance 
of the wire is increased. This oxidizing 
of the copper wire can be discouraged by 
plating the wire with cadmium. 

The Kuhlman Electric Company, under 
contract to the bureau, has designed, con- 
structed, and tested silicone-insulated 
single-phase 440/117 dry-type power dis- 
tribution transformers. The  trans- 
formers are 3 kva and 25 kva rated at 
150-degree-centigrade temperature rise, 
and are lighter and more compact than 
any transformers of equivalent output 
previously used by the bureau. The coils 
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are insulated with glass-served silicone- 
bonded wire (DC-993) and impregnated 
with silicone varnish. Silicone varnished 
glass cloth is used as layer insulation. 
Silicone glass laminated insulation is used 
for coil bracing. Because of the high 
operating temperature, lead wire is insu- 
lated with silicone rubber. The enclosing 
case is painted with silicone paint. 

The weight and size information on 
these transformers is shown in Table II. 

The electrical characteristics of these 
transformers indicate that the regulation 
at 100-per-cent power factor for the 3- 
kva unit is 2.93 per cent, and for the 25- 
kva unit, 2.19 per cent. At 80-per-cent 
power factor, the regulation for the 3-kva 
unit was 3.68 per cent and for the 25-kva 
unit, 2.10 per cent. 

The temperature rise data indicated 
that temperatures of 106 degrees centi- 
grade and 110 degrees centigrade were 
obtained in the voltage coils. In order to 
fully utilize the 150-degree-centigrade 
temperature limit, further studies are 
being made to determine how the regu- 
lation values and losses can be adjusted 
without affecting the over-all performance 
of the electric power system. 


Laminated Insulation 


One of the most diversified insulation 
products is probably laminated sheets, 
rods, tubes, and special shapes. This 
material is used in practically every elec- 
tric device and in sheet thicknesses from 
a few mils to several inches. From the 
early electrical installations using elec- 
trical slate for panels, the Navy has pro- 
gressed through ebony asbestos, paper 
and fabric reinforced phenolic insulation, 
and glass cloth base melamine material; 
and, at present, the Bureau of Ships is 
investigating glass cloth and silicone 
resin combinations. 

Working with General Electric Com- 
pany and Dow Corning Corporation as 
resin suppliers, and with Owens-Corning 
Fiberglas Corporation, Gustin-Bacon 
Manufacturing Company, and Glass 
Fibers, Inc., as glass products suppliers, 
the bureau is carrying out a large program 
of development work on laminates with 
such laminators as Formica Insulation 


Table Il. Weight and Size of Transformers 
Tested 
Navy Class B 
Specified Per Cent 
Limit Kuhlman Saying 
3kva weight,lb..... 70..... ree Oe 36 
volume, cuin.....1,020..... rit eee 24 
25kvaweight,lb.... 295..... ZUG», wate ye 27 
volume, cuin.....5,750..... 3: GOD). seseases 87. 
AIEE TRANSACTIONS 


Company, General Electric Company,*® 
National Vulcanized Fibre Company, 
Mica Insulator Company, Taylor Fibre 
Company, and Continental Diamond 
Fibre Company. The development 
covers detail investigations of the follow- 
ing nature: 


1. What sizing, if any, should be used on 
glass cloth. 


2. Continuous versus staple fiber glass 
filaments. 


3. Type of weave to give maximum proper- 
ties. 


4. Woven versus non-woven glass ma- 
terials. 


5. Thermosetting properties of silicone 
resin. 


6. Improvement of silicone resin for me- 
chanical strength. 


The desired properties of a fire and are 
resistant laminated material are shown in 
Table III, along with the best obtainable 
properties from a study of the various 
manufacturers’ test data. Preliminary 
applications of this material have been 
made in various types of Naval electric 
equipment with excellent results, espe- 
cially where heat resistance is of prime 
importance. 

As can be seen from this data, not all of 
the desired properties have been achieved 
as yet, nor have all the properties been 
available in a single combination of glass 
and resin. However, it is evident that 
the trend is toward the desired properties. 
The development work to date has indi- 
cated the following consideration in pro- 
ducing a satisfactory material: 


1. Starch and oil sizings on the glass cloth 
are deleterious and must be removed before 
any resin treatment is made. 


2. Heat cleaning has a tendency to weaken 
the glass. 


°3. Chemical cleaning reduces the tensile 
strength of the glass. 


4. Water soluble sizings are satisfactory. 


5. Silicone oils as sizings adversely affect 
the mechanical properties. 


6. Silicone “elastomers” are satisfactory as 
sizings. 
7. Silicone resin should have high solids 
content. 


8. After-baking treatment of renee 
should start at relatively low temperature 
to prevent blistering. 


As a matter of interest, an acid resist- 
ant silicone-glass laminate has been de- 
veloped which is ten times less soluble 
than hard rubber when tested in battery 
acid. It is contemplated using this ma- 
terial for walking flats in submarine bat- 
tery compartments if all the desired 
properties are achieved. Also, rods, 
tubes, and special shapes have been pro- 
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Table Il. 


Semmes 


Properties of Laminated Glass-Silicone Insulating Material 


Manu- 
5 Navy facturers’ 
Properties Desires Data 
Mechanical properties 
Mexural strength, condition A*, 1/2-in., psi 
Tlatwise, lengthwise....... Seapets mal seigateta tay siiotay el a aia age mleTark Soa e aa, acces 22000 Jak ee eee 18,000 
ROSS WISP EE sabi phere aa it see es ee cD 17,000 ... 20,000 
Edgewise, ROGET WASeL fe Na aie crs PAA REA, fot ev AAR hl eat aeh 22,000 .- 16,500 
Crosswise miei eleeVaesoel seston fofeel Aeyerahetcte <ocanigneuels sialstaietiayea oe eMac 17,000 . 16,700 
Tensile strength, condition A*, psi 
BP CR WISE o ASE teyecl.< a oRY HS 1a RGIS. OS ik ee ee 18,000 17,700 
erecepie ee ent SA we es ere MRR het VSO00 tan d5 oe 7.730 
Compressive strength, condition A*, psi ; 
IOLA ATO GR Gum acne Ontctye ats ic Boe et et Wek We a ae 30,000 .. 88,000 
sdgewise, lengthwise terns ui eee an OSs ak eee a OOOO ESAs ona ed 11,900 
Crosswise. . : ake. LO OQOr ges aeenr A) ee 10,200 
Izod impact strength, condition FA ft- tb per i in. Sof Gorell 
Matwiseplengthwisedy.r0. i. Cheswick: cus heehee eee 16) i aotastes ad 17.0 
Crosswise. . © Sa IGRHAS Wc Bie ohn oc) SERINE ER aS ge oC LG Sensei 11.6 
Edgewise, lengthwise CCl» See VSR) EoRT AE ae ea EA Tea Per ae ein i TY ode Bee ee or 7.0 
Gross wistieremercrmtete ss sore hoe edad tae Seem ioe oe cae cee 16" hens tee sucks 4.8 
Bonding ee condition A*, Ib 
Lengthwise. . L200 seas 860 
Crosswise. . : 3 Solty. COO AM aetets Roe 860 
Water absorption, eanditton: D* 24 bet at 2 5 5G, nan pont 1 /3i in. L thick.) Boer ODO eres tee 0.40 
Electrical properties 
Dielectric strength, condition A* 
Perpendicular, step by step, v per mil,..... akties eon DTD OSA Tee 295 
HOLE NUIMFE MVPD ORS nat.. eminy Me at niet ee tia ataa Estee a ais ke 275 315 
ParallelatepabyaASteps Ke viar rere eee: eee aes METS ONO sv sek os lee 50) eedseog ae Al 
Shorticinre vee cece aise tisce are cathe ate. nave CSA bees a 50 69 
Dielectric losses 
1 megacycle, condition A* 
eR see CANINE dap ats alae eae OVO eta 9.14 
Dielectric constant. BUDO each were. a 4.25 
Loss factor, per mothe. 0! Qe a hen ee 0.60 
1 megacycle, condition D* 24 ‘ihe at 25 e 
Power factor, per cent. LSU UM ese ae 0.81 
Dielectric constant. fh: ON Wee steer oid 4.57 
Loss factor, per cent. ear tata ABO. ae ete 3.90 
30 megacycles, condition At * 
Power factor, per cent. 2.005 2 otocane 0.25 
Mrelectrichconstant 4... tderstpsrleinesiera he eee a, ce ee AR00 ae cree 4.19 
Voss#lactoks per Cents. Est Nana cate tute h orn sero eoh eee 8.00252 2.,s.seiee 1.05 
30 megacycles, condition D* 24 hr at 24 C 
Power factor, per cent.. AO 1S ache 0.80 
Dielectric coustan eye wc dN ithe doe Ree eo k OL 4.00.. 4.29 
oss factor’ per, Cent ade acne seein de cetie ase ie oe, hits ree 16:00" Saat. 4. 3.43 
Insulation resistance, megohms 
ConditignrAiata. Shocc cee. wan ate tabs SRyeretaw.© cuenta omovies 125,000 © “cecrera ie ae 200,000 
Condition D* 96 hr at 50 C.. Hee Mn 1h SAEs cies, ot 264. 
Condition D* 96 hr at 30 C mat 96 ner ivent geiative humidity . aed a re Rane 1,000 
ATC) TESIELANCE, .CONCIEIOM JU) SCOR 7 ose iso sews arhie, Gig: « oe eardys Bavebe an mnah erate’ BOO! valensyeietere tra 265 


* Tor complete specifications see JA N P13, Plastic Materials Laminated Thermosetting Sheets and Plates 
United States Government Printing Office, Washington, D. C., September 1944. 


duced from both the chemical and elec- 
trical grades of silicone laminate. 


Molded Insulation 


The development of a satisfactory fire 
and are resistant. molded silicone-glass 
material has likewise been accompanied 
by alot of problems, due, no doubt, to the 
newness of the silicones and the lack of 
experience in their use, which can only be 
gained by such developments discussed 
herein. 

As with the laminates, the material sup- 
pliers are Dow Corning Corporation; 
General Electric Company; Owens-Corn- 
ing Fiberglas; and Glass Fibers, Inc. 
Watertown Manufacturing Company is 
also developing resin formulations using 
Dow Corning material. Molders include 
such organizations as General Electric 
Company; Watertown Manufacturing 
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Company; Chicago Molded Products 
Corporation; Cutler-Hammer,  Inc.; 
Arrow, Hart, and Hegeman Electric Com- 
pany; and Formica Insulation Company. 
The developments cover detail investi- 
gations of the following nature: 


1. What sizing, if any, should be used on 
glass filaments. 


2. What length and diameter glass gives 
optimum mechanical strength. 


3. What catalyst concentrations should be 
used. 


4. Effect of addition of inert fillers on 
properties. 


5. Use of present available molds. 

6. Hot ejection from the molds. 

7. After-baking cycle to prevent blistering. 
8. General moldability and wear. 


The desired properties of a relatively 
high impact grade of molded glass-silicone 
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Table IV. Properties of Molded Glass-Silicone Insulating Material 


Properties 


Mechanical properties 


Izod impact 
Ft-Ib. 


Ft-lb peri in. a6 notch crneses Moye e cata es) Aaehs amelie he emcee 

Ft-lb per Im. SQeh fijis.c syeumieele aie endnotes > eee 
Flexural strength, pSi.... succes vee ne oe ee 
‘Tensile strengt hy PStic cijsjecuee =, 2 eer es) ae oplnils a eee ore weenie aes 
Compressive strength, BE te ae Oe 


Shrinkage, mils per in. 
Specific gravity. . 


Water absorption, 47 hr, ‘per cent. Rr aas rake Gi clerhiateheren 


Ash, per cent. r 
Heat distortion, mils at om 


Electrical properties 


Dielectric strength, step by step, 100 C.... 6. ..-. 0. eee eevee 


Dielectric loss, 25 C 
1 megacycle dry 
Power factor, per cent......... 
72 br wet 


Power factor, per cent... 2.52.2. eee ee tee ee re eee eens 
Dielectric constant... cc cn ee ee ees tee ee saees 


Loss factor, per cent. 


Volume resistivity, megohims per c cm cube: Pie bbs sPe ate 


Arc resistance, sec. 


Navy Manufacturers’ 

Desires Data 

T20' 9 santeeerteraren: 0.81 

Mee Orr DE ed acto. otraiy U 1.62 

Rigas satan UB YOO ® seperate 10.12 
REE Pie eAc 9,000 ih. ctimiee LO OLO 
5000), 2 Bethe 2,666 
20;000—. 9 Brcrceaste wet 10,588 

80g Caceres 1.39 

1:60=1-70) cake sae 1.70 

BO COREC 1.5 td Saas lovee 0.60 

aie S500 ee tee oe 86.00 

/.5.0/250-300...........3.0/—300 
PRS OF each cores ct 156 

J yatallavacs yao anh hele teks apeatas ree 0.14 

OSV Oy airtarsiotersisote 9.92 

Mors Senne ers 3.5 BR tino dat 4.56 

Li Co ie ree ore trecuct 45.12 

Sis eetle oe OK MOR Saye rs ne ciacetet 8.78 X 108 

SOO: <0 \ Sacer okieporcuehe 263 


material are shown in Table IV along with 
the best obtainable data from a study of 
the various molders’ data. 

As can be seen from the data in Table 
IV, there is still quite a bit of development 
to be done to produce a moldable material 
having the desired characteristics. How- 
ever, it is believed that the properties can 
be achieved, and satisfactory parts can 
be molded. The following considerations 
must be taken into account in producing a 
high impact grade of material: 


1. Unsized or silicone-sized (DC-2103) 
glass should be used. 


2. Fiber length should be between 3/4 and 
11/2 inches. 


8. Resin should have high solids content. 


4. Mixing machinery should be of a type 
which will not tear the glass fibers. 


5. Milled glass fibers are not satisfactory— 
random chopped fibers are satisfactory. 


Discussion 


George Grant (Dow Corning Corporation, 
Midland, Mich.): Walker has done a very 
nice job of summarizing what has been done 
and what is being done by and in behalf of 
the Bureau of Ships. 

He has tabulated data on some eight 
motors under thermal aging tests. At the 
present time this testing program is well into 
its third year and data recently obtained 
from failures that occurred since this paper 
was prepared, when completely analyzed, 
will yield several interesting observations 
and conclusions. Failures on four silicone 
insulated units and two class B units have 
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6. Molding compound should be heated to 
drive off volatiles before molding. 


7. After-bake should be started at rela- 
tively low temperatures to prevent blister- 
ing of part. 


Conclusions 


The Bureau of Ships has undertaken a 
program for the development of silicone 
materials as well as developing specific 
types of equipment designed to utilize 
silicone insulation in its varied forms. 
Such electric equipment as generators, 
motors, controllers, transformers, circuit 
breakers, switches, meters, bus transfer 
equipment, and welders have been in- 
cluded in this program. Some of the 
problems yet to be worked out are as fol- 
lows: 


1. Toxic effects of products of decomposi- 


taken place. The class B unit that failed 
after 1,000 hours of running at 275 degrees 
centigrade was entirely destroyed insofar 
as insulation is concerned. Had there been 
any vibration, it would have failed much 
sooner. In comparison, a silicone insulated 
unit after operating the same length of time 
at the same temperature appears to be as 
good as néw. 

In another instance, a class B unit failed 
after 3,700 hours at 200 degrees centigrade 
while a silicone unit failed after a somewhat 
longer time at 300 degrees centigrade. At 
failure these two units are considered to be 
in a comparable state of deterioration. 

From these tests, it is safe to say that 
under comparable conditions, where reli- 
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tion, if any, of silicone materials used for 
motor insulation. 


2. Cause and correction of commutating 
difficulties and excessive brush wear on 
silicone insulated d-c motors and generators 
of the enclosed type using air recirculation. 


3. Development of a satisfactory silicone 
enamel for magnet wire, which will not crack 
or peel and which will not be soluble in 
impregnating varnish. 


4. Variation in arc resistance of molded and 
laminated material and variation in test 
methods. 


5. Improvement in fire resistant charac- 
teristics. 

It is considered that by completing the 
total program for developing fire and arc 
resistarit insulating materials, the Bureau 
can provide more reliable, lighter, and 
smaller electric equipment for shipboard 
installations. It is believed that many of 
the problems which are solved under this 
program will aid commercial utilization 
of better insulating materials, thereby 
helping to reduce the present high cost of 
silicone and glass products through wide 
spread usage and volume production. 
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ability and continued performance are of 
paramount importance, a silicone insulated 
unit will outlast a class B unit by a factor of 
at least 10. 
Where reduction in weight is of para- 
mount importance, the design can be safely 
altered until a temperature 100 degrees 
centigrade above class B ratings is obtained, 
and life equal to that of class B may be ex- 
pected. Considerations other than the 
thermal endurance of the insulation, how- 
ever, may make it desirable to use something 
less than the full 100-degree-centigrade ad- 
vantage silicone insulation has over class B 
insulation. In that case, additional life as 
well as reduced weight will be obtained. 
Previous recommendations to the AIEE 
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have suggested 160 degrees centigrade by 
resistance as a preliminary standard for 
silicone insulation. The Bureau of Ships, 
according to this paper, is considering ap- 
proximately 185 degrees centigrade. These 
are 40 and 65 degrees centigrade above 
present class B standards. It is clear that 
both of these temperatures are very conserv- 
ative when compared to the 220 degrees 
centigrade indicated by the motor tests. 

Walker mentions a bearing problem about 
which it might be well to say a word here. 
Until the coming of silicones, there was a 
top limit of 100 degrees centigrade on ball 
bearings lubricated with petroleum grease. 
Now, by using silicone grease, it is safe to 
go to 125 degrees centigrade in practically 
all machines of current design. Further, to 
attain such a bearing temperature in such 
machines, a minimum winding temperature 
of approximately 200 degrees centigrade by 
resistance is required. This exceeds the 
winding temperatures presently considered. 

If winding temperatures of 225 degrees 
centigrade are considered in order to take 
full advantage of the thermal stability of the 
silicone insulation, a maximum bearing 
temperature of 140 degrees centigrade may 
be encountered. In such a case, trouble due 
primarily to mechanical design and bearing 
metallurgy, is likely to result. This prob- 
lem is now under intensive investigation by 
several manufacturers and the Navy. 

With the information now on hand, two 
distinct observations seem to be warranted. 
A motor of current design, insulated and 
lubricated with silicones, may be expected 
to 


1. Operate with no attention for at least 10 times as 
long as a class B unit under the same conditions. 


2. Be continuously overloaded to a winding tem- 
perature of 200 degrees centigrade with a life at 
least equal to and probably longer than that of a 
class B unit. 


Graham Lee Moses (Westinghouse Electric 
Corporation, East Pittsburgh, Pa.): Walker’s 
paper presents an excellent picture of the 
current status of silicone insulation, espe- 
cially as adapted to Naval electricequipment. 
As indicated by the author, the general de- 
velopment of materials has progressed 
rapidly; and for many applications, there 
are suitable high temperature insulation 
combinations. 

The tests referred to demonstrate that the 
thermal stability of silicone insulation is of 
a higher order of magnitude than that of 
conventional class B insulations. This has 
given impetus to the current activity of the 
Institute in recognizing silicone insulating 
materials as class H insulation with higher 
permissible operating temperatures. 

The next step in the development and ap- 
plication of silicone insulated apparatus 
should consist of broader usage of such 
equipment in applications where the char- 
acteristics of silicone insulation appear to be 
needed and applicable. Additional experi- 
ence is desirable on broader use of these new 
materials to permit economic evaluation of 
this development. 

Little information has been published on 
the fire resistant properties of silicone insu- 
lation but considerable data have been ac- 
cumulated. This indicates that silicone 
resins in combination with fiber glass, mica 
and asbestos can be processed to produce a 
highly fire resistant composite insulation. 
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Walker’s paper indicates that great prog- 
ress has been made in the field of silicone 
insulation and at the same time presents a 
challenge to solve the further problems which 
still remain. It is recognized that many of 
these problems must be attacked aggres- 
sively and ultimately solved to permit ap- 
plication on all types of apparatus. How- 
ever, there are many applications on which 
silicone insulation can be applied where cur- 
rently available materials are suitable. In 
such cases, field experience should be ob- 
tained in parallel with additional develop- 
ment work. 


R. L. Webb (Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y.): 
Walker is congratulated on having presented 
an interesting discussion of the Navy’s 
interest in silicones, both early in their de- 
velopment during the war period and in their 
present stage of manufacture. 

The data presented in Table III of the 
paper, giving the characteristics which the 
Bureau of Ships would like to see in these 
materials, is also valuable information. I 
am sure the Navy has other interesting in- 
formation to give us, on their experience 
with silicones, and it is hoped that the 
bureau will see fit to prepare another paper 
for a future meeting giving actual experi- 
ence data with silicones used on board ship. 

It was interesting to note that the Navy’s 
experience leads the author to conclude that 
a hot spot temperature of 200 degrees centi- 
grade would be satisfactory for silicones in 
rotating machine windings provided the 
bearing problem can be solved. The AIEE 
recently has adopted a hot spot temperature 
recommendation for silicones of 180 de- 
grees centigrade. This recommendation will 
appear in the new revised issue of AIEE 
Standard 1, which was completed recently 
by co-ordinating committee number 4 of the 
Standards Committee. We are pleased to 
see a limit for hot spot temperature estab- 
lished at this time since it will place manu- 
facturing designs and proposals on a com- 
mon basis, as well as provide a conservative 
limit of temperature to which these materials 
may be worked. 

The copper oxidation, to which the author 
referred when speaking of a solenoid coil 
which was operated at 275 degrees centi- 
grade, is most interesting indeed. It would 
be of further interest if we knew why the 
rate of oxidation was relatively small during 
the first 7,000 hours of operation and several 
times as much during the last 5,000 hours. 
Since silicone is fairly free of porosity, it 
would appear that the insulation had de- 
veloped cracks which would permit the air 
to come in contact with the copper following 
the first few thousand hours of operation. 
If this is a condition which may be expected 
at temperatures as high or higher than 275 
degrees centigrade, then it would appear 
that plating of the copper or some other pro- 
tective method, not affected by the high 
temperature, will be necessary where silicone 
materials are worked to such limits in 
special applications. 

The use of high temperature insulations 
in machine windings requires special con- 
sideration to the complete design of the 
equipment both electrical and mechanical. 
In this connection, I would like to ask 
Walker a question about the iron core of ro- 
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tating machines and of other equipment 
where laminated steel is subjected to the 
high temperatures permitted where silicones 
are used. Are the insulating varnishes, used 
to insulate the steel laminations, attacked 
by the high temperature to the extent that 
special varnishes, such as silicones or other 
high temperature coatings or insulations, 
have to be used to prevent short-circuiting 
of the steel sheets? 


William A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
What was the thickness of insulation used in 
making the dielectric strength tests recorded 
in Tables III and IV? 

Were any dielectric strength tests made 
on the aged samples? If so, how did this 
property hold up, compared to its initial 
value, before aging? 


R. G. Lorraine (General Electric Company, 
Schenectady, N. Y.): This paper presents 
much hew and interesting material. A com- 
parison of the General Electric Company’s 
experience!? resulting from having built 
and tested a wide variety of types and sizes 
of silicone insulated equipment, much of it 
in connection with the Navy’s development 
program, shows general agreement with the 
evidence and conclusions presented in this 
paper. 

Supplementing the discussion in the paper, 
our tests have indicated at least two addi- 
tional factors which may be important in 
determining the temperature limits suitable 
for silicone insulation. 


1. The mechanical properties of silicone materials 
change with temperature and in certain cases may 
limit the hot spot temperature below the tempera 
ture required for chemical stability of the material. 


2. In some situations, the presence of ionizable 
contaminants makes it possible for the contaminant 
solution to enter more rapidly surface discontinui 
ties of the insulation, resulting from heat aging, 
which may produce failure of the insulation. In 
the absence of ionizable contaminants, for example, 
water alone tends to stand in fine droplets on the 
surface of the silicone insulation without entering 
the discontinuities. 


It is well to emphasize that design fac- 
tors may also influence the maximum tem- 
perature which may be realized regardless 
of the temperature stability of the insula- 
tion. In thiscategory, the author points out 
the bearing temperature limitation and in 
connection with transformers, the voltage 
regulation and loss limitations. A phenome- 
non called, ‘‘temperature creep”’ aggravates 
this situation. Operation of copper at high 
temperature increases its resistance, because 
of its positive resistance temperature coef- 
ficient, hence the copper loss which in turn 
further increases the temperature. It is 
important that temperature creep be taken 
into account in design to avoid failure from 
this cause when abnormal operating condi- 
tions are encountered. 

From the economic standpoint, operating 
temperature of high-temperature insulation 
is frequently limited in continuously loaded 
apparatus by the poor efficiency which re- 
sults from relatively greater losses brought 
about by working the apparatus harder in 
attempting to take advantage of the in- 
herent higher operating temperature limit 
permitted with silicone insulation. In ef- 
fect, the chief advantage generally of a 
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Table I. 


Ratings: 


Silicone Insulated Versus Class A and Class B Insulated Transformers 
3 Kva, 450/117 Volts, 60 Cycles, 150 C Rise; 25 Kva, 450/117 Volts, 60 Cycles, 150 C Rise 


Weight, Lb Volume, Cu In. Per Cent 
Per Cent Weight Saved Volume Saved 
Class B ee Class B 
Class (Navy Silicone Over Over (Navy Silicone Over Over 
Kva A Specifications) Insulation Class A Class B Class A Specifications) Insulation Class A Class B 
2 (steel case).......... OD face. aes Oat ter AG; Eph etaee Bi eee cee SOE se 2 OOS Bie WjO205 7s Aaiaece O Udbdicie gate ai xte GB iti a deratee 24.. 
3 (magnestunrease),. seo ga cet c he oe oe alone 29. Oaekishate DT Buh «ome Cy oe BOO brs cee T0202 aaa. mittens Wha Red teu oe 65s seve da 24. 
25 (steel case)......... B20 oe csieits OG ai iateteeacns 215 eee 49 Soe eers Py BE oe 65162 ecg cease Did DO roles tee sae nie i OOO riatenets ete SOG ayeisve anerels Oe 
25\GQuagnesiunmiledse)s<<..2 0s Lek een Oe erie ee LOT AS cgate Wade DOs teaiie aes 33) entire Ss lO 2ueaciean: BS 1BO N iaie tates SE BOO Us eee SOR ese OY t3 


high-temperature insulation, such as sili- 
cone, is to reduce insulation operating tem- 
perature from a prime factor in the design 
considerations to a less important considera- 
tion among the many factors involved. 
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M. L. Manning (Kuhlman Electric Com- 
pany, Bay City, Mich.): This paper, which 
reviews the activity of the Bureau of Ships 
in promoting deyelopment work for the 
production of lighter weight shipboard elec- 
tric equipment by use of silicone insulation, 
is timely. Use of silicone insulation in 
electric equipment opens new pathways and 
a new era in design. 
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From the standpoint of a manufacturer of 
silicone insulated transformers mentioned, I 
should like to discuss the paper. During the 
past year the Kuhlman Electric Company 
designed and manufactured for the bureau 
3- and 25-kva 450/117 volts silicone-insu- 
lated distribution transformers with pressed 
steel and magnesium cases and a 150-kva 
3-phase-to-2-phase, 450/30- 16 volts re- 
sistance furnace transformer. All designs 
resulted in approximately one third volume 
and weight reduction over existing Navy 
Department specifications for class B insu- 
lated units. 

It is interesting to review the volume and 
weight reduction in 3- and 25-kva dry-type 
transformers accomplished in the past dec- 
ade by use of better grade core steels and 
insulation. Comparative figures for class A, 
class B, and silicone insulated transformers 
are found in Table I of this discussion. 
For 3- and 25-kva designs the weight re- 
duction for silicone insulated units is 50 
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per cent compared with class A insulated 
designs. Electrical characteristics of class 
B and silicone insulated transformers of 
these ratings are shown in Table I of this 
discussion. 

The paramount issue for consideration 
in using silicone insulation in transformers 
has been the question of losses and regula- 
tion at high temperatures. By proper de-' 
sign balance, losses need not be out of step 
with those prescribed. -Regulation, at 
operating temperatures for the transformers 
considered in the paper, was practically in 
agreement with Navy Department specifi- 
cations for class B designs. 

Weight reduction by use of magnesium 
cases for transformers offers possibilities. 
A transformer case constructed of mag- 
nesium weighs approximately 40 per cent 
as much as a case made from pressed steel. 
Shock tests prescribed by the Navy Depart- 
ment must be withstood. 

The advantages of the tse of silicone in- 
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Table | (continued). Silicone Insulated Versus Class A and Class B Insulated Transformers 
Ratings: 3 Kva, 450/117 Volts, 60 Cycles, 150 C Rise; 25 Kva, 450/117 Volts, 60 Cycles, 150 C Rise 


—— 


Electrical Characteristics 


see 


Losses, watts 


Per Cent Regulation 


Temperature Core Total 100 Per Cent Power Factor 80 Per Cent Power Factor 
Silicone Insulation Silicone Insulation 
Rise, C Class B Silicone Class B (116 C Rise) Class B (116 C Rise) 
Class Silicone Class B Silicone Specifications Insulation Specifications 50 C Ambient Specifications 50 C Ambient 
B Insulation Specifications Insulation (80 C Rise) (116 C Rise) (80 C Rise) Temperature (80 C Rise) Temperature 
3S: 0 eet ee WI GE Meroe ae See Seo Shae eee: OS ee as eh cat 1967 ata Ree DANG) Whee OG EA «oa SPO eeu eee ANS ET Nie Vid. 4.09 
SOs TOMES No A) aa SOs eo ateee LOB tence 126 Saha +: DS eo Aeros Epa erate armen ae LSE: Re eae Oe 4.09 
(120 C Rise) (120 C Rise) (120 C Rise) 
#800. dks 120 Raat: Ie L7ONSE Sees .2. ee ets 5 eee BOS eee sett: TiO Oe ee Ce See ae eee Bs Ria eee SAP ome ae Cisne 4 eee 2.10 
ERONER os OO a eee ee Ose tos ee Sl eee GDM tas tee 71 OMe Meee hoe ASL eae Re heen we SuSbarsece: Roel 0 


sulation for transformers can be summarized 
as follows: 


lL. Organic bonds, impregnants, and surface treat- 
ment used in class B insulation have limited tem- 
perature range. Silicone materials containing in- 
organic components permit continuous tempera- 
tures of 250 degrees centigrade. 


2. Life of insulation under high thermal conditions 
has been a determining factor in transformer design. 
Recent use of silicone insulations in low voltage 
distribution transformers promises to be a solution. 
Silicone insulated transformers have operated con- 
tinuously at 300 degrees centigrade without signs 
of deterioration. Overloads are permissible. 


3. It must be recognized that a transformer offers 
more difficult voltage problems than those for motor 
applications. In a transformer insulation structure, 
materials having different properties must be used 
to withstand voltage and temperature conditions 


4. Development work described is a step in the 
direction of building dry type transformers having 
less weight and volume and greater overload ca- 
pacity for low voltage distribution circuits. For 
supplying power to machine tools and related loads, 
the silicone insulated transformer offers great 
promise. Overload capacity can be provided with- 
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out adding additional kilovolt-amperes in trans- 
former ratings. 


5. Further studies of the effect of transformer 
losses and how to proportion them, should be 
made on electric power systems. 


H. P. Walker: R. L. Webb has asked if 
special varnishes are needed to protect the 
steel laminations used in core construction 
where the design is contemplated for high 
temperature operation. For any high tem- 
perature electric equipment where steel lam- 
inations are used a satisfactory high tem- 
perature insulating medium must be used 
to prevent short circuiting of the steel sheets. 
Water-glass (sodium silicate) and silicone 
varnish have been used successfully on Navy 
type machines. 

W. M. Del Mar has asked what thickness 
of insulation was used in making the dielec- 
tric strength tests recorded in Tables III 
and IV. Dielectric strength tests were 
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made on material 1/8 inch thick. In regard 
to reduction in dielectric strength on thermal 
aging, tests on silicone-glass laminates 
showed values of 200 volts per mil at tem- 
peratures of 200 degrees centigrade, while 
melamine-glass laminates tested 120 volts 
per mil and phenolic-glass laminates tested 
60 volts per mil. 

G. L. Moses has stressed the need for serv- 
ice experience in parallel with development 
work. The bureau has in effect at the 
present time many contracts to build electric 
equipment for actual'shipboard installation 
and trial. This equipment is being designed 
for high temperature operation and consists 
of turbogenerators, Diesel generators, weld- 
ers, motors, motor generator sets, and vari- 
ous types of control equipment. Service 
tests on this equipment should permit an 
economic evaluation of the development of 
silicone electrical insulation as well as pro- 
vide a basis for more accurate specification 
requirements. 
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Distortion and Band-Width 
Characteristics of Pulse Modulation 


H. L. KRAUSS 


ASSOCIATE AIEE 


Synopsis: Various types of pulse amplitude 
and pulse time modulated waves have been 
analyzed by a novel method to determine 
their exact frequency spectra. Using these 
results the inherent distortion produced 
when the audio signal is recovered with a 
low-pass filter is calculated. The mini- 
mum allowable ratio of pulse repetition 
frequency to maximum audio frequency 
is expressed in terms of the distortion and 
the percentage modulation. The form of 
the result is shown to be common to all 
types of pulse time modulation. The ef- 
fects of pulse width, pulse shape, and per- 
centage modulation on the required band- 
width are also discussed. 


HE use of repeated pulses of short 

duration for the transmission of in- 
formation has increased considerably in 
the past few years, primarily because a 
high ratio of peak to average power out- 
put is desirable at the transmitter in or- 
der to make efficient use of present-day 
microwave tubes. To transmit informa- 
tion some type of modulation must be 
applied to the pulse wave. Modulation 
is defined as the process whereby the 
amplitude or some other characteristic 
of a wave is varied as a function of the 
instantaneous value of another wave. 
Basically, pulse modulation is a process 
of double modulation. In one form, some 
geometric characteristic (such as the 
length, amplitude, or position of succes- 
sive pulses) of a repeated pulse wave is 
varied as a function of the modulating 
wave. The modulated pulse wave is used 
in turn to 100-per-cent amplitude modu- 


>> 
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Figure 1. Unmodulated pulse wave 
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late a high frequency carrier. In another 
form, a uniform repeated pulse wave is 
used to sample a high frequency carrier 
which has already been amplitude or 
frequency modulated. The samples, 
which correspond to the duration of the 
pulses, are transmitted at the pulse repe- 
tition rate. This paper is concerned with 
the first type mentioned, in which the 
primary modulation is performed on the 
pulse wave itself. ; 

A mathematical method which gives an 
exact solution for the spectra of various 
types of modulated pulse waves is given. 
The results are used to indicate relations 
between parameters such as pulse length, 
average repetition rate, maximum allow- 
able time or phase-shift of the pulse, and 
others, with respect to their effect on dis- 
tortion and band width. 


Definition of Terms 


Standard terminology for describing 
the various types of modulation which 
may be impressed on a pulse wave has 
not been adopted. In this paper the fol- 
lowing definitions are used. 


PuLsp AMPLITUDE MopULATION OR PAM 


Type ‘A—The instantaneous amplitude of 
each pulse is related linearly to the modu- 
lating signal at that instant. ~The ampli- 
tude varies during the pulse and the pulse- 
tops are shaped like sections of the modu- 
lating wave. 


Type B—Each pulse has constant ampli- 
tude (rectangular pulse) but the amplitude 
of successive pulses is related linearly to the 
instantaneous value of the modulating 
signal at some reference point on the pulse 
(such as the leading edge, center, or trailing 
edge). 


PuLsE TimE MopuLaTIoNn or PTM 


In pulse time modulation the values of in- 
stantaneous samples of the modulating 
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wave are caused to vary the time of occur- 
rence of some characteristic. of a pulse 
carrier.’ This includes pulse position and 
pulse length modulation. 


Type A—Pulse Length Modulation or PLM 


Type Al—The leading edges of the pulses 
remain fixed in their unmodulated positions. 
The trailing edges have a time displacement 
proportional to the amplitude of the modu- 
lating signal at the instant of the trailing 
edge. 


Type A2. The trailing edges of the pulses 
remain fixed in their unmodulated positions. 
The leading edges have a time displacement 
proportional to the amplitude of the modu- 
lating signal at the instant of the leading 
edge. 


Type A3. Leading and trailing edges have 
opposite time displacements from their un- 
modulated positions. These time displace- 
ments are proportional, respectively, to the 
amplitude of the modulating signal at the 
leading and trailing edges. 


Type B—Pulse Position Modulation or PP M 


In this type the leading edges of the pulses ~ 


have a time displacement proportional to 
the amplitude of the modulating signal at 
the instant of the leading edge. The trailing 
edges are generated automatically in such a 
way that the pulse length remains constant. 


Symbols 


@ 

al =fp=mean pulse repetition frequency 

ay | ; 7 

@A : 5 

Sane fa=frequency of the audio modulating 
Tv 


a 


signal 


1 
Tr mre period of unmodulated 
R 


pulse wave 


1 
1 Sipe of the modulating signal 
A 


Tp=length of an unmodulated pulse 


fe aoe =pulse-length frequency 
PHN 
A=amplitude of unmodulated pulses 
t=time in seconds’ 
k=order of a harmonic of wz 
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Figure 2. Method of synthesizing pulse wave 
Alp 


R 


D-c term a= 


— a 
Sawtooth iD te. sin kap(t—Tp) 


Te=1 


Awl 
Sawtooth c=— > — sin kwrt 
aw c xk QR 


n=order of a harmonic of w4 

m=modulation factor 

X=modulation parameter in pulse time 
fhodulation 

C=error term necessary to correct wave 
shape of synthesized pulse wave 


Method of Mathematical Analysis 


* To ascertain mathematically the dis- 
tortion and band-width characteristics 
of a particular kind of pulse modulation, 


the time function which represents it must 


be known. The starting point in synthe- 
sis of this time function is the Fourier 
series which represents the unmodulated 
wave shown in Figure 1. For the refer- 
ence ¢ = (0) located at the leading edge of a 
pulse the series is 


Tp 
f(t) ae ATE sin ark cos kwrt+ 


mw fmyk 

Aas lip \ ee, 

i ay (: —cos att) sin Rwpt (1) 
When a modulating signal is applied, 
thus varying some characteristic of the 
pulse wave, the coefficients of the Fourier 
series which represents the wave must be 
obtained by integrating over the time in- 
terval in which the resulting wave is re- 
petitive, and this interval may be very 
large. This process of integration for a 
modulated wave is very laborious, for the 
integration must be performed over a 
large number of pulses. Furthermore, 
the proper application of the modulating 
function in order to obtain the correct 
expressions in the case of length and posi- 
tion modulation is very difficult. 

Most of the aforementioned difficulties 
can be avoided by recognizing that the 
time function representing a particular 
kind of pulse modulation must meet the 
dual requirements of having its discon- 
tinuities (leading and trailing edges of the 
pulses) occur at the instants of time re- 


quired by the particular law of modula- 
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I,f2X) 


Figure 3. versus n; with X =4 


For all n>9.6, <0.02 


Jn(8) 
4 


tion, and of describing the desired pulse 
shape. Neither of these parameters can 
be ascertained readily from equation 1. 
By a trigonometric manipulation, equa- 
tion 1 is rearranged into the following 
form from which the location of the dis- 
continuities and the pulse shape may be 
discerned easily. 


Te AN 
fOH= me ae Ropt+ 
—_——_— 
uN 
Aw 1 
= —— sin kwp(t— Tp) 
Carne k 


k 


—— 


ye (2) 


Each of the series in equation 2 is the 
Fourier representation of a sawtooth 
wave.! Figure 2 illustrates how these 
sawtooth functions and the constant term 
add to give the pulse wave of Figure 1. 
The representation of the pulse wave by 
two sawtooth waves is useful in that it 
simplifies the location of the pulse edges, 
and allows each of these edges to be oper- 
ated upon independently as will be shown 
later. 


The first series in equation 2 has dis- 
continuities at 
wrt =2mr 
where 
m=—o,,:,—1,0,1,...©° (3) 
and the second series at 
wr(t— Tp) =2mr 
where 
m=—o,...—1,0,1,...©° (4) 


In the pulse-length and pulse-position 
modulation processes to be considered, 
the positions of the discontinuities of 
either or both of the sawtooth components 
become time-variable functions. This is 
accomplished mathematically by replac- 
ing the f in equation 2 by the ¢(f) that 
expresses the particular law of modula- 
tion. This distorts the wave shape with 
the result that the pulse tops and inter- 
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vening spaces are not of constant ampli- 
tude. 

The wave-shape error may be corrected 
by adding to the function a term which 
will compensate for the amplitude dis- 
tortion but not affect the discontinuities. 
To compute the correction term the wave- 
shape error in equation 2 when ¢ is re- 
placed by $(¢) must be determined, This 
is accomplished by noting that the in- 
stantaneous amplitudes (y; and +e) of the 
two sawtooth terms may be expressed as 


A 
=— [r—wpt] for 0<t<Tr (5) 
20 
and 


—A 
=> few (t— Tp)] for Tp<t<Tr+ 
Tv 


respectively. As time increases, the val- 
ues of y; and y2 pass through discontinui- 
ties which are expressed in equations 5 
and 6 by the addition of constant terms. 
These constants do not affect the wave- 
shape error, but merely give the ampli- 
tudes of the leading and trailing edges, 
respectively, of the pulses. Between 
pulses, the amplitude of the complete 
wave sr zero, thus 


C+ y+ yet =0 (7) 


The correct function is obtained by adding 
C to the function obtained by replacing ¢ 
by ¢(é) in equation 2. An example of 
this procedure for synthesis of pulse- 
length modulation is given in the ap- 
pendix. 

To synthesize the function for pulse 
amplitude modulation the locations of the 
discontinuities are not affected. How- 
ever, the amplitude constant A becomes 
a function of time which describes the 
particular law of modulation. Otherwise, 
the process is identical to that previously 
described. 


Pulse Amplitude Modulation 
Type A PAM 


The time function which represents 
type A pulse amplitude modulation when 
the modulating wave has the equation 


e=E sin wat 
is 


Tp 


=A ato sin w4i+t 


Ff 


= yie = (1+m sin wat) sin kwrt— 


w f=4k 


= be (1-++m sin wal) sin kwp X 
“5 faik 
(t-Tp) (8) 
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The terms of the form 


4 hire sin wt) sin kwpt 

2a 

in this series are identified readily as am- 
plitude modulated waves in which the 
carriers have frequencies kfp and ampli- 
tudes A/(ak), each carrier being modu- 
lated by a wave of frequency f,. Equa- 
tion 8 therefore represents a d-c term, an 
audio-frequency term, and the series of 
amplitude modulated waves just dis- 
cussed. No harmonics of the audio fre- 
quency are present. 

In a receiver the audio term may be re- 
covered from the pulse wave by a low- 
pass filter. To prevent interference be- 
tween the frequency components (fp — 
fa) and f, in the filtering process, the repe- 
tition frequency should be made 2.5 to 
3 times the highest audio frequency to be 
used, 

The choice of the pulse length 7p has 
no effect on side-band interference with 
the audio frequencies, but it does affect 
the amplitude of the audio component 
which may be recovered from the wave. 
The band width of the pulse wave also is 
determined by Jp as will be discussed 
later. In particular applications, Tp 
must be evaluated in terms of the char- 
acteristics of the tubes used and the 
permissible band width of the system. 


Type B PAM 


The time function for type B pulse am- 
plitude modulation with the modulating 
wave used in the foregoing is 


ATp mA 
fe 

TR walp 

(1—cos waTp) cos wat|+ 


f(é) = {sin wal p sin w@al— 


Aw f2.. 
== — {sin kwrTp cos kwrt+ 
meee (ie 


(1—cos kwrTp) sin kwpt|+ 
=m 


[sin kRworT p sin (kwp =w,)t— 


(1—cos kwrTp) cos (Roz +w,)t] t (9) 


Comments given for type A apply to 
type B also. 


Pulse Length Modulation 


In each of the types of pulse length 
modulation a pulse-edge is shifted from 
its unmodulated position by an amount 
proportional to the amplitude of the 
modulating wave at the instant of occur- 
rence of the respective pulse-edge. In 
Appendix I the time function for type Al 
pulse length modulation, with a modulat- 
ing wave e = E sin wat, is developed and 
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expanded to show the frequency compo- 
nents. The time functions for types A2 
and A3 pulse length modulation were ob- 
tained by similar methods and the re- 
sults are given as follows. 


Type Al PLM 

f@ ote sin w4t-+ 
oe sin Rwpt— 
‘ 3) sin kwr(t— Tp— 


mIp sin wat) (10) 


where m can have a maximum value of 
1,0. 

Type A2 PLM 

Ay Py mA Tp 


fi)= Te rae sin w4i+ 


Aw! 
— ‘i sin kwr(t-+mT p sin wt) — 


T= 


Ail 
== - sin kwp(t—T 
a mn pt wp P) (11) 


where m can have a maximum value of 
1.0. 


Typr A3 PLM 
ATp 2mATp . 
f(é) = ae Te = sin wat+ 
Aci. 
= ~— sin Rwe(t+mT p sin wat) — 
Kak 


AI 
=> - sin kog(t—Tp— mT 
eae wrt p—mIl px 


sin wat) (12) 


-where m can have a maximum value of 
0.5. ; 


With the maximum values of m speci- 
fied in the foregoing sections, the pulse 
length will vary from 0 to 27> during a 
modulation cycle. Each of these time 
functions contains a d-c term, an audio 
frequency term, and terms of frequency- 
modulated waves in which the carriers 
are the pulse repetition frequency and its 


Figure 4. The num- 
ber n of side fre- 
quencies with am- 
plitudes that exceed 
one per cent of 
five per cent of the 
audio signal are plot- 
ted versus the modu- 
lation parameter X 


Krauss, Ordung—Characteristics of Pulse Modulation 


harmonics. There are no harmonics of 
the audio frequency present in these 
functions. Thus the audio signal may be 
recovered from the pulse wave by means 
of a low-pass filter. As before, the lower 
side bands of fp and its harmonics must 
not extend into the audio frequency 
bard. This requirement may impose 
more severe limitations than in the 
case of pulse amplitude modulation, 
because the frequency-modulated terms 
may have several side frequencies due to 
each audio frequency. In Appendix I 
the lower side-band terms for type Al 
pulse length modulation are developed. 
The terms for types A2 and A3 may be 
obtained by similar methods, and the 
results are given as follows. 


Type 41 PLM 
A . 
€sp=——— Jn(kapmT p) X 
wk 


sin [Roe (t— Tp) a nw at] 


Type A2 PLM 


_ (13) 


€sp=(—1) apt eonmT er) Xx 
sin (Rwap—nw,)t (14) 


Typr 43 PLM 


A 
esp = ——Jn(kogmT p) X 
wk 


sin [Rwp (¢— Tp) —nw gt] = 


(—1)” sin (Rwg—nw,)t (15) 


where in each of these expressions, k=1, 
ee Com ater? — le Deacon 

The lower side frequencies of impor- 
tance are those which may overlap into 
the audio band, that is, those for which 
Rfr—mfaZfas. For these side-band fre- 
quencies, the ratio of the side band to 
audio frequency voltage for all three 
types is of the same form 


Esp _|Jn(2X) 
By | ok 


where 


(16) 


Tm Tp 
Tr 


X=k 


0.05 0.1 0.5 j Cia) 
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Using the limiting values for m given with 
equations 10, 11, and 12, and letting T)/ 
Tr=1/2 (its greatest permissible value 
with m maximum), X will have a corre- 
sponding maximum value for each k used. 
Since the ratio fp/famax determines the 
side-band interference with the audio 
frequency, X,,,,, is defined in terms of the 
repetition frequency, k=1, for each of 
the modulation types. Substituting 
these values into the expression for X 
gives X,,,,= 7/2 for types Al and A2 
pulse length modulation and X,,,,=7/4 
for type A3. 

In practice X may be used to determine 
the minimum allowable ratio f/f, for a 
given value of Egp,/E,4. For Egp/E,= 
0.01 and X=7/4, fr/f4 must be greater 
than 5.3 as shown in Appendix II. 


Pulse Position Modulation 


When the modulating wave has the 
form e=E sin w,t, the time function 
which represents the wave defined pre- 
viously as type B pulse position modula- 
tion is 


ATp mAT>p,. 
i) =————— - 
f(z) Tr Pape {sin wat 
Aw! 
in wa(t—Tp)} +— >= 
sin w4( p)}+— reas 


k=1 
sin kwp(t+mTp sin wat) — 


Aw 1 
= — sin k —T 1h: 
gee wel (t—-Tp+mTpX 


sin w4(t—Tp)] (17) 


where m is defined as the modulation fac- 
tor proportional to the amplitude of the 
modulating signal. This time function is 
similar to those for pulse length modula- 
tion, except that m may be greater than 
unity in this case. The limiting value of 
m occurs when the instantaneous pulse 
repetition period T',(t) becomes equal to 
Tp. As in pulse length modulation, the 
side frequencies which may cause distor- 
tion are those which lie in the audio band. 
The amplitude of these side frequencies is 


A 
e€sB= (- 1)"—Jn(kwgmT p) x 
wR 


[sin (Rwg—nw,)i—sin (korp—nw,) X 
(t-Tp)] (18) 


When kfp—nfa=fa, this expression is 
given approximately by 
A (Ft P 


—1)"—J, 
éspA(—1) ie Te 


Jon Tp cos wat 
(19) 


From equation 17, if w,Tp<0.17, which 
usually is satisfied, the audio voltage is 
WA Tp*mA 


égta—— = COs tak 


Tr (20) 
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The ratio of side-band to audio voltage is 


Esp on 
Brats (21) 
for 

wkmT p 


Tr 


which is the same form previously ob- 
tained in pulse length modulation. As in 
pulse length modulation, a given X and 
Esp/E,4 establishes the minimum permis- 


sible f/f. 


Band Width 


Only the band width of the pulse wave 
will be treated here, since the results of 
amplitude or angular modulation of a 
high-frequency carrier are well known in 
terms of the frequencies contained in the 
modulating signal. The factors which de- 
termine the band width required for the 
pulse wave are the side bands due to mod- 
ulation and the allowable distortion in 
pulse shape at the receiver. The shape 
of the pulse after demodulation from the 
high frequency carrier in the receiver 
must be sufficiently close to the ideal rec- 
tangular shape to permit the receiver cir- 
cuits to determine the exact pulse height 
in the case of amplitude modulation, and 
to determine the exact time of the lead- 
ing or trailing edges or both in the case of 
pulse time modulation or in multiplexing 
systems. 

A perfectly rectangular pulse would re- 
quire an infinite band width as may be 
seen from equation 1. However, if the 
allowable distortion in pulse shape may 
be specified in terms of an arbitrary value 
of rise time for the leading edge, a finite 
band width results? For a rise time 
equal to 0.1 Tp the band width required 
is 


(22) 


But 1/27, is the fundamental frequency 
contained in a square wave having Tp= 
the time of a half cycle. Letting 


(23) 


the band width given in equation 22 must 
be 10 fp for the specified rise time. If the 
pulse definition requirements are as 
stringent as this, the side bands due to 
modulation generally will have a negli- 
gible effect on band width since fp> fp. 
Thus the minimum value of Tp, or the 
shortest interval between pulses if this is 
less than the minimum Tp, determines the 
band width. This is an important design 
consideration in pulse time modulation 
systems, 
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Conclusions 


In both types of pulse amplitude modu- 
lation, distortion in the audio signal re- 
covered from the pulse wave is caused by 
side bands of the amplitude modulated 
components in the wave that have fre- 
quencies within the audio band. To pre- 
vent this, the minimum ratio fp/famax IS 
slightly greater than 2, and for ease of 
filtering probably should be 2.5 or 3. 

In pulse time modulation the interval 
occupied by the modulated pulse in all 
systems is the same per cent of a repeti- 
tion period for a common value of X, the 
modulation parameter. The value of X 
determines the ratio fr/famax When the 
distortion arising from the side-band 
terms having frequencies within the audio 
band is limited to a given value. For 
very small modulation parameters, the 
ratio f/f must be slightly greater than 2, 
probably 2.5 or 3 for ease of filtering. 
Larger modulation parameters require 
correspondingly larger separations, as 
may be seen from Figure 4. 

In pulse length modulation and in pulse 
amplitude modulation the amplitude of 
the audio term varies directly as the per- 
centage modulation and is independent 
of the audio frequency (with the restric- 
tion in type B pulse amplitude modula- 
tion that Tp><T,). In pulse position 
modulation the amplitude of the audio 
term is directly proportional to the audio 
frequency and to the percentage modu- 
lation. Either in producing the pulse 
position modulation or in its recovery, a 
de-emphasis circuit must be employed to 
make the recovered signal independent 
of the audio frequency. In all of these 
types, no second harmonics of the audio 
frequency occur in the wave. 

The band width required is shown to be 
determined by the length of the shortest 
pulse. Conversely, in a given system the 
permissible band width serves as>a limit 
for the length of the shortest pulse. This 
factor serves to limit the maximum per- 
centage modulation that may be em- 
ployed in all forms of pulse time modula- 
tion. When the band width of the re- 
ceiver is exceeded, distortion results be- 
cause of the inability of the receiver to 
distinguish individual pulses. 


Appendix |. Type A1 Pulse 
Length Modulation 


In this type of modulation, the position 
of the trailing edge of the pulse is deter- 
mined by the modulating wave such that 
the width of the pulse is directly propor- 
tional to the value of the modulating wave 
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at the instant of generation of the trailing 
edge. By definition, Tp as expressed in 
equation 2 is replaced by the Tp(t) which 
expresses the law of modulation. For this 
type of modulation, equation 2 becomes 


ATp(t 
f= ae ) oy — sin kwpt— 


Lea 
a5 ; sin koa (t— T(t) (24) 


wherein J p(é) is linearly related to the am- 
plitude of the audio voltage at the discrete 
instants of time when 


OR [é— Tp (t)] =2rr (25) 


where ¢ is any integer. 

For a modulating wave of the form 
e=E sin wat, the pulse length function 
which satisfies the desired law of modula- 
tion is 
T p(t) = Tp(i+m sin wat) (26) 
Here m is defined as the percentage modu- 
lation effected by the modulating wave and 
Tp is the length of the unmodulated pulse. 
The time function which satisfies the modu- 
lation law requirements concerning the 
wave shape and the location of the dis- 


continuities is obtained by adding a wave . 


shape correction term C to the function 
resulting from substitution of equation 25 
into equation 23. The desired function is 


therefore 
ATp mAT, 

F(é) crit. Tr F sin wat+ 

Awl AW 1 

ASU ai bape 

T £1 F TK=1 

sin kRwp(t— Tp—mT p sin wat) +C 

(27) 

Following the+ method outlined in the 


mathematical analysis section, the correc- 
tion term is obtained by summing the am- 
plitudes of the terms in equation 27 for the 
region between pulses as follows: 


AT. 
Ges Cs a Tp 


A 
sin wy4t+— (r—wpt) — 
R 20 


Fe ye ire Tp+twrpmT pX - 
us 

sin wat) (28) 
Solving for C in equation 28 gives 


C=0 


Therefore the time function for pulse length 


modulation with the trailing edge modu- 
lated and the leading edge fixed is 


ATp mATp , AS 1 
= ae t — = 
Oe arortamereng 7 + aX 


Aw! 
sin kwpt—— Ne —sin kwr X 
an Pe Ue 


(¢—Tp(1+m sin wat)] (29) 


The time function in the second series can 
be translated into a series of sinusoidal 
terms if the term . 


sin kwe[t—Tp(1+m sin wat) ] 


is recognized as representing a frequency 
modulated wave having a carrier frequency 
of kwr, a modulating wave of frequency wa 
and a modulation index of mkwrTp. Using 
the following Fourier-Bessel identity :* 


sin (x-+ 8 sin y)==Jo(@) sin x+ 


> Jn(8) [sin (x +ny)+(=1)"X 
n=1 


sin (x—ny)] (30) 


equation 29 is rewritten in such form that 
all terms are simple sinusoids as follows: 


A tre Tp 


fO= 


sin wat+— 
Tr Tv 


A 1 
sin kwpt—— ) ) ={ Jo(PormTp) X 
tk 


sin kwp(t—Tp)+ > _Jn(konT pm) 
=e 
[sin (Rwr(t— Tp) —nwagt) + 
(—1)” sin (Rap (t— Tp) +nwt)}} 
(31) 


Appendix Il 


In the various types of pulse time modu- 
lation the function 


In(2X)|_ Esp 
Rois Be 


appears as the ratio of the lower-side-band 
terms of wr and its harmonics to the audio 
term (see equations 16 and 21). This func- 
tion may be used to determine the mini- 
mum allowable ratio of wz to the maximum 
w, to make the side-band term which falls 
in the audio range less than a given per- 
centage of the audio signal. When 
Jn(2X)/X is plotted versus for some 
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No Discussion 
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arbitrarily assigned value of X a curve 
which oscillates about zero results as shown 
in Figure 3.4 If a particular value for 
| In(2X)/X | is specified as shown by the 
dotted lines in Figure 3, the largest value 
of which will give this magnitude may be 
determined from the curve. Similar re- 
sults may be obtained for other values of X. 
Figure 4 shows how this largest value of 2 
varies as a function of X for | Jn(2X)/X | = 
0.01 and 0.05. 

The factor X contains the product 
(mXk). The factor » is the order of the 
side frequency around wg and its harmonics 
(see equations 138 and 19). Assuming that 
values have been assigned for m, k, and the 
maximum allowable Egz/E,4, the corre- 
sponding value of may be found from a 
curve such as those in Figure 4. When ~ 


kfr=(n+1)fa 


the side frequency which causes distortion 
is equal tof4. Choosing k=1 and using the 
maximum audio frequency, the pulse repe- 
tition frequency must be 


Sr 2 a) farax 


where the proper value of is obtained from 
Figure 4. Once fg has been chosen on this 
basis, values of fa< famax Will satisfy the 
criterion of equation 32. Similarly, if the 
harmonics of fp are considered, X will in- 
crease proportionally with k, but the 
limiting value of n obtained from Figure 4 
always will be such that the lower side 
band of kf will have components of neg- 
ligible amplitude in the audio range. 

As an example, consider type Al pulse 
length modulation. The maximum value 
of X was given as 7/2 for this type. If 
Egpz/E,z is to be limited to 0.01, the corre- 
sporiding value of m from Figure 4 is 5.9. 
Thus the minimum allowable fr/fa=n+1= 
6.9. In practical systems the value of m 
probably would net exceed 0.5 in order to 
limit the band width to a reasonable value. 
This would limit X to r/4, giving fr/f 4> 5.3. 


(32) 
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Distortion in a Pulse Count Modulation 
System 


A. G. CLAVIER 


NONMEMBER AIEE 


Synopsis: In the further development of 
pulse time multiplex systems the form of 
modulation known as pulse count modula- 
tion! has been studied both theoretically 
and experimentally. This paper reviews 
briefly the principles of pulse communica- 
tion and its extension to pulse count modu- 
lation (PCM). Unlike the conventional 
_ types of modulation, PCM is represented by 
a discrete scanning of the amplitude of the 
modulating signal rather than a continuous 
amplitude scanning, in addition to the dis- 
crete scanning in time which is common to 
the other forms of pulse modulation. The 
discrete nature of such a system introduces a 
type of distortion which is a function of the 
number of amplitude levels used. The rela- 
tion between the numbers of levels and this 
type of distortion has been investigated and 
is discussed. Several types of signals are 
analyzed mathematically; namely, a single- 
frequency signal, a 2-frequency signal, and 
finally a continuous band of frequencies. 
In connection with the multifrequency case, 
the application of the Fourier transform to 
pulse amplitude modulation and its exten- 
sion to PCM is introduced. In addition, 
the cross talk introduced in different chan- 
nels of the modulating frequency is shown 
graphically for several amplitude levels. 


HE methods of transmitting intelli- 
gence by means of short bursts or 
pulses of energy have shown increasing 
application within recent years. Such 
applications have included radio relay 
systems, telephone multiplex, telemeter- 
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ing, and multiplex broadcasting, all of 
which have been described in the tech- 
nical literature.**7 Pulse modulation ex- 
hibits many important characteristics 
which makes the method particularly 
applicable to communication transmission 
systems. One of the fundamental 
properties is the ease of transmitting more 
than one intelligence signal through multi- 
plexing by means of time division. With 
this method the increments of each modu- 
lating signal are interleaved in time se- 
quence and since only one increment is 
transmitted at any one instant of time 
nonlinearities in the transmission system 
do not introduce interchannel cross talk 
products such as would be obtained in the 
more conventional frequency division 
multiplex. Another characteristic is the 
noise reducing properties obtained as a 
function of the transmission band width 
utilized. A third factor obtained with 
pulse systems utilizing constant ampli- 
tude pulses is the corresponding constant 
amplitude transmission characteristic 
which permits the system to be inde- 
pendent of fading and other transmission 
vagaries. A further important property 
is the flexibility of the pulse function 
which allows the various transmission 
constants to be interchanged, that is, 
band width for signal-to-noise ratio, dis- 
tortion and cross talk for band width, 
number of channels for signal-to-noise 


ratio or band width and other combi- | 


nations, thus permitting a system design 
directly suited to the specific application. 

Since pulses are characterized by the 
several parameters of amplitude, tim- 
ing, duration, frequency, build-up time, 
decay time, and pulse shape, a large 
number of modulation methods involving 
these characteristics singly or in combina- 
tion may be envisaged. For example, 
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the amplitude may be modulated re- 
sulting in pulse amplitude modulation. 
Alternatively, the width or duration of 
the pulses can be made to vary in ac- 
cordance with the modulating signal 
resulting in pulse width modulation. 
In this case a variation of the average 
power similar to amplitude modulation 
is obtained, but with constant amplitude 
pulses which permits the advantages of 
limiters and clippers to be obtained in the 
system. Instead of varying the in- 
dividual. pulse characteristic, the time 
between pulses or with reference to a 
marker pulse can be varied resulting in 
what has been called pulse time modula- 
tion. It should be noted that pulse 
time modulation can be derived from 
pulse width modulation by utilizing the 
leading or trailing edge of the width 
modulated pulses. In this manner the 
noise reduction advantages gained by 
the use of limiters are obtained, but at 
the same time a considerable reduction of 
power for the same peak power realized. 
The repetition frequency of the pulses 
may be modulated similarly to conven- 
tional frequency modulation giving rise 
to pulse frequency modulation. For 
both pulse frequency modulation and 
pulse time modulation the average power 
is essentially constant, with the deviation 
in frequency and time, respectively, being 
proportional to the amplitude of the 
modulating signal and the rate of change 
of these quantities a function of the modu- 
lating frequency. Figure 1 illustrates 
the fundamental characteristics of these 
several methods of modulation. The 
additional pulse characteristics may of 
course be varied, such as the pulse shape, 
and also combinations utilized; for 
example, time modulation together with 
amplitude modulation of the pulse series. 


It should be pointed out here that the 
discussion has been limited to the so-called 
video or d-c pulses without regard to the 
specific method of radio frequency trans- 
mission. It is obvious that any of the 
well-known methods of modulation of 
the radio-frequency carrier may be 
utilized such as amplitude, frequency, 
or phase keying, in addition to the modu- 
lation of the pulse sub-carrier. 
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Tn all the systems described it has been Figure 1. Pulse modulation methods 


implied that for a period corresponding 
to several modulating cycles, values of 
the instantaneous samples of the modula- 
ting wave encompass all possible am- 
plitudes of the signal transmitted. In the 
case of pulse amplitude modulation the 
pulses assume all values of amplitude 
corresponding to the modulation signal 
function. A similar situation is true 
for the other methods of modulation with 
the continuous equivalent of pulse width, 
pulse displacement, and pulse frequency. 
However, a second class of modulating 
methods complementary to these previous 
methods can be derived in which only 
selected amplitude values are trans- 
mitted, i.e., a double system of discrete- 
ness is utilized involving both amplitude 
sampling as well as time sampling. In 
this the amplitude range is divided into 
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anumber of discrete levels. If the in- 
stantaneous amplitude of the signal to 
be transmitted falls between two levels, 
either the lower or upper level only is 
transmitted depending upon the level 
which is closest. Figure 2 illustrates 
this process as applied to a single sine 
wave. 

Since only a finite number of levels is 
involved it is possible to transmit the 
information by a coded pulse system simi- 
lar to the standard printing telegraph 
system.!~? A transmission system of this 
type has been termed PCM. Thus, for 
example, if a modulating signal is divided 
into a total of 31 levels a five unit binary 
numdering system may be used for 
identifying each of the discrete ampli- 
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SLOW TIME SCALE 


tudes. In this example all numbers 
from 0 to 31 would be transmitted in 
terms of zero and unity, or absence and 
presence of pulse respectively. Zero 
(0) is transmitted as 00000, one is trans- 
mitted as 00001, two is transmitted as 
00010, three is transmitted as 00011, 
four is transmitted as 00100, and so forth. 

It is apparent that with this trans- 
mission system the many advantages 
that are obtained with teletype could 
likewise be extended to voice trans- 
mission. For example, cross talk in- 
troduced through carry-over from one 
pulse to the adjacent pulse is minimized 
since only the presence or absence of a 
pulse characterizes the intelligence. A 
similar situation is true with reference 
to noise introduced into the system. In 
order to deteriorate transmission, noise 
pulses must occur with the proper am- 
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Table I. Per Cent Distortion in a PCM Sys- 


tem for Different Levels 


N, Ne D, Per Cent 
Number of Amplitude of of Distortion = 
Levels Per First Harmonic, Pee 
Half Cycle Per Cent of A v6N X 100 

Ora iste ace ste nis OOS O77 aaete ato /< Ce0Oe Sole 

LOE Para cars hectare 100.34. sce mies 3.80...4.09 

Uy Cu Ndi scabs MOQ Ze An dees 2.00...2.04 

OO eae ete oe VOOSOS Ty are ee 81 .816 


Figure 2. Step representation of a sine func- 
tion 


plitude and at the proper time and phase 
in order to introduce a spurious pulse or 
suppress an existing one. Since the 
probability of noise occurring under these 
conditions is relatively small the system 
permits a large signal-to-noise improve- 
ment factor to be obtained. A further 
advantage of pulse count modulation is 
that the transmission band width may 
be made relatively small to the extent of 
producing considerable carry-over from 
one pulse to the next without affecting 
the transmitting capabilities. 

With a pulse system involving the 
single discreteness of time sampling only, 


Figure 5. Fourier trans- 
form of a cosine function 


1947, VoLUME 66 


OUTPUT V 


N LEVELS 


INPUT v 


function characteristic in 


PCM 


Figure 3. Transfer 


a minimum of modulation distortion 
occurs provided sufficient samples in 
time are taken to properly delineate the 
moduating signal. For pulse amplitude 
modulation the minimum ratio of pulse 
sampling frequency to the modulating 
frequency bandwidth is two to one. 
With PCM a similar relation holds in- 
sofar as spurious frequency distortion is 
concerned, however, since only an ap- 
proximation in amplitude of the modula- 
ting signal is produced it is obvious that a 
price must be paid in terms of non-linear 
distortion for the teletype advantages 


gained. An increase in the number 
VAs 
7 
F(t) ] g(w) 
-T +T : 


4 


Figure 4. Fourier transform pair 
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‘the nearest half level. 


of levels utilized decreases this distor- 
tion, but the number of pulses required 
is increased and hence the band width 
necessary to accommodate the system is 
increased accordingly. The degree of 
distortion with a system of this type 
thus determines to a large extent the 
transmission characteristics. 

A study has been made of the relation- 
ship between the number of levels and 
the resulting distortion as well as the 
relation between the cross-talk and this 
distortion in a PCM system. The pur- 
pose of the present paper is to indicate 
the several, aspects of these character- 
istics resulting from the study, as well 
as the special methods of analysis which 
were found necessary to solve the prob- 
lem, and which are applicable to similar 
problems of this type. 


PCM Applied to a Signal Consisting 
of One Sine Wave 


GENERAL 


It is well known that when an infinite 
train of square topped pulses are used 
in pulse amplitude modulation to scan 
a sine wave, the output spectrum does not 
contain any harmonics of the modulating 
frequency.’ However, ina PCM system, 
due to the discrete nature of the sampling 
process, it is to be expected that harmonic 
distortion would be produced dependent 
on the number of amplitude levels used 
in the transmission of the intelligence. 
In the limit, when the number of am- 
plitude levels is greatly increased, a PCM 
system will convert to the equivalent of a 
pulse amplitude modulation system with 
no harmonic distortion in the output. 

In order to calculate the distortion 
introduced in the system when PCM is 
applied to a sine wave, one can replace 
the signal with a step function consisting 
of 2N levels of equal height as shown 
in Figure 2. In this representation, 
the system will recognize amplitudes to 
Obviously ap- 
plying pulse amplitude modulation to 
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such a step function is equivalent to 
applying PCM to a sine wave, for the 
modulated pulses carring the intelligence 
will be identical for two cases and thus 
the harmonic distortion of such a step 
function must equal the distortion in- 
troduced in the process of PCM. 


CALCULATION OF HARMONIC 
DISTORTION OF THE STEP FUNCTION 


Consider a sine wave f(t) = A sin wt 
to be replaced by a step function fs) 
as shown in Figure 2. This step function 
may be considered as a superposition of 
N pairs of rectangular steps per cycle 
of the same period T equal to that of the 
fundamental sine wave, of the same 
height A/N and of different width t, 
such that 


(1) 


It is shown in Appendix I that the kth 
rectangular step pair may be represented 
by the Fourier series 


oe 


4A 


om ne 7N(Qr-+1)~ 


* |x sin (2v+1)wt 
(2) 


Os Qv + 1 sin 


Figure 6. Frequency spectrum of modulating 
signal 


only odd harmonics being present and 
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The harmonic distortion of f,(¢) is defined 


by 
Ag+1 6 
) 2 (4) 


A, 


= 


where As,4: equals the amplitude of 
the (2v-+ 1)th harmonic of the step 
function f,(¢) namely 


4A = 
a hae eee LEN 
ae prec enarees 
os [ e+ sin7} a =| (5) 
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It is also shown in Appendix I that equa- 
tion 4 reduces to 


Pie ie (6) 


A 
Qk—1 
2N 


(7) 


where 


2 
Tie bes 3 @k—-1) sin 


2 
N Ta 


and A, equals the amplitude of the first » 


harmonic of f,(¢) given by 


AGEN: 4 2Qk—1 
Ba ae cos { sin 3 (8) 


NUMERICAL RESULTS 


No closed form was found for the. 


distortion formula given by equation 6. 
However, this formula is useful for 
numerical calculations and the results 
are tabulated in Table I. 

It is seen that the distortion com- 
ponents are always odd harmonics of 
the fundamental. Also from Table I 
for N large the distortion D approaches 
1/./6N which is a very interesting limit 
of equation 6 and which remains to be 
proved mathematically. 


PCM Applied to a Signal of Two 
Sine Waves 


GENERAL 


The method outlined in the previous 
paragraph is applicable to the simple 
case of one modulating frequency. How- 
ever for composite modulating signals 
other methods must be devised, one of 
which is outlined in the following para- 
graph and which is applicable to a small 
number of modulating signals. In this 
case one would expect to find in the out- 
put, not only the original frequencies 


‘of the modulating signal, but also inter- 


modulation products, that is, all possible 
additive and subtractive combinations 
of the input frequencies and their har- 
monics. 

For an ordinary nonlinear system 
where the output voltage V can be ex- 
pressed as a power series of the input 2, 
namely 


V=av-+bv?+... 


attempts have been made to calculate 
the cross talk introduced.? However, 
in a PCM system the output-i.put 
characteristic is a step function having 
a finite number of discontinuities and 
thus cannot be expressed in a power 
series 

To calculate the harmonic distortion 
and cross talk components introduced 
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the output V is expressed as a Fourier 
series of the input v within the operating 
range of the modulating signal. Ex- 
pressing v as a function of time namely 


n 
v= >> Ex sin oxt 
k=1 


the output signal V is thus given as a 
function of time which is then analyzed 
into. its frequency components. This 
method was applied to a signal consisting 
of one or two sine waves. The formulas: 
developed in the preceding section were 
derived in a different form and their 
usefulness was extended. New relations 
were developed for the case of two 
frequencies which are very interesting 
from the mathematical point of view, 
but too complex from the engineering 
point of view. In the following para- 
graphs a short resume of this method is 
given, the mathematical steps being more 
fully dealt with in Appendix II. 


FouRIER ANALYSIS OF A STEP FUNCTION 
CHARACTERISTIC OF OUTPUT VERSUS 
INPUT IN A PCM SysTtTEM 


Due to the discrete nature of the trans- 
mission of intelligence in a PCM system 
the output-input curve is in the form of 
function as shown in Figure 3. In this 
representation the system is assumed to 
recognize amplitude levels to the nearest 
half level, similar to Figure 2. Actually 
Figure 3 is derived from Figure 2 by 
eliminating the time variable. 

. The output V may be expressed as a 
Fourier series of the input v in the range 


—E<VSE 
sa nnd 
V= Be Sia (9) 
where 
2E sin mm 
= | ——=—4 N(- 1)" —* : 
"anN cn eG (10) 
OR Si, 
2N 
ity) 
ra) 
5 
= 
idl 
a 
= 
a 
TIME t 


DUTY CYCLE 


f = SCANNING FREQUENCY 


Figure 7. Series of scanning pulses 
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-2u, -W, 
therefore 
_2& =, (1) sin rn —+.N(— prox 
EN nN i 
ee 
2N 


ist ert 1d) 
St ——, 
E 


In equation 11 v must be expressed as a 
function of time making sure that v 
is always within the range considered, 
and by analyzing the output V, the dif- 
ferent components of the output may be 
determined. Two cases will be analyzed 
here 


v=E sin owt 
Es. ? 
tae: (sin at-+ sin wet) 


Inpurt SIGNAL CONSISTING OF A SINE 
Wavev = Esinwt 


Equation 11 becomes 


ae iil i 
See Es Sages eta x, 
TN nazi)” 2 sin — ea 
2N 
sin (wm sin wt) 
4E A (G1) ee te tsin’ a2 
i anak 2 arama be 
oie? #=19y siti — 
2N 


SS Jev41(n) sin (27+1)ot (12) 
v=0 
where J», 41 represent the Bessel function 
of the order (2y-+1). 

From equation 12 it is seen that the 
output V consists of the fundamental 
frequency plus odd harmonics only, 
_a result which has been outlined in 
“Calculation of Harmonic Distortion of 
the Step Function.’’ The amplitude of 
the fundamental frequency in the output 
A, reduces to 


A\=E B12 +2 Ser i | 


wNy a1 1 
4E Xx 2k—-1 
ped CA | hoes a 13 
2» cos (sin 3 ) (13) 
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and the amplitude of the (2v+1)th har- 
monic becomes 


“(= ye 


oS 


Ay41=— a OL ING) 


Pa eee ie [e aS 

~ FN Qt, cos | (2»-+1) sin 
2k—1 
| (14) 


The last two equations are identical 
with equations 5 and 8. 

By using the asymptotic expansion for 
J,(271N) equation 13 may be expressed in 
a closed form, nancy, 


(— ie 
eee ae Bs = 


0.1096 
The values computed for A, for different 
levels V are compared with those of Table 
I and are shown in Table II. 


An approximate expression for A241 
was also found. 


(15) 


(—1)’V2E 


aaa) Oe 


Agy4i = 


0.8670[4(27+1)2—12] 
16x i 
0.9278[4(2»4+1)?—1"] x 
[4(2v+1)?—3?] 
51202N? 


(16) 
As. an example consider N=5, v=1 


V2E 
59/2 


= —0.818 per cent of E 


A3= [0.7650 —0.1207 — 0.0069] 


Using the exact formula 5 


[oS )I 


= —.818 per cent of Z 


One must realize that the labor involved 
in the calculation of A241 is very great 
when using the exact formula of equation 
5, especially when W is large. It should 
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WetW, 2W.-W, 2w-W, 2u.tW, 


WwW. ew. 


Figure 8. Frequency spectrum of ‘exact 
scanning’’ process 


be observed, however, that for large NV 
only two terms of equation 16 will suffice. 


InPuT SIGNAL CONSISTING OF Two SINE 


E 
WAVES Fis (SIN wit-+ SIN af) 
The method used in the preceding sec- 
tion may be extended to two frequencies. 
Equation 11 reduces to: 


S(-p'7 


ete 


V=5Gin axt+ sin wet) —— 
t=1 


{ zeim] 3 Joy 41(nlN) X 


vy=0 


sin (2v+1)et+ >) Jep41(rlN) X 


p=0 


foo} fos} 


sin ert ier }+20 Do Joy4i(nlN) X 


y—O0K=0 
sin (2y+1) wit Xcos 2ra2t-+ 


25 Ys Je 4+1(rlN) X Ton (al) X 


p=0n=1 


sin (2p-+1)wetX cos ana (17) 


The amplitudes of the odd harmonics of 
the two input frequencies w; and w, are 
given by 


t—1 
dyp= z Jo(alN) X 


Nir 


Joy 4+i1(rlN) (where v21) (18) 


The similarity between this result and 
equation 14 in the case of one frequency is 
interesting. 

The amplitudes of the cross products 
are given by 
(— Dx 1 


_2E 
> 
Nini 


apes ae (rlN) (19) 


A (2y-+-1)e1 = 2a. = 


Approximate expressions for equations 18 
and 19 are found in Appendix II, where it 
is also shown that in the case of two fre- 
quencies the harmonic components are 
greatly reduced in comparison with the 


993 


single frequency case. It is also shown 
that the cross-products components are of 
the same order of magnitude as the har- 
monics of the input frequencies. 


Application of the Fourier 
Transformation to PAM 
Modulating Signal Consisting 
of a Continuous Frequency Band 


(GENERAL 


When the modulating signal consists 
of a continuous frequency band, the 
method outlined previously fails due to 
the complexity of the mathematics en- 
countered. However, such an analysis 
can be made by the use of Fourier trans- 
forms at first applied to pulse amplitude 
modulation and then extended to PCM. 

The results obtained in pulse amplitude 
modulation when the modulating signal 
consists of a sine wave are generalized for 
a complex modulating signal in the follow- 
ing analysis. The components of the 


INTRODUCTION TO THE ‘THEORY OF 
“FOURIER TRANSFORMS” 


Consider first a signal given as a func- 
tion of time f(¢), for instance the signal 
shown in Figure 4 to have a constant 
amplitude from t=—7 to t=+7. To 
this signal a Fourier transform can be 
associated which is obtained by means 
of the following mathematical operation: 


—Iwtdt (20) 


This is a function of w namely, g(), 
which for the particular signal considered 
is readily found to be 


2Ar sin wr 
V/ Qn eT 


The function also shown in Figure 4, but 
in a plane perpendicular to the ¢ plane, is 
usually denominated the frequency spec- 
trum of f(f), for reasons which will appear 
more clearly later on. 


g(w) = (21) 


AUDIO BAND TO BE TRANSMITTED 


G (w) 


LGU 
tig, 


he 


\ 
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\ 
\ 
»X 
N 
SS 
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Figure 9. Sideband distribution (w.<ws< 
21) 


output spectrum and the frequency re- 
sponse are thus extended to a case which 
clearly corresponds to a practical com- 
munication problem, where the modulat- 
ing signal is, or can be constituted by all 
frequencies in the modulating band 
simultaneously. 

The usefulness of Fourier transforms 
with their extensive and flex ble proper- 
ties will be shown still more clearly in the 
paragraph dealing with the computation 
of crosstalk introduced in a PCM system, 
due to the process of quantization 
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It can be shown that all functions fO 


such that the integral ij f(t) \dt exists are 


transformable by the previous mechanism 
into spectra g(w) without ambiguity. 
When g(w) has been found it can be 


AMPLITUDE 
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conversely transformed into the original 
signal f(t) "i the eee operation: 


TT glade (22) 


Le g(w) = Sz 


+o 
and all functions g(w) for which af; lg(w)| 


dw exists do not give rise to any 
theoretical difficulty. 

The associated signal f(¢) and spectrum 
g(w) constitute a regular pair of Fourier 
transforms, which property may be sym- 
bolized as follows: 

\ es 


TT FO =f) 
Ti Tig() =g(w) 

The value of the Fourier transforma- 
tion comes from the fact that many prob- 
lems can be solved by one of the following 
methods: 


1. Starting from the signal, the spectrum 
is found. This spectrum is submitted to a 
modification resulting from the operation of 
a piece of apparatus, a filter for instance. 
The modified spectrum is then reconverted 
to the signal—time plane of co-ordinates. 


2. Inversely, starting from the spectrum, 
the signal is found. This signal is modified 
by the operation which is considered. The 
modified signal is then reconverted to the 
spectrum-—frequency plane of co-ordinates. 


In the first instance the shape of the 
modified signal. is compared with the 
original signal-to see how far it is dis- 
torted; in the second instance the modi- 
fied spectrum is compared to the original 
one, to investigate how much frequency 
distortion, or nonlinear distortion or 
cross talk has been introduced by the 
process under examination. This second 
method has been rarely used so far, 
though it is easily seen that, when the 
mathematical difficulties are not insuper- 
able, it should prove to be a powerful in- 
strument for the analysis of a number of 
problems with which the communication 
engineer is confronted. 


GENERAL PROPERTIES OF THE FOURIER 
TRANSFORMS 


In order to facilitate the understanding 
of the following paragraphs, and to give 
an idea of the remarkable flexibility of 
the Fourier transformation, the follow- 


Figure 10. Square topped scanning 
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ing tabulation been prepared, in which 
the essential properties of the Fourier 
transformation are listed. 


1. Definitions and Notations. 
1 He ai 
THO=e0)=Fe f f(je~ "dt 


t = & 1 ie *jwtg 
Ti gw) =f ei g(w)e Mtdes 


2. Change of Sign of the Variable. 


Tif(—2) =2(—») 
TA —o)=i—) 


(24) 


(25) 


3. Translation of the Variable. 


T2f(t—t) =€-#%¢(0) 
Ti glows) = (0) \ oy 


g(w) 


w 


r) 
Wy, Ww, W, 


Figure 12. Frequency spectrum of modulat- 
ing signal, one channel unoccupied 


4. Interchange of Function. 


Trgtt) =f(—«@) 
; 27 
Tif(w)=4(—9 \ ead 
5. Multiplication of Functions. 
1 ig 
Tite fi bee Dalegra)ae a 


co 


TK Te [= ey—2as 


6. Differentiation and Integration With 
Respect to the Variable. 


d¢ 
T° a = jug (w) 


(29) 
Ts = — Po 
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Giw) 


t 
T° Bi FO) dt== ala) 

ati : (30) 
Thi vb g(o)da= = xsl) 


foc} 


From these fundamental properties, a 
number of others can be derived, such as: 


7. Computation of the Sine and Cosine 
Fourier Integrals. 
1 + 


Vin) — « 


feos wt dt =3x 
[g(w) +2(—o)] 


: Hy “4 FO in wt dt=j 

= sin wt di=7-— 
V/ Qe —o ; 2 

[g(w) —g(—w) J 
8. Energy Integrals. 


+o + © 
i f%dt= aL g(w)%do (32) 


The usefulness of Fourier transforms 
can however be still further increased 
when they are extended to include some 
important, though essentially singular 
functions. This will be explained in the 
following fundamental case. 

Consider the signal f(t) shown in Figure 
4, Let the domain of time during which 
f(i) exists decrease and at the same time 


(31) 


+ 0 
the amplitude increase so that i f ( dt 


remains constant. For the particular 
signal of Figure 4, this means that 2Ar 
will remain constant. However small 7 


may be, the signal has a well defined trans- ' 


form. When 7 approaches zero, the limit 
constitutes an essentially singular func- 
tion of time, which is zero for all values of 
time, except for ¢=0 for which, though 
the amplitude becomes infinite, the limit 
of the area covered remains finite. This 
is the “impulse function.”’ It can be con- 
ventionally written 2476)(f). The symbol 
do(#) is equal to zero for all values of t ex- 
cept ¢=0, for which it is equal to +1. 

Let it now be tentatively written that: 


2dr si 24 
T#2Aroo(t)= lim 9 =x = 


———— 
0 Vie ot (N/2e 


Ar—constant 
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Figure 11. Total modulation spectrum 


Soo eee ee 


that is to say 


T° i) (33) 


T 
It will be necessary to show that this is 
consistent with 
t 1 
¥ A/ 2r 
To do this, it is only necessary to consider 


Las the limit of e~ *!“! for a++-ve approach- 
ing zero. It is found that 


= 60(t) 


, e— ale! 1 a 

be eX 
Tee. V/ 26 oa att 
Now 


Hay a dt ay. 
2 ET PES 


Let a approach zero. This limit is ob- 


1 
a Call 
WA w2 


be considered as a pair of Fourier trans- 
forms. Applying general property 4 gives 
immediately 


viously 6)(¢). Thus 6)(#)and 


1 


T159(#) =—= (34) 
: A/ 28 
Property 3 gives 
Ts 5 (wy — wo) = ee (35) 
Tv 
and consequently 
2 
T* [59 (@— wo) +59(w+wo)] = iE COs wot 
7 
(36) 
Table Il. Amplitude of Fundamental Com- 
ponent of Output for Different Amplitude 
Levels 
N, Number : 
of Levels Per Ai/E Ai /E 
Half Cycle (Equation 8) (Equation 15) 
WD tar cats aks alte VR OOG Tse hays taratis suave 1.0098 
LOR an Sart ase V0084 Fie epietere-s 1.0035 
Oot: hare T0019 aye seats 1.0012 
BOtscea ete? P70003'S0 Ae 1.0003 
pS Dal rs OR 1s Ee een eee PES 


This result is of fundamental impor- 
tance because it gives a means to deal 
with discrete frequencies at the same time 
as continuous spectra. A cosine signal 


2A 
oe CoS wot will be represented in the 
T 


spectrum-frequency plane by two im- 
pulse function A6o(w—wp) and Ad)(w+ a») 
which is distinguished from the differen- 
tial amplitudes. of continuous spectra 


by means of the dotted lines. (Figure 5) 

The method previously used for analyz- 
ing pulse amplitude modulation and 
PCM has consisted in studying the modu- 
lation of a series of pulses by a cosine 
wave. The corresponding spectrum of 
the modulating wave was thus the one 
shown in Figure 5. If a certain band 
width has to be covered, say from a, to 
@:, and in case the modulation process in- 
cludes operations which lead to possible 


interaction of the different frequencies 
involved, it becomes necessary to con- 
sider a number of simultaneous pairs of 
impulse functions in the plane. This 
computation generally leads to a lengthy 
arithmetical combination of the discrete 
frequencies involved from which it is 
difficult to deduce a clear statement of the 
general case, where all frequencies in the 
band width considered are present simul- 
taneously. 
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Figure 13. Time functions for various modulating signals 
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The Fourier transforms provide a 
powerful instrument in the treatment of 
such problems. For instance, the analysis 
of the operation of scanning and quan- 
tizing a number of cosine waves of equal 
amplitudes 


A COS wgt+A cos w3tt....... +A cos ap! 


all situated within a band @; <a < ay is re- 
placed by the investigation of the signal 
corresponding to the spectrum given in 


Figure 14. Effect of quantizing on modulat- 
ing signal 


(A) 
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Figure 6. Such a signal is readily found 
to be 


f(t) =Tig(w) 


2Aws | sin wot ow, Sin wt 
a = (37) 


A/ wot w2 oayb 


Exact SCANNING 


By exact scanning a type of pulse 
modulation is meant in which the tops of 
the modulated pulses follow the modu- 
lating time function during the scanning 
interval. 


Figure 6 gives the frequency spectrum 


G(W)=8-8COS 2WT-2 60S 4WT+ 2 COS BWT 


of the composite modulating signal, the 
time function of which is given by equa- 
tion 37. 


Table Ill. Cross Talk in Unoccupied PCM 
Channels 
Cross Talk, 
Channel Per Cent 
1b eee Oey Oa te Cees 8.2 
DN eeah as) aaa igh ais aida ae 28.6 
3 fr dis < Gein DUC chO ioe 14.8 
TERI SNe 2 OS OR MRT (Be 
iid Meas ey hee OT 0 


1.0w, 1.5w, 


+4 CoS 3WT+ 2 GOS 4WT 
#2 COS 5WT+2 COS 6WT 


G(W)=8t4COS WT+6COS 3WT-2 COS 4WT 
-4COS 5 WTt2COS BWT-2 COS IT WT 


r--- 


G(w)=8+6 COS WT- 4 COS 4 WT+2 COS 5WT+2C0S 6 wt 


-4C0S TWT +2 COS 18 WT 


Glw)*8+8 COS WT-4COS 2WT+2C0S 4WT+2 COS 7 WT 
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CHANNEL 1 
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(eo) 
AMPLITUDE 


The scanning pulses are represented in 
Figure 7. This is a periodic function 
which can also be represented by the 
Fourier series expansion 


sin pro 


Fi) = So} 142 ee cos rt | (38) 
v=1 


yTo 


The corresponding frequency spectrum is 
immediately obtained (see equations 34 
and 36) 


G(w) =T?FW) 


— Vas Be 26 De sin vm So - 
eal vm So 
(lo—ran)+otortows} | (39) 


The exact scanning is equivalent to 

operating on F(t) by f(t) according to 
il 

F(t) \ 147, f0 = ¢(t) (40) 


So that the resulting frequency spectrum 
is 
Toll) =T? F(t) + TF) Xf) (41) 
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CHANNEL 2 


CHANNEL 3 


AMPLITUDE 


The first term represents the spectrum 
G(w) of the unmodulated pulses. The 
second one is according to equation 28 
1 
EW 20 
+a 
uf g(—x)XG(w+x)dx (42) 


foo} 


1 
pea’) Xf) = x 


that is to say 


+ 
ETrROXIO=S fC c(—2)4 Met) + 


er 
ao 


i Si 
Sy MMe ete vs) + 


vel 


bo(w-+-x-tvws)] ae (43) 
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Figure 16. Discontinuities of f(a) correspond- 
ing to angular distances of steps from origin 
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CHANNEL 4 


CHANNEL 5 


Figure 15. Effect of limiting of time 
function on modulating signal 


The first term is equal to g(—«) when 
w+x=0, that is it reproduces g(w). Any 
other term is equal to g(—x) when x= 
vog—w and x= —rws—w andit is equal 
to g(w—vws)+g(w+vws); or as g(—x) = 
g(x) it is equal to g(vws—w)+g(vwstw). 

For any term wvarying within the limits 
assigned to it by Figure 6, —w,.<w < —@; 
and w,<w<a Thus the frequency 
spectrum of g(t) can be represented as 
shown in Figure 8 where 


Asa sin varSo 


vrSo 


sin vrSo 
E,=E —— (44) 
pro 


In order to be able to filter out the 
original audio band from the first side- 
band, a sufficient condition (for an ideal 
filter) is readily apparent in Figure 8. It 
iS: Wg> 2. 

Actually this condition is sufficient, but 
not always necessary. Consider a con- 
tinuous band of frequencies to be trans- 
mitted where a; Sw Sa». 

One can easily see from Fig. 9 that pro- 
vided w, < 2w, theside band can be filtered 
out with the aid of a band pass filter when 
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the scanning frequency is such that w,< 
Ws < 20. 


SQUARE TOPPED SCANNING 


Let the modulated pulse train be square 
topped, and let the amplitude of the 
pulses be modulated by the time function 

(¢) (equation 37) derived above in such a 
manner that the value of f(t) correspond- 
ing to the center of the pulse is effective in 
’ the modulation process. 

The result of such a process is shown in 
Figure 10. The amplitude of the vth 
pulse can be written 
E,=E+f(t)d0(¢—vT) (45) 
Let P’(t—vT) be a function which takes 
the value one for all values of time such 


that oT 5 <i<9T +5 and equals zero 


everywhere else. The function of time 
w(t) corresponding to the modulated 
pulses can be written 


+o 
>> E,P,(t—-rT) 


+ © 
SS EP, (t—vT)+ 


+o 
d f@s(t—»T)]P, (t—rT) 


p= — oO 


et) = 


(46) 


The problem consists in finding the 
spectrum of g(t) 


+o 
Gw)=T?e()=T? S> EP, (t—vT)+ 


+ 0 
T? YS [fWslt—»T)1P-t—7) 


y= — © 


= Gi(w) ++G2(w) (47) 


The first part clearly reproduces the 
spectrum of the original unmodulated 
pulse. The second part is due to the 
modulation. 

Take any term of this second part 


TU Os0(¢—»T)] Pr(t—rT) 
=[f@ot—»T)] TPP, (t—rT) 


=[f@édo(t—»T)]e— "TP, (2) (48) 
But 
: 
sin w = 
Pe = ee 
TrPr(t) = rae x—— i 
° 2 
Each term is thus equal to 
e, cP 
a sin w— 
— Se [TS eG Peery 8 
ee AR [feo (t—vT)] (49) 
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The second part is thus: 


T 
sin w— 


x 
/ 26 T 
a- 
2 
+o 


> [fem *#%0(t—-rT)] 


y=—o 


Go (w) = 


x 


(50) 


which can immediately be written 


2A Si 5 
Glo) == x 
27 T 
ae 
2 
[1-242 y (ae woy ay 
Bax agvl we 


mae?) cos wr | (51) 

The expression G.(w) contains the 
spectrum of the modulation energy which 
will be analyzed subsequently. This can 
be accomplished either by an operational 
method applied to equation 50, an ap- 
proach which is elegant and concise and 
which will be carried out here, or by 
standard algebraic methods, as analyzed 
in Appendix III using the form of equa- 
tion 51. 

Consider the operation 


+o 
>> 80(t—vT) 


v= —- @ 


of equation 50. This may be considered 
as a periodic process of interval T and 
thus can be represented by a Fourier 
series operator. Symbolically this may be 
written as 


+o 
>> [Be] Xe? es] (52) 


y=— oO 


+ © 
YS &(t-»T) = 


vp=—o@ 


where 


pn Sais 
[By] [pf do(te— 778" a| 
+ © 
‘Efe, 


Therefore 
+o +o 
YS w(t-»T)= >) X 


E ab ‘ “civagt a| (53) 
T 69 


This means that for each term in equation 
50 the operation 


1 + goes) Ke it dt 
Dp 


vi TesfOes'] (54) 
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is performed so that G2(w) becomes 


sno 
2 2m 
Ga(w) == yeni - aes YD lo=nis 


since 
THO =g(@) . 


Equation 55 contains, in a very com- 
pact form, all the information about the 
spectrum of the modulation energy, which 
is shown in Figure 11, ; 

Note that output components are 
identical with those obtained for the 
simple case where pulse amplitude modu- 
lation is applied to a single sine wave.’ 


CONCLUSION 


The preceding analysis shows that by 
the use of Fourier transforms it is possible 
to investigate the behavior of a band of 
modulating frequencies acting simul- 
taneously in a given communication sys- 
tem. The generalization of the results 
obtained in the past for a small number of 
discrete modulating frequencies is ac- 
complished with a surprising facility. 
This method of Fourier transforms will 
however reveal itself almost indispensable 
when the problem of PCM will be ex- 
amined with a view to determine cross 
talk and distortion. 


Application of Fourier Transforms 
to the Calculation of Cross Talk 
and Distortion in a PCM System 


INTRODUCTION 


It has been indicated previously that 
due to the discrete amplitude scanning, a 
PCM system will introduce cross talk. 
In practice, the total modulating fre- 
quency band w; Sw Sa» is divided into a 
number of channels, each channel carry- 
ing independent intelligence. Due to the 
cross talk introduced in any one of the 
channels, the problem reduces itself into 
calculating the energy appearing ina 
particular unoccupied channel in the band 
while the other channels are occupied. 
The concept of a time function, equation 
56, being the Fourier transform of the 
modulating band of frequencies modu- 
lating an infinite train of pulses will be 
carried over to the analysis of PCM. 
However, the difference between the two 
processes of pulse amplitude modulation 
and PCM when applied to the time func- 
tion f(#) must be clearly understood. In 
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the case of pulse amplitude modulation 
G,(w), equation 51 is the total contribu- 
tion to the spectrum of an infinite num- 
ber of pulses to produce a spectrum con- 
taining the original audio band (without 
distortion) plus the side bands dis- 
tributed about the harmonics of wg (see 
Figure 11). In PCM the modulated 
pulses are transmitted not with ampli- 
tudes proportional to f(¢) but with ampli- 
tudes equal to an integral number of 
amplitude levels, the nearest integral 
level to f(#) being transmitted. In this 
case G(w) will be modified by two 
causes: first, the fact that signals below a 
half a level are neglected thus rendering 
the number of modulated pulses finite, 
and second the process of quantization, 
that is the pulses transmitted are not 
truly proportional to f(t) but are of in- 
tegral value. The method of attack will 
be to reconstruct the new frequency 
spectrum G,(w) and to calculate the 
energy splashed over into the wnoccu- 
pied channels in the process of PCM. 


CALCULATION OF Cross TALK IN 
INDIVIDUAL CHANNELS 


Consider a modulating frequency band 
as shown in Figure 12. The transform of 
g(w) is 


f® eh g(w) cos wt dt 


sin wef sin w3t sin “¢] 


= 7] t t t 


(56) 
Let 
Aw = awe 
where 
O0<a<l 
and 
3+ @4 
nS 
ee: 
=center frequency of channel under 
consideration 
Therefore 
Aw Xt 
sin 
2Aw| sin ont 2 
fo) = os =a COS wat 
; VS2r| wat Aw Xt 


(57) 


It is important to note here that when 
a is very small, this time function will 
vary only slightly from the original one 
corresponding to a solid band 0-w,. Asa 
result of this, the energy reflected in 
the narrow gap in the process of PCM 
will fill the gap completely, while in 
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pulse amplitude modulation g(w) is re- 
produced faithfully. 

Returning to equation 57, the spectrum 
of the output in pulse amplitude modula- 
tion (see equation 51) would equal 


, OT 
2Arw Bed: 
G2(o) =—>— X— (a) 42x 
wr me 
2 
_ AwoXvT 
x T sin 2 
SIN Wav wv x 
wo (Nopeil 
2 


cos wqvI | cos vTw 


T 


‘ sin w= os 
=AS)(2Tf) (1—a)+2 >) Xx 
w . as 
9 
_ Aw XvT 
Soil 
sin wovT 2 
——— —aQ ee DC 
wo T Aw XvT 
2 


(58) 


cos wqvT | cos vTw 


In the process of quantization the num- 
ber of contributing pulses becomes finite; 
the corresponding frequency spectrum 


T 


sin w = 
Gq(w) = (A So) (2Tf2) x 
so 
v=k 
| a-e)+2 > Ay cos Te | (59) 
y=1 


where K equals the number of pulses con- 
tributing to the transmission of the in- 
telligence and A, equals the ee 
value of f(vT). 

For a given number of levels m corre- 
sponding to f (0) one can determine K for 
a particular case and the corresponding 
amplitudes. This data will enable one to 
calculate the energy in any channel in the 
band under consideration. 


NUMERICAL RESULTS 


The method described is illustrated 
graphically in Figures 13 and 14, A fre- 
quency band of 0-20 ke with 4-ke chan- 
nels and a scanning frequency of 50 kc are 
considered. Figure 13 illustrates the time 
functions corresponding to the different 
modulating signals, with the maximum 


amplitude of f(#) in (A) corresponding to _ 


10 levels, and the effect of quantization is 
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clearly illustrated by the transmitted 
pulses. The corresponding frequency 
spectra G,(w)(equation’ 59) were recon- 
structed in Figure 14 where the spectra 
corresponding to pulse amplitude modula- 
tion are also superimposed for comparison. 
The energy appearing in each unoccupied 
channel equals 


a4 
i Gq) "dev 
@3 


and the cross talk equals the square root 
of the ratio of this energy to the normal 
energy per channel. The results are 
shown in Table III. 

Itis significant that the cross talk varies 
greatly from channel to channel. Of 
course the number of levels is rather small 
and it is impossible to arrive at definite 
conclusions as to the relation between 
cross talk and number of levels. 


Cross TALK RESULTING FROM LIMITING 
OF FUNCTION 


Let us further investigate the effect 
upon the cross talk arising from the fact 
that f(#) is not scanned from — ~to + © 
but between the limits —iStS-+t. As 
explained in the introduction of this sec- 
tion in the PCM system amplitude levels 
smaller than half a level are neglected 
which results in scanning a limited time 
function f,(#). While the transform of 
f(é), equation 56, equal g(w) of Figure 12, 
the transform of f,(t) will produce a 
modified spectrum which will be denoted 
by g;(w) namely 


THfH =) 
TH) = gi(w) 


Applying pulse amplitude modulation to 
such a frequency band, the output spec- 
trum (see equation 55) equals 
+ T 
sinw- +o 
Do g1(w@—vwg) 


p= -— © 


Gi(@) = So 


(60) 


(2) 


RES) 


In order to determine G,(w) the function 
g(@) must be found which is the trans- 
form of f,(¢). 


+b we 
Teh) == uff [= a 
"SJ —t 


_ sin a } AR 


Sin west 
t 


Tz aL . SO cos wt dt (61) 


where fy is greater than zero. Equation 
61 contains the contribution to cross talk 


Therefore 


gi(w) =g(w) — 


AIJEE TRANSACTIONS 


x 


due to limiting of f(t) which is represented 
by the term 


& o 
— F(é) cos wt dt 
\/ 2m to 


Therefore 


2 7 2A 
Jp f(t) cos wt dt=— X 
\/ae to us 


Sst. @ot sin w3t sin oat 
+—— --—— )x 
ff t t t 


cos wt dt (62) 


or 


gr) =g(0) — \ fi |S + 
to 
sin aad ar fi |= eure) 
t a t 
sin a8 a fi 12 ontalae 
t i t 
ee “ap t 


=g(w) -—h-ht+I; (63) 


Where 1,, Jo, and J; vary through the 
different regions of w. as shown subse- 
quently 


O<w<as. 


A 

Lh== [x—Si(wrte)fo— Sire) to] 
A 

a= [r— S;(ws+-w) te — Si(a@3 — @) to] 


A 
Ty=— [w— Si(we ta) fo— Siro) to] 


ane 
where S;(x) = efi aoe du 
a u 


@3<w< ws. 


A 

i, Es a [a — S;(we+w) to — Si (we — w) to] 
A 

Tr=— [—Si(ws+e)loF Se(o— os) 
A 

T3=— [r—Sj(ws+w) to— Sj (ws — w) fo] 
Us 

wy w< we. 


A 
se [t—Sy(w2+w)lo— Si(w2— w) to] 


a 


I,=— [—S;(@3+w)to+ Si(w— ws) to] 


4 


T3=— |—Sj(ws1+e)to+S;(w— ws) to] 


3 fs 3 ls 


wad ©. 

A 
L=— |—Silorto)lo+Si(w— wn) to] 

A ® 
B= [—Se(sto)to+ Si(o—er)to] 

A } 
Lie [—S;(ws+e)lo+Si(@—wr)to] 
A plot of gi(w) for a particular case is 
shown in Figure 15 F. Note that g,(w) 


extends beyond a». 
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During the process of pulse amplitude 
modulation, g,(w) will be reproduced 
without distortion at a reduced scale. 
However, the spectrum of g)(ws—w) will 
overlap with the lowest audio band and 
thus introduce additional distortion in the 
gap which is clearly indicated in this 


figure. 
QUANTIZATION OF LIMITED SIGNAL 


The process of quantization may be 
expressed mathematically by modifying 
equation 46 as follows 


+0 

e@= >) ElP(t—T)+£-¢—sT)] 
(64) 

where £ represents the quantization of 
the nearest level. Therefore 

+o 
v(t)= D) ElP,(t—vT)+&-(¢—»T)]+ 

sae 


S> fi) X aot») JP, (t—» T) + 


=) 60. 


@ 


SS [fild) X 60(t —T) lés (tT) 


Ch) 


By choosing the proper scale, the first 


‘term of g,(#) may be adjusted to give 


zero. The second term equals 


sin 05 + © 
Gi(w) = So 3 £1(w —vwg) 
T — © 
x: 


which is equation (60), and the third 
term represents the contribution of 
quantization whose maximum effect seems 
to occur when f,(#) is distorted in the 
+ve sense when fj(t) is +-ve, and the 
—ve sense when f(t) is —ve. Also the 
maximum value of & equals 1/2m times 
the maximum amplitude of f(¢), m being 
number of levels contained in this maxi- 
mum amplitude, so that the complete 
distortion spectrum becomes 


i 
[Gi(w)] n=(1455 )s 


>> glw—vws) (65) 


p= — © 
- 


The important conclusion to be drawn 
from equation 65 is that when m is large, 
the main contribution to cross talk arises 
from the limiting of the function f(#) in 
the process of quantization. 

In practice m is large and the problem 
is simplified greatly due to the fact that 
equation 63 may be used with some modi- 
fication, since the main interest is in the 
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channel w3;<w <a, only, where g(w)=0. 
The energy appearing in it will be due to 
I, Iz, and Iz of equation 63 and proper 
consideration being given to the contribu- 
tion of g(ws—). 

Figure 15 illustrates clearly that the 
main distortion is due to the limiting of 
the time function f(#). The values of 
G,(w) of Figure 14 are superimposed here 
for compatison with g,(w). Where the 
distortion is small and the contribution of 
the factor 1/2m of equation 65 is com- 
parable to it, the two curves vary. Hence, 
the following procedure may be outlined 
for the determination of the distortion in 
a particular channel: 


1. Determine the time function f(é) corre- 
sponding to the modulating signal (equation 
56). 


2. For a given number of levels m deter- 
mine f) which represents the time of last 
significant pulse to be transmitted in the 
time function f(t). 


3. Calculate gi(w) (equation 63) from 
which the energy in the channel may be 
obtained. 


Conclusion 


An attempt has been made in the paper 
to analyze the distortion and cross talk 
arising in a PCM system. Solution of 
this problem was attempted in a number 
of ways. First an analysis along con- 
ventional lines has been made to PCM 
applied to a single sine wave and this 
analysis has been extended to cover the 
case of two sine waves and which is 
applicable to a small number of modu- 
lating signals. The method of the Fourier 
transform was then introduced in order to 
cope with the more formidable problem 
of analysis of PCM applied to a large 
number of modulating signals. With 
this tool it has been possible to satisfac- 
torily solve the general case involving the 
cross talk introduced into any one channel 
when the modulating frequency band is 
divided into a number of intelligence- 
carrying channels. More important the 
Fourier transform method has proved to 
be of such convenience that it should 
serve as a useful adjunct to the radio en- 
gineer in the investigation of the behavior 
of a band of modulating frequencies 
acting simultaneously in a given com- 
munication system, as well as similar 
problems. 

The results of these computations indi- 
cate that accepted standards of telephone 
transmission over wire and radio com- 
mercial systems can be obtained with a 
relatively small number of levels. FEx- 
perimental work appears to confirm the 
order of magnitude of the distortion given 
in the attached Tables I and II. 
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Appendix | 


With reference to Figure 2 for the Kth 
rectangular pair 


ox(t)= Ss Bn sin (not) 


n=1 


Aa 7/2— Atk 
sees ue sin (nwt)dt 
LN = Ce Fre 


which reduces to 


where 


Bak= 


Buyk TA 


4A 
- cos (nwAk) 
ann 


where 7 is odd and will be represented by. 


(2y +1); but 
ale): 2k—1 
Ah == siny? = 
ra) 2N 
therefore 
= 4A 


ox(t) = >> 


rN (2e+1) ‘ 


os | etn sinc! al | sin (2v-+1)t 


For N pair of rectangular pulses we obtain 


N 


fs(t)= 0 ox(2) 


k=1 


resulting in equation 3. From the theory of 
harmonic analysis it follows that 


2 yi " @ 
ib ia bem ne: 


From this, equation 4 reduces to 


D) zr 
é if [fs Pdt—Ay? 


A, 


D 


By direct manipulation it can be shown that 


¢ 


2 a AR. 
le f(t) dt = A? of equation 7. 
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Appendix II 


With reference to Figure 3 and equation 9 


2 E 
mmf f(z) sin =o : 
ab 5 ee nae Bi 
a oe sin — dv 
Bl aay oN. (2k—1)E/2N E 
E 
oh sin 7H 
(2N—1)B/2N E 
N= 
2E ™m 
Eo tieect) py Aan by sees 
= ye | cos Seles 


cos (2k+1) yt [sm (2N—1)X 


pil Oe a 
Sire. 
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sca ae a 
= | = cos (2k—1) 5+ 
NCA 


- 2h | sin 7n 
~ anN {2 sin (xn/2N) 


+9 | 


which is equation 10. Rewriting equation 12 


4E = (= 1 
v=—| NS ——-J 
Ab a2; 7 (nr) + 
. sin 71 
U5 2n sin ee ke * 


Joy+i(an) sin (2v+1)wt (12) 


The fundamental is given by putting 7 = 0. 
Therefore 


ae ‘eo cine Ee Paka 
ual 


sin 7m 


2 Sn sin wn/2N | (66) 


The first part of equation 66 namely 


1 n—1 a /2 
5 Se ; <— J, (nr) = AN sin 0 d0X 
0 


n=l 


Si Poe. 5 ee 
sin (nz sin @) 
n=l " 

[2 

2 us 
Sal sin? 6d6 

vw 0 
=5 (67) 


The second part of « equation (66) gives 


eo 


sin mm 


OnlstaiCase/ONO | (nx) 


“#=1 


which equals zero unless n = 2 NI, where / is 
any positive integer. Therefore 


sin 7m 


———— J, 
Lon sin rn/2N (nm) 


De sin(2 lV) os 
, aN si 


I—1 
= eS 


ee LN) 


(i ene 
sin Pr ppcee : 


dea} 


sin (1X27 sin 6) 


To evaluate 
Sane 


note that 


M —1 
sin (JX27N sin @) 
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But here the range of a is extended as shown. 
in Figure 16. 


where 

ei aie 

: 2N 

62= sin EL 

4 2N 

ga nee 
= sin 

sf 2N 


Notice that 0x represents the angular dis- 
tance of the kth step from the origin in the 
original sine wave. Therefore 


© Teen 
Seta 7 sin (la) =~ 
sl 2 
=aN sin 6(0<0<6) 
=r sin 0—1(0;<0< 62) 


=7N sin 0—rN(0y<0< 71/2) 


so that the second part of equation 67 be- 
comes equal to 
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Similarly it can be proved that 


1D Kes 
sites - "Tgalne) =0 


t=) 


(68) 


where »v is any positive integer and the am- 
plitude of the (2v++1)th harmonic is givenjby 


cS 
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N pa 
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Ay may be evaluated with the aid of the 
asymptotic expansion of J,(2/ N) for in 
practice Nislarge 


T(QnNI 2 ae : 
1(2ar ~ (=) cos (evi —2 r) 
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= 0.2929 X 2.612 
= 0.7650 


where 


t(2) = ol, 


the Riemann Zeta-Function. 
reduces to 


0.1096 
Ai=E Hat an (15) 


In the case of a two frequency signal 
v= F/2(sin at+ sin wef) 


ie 


Finally A 
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Now it will be proved that 


a (—1)""! uw ur T 
a. WB) a(#)=2 


and 


: (=1)""! nr nw 
a ra Soy41 9 J os =(0), 


where »v is any positive integer and \ varies 
from zero to plus infinity in integral steps. 
It is known that 
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Similarly it can be proved that 
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Hence equation 69 reduces to 


E 2E 
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The amplitudes of the (27+1)th or 
(2p+1)th harmonic of a and w: of the two 
input frequencies are 


A’ op 0 eae oe 


25-1) e 
reaps l 


Ju 4i(mIN) (72) 


where » is greater than or equal to one. 

In order to evaluate equation 72; the 
asymptotic expansion for Jo(mlN) and 
Jy+i(rl N) must be found. The calcula- 
tions are lengthy and only the result will be 
given here 
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Notice that the harmonics produced in the 
case of a two frequency signal are much 
smaller than the harmonics of a one fre- 
quency signal. However, besides the har- 
monics, cross products appear whose ampli- 
tudes are given ae 

= (= 1)i-1 


A (2y-++1)o1 +2ho2 = ee ; ] SS 


SFey+i(#lN)Jox(alN) (73) 


Again using the asymptotic expansion of 
Jy+i(rlN)XJox(al1N) the amplitudes are 
given by 


(=) OE 
A (a +1) #rhin = "ave 
a? 0.9015 [(27-+1)?— 407] | 
12 Qn Sai 
(74) 
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Equation 74 shows that the amplitudes of 
the cross products are of the same order of 
magnitude as the harmonics. 


Appendix Ill 


The modulation spectrum G2(w), equation 51 
may be analyzed as follows. Consider first 
the expression 


oo . Gif . Te 
G3(w) = 25 reg Bees ) cos »Tw 
vol 


pool @2 VO 


[= yT(@etw)+ sin ete) 2 


Vv 


sin vT(@,+)+ sin a9] (78) 
v 

Gx(w) contains terms of the form (sin v6) /v 

and it is well known that 


“sin v@ 1 
pDecceer dee 


v=1 


where 
0<6<27 


In order to analyze the spectrum contribu- 
tion of G;(w), the two cases examined previ- 
ously for the relation of the scanning fre- 
quency to the frequency limits of the modu- 
lating signal which allow for filtering out of 
the signal in the output will now be consid- 
ered. 


ie WSs > 2a. 
Since 


Tws — 2rfs ip 


=2r 


Consider again G3(w) 


Therefore 
QuoT <2 


In the summation of Gs(w) several frequency 
regions will be examined. 
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2. o1<a<wr. 
G3(@) = oa (r— T(wtw)+r—TX 
(on —w)) — (er — Tero) —2 + TX 
(w—an)) | 
1 
=— [1r—T(w2— a) J (76) 
awe 
Therefore 
sin wr/2 
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ee T (w2—«1) 
wel 
Therefore 
G2(w) =0 


Thus, so far the original band of frequencies 
a<w<w, has been recovered with the 
proper frequency response. It remains to 
investigate the behavior of G2(w) in the 
vicinity of vws, the vth harmonic of the 
scanning angular frequency. 

Here again several frequency regions will be 
examined. 


Le [(vp—1)ws ter] <w< (vws — 01). 


To enable the use of equation 75, make the 
transformation 


a=a—(v—l1)ws 


which is equivalent to shifting the w origin 
to (v—1)wg. 


GMS) = 5 pl le -Teta)—3— 

T(w2—@) ]— [rm — T(wi +) — 4 — 
T («1 —@) ]} 
= T (w2—«1) 
i wel 

Therefore 

G2(w) =0 

2. (vos —a2)<w<(vws—anr). Here 
T (cra) >2e 


1 
Gs(w) re [w—T(w2+a)+20—7— 


T(w2.—@) ]— [rm —T(wit@) —2— 
T(w1—) ]} 


Therefore 


‘9 sin wr/2 
G2(w) Tm oe on 
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Similarly the side band to the right of vwy is 
derived. Actually by shifting the origin to 
vwg, this frequency band becomes identical 
with the origin audio frequency band. 


Il. ax<ws<2a 


With reference to Figure 9 several frequency 
regions will be discussed. 


1. O0<w< (wg —we). 
T(wetw)< Tws = 20 


In this range 


ut 
G3(w) ar uae T(@2+) +4— 
T(@2—-@) —7+ T(a +e) —97+ 
T(@—)] 
ial T (w2— 1) 
wT 
Therefore 
G2(w) == 0 
2. (ws—ar)<w<(ws—o1). In this 
range4r > T(w2:+w)>2m. Therefore 
: sin wr/2 
Go(w) = SoA or/2 


Proceeding as before, it can easily be shown 
that G2(w) will contribute to the spectrum 
as shown in Figure 9 with an amplitude 
given by 


sin wr/2 


A 
m wr /2 
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Discussion 


A. G. Clavier, P. F. Panter, and D. D. 
Grieg: As a supplement to the paper the 
following discussion is aimed at clarifying 
some of the assumptions involved. This 
supplement resulted from comments made 
by P. R. Aigrain and discussions with the 
authors. 

The pulse count modulation pulses can be 
considered as the sum of pulse amplitude 
modulation pulses (not quantized) and of 
“error pulses” representing the quantization 
to the nearest level. When fed in a low-pass 
filter, the pulse amplitude modulation pulses 
reproduce the undistorted signal. The error 
pulses, which are a function £-(t) of time, 
cause the distortion. 

The calculation of the energy induced by 
a signal £-(f) in a frequency band a, to ow» 
can be carried out, for example, by means of 
the following formulas. Let 


el =f Pe Oet+ Hae (1) 
Then 
Sw) =Ti¢() (2) 


is called the ‘‘energy spectrum”’ of £,(¢) and 
the energy induced by £,(£) in the band a to 
2 is 


1 os 
Pa yi Sede (3) 


In the present case, £-(t) consists of 


pulses occurring at regular intervals so that ~ 


£,(¢)=0, except for t=7T (v=—2, —1, 0, 
1, 2, and so forth). 

Consequently g(t) will also consist of 
pulses occurring at times t=v7, and the 
amplitude of these pulses will be given by 


+o 
goT) =), &(nT)E[(n+r)T] (4) 


n=—@ 


That is, g(vT) will depend on the products 
two by two of the error pulses. 

The input signal f(t) can be split into two 
portions 


1. One part for !< —fo and ¢> to, for which the suc- 
cessive maxima of the signal f(t) are less than 1/2 
level in absolute value. No PCM pulses are then 
transmitted. The error pulses, whieh then repre- 
sent the time limiting of f(t), are given by 


§,(vT) =f(»T) 
&,(£) =0 when t4#rT 


2. The second part for —to <t <to during which the 
maximum amplitudes of the’ signal exceed one 
level, so that the transmitted PCM pulses are not 
zero. 7 (t) then depends on a very complex way on 
f(t) and the relative position of f(t) and the scanning 
pulses. . But if the calculation strives only toward 
finding an average value of the distortion for all 
possible positions of the signal with respect to the 
scanning pulses, then it can be assumed, as a first 
approximation, that the amplitudes of the &r (t) 
pulses are distributed individually and collectively 
at random between minus one-half level and 
plus one-half level, that is, the probability that 
one of the error pulses, chosen at random, will have 
a value x between minus one-half and plus one-half 
level is the same for all x, independently of the value 
of the other error pulses. 


y(vT) can then be considered as the sum 
of three terms - - 


1. g(t) involving only the products of time limit- 
ing error pulses. 
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2. a(t) involving only the products of quantiza- 
tion error pulses. 


3. ;(t) involving the products of error pulses of the 
first two kinds. 


Because of the assumption made in the pre- 
ceding paragraph ¢;(t) will, on the average, 
be zero. Taking now into account the 
second term, two cases will be considered: 


+ to 
v=0, ¢2(0) = >05,2(2) (6) 


—to 


v#0, g:(vIT) depends on the products two 
by two of different error pulses, which is 
zero on the average. Hence 


¢2(t) =0 
tA0 


The corresponding contribution to S(w) is 


¢2(0) 


a constant / im As, far as the first 
Tv 


term is concerned, ¢;(¢) is simply the result 
of applying pulse amplitude modulation to 
the portion of the input signal which is not 
transmitted. The corresponding spectrum 
has already been calculated (“Cross Talk 
Resulting From Limiting of Function”). 

Thus a first result: the total distortion 

spectrum is the sum of a constant gil) and 

a/ 2a 
of the distortion spectrum due to time 
limiting. This seems to differ from the re- 
sults obtained previously, since it had been 
found that the distortion energy spectrum 
was zero at some frequencies, while the pres- 
ent study shows that it cannot be less than 
2(0) 
a/ 27 
the signal f(f) with respect to the scanning 
pulses was not chosen at random in the 
above paper, but rather one particular posi- 
tion had been assumed for the sake of con- 
venience. The difference is, however, of no 
consequence. 

The calculation can be carried a little 
further by evaluating g.(0), and the average 
in frequency of T“¢:(¢). The average value 
of £,2 where £, can at random take any value 
between minus a/2 and plus a/2 (a=1 
level) is the average of 


The reason is that the position of 


nO = (7) 


Concentrating now on ¢i(vT) it is evident 
that 


e(—T) =ei(eT) 


Hence the corresponding spectrum consists 
of 


1, A constant 


MeO 


—t 
Oe free 
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2. Terms of the form cos pw, which are the trans- 
form of symmetrical pulse pairs. The average in 
frequency of these terms is obviously zero. Finally 
the average distortion, of cross talk in all channels, 
is given by 


a re 
cur, x f? dt 
+ 
i PUi)dt (9) 


The maximum of the distortion could be much 
greater at some particular frequencies. 


D?= 


Equation 9 indicates how D varies with the 
number of levels N. Assuming that f(é) 


; : ; 1 
vanishes at infinity as 2" then 


1 
a~— 
N 
1 
to N® 
Shes 
toa? ~ N f, 
= —to 
af _ PO dtm af <a 
apres 
= N P 
Thus 
aye 
D?=N P 
1 
Dz= aa 
N ® 


Hence depending on the signal input, D will 


decrease with N at least as quickly aay 


(since p= 1), at most as rapidly as = This 


last condition holds only for the signals 
which are not subject to time limiting. For 
the case of the test signal used in the paper, 


; ; : 1 ‘ 
the distortion varies asm Equation 9 of 


the discussion shows, more precisely, that 


For V=10 and D=15.8 per cent, an average 
of the distortion in each channel, as calcu- 
lated in the paper, gives 17.2 per cent. 

It thus appears that the intuitive feeling 
that the signal considered was a difficult 
test for the system is justified, since this 
signal is one of those for which the distor- 
tion diminishes the less rapidly. The 
choice of the hardest signal to transmit.as a 
test may not be the most satisfactory one in 
theory. If a test signal could be found, for 
which the distortion would be correlated 
precisely with the performance of the system 
when transmitting speech, it would obvi- 
ously be a better choice. Since no such sig- 
nal, however, has yet been proposed, it is 
thought that the best test is still the most 
difficult one. 


Hydroelectric Power Development in 


Quebec 
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MEMBER AIEE 


same paper presents a comprehensive 
picture of hydroelectric power de- 
velopment, transmission, and power loads 
in the province of Quebec, Canada. 
Quebec, with an area of almost 600,000 
square miles, is the largest province 
in the Dominion of Canada. Second 
only to Ontario in population and in- 
dustrial development, it has no known 
deposits of coal or oil. Quebec owes 
its rapid industrial growth to its great 
hydroelectric power systems developed 
by private enterprise, although the govern- 
ment has made an important contribu- 
tion through the work of the Quebec 
Streams Commission in constructing 
some important storage reservoirs. 
Quebec’s unique power development, of 
which not a single kilowatt of steam power 
is comprised, has, as its most prominent 
characteristic, one of the greatest hydro- 
electric power pools in the world, the 
4,000,000-horsepower Montreal—Shawini- 
gan-Saguenay interconnected system. 
It is also noted for its great electric- 
steam-generator load. However, there 
are many other unusual features, such 
as the notable Beauharnois, Isle Maligne, 
and Shipshaw developments, the Mon- 
treal 120-kv cable, the 220-to-165-kv 
series transformers forming the essential 
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tie between the Saguenay and Shawinigan 
systems. 


Physiography 


Generally speaking, Quebec is not a 
region of high relief. Principal topo- 
graphic divisions are 


The Laurentian plateau. 
The St, Lawrence lowlands. 
The Appalachian region. 


The Laurentian plateau comprises 
the whole northern portion of Quebec, 
north of the St. Lawrence and Ottawa 
rivers, more than 90 per cent of the 
province. It is an extensive plateau 
with an uneven, undulating surface, 
varying between 800 and 2,000 feet above 
sea level, with a few peaks approaching 
3,000 feet. On the north, the Laurentian 
plateau extends to Hudson Bay and Hud- 
son Strait. The southern edge of the 
plateau roughly approximates a line 
joining the cities of Hull, Quebec, and 
Quebec, Quebec, and constitutes the 
north shore of the St. Lawrence estuary. 
The southern edge of this Laurentian 
plateau is ordinarily an escarpment some 
300 to 800 feet high. From the strait of 


Belle Isle, between Newfoundland and 


the mainland, to Quebec, the foot of the 
escarpment is marked by the St. Law- 
rence gulf or river. From Hull, the 
foot of the escarpment lies along the 
Ottawa river for a considerable distance. 

The surface of the plateau has broad 
undulations and is cut by many streams, 
large and small, with numerous lakes and 
swamps. A striking feature of the region 
is the generally disorganized drainage, 
which is extremely intricate and char- 
acterized by a plenitude of lakes. Most 
rivers consist of a succession of attenu- 
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ated lakes connected by short stretches of 
fast water in the restricted channels 
through the barriers impounding the 
lakes. Many lakes are quite large with 
very irregular shorelines. 

The Laurentian plateau is drained 
towards the St. Lawrence by 13 rivers 
over 100 miles in length, the Ottawa 
River being 685 miles long. Three 
ttibutaries of the Saguenay and four 
of the Ottawa are over 100 miles long. 
Toward Hudson Bay, 14 rivers over 100 
miles long, of which six are 250 miles or 
longer, drain the plateau. Three rivers 
over 350 miles long drain the northerly 
slope of the plateau towards Hudson 
strait. Near the headwaters of these 
three groups of rivers the relatively ill- 
defined drainage will permit extensive 
diversions of water from one watershed 
to another, a feature which will ultimately 
permit a significant addition to the 
economically utilizable water powers of 
the province. 

The St. Lawrence lowlands comprise 
the V-shaped plain which lies south of the 
Laurentian plateau and extends on either 
side of the St. Lawrence from the region 
of Quebec to the western boundary of 
the province, with an arm running up the 
Ottawa to somewhat west of Hull. The 
lowlands vary between 100 and 500 feet 
in altitude, except for some scattered 
hills rising 500 to 1,000 feet above the 
plain, at Montreal, Quebec and eastward. 
The lowlands with an area of about 
15,000 square miles, constitute the prin- 
cipal agricultural area of Quebec. 

The Appalachian highlands comprise 
the hilly region lying south of the St. 
Lawrence lowlands, with an area some- 
what less than 40,000 square miles. It is 
the most rugged area of the province, 
Mount Jacques Cartier in Gaspé having 
an altitude of 4,160 feet, and numerous 
others over 3,500 feet. To the south, 
near the international boundary, several 
peaks are over 3,000 feet high. 

While numerous streams drain the 
St. Lawrence lowlands and the Appa- 
lachian highlands on the south band of 
the St. Lawrence, there are only three 
rivers of any great significance, the 
Chaudiere, the St. Francis, and the 
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Geographic distribution of water 
powers in Quebec 


Figure 1. 


Richelieu, of which latter only 75 miles 
lies in Quebec. 


Precipitation 
Average annual rainfall in Quebec is 


about 36 inches, including snow, but 
varies moderately with location and 
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altitude. It increases somewhat from 
the southwesterly to the northeasterly 
portions of the province, and is generally 
greater at the higher altitudes where the 
rivers originate. Average snowfall is 
about 100 inches, equivalent to 10 inches 
of rainfall, but varies sharply. 

Run-off averages about 50 per cent of 
precipitation but ranges from 35 to 40 
per cent in dry years to 70 per cent in very 
wet years. 

Rainfall, temperature and other useful 
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meteorological data are obtained from 
some 100 stations distributed throughout 
the province, the majority of these 
‘stations being in charge of power, in- 
dustrial, and pulp and paper companies. 
Observers, properly instructed in the 
necessary procedures, record the data and 
transmit it to the Quebec Streams Com- 
mission who work in-close co-operation 
with the Meteorological service of 
Canada. Some stations transmit daily 
weather data to the regional office of the 


1007 


meteorological service at Dorval, Quebec, 
which forms the basis for the daily 
weather forecasts. 


Runoff 


Average yearly runoff from Quebec 
rivers is about 1.6 cubic feet per second 
per square mile of drainage area. This 
value varies, as previously noted, the 
average runoff for the Saguenay river 
being 1.86 cubic feet per second per 
square mile. Ordinary maximum run- 
off usually occurs in the spring; on the 
larger rivers, it varies from 6 to 10 cubic 
feet per second per square mile; on the 
smaller streams it ranges from 20 to 25 
cubic feet per second per square mile. 
Minimum runoff usually takes place 
in March and varies from 0.25 to 0.40 
cubic feet per second per square mile of 
drainage basin, depending on the char- 
acteristics of the watershed. 

Much higher flood runoff has been 


Table |. Water Powers of the Province of 
Quebec; Ordinary 6-Month Flow, 80 Per 
Cent Efficiency 


—— = —— 


Water Power 


River or Watershed Capacity, Hp 


St. Lawrence (Ontario boundary to 


Montreal) gociken ck tee einlener cree ote 2,340,000 
Otawar gas aa te statherin ees 1,602,505 
SET Grist hae BAUME ah auinicie ces 0 ae a so 1,534,008 
St. Lawrence tributaries, north 

SHOTE W.).5.. Pics DearS bie ane cae 3,819,881 
St. Lawrence tributaries, south 

SHOLE A Wer cltis eo ey ches otocanate locusts Bestel atar 303,598 

Total, St. Lawrence watershed...:. 9,599,992 
James Baya qacs cer oer pneiesiets ae 2,445,287 
Vd OME Bayer otto! © caefedosensdal detest 500,669 

Total, Hudson Bay watershed...... 2,945,956 
LOT Eben 4.9) bolnoolO OCOD or TC. acige 521,800 
Chaleur Baya w.c.0 sucess a oranp autesepete mia ae 4,534 
OKO) sh remo ae aes Cann Oe Aopiogi obec 267 

Total, Province of Quebec......... 13,072,549 


noted, as for instance in 1924. On the 
Ste. Anne de la Perade River, a drainage 
area of 672 square miles developed a 
discharge of 43,000 cubic feet per second 
or 64 cubic feet per second per square 
mile. On the Ste. Anne de Beaupre 
river, a drainage area of 400 square miles 
produced a discharge of 32,000 cubic feet 
per second, or 80 cubic feet per second per 
square mile. On the other hand, the 
1,400-square-mile Lake Kenogami water- 
shed has a runoff of 20 cubic feet per 
second per square mile. 

Beginning in 19138, systematic flow 
measurements of the principal rivers have 
been made, the establishment, obser- 
vation, and maintenance of gauges being 
largely a co-operative undertaking on 
the part of power utilities and pulp and 


1008 


paper companies on the one hand and 
the Quebec Streams Commission on the 
other hand. Since 1922, stream measure- 
ments have been carried out by the Do- 
minion Water Power Branch, which works 
in close co-operation with the Commis- 
sion, so that fully co-ordinated data on 
river flow are available to interested 
parties.” 


Water Powers 


The water powers of Quebec, based on 
ordinary six months flow, and 80 per cent 
efficiency, total about 13,073,000 horse- 
power geographically distributed as 
shown by Figure 1. Table I is a tabu- 
lation of water powers available on each 
of the major watersheds. 

Estimates of power on the basis of 
ordinary six months flow are made upon 
the assumption that it is good commercial 
practice to provide an installation of 
such capacity that continuous operation 
can be assured six months in the year, 
with the deficiency in output during the 
remainder of the year provided from 
storage, from interconnection with other 
plants on rivers of different regimen, or 
operating under different load conditions, 
or even parallel operation with fuel- 
burning power plants. Naturally, in 
evaluating the possibilities of any poten- 


tial development, careful consideration 


must be given to all factors pertinent to 
the particular site or sites. An analysis 
of Canadian practice shows that, on the 
average, the usual water wheel instal- 
lation has a capacity of 1.3 times that 
corresponding to the ordinary six months 
flow.’ 

In Quebec, principal reliance has been 
placed on storage for optimum develop- 
ment of power from a given site or sites 
on a specific river, with interconnection 
with other systems next in importance. 
There are no fuel-burning plants as- 


Figure 2. Installed 

water wheel capacity 

in Ontario, Quebec, 
and Canada 


WATERWHEEL INSTALLATION — MILLIONS OF HP 
$ 


1900 1905 
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sociated with Quebec's hydroelectric 
power systems. 

Developed water powers, as at January 
1, 1946, totalled 5,848,572 horsepower 
installed capacity, 57 per cent of the 
Canadian total and well over twice that 
for Ontario,4 as indicated by Figure 2. 
This installed capacity is equivalent to 
1,643. horsepower per 1,000 population. 
It is distributed as follows: 


Central electric stations for gen- 

eral public service, central 

electric stations for pulp and 

paper industries, central elec- 

tric stations for electrochem- 

ical, and electrometallurgical 
INGUStriEs 4 w-pamsnecor is eee teens 92.96 per 
cent | 


Other uses, such as direct-connected 
pulp grinders..... 7.04 per cent. 

Developed water powers in Quebec fall 
into several major groupings, as follows, 
aside from scattered plants some of which 
are of considerable size ; 


Gatineau River. 
Lievre River. 
Ottawa River. 
Saguenay River. 

St. Lawrence River. 
St. Maurice River. 


Table II sets forth power develop- 
ments on these rivers, the upper plant on 
a river being given first. It will be noted 
the total power development on these 
six power rivers is 5,388,423 horsepower, 
some 92.1 per cent of the total hydro- 
electric power development in Quebec. 


Storage 


Storage is essential to optimum de- 
velopment of practically all water powers 
in Quebec, with the exception of the 
St. Lawrence which is endowed with a 
remarkably uniform flow due to the great 
natural storage of the Great Lakes. 
Although the flow of Quebec rivers is 
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Figure 3. Average monthly inflow into Lake 
St. John for years 1913 through 1941 


not flashy, it drops to a low value during 
the months of December to March 
or April and reaches flood stage during 
May and June. Occasionally, the dis- 
charge reaches a high value in October or 
November, following heavy fall rains. 

The Saguenay River may be taken 
as a typical example. The natural flow 
ranges from a minimum low of 6,000 
cubic feet per second to a maximum high 
of some 327,000 cubic feet per second. 

Figure 3, which indicates the variation 
in.average monthly flow, and Figure 4, 


showing the year-to-year variation in 
average flow, demonstrate the necessity 
for storage on the Saguenay. The aver- 
age flow, as recorded over 34 years, is 
52,600 cubic feet per second. 

Storage in Lake St. John, developed 
by the construction of the first power 
plant on the Saguenay, provided a regu- 
lated flow of 28,000 cubic feet per second. 
This was increased to a minimum of 
42,500 cubic feet per second, six years 
out of seven, by the construction of 
storage dams at Lake Manouan and Passe 
Dangereuse on the Peribonca River, 
with 78.5 and 183 billion cubic feet usable 
storage, respectively, as part of the 
Shipshaw power development, during 
World War II. Total storage of about 
400 billion cubic feet in Lake St. John, 
Lake Manouan, and Passe Dangereuse 
reservoirs thus permits utilizing about 
86 per cent of the average available water 
for firm power, as contrasted with about 
15 per cent under natural conditions. 

Major storage reservoirs, on the prin- 
cipal power rivers in Quebec, are located 
as in Figure 5. Some of the significant 
details appear’in Table III. 

Storage reservoirs in Quebec fall into 
three categories 


1. Those built and operated by the Quebec 
Streams Commission. 


2.. Those built by power companies and 
operated by the Quebec Streams Commis- 
sion. 


3. Those built and operated by power com- 
panies. 


In the case of storage reservoirs built 
and operated by the Commission, power 
companies benefiting from the additional 
flow provided must pay for such. The 
unit price is the same for all interests on 
the one river but varies from river to 
river. This unit price assessed by the 
Commission is based on the yearly 
amount needed to meet interest charges 
on invested capital, amortization charges 
on a term of years varying with type of 
dam or dams, and the cost of operation 
and maintenance, at a fixed value per 
horsepower-year. { 

While a number of storage dams have 
been built by the Quebec Streams Com- 
mission, and the capital cost paid by the 
Commission, some dams have been built 
at the request of power companies, under 
the supervision and control of the com- 
mission and at the expense of these com- 
panies. The benefiting companies, in- 
stead of having to reimburse the 
capital cost of the storage works by 
yearly installments covering the interest 
and sinking fund, undertook to pay at 
once the capital cost. The annual 
charges of the Commission are then 
limited to the cost of operation and main- 
tenance of the dam, and a fixed amount 
to cover the privilege of flooding Crown 
lands when such are affected.® 

Operating experience with large storage 
reservoirs located 150 to 200 miles or 
more from the power plant or plants at 
which the water is used shows very small 
losses of storage water in the form of ice, 
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despite the rigorous winter conditions in 
the Quebec hinterland, where the tem- 
perature may drop below minus 40 
degrees Fahrenheit for two or three day, 
and frequently falls below minus 30 
degrees Fahrenheit for a,week or so. 


Development of Water Power 


The early history of hydroelectric 
development in Quebec is characterized 
by the construction of isolated plants at 
favorable sites close to power markets 
or where markets could be developed. 
‘As markets expanded, what may be 
conveniently termed ‘river develop- 
ments’? came into being.. These river 
developments entailed a fully co-ordi- 
nated program of construction for an 
entire river, embracing both power 
plants and storage. 

Typical of these river developments 
are the Gatineau, Lievre, Saguenay and 
St. Maurice systems. The Ottawa and 
the St. Lawrence, while they will be fully 
exploited ultimately, do not present the 
same degree of co-ordination, due to the 
multiplicity of interests involved. 

In the newer, relatively undeveloped 
areas of Quebec there are isolated plants, 
of best ‘modern design, serving news- 
print and mining industries. One such 
power development is that at Outardes 
Falls on the Outardes river, near tide- 
water on the north shore of the Gulf of 
St. Lawrence, which serves a _ large 
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newsprint, mill at Comeau Bay. The 
Outardes Falls plant contains two Francis- 
type water wheels developing 35,300 
horsepower each at 208 feet normal net 
head.® 


GATINEAU RIVER 


The Gatineau River was unimproved 
until 1925, in which year a comprehensive 
scheme of power development embracing 
the Paugan, Chelsea, and Farmers plants 
was put in hand. The 2,181,000-acre- 
feet Lake Baskatong storage reservoir 
was completed in the spring of 1927, 
and was followed by the 1,033,000- 
acre-feet Lake Cabonga reservoir, tribu- 
tary to the Baskatong reservoir, in 
1929. These storages provide at Paugan 
a regulated flow of 10,000 cubic feet 
per second, as compared with 3,000 
cubic feet per second average low water, 


1925 1930 


{ 


Figure 4. Average annual rate of inflow into 
Lake St. John for years 1913 through 1941 


and make economically feasible the 
co-ordinated ‘development of 562,000 
horsepower,® of which 528,000 horsepower 
is now installed. 


LIEVRE RIVER 


Prior to 1928, the only power develop- 
ment on the Lievre River was at Buck- 
ingham. Water wheels with a capacity 
of about 6,600 horsepower, later increased 
by two 5,650 horsepower units, under a 
head of about 64 feet, drive direct-con- 
nected pulpwood grinders and provide 
electric power for the groundwood pulp. 
mill of the James Maclaren Company, 
Ltd. Just above this. plant is the 8,000- 
horsepower development of the Electric 


Major Storage Reservoirs on Principal Power Rivers in Quebec 
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Reduction Company with a head of 
about 30 feet. 

In 1928, the James Maclaren Company 
put in hand the construction of a news- 
print mill with a daily capacity of 250 
tons, at Masson, Quebec. To meet the 
power requirements of this mill, the High 
falls power development (120,000 horse- 
power, 181 feet head) was begun in 
October 1928, by the Maclaren-Quebec 
Power Company, a subsidiary of James 
Maclaren Company. This plant went 
into service in August 1930. The Masson 
development was started in 1931 and put 
into operation in 1933. It has a capacity 
of 136,000 horsepower under 194 feet 
head, The plant is characterized by the 
25-foot diameter tunnel well over a mile 
in length needed for concentration of 
head, 

The Lievre, with a watershed of some 
3,350 square miles above High Falls, could 
only sustain the High Falls and Masson 
plants by the provision of 560,000 acre- 
feet of storage in the Cedar Rapids res- 
ervoir, construction of which was 
commenced in October, 1928, and com- 
pleted in June, 1930. This storage will 
provide a flow of 4,000 cubic feet per 
second or better at High Falls for 97 per 
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cent of the time, with 5,000 cubic feet per 
second for more than 40 per cent of the 
time. The reservoir capacity will even- 
tually be increased to 661,000 acre-feet.” 

The Mitchenamekus reservoir in the 
upper basin of the Lievre river, was 
completedin 1942. Witha useful storage 
of 419,200 acre-feet, which will ultimately 
be increased to some 450,600 acre-feet, 
the minimum regulated flow at Buck- 
ingham is increased by 700 cubic feet 
per second in normal years and by 400 
cubic feet per second in dry years equiv- 
alent to a total of 36,400 horsepower for 
all existing power plants on the Lievre. 


OTTAWA RIVER 


The Ottawa River, over the greater 
part of its course, constitutes the inter- 
provincial boundary between Ontario 
and Quebec and as such its water powers 
are divided between the two provinces. 
With an estimated capacity at ordinary 
six months flow and 80 per cent efficiency 
of some 1,310,510 horsepower, only about 
401,000 horsepower capacity is as yet 
installed, of which about 239,800 horse- 
power is in Quebec. These figures do 
not include power on the Back River 
(Riviere des Praires), one of the mouths 


Lawton—Hydroelectric Power 


1 65° 


Major storage reservoirs on prin- 
cipal Quebec power rivers 


Figure 5. 


of the Ottawa, which lies entirely in 
Quebec, where the Montreal Island Power 
Company (now operated by Quebec 
Hydro-Electric Commission) has a 65,000- 
horsepower development. This plant 
operates under a head of 18 to 26 feet, 
and has an estimated continuous out- 
put of 40,000 horsepower. 

Storage on the upper Ottawa river 
consists of the Lake Quinze-Expanse, 
Lake Timiskaming, and Lake Kipawa 
reservoirs, with a total capacity of some 
2,380,900 acre-feet. These storages were 
originally constructed to facilitate navi- 
gation on the Ottawa, and increase the 
flow of the Ottawa at Chaudiere Falls 
from 12,000 cubic feet per second mini- 
mum under natural conditions to 20,000 
cubic feet per second during low-water 
periods. Present storage of 390,300 
acre-feet above Rapid 7 power plant 
and 1,515,200 acre-feet in the Lake 
Dozois storage reservoir, now under con- 
striction, will provide a regulated flow 
of about 5,600 cubic feet per second at the 
power plant instead of the existing 3,600 
cubic feet per second. 
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In addition the Gatineau and Lievre 
river storages contribute to the low- 
water flow of the lower Ottawa river. 


SAGUENAY RIVER 


The Saguenay hydroelectric power 
system consists of two separate power 
developments utilizing the full head 
available on the Saguenay River between 
Lake St. John and tidewater. With a 
useful storage capacity in Lake St. John 
and two headwater storages on the prin- 
cipal tributary of the lake, the Saguenay 
River watershed of some 30,000 square 
miles provides these power developments 
with a minimum regulated flow of 42,500 
cubic feet per second six years out of 
seven, and an average minimum of 46,- 
000 cubic feet per second, from the mean 
run-off of some 52,600 cubic feet per 
second.® 

The first or up-river development is 
that of Saguenay Power Company, Ltd., 
located at Isle Maligne, about 9 miles 
below the Grand Discharge outlet of the 
Saguenay River from Lake St. John. 
When placed in service in 1925, with an 
initial eight units each rated 45,000 
horsepower at 110 feet head, Isle Maligne 
was one of the largest single-stage hydro- 
electric power plants in the world. It 
now has a capacity of 540,000 horse- 
power.?° 

Figure 6 is an aerial view of Isle Ma- 
ligne power plant. 

The second or down-river power de- 
velopment, owned by Aluminum Com- 
pany of Canada, Ltd., was constructed in 


two steps. 
times called Chute-a-Caron, was placed 


Shipshaw number 1, some- 


in service in 1931. It has a capacity of 
300,000 horsepower at 155 feet head, in 
four units. 

One of the outstanding features of this 
plant was the use of a precast dam or 
obelisk, built on end and blasted into 
place to effect final closure of the coffer- 
dam across the main river channel.” 

Construction of the second stage Ship- 
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shaw number 2, began early in 1941. 
The first unit went into service November 
23, 1942, and the twelfth and last on 
December 24, 1943. Taking its water 
from the same forebay as Shipshaw 
number 1, Shipshaw number 2 has a 
capacity of 1,200,000 horsepower at 
208 feet head. 

Probably the most outstanding feature 
of Shipshaw number 2 was the speed 
with which it was constructed and placed 
in service, at a time when Canadian 


Figure 7. Aerial view of Shipshaw power 
development 


Shipshaw number 1 (Chute-a-Caron) seen in 
background has a capacity of 300,000 jhotse- 
power at 155 feet head. Shipshaw number 2 
in left foreground has a capacity of 1,200,000 
horsepower at 208 feet head 


Figure 6. Aerial view 
of Isle Maligne power 
development 


Capacity is 540,000 


feet head 


manufacturing resources were geared 
to the production of war material for the 
United Nations. However, there are 
other outstanding features to which brief 
reference will be made later, such as the 
high water wheel efficiency, and welded 
scroll-cases. 14» 12 

Figure 7 is an aerial view of the com- 
plete Shipshaw power development while 
Figure 8 is an interior view of the gen- 
erator room. 
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ST. MAURICE 

The St. Maurice River which enters the 
St. Lawrence at Three Rivers, Quebec, 
has a drop between headwater and tide- 
water at the mouth of 1,325 feet, of which 
1,125 feet is comprised in ten distinct 
falls and.the remainder in various rapids. 
As it has a watershed of about 16,000 
square miles, with a minimum natural 
flow of 5,800 cubic feet per second, a 
maximum discharge of 172,000 cubic 
feet per second, and a mean average flow 
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of 25,600 cubic feet per second at Shaw- 
inigan Falls, it has great power pos- 
sibilities. 

The average annual run-off corresponds 
to about 22 inches of precipitation, 
some 61 per cent of the average annual 
precipitation of about 36 inches. Range 
is from a minimum annual precipitation 
of 26 inches to a maximum of 46 inches. 

The initial power development on the 
St. Maurice was that at Shawinigan 
Falls, put under construction in 1900. 
By 1928, the plants at La Gabelle, 
Shawinigan, and Grand ’Mere utilized 
285 feet of the total of 326 feet of head 
available on the lower St. Maurice. 
These are all operated by Shawinigan 
Water and Power Company. Figure 9 
is an aerial view of the 172,000-horse- 
power 60-foot head. La Gabelle plant. 

The initial storage development on 
the St. Maurice river was constructed in 
1908 on the tributary Manouane River. 
Its location relative to the power plants 
on the lower St. Maurice is shown by 
Figure 10, as are later storage reservoirs 
and power plants.'* 

Operation of this initial storage res- 
ervoir demonstrated that no appreciable 


loss of stored water, in the form of ice, | 


occurred when impounded water in 
storage reservoirs more than 200 miles 
away from the power plant was released 
under the severe winter weather con- 
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ditions of the hinterland, even though 
the river characteristics are as favorable 
to the formation of frazil as the St. 
Maurice. 

The Manouane storage was followed by 
the construction of the great Gouin reser- 
voir by the Quebec Streams Commission 
in 1918. This storage reservoir, with a 
capacity of 6,440,000 acre-feet is one of 
the world’s greatest. It provided a 
regulated flow of 16,000 cubic feet per 
second at Shawinigan Falls, almost 
three times the previously available 
flow of 5,800 cubic feet per second. 

The Mattawin storage reservoir with 
a useful capacity of 757,600 acre-feet 
was constructed in 1931. Regulated 
flow of the St. Maurice at Shawinigan 
Falls is now 20,000 to 22,000 cubic feet 


per second, some 86 per cent of the mean 
average flow. 

The Rapide Blanc power development 
on the upper St. Maurice, with a capacity 
of 200,000 horsepower at 112 feet head. 
was placed in service in 1934. Figure 11 
is an aerial photograph of this plant, 


looking upstream. It was followed by 
the La Tuque plant of St. Maurice 
Power Corporation with a capacity of 
222,500 horsepower at 114 feet head, a 
joint undertaking of Shawinigan Water 
and Power Company and Brown Cor- 
poration, the latter operating an extensive 
newsprint and pulp mill at La Tuque.™ 

The St. Maurice river thus presents, 
in somewhat less than 50 years, a co- 
ordinated river development, with an 
installed water wheel capacity of some 
1,130,550 horsepower and a regulated 
flow of 3.5 times the minimum natural 
flow. 


BEAUHARNOIS 


Reference has already been made to 
two notable power developments in 
Quebec, those at Isle Maligne and 
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Figure 9. La Gabelle power plant, with a 
capacity of 172,000 horsepower at 60 feet 
head : 


Figure 8.. View of 

generator room in 

Shipshaw number 2 
power plant 


Shipshaw. Another outstanding hydro- 
electric plant is that at Beauharnois, 
Quebec. 

This development, located less than 25 
miles from Montreal, when completed 
will have a capacity of 2,000,000 horse- 
power in one station, operated as a single 
unit. It will probably become and re- 
main for a long time the largest hydro- 
electric station in the world, although 
it may be ultimately surpassed by the 
projected development in the Yangtze- 
Kiang gorge, in China. 

The complete station, about 3,000 
feet long, is supplied by a diversion canal 
about 15.5 miles long, taking water from 
Lake St. Francis on the St. Lawrence 
River, with the 3-part tailrace discharg- 
ing into Lake St. Louis. The diversion 
canal is an integral unit of the pro- 
jected St. Lawrence Seaway. Navigation 
locks will be constructed at the Lake 
St. Louis end of the canal. Control 
works at the head of Coteau Rapids 
regulate the flow and maintain the level 
of Lake St. Francis. ; 

Between Lake St. Francis and Lake 
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St. Louis there is a fall of 83 feet. Aver- 
age mean flow of the St. Lawrence is 
220,000 cubic feet per second, with 
maximum and minimum recorded flows 
of 318,000 and 160,000 cubic feet per 
second, respectively, in the past 85 years. 

The canal is planned to carry the 
ultimate diverted flow of 220,000 cubic 
feet per second with a width of 3,000 
feet” 

In addition to two 7,800-horsepower 
station service units, there are at present 
seven 53,000-horsepower 60-cycle units 
serving the Montreal load area and six 
53,000-horsepower 25-cycle units tied in 
over 220-kv lines with the system of the 
Hydro-Electric Power Commission of 
Ontario. The eight 60-cycle unit is now 
being installed. 

Figure 12 is a general view of the 
Beautharnois power development, con- 
structed by the Beauharnois Light, Heat 
and Power Company and operated as a 
publicly-owned property by the Quebec 
Hydro-Electric Commission. Figure 13 
is a general plan of the development. 


GrRowTH OF HyDROELECTRIC POWER 
DEVELOPMENT 


The growth of water-power develop- 
ment in Quebec has been well maintained 
since the early days of the century when 
there were only a few scattered plants of 
small capacity. This trend is exempli- 
fied by Figure 14. Note also the im- 
provement in load factor since 1900. 


Loads 


Aside from general industrial, commer- 
cial, and domestic load in the metro- 
politan Montreal area, Ottawa-Hull 
district, Quebec, Three Rivers, and a 
few other manufacturing communities, 
the extensive development of water 
power in Quebec shown by Figure 14 
is attributable to the rise of newsprint 
and associated manufactures, and, in 
the Saguenay area, aluminum production 
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plants on St. Maurice river 


m—Potential power development on upper 
St. Maurice 


@—Power plant 


as well. Expert of power to Ontario has 
also played a substantial part during the 
last quarter century. 

The Gatineau Power Company system 
in Quebec, the backbone of which is 
constituted by the Gatineau river plants, 
supplies a very large newsprint and other 
wood-products load, in addition to which 
a very substantial block of 25-cycle 
power is transmitted at 220 kv to the 
Toronto, Ontario, area. The present 
system yearly peak demand is 445 mega- 
watts. Installed electric-steam-genera- 
tor capacity is 180 megawatts. The 
typical daily firm-power load character- 
istic is illustrated by Figure 15. Annual 
load factor is about 67 per cent. 

‘The Lievre developments of the Ma- 
cldren-Quebec Power Company supply, 
for the greater part, the newsprint in- 
dustry and export a large block of 25- 
cycle power at 220 kv to the Toronto 
area. 
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Figure 10. Storage reservoirs and power 


Figure 11. Aerial 
view of 200,000- 
horsepower 112-foot 
head Rapide Blanc 
power plant 


While most of the smaller water power 
plants on the Ottawa River furnish power 
for newsprint and associated manu- 
factures, the Quinze and Rapid 7 power 
developments supply the mining districts 
near-by. The output of the 224,000 
horsepower Chats Falls plant goes en- 
tirely to the 25-cycle Toronto system of 
the Hydro-Electric Power Commission 
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of Ontario, aside from a 60-cycle block 


fed through a frequency changer to their 
eastern Ontario system. 

The Saguenay system load consists : 
of aluminum-smelting and paper-mill 
loads and an excellent though rela- 
tively small general public service. The 
system primary load comprises a peak 
demand of 900 megawatts for aluminum 
production, 100 megawatts for pulp 
and paper, and a block of 75 megawatts 
transmitted to the Shawinigan system 
over tie A, a feature which will be dis- 
cussed briefly later under the heading of 
“Interconnection.” During World War 
II, approximately 83 per cent of the 
aluminum load was converted to direct- 
current power by mercury-type rec- 
tifiers and 10 per cent by synchronous 
converters. Daily system load factors 
are in the vicinity of 95 per cent. 

During periods of high and normal 
river flow or when aluminum production 
is below full capacity, loads up to 375 
megawatts are supplied to electric steam 
generators. !@ 

In 1946, the gross generation on the 
Saguenay system was 8,665,167,000 kilo- 
watt-hours, with a 60-minute peak of 
1,233 megawatts. 

The Shawinigan area, comprising the 
territory on both sides of the St. Law- 
rence river from Montreal to Murray 
Bay, some 80 miles below Quebec, is, as 
previously noted, the greater part of the 
St. Lawrence lowlands, lying between 
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the Laurentian plateau and the Appa- 
lachian region. It is not only the prin- 
cipal agricultural area of Quebec but 
contains a wealth of diversified light and 
heavy industrial undertakings. This area 
is served mainly by the Shawinigan Water 
and Power Company, the Quebec Power 
Company, and the Southern Canada 
Power Company. 


AIEE TRANSACTIONS 


Figure 12. Beauharnois power station 


The Shawinigan system firm load com- 
prises paper mills, aluminum reduction 
and fabrication, carbide and carborundum 
manufacture, asbestos mines and mills, 
and a few specialty steel plants. Ap- 
proximately 25 per cent of the load is 
distributed to urban and rural areas. 
System week-day load factors run about 
92 per cent, with an annual load factor 
under prewar conditions of 71 per cent. 

During flush-water periods, consider- 
able secondary power is generated and 
purchased from interconnected power 
systems for use in electric steam gen- 
erators supplying process steam to paper 
mills. As much as 500,000 horsepower 
peak of such secondary power has been 
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sold to paper mills, thus replacing very 
substantial amounts of coal-produced 
steam. 

Gross generation and purchased energy 
on the Shawinigan system in 1946 was 
7,515,010,778 kilowatt-hours, with a 
maximum system load peak of 1098.6 
megawatts on the combined 30-cycle and 
60-cycle systems. Only a very limited 
part of the system is supplied at 30 
cycles. Figure 16 shows typical summer 
and winter week-day prime load curves. 

The Montreal area is supplied from the 
Beauharnois, Cedars Rapids, and St. 
Timothe plants on the St. Lawrence, 
the Back River plant on the Ottawa, and 
over four 110 kv lines from Shawinigan 
Falls, 90 milesaway. The type of load is 
typical of any large metropolitan area, 
having a week-day load factor during 


winter of about 68 per cent. The prewar 
annual load factor was about 47.5 per 
cent. The annual peak occurs in No- 
vember or December. The peak load 
tapers off noticeably during the summer. 
This characteristic is clearly shown by 
the typical summer and winter week-day 
firm load curves of Figure 17.1” 

During 1946, gross generation of the 
Montreal system of the Quebec Hydro- 
Electric Commission was 4,412,342,000 
kilowatt-hours, purchased energy being 
729,332,000 kilowatt-hours. System peak 
load was 809.54 megawatts. 


Transmission Networks 


As most power stations in Quebec are 
relatively remote from the load areas, 
quite extensive transmission networks 
are necessary for the transmission of 
power. Practically all lines are 220, 
154, 110, or 60 kv. Overhead con- 
struction is usual, except in the Mon-. 
treal area where 60 and 120 kv under- 
ground cables are used. 

Steel towers are used for the 220-, 154-, 
and 110-kv lines. Wooden structures 
are used quite extensively for the 60 kv 
lines, although a considerable portion of 
the total circuit mileage is carried on 
steel towers or poles. Double-circuit 
construction is quite customary, except 
for the 220-kv lines and where limited 
load requirements obviate the necessity 
of the additional circuit. 

In general, overhead lines are designed 
for 1/2-inch ice and 8-pounds-per-foot 
wind loading at 0 degrees Fahrenheit. 
Occasional bad sleet storms occur but 
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Figure 13. 
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are not frequent. Ground wires are 
usually provided, for shielding against 
direct strokes, and buried counterpoise 
is being more widely used, due to the 
high earth resistivity of much of the area 
traversed by overhead lines. This high 
resistivity arises from the rocky nature, 
exposed or covered by shallow over- 
burden, of much of Quebec. This fea- 
ture makes for relatively expensive and 
unsatisfactory counterpoise installations, 
inasmuch as the counterpoise conductors 
cannot be easily buried sufficiently deep 
to be free from disturbance. 

However the frequency of lightning 
storms is moderate, ranging from about 
17 per year in the Saguenay area to about 
40 per year on the more exposed trans- 
mission links of the Shawinigan system. 

By far the greater part of all trans- 
mission lines in Quebec have aluminum- 
cable steel-reinforced conductors, with 
armor rods on the newer circuits where 
the conductors are strung to the higher 
tensions. Compression-type joints are 
used almost universally. 

The most unusual overhead-line con- 
structions in Quebec are the long St. 
Lawrence river crossings of the Shawini- 
gan Water and Power Company and the 
Quebec Hydro-Electric Commission. 


One of these crossings is that at Kan- 
awake-LaSalle, Quebec, on the double- 
circuit 132 kv, 30-mile steel-tower trans- 
mission line on the south bank of the 
St. Lawrence river, which ties in Beau- 
harnois and Cedars Rapids power plants 
with the Montreal system. The main 
span, which is 3,493 feet long, with a 
clearance of 86 feet above the water, is 
carried on 322.5 feet suspension towers. 
The adjacent 595.4 feet and 905.4 feet 
spans terminate on 90-feet high anchor 
towers. 

The conductor used is 619,000-cir- 
cularsmil aluminum-cable  steel-rein- 
forced, composed of 42 0.1214-inch alu- 


Figure 16. Typical 
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Figure 15. Typical daily .firm power load 
curve of Gatineau Power Company 
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minum strandsand19 0.1214-inch steel 


strands. It has a diameter of 1.093 
inches and an ultimate strength of 46,- 
800 pounds, Maximum tension is 23,400 
pounds under 1/2-inch ice, 8-pound wind, 
at 0 degrees Fahrenheit. Two ground 
wires having the same characteristics as 
the line conductors are used. These 
ground wires, which are insulated, can 
be used in emergency for replacement of a 
defective phase conductor. The full 
details of how this crossing span was 
strung, despite the fast water, have been 
given in the literature.” 

The Sorel—St. Lawrence River over- 
head crossing of Shawinigan Water and 
Power Company consists of two 110-kv 
circuits on“towers 375 feet high, each 
weighing 234 tons. The main span is 
3,950 feet long, and the back spans to 
anchor towers are each 1,740 feet in 
length. Three 1.5-inch plow-steel mes- 
senger cables, spaced 50 feet apart, each 
carry two 266,800-circular-mil aluminum 
cables, steel reinforced, 26 aluminum and 
7 steel strands, which cables are spaced 
10 feet apart. Nine 4.75-inch insulator 
units are used at suspension points and 
ten at strain positions. 

The Three Rivers St. Lawrence river 
overhead crossing, of the Shawinigan 
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Water and Power Company, carries two 
110 kv circuits (one presently operated at 
60 kv) on towers 350 feet high, each 
weighing 178 tons. The main span is 
4,801 feet, and the back spans are 560 
and 981 feet in length. Three 1.375 
inch plow-steel messenger cables, spaced 


part, accomplished by the installation 
by the Aluminum Company of Canada, 
of a 115-kv oil-filled underground cable 


60 KV 7 MILES 


about 34,600 feet long running through 
Atwater, Guy, and Terminal Sta- 
tions 2 and 3. This cable operates in 


BACK RIVER 
10,000 KVA EACH 


FROM SHAWINIGAN WATER & 


50 feet apart, each carry two power 3 TOUSA. POWER SYSTEM-II5KV-90M 
conductors separated 10 feet apart and . BEAUMONT 
supported at 13 points on the mes- g SOK ee 

“” [e) 
senger. The conductors are 167,800- ¢© 8 = OUNT] MONTREAL E. 
circular-mil diameter with six aluminum o 2 As; cae 

12) 
strands over one steel strand. Seven = 2 MIEES 
4.75-inch insulators are used for sus- 2 
pension and eight for strain positions. 
The Quebec St. Lawrence river over- Q E Bios 
head crossing of Shawinigan Water and © <x “rq- 60KV FF oKy 
CENTRAL VALLEE 
Power Company, constructed for 110- 3 8% eta, ia 
4 , < So 60 KV HOCHELAGA —_1FUTURE 
kv service but presently operated at oa * 90 NSKV 4 30a ony y 
60 kv, comprises two 200-foot towers W+S& TWATER 804844) 16 ey TRAMWAY CO. 
. . rit ———————————————— 
carrying the main span of 3,415 feet. 658 (sera! 
. = — LEGEND — 

The back spans to the 83 feet high anchor 22 Sovran.) PI'S reenter seems nfaas 45,000 KVA TRANSFORMER 
towers are 1104.9and 991.8 feetinlength. 5°°*" Ig KV 725 MILES ~£}-! FUTURE 2CYCLE CIRCUIT BREAKER 


The conductors have a horizontal con- 
figuration, being spaced 24 feet apart. 
Each conductor consists of 37 strands of 
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Figure 17. Typical 1941 summer and winter 
week-day firm-load curves, Montreal system 


extra-high-strength copperweld. There 
are two insulator strings per yoke, with 
seven 5,75-inch units per string, for sus- 
pension points, and three strings per 
yoke, each string with eight similar 
units, for strain positions. 

Prior to World War II, the Montreal 
area was served by a 60-kv double-ring 
transmission network, mostly overhead 
construction but with important under- 
ground cable links. The close linking 
of the Montreal, Shawinigan, and Sague- 
nay systems during the war, in order to 
utilize to the fullest possible extent all the 
energy resources of the combined systems 
for the production of aluminum, was, in 
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Figure 18 (above). Montreal sys- 
tem diagram 
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Figure 20. 
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parallel with the 60-kv ring between 
Atwater substation and Beauharnois 
on the’ west, and Terminal Stations 
2 and 3 and the Shawinigan system 
on the east. This 115-kv cable, in- 
stalled between May 1940, and December 
1941, eliminated the bottleneck, imposed 
by the Montreal 60-kv ring and load 
requirements, to maximum utilization of 
Beauharnois energy in the Saguenay 
area via the Shawinigan system.17:7! 


The system diagram of the Quebec: 


Hydro-Electric Commission (now operat- 
ing the Montreal Light, Heat and Power 
Consolidated) power network serving the 
Montreal area is shown by Figure 18." 
Major elements of the Shawinigan system 
are given in Figure 19. The power 
network of the Saguenay system is 
shown by Figure 20. 

Major elements of the principal power 
system in Quebec which is not inter- 
connected with the Montreal, Shawinigan 
and Saguenay systems is that of the 
Gatineau Company which is shown by 
Figure 21. 


Interconnection 


It has long been recognized by system 
engineers of Quebec power utilities that 
there are many advantages in inter- 
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connected operation with adjacent sys- 
tems, such as 


1. Better regulation of load, frequency, 
and voltage. 


2. Optimum utilization of surplus energy. 


3. Lower total reserve generating capacity 
requirements. 


4, Fulladvantage can be taken of diversity 
in loads and hydraulic conditions. 


5. Additional generating capacity can be 
added at the most economical location, con- 
sidering the interconnected system as a 
whole, and to a lower total than if added to 
the component systems. 


6. Equipment maintenance can be sched- 
uled to better advantage. 


The interconnected 60-cycle hydro- 
electric systems of the Saguenay Power 
Company, the Aluminum Company of 
Canada, The Shawinigan Water and 
Power Company, and Quebec Hydro- 
Electric Commission, with a combined 
capacity of some 4,000,000 horsepower, 
realize many of the advantages enumer- 
ated, so it will be of interest to examine 
the background of the interconnection 
in some detail. 

The interconnected system comprises 
16 major generating stations of 20,000 
to 1,200,000 horsepower capacity, in 
addition to numerous smaller stations. 
About 3,700,000 horsepower of the 
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connected total normally is operated in 
parallel. 

Figure 19 also shows the major ele- 
ments of the combined system. Relative 
inertia constants of the component 
systems are 


SARUEN AY. Meese Nae eh eae 56.3 per cent 

Sha with SANs cra re heuaee 29.4 per cent 

Miontrealiioa.cits nie ct eye tke 14.3 per cent 
Total Mteaere thayersicrece ere 100.3 


The Montreal system, as previously 
noted, is characterized by the relatively 
constant power-generating capability of 
the St. Lawrence power plants, which 
have no storage capacity, and the low- 
load-factor metropolitan load. (See 
Figure 17.) During prewar conditions 
the discrepancy between load require- 
ments and generating capacity was 
equivalent to more than 100 megawatts 
at time of peak load, during the sum- 
mer, while an additional 100 megawatts 
was available for about seven hours after 
midnight, each day. This discrepancy 
between available generation and load 
amounted to over 800,000,000 kilowatt- 
hours each year. 

On the other hand, the Shawinigan 
system, with its large storages and regu- 
lating possibilities on the St. Maurice 
River, could convert a major portion of 
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Figure 21. Gatineau Power Company system 
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the available surplus energy into firm 
power. Also, there was a minimum of 
about 60 megawatts reserve generating 
capacity except during the two months’ 
spring flood period. This reserve gener- 
ating capacity could be utilized to con- 
vert daily or seasonal surplus energy of 
either the Montreal or Saguenay systems 
into firm power by storing the surplus 
energy in the form of water in the St. 
Maurice River storage reservoirs and 
returning it as firm power during the 
winter months to satisfy peak require- 
ments. Additional generator capacity 
on the St. Maurice would, it was recog- 
nized, permit more complete utilization 
of available surplus energy. 

In the Saguenay area, generator capac- 
ity normally available during the winter 
months could also be used in the con- 
version of surplus night energy of the 
Montreal system into firm power by 
storage in Lake St. John. Similarly 
surplus summer energy could be stored 
in the St. Maurice reservoirs and con- 
verted into winter firm power. 

It was concluded that, for conditions 
prior to World War II 


1. By suitably interconnecting the three 
systems to permit free interchange of power, 
energy, and reserve generating facilities; 
by utilizing the Shawinigan facilities to 
store off-peak energy from neighboring 
areas; and by the addition of some 125 
megawatts additional capacity on the St. 
Maurice river to permit returning the stored 
energy as firm power during the winter 
months, it would be possible to convert 
almost all of the surplus energy of the com- 
bined system into firm power. 


2. A total of 260 megawatts additional 
firm power might be gained, based on the 
combined system load factor under normal 
conditions of 74.6 per cent. Capital expendi- 
ture for the additional generating capacity 
and suitable tie lines, per kilowatt of firm 
power reclaimed, would be considerably less 
than for new power developments. 


The outbreak of war in 1939 resulted 
in greatly increased firm-power loads or 
the production of aluminum and other 
war material, especially in the Saguenay 
and Shawinigan areas. Interconnection 
of the Montreal, Shawinigan, and Sa- 
guenay systems to the optimum, eco- 
nomical extent provided the maximum of 
firm power from the energy resources of 
the combined systems in the shortest 
possible time. 

Some 825,000,000 kilowatt-hours of 
surplus energy were converted into firm 
power by utilizing Shawinigan storage 
facilities. This necessitated the pro- 
vision of the 115-kv oil-filled cable tie 
across the city of Montreal, as previously 
discussed. This increased the transfer 
ability by over 100 megawatts. 
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Figure 22. Efficiency 
curves for outstanding 


North American water 
wheels 
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To handle the increased flow of surplus 
energy from the Montreal area, store 
part of it, and transmit the remainder to 
the Saguenay system, it was necessary to 


1. Provide additional transformers and 
voltage-regulating equipment at certain 
points on the Shawinigan system. 


2. Provide an additional 182,400 acre-feet 
of storage on the St. Maurice river, equiva- 
lent to 16,000 horsepower-years. 


3. Construct a 220-kv tie line between 
Quebec and Three Rivers, thus adequately 
interconnecting the Saguenay system with 
the Shawinigan and Montrealsystems. This 


line was placed in service in December 
1940." 


Some of the unusual features of the 
nterconnected Montreal - Shawinigan- 
Saguenay system are 


1. The long heavily-loaded tie lines. 


2. The use of three 18,750-kva series trans- 
formers, having a transfer capacity of 
75,000 kva each, between the 165-kv and 
220-kv lines (Ties A and C, respectively, of 
Figure 19) at a cost of 57 per cent that of 
conventional 3-phase transformers or 81.5 


per cent that of 75,000-kva autotrans- 
formers. 


3. A variation in loading on tie D, the four 
110-kv circuits between Montreal and 
Shawinigan Falls, from 120 megawatts de- 
livered to Montreal to 130 megawatts fed 
back from Montreal. 


4. A variation in loading on tie A between 
285 megawatts fed into the tie from the 
Saguenay system and 204 megawatts de- 
livered by the tie to the Saguenay system. 
This double-circuit 187-kv tie was originally 
constructed, it may be noted, to take a75- 
megawatt block of firm power from the 
Saguenay system. The indicated variation 
in loading is, of course, infrequent and the 
transmission of power into the Saguenay 
system was a war measure, pending comple- 
tion of Shipshaw number 2." 


Operation of the interconnected system 
has been very successful. Despite the 
heavy loading of the long ties, the tran- 
sient stability is good, even with a line- 
to-ground fault on one of the two 187-kv 
circuits of tie A, cleared by 3-phase 


switching in five cycles and automatically | 


reclosed in 20 cycles. 


Progress in Water Wheel Design 


Considerable progress in the develop- 
ment of improved water wheel runner 
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designs has been effected by hydroelectric 
engineers in Quebec. Outstanding work 
in this connection has been done in the 
hydraulic testing laboratory of the 
Shawinigan Water and Power Company 
at Shawinigan Falls.™ 

The runners in the Shipshaw number 2 
plant have developed the very high 
maximum efficiency of 94.5 per cent. 
(Note Figure 22, comparing the per- 
formance of these units with other out- 
standing water wheels in North American 
installations. )" 

The use of welding in the field assembly 
of the scroll-cases for the Shipshaw units 
proved most satisfactory, and no doubt 
contributed materially to the high ef- 
ficiency obtained. 

All the newer water wheels in Quebec 
have been made in cast steel, eliminating 
the tendency to fatigue cracking with 
cast iron designs and permitting easier 
repairs in the case of pitting. Definite 
improvements in repair methods used for 
maintenance of pitted runners have been 
effected.?8 


Generators 


Progress in improved water wheel 
designs has been paralleled by progress in 
the direction of generator designs af- 
fording better cooling, superior stator- 
winding insulation life, reduced vibration 
of the stator winding in the slots and 
better assembly methods for stator core 
iron. Newer units, particularly the 
larger ones, are being provided with 
closed ventilating systems and water 
cooling 7% 


Ice Troubles 


Despite low temperatures which are 
prevalent during the winter season in 
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Quebec, especially in the more remote 
areas, little trouble is experienced with 
ice, The reason for this is that hydraulic 
engineers early appreciated the necessity 
of 


1. Limiting velocities of approach to racks 
and through head channels to such values 
that an ice cover would form early in the 
winter season and be maintained throughout 
the period of freezing temperatures. 


2. Providing pondage of such extent and 
depth that rapids immediately above power 
plants would be eliminated. 


3. Providing deep skimmer or curtain walls 
at intakes, so that sufficient heat insulation 
is provided between the metal of the intake 
racks in contact with water, and atmos- 
phere, to prevent removal of the latent heat 
of freezing from the water passing the racks. 
If heat escapes at the racks, so-called 
“anchor ice’? may form. If no heat escapes 
even thick ‘“‘frazil ice’ will pass without 
sticking, if not to excessive in volume. 

In some cases, it has not proved prac- 
tical to completely eliminate ice troubles, 
from both frazil and floe ice, notably 
at Cedar Rapids. At one or two other 
developments heated trash racks have 
proved to be the solution to ice troubles. 

Where spillway and sluice’gates must 
be operated during freezing weather, as 
at storage reservoirs, gain and skin heaters 
are employed to avoid damage to the 
gate seals, and provide easier opera- 
tion. At some storage dams at rela- 
tively high altitudes, and in remote 
locations, steam boilers have been in- 
stalled as a stand-by means of clearing 
ice from gates and, also, for removal of 
frozen spray from the deck. In general 
insulating covers. are provided over gate 
wells or slots and other openings to con- 
serve the stored heat of the water and 
minimize ice formation around the gates 
and lifting mechanisms.® 


Operation 


Notable strides have been made in 
Quebec in utilization of available energy 
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resources to the optimum extent, by 
proper scheduling of water release from 
remote storage dams, where a delay of a 
few days before water is received at the 
plant of use must be taken into account. 
Use of available water so as to obtain 
maximum energy output is effected by 
proper division of load among units in 
accordance with output—discharge curves 
derived from efficiency tests by the Gib- 
son and salt-velocity methods.74 Re- 
sponsibility for working out such optimum 
usage of water is placed with technically- 
qualified system operating engineers, who 
work in close conjunction with hydraulic 
and electrical engineers fully familiar 
with the characteristics of the units and 
the development as a whole.” 
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Synopsis: This paper describes communica- 
tion and control systems used by the Ten- 
nessee Valley Authority, principally to ex- 
pedite the operation of its multiple-purpose 
dams, electric power generating stations, 
transmission lines, and substations. Seventy 
per cent of the 10,000-mile communication 
and control system is obtained by carrier 
channels superimposed upon power lines. 
This paper explains relationships which 
exist between carrier channels that are 
utilized for pilot relay, remote trip, teleme- 
ter, automatic load-frequency control, 
and telephone purposes. Close engineering 
co-ordination of 45 telephone switchboards, 
including 13 of the automatic type, and a 
variety of kinds of telephone circuits, total- 
ing over 6,000 miles in length, permits the 
rapid handling of 2,500,000 telephone calls 
each year. The basic equipment used in 
establishing these circuits and their flexible 
interconnecting arrangements is standard- 
ized and the units are applicable to systems 
of any size. 


HE Tennessee Valley Authority Act 


of May 18, 1933, required, among . 


other things, that the Authority assume 
charge of certain properties located at 
Muscle Shoals, Ala. These properties 
included, in addition to Wilson Dam 
steam electric and hydroelectric generat- 
ing stations, an automatic or dial tele- 
phone system that served the dam, locks, 
electric generating stations, switchyards 
warehouses, and other locations on Wilson 
Dam Reservation, including residences 
in several villages. 

The construction stage of each addi- 


Paper 47-121, recommended by the AIEE joint 
subcommittee on power system applications of car- 
rier current for presentation at the AIEE summer 
general meeting, Montreal, Quebec, Canada, June 
9-13, 1947. Manuscript submitted November 4, 
1946; made available for printing April 8, 1947. 
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tional multiple-purpose project author- 
ized by Congress, required considerable 
communication service. Most of the 
telephone facilities devoted to construc- 
tion activities were temporarily installed 
and later removed, but some of the tele- 
phone circuits were retained for operating 
the projects. Operating experience at 
Wilson Dam with the dial telephone sys- 
tem which included certain auxiliary serv- 
ices hereinafter described, used in con- 
junction with a manually-operated cord- 
less or key-type telephone switchboard, 
was found to be satisfactory. Permanent 
telephone facilities for the majority of the 
new multiple-purpose dams followed the 
pattern worked out at Wilson Dam. 

Several acquisitions of power proper- 
ties included a variety of communication 
facilities, chiefly of the open-wire type 
terminating in local-battery telephones 
and manual-type switchboards. These 
groups of telephone circuits were isolated 
from each other. It was necessary, there- 
fore, early in the Authority’s integration 
program, to connect these separated 
communication units and centralize their 
terminations so that a unified telephone 
system would be available for operating 
and maintaining the facilities which pro- 
vide more than 13,000,000 acre-feet of 
water storage useful for flood control, a 
navigation channel 650 miles long, and a 
generating capacity of 2,500,000 kilo- 
watts. P 


Development 


In Tennessee, power-line carrier te- 
lephony was used first by others as early 
as 1923. The development of the present 
3,263-mile carrier telephone system on the 
Authority’s power lines started in 1937.7 
From time to time these carrier telephone 
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channels were rerouted and extended to 
co-ordinate with the power system 
changes and additions. The Authority’s 
power system on June 30, 1945, located in 
seven states, is shown in Figure 1. The 
system includes 6,078 miles of transmis- 
sion lines, 279 substations, and 27 major 
generating stations that serve an 80,000- 
square mile area in which 600,000 cus- 
tomers buy power from 130 municipal 
and co-operative organizations. 

The first installation of power-line 
carrier pilot relay protection on transmis- 
sion lines in the Tennessee River Valley 
was made by the Authority in 1937.? 
This system has been extended until to- 
day it is used to protect 51 transmission 
lines. 

Interconnections with large power sys- 
tems, shown in Figure 1, and power inter- 
change agreements with them, require 
close co-ordination of operation for mu- 
tual benefit. Direct telephone circuits 
between the majority of interconnecting 
system load dispatching offices have been 
established. The first such telephone cir- 
cuit was in service between Wilson Dam 
and Gorgas steam electric generating sta- 
tion in 1933 when the Authority acquired 
Wilson Dam. 

In addition, efficient control of power 
flows between systems required teleme- 
tering and automatic load-frequency con- 
trol facilities. In some cases where only 
one metering or control function was 
required between two points, it was com- 
bined with the carrier pilot relay func- 
tion. As the power systems grew and 
operating requirements became more 
rigid, separate power-line carrier channels 
were provided for telemeter and load-fre- 
quency controlfunctions. The Authority 
placed its first carrier telemeter channel, 
of the multitone type, in operation in 
1942, and its first master load-frequency 
control carrier channel, of the frequency- 
shift type, in service in 1944. 

The Authority’s telephone system, 
shown in Figure 2, is made up of 86 prin- 
cipal circuits serving 215 locations. These 
telephone facilities have been closely co- 
ordinated with the layout of the power 
system and include 22 telephone circuits 
established by carrier over power lines. 


AIEE TRANSACTIONS 


wt 


Ai \> 


> re 
a 


S}INDIID JO S2jIW g/O’9 Burmoys Ayoynyy AajeA 2assouuay) jo waysAs uolssiwsuedy 12MOg “| 24NBI4 


os Ov Of O2 Ol _ O Ol 
Se : : 
SATIW JO 31VOS : 


ALIMOHLAY AZDTIVA 33SS3NN3L 
EK) 


WA3LSAS NOISSINSNVYL Y3MOd 


S3ILMILA Y3HLO JO S3LLITIOWS YOryN. — — mae oN A 
S A: S¥Is08 Boel. : 
Sb-O-9 IV NOILWH3dO NI S3ILITIOVS VAL Afs S 3 Ii niod 1S3M 


‘oO 
y 


\K 


WX + wvd 

SS TMASYSLNAS 
ae eS OOVM 
he UNILWISG 


2, 


Je wva 4, wvd 
;: ~~ 390014 ama 
6 AIQLLONYS OX VOOONWLIVHO! 


eo eh = ee 5 - — ——enVO 
7 z 


e 
Q 


<< 
WVG S9NIVHI>AN YS z_1 33000 _ —YQ gk 
WC SaSSUMIH Ste : FF od 


fi 
ee 
a 


Eda 
L ONV13A319 


ie Vass 4 
wa VNVLNOS ~ ; CH 5 


te 


@ “oyoasaausuh 


Rea 
Q13IS9NI8dS ST VUASHYWAD 


ry ~ j SS _ 
—_ Any a J 9 


a Bal 


aan —_— 


_ 3TTNA3NI i 


STUASNINdOH 
wvd \ 
N33u9 ONIIMOG AXONLN3S» 


1023 


Talmage—TVA Co-ordinated Communication System 


1947, VOLUME 66 


1024 


These carrier circuits, constituting one- 
half of the communication system mile- 
age, are shown in more detail in Figure 3. 
This drawing is used, when the channels 
are colored for contrast in accordance with 
the list at the bottom of the figure, as a 
directory for this part of the communica- 
tion system. 

The designated stations in Figure 2 
show the locations of attended stations 
and certain terminal points, the majority 
of which is equipped with telephone 
switching facilities. In the case of 13 hy- 
droelectric generating stations, the man- 
ual-type telephone switchboards, labeled 
TEL SWBD in Figure 3, are the connect- 
ing links (a) between the intrasite dial 
telephone and the intersite telephone cir- 
cuits, and (b) between intersite telephone 
circuits when it is necessary to extend 
telephone service from one area to an- 
other. The remaining 19 manual-type 
telephone switchboards serve the same 
purpose as a and 8, except that since the 
intrasite telephone cireuits at these loca- 
tions are operated on a manual or non-dial 
basis, it is necessary that the additional 
function be performed of making con- 
nections manually between the intrasite 
telephones. Continuous telephone serv- 
ice is available since all manual-type 
switchboards are attended 24 hours a day. 


Intrasite Automatic 
Communication 


Thirteen automatic telephone switch- 
boards and 900 dial telephones are used to 
provide quick communication to all im- 
portant locations throughout 15 major 
electric generating stations. At both Wil- 
son and Watts Bar Dams, the steam-elec- 
tric and hydroelectric generating stations 
are jointly served by one automatic 
switchboard. Employees do not leave 
their assigned posts of duty to use these 
telephones. Jacks are provided in a num- 
ber of places for the use of portable tele- 
phones. The convenient locations of tele- 
phones and jacks in a typical multiple- 
purpose project on the Tennessee River 
are shown in Figure 4. 


The switchboards are arranged for two- — 


digit operation and render full-automatic, 
individual-line telephone service com- 
plete with dial tone, revertive-ring tone 
and busy tone features. A photograph of 
a typical automatic telephone switch- 
board is shown on the left in Figure 5. 
Duplicate sources of 20-cycle ringing 
power are supplied for each switchboard 
together with equipment for automati- 
cally changing from one source to another 
in case of failure of the first. A separate 
24-cell 48-volt 120-ampere-hour telephone 
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Figure 2. Single-line diagram of TVA telephone system 


Eighty-six principal telephone circuits, totaling 6,000 miles in length, serve 215 locations 
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storage battery is provided with a 3-am- 
pere copper-oxide charger. The charger 
is arranged to supply a continuous 
trickle charge to the battery and at the 
same time carry all of the normal load of 
the intrasite telephone system. 

Code call service is an integral part of 
each automatic switchboard. This fea- 
ture permits a dial telephone user to locate 
promptly, and to talk with personnel who 
cannot be reached on their regular tele- 
phones. In addition, general emergency, 
police, and fire alarm calls are included 
in the code call system. When these 
numbers are dialed they take precedence 
over any routine code call that may be 
in progress. 

Conference telephone service is fur- 
nished by eachautomatictelephoneswitch- 
board. This feature provides for group 
discussions without personnel leaving 
their normal work-locations. By dialing 
an assigned number from any telephone 
it is possible to signal a maximum of six 
predetermined telephones simultaneously, 
which connects them to a common talk- 
ing circuit. 

Each automatic switchboard includes 
one right-of-way line from the main con- 
trol room of the generating station which 
permits the control room operator to 
make calls to busy telephones so that in 
emergencies he has access to all tele- 
phones. When it is used, the control 
room operator may interrupt the exist- 
ing conversation, or in the event he 
chooses to wait, a ringing signal is auto- 
matically sent to the called telephone as 
soon as the line becomes idle. 

Most of the automatic switchboards 
are wired for direct-line telephone service 
for use between two points which call one 
another very frequently, such as the tur- 
bine operator and the control room op- 
erator. This feature provides very rapid 
communication since the lifting of the 
handset at either telephone automatically 
rings the bell at the other. 

Each switchboard is equipped with a 
meter which records all originating calls. 
During the calendar year of 1945, 1,840,- 
000 calls were handled by these 13 dial 
telephone installations. 


Intrasite Manual Communication 


By dialing O the control room is 
reached over one of several two-way 
trunk lines. These lines terminate on a 
20-line size, cordless-type, turret-style, 
manual telephone switchboard located in 
the main control room as shown in Figure 
6 which is typical of 13 such installations 
in generating stations. All relays and 
other apparatus associated with the cord- 
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less switchboard circuits are mounted on 
a rack in the telephone equipment room 
as shown in Figure 7, rack 3. The switch- 
board is equipped with two operator’s 
telephone circuits which may be used si- 
multaneously, and four universal-type 
connecting circuits. Visual and audible 
signals are provided for the operator’s 
convenience. In addition to the duplicate 
sources of ringing power taken from the 
automatic telephone switchboard installa- 
tion, the cordless switchboard is equipped 
with a hand-operated emergency ringing 
generator. An emergency source of bat- 
tery supply is available at all manual 
switchboards. 

The cordless switchboards provide 
terminations for the right-of-way line, 
previously described, the 2-way dial trunk 
lines, and the intersite lines which may be 
of the dial, common battery or magneto 
type. In addition there is provided a 
common battery line to the superintend- 
ent’s office, a line to the microphone- 
speaker assembly adjacent to the main 
entrance door of the powerhouse, a key 
for actuating the electric release for the 
front door lock, jack circuits for the use 
of portable telephones at the main control 
benchboard, and in one case a key is pro- 
vided for operating a small substation by 
remote control. 

The main distributing frame, shown at 
the right in Figure 5, is of the conventional 
type used in small telephone central of- 
fices and includes standard telephone pro- 
tectors. The distributing cables to each 
telephone, jack and code-call relay, and 
the cables leading out of the powerhouse 
terminate on the protectors. The auto- 
matic and manual switchboard lines ter- 
minate on the opposite side of the frame. 
The terminals on the two sides of the 
frame are cross-connected by jumper 
wires. 

Racks 4 and 5 in Figure 7 make up a 
combination testboard for rapidly locat- 
ing trouble in the intersite telephone cir- 
cuits terminating at Chickamauga Dam 
and the intrasite automatic and manual 
telephone lines at this point. 

Manual telephone switchboards only 
are used to terminate both intrasite and 
intersite telephone lines in six additional 
generating stations. 


Intersite Circuits 


The majority of the Authority’s 2,500 
miles of open-wire and cable intersite 
telephone circuits are either jointly con- 
structed on the same poles with power 
lines, mostly 44-kv and below, or built at 
the edge of power line rights-of-way. The 
remainder of the circuits are located on 
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separate routes along highways and on 
pin space rented from commercial tele- 
phone and telegraph companies. 

While the integration of acquired open- 
wire telephone lines required the exten- 
sion of circuits to close gaps between iso- 
lated sections and the looping of other cir- 
cuits in and out of near-by generating sta- 
tions constructed by the Authority, the 
chief part of the communication unifica- 
tion program centered around Chatta- 
nooga, Tenn., where a general rearrange- 
ment and consolidation of facilities elimi- 
nated circuit bottlenecks, centralized 
terminations at Chickamauga Dam, and 
resulted in facilitating maintenance and 
interconnections of circuits in a more 
efficient manner. 

Because of the acquisition of telephone 
properties from different companies, scar- 
city of certain materials during the war, 
and the fact that wire size on underbuilt 
pole lines is determined more by physical 
requirements than by telephone trans- 
mission loss limits, there are a number of 
different kinds and size€ of conductor used 
in the open-wire system. Some of the 
more common conductors are number 6 
Copperweld, number 6 aluminum cable 
steel reinforced, and number 4 aluminum 
cable steel reinforced. Size 8A Copper- 
weld-copper has been used recently for 
circuits built under power lines, while 
number 8 and number 10 hard drawn cop- 
per are in general use on standard tele- 
phone pole lines. 

There are 12 major telephone-type ca- 
bles in use for control and communication 
purposes. The most recent cable installa- 
tions are betwéen Chickamauga Dam and 
the Chattanooga power building, Ocoee 2 
powerhouse and the Ocoee 3 powerhouse, 
and Alcoa switching station and the Alcoa 
primary substation. These cables are 
similar in that they are all gas filled and 
the number 19 copper conductors are in- 
sulated by wrapped paper. 

The Chickamauga Dam—Chattanooga 
power building cable is a standard instal- 
lation of 51-pair lead-sheathed cable of 
both aerial and underground construc- 
tion. Twenty-six of the cable pairs are 
loaded to reduce the transmission loss to 
about one-half of that of the nonloaded 
circuits. 

The Ocoee 2-Ocoee 3 cable is of the 
trench-lay type, contains 51 pairs of con- 
ductors, and the lead sheath is protected 
with a spiral steel tape with a jute cov- 
ering. This cable is buried at an average 
depth of two feet in the berm of the road 
between these two points and is used prin- 
cipally to operate Ocoee 3 hydroelectric 
generating station from Ocoee 2 power- 
house. As Figure 2 shows, there are sev 
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eral intersite telephone circuits routed 
through this cable. Neutralizing trans- 
formers are installed for protection at the 
Ocoee 2 end only. 

The Alcoa switching station—Alcoa pri- 
mary substation cable is in reality made 
up of two parallel 26-pair aerial cables 
erected on opposite sides of the same pole 
line on individual messengers. This twin- 
cable is near the three 154-kv transmission 
lines between these two points and is sub- 
ject to heavy induction with consequent 
high induced longitudinal voltage. The 
lead sheath, of course, furnishes some 
shielding but to further increase this shield- 
ing number 00 hard-drawn bare stranded 
copper wire was used for messengers. 
Insulating transformers are used for pro- 
tection at both ends of each of the two 
cables. 


Protection 


The Authority has the usual problems 
of protecting personnel and equipment 
from lightning, power-line crosses, and 
induction, plus the additional problem of 
rise of station ground potential. The 
number of power-line crosses and_ the 
magaitude of induction is greater than 
those experienced by commercial commu- 
nication companies because of the extent 
and closeness of parallel construction be- 
tween the telephone and power circuits. 
Even though the resistance of the ground 
at most stations is low, the maximum 
possible fault current is usually very high, 
resulting in an excessive rise of statio. 
ground potential.» It beccmes necessary 
to insert in the telephone circuits either 
neutralizing® or insulating transformers to 
prevent this rise of ground potential from 
damaging equipment or in uring employ- 
ees. 

On open-wire telephone circuits, the 
protective transformers of either type are 
insured against damage from voltages in 
excess of their rat ngs by the use of fused 
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Figure 5. Auto- 
matic telephone 
switchboard which 
serves Chickamauga 
Dam, lock, hydro- 


electric generating 
plant, and switch- 
yard 


At right is a main 
distributing frame 


disconnecting switches and short-circuit - 
ing and grounding relays,’ installed on the 
pole just ahead of the transformers. Fig- 
ure 8, pole A, shows typical insulating 
transformers installed at the junction of 
open-wire circuits and a cable entrance to 
a generating station or a substation. Pole 
B in Figure 8 shows a typical installation 
of fused disconnecting switches and short- 
circuiting relays. 

Cables, because of the large number of 
circuits, require a larger structure to sup- 


Figure 6. Twenty-line cordless telephone 

switchboard mounted in center of operator's 

desk in Chickamauga Dam powerhouse control 
: room 


At each side of telephone switchboard is 

annunciating-recording supervisory equipment. 

In background are the main control bench- 

board, main instrument board, and battery 
switchboards 
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port the protective transformers, as well 
as to provide sufficient separation between 
the entrance cable which is at station 
ground potential and the main section of 
cable which is at a potential approaching 
that of remote ground. The equipment 
for maintaining gas pressure inside of the 
cable sheath is usually mounted on this 
same structure. A typical example of 
this construction is shown in Figure 9. 


Telephone-Line Carrier System 


Seven carrier telephone channels, 
totaling 900 miles in length, are superim- 
posed upon four open-wire telephone cir- 
cuits. Carrier equipment for one channel 
is rented.8 The Authority’s carrier equip- 
ment uses single side-band suppressed- 
carrier transmission and requires a fre- 
quency range of 4.3 to 28.5 ke.® 

Figure 10 shows a front view of Six 
telephone-line carrier terminals at Chick- 
amauga Dam. The rectangular boxes at 
the top of the racks are the necessary line, 
directional, and channel filters. . The 
line filters are used for separating the 
carrier frequencies from the voice fre- 
quencies on the physical line; the direc- 
tional filters are used for separating the 
two groups of carrier frequencies in the 
two directions; and the channel filters 
are used for selecting the individual chan- 
nel frequencies. The panels immediately 
below the filters are power supplies. 

The large panels below the power sup- 
plies are the modulator-demodulator as- 
semblies, The modulators, including all 
their controls, are located on the right 


AIEE TRANSACTIONS 


Loe 


“amine 
1 Ta 


side of the modulator-demodulator pan- 
els, while the demodulators, including all 
their controls, are located on the left side 
of the same panels. 

These six carrier channels connect 
Chickamauga Dam with Huntsville pri- 


Figure 8 


Typical telephone cable terminal and protec- 

tive transformer pole A used at junction of 

open-wire and cable telephone circuits serv- 

ing electric power substations or generating 

stations. Protection on pole B consists of short- 

circuiting relays and fused disconnecting 
switches 
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Figure 7. Rack- 
mounted communi- 
cation equipment 


in telephone room 
at Chickamauga Dam 
powerhouse 


Racks 1 and Q, auto- 
matic telephone 
switchboard auxil- 
iaries; rack 3, manual 
telephone switch- 
board relays and 
auxiliaries; racks 4 
and 5, central tele- 
phone testooard; 
and rack 6, radio 
equipment 


mary substation, Fort Loudoun Dam, Wil- 
son Dam, and the Nashville, Tenn., area 
(three channels). As shown in Figure 2, 
all carrier channels are extended to the 
power building at Chattanooga, Tenn., by 
telephone-cable circuits. The three Nash- 
ville channels are superimposed upon one 
150-mile telephone line which requires a 
carrier repeater at the mid-point. Two 
other carrier channels also utilize repeat- 
ers at intermediate points. 


Figure 11 shows a side view of the 3- 
channel repeater located at Great Falls 
hydroelectric generating station. Panel 
1 is the amplifier working in the Chicka- 
mauga—Nashville direction. Panel 2 in- 
cludes control equipment for automati- 
cally connecting the repeater to an emer- 
gency power supply in case of failure of 


Figure 9 


telephone 
protective . 
structure serving 
154-ky substations 
near Alcoa, Tenn., 
showing method of 
supporting tele- 
phone cables and 
terminals, protective 
transformers,.and gas 
pressure equipment 


Typical 
cable 
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the normal 115-volt a-c source. Panel 3 
contains the directional filters and a re- 
peater-in-and-out switch. This switch 
by-passes the carrier frequencies around 
the directional amplifiers, and is useful 
when performing maintenance work. 
Panel 4 contains the power supply for 
both amplifiers, and operates from a 115- 
volt a-c source. Panel 5 contains the line 
filters and two filter-in-and-out switches. 
These switches are used for completely 
by-passing the carrier repeater when nec- 
essary for maintenance purposes. Panel 
6 contains the amplifier working in the 
Nashville—Chickamauga direction. 

The design of a carrier-frequency-type 
insulating transformer, having one-sixth 
the transmission loss at 30 ke that is en- 
countered in the usual voice-frequency 
type transformer, has made it practical to 
use carrier circuits on exposed telephone 
lines. The wire telephone circuits are of 
the multiparty type and intermediate 
way stations were rearranged where 
necessary to reduce carrier frequency 
losses. 

Figure 12 shows two carrier-type in- 
sulating transformers (item 1 and 2) 
mounted beside a standard voice-fre- 
quency type insulating transformer (item 
3) along with line sectionalizing switches 
(item 4) at Great Falls carrier repeater lo- 
cation. The two carrier-type insulating 
transformers are in series with the Chicka- 
mauga—Nashville line, one on each side of 
the repeater. The voice-frequency insu- 
lating transformer is used in another tele- 
phone circuit terminating at this point. 
The knife switches are used for sectionaliz- 
ing the physical telephone circuit in case 
of trouble on the Chickamauga—Nashville 
line. 


The volume-level and quality of trans- 
mission of these seven telephone-line car- 


rier channels are superior to those pro- 
vided by the physical circuits over which 
they are routed. A general improvement 
of telephone service has resulted, there- 
ore, between the points served by this 
equipment. 


Power-Line Carrier Systems 


The 220 power-line carrier sets estab- 
lish 88 separate channels totaling 7,000 
miles in length. Thirty-three of these 
carrier sets are owned by interconnecting 
power companies. About one-half of the 
Authority’s transmission lines have car- 
rier channels superimposed upon them. 
Thus, 2,500 miles of transmission line are 
used in furnishing 1,500 miles of carrier 
telemeter and load-frequency control 
channels, 2,500 miles of carrier pilot relay 
channels, and 3,263 miles of carrier tele- 
phone channels. 

Some transmission lines have as many 
as six different frequencies operating-over 
them. There are 13 carrier channels out 
of the total of 88 that require two fre- 
quencies each. Thus, 101 power-line car- 
rier frequencies are used. Most of these 
frequencies are in the band of 50 to 150 ke. 
Careful planning has made possible the 
use of 20 frequencies two or more times 
each. This results in the use of only 63 


Figure 10. Five type SC and one type H-17 


(bottom of rack 2) telephone-line carrier tele- 
phone sets in telephone room at Chickamauga 
Dam powerhouse 
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Figure 11. Telephone-line carrier repeater at 

Great Falls hydroelectric generating station 

on the Chattanooga-Nashville telephone 
circuit 


Panel 1, Chickamauga—Nashville amplifier; 
panel 2, emergency power supply control; 
panel 3, directional filter; panel 4, power 
supply; panel 5, line filter; panel 6, Nash- 
ville-Chickamauga amplifier 


different frequencies, a reduction of one- 
third from the number otherwise required. 
In one substation, 23 different carrier fre- 
quencies are in use. 

In general, the two outside phase wires 
are used for communication channels 
while the middle phase wire is used with 
the ground as the return path for pilot 
relay and telemeter channels.!° Coupling 
is made to the transmission line conduc- 


Figure 13. Five 
single-frequency du- 
plex power-line car- 
rier telephone. sets 
on south side of 
Chickamauga Dam 
telephone room 


These carrier sets 
are connected to 18 
additional sets 
which establish 
1,000 miles of 
telephone channels. 
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Figure 12 


Two carrier-frequency (items 1 and 2) and 

one voice-frequency (item 3) insulating trans- 

formers. Item 4 is a telephone line sectionaliz- 
ing switch panel 


tors on the line side of the oil circuit 
breaker disconnecting switch with the ex- 
ception of the master load-frequency con- 
trol channel, which, in the majority of 
cases, is coupled to all sections of the 
switchyard bus on a phase that corre- 
sponds to an outside line conductor. 


Carrier Communication 


Figure 3 shows the layout of 63 carrier 
telephone sets connected to 14 single- 
frequency multiparty telephone channels 
and 16 carrier telephone sets connected 
to 8 2-frequency telephone channels. 
Three-fourths of the power-line carrier 
telephone channel mileage is made up of 
single-frequency duplex-type  sets."»!? 
Figure 13 is a photograph of five single- 
frequency duplex carrier telephone sets 
mounted in cabinets in the telephone 
room at Chickamauga Dam. 

The majority of the single-frequency 
channels are equipped with selective ring- 
ing on a 3-digit dialing basis, to serve up 
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Figure 14. Front row of power-line carrier 
equipment racks in Alcoa 154-kv switching 
station telephone room 


Rack 1, top, telemeter audio-tone receivers, 
bottom, multitone telemeter carrier receiver; 
rack 9, top, telemeter audio-tone transmitters; 
bottom, multitone telemeter carrier transmitter; 
rack 3, single-frequency duplex cartier tele- 
phone set; rack 4, a 2-frequency duplex car- 
rier telephone set; rack 5, single-frequency 
duplex carrier telephone set; rack 6, miscel- 
laneous panels 


to a maximum of six telephones at each 
location. This arrangement not only 
speeds up the use of the telephone chan- 
nels by not requiring connections to be 
set up manually to these particular tele- 
phones, but it also reduces distractions in 
control rooms by eliminating signaling of 
unwanted telephones. Two single-fre- 
quency duplex carrier telephone sets are 
pictured on racks 3 and 5, Figure 14, in 
the telephone room at Alcoa switching 
station. 

The 2-frequency duplex! carrier chan- 
nels, constituting one-fourth of the carrier 
telephone system mileage, utilize mag- 
neto telephone circuits with code ringing. 
On channels of this type which make use 
of three of more different codes, selective 
ringing is secured, when required, by the 
use of unique code selector devices which 
respond to the reception of only the par- 
ticular combination of short and long 
rings that have been assigned to each tele- 
phone.*-14 
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Figure 14, rack 4, and Figure . 


Figure 15. Seven power-line carrier sets 
mounted on racks on north side of Chicka- 
mauga Dam telephone room 


Rack 1, top, master load-frequency control 
frequency-shift carrier transmitter, bottom, two 
telemeter frequency-shift carrier transmitters; 
rack 2, three telemeter carrier receivers; rack 
3, a 2-frequency duplex carrier telephone set 


15, rack 3, show photographs of 2-fre- 
quency carrier telephone sets. These two 
sets make up channel 11 included in Fig- 
ures 2 and 3. 


Figure 16. Rearrow 
of equipment racks 
in Alcoa 154-kv 
switching station 
telephone room 


Racks 1 to 3, power- 
line pilot relay car- 
rier sets; rack 4, 
main distributing 
frame; racks 5 to 7, 
manual _ telephone 
switchboard relays 
and auxiliaries 
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Both the single- and the 2-frequency 
carrier telephone setsuseamplitude modu- 
lation with the exception of the 262- 
mile single-frequency channel 13, Figure 
3, which employs frequency modulation 
of the one-to-one deviation ratio type. 
This channel is now under construction. 


Carrier Telemetering 


The telemeter system brings to the sys- 
tem load dispatching office indications of 
the direction and amount of power flowing 
over intersystem tie lines, as well as the 
load being generated at certain stations. 
Twenty-five power-line carrier sets, con- 
sisting of 12 25-watt transmitters and 13 
receivers, make up 12 telemeter channels. 
(One channel from South Nashville sub- 
station to Wilson Dam has a second re- 
ceiver on it at Wheeler Dam.) In addi- 
tion, six pilot relay carrier channels are 
jointly used for transmitting telemeter 
signals. 

Three of the telemeter channels are of 
the carrier frequency-shift type and nine 
channels are of the multitone amplitude- 
modulated type. The frequency-shift 
channels transmit one indication per pair 
of closely-spaced frequencies. The multi- 
tone channels have a capacity of eight 
indications each which are obtained by the 
use of eight audio frequencies ranging 
from 485 to 3,000 cycles per second. 
Two types of telemeter impulses are used 


1. Impulse duration. 
2. Rate of impulse. 


The majority of the system uses the im- 
pulse-duration method. 

Racks 1 and 2 in Figure 14, and racks 
1 (bottom) and 2, Figure 15, show in- 
stallations of carrier telemeter equipment 


: 
3 
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at Alcoa switching station and Chicka- 
mauga Dam, respectively. 


Carrier Control 


A master load-frequency control trans- 
mitter in the system load dispatching 
office at Chattanooga sends impulse- 
duration signals over a 7-mile telephone 
cable circuit to Chickamauga Dam where 
a 25-watt carrier frequency-shift trans- 
mitter is actuated. A pair of frequencies 
located at the low end of the carrier band 
is transmitted over the three 154-kv trans- 
mission lines radiating from Chickamauga 
Dam to seven receivers which auto- 
matically regulate the generation of 
power. The equipment at the top of 
rack 1, Figure 15, is the carrier frequency- 
shift transmitter in the telephone room at 
Chickamauga Dam. ‘ 

The carrier frequency-shift equipment 
is not crystal controlled and requires 
spacing each pair of frequencies three- 
fourths of one per cent above and below 
the median frequency reference point. 
Now that crystals are more readily ob- 
tainable, it is planned to add crystal con- 
trol to these carrier transmitters and re- 
ceivers which will permit spacing each 
pair of frequencies as close together as 
200 cycles per second. This will result 
in better operating characteristics as well 
as important conservation of the carrier 
frequency spectrum. 


Carrier Pilot Relaying 


Twenty-one transmission lines are pro- 
tected by pilot relays that use telephone 
cable pairs as the pilot circuits. Forty- 
eight 154-kv and three 110-kv trans- 
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Three- 
cordless 
switch- 


Figure 18. 
position 
telephone 
board in  Chatta- 
nooga load-dis- 
patching office; te- 
lemeter and load-fre- 
quency control in- 
struments on wall at 
right; and load dis- 
patcher'’s board in 
background 


mission lines are protected by pilot relays 
that use carrier pilot circuits routed over 
the transmission lines being protected. 
Six of these lines are intersystem tie lines. 
Two of the pilot relay carrier channels are 
3-terminal installations while the re- 
mainder are 2-terminal installations. 
However, in two cases provisions are 
made to operate two adjacent 154-kv lines 
on a 3-terminal basis when required. In 
each case this necessitates that one pilot 
relay carrier set be arranged for two fre- 
quency operation. 

In addition to the six pilot relay carrier 
channels that normally are used jointly 
for telemeter and pilot relay purposes, 
there are a number of other pilot channels 
equipped so that they may be used as 
auxiliary telemeter channels. Emer- 
gency telephone service is available over 
most of the pilot relay carrier channels. 
Remote oil circuit breakers are operated 
by audio-frequency signals sent over five 
pilot relay carrier channels, two of which 
are on intersystem tie lines. In all cases 


Figure 17. Fifteen- 

line cordless tele- 

phone switchboard 

mounted on opera- 

tor's control desk at 

Alcoa 154-kvswitch- 
ing station 


Telephone  equip- 
ment racks in tele- 
phone room seen 
through inspection 
window in back- 
ground, are shown 
in greater detail in 
Figure 14 
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the pilot relays take precedence in the 
use of the pilot channels. 

Racks 1, 2, and 3, Figure 16, show pilot 
relay carrier sets located in the telephone 
room at Alcoa switching station. 


Intersite Telephone Switchboards 


Racks 4, 5, 6, and 7, Figure 16, show 
typical telephone terminal equipment 
associated with manual telephone switch- 
boards used in 11 substations, principally 
for terminating intersite circuits. Figure 
17 shows a key-type telephone switch- 
board which is typical of such installations 
in substations. Through the glass in- 
spection-window in the left background of 
Figure 17 can be seen the front row of 
racks of carrier and telemeter equipment 
which is shown in more detail in Figure 14. 

The 3-position key-type 50-line tele- 
phone switchboard in the Chattanooga 
load dispatching office is shown in Figure 
18. A feature of this installation is the 
use of two telephone line terminations on 
each vertical mounting plate which results 
in substantially reducing the width of the 
switchboard. Each switchboard position 

_ has a separate panel at the right-hand end 
on which terminate the public telephone 
exchange lines and one out-dial line to the 
leased automatic branch exchange that 
serves the power building. Most of the 
telephone lines that appear on the dis- 
patching telephone switchboard also ap- 
pear on the leased 3-position manual 
switchboard located on another floor of 
the power building and used in connection 
with the Authority’s general business, 

All incoming telephone calls to the 
power building on circuits which serve 
both telephone switchboards are routed 
automatically to the proper switchboard 
in two different ways 


1. The single-frequency duplex power-line 
carrier telephone sets incorporate a selec- 
tive-ringing unit which provides separate 
, extension lines for each switchboard. f 
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Figure 19. Communication equipment room 
associated with load-dispatching office pic- 
tured in Figure 18 


Left to right, high-speed printer-telegraph 

transmitter and receiver, main distributing 

frame, telephone switchboard equipment 

racks, code selector panels, and telemeter 
equipment rack 


2. The remainder of the circuits use code 
signaling and in these cases a pair of code 
selector devices have been added to each 
telephone circuit to differentiate between 
coded rings for the various points served by 
these multiparty lines. These code selector 
devices!* 14 are shown on the right side of 
Figure 19. 


Busy lamps are provided on each 
switchboard for speedy indications of 
circuits that are in use. This general 
arrangement relieves the power system 
dispatchers of all telephone operating 
duties that are not directly associated 
with their principal functions. Thys all 
of the Authority’s offices in Chattanooga 
have a convenient means of making use of 
the telephone system shown in Figure 2. 

A 2-position 30-line telephone switch- 
board is used in the load dispatching office 
at Wilson Dam. 


Printer Telegraph 


In the left foreground of Figure 19 is a 
100-word-per-minute _ printer-telegraph 
transmitter and receiver which uses the 
electric typewriter as the basic unit. 
Similar equipment is located at Wilson 
Dam. For sending the printer-telegraph 
impulses from Wilson to Chattanooga, an 
audio tone on a direct carrier telemeter 
channel is used. A telephone-line carrier 
telephone channel is used for transmitting 
printer-telegraph impulses from Chatta- 
nooga to Wilson Dam at times when it is 
possible to take the channel out of tele- 
phone service. With two, independent 
channels the printer-telegraph equipment 
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can be operated in both directions simul- 
taneously. 


Radio Telemetering 


The Authority maintains a system of 
rain and stream-flow gauges throughout 
the Tennessee River Valley, the readings 
of which are reported by telephone and 
telegraph to a central forecasting and con- 
trol office. At isolated locations remote 
from means of communication, low- 
powered radio is used for transmitting 
rain and stream-flow data. These 39 un- 
attended radio transmitters operate in the 
2- to 3.5-megacycle band and have an out- 
put of 15 watts. By means of a timing 
device, a keyer, and a mechanical arrange- 
ment, the transmitter is turned on at 
timed intervals and transmits in simple 
code the transmitter identification and 
the hydrologic data.'® 


Two-Way Radiotelephony 


The Authority has made use of two 50- 
watt portable radiotelephone sets which 
were designed for bridging gaps in tele- 
phone circuits during emergencies. The 
transmitter and receiver of one of these 
sets are shown on the lower half of rack 6 
in Figure 7. These sets are of the ampli- 
tude-modulated type and operate on 
either of two frequencies in the range of 
2 to 3.1 megacycles."” 

An installation of one fixed radiotele- 
phone station and four mobile stations, 
two of which are in boats, is being used in 
the western part of Tennessee for expe- 
diting the detection and suppression of 
forest fires. These equipments are of the 
five-to-one deviation ratio frequency- 
modulated type and operate in the upper 
part of the 30- to 42-megacycle band. 
Both the double-superheterodyne re- 
ceivers and the 60-watt transmitters are 
crystal controlled. The fixed station 
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uses a half-wave vertically-polarized co- 
axial antenna which is supported by a 
145-foot guyed steel tower, and the mo- 
bile units use quarter-wave whip an- 
tennas. The fixed station is normally 
operated by remote control over a tele- 
phone circuit from a point 3/4 of a mile 
away. Two-way contacts are held regu- 
larly with mobile units up to an air-line 
distance of approximately 50 miles from 
the fixed station. 

A similar radio system is used in north- 
ern Alabama by the power operations 
department. This fixed station, which 
has its antenna located on top of a 164- 
foot water tank, is operated by remote 
control from either one of two points ap- 
proximately two miles apart. Figure 20 
shows one of these remote control units 
which performs the following functions: 


1. Energizes the remotely located transmit- 
ter when it is desired to transmit. 


2. Effects the circuit changes required for 
returning to the normal receiving condition 
at the end of each transmission. 


3. Amplifies the voice signals both when 
transmitting and receiving to compensate 
for attenuation in the control circuit. 


4. Monitors both the frequency and rela- 
tive power output of the station transmitter. 


This type of radio system assists in 
making maximum use of maintenance 
crews and materially speeds up main- 
tenance work. 

A few lightweight portable radiotele- 
phone sets are being used by hydrographic 
surveying crews on the Tennessee River 
in ship-to-shore communication. Re- 
cently these same radio sets have been 
used to expedite barometric leveling work 
and triangulation surveys. This radio 
equipment was secured from army surplus 
stock. The operating frequency was 
necessarily changed to one assigned to the 
Authority. The use of these sets already 
has effected savings beyond their cost to 
the Authority. 


Conclusion 


As the communication and control sys- 
tems outlined in this paper were de- 
veloped during the past 12 years, each 
constituent part thereof was thoroughly 
tested for practicability. Operating ex- 
perience indicates that a properly bal- 
anced combination of modern communt- 
cation and signaling facilities used in con- 
junction with leased circuits and services 
can meet the exacting needs for construc- 
ting, maintaining, and operating a wide- 
spread flood control, navigation, and 
power project. Communication reli- 
ability is secured by using different types 
of facilities over different geographical 
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Figure 20. Equipment used for remotely con- 

trolling and monitoring very-high-frequency 

frequency-modulated fixed radio station for 
contacting mobile units 


paths as shown in Figure 2. Direct com- 
munication circuits between key points 
furnish fast telephone service to important 
locations. That the types of standard- 
ized systems described herein meet basic 
requirements is attested by successful 
everyday operation, one example of which 
is the satisfactory handling of telephone 
calls at the rate of 2,500,000 messages a 
year. 
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Discussion 


E. W. Kenefake (General Electric Com- 
pany, Syracuse, N. Y.): The author’s paper 
is an excellent description of a complex and 
well planned communication system. It is 
obvious, from the subject matter covered, 
that this communication system has been 
developed from a thorough knowledge of the 
type of equipment that would render the 
service desired. 

This system makes extensive use of 
power-line carrier communication, and it is 
interesting to note the large number of 
carrier channels in use on one power system. 
It is apparent that a well developed system 
of allocating frequencies is used in order to 
make maximum utilization of the frequency 
spectrum. 

The number of carrier channels is men- 
tioned in the author’s paper and, based on 
the frequency spectrum used, the average 
system-wide channel spacing is only a little 
over one kilocycle. The subject of channel 
spacing and channel allocation alone would 
certainly be worthy of a separate paper. 
On such a large and comprehensive system 
there is certainly a wealth of information of 
this nature to draw upon. Also, the method 
of estimating channel spacing would be very 
interesting because too many users adhere 
strictly to the manufacturer’s figure on 
channel spacing which is usually based on the 
worst possible operating conditions. These 
conditions are encountered only in a very 
few of the applications of carrier-current 
equipment. 

The subject of telemetering was described 
only briefly and a subsequent paper on the 
application of and requirements for carrier 
equipment to handle telemetering and load 
control based on operating experience would 
be very useful to the industry. 


1034 


The system described indicates that more 
or less standard power-line carrier equip- 
ment has been purchased and molded to the 
particular application intended. This shows 
that sound logic on economics has been used 
because it should give the lowest cost 
commensurate with good performance. 

There are many other subjects in the 
paper that are merely touched upon briefly, 
which in themselves, would be quite worthy 
of a separate paper. I would urge that the 
author or some of his associates plan to fol- 
low through and cover some of these sub- 
jects in subsequent AIEE papers. 


W. H. Blankmeyer (The Montana Power 
Company, Butte, Mont.): The communica- 
tion network described by Talmage is prob- 
ably the largest and most modern of any 
owned by a single power utility. 

Planning and developing such an ideal 
and complete communication plant is an 
opportunity not enjoyed by many utility 
communications and _ electronics men. 
Especially outstanding is the practice of 


* providing specific adequate space for pro- 


posed installation and maintenance of equip- 
ment. : R 
It is interesting to note such extensive 


development toward a private system when. 


many utilities are swinging toward complete 
leased facilities in the wire telephone field 
generally to eliminate investment, main- 
tenance, and engineering costs involved 
through ownership. 

Adequate communication in power sys- 
tems, however it is provided, becomes in- 
creasingly important to maintain the ex- 
tremely high standards of service demanded 
and deserved by customers. 

In addition, with complete co-ordination 
through good communication, a widespread 
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utility network becomes a closely knit effi- 
cient business institution where modern 
centralized streamlined methods become 
most effective. Such advantages may not 
be measurable directly in dollars but never- 
the-less are reflected in the over-all cost 
of operation. 

The company with which the writer is 
associated found through a survey that sup- 
plying its own communication was best 
economically, functionally, and from the 
power service standpoint. 


The system includes over 5,000 miles of 
physical telephone lines plus telephone line 
carrier, power line carrier, emergency radio, 
relaying, telemetering, load control, and 
many miscellaneous specialized electronic 
applications. 

Operating in an area where distance be- 
tween towns is much above average, this 
system has unique problems in signal attenu- 
ation and noise levels not encountered in 
short haul channels. Under such conditions 
special consideration must be given toward 
maintaining lowest possible attenuation to 
avoid, as far as possible, addition of special 
equipment and the attendant complications. 


This company is associated with a group 
of ten other systems in a network called the 
Northwest Power Pool. Under guidance of 
a general co-ordinating committee the vari- 
ous carrier and electronic men meet regu- 
larly to discuss and rectify problems in car- 
rier frequency allocation, interference be- 
tween channels, and general application 
questions. 

Such mutual agreement on frequencies to 
be used throughout the network has worked 
out with complete co-operation and satis- 
faction where much confusion might other- 
wise exist. Charts of existing carrier chan- 
nels at various system voltages, distributed 
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to member companies, give further aid in 
planning new carriér applications. 

Printer telegraph, a comparative new- 
comer to general use in power utility com- 
munication, will probably find rapidly 
growing popularity as should the still newer 
facsimile equipment now available. 


Mario C. Charles (Tennessee Valley Au- 
thority, Chattanooga, Tenn.) : The develop- 
ment of power line carrier current equipment 
has now reached the stage where the various 
manufacturers have standardized on equip- 
ment offered. However, the application is 
left to some extent to the individual user or 
purchaser. As carrier current equipment 
always involves two or more distant points 
or stations, it is necessary that the user 
adopt certain standards in applying the 
equipment. If this is not done, system co- 
ordination will not result and equipment 
operation will be hampered. 

These standards are usually set up by the 
individual user as to meet his particular need 
or experiences. They change as the user 
acquires more experience in the use of the 
equipment. Since this paper deals with 
system co-ordination, it is in order to list 
some of the standards the authority has 
adopted in applying carrier pilot relaying. 
These general standards are listed and apply 
to substations and hydro plants 


ic r Wherever possible, the carrier pilot relay trans- 
mitter receiver set is mounted indoors in the tele- 
phone room. If no telephone room exists, it is 
located in the station control room, 


2. If located in the telephone room, the carrier set 
is mounted on a standard telephone rack; if lo- 
cated in the control room, it is mounted on the 
wall in an indoor cabinet. The carrier set is never 
mounted as a part of the switchboard. 


3. Carrier pilot relay channel with transfer trip 
{remote trip) is never used for telemetering or test 
telephone; however, the carrier set is equipped with 
test telephone facilities, but the power supply to the 
telephone equipment is not connected so as to make 
the equipment normally inoperative. This is con- 
trary to some manufacturers’ published data that 
carrier relay channels can be used jointly for pilot 
relaying, transfer trip, telephone, and telemetering 
purposes. Our experience shows that this is not 
practical. The multiuse of carrier relay channel 
decreases the reliability of the relay operation and 
makes it difficult to co-ordinate relay, telephone, 
and telemetering channels on a system such as the 
Authority has in use, 


4. Carrier pilot relay channels without transfer 
trip are always equipped with test telephone and 
dual directional telemetering facilities. 


5. Relay channels with telemetering are always 
equipped with 6-second time delay circuits so that 
they can be used with either impulse duration or 
base rate telemetering, The Authority has stand- 
ardized on a circuit for this purpose which facili- 
tates system co-ordination where two or more relay 
channels are electrically interconnected for tele- 
metering purposes. 


6. On telemetering, the Authority has adapted 
long impulses for impulse duration and high rate of 
impulses for base rate to designate power out of the 
station bus into the line or out of the Tennessee 
Valley Authority system. 


7. On relay channels ~with ttansfer trip, the 
Authority has adapted a circuit for routine tests. 
This circuit is designed so as to give an over-all 
check on the performance of the transfer trip chan- 
nel. It checks the performance of all the carrier 
equipment and relays up to but not including the 
operation of the oil circuit breaker, This circuit is 
equipped with a transfer switch with escutcheon 
plate marked ‘‘NORMAL” and “‘TEST.” In the 
““TEST”’ position, a received transfer trip signal 
energizes and seals in a blue indicating light and 
energizes a single stroke, soft tone gong instead of 
operating the oil circuit breaker. 


In our efforts to obtain a co-ordinated car- 
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rier system, these practices were evolved. 
They have now become standards which 
contribute to unified system co-ordination. 


R. G. Obrecht (Tennessee Valley Authority, 
Chattanooga, Tenn.): Included in this 
paper is a description of the successful. ap- 
plication of power-line carrier equipment 
made by the Tennessee Valley Authority 
for communication, telemetering, relaying, 
and remote control. It should be empha- 
sized that because the Authority’s high- 
voltage transmission system is one of the 
largest in the United States, the application 
of carrier presented some very interesting 
problems which were solved without the 
use of special equipment, the items required 
being procured as standard equipment from 
manufacturers. 

The selection of the proper operating fre- 
quencies for the various channels was made 
relatively easy because extensive use has 
been made of carrier-frequericy line traps. 
These-traps limit the carrier frequencies to 
the desired circuits, thus creating as nearly 
as possible ideal conditions for carrier trans- 
mission by establishing carrier circuits free 
from taps and loops. The use of these traps 
in the carrier channels also allows transmis- 
sion line switching to be carried out without 
adversely affecting the quality of carrier 
telephone service, unless the transmission 
lines to which the carrier is coupled are 
grounded, in which case the channel may 
be made inoperative if ground traps are not 
used. 

The carrier frequency line traps used on 
this system are of two sizes, 400- and 800- 
ampere current carrying capacity. These 
traps are adaptable to any installation as 
they may be suspended either vertically or 
horizontally, or they may be mounted on 
pedestal-type insulators. When these traps 
are installed in suspension, the actual strain 
is kept less than 3,000 pounds although the 
ultimate tensile strength of the traps is in 
excess of 15,000 pounds. The weights of 
the 400- and 800-ampere traps are approxi- 
mately 400 and 600 pounds respectively. 
The 400-ampere trap is designed to with- 
stand 15,000 amperes symmetrical short 
circuit current and the 800-ampere trap 
20,000 amperes. The carrier frequency im- 
pedance of these traps varies from approxi- 
mately 8,000 ohms, when the trap is tuned 
to resonance at 50 kc, to 30,000 ohms when 
the trap is tuned to resonance at 150 ke. 
The impedances developed by these traps 
are sufficiently broad, in band width, and of 
sufficient magnitude to effectively isolate a 
broad-band channel which carries voice or 
audio-tone modulated signals, a band width 
of approximately 6 ke. All of the traps 
that are used on this system are capable of 
being tuned to block two frequencies, and 
in all cases where two frequencies are coupled 
to the individual phase wires they are double 
tuned. The tuning adjustment will remain 
constant over a period of years. 

The carrier communication receivers are 
equipped with automatic volume control 
circuits which enable the carrier sets to 
operate successfully over extremely wide 
ranges of received carrier signal strength. 
This feature enables simultaneous party- 
line communication to be established be- 
tween the several stations on a single-fre- 
quency channel and over transmission line- 
made up of steel reinforced aluminum con- 
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ductors ranging in size from 00 to 636,000 
circular mils or copper conductors ranging 
in size from 00 to 500,000 circular mils. 

The use of carrier frequency line traps, 
automatic volume control circuit in the car- 
rier receivers, and adequate power output 
from the transmitters has enabled long-haul 
power-line carrier communication channels 
to be established. 

It should be pointed out that each of the 
63 carrier telephone sets connected to the 
14 single-frequency multiparty telephone 
channels makes use of a duplex control unit 
for automatically switching the set from 
transmitting condition to receiving condition 
or vice versa. This control unit automati- 
cally blocks the receiver and turns the trans- 
mitter on when the telephone transmitter 
is spoken into, it turns off the transmitter 
and unblocks the receiver when the tele- 
phone transmitter is no longer spoken into, 
and when a signal is received from a distant 
station it blocks the transmitter so that it 
cannot operate and then opens the receiver 
so that the received signals will pass through. 
All of this switching from receiving condition 
to transmitting condition or vice versa is 
accomplished within a half second so that 
in actual use this equipment performs in a 
manner similar to any telephone thus ena- 
bling anyone to make use of the communica- 
tion channel and enabling these power-line 
carrier telephone channels to be intercon- 
nected with other telephone systems. 

The carrier sets that are used for pilot 
relaying make use of very simple circuits for 
the transmitter and the receiver. By 
properly co-ordinating the control of these 
transmitter-receiver circuits with the trans- 
mission line relays, it has been possible to 
use these carrier sets for remotely controlling 
or transfer tripping oil circuit breakers, as 
well as performing the normal functions of 
the carrier channel for relaying. Audio 
tones are used for these additional func- 
tions. The opening of the remote breaker is 
accomplished by the transmittal of one 
frequency which is controlled either by the 
relays or manually while the closing is ac- 
complished: by transmitting a second fre- 
quency which is manually controlled. 

Those pilot relay carrier sets that are 
jointly used for pilot relaying and tele- 
metering transmit only one meter reading. 
Inasmuch as it is desired to transmit only one 
indication at a time with these sets, unmodu- 
lated carrier is employed thus allowing ele- 
mentary carrier circuits to be used. 


T. DeWitt Talmage: The discussions pre- 
pared by W. H. Blankmeyer, Mario C. 
Charles, E. W. Kenefake, and R. G. Obrecht 
indicate a good grasp of communication 
technique fundamentals as they apply to 
modern power industry practice. The im- 
portant problem of choosing power-line car- 
rier frequencies is mentioned by Blankmeyer, 
Kenefake, and Obrecht. In the beginning 
the frequency allocation problem was not 
too difficult, but the growth of the system 
complicated the factors to such an extent 
that considerable thought had to be given 
to the choice and spacing of frequencies. 
The study of carrier frequency assign- 
ments has been expedited by the use of 
several flexible devices on which are recorded 
operating frequencies and which permit a 
convenient analysis of the available fre- 
quency spectrum. One of these ingenious 
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devices, developed by R. C. Gregg, takes 
the form of a series of disks, stacked one 
above the other, on acommon center. Each 
rotatable disk is uniformally larger than the 
one above it, the largest disk being on the 
bottom. Each disk represents a substation 
having carrier facilities. A scale graduated 
in kilocycles appears along the edge of half 
the circumference of each disk and the 
occupied frequency band is colored accord- 
ing to the type of carrier service. A movable 
transparent arm with an engraved scale is 
pivoted in the center of this set of disks. By 
moving the disks, representing the stations 
to be studied, in such a position as to have 
their frequencies matched, and all others on 
the opposite side of the circle, the swinging 
arm is manipulated to various positions to 
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permit rapid visualization of carrier fre- 
quency problems involving the selection of 
new or revisions of existing channels. 

It is interesting to learn from Blank- 
meyer’s discussion that the successful prac- 
tices followed in his territory closely parallel 
those used in the southeastern part of the 
country in regard to holding periodic engi- 
neering meetings of interconnected power 
companies to co-ordinate the use of carrier 
frequencies between neighboring systems. 
Our experience with this co-operative effort 
has likewise proved very satisfactory. 

The comments by Charles and Obrecht 
discuss, among other things, the joint use of 
power-line carrier channels. This is a very 
timely and interesting subject which 
unfortunately was not covered adequately 
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because of limitations in permissible scope 
of any one Institute paper. The possibilities 
of joint use of carrier channels offer wide 
fields for further investigation. 

The supplemental information furnished 
by all four discussers add some practical 
viewpoints which support the conclusions 
stated in the paper. The successful results 
obtained from the communication and con- 
trol systems described are proof that these 
facilities adequately serve their indispens- 
able functions. Moreover, experience indi- 
cates that these standard facilities can be 
placed in service most economically by in- 
cluding their design as an integral part of 
the original plans for power generating and 
transmission facilities, rather than an after- 
thought. 
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The German Electrical Utility Industry 
During World War Il 
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INCE the late 1920’s the German elec- 
trical utility industry has been in a 
state of steady progress in unification. 
Individual companies serving local areas 
became interconnected with each other 
and with the larger interstate companies. 
While the local companies were to a large 
extent. privately or municipally owned, 
the larger interstate companies were gen- 
erally co-owned by the German state. 
Also significant in this process of unifica- 
tion was the steady expansion of inter- 
connection with industrial plants, whose 
business of generating electric power was 
in the nature of a by-product line. An- 
other source of pressure toward unification 
was the promise of more economical over- 
all operation by the combination of ther- 
mal plant capacity with the hydro storage 
plant capacity available in southern Ger- 
many and in Austria. 

In 1935, by the promulgation of the 
energy economy law (Energie Wirkschafts 
Gesetz) the over-all control of the Ger- 
man electrical utility industry (as well as 
other industries producing energy as 
major product), was vested in the hands 
of the Minister of Economics. The Min- 
ister of Economics, through the Office for 
Energy (Amt. Energy), acted to direct 
operating methods, to establish intercon- 
nections.and to regulate the location and 
magnitude of new plant development. 

When on September 1, 1939, Germany 
started the military phase of World War 
II by its invasion of Poland, the complete 
control of the German electrical utility 
industry passed into the hands of the 
National Load Dispatcher (Reichslast- 
verteiler) by a sweeping executive order 
dated September 3, 1939. The National 
Load Dispatcher immediately subdivided 
Greater Germany (including by that time 
Austria and the Sudeten area, acquired 


1947, VOLUME 66 


from Czechoslovakia) into 12, and later 13 
energy districts, each under the immediate 
supervison of a Distric Load Dispatcher 
(Bezirkslastverteiler) who, in turn, was in 
immediate control of all Local Load Dis- 
patchers (Ortslastverteiler) within his dis- 
trict. The chain of authority was direct. 
The District Load Dispatcher was di- 
rectly responsible:to the National Load 
Dispatcher and the Local Load Dis- 
patcher was directly responsible to the 
District Load Dispatcher. 

Not only: did the Energy Office take 
control of all operational functions, it also 
took control of all expansion by recom- 
mending to the Minister of Economics the 
degree of priority allocation for construc- 
tion material and labor. 

Thus, at the beginning of the war, the 
German electrical utility industry was not 
only completely unified and interconnec- 
ted but the managerial functions of in- 
dividual companies were in all important 
phases placed subservient to the Minister 
of Economics. 


Capacity and Generation of the 
German Electrical Utility Industry 


The assessment of capacity and genera- 
tion of the German electrical utility in- 
dustry is complicated; first, by the vari- 
ous geographical changes, such as the 
reannexation of the Saar area, and sec- 
ondly, by the continual transfer of non- 
interconnected private plants to inter- 
connected plants. Tables I, II, and III 
give a summary of data, which became 
available shortly after the end of the war, 
on capacity and generation. Table IV 
gives a comparison with data for the 
United States. 

There are several significant facts dis- 
cernible in Tables I to IV which require 
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discussion. First of these is the rate of 
capacity increase. 

In the years from 1937 to 1942 the ca- 
pacity increase per year averaged 543 
megawatts per year. This increase was 
not entirely due to new plant construc- 
tion. The value of 543 megawatts 
per year included capacity gains due 
to acquisition of Austria and the 
Sudeten area as well as new plant 
construction. New plant construction 
alone is estimated at 400 megawatts 
per year which gave a capacity in- 
crease of approximately 4.38 per cent per 
year. The capacity increase from 1942 to 
1943 was 800 megawatts or 6.75 per cent 
per year. This increase was the result of 
the accelerated completion of large water 
power projects in southern Germany and 
in western Austria, as well as the result of 
accelerated. new construction, started 
with the beginning of the war, in new 
plants and existing plant expansion. Up 
to the middle of 1943, utility plant expan- 
sion enjoyed high priority. A large per- 
centage of new development, either as 
new plants or as plant expansion, occurred 
in the newly developed central German 
industrial area, the development of which 
was greatly accelerated because of the 
realization that the principal industrial 
concentrations in the Northern Rhine- 
Ruhr area were dangerously exposed to 
aerial attack. 

In 1941, it was realized by the ministry . 
of economics that the German public 
utility industry was becoming overloaded 
and steps were taken toward the prompt 
construction of additional capacity in 
central Germany. Plans were made for 
the construction of ten identical plants, 
with equipment to be standardized, each 
of 300-megawatt capacity. These plans 
had high priority initially. It is surpris- 
ing, therefore, that not a single plant of 
the ten projected ones was actually com- 
pleted or even in partial operation, at the 
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Table I. 


Statistical Review of the German Electrical Public Utility Industry 
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Capacity loss due to war actions, megawatts 


Max demand (noncoincidental), pcp 
Peak curtailment, megawatts........ 
Peak load (noncoincidental), megawatts. 


Use factor of available capacity, per cent. 


19371 19421 19431 19441 1945*2 
Nominal capacity of generating facilities, megawatts.... 9,130...11,850...12,650...13,300...13,300 
Reba Orn ica, Cicarie ‘One 370... 2,060... 3,110 
‘Capacity loss due to unscheduled outages, megawatts............. 650... 0855.5. U2105.,. 15600 
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Max demand,f per cent of available capacity. . 68.2). 55 9 85.47 88) See Wore tO riaz: 
Generation of electrical utility plants, million kwhr. 27, 379...43,400...44,100...45,200 
PY chime aaa! 544.05, bi <4 
fy Stes SEY Ss Sieg nets oe as TS cS 50.2 53.5 52.9... 68.0 


Load factor, per cent 


* For the month of January only. 


{ Maximum Demand = Peak Load Pius Curtailment. 


end of the war. The reason for this situ- 
ation was found in the increasing pressure 
upon the whole economic structure of 
Germany. The original high priority 
was lowered as time went on, and, in the 
later periods of the war, already installed 
equipment was cannibalized for replace- 
ment use in damaged older plants. 

The capacity expansion between 1943 
and 1944 was 650 megawatts, most of 
which also came from projects begun be- 
fore 1942. 

The growth of the maximum demand 
on plants reached a peak at the end of 
1943 and then dropped off. The dropping 
off of maximum demand in 1944 was prin- 
cipally the result of destruction of con- 
sumer plant facilities. It reflects the in- 
tensification of mass bombing raids on 
cities and industrial areas. A measurable 
part, however, was due to the efforts of 
the National Load Dispatcher toward 
improvement of the load factor. To this 
end various steps were initiated. The 
appointment of energy conservation en- 
gineers for each larger industrial producer 
group resulted in many factories, still on 
a 6-day work week, shifting the day-off to 
weekdays. Other factories, not working 
on a 24 hour a day basis, arranged 
their shifts into the off-peak periods. 

Beginning with 1942, the peak load was 
smaller than the maximum demand. The 
reason for this lay in the general applica- 
tion of load curtailment for consumers. 
The curtailment program was set up 
originally by the National Load Dis- 
patcher to permit prompt load reduction 
in case of damage to utility plants by 
enemy action. It was designed to oper- 
ate in ten steps with the tenth step cal- 
culated for a load reduction of 30 per 
cent. Curtailment was applied in two 
ways: continuous curtailment, based on 
kilowatt-hour consumption; and spot 
curtailment on maximum demand. The 
continuous curtailment on energy con- 
sumption was administered by the Min- 
istry of Economy through the various 


1038 


industry groups, through which industries 
were allotted energy just as they were 
allotted raw materials. The curtailment 
of maximum demand, on the other hand, 
was administered by the National Load 
Dispatcher through the District and 
Local Load Dispatchers. The maximum 
demand curtailment list applied prin- 
cipally to large consumers, whom the 
District or Local Load Dispatcher could 
order, on instant notice, to drop load ac- 
cording to the prearranged steps. These 
plants were so chosen that an order to re- 
duce load could be put into effect in two 
hours without resulting in spoilage of 
products. (Figure 1.) 

Another, most significant effect of the 
war is visible in the values given for ca- 
pacity loss due to unscheduled outages. 
This effect was laid, by all plant operators 
interviewed, upon the policy of deferring 
maintenance work: A policy adopted by 
the National Load Dispatcher on the 
premise of a short war. Deferring of 
maintenance created in time a large re- 
pair job in place of a promptly-attended- 
to small one. As the war progressed, the 
time required for major repair work in- 
creased in direct proportion to the over- 
loading of the railroads and in direct pro- 
portion to the lack. of experienced per- 
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sonnel-.in the factories of equipment manu- 
facturers. At the end of 1942, nonsched- 
uled outages amounted to 5.5 per cent of 
installed capacity. For 1943 the percent- 
age had increased to 6.76 per cent, while 
for 1944 an increase to 9.1 per cent oc- 
curred. Only for the latter half of 1944 
was this situation compounded by in- 
creasing difficulties in railroad transporta- 
tion and by damage to equipment manu- 
facturers’ plants by aerial attacks. A 
bitter complaint in connection with this 
phase of experience was made against the 
authorities responsible for manpower al- 
location, because of their permitting indis- 
criminate absorption of key personnel into 
the armed forces, from power plants as 
well as from equipment manufacturers’ 
plants. 

Table IV, by giving comparative data 
for the electrical utility industry of the 
United States and Germany, shows’ an 
index to industrial potential, if consump- 
tion of electric energy can be taken as a 
measure of it, which should have given 
Germany cause for hesitation. The in- 
dustrial potential of United States indus- 
try is thus shown to be approximately 
five times that of German industry. 
(Ratio 2 times ratio 3.) Although these 
ratios are based only on public utility 
capacity and generation statistics, and 
are therefore not all-inclusive, as they 
omit private plant values, they are signifi- 
cant and are of value for comparative 
purposes. 


Generating Facilities 


Tables II and III show that approxi- 
mately 70 per cent of the total plant 
capacity existed in thermal plant capacity 
of which approximately 30 per cent used 
brown coal as fuel. While the hard coal 
burning plants were little different from 
similar plants in the United States, except 
for consistently smaller turbogenerator 


Analysis of Generating Capacity and Generation of the German Electrical Utility 
Industry”® 


1937 1944 
Generation Capacity Generation Capacity 
Million Mega- Million Mega- 
Kwhr PerCent watts PerCent Kwhr PerCent watts Per Cent 
Pesan aan I tis a ee ON INN 8 SP re tae aE a, re oe dn eee ey a en Se a 
Thermal plants using 
= hard coal ®(5. i akistsot .124 3160). 510587 BOO meine = 42.3 20.792 46:0 6,080 45.7 
Thermal plants using 
brown coalf......... AV. 382.2.2 4166522258105... 30.8 14.916.... 33.0 4,420.... 33.2 
Hydro plants? 3501-3 = 4 B46 GLC AT AT See 85860. Fang 20 se 9.492.... 21.0 2,460.... 18.5 
Miscellaneous.......... TIO27 cochip tO Carpi OO iver 6.5 batt *% 340.. 2.6 
Totals: cach a-ae eee 27.379..-.100.0.. ..9,130, ......100 45.200....100 13,300....100 
* Bituminous and anthracite. 
+ Lignite, peat, and so forth. 
** Included in line 1. 
Noest—German Electrical Utility Industry 


AIEE TRANSACTIONS 


“| =ree 


Figure 1. Peak load 
curtailment of the Na- 


tional Public Utility 
System 


sets, the brown coal burning plants have 
no counterpart here. Initially these latter 
plants were only by-product plants in an 
industrial complex whose primary purpose 
was, in general, either the production of 
illuminating gas, brown coal briquettes 
for public sale, or chemical products in 
various combinations.’ A typical com- 
plex of brown coal plants was invariably 
found assembled about an open pit brown 
coal mine, which mined brown coal in 
seams, varying in thickness from 3 to 50 
feet under an overburden from a few feet 
to 30 feet in depth. Specialized machin- 
ery removed the overburden from above 
a brown coal seam and redeposited it in 
exhausted pit areas. The brown coal, 
having a heat content varying between 
3,000 and 5,000 British thermal units per 
pound, and from 50- to 60-per-cent mois- 
ture, was stripped by mechanical shovels, 
scrapers or conveyors and loaded, either 
on standard railway cars, transport con- 
veyors, or rope trolley systems for trans- 
portation to the nearby plants. In 
view of the low heat content of this 
coal, its transportation over any great 
distance is economically impossible. The 
cost of this coal, delivered to the gener- 
ating plant, was given at 2.00 reichsmarks 
per metric ton, while the cost of bitumi- 
nous coal of 14.400 British thermal units 


- per pound was 14 reichsmarks per metric 


ton in the same area (Ruhr).* 

A large portion of the brown coal was 
delivered to the briquetting plant where 
it was dried and compressed into bri- 
quettes, having a heat content of approxi- 
mately 9,000 to 10,000 British thermal 
units per pound, with a moisture content 
of from 10 to 15 percent. The briquettes 
were used in the manufacture of gas and 
coke and were sold to the public. The 
heat, required for drying of the brown 
coal, was obtained from back pressure tur; 
bines in the electric power plant. The elec- 
tric power plant’s purpose was, among 
* As conversion of German currency to United 
States currency by means of contemporary exchange 


rates would be grossly misleading, it is not attempted 
in this paper. 
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others, the economical production of 
process steam used in briquette manu- 
facture. To complete the utilization of 
the products of the brown coal pit, the 
electric plant’s boilers were generally 
designed to burn brown coal, as mined, 
either on grates or in powdered form, 
with auxiliary burners for excess gas from. 
the low temperature carbonization plant, 
for gas from which certain hydrocarbons 
had been removed, by the synthetic gaso- 
line plant, or for burning of powdered 
coke from the illuminating gas plants. 
These brown coal burning thermal plants 
were invariably designed and operated as 


Table Ill. Distribution of Plant Sizes? * 


Plant 

Size, 

Mega- Hard Brown 

watts Coal Coal Hydro Misc Total 
Over 2007 se Bee et (a ed Oyen: ister te 5 
LOO=200 Seeks raspeni lore ee Bier oue Oe Be 40 
D0=100... 2/24 meee ESS ec iv eee Sree 50 

otal se 4%6:. .jove PTI Eger Ae 20 noes opas sae 95* 


* The capacity of these 95 plants was 12,145 
megawatts. 


base load plants with load factors in the 
neighborhood of 90 per cent. Most of 
these plants operated with steam pres- 
sures up to 400 pounds per square inch, 
although a few had recently installed top- 
ping turbines and high pressure boilers, 
operating with pressures up to 1,600 
pounds per square inch and steam tem- 
peratures near 1,000-degrees Fahrenheit. 
Topping turbine installations were more 
frequently found in hard coal burning 
plants. Turbogenerator sizes were usually 
found to be below 50,000 kw, although 
one plant of this type had two 100,000 
kw units. Lyungstrom turbogenerator 
sets were frequently observed and these 
were invariably praised by the plant 
operators for their high efficiencies and 
low maintenance. 

As practically all of the brown coal 
burning plants were located at the site of 
the brown coal pits, condenser circulating 
water had to be obtained by recooling in 
large cooling towers most of which were 
built of wood on steel frames (Figure 2), 
although the newer ones were built with 
concrete frames. These cooling towers 
were large structures. Typical dimen- 
sions and data are: base diameter 151 
feet, height 188 feet, top diameter 80 feet, 
capacity 35,000 gallons per minute, 10- 
degree-centigrade cooling effect. 

The hard coal burning plants visited 
showed little distinguishing features from 
similar plants in the United States, ex- 
cept perhaps, for certain boiler develop- 
ments, a discussion of which is beyond the 
purpose of this paper. 

A very noteworthy development, how- 
ever, was found in hydroelectric plants. 
The German utility industry, aided by 
government subsidies, had invested heav- 
ily in hydro storage plants, both of natu- 


Table IV. Capacity and Generating Comparison Between the United States and the German 
Electrical Utility Industry 
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Peak load, per cent of available capacity.............. BSED eae GOS ee eee oe aa ane ss 75.5 
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ral storage and of pumped storage type 
Although exact statistics on this phase 
were not found, it is estimated that about 
one-half of the hydro plant capacity 
existed in such storaze plants of which 
one-half again was either pure pumped 
storage or natural and pumped storage 
combinations. The description of a typi- 
cal pumped storage plant can best be 
given in terms of the Koepchenwerk (Fig- 
ure 3), located along the Ruhr River, some 
15 miles east of Essen. 

This hydro pumping plant contained 
three complete hydro turbine generator 
pump units and one hydro turbine gener- 
ator unit for which the addition of a pump 
was in the project stage. Each turbine 
generator pump unit consisted of a hori- 
zontal shaft Francis turbine, a 32,000-kw 
0.8-power-factor synchronous generator, 
and a 27,000-kw 2-stage centrifugal pump. 
A hydraulic-mechanical coupling connec- 
ted the pump to the generator shaft. This 
coupling had a dual function: it was used 
to accelerate the pump to approximately 
95 per cent of synchronous speed and then 
for final acceleration to synchronous speed 
used its plate type friction element, which, 
at synchronous speed, transmitted the 
required torque without slip. When the 
unit was used to pump, the turbine runner 
rotated with the generator and pump, 
while the turbine casing was unwatered. 
All controls requiredforacomplete change- 
over from generation to pumping, and vice 
versa, were operated by an automatic 
sequence device, the operation of which 
was initiated by push button. The hydro 
turbine and pump operated with a head 
of from 517.5 to 582.5 feet. The upper 
reservoir was constructed by excavation 
of the top of a convenient hill to create an 
18.5-acre reservoir, which, with a change 
of elevation of 65 feet stored 55 million 
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Figure 2. Bomb blast damaged cooling towers 
at a brown coal plant 


cubic feet of water. This reservoir was 
connected to the generating station by 
means of penstocks 1,050 feet in length. 
The lower reservoir, known as the Heng- 
steysee, was created by the construction 
of a small concrete dam across the Ruhr 
River, which also furnished water to the 
Krupp factories in Essen. 

Three pumps, operating at full capacity 
that is consuming 27,000 kw each, for ten 
hours were capable of filling the reservoir. 
This operation required 810,000 kilowatt- 
hours. The overall efficiency being 65%, a 
useful storage of energy equal to 525,000 
kilowatt-hours was accomplished. This 
energy could be released by full capacity 
operation of all generators, giving 128,000 
kw for approximately 4 hours. In ad- 
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Figure 3. Plan of hydro pumping station 
(Koepchenwerk) 
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dition to the purpose of providing peak 
capacity, this plant, and similar plants in 
Germany, were used as synchronous con- 
denser capacity by operating the gener- 
ator uncoupled from the pump with the 
turbine unwatered. 

The construction of this plant, which 
was started in 1929 and completed to its 
present stage of development in 1932, was 
accomplished at a cost of 43.7 million 
reichsmarks, giving a construction cost 0 
341 ‘reichmarks per kilowatt, which com- 
pares 500 to 520 reichsmarks per kilowatt 
for contemporary steam plants. 

The Rheinische-Westphialische-Elek- 
tricitiitswerke, Aktien Gesellschaftsystem, 
which supplied 23 per cent of German elec- 
tric energy with a*nominal capacity of 
1,850,000 kw, owned approximately 300,- 
000 kw of pumped and natural storage 
plant capacity, that is 16.2 per cent of its 
totalcapacity. By means of these plants, 
this system was able to operate its brown 
coal burning plants with a load factor of 
near 90 per cent. Figure 4 shows a typi- 
cal load curve of this system. 


Plant Equipment 


German generating station equipment 
appeared little different from similar plant 
equipment in the United States. Gener- 
ator sets were generally smaller, with 
ratings from 25 to 50 megawatts capacity 
appearing most frequently. The most 
modern plants used recently installed 
high pressure topping units for which a 
standard capacity of 25,000 kw was set 
up by governmental decree during the 
latter years of the war. Such generators 
were 3,000 rpm and generated voltages 
varied from 5,000 to 10,000 volts with the 
lower voltages in the majority. Invar- 
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Figure 4. esiesl daily load chart, Rhein- 
ische-Westphalische-Elektricitatswerke system 
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iably, the generators were operated un 
grounded. Generators were usually de- 
signed for 0.8 power factor, although 0.75, 
0.7, and 0.625 power factor generators 
were observed. Generators were designed 


for short circuit ratios between 0.5 
and 0.7, the older units tending toward 
the higher short circuit ratios. Most 
units were provided with shaft exciters, 
and pilot exciters were practically absent. 
Considerable trouble was experienced 
with field winding distortion in the newer 
generators, particularly in the 3,000-rpm 
speeds. Automatic voltage regulation 
was general. No hydrogen cooled gener- 
ators were found. Station auxiliaries 
were generally electrically driven except 
for boiler feed pumps, where duplex drives 
with motors and steam turbines were 
common. Electric precipitators were 
used. universally even in plants located 
far from municipalities. 

Auxiliary supply was obtained gener- 
ally from house service transformers; 
in the newer plants, tertiary windings on 
110-kv transformers, served the same 
purpose. A few installations of house 
generators driven by the main turbine 
shaft, were observed 


Circuit Breakers 


A distinct difference from the United 
States practice was observed in the almost 
total absence of oil circuit breakers. In 
newer stations, no switching was provided 
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at ge..erator voltage, except for auxiliary 
power; each generator being tied to the 
110-kv bus by transformers with the 
switching on the high voltage side. In 
older stations, practically all generator 


Figure 5 (above). Sie- 

mens-Schuckert 110-kv 

1,500-megavolt-ampere 
expansion breaker 


Figure 6. Allgemeine 
Elektricitats Gesellschaft 


freistrah] breaker (ex- 
treme left) 110 kv, 
1,500  mega-voltam- 


peres, with current and 
potential transformers 


voltage switching was done by means of 
air blast breakers, of which a great va- 
riety were seen. Phase isolation, either 
at generator voltage or at 110 kv was not 
observed anywhere. Wherever air cir- 
cuit breakers were found, the air compres- 
sor installation was of the central type 


Noest—German Electrical Utility Industry 


with the same air supply used for diseon- 
necting switch operation, in which case 
pneumatical interlocking between circuit 
breaker and disconnecting switches was 
general. A few older installations of liq- 
uid circuit breakers’ were noted and few 
installations of “‘oil-poor” circuit breakers 
were observed. The liquid used was a 
mixture of water and glycoll, known by 
the trade name of Expansine. 

In the 110-kv class there were three 
principal types 


1. Multibreak air blast. 
2. Controlled expansion (Figure 5). 
3. Free blast (freistrahl) types (Figure 6). 


In the 220-kv class the two prevalent 
types were 1 and 2. A 400-kv instal- 
lation project contemplated the use of 
two circuit breakers, either type 1 or 2 
superimposed upon each other. 

A most interesting type of circuit 
breaker design was observed in the frei- 
strahl type, which was built for 110- and 
220-kv circuit voltages, by the Allgemeine 
Elektricitéts Gesellschaft and Brown 
Boveri Company. This circuit breaker is 
an air blast breaker without any sort of in- 
terrupting chute whatever. Two contact 
arms, mounted on insulators, and capable 
of rotation either in a vertical or a hort- 
zontal plane, carry, surrounding a butt 
type contact, an annular air blast nozzle. 


When this circuit breaker is open, the two 
contact arms are separated by a free air 
space approximately 70 per cent of the 


ground clearance To close the circuit 
breaker, the two contact arms are rotated 
to bring the two butt contacts together. 
The air blast begins when the contact 
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separation approaches striking distance 
and stops when the contacts touch. On 
opening, the air blast starts immediately 
before the contacts begin to separate and 
it persists until slightly after the contacts 
have reached their open position. Air 
pressures up to 250 pounds per square 
inch are used. The arc interruption 
takes place in the unconfined air blast 
from both nozzles, hence the name frei- 
strahl, meaning ‘“‘free blast.” 

This freistrahl circuit breaker was 
highly praised by the operating people 
for its simplicity, freedom from trouble, 
and ease of maintenance. 

In addition to the three types of air 
blast circuit breakers for the 110- and 
220-kv circuit voltages, there was ob- 
served one type of multibreak, oil poor 
circuit breaker, made by Voight and 
Haeffner.® 

in the circuit breaker types 1 and 2 
and in the oil-poor high voltage circuit 
breakers, resistors were used to assist in 
the interruption of line charging current. 
These resistors were generally of rela- 
tively high ohmic value, approximately 
2,500 ohms, and were built with water 
conductors and ceramic conductors. 
Considerable difficulty was experienced 
with these resistors and their develop- 
ment had, in the opinion of the operating 
people, not yet reached a satisfactory 
stage. The absence of such resistors in 
the freistrahl circuit breaker was one of 
the reasons for its preference. 

In the medium voltage classes, the air 
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Figure 7. Tank bot- 
tom mounted bush- 
ings on a 60-mega- 
volt-ampere portable 
transformer 


blast circuit breakers were greatly pre- 
ferred over oil-poor and water circuit 
breakers, and development work was 
practically confined to air blast types. 
Circuit breakers were found with rat- 
ings up to 1,500 megavolt-amperes in the 
voltage classes up to 30 kv, and up to 


Figure 8. Forced-oil 

forced-air coolers ona 

60 - megavolt- ampere 
portable transformer 
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2,500 megavolt-amperes in the 110- and 
220-kv classes. Very little information 
was obtained on rates of recovery voltage 
rise but circuit arrangements were gener- 
ally such that only relatively low recovery 
voltage rates could have existed. Facili- 
ties available for factory testing of circuit 
breakers were limited to about 600-mega- 
volt-ampere capacity and field test rec- 
ords were found indicating that some tests 
had been made up to interrupting duties 
of 1,800 megavolt-amperes (calculated 
values). 


Power Transformers 


In the older generating stations and 
substations oil-immersed, water-cooled 
3-phase transformers were frequently ob- 
served. The cooling arrangement was 
designed with the oil coolers submerged in 
a water tank so that the water level was 
well below the bottom of the transformer 
tank. This arrangement assured that no 
leak could result in the contamination of 
the transformer oil. Oil circulating 
pumps were provided. 

Newer installations had forced-air 
forced-oil cooled transformers, which were 
standardized in the 30-, 60-, and 100- 
megavolt-ampere sizes. These standard- 
ized units were built integrally with 8- or 
12-wheel railroad cars for instant port- 
ability. With this point in view, the high 
tension bushings were located near the 
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bottom of the tank, so that they could re- 
main in place during transportation. 
(Figures 7 and 8.) 

In the 220-to-110-kv ratings, the 220- 
and 110-kv windings were fully insulated 
and Y-connected for use with Petersen 
grounding devices. A 1i0-kv tertiary 
winding, delta connected, was used for 
harmonic suppression and for connection 
of shunt reactors. Tap changing under 
load was used where required, although 
this type of equipment was available only 
in the most recent designs. The high 
voltage windings were shielded and all 
high voltage bushings were gapped. 

For connection between generator volt- 
ages and either 110 or 220 kv similar 
transformer designs were used, with the 
low voltage winding delta connected. 

On observing the very high noise level 
on some of the latest transformers, it was 
found that in these designs very high flux 
densities, up to 14 kilogausses rms are 
used. This resulted not only in a high 
noise level, but also in high exciting cur- 
rent and high harmonic content. The 
high exciting current was not considered a 
disadvantage, since even at maximum 
load some shunt reactance was required. 
The high harmonic content did lead into 
some difficulties with telephone interfer- 
ence and with tuning of Petersen ground- 
ing devices. For control of this difficulty 
such high density transformers were dis- 
persed. 

Buchholz relays were universally used 
on transformers with differential relays 
as back-up. Buchholz relays were speci- 
fied by the insurance underwriters. No 
Askarel transformers were found. 


Transmission Facilities 


The backbone of the German intercon- 
nected transmission system was a double- 
circuit 220-kv system in the shape of an 
inverted U (Figure 9). Starting in south- 
western Germany, in the corner made by 
the borders of Switzerland and France, 
the western leg of the inverted U collected 
the power production of the run-of-river 
plants in the upper Rhine River as well as 
the power produced by the Schluchsee 
natural and pumped storage development. 
A branch at this point collected the gener- 
ation from high-head developments in the 
Austrian province of Vorarlberg. 

On the northward leg, this line, which 
for a large part of its run was paralleled 
by a third circuit, collected and supplied 
interconnected private and municipal 
plants. At Brauweiler, near Cologne, and 
at the Koepchenwerk, near Essen in the 
Ruhr area, both of which were principal 
switching points, a loop, consisting of a 
single circuit line, encircled the Ruhr— 
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Figure 9. Map of the 
220-kvy transmission 
system in Germany 
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Rhineland industrial area. From the 
northernmost point of the loop a double 
circuit line extended eastward and inter- 
connected via 110-kv circuits with the 
Berlin area. 

A principal interconnecting point was 
the Marke substation, near Leipzig. 
From this substation, the 220-kv system, 
again as a double circuit line, ran 
generally southward and terminated near 
Linz in Austria. 

The transmission capacity of this sys- 
tem varied from point to point. It was 
variously stated to be between 300 and 
400 megavolt-amperes for transmission 
between adjacent major interconnection 
centers. This 220-kv system was ‘not, 
however, operated as one system. In- 
stead, it was used for energy interchange 
between major interconnecting points, 
so that, in fact the German utility system 
was operated electrically in five to six 
independent, non-synchronized _ parts. 
Frequently it was found that a generating 
plant supplied a local area with several 
generating units, while other generating 
units were connected to the 220-kv sys- 
tem. The principal reason for not oper- 
ating in a single system was the lack of 
means for controlling power flow. As, 
toward the end of the war, damage to 
generating plants mounted, attempts were 
made to operate large sections in synchro- 
nism, it was found that swings created by 
nonco-ordinated load changes often over- 
loaded the lines to a point where they 
separated. The lack of phase angle regu- 
lating transformers prevented operating 
of closed loops. _ 

While automatic frequency control 
equipment was available on some systems, 
with tie line bias control on still fewer 
systems, a co-ordinated system of auto- 
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matic frequency and tie line control did 
not exist. The Rheinische-Westphalische- 
Elektricitatswerke system, which com- 
prised the western leg of the inverted U, 
was operated completely with manual con- 
trol of frequency and tie line loading. 

An additional reason for operating in 
nonsynchronous parts was the grounding 
system, that is: resonant grounding by 
Petersen devices. For instance: The 
Rheinische- Westphalische- Elektricitats- 
werke 220-kv system had to be electrically 
separated at Brauweiler and at the Koep- 
chenwerk so that the residual are current 
forline-to-groundfaults becamelow enough 
for self-extinction of flashover arcs. 

Grounding of the resonant type by 
means of Petersen grounding devices was 
used universally on the 220- and 110-kv 
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Figure 10. Schematic diagram of the 220-kyv 
transmission system of the Rheinische-West- 
phalische-Elektricitatswerke 
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lines and even on a 66-kv cabie system. 
Relaying was provided to separate the 
220-kv system into smaller units on faults 
for two reasons 


1° To reduce circuit breaker interrupting 
duties. 


2. To reduce the residual are current on 
line to ground faults. 


In some cases synchronism between 
parts was maintained by high impedance 
ties through the 110-kv system (Figure 10). 
Even though synchronism could thus be 
maintained through high impedance ties, 
a severe limitation of transmission ca- 
pacity wasimposed. These highimpedance 
ties often separated because of instability. 
Although these limitations were of little 
consequence or inconvenience in normal 
times, when generating capacity was 
available all along the transmission lines, 
they imposed serious handicaps toward 
the end of the war, after large blocks of 
generating capacity had been disabled. 

Carrier current was widely used forcom- 
munication purposes and it was rarely 
used for relaying. 
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Figure 11 (left). Concrete per- 
sonnel shelter in a turbine room 


Figure 13 (right). Sectional re- 

inforced concrete shelter for a 

32,000-kw hydro turbogenerator 
set 


Lightning arresters were practically 
German engineers explained, 
that with gapped transformers and line in- 
sulators, properly co-ordinated, and with 
Petersen grounding devices, lightning ar- 
resters were not worth the troubles they 
caused. 


absent. 


Distribution 


Most of Germany was provided- with 
a service voltage of 220/380 volts. 
Service was practically all radial, except 
in the largest cities, where low voltage net- 
work distribution was gaining favor. 
Network sections were kept small, that is, 
between 20 and 30 megavolt-amperes; al- 
though in the city of Berlin, sections as 
large as 70 megavolt-amperes existed. 
Network transformers were used in sizes 
from 160 to 250 kva with 6-kv primary 
feeders in the earlier installations and 30- 
kv feeders in the latest. The tendency 


Figure 12. Damaged reinforced concrete 
shelter over exciter of a turbogenerator 
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was toward the higher primary voltage. 
Relatively high reactance transformers 
(7.5 per cent) were used and the total 
reactance from the substation bus was 
kept high, thus holding the short-circuit 
currents to low values but necessitating 
the frequent use of synchronous conden- 
sers and capacitors. The use of capacitors 
was gaining in the later years. 

The network protectors were mostly 
pilot wire operated for opening on 
faults and by voltage relays or pilot wire 
for closing. Fuses of a special design, 
capable of interrupting 25,000 amperes at 
400 volts, were used as back-up protec- 
tion. Buchholz relays were universally 
used on distribution transformers for net- 
work use. 


Protective Measures 
Against War Damage 


With the beginning of the war, plant 
managers were ordered to take measures 
for the protection of essential plant equip- 
ment and personnel. Personnel shelters 
were built in two types 


1. For the protection of essential operating 
personnel at their posts. 


2. Mass shelters for other plant personnel 
and office forces. 


For essential plant personnel, individual 
shelters were provided (Figure 11). In 
some cases these were equipped with in- 
struments for the supervision of most 
important plant functions, such as steam 
pressure, boiler feed water pressures, volt- 
age, andfrequency. In plants built dur- 
ing the war such shelters were integral 
with the turbine or generator foundations, 
smoke stack foundations, and so forth, 
elaborate instrumentation was provided, 
and remote controls were furnished. 

For less essential plant personnel and 
office forces, mass shelters were provided 
under foundations and in the form of 
specially built cone shaped antiaircraft 
towers, built of concrete with 9-foot thick 
walls, up to six floors in height. In the 
base of such structures, emergency com- 
munication equipment, supervisory in 
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struments and controls were located. 
Such structures could not only accom- 
modate the plant personnel not on duty, 
but also the families of all plant personnel 
as well. 

For the protection of rotating machin- 
ery in the plant, various devices were em- 
ployed. Most frequently observed were 
portable concrete structures, built in the 
cross-sectional shape of the letter A, rein- 
forced and provided with lifting eyes for 
handling by means of cranes. These 
structures were eight feet high and ap- 
proximately three feet wide, with inter- 
locking joints to permit assembly into 
walls. These were found set up around 
generators, exciters, turbine valve gear, 
and turbine control boards. In addition, 
roofs were frequently found over turbo- 
generators made of concrete slabs sup- 
ported on pipe frameworks (Figure 12). 
Semicircular reinforced concrete shields 
were also used; a pair of which formed a 
circular arc over a piece of equipment. 
These too were designed with interlocking 
joints so that a complete enclosure could 
be formed by the use of multiple units 
(Figure 13). 

Operational measures were taken dur- 
ing air alarms, such as isolation and sec- 
tionalizing of steam pipes, boilerfeed pipes, 
and circulating water piping. As theload 
dropped during an air attack, electrical 
machinery was quickly taken off and de- 
energized. 

For large power transformers protec- 
tive measures consisted of loose brick or 
cinder block walls, built to a height of one 
to two feet higher than the transformer 
tank. Earth embankments were thrown 
up between transformers to prevent 
spreading of oil fires, and fire fighting 
equipment was expanded and augmented. 

All of these measures were highly effec- 
tive against occasional low saturation 
raids. These measures were even effec- 
tive with concentrated raids in that they 
limited the amount of damage. Only 
when highest concentration raids were 
made, were plants consistently shut 
down for prolonged periods (Figures 14 
and 15). 

One underground plant was found in 
Manheim, with a capacity of 30,000 kw 
obtained from a 1,620-pound-per-square- 
inch, 925-degree-Fahrenheit boiler and 
turbogenerator, of which the generator 
voltage was 22 kv. This plant was built 
in 1940. The whole plant, excluding coal 
handling, was built in a circular concrete 
caisson 100 feet in diameter, 75 feet deep, 
with 6-foot thick walls, and a 10-foot 
thick roof, the upper surface of which was 
10 feet below grade. It was stated 
that the construction cost of this plant 
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was practically the same as for a conven- 
tional type of plant. A heavy bomb hit, 
close by, severely damaged the turbine by 
earth shock.? 6 


War Damage Experience 


War damage experience can best be 
illustrated in terms of the experience of 
the Rheinische-Westphdlische-Elektrici- 
tatswerke system, for which system a 


rather complete report is available.’ 


From the beginning of the war up to 
the spring of 1943, damage to the German 
electric utility plant was confined princi- 
pally to line damage. This damage was 
from two sources 


1. Falling antiaircraft shell splinters. 


2. Trailing anchor cables from errant anti- 
aircraft barrage balloons. 


Particularly sensitive to falling anti- 
aircraft shell splinters were the aluminum- 
steel core 110- and 220-kv conductors, 
strands of which were easily cut, and when 
cut, unravelled causing line-to-ground 
and line-to-line short circuits. Anchor 
cables of errant barrage balloons caused 
short circuits and even burn-off of con- 
ductors. Both types of damage were 
confined principally to areas of high indus- 
trial activity since these areas were also 
areas of dense antiaircraft defense. 


Noest—German. Electrical Utility Industry 


Fiom 1942 on, additional line damage 
occurred from aerial bombing because of 
direct blast damage of line structures, con- 
ductor damage by bomb splinters, and 
insulator damage due to direct and trans- 
mitted bomb blast effects. During 1942 
there occurred on the Rheinische-West- 
phalische-Elektricitétswerke system 259 
cases of line damage on 110- and 220-kv 
lines by war action, of which 49 cases were 
due to barrage balloons. Ina single day 
43 cases of line damage occurred. 

Up to the end of 1942 no serious damage 
had been done to power plants, although 
a few isolated attacks by aircraft upon 
industrial plants resulted in minor dam- 
age to adjacent power plants. As a 
whole, up to the end of 1942, there had 
been no serious interference with the pro- 
duction and transmission of electric pov er. 


With the beginning of 1943 came the 
beginning of concentrated air attacks 
against selected industrial plants, such as 
synthetic chemical plants for the produc- 
tion of motor fuel, rubber, and nitroge- 
nous chemicals. With the beginning of 
1943 also came the first concentrated area 
attacks upon whole cities. The stepping 
up of aerial attacks that year caused line 


Figure 14. Bomb damage in turbine room 


Ljungstrom turbogenerator in the background 


damages to the amount of 197 cases for 
the first 3!/, months on the Rheinische- 
Westphdlische-Elektricitatswerke system 
‘alone. In February 1943, an area attack 
upon the city of Cologne severed 43 110- 
and 220-kv lines, isolated the southern 
half of the Rheinische-Westphdalische- 


network were slow and difficult and finally 
after répeated attacks, were completely 
abandoned. 

Up to that time the generating plants 
were loaded to capacity and the curtail- 
ment program-was in effect to limit the 
demand over peak hours. 


The destruc- 


Figure 15. Heavy bomb damage in a turbine 
room 


Elektricitatswerke system from the north- 
ern half, and interrupted the connections 
between the 450,000-kw Goldenberg plant 
and the Brauweiler substation. The 
system lost 360,000 kw of generating ca- 
pacity, which was made up by emergency 
transfer of 340,000 kw over undamaged 
220-kv lines. This attack occurred on a 
Saturday; by Monday all essential lines 
had been repaired and restored to service. 

Up to this time, all damage was easily 
and quickly repaired since the damage 
was practically confined to overhead lines. 

March and May 1943 brought the first 
concentrated area attacks upon the Ruhr 
area and the city of Essen. These attacks 
created severe damage to underground 
distribution facilities, which from that 
time on could never be completely re- 
stored. The restoration efforts were 
directed principally to the re-establishing 
of service to industrial plants and other 
essential services, such as street car trans- 
portation systems and hospitals. As 
most of such essential consumers were 
radially fed, restoration was quickly ac- 
complished. Repairs to the low voltage 
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tion of customers’ industrial plants eased 
the load situation, so that the electric 
power plants were somewhat relieved. 


In May 1943 came the celebrated at- 
tacks upon the Moéhne and Eder dams. 
The loss of the Eder dam resulted in a 
capacity loss of 120 megawatts for 8 
months because of damage of the hydro 
plants associated with this dam. As this 
development was a pumped storage plant, 
its loss was particularly severe. The loss 
of the Mohne dam, which had no hydro- 
electric plant directly associated with the 


dam, resulted in the loss of the Koepchen 
werk pumping plant and a number of 
smaller plants along the Ruhr River by 
flooding, amounting to approximately 
200 megawatts loss for four to six months. 

From that time on, until May 1944, 
approximately 300 megawatts of the Ger- 
man utility system’s capacity were tn- 
available because of war action (Figure 
16). 

From May 1944 on, sharply increased 
attacks.resulted in rapidly increasing out- 
ages resulting from damage of plant 
facilities. Beginning with a capacity loss 
of 700 megawatts in May 1944, the ca- 
pacity loss reached 1,900 megawatts by the 
end of October 1944. That date was the 
beginning of cessation of co-ordinated 
operation. Even up te that date, how- 
ever, destruction of consumer plants kept 
apace so that the remaining plant capac- 
ity was able to supply the remaining de- 
mand with varying degrees of curtailment. 
After October 1944, one can no longer 
speak of a co-ordinated utility system. 
Conditions became rapidly chaotic. With 
the destruction of railroad communica- 
tion, coal supply could no longer be main- 
tained and restoration of damaged plants 
ceased. . 

Although official records stop with the 
end of October 1944, giving a total loss 
due to direct war action of approximately 
1,900 megawatts, and although an official 
German statement gives the loss due to 
war action for January 1945as3,110mega- 
watts, the actual loss of,capacity for the 
public utility system at the end of the 
war was probably between 5,000 and 6,000 
megawatts, not counting as loss the un- 
availability of plants because of occupa- 
tion. 


Summary 


1. Although the German electrical utility 
undertakings had faeilities for nation-wide 
interconnections, and although they had a 
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well co-ordinated operating organization, 
the German electrical utilities did not suc- 
ceed in nation-wide interconnected opera- 
tion, mainly because of technical limitations. 


2. Germany, like the United States, 
entered the period of World War II with 
identical percentages of spare capacity. 
Germany, unlike the United States, began to 
feel capacity shortages as early as 1940, 
which shortages became more pressing as the 
war progressed, while in the United States 
there was at no time during the war a short- 
age of capacity. 


3. Except for the rapid development of 
air circuit breakers, development in design 
and construction of plant facilities pro- 
gressed, in general, along similar lines as in 
the United States, although with somewhat 
less regard for reliability. 


4. Although the German electrical utility 
industry was never a primary target for 
aerial assault, it suffered considerable 
damage principally through aerial warfare. 


5. The collapse of the German electrical 
utility system was coincidental rather than 
contributory to the general industrial col- 
lapse of Germany toward the end of the war. 
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Discussion 


C. W. Mayott (The Hartford Electric Light 
Company, Hartford, Conn.): This paper 
gives a most excellent presentation of the 
German electrical utility industry in a com- 
plete, concise, and understandable form by 
a man who is eminently fitted by training 
and first hand knowledge of all the facts as 
he presented them. Noest was one of the 
committee appointed by the Army to 
personally inspect and report on the German 
systems. 

As shown in his paper, our industry in 
this country was considerably in advance of 
the German industry in many phases. In 
some they were our equal, and a few they 
surpassed us. It is to be noted that the total 
capacity of the German system was approxi- 
mately one quarter that of the United 
States. In interconnections and co-or- 
dinated operation, the German systems 
were materially behind this country. We 
have areas of much greater capacity than 
all the German systems operating in parallel 
continuously. We have other areas where 
this is done whenever there is any justifica- 
tion for doing so. In case of war such areas 
would be continuously in parallel. Our 
equipment for such operation is materially 
in advance of the Germans. Our trained 
personnel has the knowledge which the 
Germans had not acquired. In this country: 
the industry effectively handled the opera- 
tion of the interconnections with nominal 
advice from the Office of War Utilities which 
was manned by personnel from the utilities. 
Our line protection is basically different as 
they use the Petersen coil which has very 
little use here. 

Noest reports that the German systems 
use much forced oil circulation in the trans- 
formers. This has been used in Hartford, 
Connecticut, for some 45 years although it 
has not had universal use in this country. 
The records show that the German load de- 
creased almost as fast as the decrease in 
available capacity. As stated by Noest in 
the summary, the German electrical utility 
industry was never a primary target for 
aerial assault. If substations and power 
houses had been a primary target for aerial 
assault, the situation probably would have 
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‘been vastly different. This must be given 


very careful consideration in future war 
planning. 

In “Capacity and Generation of the 
German Electrical Utility Industry,” he 
states that ten 300-megawatt plants were 
started in Germany in 1941 and that none 
were finished during the war. Efforts were 
made in this country to start a large hydro 
program during the war, a program which 
could not have been completed before the 
war ended and which would have caused 
material interference with the war effort. 
This was curtailed by the War Production 
Board and the Army and Navy Muni- 
tions Board. The load factor in this 
country was improved so that we obtained 
the equivalent of some 12,000,000 kw over 
and above the capacity on the basis of the 
prewar load factor. One big contrast was in 


the use of electric precipitators which were . 


quite universally used in Germany as com- 
pared with our less general use in the United 
States. Part of the justification of this, was 
the war consciousness which made it de- 
sirable to keep down the telltale smoke 
columns as much as possible. 

It is to be noted that Germany had a num- 
ber of pump back stations. Some of these 
were of relatively large capacity, large 
enough to put the steam plants on a high 
load factor base operation. The only pump 
back station that I know of in this country 
is that belonging to The Connecticut Light 
and Power Company at New Milford, 
Conn., known as the Rocky River Plant 
with a capacity of some 25,000 kw. 


George M. Tatum (Virginia Electric and 
Power Company, Richmond, Va.):I do not 
pretend to be an expert on this subject. 
Most of what I know about it, I have learned 
from Noest’s paper. I will try to confine my 
discussion to planning our own electric 
systems to benefit from German experience. 

Noest gives statistics on kilowatts and 
kilowatt-hours. per inhabitant showing a 


_three-to-one ratio for the United States to 


Germany. The area of the United States is, 
however, approximately 11 times that of 
Germany. Kilowatts per square mile is 
approximately 50 for Germany, 17 for the 
United States. Concentration of power in 
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central and western Germany is probably 
of the same order as in the northeastern 
United States. The German experience 
therefore, should, teach us something of 
what may happen to the electrical utilities of 
North America in case of concentrated aerial 
attack. 

We hope that there will be no more major 
wars, but leaving ourselves unprotected will 
not reduce the probability of an enemy 
attacking us. A major factor in our recent 
victory was the capacity of the North Ameri- 
can countries to produce materials of all 
kinds. We must be prepared to produce 
even more if we are involved in another war 
and to produce with our countries under 
direct attack from which we were spared in 
1941-45. 

The most devastating weapon of World 
War II was not used against Germany. A 
single atomic bomb, effectively placed, 
would virtually destroy any North American 
city. Ifa city were destroyed, the extent of 
damage to its electric systems would be un- 
important. Efforts are being made to de- 
velop international control of atomic - 
energy and to outlaw its use in warfare. Ido 
not believe that any nation would forego the 
use of atomic bombs and thereby lose a war 
which it could win by using them. On the 
other hand, the international commission 
would necessarily have broad powers of in- 
vestigation and would notify the world if 
any nation started to produce the compo- 
nents of atomic weapons. Poison gas was 
not used in the recent conflict and I believe 
there is a basis for hope that atomic bombs 
will not be used in the next. In any case, 
we can learn nothing from the German 
experience about the effect of atomic bomb- 
ing. 

We.-can learn a great deal about the effect 
on an electric system of intensive bombing 
with ordinary high explosives and incendi- 
aries and the general strain of total war over 
a long period of time. 


GENERATION 


We must give the Germans credit for in- 
genuity in utilizing very low grade fuel, but, 
thanks to our abundant natural resources, 
there is no need for us to follow their ex- 


ample. I note that the kilowatt-hours per 
kilowatt for the ‘‘brown coal” plants 
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dropped from 4,050 in 1937 to 3,380 in 1944 
while energy per unit of capacity for other 
sources increased from 2,520 to 3,540. 
Whether this drop in load on the brown coal 
plants was due to war action, unscheduled 
outages or other causes is not indicated. 

The German electrical industry appar- 
ently suffered much more severely than ours 
from unscheduled outages. We were some- 
times unable to obtain materials for minor 
repairs, resulting in breakdowns and major 
repair jobs, but we did enjoy a high priority 
for materials and essential manpower and 
particularly for breakdown repairs so that 
unscheduled outages were usually of short 
duration. If there should be a tendency to 
lower these priorities ig a future war, the 
German experience may provide a convinc- 
ing argument against it. 

In comparing our experience with Ger- 
many’s, we should bear in mind that 
Germany was at war for two years longer 
than we were, suffered damage from enemy 
action and was operating under curtailment 
with resulting pressure to defer and reduce 
scheduled outages. I believe an important 
part of our defense system should be liberal 
reserve generating capacity. In 1946, the 
peak load on the electric systems of the 
United States was: approximately 90 per 
cent of installed capacity. The ratio of 
capacity to load will probably continue 
critical through 1948 and capacity to pro- 
vide normal reserves apparently cannot be 
installed before 1950. If we pull through 
this period without curtailment or extended 
interruptions of service, there may be a 
tendency to conclude that prewar reserves 
were much greater than necessary. It 
should not be forgotten that it was primarily 
because of these prewar reserves that electric 
power was never too little or toolate. Also 
we should not overlook the fact that large 
amounts of materials, shop space, and man- 
power which might have been devoted to 
direct war production were expended on 
generating plants, both public and private, 
in those areas where reserves were a mini- 
mum. 

It is interesting to note that the only 
underground power station in Germany was 
severely damaged by a near miss of a heavy 
bomb. Apparently, going underground is 
not the right answer. 


CircuIT BREAKERS 


I have a great respect for outdoor oil 
circuit breakers. I believe that, in normal 
operation, the danger of a disastrous oil fire 
resulting from explosion of one of these 
breakers operated within its rating is 
negligible. I doubt that air circuit breakers 
for 115 kv and higher voltages will supplant 
oil breakers until it can be shown that, when 
produced in equal quantity, the over-all cost 
will be about the same for air as for oil 
breakers. Perhaps we should provide sumps 
with drains to carry the oil away in case of 
bursted tanks resulting from enemy attack. 

It is almost universal practice in this 
country today to avoid use of electric equip- 
ment containing insulating oil inside of 
power stations. This should reduce fire 
hazard in case of bombing. 


TRANSMISSION AND DISTRIBUTION 


One outstanding difference between Ger- 
man and American transmission practice is 
the extensive use in Germany of resonant 
grounding. This type of grounding imposes 
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limitations on interconnections, requires 
transpositions that are otherwise unneces- 
sary, reduces flexibility of operation, im- 
poses high dynamic voltage stresses on 
equipment, and requires reducing the margin 
of lightnirfy arrester protection. Since most 
of the benefits obtained by this type of 
grounding are provided by high speed 
switching and reclosing without incurring 
any of these disadvantages, I doubt that the 
Petersen coil is practical for large transmis- 
sion systems in this country. Resonant 
grounding must be particularly disadvan- 
tageous with abnormal system setups that 
must frequently occur when’ subject to 
enemy attack. 

In Germany as in other countries sub- 
jected to heavy bombing, overhead lines 
suffered only minor damage which was 
quickly repaired. Underground distribu - 
tion on the other hand was so severely 
damaged by earth shock that efforts to re- 
store it were abandoned. It would be in- 
teresting to know whether all types of cables 
suffered equally; particularly if oil filled 
pipe cables were used and, if so, whether 
they were less subject to damage than other 
cables; also whether direct buried cables 
were damaged the same as cables in conduits. 
I wonder if the author has any additional in- 
formation on this subject. 

I believe there is a lesson for us in the 
relative immunity of the overhead lines to 
irreparable damage. 

In many of our smaller cities there was, 
before the war constant and increasing 
pressure to force the electric lines under- 
ground. While the utility companies and 
the operators of municipal electric systems 
generally opposed this change, they were 
frequently forced to yield. I believe this 
opposition should be strengthened as a re- 
sult of the war and every reasonable expedi- 
ent should be tried to avoid major under- 
ground installations in these cities. 

In our larger cities, distribution is gen- 
erally overhead in residential areas, under- 
ground in heavy commercial areas and partly 
overhead, partly undergound in industrial 
areas. The overhead lines in many cases 
can only be supplied through the under- 
ground system. 

Perhaps overhead distribution could be 
designed to supply areas of heavy load con- 
centration, but I doubt that it would have 
public acceptance. Our electric service has 
not yet been interrupted by bombing. 

In some of our cities, overhead transmis- 
sion lines are extensively used (Examples: 
Philadelphia and Pittsburgh). In other 
cities there are no overhead lines at all. 
Electric loads continue to grow and, in many 
cities, additional circuits are now needed to 
deliver power from generating stations to 
load centers. I suggest that, wherever pos- 
sible, these circuits be run overhead and 
operate at the highest practical voltage. In 
many cases, overhead construction will cost 
more than underground because of routing 
difficulties and because phase shifters or 
series transformers and capacitors will be 
required to make the overhead lines carry 
the desired load where operated in parallel 
with cables. They may turn out to be life- 
savers in restoring essential services in case 
of bombing. ; 


CONCLUSION 


I realize that engineers alone cannot build 
our electric systems for the next war. Co- 
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operation of management and of public 
authorities is required. We can at least 
make an effort to obtain that co-operation. 
I have premised this discussion on the 
assumption that we must prepare for an- 
other war at» some future time, but that 
atomic bombs will not be used. If effective 
means to prevent atomic bombing are not 
devised, I know of nothing that we can do as 
electric utility engineers to reduce the catas- 


trophe. Our greatest cities should be 
abandoned and their people dispersed 
through thinly settled areas. This would 


require so great a change in our civilization 
that I doubt if it can be done until after an 
atomic war. At that time the problem will 
at least be simplified, in a way, because our 
civilization will have been largely destroyed 
along with our cities and there will be few 
people left to disperse. Presumably, our 
enemies will have met with similar disaster. 
I feel that the efforts to control atomic 
energy must meet with success. 


Robert Treat (General Electric Company, 
Schenactady, N. Y.): This paper contains 
much food for thought. One of many in- 
teresting subjects for speculation is sug- 
gested by studying Figure 1, then Figures 2, 
12, 14, and 15, and finally Figure 16. 

According to Figure 1, as early as the fall 
of 1941, the German electrical industry was 
unable to carry its peak load; during the 
winter of 1941-42 it was deficient by some 
550,000 kw. 

Figure 16 indicates that there was no 
substantial loss of generating capacity re- 
sulting from bombing until May of 1943 
and, except for brief periods, the total 
capacity loss for all Germany amounted to 
only about 400,000 kw until May of 1944, 
after which the loss due to bombing grew 
rapidly. 

I suppose it is natural for a person to feel 
that the industry with which he is associated 
and which therefore he knows best is the 
most important. A man in the ball-bearing 
industry would feel that the German war 
effort could have been vastly slowed down, 
if ‘not stopped completely, by destroying 
their means of producing ball-bearings. 
Ditto synthetic gasoline; ditto synthetic 
rubber and other chemicals; ditto trans- 
portation, and other vital elements. 

Therefore it is easy for one who has had a 
life-long intimate association with the public 
utility industry to convince himself that a 
policy of bombing German power plants just 
as early as it would have been possible to 
doso, and of continuing the bombing suffi- 
ciently to keep them out of operation would 
undoubtedly have so paralyzed German in- 
dustry that their war machine would have 
broken down earlier than it did. 

This matter is worthy of some thought by 
public utility men who are skeptical that the 
world has yet achieved permanent peace. 


J. B. McClure (General Electric Company, 
Schenectady, N. Y.): In comparing our 
electrical industry with the European 
electrical industries, I fear we are prone to 
conclude that ours is generally superior. 
This interesting paper reveals that in some 
respects, at least, the German electrical in- 
dustry was more progressive than ours. 
Although they did not realize any bene- 
fits from it, the advantages of standardiza- 
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tion of power plant equipment were recog- 
nized about 1940. Our efforts along this 
line began in 1944, and partial results are 
being realized now on the larger rotating 
equipment. It is inferred from the paper 
that the German standardization program 
also included steam generating equipment, 
and I am wondering if this is correct. 

Their newer generators have a short- 
circuit ratio of 0.5—even the older ones have 
a ratio as low as 0.7—and most of their gen- 
erators were equipped with automatic 
voltage regulators. This is a goal that is 
being slowly approached in this, country. 
Our preferred standard generators and in- 
dustrial-size generators still have a short- 
circuit ratio as high as 0.8, and several 
metropolitan areas have not as yet applied 
automatic generator voltage regulators. 

In contrast to this, however, much of their 
generation is designed for unusually low 
power factor. This is in line with the prac- 
tice of supplying reactive power from the 
generating stations, not only for near-by 
metropolitan loads but also over transmis- 
sion systems with consequent large trans- 
mission line voltage regulation. This dif- 
ference in the design and operating practice 
on high-voltage systems is one of the major 
obstacles to the adoption of suitable inter- 
national standards for high-voltage equip- 
ment. 

Tables I and IV contain some very in- 
teresting information. If our construction 
program for 1947 continues at the present 
rate for the rest of the year, we will have in- 
creased our generating capacity by approxi- 
mately 10 per cent, making use of our nor- 
mal facilities and under peacetime con- 
ditions. In 1942, Germany increased its 
generating capacity by approximately 7 per 
cent, which appears to be an outstanding 
performance in the midst of a total war 
effort. 


C. W. DeForest (Columbia Engineering 
Corporation, Cincinnati, Ohio): The writer 
was in England and Germany from March 
to July, 1945, as “London representative” 
of the Technical Industrial Intelligence 
Committee and organized the Public Util- 
ity Section of the Technical Industrial 
Intelligence Committee and later returned 
to Berlin, Germany, as Chief of Public Util- 
ities for the United States from December 
1945 to February 1947. 

The following remarks represent the ex- 
perience gained during these two periods of 
service. 

The electric energy generating capacity 
in Germany treated in the paper includes 
only the public utility capacity connected to 
the ‘‘grid.”’ The total capacity in Germany, 
including industrials, equivalent kilowatt 
capacity, totaled between 22 and 24 million 

‘kw. The equivalent kilowatt-hour produc- 
tion in 1943-44 was from 75 billion to 77 
billion. 

Of the total production, about 40 per 
cent was produced by industrials. 

It was difficult to obtain accurate figures, 
even from the German central records office 
in Berlin, where we had assembled all 
records available, and had preserved the 
“nucleus” of the various German societies 
and groups operating Germany during the 
war. : 

The records and personnel were scattered 
in the United States, Russian, and British 
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sectors and zones and many records had been 
destroyed or lost. However, the figures 
mentioned above give a fair approximation 
of the total capacities in Germany during the 
war. 

A sizable proportion of the industrial 
capacity in industrials will not be useful in 
the post-war period, as much of it was in 
strictly war potential industries, which are 
completely restricted. Some are in plants 
which were destroyed and others in indus- 
trial plants given up for reparations. 

In the assessment of electrical capacity for 
reparations by the quadripartite groups, the 
industrial capacities were included with the 
grid connected public utility plants to 
arrive at the total capacity. 

The greater part of hydro capacity was 
located in the United States zone, French 
zone, and adjacent territory in Austria. 

There was about 1,000,000 kw of installed 
hydro capacity in the United States zone 
proper. This included many small installa- 
tions, low head plants, strung out along the 
rivers and controlled from one location. 
The firm hydro capacity in the United States 
zone during the six months of October to 
March was 350,000 kw based on 1948. If the 
year 1934 (a low year) had been taken as a 
basis, the capacity would have been approxi- 
mately 250,000 kw. In addition to the 
hydro capacity in the United States zone of 
Germany proper, Germany had always con- 
trolled the hydro power from the Tyrol in 
Austria, from the Vorarlberg in Austria, and 
of course from the Schluchsee hydro develop- 
ment in the upper Rheinland or Palestine 
section, which is in the French zone. 

The Vorarlberg hydro development of 
280,000 kw, with an annual production of 
540 million kilowatt-hours and with large 
storage capacity, made the full capacity 
available for peak load use, practically all 
the year. 

This development was planned, financed 
and constructed entirely by the Germans 
under a treaty and contract made with the 
Sovereign Province of Vorarlberg in 1924. 

The contract was for a period of 70 years, 
and was very favorable for the Province of 
Vorarlberg. 

Now that Austria has been declared to be 


_a liberated country, Austria claims owner- 


ship of the Vorarlberg, without compensa- 
tion to Germany for the investment, and 
has been trying to negotiate with both 
France and Switzerland, for the sale of 
Vorarlberg power. 

The United States zone of Germany has 
never been self-sufficient in electric power. 
During the high output months they have a 
surplus of hydro, which was transmitted to 
the west and north, but during the low hy- 
dro months, thermal generated power was 
transmitted to the United States zone from 
the Ruhr, or brown coal power was trans- 
mitted from the north (now the Russian 
zone). 

As described in the subject paper, the 
German network consisted of two 230-kv 
circuits, in the shape of an inverted horse- 
shoe, with the-open ends resting in Eastern 
Bavaria and in Greater Hessen. 

There are no transmission facilities to take 
hydro power from Bavaria directly across 
the United States zone to Wurttenburg 
Baden, Greater Hessen, and to the Ruhr. 
Likewise, thermal power from the Ruhr or 
Western Lands of the United States zone 
cannot be transmitted to Bavaria. 
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usefulness of the Eastern leg of the 230-kv 
network, has been destroyed by the Rus- 
sians, as they have removed one 230-kv 
circuit from Helmstedt on one boundary of 
their zone, to Remptemdorf on the other 
boundary, together with all transformers 
and switching. In addition many other im- 
portant transmission circuits in their zone, 
and transmitting equipment to Berlin, have 
been removed. 

Before I left Berlin, authority had been 
secured to build a 230-kv transmission line 
between the East and West in the United 
States zone, thus closing the open portion of 
the horseshoe transmission system, 

When this construction is completed, it 
will enable the United States and British 
zone to move surplus hydro power and ther- 
mal power where and when available and 
needed, thus making the greatest possible 
use of hydro power and conservation of coal. 

Even though the 230-kv network was in- 
tact, the Russian zone, with its large brown 
coal generating capacity, would have no 
surplus power to send to the United States 
zone. 

The quadripartite decision to limit the 
total electric capacity to 9 million kw, in- 
cluding public utility and industrial, was the 
result of a ‘‘poker game”’ decision, purely a 
compromise and not based on a factual 
economic study. Of the 9-million-kw total 
capacity to be left in Germany, the Russian 
zone was allotted 2,900,000 kw. They 
promptly stripped their zone to the allotted 
figure of 2,900,000 removing all of the newest 
and best facilities. 

The 2,900,000 kw retained was made up 
of nameplate ratings, with the idea that by 
1949 all equipment would be fully repaired 
and restored to full rated capacity. The re- 
sult was that 1,400,000 kw was the maximum 
capacity obtainable during 1946 from the 
2,900,000 kw left in the Russian zone and 
that for a short time only. Therefore the 
Russian zone is now a liability on the 
western zones so far as electric power is con- 
cerned. 

The so-called “level of industry’? and 
consequent electrical capacity, was arrived 
at too soon after the war. It was dictated 
more by emotion than by economic factual 
study and is now in process of being revised. 

Germany as well as other countries of 
Europe is now right in the ‘‘lap’’ of the 
United States. Europe cannot be stabilized 
until Germany has become self-supporting 
and Germany will be a drain on the Ameri- 
can taxpayer.until she can earn her own 
way. 

The only way Germany can become self- 
supporting and pay for her necessary im- 
ports of food and other raw materials is by 
exports. That means that Germany must 
sell in the world market, in competition with 
other countries, and to do so, must have the 
same efficient means of production as other 
countries, and that means electric power. 

From my experience, I believe the Ger- 
mans will co-operate, if we treat them 
properly. They must be encouraged. Hu- 
man nature reacts the same the world over 
and you cannot regenerate a peoples unless 
they have something to live for. 

We inust realize that the present German 
generation was raised on Nazi propaganda. 
It is all they knew and any nation raised 
under the same conditions would react 
largely in the same manner. 

The situation in Germany should be faced 
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realistically and the proper methods applied. 
If Germany is left a ‘“‘cesspool of discontent” 
it will spread all over the world and fall 
directly under Russia’s influence. 

The recent report of ex-President Herbert 
Hoover is the first factual statement on 
Germany and existing conditions that I have 
seen coming from authoritative and high 
level sources. He has “hit the nail right on 
the head.”’ 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill): The author has given 
us very valuable information, not other- 
wise available, in the form of a digest and 
should be congratulated for his fine presen- 
tation. Limited space did not permit him to 
do more than mention some items, and I 
would like to ask a few questions. 

The generally applied method for all 
schemes (unit connection or the parallel 
operation of generators on bus bars) was the 
grounding of generator neutrals through 
high resistances which lead to a single line to 
ground fault current of 5 amperes average. 
Very ingenious devices were in use to keep 
the fault current at approximately the same 
magnitude wherever the fault occurred, 
near the terminals or near the neutral-point 
of the generator. This type of neutral 
grounding (in use since 1928) was made by 
means of nonlinear resistances on the sec- 
ondary of distribution transformers. Noest 
mentions in the chapter on equipment that 
the generators were operated ungrounded. 
It should be of interest to know why these 
changes were made, and if the reference 
made concerns unit operation only, or also 
generators which are synchronized on bus 
bars? 

In contrast to the practice in our systems, 
voltage regulation of the large German 220- 
kv system was achieved mainly by shunt 
reactors (and not by synchronous condens- 
ers), and high exciting currents of trans- 
formers could be permitted. High satura- 
tion requires large fundamental frequency 
magnetizing currents and large higher har- 
monics of the 8rd, 5th, and 7th order. One 
German manufacturer (Allgemeine Elek- 
tricitats Gesellschaft) developed transform- 
ers with auxiliary exciting windings on the 
split-yokes which provided the 5th and 7th 
internally so that the current taken from 
outside terminals was of sinusoidal wave 
shape. I am wondering if the author refers 
to this special construction, or the usual 
type of transformer produced by the other 
German manufacturers? Further, a men- 
tion of which part of Germany, which sys- 
tems, and system voltages the report covers 
would provide helpful additional informa- 
tion. . 

It is well known that practically all sys- 
tems in Germany, overhead and under- 
ground, 2 to 220-kv, are resonant grounded 
by means of ground fault neutralizers (Peter- 
sen coils) designed for continuous operation. 
Hence, ground faults are not short circuits 
and they are removed by manual breaker 
operation on the basis of the indications of 
sensitive ground relays at the various sub- 
stations. Up to the beginning of the war 
there had not been found a limiting value 
for the self-extinction of the residual arc 
current in any system. - Arcing ground 
faults in the 110-kv Bayernwerk comprising 
approximately 2,000 miles of interconnected 
lines, or in the 30-kv underground cable 
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system of the city of Berlin with a residual 
are current of 120 amperes (in-phase plus 
higher harmonics) were self-clearing. I am 
wondering if the separation of the 220-kv 
system (with an estimated in-phase residual 
arc current of 80 amperes) was really neces- 
sary to make arcing ground faults self-clear- 
ing? When the western part of the 220-kv 
system was designed (long before Hitler) it 
was decided to operate the two 220-kvy cir- 
cuits of this line in synchronism but elec- 
trically separated, and suction coils were in- 
stalled in addition to Petersen coils to elimi- 
nate the capacitive (zero-sequence) coupling 
of the two circuits. The main idea was to 
prevent or reduce the number of consequent 
ground faults. The separation of some parts 
in the western and eastern sections of the 
220-kv system in case of disturbances 
should be natural and in line with this 
principle. I am wondering if Noest knows 
of tests indicating that arcing grounds in the 
interconnected 220-kv systems were not 
self-clearing? The residual arc current as 
such gives no indication of self-clearing. 
Restriking of an are to ground will be pre- 
vented if the recovery of the ionized are 
space is quicker than the voltage return 
across the electrodes. Only high losses to 
ground of the system would influence this 
phenomenon, and it may be possible that 
corona losses in this large 220-kv system in- 
creased the in-phase component of the 
residual are current so considerably that 
self-clearing was prevented. 

I am wondering if the author would check 
my opinion that the breaker itself is shown 
on the extreme left of Figure 6, whereas the 
various pots in the front row and to the right 
are current and potential transformers of the 
“oil-poor’’ type which have been in use in 
Germany for the last 15-20 years. 


J. G. Noest: C. W. Mayott’s discussion 
brings up two pertinent points: one per- 
tains to the operating procedures with which 
the German interconnected system was 
operated. The German utility operators 
and their system operators or load dis- 
patchers were not only confounded by the 
existing technical limitations, some of which 
were described in the paper, but by political 
interference as well. Frequently the district 


of a load dispatcher was politically assigned ~ 


toa District Leader (Gauleiter) whose in- 
fluence was considerable. Cases were de- 
scribed, where the political district leader 
over-ruled the load dispatcher’s assignment 
of curtailment. Moreover, favored in- 
dustries were often exempted, through 
political pressure, from the general curtail- 
ment program. Such favored industries 
were those dominated by Goering and 
others, high in the ruling clique. 

The other point raises the question of de- 
velopmental superiority of the United 
States electrical utility industry versus that 


_of Germany. Since economic conditions in 


the United States and in Germany are not 
comparable, the author can make only a 
general statement on this subject. In some 
lines German development was advanced, in 
others, it was behind that of the United 
States. 

Mayott also mentions the use of forced oil 
cooled transformers. In the opinion of the 
author, the use of this type, particularly in 
triple rated transformers, is gaining in this 
country, because such equipment allows 


Noest—German Electrical Utility Industry 


economic provision for second contingency 
operating problems. 

G. M. Tatum’s discussion gives his 
speculation on possible effects of war on the 
public utility industry in this country. In 
this country, with the public utility industry 
largely in private ownership, plant develop- 
ment is a matter of local economics. Each 
utility system develops its plants according 
to economic studies with the principal pur- 
pose of providing low cost electric energy 
with a satisfactory return on invested 
capital. Such utility companies cannot, on 
their own accord, incorporate in the design of 
utility plant provisions for defense in a 
future war. Aslong as regulating bodies can 
show only one aim in their policies, that is: 
A continual reduction of energy costs, which 
after all is the only way, under present con- 
ditions, that these regulating bodies can 
justify their existence to the public, so long 
can public utility companies design and de- 
velop plants only in accordance with such 
principles. 

The planning of utility industry plant, as 
well as other industrial plant, with a view 
toward possible future war, is in the author’s 
opinion, entirely neglected in the United 
States. No one at present knows what the 
cost of such planning might be; neither does 
any one know what design features should be 
incorporated in such planning. The author 
believes that here is a field in which some 
committee could do valuable public service. 

Respecting Tatum’s comments on de- 
fetred maintenance, the statistics given in 
the paper, do not tell the whole story, since 
these statistics only cover actual outages. 
There is a more insidious phase in this prob- 
lem; for instance, plants were found which 
could not deliver rated capacity by various 
percentages, without actually having an 
outagein any equipment. The situation was 
this; here was one turbine with a row of 
blades missing, resulting in an increase in 
the water rate and thereby also in a reduc- 
tion in capacity. There were boilers, in 
which a number of boiler tubes had been re- 
moved because it was impossible to obtain 
replacements. Elsewhere were pieces of 
apparatus in service with haywire repairs. 
All of these factors together reduced the 
peak of capacity considerably, while not dis- 
closing their presence individually in any 
noticeable way. Such situations existed 
throughout the whole industry. 

Robert Treat makes an interesting point, 
which illustrates the difficulties, with which 
the General Staff of the Armies is con- 
fronted, in choosing targets for attack 
Generally, the situation is further con- 
founded by the fact that, when such a choice 
must be made, there is always not enough 
war material and equipment on hand. The 
General Staff, therefore, must find its in- 
dustrial. target, on which, with the least 
amount of equipment, most over-all damage 
can be done. 

C. W. DeForest’s discussion adds to the 
paper by giving a continuation, as it were, to 
it. The recent presentation of the Marshall 
Plan is a confirmation of the validity of the 
comments made by this discusser. 

In respect to McClure’s remarks on 
standardization of equipment in Germany, 
the author would like to add that he was im- 
pressed by the degree of standardization 
achieved in the electrical utility industry in 
Germany. For instance, all bushings of the 
same voltage class and current ratings were 
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interchangeable, regardless of manufacture. 
Any one interested in the degree of stand- 
ardization, which existed in Germany, 
need only look at a number of issues of the 
Elektrotechnische Zeitschrift. 

E. T. B. Gross raises a number of 
questions in his discussion. The author 
wishes to point out that in a paper, such as 
the one presented here, it is necessary to 
make generalizations, which may not apply 
in all individual instances. In respect to the 
grounding of generators, the author did not 
consider a system to be effectively grounded, 
if it was grounded through potential 
transformers or small distribution trans- 
formers, only for the purpose of obtaining 
ground indication. Certainly such ground- 


1947, VotumE 66 


. 


ing did nothing to limit neutral to ground 
voltage on the system so that no advantage 
in insulation level could be taken. The 
above comments apply chiefly to generators, 
which were synchronized only through 110- 
or 220-ky busses. For generators, syn- 
chronized at generator voltage busses, all 
sort of variations of grounding procedure 
were observed. 

In respect to Gross’s comments on 
power transformers, manufactured by the 
Allgemeine Elektricitaéts GeSellschaft in 
which special devices were employed for the 
suppression of harmonics, where high flux 
densities were used, the author can state 
only that such special devices were not men- 
tioned by the German engineers, with whom 
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such transformers were discussed. In re- 
spect to the questions raised by this discus- 
sor on the Petersen grounding of high 
voltage lines, it can be said that no par- 
ticular difficulties were experienced with this 
type of grounding, until it was applied to the 
220-kv system; only on this system was it 
necessary to limit the extent of metallically 
connected parts for the purpose of reducing 
residual arc current. The operators of 
the Rheinische-Westphalische-Elektricitats- 
werke system stated that they found it 
necessary to hold the residual are current to 
values somewhat less than 30 amperes in 
order to assure self-extinction. 

Doctor Gross’s question in regard to Fig- 
ure 6 is answered in the affirmative. 
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Typical Transformer Faults and Gas 


Detector Relay Protection 


J.T. MADILL 


ASSOCIATE AIEE 


Synopsis: This paper describes a number of 
typical faults which have been experienced 
in large transformers on the Saguenay sys- 
tem. Cases are noted where gas detector 
relay protection would have obvious ad- 
vantages. Some conclusions are noted re- 
garding the value of this type of protection, 
based on faults selected from operating ex- 
perience with 124 transformers over a 
period of about 26,200,000 kilovolt-ampere- 
years. Illustrations of incipient faults 
which have been detected by gas relays are 
included. 


HE OBJECT of this paper is to pre- 
sent a description of several different 
types of transformer faults which have 
occurred on the Saguenay system. These 
transformer faults, it will be shown, are of 
the type which cannot be detected readily 


New supporting structure and bus 


Figure 1. 
burns in an 18,750-kva transformer after failure 
of wooden support 
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by ordinary relay protection, in the initial 
stages, but which are most readily de- 
tected very early in their development by 
gas detector relays. It is thought that 
this experience will illustrate some of the 
general types of transformer trouble found 
on one large Canadian power system, and 
it is hoped that it will illustrate some of 
the types of troubles which may be picked 
up by gas detector relays. These gas 
detector relays have been described be- 
fore! Briefly, they are usually mounted 
on, or adjacent to, the top of the trans- 
former, and are connected by a pipe to 
either the transformer top, or to the con- 
nection to the conservator tank. They 
usually have two elements, the first, a 
float chamber for the accumulation of 
gas, operates an alarm, and the second, a 
diaphragm element, usually operates the 
trip circuits upon a sudden pressure rise. 

All transformers referred to in this 
paper are single-phase 60-cycle conserva- 
tor-type oil-insulated water-cooled units. 

The following section will illustrate 
some typical faults. 


Transformer Faults 


DEFECTIVE INSULATING STRUCTURES 


In a transformer of one manufacturer in 
use on the Saguenay system, the connec- 
tions from the ends of the low voltage 
coils to just below the inner terminal of 
the bushings, are made with sections of 4- 
by 1/4-inch copper bus bar. This bus bar 
is supported by pieces of hardwood, some 


Paper 47-139, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
March 24, 1947; made available for printing April 
25, 1947. ' 


J. T. Mani is an electrical engineer with the 
Aluminum Company of Canada, Ltd., Shipshaw, 
Quebec, Canada, 
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of which are 41/, feet long, and all are 
about two by four inches in section. 

These transformers are rated 56,250 
kva for a bank of three single-phase units, 

154,000 volts Y, 89,000 volts delta, 
69,000 volts Y, and 44,000 volts delta 
to 13,200 or 6,600 volts delta. 

It was necessary in one case, when re- 
connecting one transformer bank for use 
at different low and high voltages, to alter 
this bus work and the wooden supports in 
one phase. The transformer was placed 
in service with a low voltage of about 
6,600. 

This particular transformer operated on 
load at a substation as one phase of a 3- 
phase bank for a period of about eight 
days. On the eighth day the bank low- 
voltage circuit breaker opened auto- 
matically. It was observed that the ex- 
plosion vent was bulged out considerably 
on this unit. The oil was lowered and an 
internal inspection showed that a short 
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Figure 2. Section through low voltage wind- 
ing of an 18,750-kva transformer indicating oil 
duct blockage 


circuit had occurred between the copper 
bus bars leading up to the low voltage 
bushings. This short circuit had de- 
veloped initially across the wooden sup- 
port, as evidenced by the severe burning 
and charring of the wood between the 
vertical bus bars. This was a new piece 
of wood. The arc travelled down the bars 
and Figure 1 shows the result. The 
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Figure 3. Low voltage winding of 18,750-kva 
transformer showing insulation which blocked 
oil ducts 


wooden support had been replaced by a 
micarta one when this picture was taken. 

Here is evidence of a fault which de- 
veloped over a period of eight days. Dur- 
ing this period the voltage was constantly 
applied, but it was not until the leakage 
over the new wood had formed sufficient 
carbon to carry an arc that the short cir- 
cuit developed. It is obvious that this 
type of slow failure of cellulose insulating 
material can be most readily detected by 
gas detector relays. It is only after the 
short circuit that ordinary protection can 
operate to isolate the transformer, and 
then the damageis done. This is only one 
case of failure of a supporting structure 
in a transformer, but it illustrates the 
principal. This is what would be expected, 
the leakage current either raises the tem- 
perature of the wood and effectively 
carries on a fractional distillation, with 
the carbon and heavier residues being left 
behind, and with the volatile fractions, 
which are highly combustible, being 
driven off, or due to minute local arcs on 
the surface of the wood, some of the oil is 
cracked. Hence the gas relay and a gas 
sampling ‘‘Vapotester” or some similar 
device, provide as adequate protection as 
can be obtained. 


DEFECTIVE Om CIRCULATION 


Defective oil circulation, and the result- 
ant damage to insulation and conductors 
due to excessive temperature, is illustrated 
by a condition found when one large 
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power transformer was untanked for in- 
spection, after about nine years of service. 

Figure 2 shows a section through the 
low voltage coils. It was found that ap- 
proximately 90 per cent of the oil duct 
clearance between the helices of the low 
voltage coils and the bakelite shells, was 
blocked due to lateral displacement of 
the cotton tape coil insulation. This 
bulging (see Figure 3) was caused by pres- 
sure exerted through wooden supporting 
blocks on the coil ends. The insulation 
was bulged sufficiently to be forced into 
contact with the bakelite shells, thus al- 
most completely blocking the oil ducts. 


Figure 5. Damaged 
high voltage coils of 
25,000-kva_ transformer 
caused by tap changer 
trouble 
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This stoppage of oil circulation prevented 
proper cooling of the copper which in turn, 
caused rapid deterioration of the insula- 
tion. The low voltage coil insulation was 
found to be in very bad condition. The 
cotton tape covering the coils was baked 
out from heat and was very dry and brit- 
tle. The fiber- and bakelite-impregnated 
paper insulation between strands in the 
individual turns of the winding was car- 
bonized in places. In some spots the cot- 
ton tape was considerably carbonized. 
It is definitely known that deterioration 
of cellulose. insulation, under oil due to 
high temperatures, produces an inflam- 
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Figure 4. High voltage 
winding failure of a 
25,000-kva transformer 
caused by a foreign 


body imbedded in the 


insulating cylinder 


mable gas.1 Therefore this condition 
would be picked up as soon as it begins to 
develop, with gas relay protection in serv- 
ice. 


FOREIGN BopIgs IN INSULATION 


A 25,000-kva single-phase transformer 
was placed in service as one unit 
of a 3-phase 154,000-volt-Y- to 13,200- 
volt-delta-connected transformer bank at 
a generating station. After 9 months and 
19 days a high voltage short-circuit devel- 
oped which did considerable damage to 
one high voltage coil. 

It was found upon dismantling the 
transformer that a piece of iron wire 
about six inches long had been left during 
manufacture, in the insulating barrier 
next to the high voltage coil and imbedded 
in the varnish. The high voltage wind- 
ing was badly burned adjacent to the 
wire (see Figure 4). 

Obviously the main flux linking the 
transformer windings, had by induction, 
raised the temperature of this foreign 
body to a high point, but despite this, a 
very long period was required for the 
trouble to develop sufficiently to cause a 
short circuit. Here again gas detector 
relays woud indicate the trouble long be- 
fore it developed to the final state, as it 
has been shown that a hot metallic body 
under oil, produces gas continuously.? 


Tap CHANGER TROUBLE 


A 25,000-kva single-phase transformer, 
operating as one phase of a 3-phase 
75,000-kva 154,000-volt-Y- to 13,200- 
volt-delta-connected bank, at a gen- 
erating station, blew oil out of the 
explosion vent and produced a slight 
surge of the system. The bank was re- 
moved from service in a few minutes by 
the operator. 

When untanked it was found that one 
leg of the double tap changer was badly 
damaged and that six of the coils on the 
high voltage winding of the corresponding 
leg were distorted, and showed signs of 
having carried a very heavy current. 
The copper of one coil was completely 
burned off. This is shown in Figure 5. 

It was obvious that the trouble had 
originated in the tap changer from either 
a loose connection to the leads, a broken 
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ot loose connection inside, or poor contact 
between the movable fingers and the sta- 
tionary rings. The tap changer is shown 
in Figure 6. The tap changer interior 
was completely charred by the arcing. 
Upon investigation of the coils and tap 
changer, the manufacturer agreed that 
the trouble started in the tap changer it- 
self. . 

The tap setting had been changed on 
this bank 18 days before the explosion oc- 
curred, and the tap setting had not been 
changed for four years previous to this, 
when the bank first was placed in service. 

This then, points to a condition which 
developed over a period of 18 days, again 
a logical condition to be detected by gas 
detector relays. It is true that a coil 
short-circuit may perhaps be picked up 
by differential protection. However in 
this particular type of trouble, the coil 
short-circuit was established only after 


the deterioration of the tap changer . 


caused the formation of an arc, which 
short-circuited the turns. 


Hot Spots 


On a 75,000-kva, 3-phase, 154,000- 
volt-Y- to 13,200-volt-delta-connected 
bank at a substation, one of the three 


Figure 7. Deteriorated 

series joint of high volt- 

age winding of 25,000- 
kva transformer 


transformers blew oil out of the ex- 
plosion vent. None of the ordinary re- 
lay protection operated. The high and 
low voltage circuit breakers were immedi- 
ately opened by the operator. 

When the transformer was untanked, 
the situation shown in Figure 7 was dis- 


Figure 6. Tap changer 
of 25,000-kva  trans- 
former after failure 
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Figure 8. Main low voltage soldered joint of 
25,000-kva transformer 


covered. This photograph was taken 
after the tap changer was removed. 

This trouble started in one of the series 
joints between the coils of the high volt- 
age winding. It may be noted that these 
joints are rather heavily taped and that 
one of them is missing entirely. It would 
appear that the trouble was started by a 
hot spot in this joint which gradually car- 
bonized the tape and the joint completely 


disintegrated. The arc apparently trav- 
elled to the left where another bad burn 


may be seen. If it is assumed that the 
trouble started as a turn-to-turn short 
circuit, it is difficult to explain why the 
taping around the series joint would have 
all been burned off, as this taping is very 
thick. Also, another point against this 
theory is that in the case of the coil above 
the one with the missing joint, the burn- 
ing only progressed to the point where the 
heavy taping commenced. This is an- 
other case in which a hot insulated joint, 
over a period of time, deteriorated com- 
pletely. This phenomenon has always 
been found to be accompanied by the for- 
mation of combustible gas.1 
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JOINT SOLDERING FAILURE 


Several simultaneous phase-to-phase 
insulation failures occurred on the 13,200- 
volt ungrounded circuits served by one 
75,000-kva, 154,000-volt-Y-to 13,200-volt- 
delta-connected transformer bank, 
located at one substation. After the 
trouble was cleared away an attempt 
was made to re-establish service. It was 
found that one 25,000-kva transformer 
of the three in the bank, was completely 
open-circuited on the 13,200-volt side. 

The transformer was removed from 
service and untanked. Thetroublestarted 
at a point where the coil conductors 
were soldered to the main low voltage 
lead, a flexible copper cable about 2 inches 
in diameter. The condition of this joint 
is shown in Figure 8. Apparently when 
the joint was originally made, the solder 
had not properly penetrated and a high 
resistance joint was the result. This 
transformer had been in service for at 
least 5 years, and presumably this con- 
dition took this period of time to develop 
to a total joint failure. As a point of in- 
terest, Figure 9, shows the same condition 
inalow voltage joint of a 6,000-kva13,200- 
to-110,000-volt transformer. 

It is now knownthat the material formed 
is a mixture of cuprous and cupric 
sulphide. As the affinity of copper for 
sulphur is very high, copper and sulphur Figure 10. Short-circuited and burned high 
readily react when heated, forming both voltage coils of 25,000-kva transformer bluish-black, brittle, with a very high 
sulphides. The product is black, or Left coil is upside down melting point, and an octahedral crystal 
structure.” It is also known that this 
type of failure gives off a combustible gas 
which can be readily detected early in the 
development of the trouble. 


INTERNAL SHORT CIRCUITS 


One 25,000-kva transformer of three 
similar ones in a 75,000-kva 154,000-volt- 
Y to 13,200-volt-delta connected trans- 
former bank blew oil out of the explosion 
vent. Neither the high or low voltage 
circuit breakers were opened.by any relay 
protection. The transformer was operat- 
ing at slightly more than full load, and 
no switching operations had been carried 
on for some weeks previously. 

When the transformer was untanked, 
the trouble was found on the high voltage 
winding of one leg, at a point about the 
center of the winding (from top to bottom 
and on the side of the winding opposite 
where the high voltage terminal leads 
were connected. It was evident that the 
trouble had started from a short-circuited 
turn, which had eventually burned itself 
clear, and had damaged three coils at the 
same time. This happened without any 

Figure 9. Main low 0ticeable surge on the system. The coils 
voltage joint of 6,000- which were removed are shown in Figure 
kva transformer 10. 
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BURNED METAL--¥ 


_ From this, and other data gathered 
from somewhat similar troubles, it has 
been concluded that failures of this type 
start to develop slowly and that the trou- 
ble develops more rapidly as it progresses. 
From this case, and from other evidence, 
it is thought that this type of failure might 
be picked up by a gas detector relay, be- 
fore any explosion occurred. The high 
temperature of the copper, and the turn 
insulation at the point of failure will pro- 
duce gas. However, it is admitted that, 
in certain cases, the element of time may 
not permit the operation of the alarm. 
In any case, the pressure element of such 
a relay would certainly operate on the 
final explosion caused by the arc. 


FAILURE OF CORE INSULATION 


An explosion occurred in an 18,750- 
kva single-phase transformer which was 
operating with two similar ones in a 
56,250-kva 154,000-volt-Y to 13,200-volt- 
delta connected three-phase bank. The 
explosion blew oil out of the explosion 
vent, but no relay operation occurred. 
The transformer bank was immediately 
de-energized by the substation operator. 

Upon untanking it was found that the 
transformer low and high voltage wind- 
ings were undamaged, but that very seri- 
ous and extensive burning had occurred 
in the core iron and core bolts. These 
burned spots and areas are indicated in 
Figure 11. The major burn was located 
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Figure 11. Location of 
core burns in 18,750- 
kva transformer 
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Figure 12. Major burn 

located at bottom of 

window of 18,750-kva 
transformer 


Figure 13. Remains of 
core bolt insulation and 
one lamination, showing 
heated area, from 
18,750-kva transformer. 
Condition picked-up by 
gas detector relay 
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at the inside junction of one vertical leg 
and the bottom section of the core. 
This is shown in Figure 12, which is a 
view looking into the bottom of the 
window of the transformer. It was es- 
timated that about 420 cubic inches of 
iron had been lost in this burn. 

This transformer had been in service 
on the system for 12 years. The upper 
section of the core had been unstacked 
after 10 years of service, to permit work 
on the low voltage'coils, but the legs and 
bottom section had never been touched. 
At the time the top section was reassem- 
bled, three of the top core bolts had been 
reinsulated, and an open-circuit test had 
been made, then, and again just 22 days 
before the failure. These indicated nor- 
mal magnetizing current and a no-load 
loss only a few per cent higher than that 
measured in exactly similar transformers. 

Here is a case of almost total destruc- 
tion, and yet no ordinary relay operation 
occurred. The gas formation from such a 
breakdown will be considerable and would 
indicate long in advance, by its persist- 
ent reoccurrence and nature, that some- 
thing is seriously amiss. Since ordinary 


transformer oil will begin tocrack at a 
temperature of 600 degrees Fahrenheit, 


it is obvious that the typical cracking 
products of the lighter hydrocarbons and 
methane will be liberated long before 
the steel or iron is raised to the melting 
point, even by concentrated local heating. 
For detecting core trouble, nothing can 
even approximate the value of the gas 
detector relay. This was proved by re- 
cent experience with a 18,750-kva trans- 
former similar to the one mentioned 
above, but equipped with a gas detector 
relay. 

The relay indicated the presence of gas, 
which when tested proved to be highly 
combustible. The transformer was re- 
moved from service and untanked. It 
was found that the laminations of the top 
core yoke had become short-circuited 
around the center top core bolt. The core 
bolt insulating tube was burned from the 
outside toward the inside. The condition 
of this insulating tube and one lamination 
are shown in Figure 13. For comparison, 
a new insulating tube is alsoshown. The 
heated area on the lamination may be seen 
clearly. 

Here is a direct comparison of the dif- 
ference in damage with and without gas 
detector protection. The great contrast 
between Figures 12 and 13 may be very 
easily appreciated. There is no reason 
to doubt that Figure 13 would have been 
any different from Figure 12, had the gas 
detector relays not been in service. 


FAULTY BRAZING 


One 30,000-kva transformer of a 
90,000-kva 38-phase 154,000-volt-Y to 
13,200-volt-delta connected bank kept 
producing gas over a period of several 
weeks, This gas accumulated in the 
gas detector relay on the transformer 
and this was indicated on the station 
annunciator. This transformer had been 
in service for almost exactly two years 
at this time. A sample of the gas was 
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Figure 14. Main low 
voltage connection of 
30,000-kva transformer 


collected and analyzed. The analysis 
is given in Table I. It shows that 
about 22 per cent was combustible. The 
bank was removed from service as soon 
as convenient, and this transformer was 
untanked. 


Figure 15. Remains of 

brazed main low voltage 

joint of 30,000-kva 
transformer 


Figure 16. Location of 

gas detector relay on 

top of 30,000-kva trans- 
former 
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The condition shown in Figure 14 was 
found. When the insulation, accumu- 
lated cuprous sulphide and carbon were 
removed, the remains of a main low volt- 
age conductor joint, as shown in Fig. 15, 
were uncovered. This trouble definitely 
developed from faulty brazing of the 
original .joint between the two low volt- 
age coil ends. Since this, eight more 
similar cases have developed. These 
have all been detected by the gas detector 
relay, and using a gas analyzer known as 
the ‘“‘Vapotester,’’ the gas hasbeenchecked 
at the relay for combustibility. The re- 
lay location is shown in Fig. 16. This 
method is now proved beyond doubt to 
be completely reliable, simple, and very 
effective. Figure 14 may be compared 
with Figures 7, 8, and 9, in particular. 
While the actual difference in damage may 
not appear to be much less in the case of 
Figure 14, it must be remembered that this 
transformer was removed at a convenient 


time, after several gas warnings, while the 
other three referred to involved internal 


arcs, explosions and power interruptions. 
The damage caused by an explosion fol- 
lowing an internal arc can be far more seri- 
ous than the actual fault. The service 
interruption can also be very serious. 
Therefore, these facts must bekeptinmind 
when comparing the damage found with 
and without gas relay protection. It is 
obvious that the gas detector relay is 
superior to any other protection for this 
type of trouble. 


It has been shown here and elsewhere 
that gas detector relays will operate on 
core trouble, with a great reduction in 
damage, and on any conductor trouble 
involving an increase in conductor tem- 
perature in the presence of ordinary insu- 
lating materials under oil, before the 
trouble produces an electrical break-down. 


After about 6,000,000 kva-years of ex- 
perience with gas detector relay pro- 
tection, the organization with which 
the author is associated is now in the 
process of investing $26,000.00 to equip 
all 124 of its major power transformers, 
which are not so protected, with gas de- 
tector relays. 


Conclusions 


It is interesting to note, upon carefully 
examining all the records, that no trans- 
former fault on the Saguenay System has 
failed to blow oil out of the explosion 
vent. In other words, whether the fault 
developed slowly or almost instantly, if 
it involved an electric breakdown, it 
produced a pressure rise. Therefore, it 
may be concluded that a gas detector re- 
lay having both an alarm element for gas 
accumulation, and a tripping element for 
a pressure rise, would have detected all 
faults on record. From some of the ex- 
amples described previously, it may be 
concluded that in many cases, ordinary 
relay protection such as overcurrent, 


Discussion 


D. B. Fleming (nonmember; The Hydro- 
Electric Power Commission of Ontario, 
Toronto, Ontario, Canada): This paper is a 
good attempt to exemplify the possible ap- 
plications of the gas detector relay. 
However, the advantages that might be 
obtained from the gas accumulating feature 
under ‘Internal Short Circuits,” is open to 
question. If a transformer should have a 
between-turn weakness that would in the 
course of time result in a failure and gas is 
generated in the meantime, the relay would 
indicate trouble, but even if the transformer 
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high-voltage and low-voltage neutral 
overcurrent, or even differential, will 
never operate until a fault has produced 
as complete destruction as it can, or this 
protection may never operate at all. 
This would seem to indicate quite a strong 
case for the application of gas detector 
relays on conservator type transformers, 
to protect against internal faults. 

From the preceding section, it will be 
obvious that the following transformer 
troubles can be detected in their early 
stages by gas detector relays, and by 
these relays only: 


1. Defective supporting and insulating 
structures. 


2. Defective oil circulation. and the re- 
sultant insulation damage due to excessive 
temperature. 


3. Presence of certain foreign bodies inside 
of transformer coils or their electrical and 
magnetic fields. 


4. Incipient tap changer trouble. 


5. Improperly soldered series joints be- 
tween coils. 


6. Improperly soldered heavy main con- 
ductor joints, either high or low tension. 


7. A short-circuited turn (this may be de- 
tected by differential protection). 


8. Core troubles. 


9. Improperly brazed heavy main low 
voltage conductor joints. 


What is most important from all of the 
foregoing is this: 


1. By detecting these troubles at an early 
stage, the equipment may be removed as 
soon as convenient, instead of being isolated 
automatically by the ordinary relay protec- 
tion, after a more or less severe system fault 
with its attendant customer outage and sys- 
tem disturbance. This factor alone, though 
difficult to assess may be worth a great deal. 


2. By detecting these troubles at an early 
stage, the cost of repairs is reduced to only 
a fraction of that otherwise encountered. 
Here is a direct saving of considerable mag- 
nitude. This saving alone is usually worth 


were removed from its tank the trouble 
would not be easy to locate while in the de- 
velopment stages. The speed of operation 
of the impulse pressure element after failure 
occurs would assure the clearing of the 
transformer from service in the minimum of 
time and thus limit the resulting damage to 
a minimum. If only a couple of ceils were 
damaged, the cost of repairs would be very 
little more than if a defect were discovered, 
in the initial stages. In either case, the 
transformer would have to be dismantled 
and the faulty coil replaced, the major cost 
being the dismantling of same and reas- 
sembling. 

The Hydro-Electric Power Commission 
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Table |. Analysis of Transformer Gas 
Gas Per Cent 
CO esa. cerns ciate colo alptemerteinkebYetsvoral ere bates 0.0 
Og ieiercayces 1a, <Pailp safere & weginip eins ers tials ptatete rats 9.2 
COs ri Sic s Sateen sities ace beeing avin a renoreceraaas 0.0 
Ekg oa eve cntats oral arouslavelin {oF shetae stteleitey ataitenvteusiie lfotanris 6.2 
Unsaturated hydrocarbons...........-.++5 3.8 
(Gi 3 ian a SEU AC ODaCar sondern: Sc 8.8 
CaHlg ye cievene ava Sm ctetovatorntote er pals are ie ce em ae 3.6 
Nai yc aitigve ara nniey nredial ove, olelae aVetst ate] *1 lpi Leraetereber sis 68.4 


several times the cost of the: gas detector 
protection. 


3. By detecting troubles at an early stage, 


the possibility of finding the cause, and 
hence the prevention of the trouble, is in- 
finitely greater. This in turn means that 
repair costs and outage time in the future 
will be reduced still further. This is a direct 
economic saving. 


This paper has been a brief attempt to 
present some actual experiences with fail- 
ures in transformers, and to illustrate 
what types of trouble may be detected 
early in their development. It must not 
be inferred that the manufacturers’ prod- 
ucts are considered unusually defective. 
On the Saguenay system about 26,200,- 
000 kva-years of transformer experi- 
ence have been accumulated from 124 
transformers of 18,750 kva or larger, (over 
1,070 transformer years). The cases pre- 
sented here are the exceptions, but they 
point the way to substantial reductions 
in repair costs in the future. It is with 
the thought that other users of large power 
transformers may wish to similarly benefit 
by the protection of gas detector relays, 
that this material is made available. 
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of Ontario has had similar experience and 
it may be of interest to note a few specific 
cases. 

At one of the commission’s generating 
stations there are in service three 24,000-kva 
banks of single-phase transformers rated 
8,000 kva, 60 cycle, 110/12 kv which were 
built in 1919 and 1920. 

The core bolt insulation was made of 
fiber sleeves and washers, and was impaired 
by the high temperatures developed in the 
core. Two transformers failed in a similar 
manner at different times after a number of 
years operation, as a direct result of the 
carbonizing of the core bolt insulation. The 
first indication of failure was the final col- 
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lapse of the transformers. The major por- 
tion of the core and one leg of the windings 
were ruined as the molten silicon steel burned 
through the cylinders and short-circuited 
the coils. 

In view of these two failures all the 
transformers at this station were equipped 
with gas detector relays. Two relays have 
indicated gassing in their respective trans- 
formers since their installation. Their. per- 
formance was watched closely for a few 
weeks and finally the transformers were dis- 
mantled. The core bolts were removed and 
reinsulated with high temperature-resisting 
insulation and the whole reassembled. The 
only evidence of trouble was the carbonized 
core bolt insulation and a couple of small 
burns on one core bolt. The cost of repair- 
ing one transformer following the original 
failure amounted to over $6,000, while the 
cost of replacing the core bolt insulation 
amounted to about $750 for each unit. 

A 25,000-kva 25-cycle 220/110/13.2-kv 
3-winding single-phase transformer equipped 
with a gas detector relay continued gassing 
at frequent intervals shortly after installa- 
tion. Sample of the gas was collected and 
showed! about 13 per cent combustible. 
During a light load period over a week end 
the oil was lowered in the transformer and 
the core insulation tested with a megohm- 
meter and a lamp bank. The core was 
constructed with two yokes, concentric and 
insulated from each other. The core bolts 
that were found grounded were removed 
and reinsulated without removing the core 
from the case. A ground between the two 
yokes was discovered and was burned clear 
with a heavy current. It has reoccurred on 
one or two occasions, evidenced by action 
of the gas relay, but provision is made in 
the ground connections whereby it is readily 
burned clear with a heavy current. Serious 
damage may have resulted to the core if not 
detected by the relay. 

A failure occurred due to lightning on a 
similar transformer to the one cited previ- 
ously and the instantaneous feature of the 
gas detector relay immediately cleared the 
unit. 

The differential protection on the same 
transformer had only started to operate be- 
fore the breakers cleared. The time of clear- 
ance is estimated as less than 1/4 second 
from the instance of failure. Although the 
bank was energized again after the first 
failure, the damage to the windings was 
limited to a relatively few coils including 
the static shield. 

Two operations of the relay have occurred 
as a result of bushing failures where the lat- 
ter were constructed with a hollow conduc- 
tor and the pressure wave passed through 
this conductor to the relay. 

The commission has over 200 transformers 
equipped with the gas detector relay and 
as a standard practice equips all 110-kv 
and higher voltage units with this means of 
protection. 


E. G. Ratz (Canadian Westinghouse Com- 
pany, Ltd., Hamilton, Ontario, Canada): 
Madill’s paper brings out very forcibly the 
advantages of gas accumulating devices on 
transformers for the purpose of detecting 
incipient faults before they develop to the 
stage where they cause major breakdowns, 
interruptions, or damage, and this device 
is highly advantageous in that it gives an 
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alarm and warning, without removing the 
transformer from service automatically, 
and permitting the utility to disconnect it 
when convenient. 

While Madill’s paper also describes a 
number of successful operations in which 
transformers have been cleared by means of 
the pressure element in case of faults therein, 
I do not agree with the inference that the 
pressure element can be used to replace the 
the differential protection which has been 
commonly used heretofore, although it may 
provide a valuable supplement thereto. 

The pressure element would be operated 
as a result of major electric faults, and since 
such faults would disturb the differential 
protective zone it is obvious that the dif- 
ferential zone is nearer the source of the 
trouble although the pressure element may 
operate as a result thereof. 

Generally, it seems desirable to have the 
protection for any device such that it de- 
tects the trouble as near the source as pos- 
sible rather than operate upon the indirect 
consequences thereof, as the consequences 
can hardly have an accurate and uniform 
relation to the extent of the initial trouble. 

The data available as to protective opera- 
tions from pressure devices is relatively mea- 
ger and covers a very short period of operating 
time compared to that covered by the regu- 
lar electric differential protection. It seems 
to me that it would be hazardous to assume 
that pressure protection can be used in any 
manner to replace regular differential pro- 
tection, as such must be based on the as- 
sumption that any fault which would operate 
differential protection will invariably operate 
the pressure element—and there is certainly 
insufficient data to substantiate this posi- 
tion. 

Madill cites a number of cases of very 
successful pressure-element operations. I 
recently had occasion to examine a fault in a 
30,000-kva transformer in which breakdown 
occurred across a barrier in the 60-kv wind- 
ing, the normal voltage across the points of 
breakdown being approximately 8,000 volts. 
The breakdown was due to moisture caused 
by a slow leak in the cooling water system. 
The regular differential protection in this 
case cleared the transformer with practically 
no damage. The conductors at the points of 
fault were burned only so slightly that they 
could be returned to service practically as 
they were, and the insulation at the point of 
fault was very readily and inexpensively 
replaced. I mention this case as one in 
which the regular differential protection 
operated with a sensitivity and speed 
greater than that claimed for the pressure 
element. 


F. L. Lawton (Aluminum Company of 
Canada, Ltd., Montreal, Quebec, Canada): 
The author has given an excellent review of 
faults experienced with large power trans- 
formers on one of the largest hydroelectric 
power systems in Canada, with particular 
reference to those types of faults which can 
be detected by the so-called gas detector re- 
lay, which is really a thoroughly-Canadian 
version of the Bucholz relay. The types of 
trouble discussed are probably indicative of 
experience on any large power system. 
When the 1,200,000-horsepower Ship- 
shaw development was built during the war, 
we decided that there was probably some 
merit to the gas detector relay but like many 
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power systems in North America we had 
had no experience with them. These re- 
lays were installed on a group of 36 oil-in- 
sulated water-cooled single-phase 13,200/- 
154,000-volt 30,000-kva transformers of the 
core type. Since these transformers were 
placed in service, no fewer than nine in- 
cipient slowly-developing faults have been 
picked up successfully by the gas detector 
relay. Untanking and examination of the 
transformers after they had been removed 
from service, at convenient times, showed 
the incipient trouble causing the gas detec- 
tor relay operation to be that indicated by 
the author in Figures 14 and 15—in other 
words, a poorly brazed joint in the con- 
nections between the low voltage windings. 
Aside from the untanking and repair of the 
defective joint, at a very moderate cost, it 
will be readily appreciated that the gas de- 
tector relays have done a 100-per-cent job, 
and saved several possibly major faults and _ 
certainly considerable service inconvenience. 

As a result of the successful performance 
of this trial installation of gas detector re- 
lays, it was decided to equip all our major 
power transformers, involving a total of 124 
single-phase units, rated 18,750 to 30,000 
kva with gas detector relays. Since that 
time a number of other successful relay 
operations stemming from the same type of 
trouble have been recorded. We know that 
this is no fluke because examination of the 
transformers after they were untanked has 
revealed clearly the nature of the difficul- 
ties—all due to defective brazing of joints. 
There is no mystery about this particular 
fault and a thorough check with the manu- 
facturer revealed that many, if not all, had 
been done by the same workman. However, 
the manufacturer has since instituted a much 
more thorough and effective inspection of 
such brazed joints. 

Experience on our own system, as indi- 
cated by the author and by this discussion, 
and on two other major Canadian power 
systems, has shown that the gas detector 
relay, properly installed and maintained 
does a job that no other protective device 
can even approach. So far as relay pro- 
tection is concerned, it can be said without 
fear of contradiction that the gas detector 
relay, which comprises a gas-accumulation 
element and a gas-pressure element, is the 
only device which will detect a slowly- 
developing trouble in a transformer and give 
warning in ample time so that the trans- 
former can be removed from service at the 
operator’s convenience, untanked, and the 
evidence of the slowly-developing fault 
found, so that it can be corrected. 

As the author has pointed out, it is not 
only poor joints which can be picked up by 
gas detector relays but also many other 
types of faults. 

It can also be said that the cost of gas 
detector relays is far below that of the dif- 
ferential protection ordinarily employed. 
It is predicted that we will see a rapid exten- 
sion of usage of these relays. 


Eric T. B. Gross (Illinois Institute of 
Technology, Chicago, Ill.): Madill has 
given us very valuable information concern- 
ing the effectiveness of gas and pressure 
actuated relays. His conclusions underline 
some of the recommendations contained in 
the report! of the Relay Subcommittee and 
we may expect a considerable increase in 
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the use of such relays in the United States 
too. As pointed out so clearly by Madill, 
the gas-element of the relay is of extreme 
importance; it gives a warning long before 
the fault can develop into serious trouble; 
therefore both the cost of and time required 
for the repair are considerably reduced. 

The gas detector relays used in Canada 
are applied on transformers with conserva- 
tors. In the United States attempts have 
been made to prevent aging of the oil by 
means of totally enclosing the transformer 
oil, and to substitute the conservator by a 
cushion of pure nitrogen. As yet, trans- 
former designers in the various countries 
are not in agreement as to the necessity of 
such a drastic solution, and it is of interest 
that a recent investigation suggests that a 
more economical solution would be to add 
an inhibitor to the oil of transformers with 
conservators.? 

Whatever the soltition in the question of 
aging of oil may be, it should not be too 
dificult to develop a “gas-element” for 
transformers without a conservator. The 
problem amounts simply to the development 
of a device which gives an indication when 
the nitrogen space above the oil level inside 
the transformer tank is poisoned by some 
other gas. In addition to the gas-element, 
a pressure element is needed, but pressure 
relays have been developed and are avail- 
able. t 
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Ben C. Hicks (Shawinigan Water and 
Power Company, Montreal, Quebec, Can- 
ada): This paper is most timely and in- 
formative in view of the increasing interest 
being manifested in gas actuated relays as a 
means of securing improved protection for 
power transformers. It brings together 
much valuable information for those inter- 
ested in the subject. 

The paper provides a list of nine types of 
transformer troubles which can be detected 
in their early stages by gas detector relays, 
and by these relays only. I would point 
out that to this list might be added two 
more types of troubles, namely, defects in 
breathers, and defects in forced oil circulat- 
ing systems. 

It may be of interest to relate here our most 
recent experience with the Buchholz-type of 
gas actuated relay. It concerns a newly 
installed step voltage regulator which has a 
separate switch compartment for the tap 
changer built on to the side of the tank. 
In this switch compartment an insulating 
member of the mechanism, made of micarta, 
evidently developed a slow form of break- 
down which resulted in the evolution of gas. 
Preliminary investigation suggests that this 
gas was eventually caused to explode when 
the tap changer operated, the explosion de- 
forming the regulator tank inward and caus- 
ing the pressure element of the gas detector 
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relay, with which it was equipped, to oper- 
ate and trip the circuit. Should this ex- 
planation be substantiated by the inspec- 
tion which the regulator is now undergoing 
at the factory, it will add another to the 
growing list of types of faults to which the 
gas detector relay will respond. 


W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 


. The detailed case histories of transformer 


damage, the analyses of causes, and the in- 
fluence of the sensitive detection of faults 
afforded by gas detector relays make a strong 
case for the application of these devices to 
conservator-type transformers. 

The total number of faults (including 
incipient faults) of an internal nature men- 
tioned by the author corresponds to an 
average of one fault per single-phase trans- 
former in a period of about 50 years. How- 
ever, the amount of major damage which the 
records show has been avoided (or can be 
avoided) for each transformer fault by 
means of gas detector relays makes their 
use attractive. 

Especially where service protection as 
well as equipment protection is an important 
item, the use of differential protection which 
includes the entire zone between busses is 
highly desirable, regardless of the effective- 
ness of any purely internal protective 
scheme. That is, the pressure element of 
the relays described may be considered as 
supplemental protection to differential re- 
lays in the usual application rather than as 
a substitute for them. - 

It is recognized that pressure protection 
may be made quite sensitive and fast. It 
would be helpful if the author could furnish 
information on the approximate sensitive- 
ness and speed of the differential relays 
which were used along with the pressure pro- 
tection. 

Questions have been raised concerning the 
difficulty of interpreting indications from 
gas detector relays. Have there been any 
instances in the applications described by the 
author where transformers have been un- 
tanked as a result of gas detector relay indi- 
cations without finding any damage or fault 
indication? 


J. T. Madill: I am indebted to the discus- 
sers for bringing out additional advantages 
and applications of the gas detector relay. 
In particular the practice on other large 
Canadian power systems is very illuminat- 
ing. The cases described by Fleming and 
Hicks and the additional information sub- 
mitted by Lawton clearly emphasizes the 
value of gas detector relay protection. The 
additional operating experience which they 
include contributes considerably to the value 
of the paper and should help to disperse the 
doubts that are entertained by some re- 
garding this protection. 

Fleming questions the advantage of gas 
detector protection in the case of turn-to- 
turn faults. Operating experience does not 
yet provide definite proof that the gas ac- 
cumulation element will detect such a fault 
(there is no doubt that the pressure element 
detects the final break down of such faults.) 
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However on the Saguenay system we have 
had two cases of transformer trouble in 
which it appears that the turn-to-turn break 
down developed slowly, and in which the 
incipient damage could have been detected 
had gas detector relays been available. The 
evidence is not clear and these were not 
described in the paper. In the future a 
definite answer may be forthcoming. The 
obvious advantage of detecting such trouble 
in advance is not so much the reduction of 
damage in this case, as it is the avoiding of 
an explosion, and the avoiding of any service 
interruption and system fault. 

Ratz seems to read more into the paper 
regarding pressure protection than was in- 
tended. However the particular comments 
on operating experience made by Hicks and 
Fleming certainly illustrate the value of 
pressure protection. It must always be 
borne in mind that differential protection 
must sacrifice either or both sensitivity and 
speed to avoid trouble from the magnetizing 
inrush problem, whereas pressure p1otection 
is absolutely unaffected by this. As Lawton 
mentioned the considerable difference in cost 
between gas detector protection and dif- 
ferential protection is an important factor, 
particularly in the case of smaller sized 
units. 

Brownlee arrives at a figure of one fault 
per single-phase transformer per 50 years. 
It might be mentioned that the paper did 
not attempt to describe all faults experi- 
enced, but rather to show the field of ap- 
plication of gas detector relays and to 
describe some general types of trouble, 


_ therefore this figure is not necessarily cor- 


rect. On the basis of 124 transformers this 
figure would indicate an average of 2.5 faults 
per year, actually the transformer repairs 
are running considerably above this figure. 

Regarding differential protection, at the 
Shipshaw station there is no low or high 
voltage bus and the transformer differential 
protection extends from the line side of the 
high voltage circuit breakers to the generator 
neutral leads. An inverse time overcurrent 
relay with an instantaneous trip attachment 
is used as the differential relay on each phase. 
The induction element is set to pick up with 
a differential current corresponding to 11 
per cent of the bank full load phase current, 
and it has a time delay of 15 cycles at 5 
times the pickup value. The instantaneous 
trip attachment is set to pick up at about 
200 per cent of the bank rating. 

Brownlee is concerned with false indica- 
tions from gas detector relays. We have 
never experienced a false trip from a pres- 
sure element. To the best of our knowledge 
in no installation in Canada does the gas 
accumulation element trip any protective 
equipment, it only operates an alarm. The 
indications from the gas accumulation ele- 
ment must be interpreted by. competent 
technical personnel. Using a device such 
as the ‘‘Vapotester” to check the gas com- 
bustability, and noting the past history of 
the transformer, and the rate at which ac- 
cumulation alarms are coming, it is not diffi- 
cult to decide on the correct course of action. 
When we untank a transformer on the basis 
of gas accumulation alarms we are absolutely 
convinced there is a fault in the transformer 
and that we can find it. 
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Automatic Operation of Electric Boilers 


M. EATON 
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LECTRIC boilers were introduced in 
Canada after World War I for the 
purpose of utilizing surplus hydroelectric 
power. Since then about 200 units have 
been installed with an aggregate capacity 
of nearly 2,000,000 kw. There are a few 
installations in the United States aggre- 
gating about 100,000 kw. More than 80 
per cent of these boilers are operated 
manually. Although satisfactory opera- 
tion can be obtained with manual regu- 
lation, the need of precise automatic 
control has long been recognized. 

Automatic process control and the 
design of control instruments are de- 
veloped to such an extent that few con- 
tinuous processes are now controlled 
manually. Many of them depend on 
automatic control. The electric boiler 
application has lagged behind mainly be- 
cause instruments must be supplemented 
with specially arranged equipment as 
part of the controlling means. 

A preceding paper! on this subject de- 
scribed methods for automatically regu- 
lating electric boilers of the electrode type 
applied to some of the early installations. 
These were designed before basic prin- 
ciples of automatic control were estab- 
lished and before satisfactory instruments 
were made for the application of these 
principles. As might be expected they 
have not proved to be entirely adequate. 


Paper 47-129, recommended by the AIEE com- 
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Following a brief discussion of the prin- 
ciples of automatic control, with reference 
to air-operated controllers, this paper re- 
views early methods for regulating elec- 
tric boilers automatically, and describes 
later improvements based on fundamental 
principles. 


Terminology 


Although automatic control terms are 
fairly well established the literature?—5 
shows some difference in definition. The 
terms used in this discussion are defined 
as follows: 


Automatic controller: an apparatus includ- 
ing measuring means, controlling means, and 
final control element for regulating the sup- 
ply of a control agent to maintain within 
limits a controlled variable. 


Measuring means: the elements which 


" measure and communicate to the controlling 


means the magnitude of the controlled 
variable. 


Controlling means: the elements actuating 
the final control element in response to the 
action of the measuring means. 
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Figure 1. A typical 
temperature __ control 
process 


‘ Eaton—Electric B otlers 


BTEMPERATURE 
CONTROLLER 


—— 


CONTROL ELEMENT) 


Final control element: the part of an auto- 
matic controller that directly varies the 
supply of control agent. 


Control agent: the supply medium for the 
energy or material required to maintain the 
value of the controlled variable. 


Controlled variable: the quantity or condi- 
tion of the controlled medium which is auto- 
matically controlled. 


Controlled medium: the material in a 
process of which the controlled variable is 
the quantity or condition to be controlled. 


Set point: the value of the controlled vari- 
able at which the controller is set. 


Control point: the value of the controlled 
variable corresponding with the rate at 
which control agent is supplied. 


Offset: the difference between the set point 
and the control point. 


Two-position control: controller action 
having only two rates at which control agen 
is supplied. : 


Proportional control: controller action that 
maintains a linear relation between the 
position of the final control element and the 
deviation of the controlled variable from the 
set point. 


Preset action: controller action that alters 
the position of the final control element an 
amount corresponding with the rate of 
change in the value of the controlled varia- 
ble. 


Reset action: controller action which in- 
creases the sensitivity of an automatic con- 
troller, following a change in control agent 
demand, for the purpose of overcoming offset. 
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Sensitivity: the ratio of the movement of 
the final control element to the correspond- 
ing magnitude of change in controlled vari- 
able. 


Throttling range: the change in the con- 
trolled variable necessary to cause the final 
control element to move from one extreme 
to the other. 
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Figure 2. Schematic 
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Floating control: controller action which 


varies the position of the final control ele~ 


ment continuously, when the controlled 
variable deviates from the control point, 
and with no relation to the value of the 
variable other than direction. Floating 
control may be single-speed, multispeed, or 
proportional-speed. 


Figure 4. Graphical 
representation of con- 
troller actions 
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Proportional-speed-floating control: floating 
controller action that varies the position of 
the final control element at a rate propor- 
tional to the magnitude of deviation of the 
controlled variable from the control point. 


Capacity lag: the lag between a change in 
the demand for control agent and conse- 
quent change in the magnitude of the con- 
trolled variable. It is directly proportional 
to the ratio of control agent storage to con- 
trol agent demand. 


Transition lag: the lag between a change in 
the flow of control agent and a correspond- 
ing change in the value of the controlled 
variable at the point of measurement. 


Controller lag: the lag between a change in 
the magnitude of the controlled variable at 
the point of measurement and a corre- 
sponding change in the position of the final 
control element. 


Choice of Control 


The amount of stabilizing action re- 
quired is proportional to (A+B)/C 
where A, B and C are the transition, con- 
troller, and capacity lags respectively. 
The capacity lag is usually the determin- 
ing factor. When the capacity lag is 
large compared with the other two a 
simple two position controller may be 
adequate. 

Proportional casero is satisfactory with 
moderate lags. If a low sensitivity ad- 
justment is required for stable operation 
an objectionable amount of offset may re- 
sult unless reset control action is provided. 
Proportional control plus reset is the 
equivalent of proportional-speed-floating 
control. 

If the capacity lag is small compared 
with the other lags, and large changes in 
demand for control agent occur, propor- 
tional-speed-floating plus preset controller 
action is required. 


Air-Operated Controllers 


Figure 1 shows a typical temperature 
control process in which an air-operated 
controller is used to regulate the tempera- 
ture of water taken from a hot water j 
storage tank. The thermometer bulb, a 
Bourdon tube in the instrument, inter- 
connecting tubing, and the liquid or gas 
they contain constitute the controller 
measuring means. The controlling 
means includes the elements which work- 
ing together regulate the controller output 
air pressure and position the control valve 
accordingly. The valve is the final con- 
trol element regulating the flow of control 
agent, which in this instance is steam. 
Steam is the medium of supply for the 
heat energy required to maintain the tem- 
perature (controlled variable) within 
limits. 
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The capacity lag is determined by the 
size of the hot water storage tank as com- 
pared with the demand for hot water. 
The transition lag includes the time it 
takes to transfer heat from the steam in 
the heating coils to the water, plus the 
time required for a change in temperature 
at the thermometer bulb resulting from 
a change in temperature at the heating 
coils. The controller lag is the time re- 
quired to effect a change in the position 
(opening) of the control valve correspond- 
ing with a change in the temperature of 
the water at the thermometer bulb. 

If the storage tank is quite large com- 
pared with the demand for hot water, two- 
position controller action is adequate. 
Moderate storage capacity requires pro- 
portional controller action for control sta- 
bility, and if it is desired to maintain the 
control point close to the set point of 
150°F. reset action is necessary. If the 
storage tank is small, with fluctuating de- 
mand, then proportional plus preset plus 
reset controller action is required. 

Air-operated controllers supplied by the 
various instrument manufacturers differ 
considerably in design but all have much 
the same principle of operation. 

Figure 2 shows diagrammatically the 
essential elements of a high sensitivity 
controller less the measuring means. Air 
from a constant pressure supply passes 


through an orifice and nozzle in series. 


The flow through the nozzle is restricted 
by a baffle which is positioned by the 
measuring means. The proximity of the 
baffle to the nozzle determines the back 
pressure and hence the position of the air 
relay valve, which in turn governs the 
output air pressure to the diaphragm 
valve. The set point adjustment deter- 
mines the position of the baffle corre- 
sponding with the value of the controlled 
variable. 

The diaphragm valve is shown to be 
normally closed (reverse acting). It is 
closed by spring pressure and opened by 
air pressure, the opening or position being 
determined by the relative spring pres- 
sure and controller output air pressure. 
Diaphragm valves may be either nor- 
mally open (direct acting) or normally 
closed. The controller may also be direct 
acting (rising output air pressure with in- 
creasing value of the controlled variable) 
or reverse acting. A high sensitivity con- 
troller produces the effect of two-position, 
or on-and-off, controller action. 

Figure 3, part A represents a propor- 
tional controller (direct acting). As the 
value of the controlled variable rises the 
pen turns in a clockwise direction and 
through interconnected linkages the lower 
end of the baffle is moved to the right. 
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Figure 5. Sectional view of a 
Canadian General Electric boiler 
with control apparatus 


This reduces resistance to air flow through 
the nozzle, thus decreasing the back pres- 
sure and causing the relay valve to in- 


crease its opening. Rising output air 


pressure decreases the opening of the 
direct-acting control valve. As the out- 
put air pressure rises, the follow-up bel- 
lows moves the top of the baffle to the 


Figure 6. Sectional 

view of an electric 

boiler equipped with 

Eaton automatic con- 
trol type WL 
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left an amount, depending on the sensi- 
tivity adjustment. This action partly 
offsets the initial movement of the baffle 
away from the nozzle and has the effect of 
causing the control point to follow the 
controlled variable thus providing means 
for sensitivity adjustment. 

The capacity tank and preset valve 
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shown as part B delay the follow-up 
action. The result is that in the event of 
a sudden change in the value of the con- 
trolled variable a large initial movement 
of the control valve occurs in the direc- 
tion to correct it. This effect depends on 
the rate of change in the magnitude of the 
controlled variable regardless of its actual 
value. 

Figure 3, part C shows the essential 
elements of a controller having both pre- 
set and reset controller action. A rapid 
change in the value of the controlled 
variable results in an initial output air 
pressure change corresponding with high 
sensitivity adjustment. After a time 
delay, depending on the adjustment of 
the preset valve, the reset bellows trans- 
mits to the follow-up bellows a corre- 
sponding pressure change. The baffle 
position is then altered to reduce the 
change in output air pressure an amount 
depending on the sensitivity adjustment. 
This action is followed by a return to high 
sensitivity after a time interval depending 
on the adjustment of the reset valve. 
The optimum sensitivity, preset rate, and 
reset rate depend on the process lags and 
the magnitude ofload changes. They are 
adjusted in service to the values at which 
the most stable operation is obtained. 

If the controller in Figure 1 were 
equipped with the elements shown in Fig- 
ure 3, part Cand curves A and B, Figure 
4, represented the hot water demand and 
temperature respectively, then immedi- 
ately after time 10 the control valve would 
be rapidly opened an amount proportional 
to the rate of change in temperature, and 
at time 18 the valve would be reclosed 
similar amount. The controller is there- 
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Figure 7. Schematic 
diagram of an electric 
boiler with control 
tank and control valves 


FEED WATER 


by able to anticipate the change in 
demand for control agent and to pre-act 
in such a way as to minimize the magni- 
tude and duration of the deviation. Pro- 
portional controller action brings the tem- 
perature back to the control point with 
minimum overshooting. Reset action 
follows and reduces offset by raising the 
sensitivity. The combined control effects 
result in the controlled variable being re- 
turned to the set point with minimum de- 
viation and maximum control stability. 


Electric Boiler Control 


Figures 5 and 6 are sectional views of 
two well known electric boilers of the elec- 
trode type. Steam is raised by passing 
current through the water between elec- 
trodes. The power supplied P=3/°R 
watts where I is the 3-phase current and 
Ris the water resistance to ground. As- 
suming unity power factor and the applied 
voltage E to be constant, and substituting 
E//3R for I, the power input P=K/R 
where K isaconstant. The water resist- 
ance R is inversely proportional, and the 
power input is therefore directly propor- 
tional, to the electrode immersion, the 
temperature of the water, and its salt con- 
tent. Thesalt concentration increases as 
water is evaporated. 

Electric boilers are usually regulated by 
maintaining the salt content within limits 
by bleeding and by varying the water 
level on the electrodes in accordance with 
the demand for steam. Power input is 
matched with steam demand to maintain 
constant pressure. The power input is 
the control agent supplying the heat 
energy required to generate steam, and 
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the electrode immersion is the final con- 
trol element. 

The capacity lag is proportional to the 
steam storage capacity of the system 
under control. This depends on the 
amount of water at or near steam tem- 
perature and on the steam space.- If the 
steam storage capacity is only that sup- 
plied by the electric boiler and steam 
mains, the capacity lag is small. The 
transition lag includes the time required 
to heat the feed water to steam tempera- 
ture and to evaporate it. As the elec- 
trode immersion is the final control ele- 
ment the controller lag includes the time 
required to change the boiler water level. 
The transition and controller lags are 
therefore large compared with the capac- 
ity lag. An adverse temperature co- 
efficient of resistance must also be con- 
sidered. As the steam pressure and tem- 


perature rise the water resistance falls 


with increased power input and acceler- 
ated rise in pressure. Conversely as the 
steam pressure falls there is a reduction in 
power input when an increase is needed. 
For these reasons an electric boiler is diffi- 
cult to regulate on fluctuating loads. 
Unless additional steam storage capacity 
is provided nothing less effective than the 
equivalent of proportional-speed-floating 
plus preset controller action will provide 
stable automatic control. This explains 
why early attempts to regulate electric 
boilers automatically were not entirely 
successful. 


Cascade Inn Electric Boiler Control 


The Cascade Inn boiler control was 
installed in 1929 and described in a pre- 
vious paper.! It was applied to a 500-kw 
electric boiler used for supplying steam to 
the heating system and laundry. 

The original means for varying the 
water level on the electrodes in response to 
the controlled pressure is shown dia- 
grammatically in Figure 7. Two spring- 
loaded pressure reducing valves, one nor- 
mally open and one normally closed, were 
connected, as shown, to control the trans- 
fer of water to and from the elevated con- 
troltank. The spring pressure of valve 1 
was adjusted so that the valve closed at 
40 pounds pressure and valve 2 was simi- 
larly adjusted to begin opening at 45 
pounds steam pressure. 

In operation valve 1 was normally open 
and the control tank empty. When the 
pressure rose to 40 pounds valve 1 closed 
and on further rise of pressure water was 
transferred from the boiler compressing 
and condensing steam in the control tank. 
The resulting drop in boiler water level 
and power input tended to restore normal 
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pressure. If this action were not suffi- 
cient the pressure continued to rise until 
valve 2 opened, discharging steam from 
the control tank and causing a further 
drop in boiler water level and power input. 
As the pressure fell, valves 1 and 2 re- 
sumed their normal positions and the 
water in the control tank returned to the 
boiler. The power input and pressure 
again rose and the cycle was repeated. 
This controller action resulted in con- 
tinuous cycling that was limited in magni- 
tude by the adjustment of valve 3. The 
power and pressure oscillations were not 
very objectionable for a small boiler load 
and the performance would have been 
fairly satisfactory had it not been for 
maintenance troubles. Effective opera- 
tion depended on valves 1 and 2 seating 
tightly, which required frequent valve 
grinding and packing gland adjustments. 
If one of these valves, preferably valve 
2, had been replaced with a manual valve 
it would not have been necessary that the 
other should be tight-seating. It could 
have been made to float in an intermediate 
position and the control performance 
would probably have been surprisingly 
good. Instead the pressure reducing 
valves were replaced with electrically- 
operated valves, responsive to pressure- 
actuated switches, and the key to stable 
automatic control was left lying by the 
wayside where it remained for more than 
a decade. There are two reasons for the 
length of this interval. The single con- 
trol valve method involves a new principle 
of operation and it was a logical procedure 
to exhaust the possibilities of the original 
method before abandoning it to consider 
another. The other reason is that the 
boiler was not free to be taken out of 
service for an appreciable length of time 
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in order that extensive changes might be 
made in the installation. The next step 
in the development was left for a subse- 
quent installation. If more adequate fa- 
cilities for experimental-work had been 
available the years might have been re- 
duced to months depending on the avail- 
ability of the necessary control apparatus. 
Lack of experimental equipment operat- 
ing under service conditions handicaps 
instrument manufacturer engineers and 
for this reason industrial engineers are 
usually in a better position to determine 
the most effective instrumentation for in- 
dustrial processes. 


Conductivity Control 


Following the Cascade Inn boiler con- 
trol installation it was decided to apply 
automatic control to three 5,000-kw elec- 
tric boilers used for process steam heating 
in a chemical plant. 

An electric boiler may be regulated 
either by maintaining the salt content 
within limits and varying the water level, 
or by holding the water level constant and 
varying the salt content or conductivity. 
Partly because of lack of space for control 
tanks, and partly because of instability in 
the operation of the Cascade Inn boiler 
control, it was decided to apply conduc- 
tivity control to these 5,000-kw boilers. 

A complete description of this control 
is included in the previous paper.! In 
this instance the boiler water conductivity 
is the final control element. Controlling 
means is provided whereby the conduc- 
tivity is increased by adding salt solution 
(soda ash) and decreased by bleeding. 
The salt solution control apparatus, by 
being made partly: responsive to steam 
flow, anticipates the demand for salt solu- 
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Figure 8. Schematic 
diagram of an electric 
boiler equipped with 
Dominion Engineering 
= surge-tank control 
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tion and the bleed valve operates in two 
stages. The result is something a little 
more effective than 2-speed-floating con- 
trol. 

Fourteen installations of conductivity 
control were installed between 1930 and 
1934 for electric boilers having an aggre- 
gate capacity of 148,000 kw. Although 
the operation is much improved, as com- 
pared with manual control, some inde- 
pendent steam storage capacity is required 
for stable operation on fluctuating loads. 
There is also appreciable maintenance 
work necessary to keep the equipment in 
good working order, and an objectional 
loss in boiler efficieney results when fre- 
quent bleeding to drop load is necessary. 
Because of these defects it was decided to 
develop further the water-level type con- 
trol. 


Water-Level Control of the Step 
Type 


The original Cascade Inn control was 
revised in 1935 and applied to two electric 
boilers of 750- and 2,000-kw capacity. A 
cylindrical control tank was mounted 
horizontally in an elevated position. The 
feed water flow to the boiler was made 
responsive to the water level in the control 
tank and arranged so that the control 
tank was normally half full. The bleed 
control valve was made partly responsive 
to the boiler water level and partly 
responsive to the controlled pressure in 
such a way as to make the load current 
corresponding with the water level agree 
with a predetermined ratio. Electrically- 
operated valves, responsive to pressure 
switches, functioned to vary the water 
level on the electrodes in steps or fixed 
increments. This limited the range of 
oscillations which were at that time 
considered unavoidable. 

A description of this control’ was 
published in 1936. The performance 
was better than that of the Cascade Inn 
control but there was difficulty in main- 
taining adjustments. The electrically- 
operated valves were also a source of 
trouble because of operation at steam 
temperature. 


Dominion Engineering Surge-Tank 
Control 


The Dominion Engineering Company 
manufactures the electric boiler shown in 
Figure 6. As early as 1925 they made 
independent studies of means for auto- 
matically regulating these. boilers and. 
foresaw the possibility of obtaining 
effective control with controlling means 
including a separate control tank and two 
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control valves substantially as shown in 
Figure 7. Their first installation, how- 
ever, was not made until 1932. The 
existing equipment and arrangement are 
as shown diagrammatically in Figure 8. 

The control tank, or surge tank, is 
mounted vertically beside the boiler. 
The means for varying the boiler water 
level, in response to the controlled pres- 
sure, functions much the same as that of 
the Cascade Inn control, Figure 7, except 
that more modern control apparatus is 
used. The hydraulic ejector in the feed 
water line makes it possible to draw the 
surge tank water level down below that 
of the boiler, thus obtaining full use of the 
storage space. Feed water supply and 
bleeding to maintain the boiler water 
conductivity within limits are regulated 
manually. 

The controller and valve 1 are reverse- 
acting and valve 2 is direct-acting. When 
the controlled pressure is below the set 
point, an amount depending on the con- 
troller sensitivity adjustment, the output 
air pressure reaches a value at which 
valve 1 is open and valve 2 is closed. 
This allows the surge tank steam pressure 
to rise, by passage of steam through 
valve 1 at boiler pressure, and water 
from the surge tank to be returned to the 
boiler by gravity or hydraulic ejector 
effect. The power input and steam 
pressure rise causing valve { to close and 
valve 2 to open. When the rate of 
discharge of steam through valve 2 
exceeds the rate of passage through valve 
{ the surge tank steam pressure begins 
to fall, thus causing water to be trans- 
ferred from the boiler to the control tank. 
The power input and steam pressure fall 
again and the cycle is repeated. 

For stable operation the surge tank 
steam pressure must be lower than that of 
the boiler by an amount equivalent to 
the head of water H plus the ejector 
effect E when the controlled pressure is 
on the control point. Neglecting pipe 
resistance to steam flow, this is the 
pressure drop across valve 1. At the 
same instant the rates of steam flow 
through valves 1 and 2 must be equal 
and the controller output air pressure 
must be at an intermediate value. Even 
if H + E were constant this condition 
would require a definite ratio of flow 
through the valves, corresponding with 
the pressure drop across each, which is 
hardly practicable. With H + E vari- 
able the rates of steam flow through 
these valves remain in unstable equilib- 
rium resulting in sustained oscillations 
of steam pressure and power input which 
may, however, be limited in magnitude 
by high sensitivity adjustment. 


1066 


There is appreciable self-regulation. 
As the boiler pressure rises water is 
forced into the surge tank compressing 
the steam in it to boiler pressure and 
accelerating the rate at which steam is 
discharged through valve 2. A drop in 
boiler pressure causes valve 2 to close and 
valve 1 to open. Water is then returned 
to the boiler because of excess surge 
tank steam pressure, which is partly 
dissipated by passage of steam through 
valve 1 to the boiler. 

This self regulating effect, obtained 
with the use of a separate control vessel, 
was discovered by Bergeron, who was 
granted a patent on it in 1924. The 
equipment shown in Figure 6 employs the 
Bergeron effect to greater advantage 
in providing preset controller action. 

The rate of change in boiler water 
level, controlled by the operation of 
valves 1 and 2, is approximately pro- 
portional to the square of the deviation 
of the steam pressure from the control 
point. The controller action might there- 
fore be described as variable-speed float- 
ing plus limited preset. 

Three 8,000-kw electric boilers have 
been equipped with this type of control. 
Very little maintenance is required and 
the performance compares favorably 
with that of any control apparatus avail- 
able at the time these installations were 
made. 


Canadian General Electric Boiler 
Control 


Figure 5 is a sectional view of a Ca- 
nadian General Electric boiler equipped 
with automatic feed water regulation 
and means for manual control of the load. 

The feed water regulator maintains 
the mean water level in the bottom of 
the boiler shell as indicated. Water is 
pumped from the bottom of the boiler 
to the electrode vessel, or basket, and 
returned by gravity through valve 2. 
The opening of this valve remains in 
fixed adjustment and the opening of 
valve 1 is varied to regulate the water 
level on the electrodes. 

By making valve 1 responsive to a 
proportional controller, and providing 
suitable means for bleed control, the 
steam pressure may be automatically 
regulated with controlling means that 
will function as a proportional-speed- 
floating controller. This would be 
adequate only with separate and ap- 
preciable steam storage capacity in the 
system under control. Mainly because 
of this limitation the control apparatus 
supplied with these boilers usually in- 
cludes only what is shown in Figure 5. 
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A few, however, have been equipped with 
complete automatic control. 


Automatic Control of the 
Water-Level Type* 


The Cascade Inn electric boiler was 
eventually released for experimental 
studies with the object of perfecting the 
water-level type of control. 

The problem was not only to provide 
controlling means with nearly all the 
stabilizing features known to the art, but 
to do so with apparatus that is simple 
and reliable. Simplicity is necessary 
because some of the users do not have 
instrument men with sufficient skill to 


understand and maintain complicated — 


control devices. Fortunately, in this 
application, simple apparatus provides 
effective control. 

The control equipment shown in 
Figure 6 is the result of progressive 
development beginning with the origi- 
nal Cascade Inn control, which in- 
cluded means for limiting the rise in 
boiler water level similar to the existing 
means for obtaining water level limits. 
The feed water regulation and control 
tank arrangement differ little from those 
of the step-type control installed in 1935. 
The main feature is the means for auto- 
matically transferring water to and from 
the control tank in response to the opera- 
tion of a single control valve. 

Three variables, steam pressure, the 
rate of feed water flow, and the boiler 
water salt content are controlled in- 
dependently but in such a way as to assist 
in maintaining control stability. 


PRESSURE CONTROL 


Steam is bled through valve 4 from 
control tank 20 to a feed-water heater, 
or low pressure system, at a constant 
rate. A diaphragm valve 1, responsive 


to a proportional controller 30, regulates . 


the flow of steam from the boiler to the 
control tank in response to variations in 
the controlled pressure. The controller 
pressure connection P is made with either 
the boiler or the steam header. 

Assuming normal pressure and water 
levels as indicated, the flow of steam 
through valve 1 is equal to the rate of 
discharge through valve 4. The control 
tank steam pressure is lower than that of 
the boiler an amount equivalent to the 
head of water H, which is the pressure 
drop across valve 1. If the controlled 
pressure rises above normal, controller 
30 functions to decrease the opening of 
valve 1. Steam is then discharged from 
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the control tank faster than it is replaced 
resulting in transfer of water from the 
boiler to the control tank, decrease in 
power input andreturntonormal pressure. 
Valve increases its opening on falling 
pressure, allowing the control tank steam 
pressure to rise and water to be returned 
to the boiler by gravity, thus causing an 
increase in power input and return to 
normal pressure. This is proportional- 
speed-floating controller action. 

The self-regulating effect, described 
with reference to Figure 8, is used to 
obtain effective preset controller action. 
The steam space in the control tank and 
valve 4, Figure 6, serve the purpose of the 
capacity tank and preset valve, Figure 
3, part B. Check valve 5 prevents boiler 
and control tank steam pressures being 
equalized by passage of steam through 
pipe 15 to the boiler. 


BOILER WATER LEVEL LIMITS 


If the boiler water level rises above the 
range indicated by L, access of steam to 
pipe 15 is cut off and water is transferred 
to the control tank by control action as 
previously described. If the level falls 
below L, steam rises through pipe 16, by- 
passing valve 1, and causing water to be 
returned from the control tank to the 
boiler. These water level limits are the 
extreme positions of the final control 
element. 

The boiler load corresponding with the 
water level depends on the boiler water 
bleed control point. 


BLEED CONTROL 


The bleed control apparatus includes 
transformer 13, current relay 6, conduc- 
tivity cell 18, 3-way valve 14, and 
bleed valve 3. When the conduc- 
tivity of the water in pipe 17 rises above 
the control point, as determined by the 
setting of relay 6, the relay current reaches 
the value at which the contacts close to 
energize 3-way valve 14, and to open 
the air-operated bleed valve 3. As 
boiler water is bled off it is replaced by 
comparatively pure feed water thus 
reducing the salt content and conduc- 
tivity to normal, at which relay 6 opens 
its contacts and valve 3 recloses. 

The conductivity cell is located in pipe 
17 in preference to the boiler shell because 
the passage of water through 17 washes 
the electrodes and a desirable timing 
effect is obtained. The water in the 
eontrol tank is diluted with condensed 
steam resulting from contact with water 
slightly under steam temperature. 
this reason the conductivity of the 
water in pipe 1/7 falls when water is being 
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transferred to the boiler and rises when 
the water flows in the reverse direction, 
thereby tending to stop bleeding when 
the controller is functioning to increase 
the load and to bleed when it is necessary 
to drop load. This timing of bleed valve 
operation decreases controller lag. 

The bleed control apparatus functions 
as a simple, two-position controller, which 
is satisfactory because of large capacity 
lag in salt concentration. A constant 
bleed through valve 9 results in over- 
and-under, rather than on-and-off, con- 
troller action. 


FEED WATER REGULATION 


The control apparatus functions in 
such a way that all water admitted to the 
boiler, in excess of that required to main- 
tain the operating water level, is trans- 
ferred to the control tank which is main- 
tained approximately half full, thus 
providing storage water for raising the 
level in the boiler and storage space for 
transfer of water from the boiler. 

The generator assembly 25 of a Bailey 
thermo-hydraulic feed-water regulator 
is mounted vertically on the control tank 
as shown. The feed water flow to the 
boiler, through valve 2, is responsive to 
the water level in the control tank. 

An increase in steam: demand results 
in falling steam pressure which is brought 
under control more rapidly if the rise in 
water level on the electrodes is effected 
entirely by transfer of water from the 
control tank. If this is partly accom- 
plished by an accelerated rate of flow of 
feed water, additional heat energy is 
required to bring the feed water up to 
steam temperature. When water is 
transferred to the boiler to restore normal 
pressure the control tank water level 
falls and the resulting acceleration of 
feed water flow is delayed because of low 
sensitivity which results from mounting 
the generator tube vertically rather than 
in the inclined position as shown in Figure 
5. The delayed response causes the 
acceleration of flow to have a stabilizing 
effect. 


CONTROLLER ACTION 


Figure 4 describes the controller action 
graphically. A sudden increase in steam 
demand occurs at time 10, asin curve A. 
The controlled pressure momentarily 
falls and is brought back to the control 
point, asin curve B. Curve C shows the 
increase in power input occasioned 
by proportional - speed - floating con- 
trol alone, while curve D shows the 
load increase resulting from preset con- 
troller action. Curve £ is the resultant 
of the two control effects. The feed 
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water heating power is shown by curve 
F and the shaded area under curve E. 

The power input at the instant the 
pressure is brought under control is as 
shown at time 16. An increase beyond 
this level is undesirable. Proportional- 
speed-floating controller action, curve C, 
continues to increase the power input 
until the control point is reached. Preset 
control action, curve D, is caused by 
momentary difference between control 
tank and boiler steam pressures. As the 
boiler pressure, curve B, falls water is 
transferred from the control tank to 
the boiler by excess contro] tank steam 
pressure with consequent rise in power 
input. When the pressure reaches its 
lowest value the control tank steam pres- 
sure has fallen to a value near that of 
the boiler pressure and at time 18 the 
boiler pressure begins to exceed the con- 
trol tank steam pressure by an amount 
sufficient to cause transfer of water from 
the boiler to the control tank. The 
boiler water level therefore falls with 
resulting decrease in power input. Con- 
sequently when the pressure reaches the 
control point the power input, curve D, 
is lower than it was at time 16. 

Curve E is the resultant of these con- 
troller actions. The shaded area shows 
that delaying the feed water regulator 
response retards the increase in heating 
power until the pressure is under control. 
Excess power that would otherwise cause 
overshooting is then absorbed in heating 
water for storage. The effect is to raise 
the capacity lag and thereby improve 
control stability. 

The application of reset or preset 
action to controller 30 would serve no 
useful purpose. Reset is tumnecessary 
because the controlling means is in- 
herently a floating type, and preset action 
would increase the opening of valve 1 
when check valve 5 is functioning to, 
prevent flow of steam through it. A 
valve positioner, which is a device used to 
amplify the controller output air pressure 
for precise positioning of the diaphragm 
valve, may be used to advantage when 
low sensitivity adjustment is desirable. 

Figure 9 is traced from charts showing 
the steam pressure and power input of an 
electric boiler supplying the steam re- 
quired for a plant manufacturing roofing 
paper and operating steam-heated dryers. 
The drop in load at 2:30 a.m. is caused 
by a paper break. 


MobpIFICcATIONS 


This control may be adapted to the 
following purposes: 


1. To operate alternatively on pressure 
control and power input control. 
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Figure 9 
Charts showing steam 
pressure and power in- 
put resulting from the 
automatic control of an 
electric boiler 


2. To maintain a constant demand on a 
system supplying both primary and second- 
ary power. 


3. To regulate electric boilers operating in 
parallel. 


4, Tocontrol a 3-tank electric boiler which 
has the electrode pertaining to each phase 
mounted in a separate pressure vessel. 


None of these modified controls has 
yet been installed. 
INSTALLATIONS 


Four installations of this control are in 
successful operation on boilers ranging in 


N 
Saunt 


= 


Figure 10 

A 20, 000-kw electric 

boiler with equipment 
as shown in Figure 6 


(right). 


sizes from 500 to 20,000 kw and a fifth is 
being installed for a 37,500-kw boiler. 
The present installations provide stable 
and efficient operation of electric boilers 
supplying process steam in chemical 
plants and a paper mill. Charts such 
as those shown in Figure 9 indicate that 
precise control is obtained even with 
adverse load conditions. 
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Discussion 


A. L. Stewart (Bailey Meter Company, Ltd., 
Montreal, Quebec, Canada): Eaton has 
given us a very complete and concise picture 
of the problems involved in automatic con- 
trol of electric boilers. He can speak with 
considerable authority as he has had experi- 
ence over a good many years with many 
types of boilers and with many types of con- 
trol systems. 

Eaton points out quite clearly the prob- 
lems involved in control of these units be- 
cause of the interrelated variables of tem- 
perature, salt content, electrode submier- 
gence, and steam pressure. In my opinion, 
he has stated the problem quite clearly and 
has indicated the proper approach toward 
solving the problem. 

It is unfortunate that there is not more 
common agreement regarding automatic 
control terminology. We have been follow- 
ng the terminology selected by TheAmerican 
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Society of Mechanical Engineers and pub- 
lished in Mechanical Engineering in Febru- 
ary 1946, and we find Eaton’s terminology 
at some variance from the ASME terms. 
The ASME definition of capacity and resist- 


_ance in automatic control systems is not 


the same and is, in our opinion, somewhat 
better than usage applied by Eaton. 

We cannot agree with Eaton’s statement 
that proportional control plus reset is the 
equivalent of proportional speed floating 
control. While in its ultimate effect, this 
may be true, the floating action is a delayed 
action with the predominant action being 
the proportional position control. The 
proportional position control with reset is 
much more applicable to different types of 
control systems than the proportional speed 
floating action control. 

The application of conductivity control 
to electric boilers is most interesting and 
we believe this is a very useful device in the 
operation. of these boilers. It is entirely 
possible that the graduated type of conduc- 
tivity control should replace the off-and-on 
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5. Instructions A1000, Arr CoNnTROL THEORY 
AND THE FREE VANE CONTROLLER. The Bristol 
Company, Waterbury, Conn. 


6. AUTOMATIC CONTROL OF ELECTRIC BOILERS ON 
FLuctTuaTinc Loaps, M. Eaton. Electrical News 
and Engineering (Toronto, Ontario, Canada), vol- 
ume 45, March 1946, pages 20-3. 


type described by Eaton, where very large 
boilers are being considered. 

The steam pressure and power input chart 
records of Figure 9 are very interesting. 
Since a record of steam flow from the boiler 
has not been included, it is assumed that the 
boiler from which these records were ob- 
tained was not equipped with a steam flow 
meter. While the steam flow record is of 
course not essential in demonstrating the 
effectiveness of the control system, in main- 
taining steam pressure constant with vari- 
able steam demand, since the steam output 
record closely parallels the power input 
record under normal conditions, it would be 
an interesting addition. 

The control system illustrated in Figure 6 
represents a very material advance in the 
art of controlling electric boilers. The lay- 
out and the equipment is simple and still 
all of the required functions for smooth con- 
trol are present. In addition, a number of 
very desirable protective features ‘are in- 
cluded. For the average small and medium 
size electric boiler, we feel that the control 
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equipment shown is entirely justified and 


that it can be operated with a minimum of . 


maintenance difficulties. For very large 
units some refinement and additional control 
is probably needed and justifiable. 

For instance, it is our feeling that worth- 
while improvement in over-all control re- 
sults could be achieved by utilizing our air- 
operated type of feedwater control in place 
of our thermo-hydraulic type illustrated in 
Figure 6. The single element air-operated 
level controller with reset action and wide 
range sensitivity adjustment should assist 
materially in establishing the rate of re- 
sponse best suited to the steam load and 
other local conditions encountered. Two- 
element air-operated control would be an 
additional refinement, providing opportuni- 
ties for even greater, improvement which 
would amply justify the slightly higher cost, 
especially on the larger boiler units. Steam 
output from the boiler and level of water in 
the storage tank would be the two control- 
ling factors, and local plant conditions would 
establish which of these two factors should 
have precedence; the other serving as a 
readjusting feature. 

In the matter of boiler and control tank 
design} presumably the volume of water 
between maximum and minimum levels in 
the control tank must bear a definite relation 
to the volume of water between the maxi- 
mum and minimum levels in the boiler. It 
would be interesting to know what that pro- 
portion is. 

It would also be interesting to know if any 
work has been done, and with what results, 
in establishing a relation between moisture 
content in the steam and boiler output or 
boiler water level. 


F. L. Lawton (Aluminum Company of 
Canada, Ltd., Montreal, Quebec, Canada) : 
The paper by Eaton is a masterly presenta- 
tion of the present situation with regard to 
automatic control for electric boilers. The 
importance of such control will be recog- 
nized when it is realized that the installed 
capacity of electric boilers in Canada repre- 
sents 2,000,000 kw, and that the total 
waterpower developed is about 10,312,000 
horsepower. Most of this electric boiler 
load is located in Quebec, two of the major 
systems each carrying up to 375 megawatts 
of such load at times. 

Automatic electric boiler control as ap- 
plied in the early thirties was not too success- 
ful. It entailed automatic injection of soda- 
ash solution on a drop in pressure and auto- 
matic bleed on rise in pressure. Conse- 
quently, the bleed ran higher with auto- 
matic than with manual control, and the 
efficiency was somewhat lower—a very im- 
portant factor, psychologically, when the 
cost of steam was measured by the kilo- 
watt-hour meter. Actually, most of this 
apparent loss was recovered by passing the 
bleed through a heat exchanger in the feed- 
water circuit and to a flash tank, the flash 
steam going to the hot well. 

Eventually the control was simplified so 
that it was automatic only on rise in pres- 
sure, providing a 2-stage bleed. It proved 
very effective, and resulted in superior over- 
all operation, as compared with straight 
manual control. 
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It may be of interest to note the automatic 
control cost only 7.6 per cent of the over-all 
cost from the step-down transformer ter- 
minals for an installation comprising two 
electric boilers with a total maximum ca- 
pacity of 50,000kw; this exclusive of build- 
ing and feedwater pumps. 

Fundamentally there appears to be no 
sound reason why even large electric 
boiler installations cannot be made com- 
pletely automatic and provide lower cost 
steam. However, this is not yet practical 
because legislation in most areas requires 
certain steam-plant personnel to be on duty. 
Some plants, too, with a fairly steady steam 
demand find that manual. control provides 
adequately uniform pressure. This is not, 
however, the case in paper mills, where most 
electric boilers are installed, as a broken 
sheet results in a sharp pressure rise. 

The new water-level type control de- 
scribed by the author is a long stride forward 
in automatic control for electric boilers. 
If past operating experience is any criterion, 
it should meet a real need, for an efficient 
and reliable form of automatic electric boiler 
control. 


E. W. Knapp (The Shawinigan Water and 
Power Company, Montreal, Quebec, Can- 
ada): One important consideration in 
power system operation is that of keeping 
voltage variations to a minimum. 

In some cases a large boiler load may be 
connected to a low voltage bus supplying 
other loads. In these cases it is necessary 
to insure that the boiler does not create 
undue voltage disturbances, which would 
adversely affect the prime loads, This can 
usually be accomplished by careful manual 
operation. However, this requires constant 
vigilance on the part of the boiler operator 
and experience has indicated that even with 
the utmost care, manual operation is at 
times inadequate. Experience has also 
revealed that in certain functional opera- 
tions, automatic control is more reliable 
than manualcontrol. The automatic opera- 
tion of an electric boiler is such a function. 
It is believed that Eaton has developed a 
scheme of automatic boiler control which is 
more reliable than manual control and which 
will prove more effective in keeping voltage 
variations to a minimum, 

It is assumed that other features can be 
added to the automatic control under con- 
sideration, if future operating experience 
dictates the necessity. Eaton deserves much 
credit for the part which he has played in 
this development, and I am certain that if 
additional refinements became necessary in 
the future, that these will be developed with 
care and foresight, 


C. R. Reid (formerly with Shawinigan 
Water and Power Company, Montreal, 
Quebec, Canada): This paper presents 
a masterly analysis of the factors involved 
in controlling the pressure on an electric 
boiler of the electrode type, with fluctua- 
ting steam output. The development of 
automatic control was begun some 25 years 
ago, shortly after the introduction of the 
Kaelin boiler. Eaton took an active in- 
terest in the matter at that time, and has 
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since then developed a number of improved 
types of control. It appears that the type 
described in his paper is the ultimate step in 
development, as it is a highly successful 
controlling device, operates the boiler at 
maximum theoretical efficiency, and is de- 
void of components which are apt to get out 
of order. 

As pointed out by the author, the adverse 
temperature coefficient of resistance of 
water causes the electric boiler to be in- 
herently unstable in operation. A success- 
ful controlling device must act simul- 
taneously with a variation from normal pres- 
sure and at arate proportional to the amount 
of variation. At 150 pounds gauge pressure, 
the temperature of ‘saturated steam and of 
the water in contact varies 1/2 degree 
Fahrenheit for each pound of change in pres- 
sure. The resistivity of water has been 
found to vary with temperature in accord- 
ance with the empirical formula 


R= AT—-*® 


in which R is the resistance in ohms per inch 
cube, 7 the temperature in degrees centi- 
grade, and A is a constant ranging in value 
from 30,000 to 120,000. The exponent of T 
is likewise a constant for a given sample but 
varies within rather narrow limits around a 
value of 0.75. When these curves are 
plotted on logarithmic paper, a straight line 
is obtained with slope determined by the 
value of B. 


M. Eaton: The terminology referred to in 
Stewart’s discussion is derived from the 
literature included in the references. The 
scope of the paper made it necessary to de- 
fine terms with the fewest possible words 
and, although there is some disagreement 
with ASME definitions, control engineers 
are familiar with the terms as defined. 

The importance of common usage of 
terms is exemplified in Stewart’s reference 
to conductivity control, by which he means 
bleed control for the purpose of maintaining 
the conductivity of the boiler water within 
limits, and which is defined in this paper as 
a method of regulating electric boilers by 
varying the boiler water conductivity. 

Stewart’s suggested modifications in con- 
trol apparatus for large installations are 
very interesting. As pointed out, the higher 
cost of an air-operated level controller, as 
compared with that of the thermo-hydraulic 
type, might be justified for large boilers, 

The control tank dimensions are deter- 
mined by the volume of the boiler between 
upper and lower water-level limits and on 
the extent of instantaneous load changes. 

Lawton’s discussion refers mainly to the 
earlier conductivity type of control. His 
cost figures would apply equally to the new 
water-level type control, the installed cost 
of which is approximately 5 per cent of the 
cost of the complete installation including 
power transformers. 

As Knapp suggests, the instrumentation 
may be modified to obtain special control 
effects that would not be practicable with 
manual control. 

Reid’s equation for determining water 
resistance is not generally known. It has 
been proved experimentally and is found to 
be useful in the design of electric boilers. 
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The Application of Synchronous and 


Induction Motors to Chippers 


R. R. BAKER 
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Synopsis: Wood chippers require motors 
with special characteristics to operate under 
exacting conditions involving high peak 
loads, severe vibration, acceleration of high 
inertia, and exposure to dirt and moisture. 
Methods are given to select the most suit- 
able size of chipper, to determine the proper 
rating and characteristics of a motor to drive 
it, to choose beetwen synchronous and in- 
duction motors, and to select the mechanical 
arrangement of the drive. The modifica- 
tions in mechanical construction of the mo- 
tors to enable them to withstand the severe 
operating conditions are described and il- 
lustrated. Desirable features to be included 
in the control are given. 


Description of Chippers 


HE chipper is one of the most impor- 

tant pieces of equipment used in the 
manufacture of chemical wood pulp. It 
cuts the barked logs into chips of suitable 
size to be chemically treated in the di- 
gesters. Chippers are built in a wide 
range of diameters to handle the various 
sizes of logs, which vary from 8 to 24 
inches in diameter and are usually cut 
into 4- or 5-foot lengths in Canadian, 
Eastern, Southern, and Midwestern mills, 
but are handled in 30-foot lengths with 
diameters up to 42 inches or more in mills 
in the West. 

In construction, a chipper consists of a 
heavy cast iron or steel disk, which has a 
number of slots in it. A knife is bolted in 
each slot with its cutting edge radial, and 
extending close to the outside of the disk. 
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The disk is mounted on a shaft carried in 
two bearings. See Figure 1. The logs 
are fed through a spout that is inclined so 
that the knives cut across the grain at an 
angle of about 45 degrees. A heavy anvil 
at the lower end of the spout takes the 
shock of the cut. The knives are ad- 
justed to produce chips which are five- 
eighths to seven-eighths inch long, meas- 
ured parallel to the grain of the wood. As 
they are cut, the chips pass through the 
slots in the disk to the rear of the chipper, 
where they are broken up further by 
breaker bars attached to the rear faceof the 
disk. As shown in Figure 2, a cover con- 
fines the flying chips, and they are dis- 
charged into a conveyor or blower system 
which takes them to the next step. 

The capacity of a chipper is given in 
stacked cords per hour, and its capacity 
varies as the square of the diameter of the 
spout, and directly as the rpm and the 
number of knives. The diameter of the 


spout is usually from 20 per cent to 25 per 


Figure 1. A 110-inch 
4-knife chipper with 


construction of disk 


Driven by overhung 
engine type synchronous 
motor 
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cent of the diameter of the disk. The 
maximum stress in the disk from centri- 
fugal force limits the maximum operating 
speed. Typical characteristics of a num- 
ber of representative chippers are given 
in Table I. The figures are typical or 
average, and are not exact for any given 
design because the operating. speed and 
spout diameter will vary a little for the 
same size of disk when built by different 
manufacturers. The formulas by which 
the values given in columns F to L of the 
table were calculated are given in Appen- 
dix I. The production and power values 
given in the table are for one knife, and 
must be multiplied by the number of 
knives used. The table is based on chips 
three-fourths inch long and on hemlock 
wood, which requires seven horsepower- 
hours per cord. The horsepower-hour re- 
quirement so for the species of wood are 
given in Table II. These values were ob- 
tained from numerous tests of chippers in 
normal production, and were checked by 
tests made under laboratory conditions. 


Selecting a Chipper 


The chipper size usually is selected so 
that all but the very largest logs will go 
into the spout without ‘having to be split 
or sawed into cants. The chipper also 
must be designed so that it will maintain 
the required rate of production with a 
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run of average size logs. The log which 
gives the lowest production rate is one 
just over half of the spout diameter, as 
this is the smallest log that must be fed 
one ata time. The production rate of the 
chipper is ordinarily adjusted by choosing 
the proper number of knives, and chippers 
are built with 2, 3, 4, 6, 8, 10, or 12 knives 
to obtain the required production rate 
with the average size of log. It is possible 
to adjust the production by changing the 
speed, but this is not done often to any 
great extent as it is usually uneconomical 
to operate a chipper much below its maxi- 
mum permissible speed. 

As an example, assume that a chipper is 
required to produce 3/4-inch chips from 
hemlock logs which have a maximum di- 
ameter slightly less than 18 inches. From 
Table I, it is seen that an 88-inch chipper 
with an 18-inch spout is required, and this 
size has a permissible operating speed of 
400 rpm. The following calculations are 
made for 4-knife and 8-knife designs, but 
the method can be used for any number of 
knives within the range of possible chip- 
per design. The highest peak load comes 
on the motor when the largest or 18-inch- 
diameter log is being chipped, and the 
magnitude is obtained by multiplying the 
figure in column J of Table I by the num- 
ber of knives, giving 736 horsepower for 
four knives and 1,472 horsepower for eight 
knives. The motor should have 250 per 
cent pull-out torque, for reasons given 
later, and the horsepower rating will be 
the figure in column K multiplied by the 
number of knives and increased to the 
next larger standard rating. In this case, 
the rating will be 300 horsepower for four 
knives and 600 horsepower for eight. 
With either number of knives, the log 
which will just load the motor to its rated 
horsepower will give maximum produc- 
tion. This optimum diameter is 11.4 
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Table 1. Characteristics of Typical Chippers 
(HA) | (L) 
(F) (G) Production QJ) (K) 9 Optimum 

CuiIn Energy Per Knife Power Per Log 
(A) (B) (C) (D) (E) Per Per (Cords/hr) Knife (Hp) Diam 

Disk Spout Speed WR? Stored Full Full Cut 
Diam Diam (Rpm) Disk Energy Cut (Hp-sec) Peak Cont Peak Cont (In.) 
(In.) Cin.) 64 (Lb-ft?) (Hp-sec) tt 1) Tes tt ie i ae 
54 claatee D2. Fe ace 600 10,000.. 1,120. 85. Sheltie Ons GeO 123.. co es 7.6 
84.2% pe ee 450 35,000.. 2,200. 115. Lees WM se ee a Paco DURE 8.9 
SB stews LSD ane 400 55,000.. 2,720. 191. Qistaeeords LO One eeaan WA cate. 11.4 
OCF cin se Py aes ae 360 80,000 3,220. 285... 41.4...35.4..14.2 248.. OOS jase Loe 
LILO. 6 sate fie Oe Bae 300 150, 0002, 45180.. 398.7. 167.8... 241..0.7.16.5... 5288) ced Leone 16.4 
LOOM. ase Bh tere 277...1,000,000. .23,800.. Lp OShSs .165.0.. 26.05. 4602 ya1 Oo. ees AS 
Lo tastes Erin cay 240...2,000,000. .35,700..1,040...150.8...86.0..34.4...602....240..... 26.6 


* Maximum permissible operating speed. 


{ Based on 3/4-inch long chips and diameter of log equal to spout diameter. 
{ Based on hemlock wood requiring 7 horsepower-hours per stacked cord, 


** Based on motor with 250 per cent pull-out torque. 


inches, given in column L. All logs larger 
than this must be fed intermittently, as 
they will overheat the motor if fed end to 
end. The production capacity for various 
sizes of logs in stacked cords per hour will 
be as follows: 


4 8 
Knives Knives 


Capacity with logs 11.4 inches in 

diameter (maximum without 

overheating motor)............. 42 ....84 
Capacity with logs 9 inches in 

diameter (size log for lowest 


DLOAUCHION) Se <n sts Po maven tate 26.2....52.4 
Capacity with logs between 9 and 
TSA: PNCRECS NP she ctewe, cio ey ic, cheetah ole Varies as 
square of di- 
ameter 


Capacity with logs between 11.4 

ands TS schess sc utes alviwiess aucneers Slightly ess 
with 
11.4-inch log 


The capacity with logs above the optt- 
mum diameter of 11.4 inches is limited by 
extra motor heating inherent in intermit- 
tent loads. From these figures for capac- 
ity it is possible to calculate the number of 
knives to use to obtain the desired produc- 
tion with the expected sizes of wood. In 
estimating the chipper capacity to suit 
the mill capacity, it is usual to allow two 
eotds of wood for each ton of finished 


Figure 2. Chipper with 
cover in place 


Note spout through 
which logs are fed 
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pulp. If the chipper is not operated dur- 
ing all shifts, its capacity must be increased 
accordingly, and it is desirable to have 
some excess capacity to allow for shut- 
down time to change knives and for other 
interruptions. 


Determining the Motor Rating 


In order to apply a motor to a chipper, 
it is necessary first to determine the maxi- 
mum horsepower which the motor must 
develop. This maximum peak load oc- 
curs when the largest log is fed. For a 
log the size of the spout, the power re- 
quired can be obtained from column J of 
Table I by multiplying by the number of 
knives. If conditions are not exactly as 
given in the table, the power can be ad- 
justed to suit a different species of wood 
by applying the percentages given in 
Table II, and ratioed directly as the speed 
and as the square of the log diameter. 
The motor must be able to deliver the 
torque corresponding to this maximum 
horsepower. It is obviously possible to 
choose a number of combinations of rating 
and pull-out torque which will give the 
same maximum horsepower; but in gen- 
eral, it is most satisfactory and economical 
to use a motor with 250 per cent pull-out 
torque. With 250 per cent pull-out 
torque, the horsepower rating of the mo- 
tor will be the maximum horsepower, as 
determined, for the largest log divided by 
2.5, and the result adjusted to the next 
higher standard rating. If the power sup- 
ply to the motor is such that the voltage 
drops when peak loads occur, the pull-out 
torque will be decreased when these dips 
occur, and the rating should be adjusted 
accordingly. Remember that the pull-out 
torque of a synchronous motor varies 
directly as the voltage, while the pull-out 
torque of an induction motor varies as 
the square of the voltage. 

The motor horsepower rating ordinarily 
is based entirely on the maximum power 
required by the largest log. With 250 per 
cent pull-out torque motors which are 
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Table Il. Energy Requirements of Chippers 
Cutting 3/4-Inch Chips from Various Species 


of Wood 
Horsepower- Per Cent 
Hours Per of 


Species of Wood Stocked Cord Hemlock 


Hemlock... oiciaiscrisiet wineries Viger Meets 3 100 

Vellow Pine Ay.....2..@eaeank: Gi hes sae 87.1 
Gum wood and poplar....... LOS Acids. 3 142.8 
Oak and other hard woods...12.3........ LID. 7 


recommended for most applications, the 
maximum continuous production rate is 
the value in column J of Table I multi- 
plied by the number of knives. This rate 
is obtained with the optimum log size 
given in column L. If the average logs 
are larger than this optimum diameter, 
the capacity of the chipper must be re- 
duced by intermittent feeding to avoid 
overheating the motor. If this reduction 
in rate of production does not permit the 
requirements of the mill to be met, the 
rating of the motor must be increased to 
obtain greater thermal capacity in the 
motor. If this is done, the pull-out torque 
in per cent can be reduced to maintain the 
same maximum horsepower. If a syn- 
chronous motor is used, the high pull-out 
torque required in a chipper motor will be 
obtained most economically by specifying 
an 80-per cent power factor motor. 


Motor Starting Requirements 


The chipper is started empty, and the 
motor needs to develop only sufficient 
starting torque to overcome the fricton 
of the bearings. Usually, 40 per cent 
torque is sufficient to start under the 
worst conditions which occur after an ex- 
tended shut-down period in cold weather. 
If reduced-voltage starting is used, the 
full-voltage torque must be increased so 
that the required torque of 40 per cent is 
obtained at the reduced voltage. Once 
the motor starts to rotate, the torque 
drops to a very low value represented by 
the running friction of the bearings and 
the windage of the disk. In spite of the 
low torque requirements, it has been the 
practice in the past to specify 80 per cent 
pull-in torque or more for synchronous 
motors. Such high torque is not neces- 
sary for the motor to be able to pull the 
chipper into step, but it does insure a 
high average torque during acceleration 
and a reasonably short starting time. If 
a limited power system makes it desirable 
to hold the starting inrush of the motor 
to the lowest possible value, it may be 
better to allow a longer starting time to 
obtain the lower starting current which 
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Sketch of field poles of a 1,500- 


Figure 3. 
horsepower synchronous motor to drive a 175- 
inch chipper 


Note the heavy starting winding in the pole 
faces to accelerate the high inertia 


the manufacturer can guarantee with 40 
per cent or 50 per cent pullin torque. 

While accelerating the inertia of the 
chipper disk, an amount of heat is de- 
veloped in the secondary or rotor windings 
which is equal to the stored kinetic energy 
of the rotating parts at full speed. In an 
induction motor with a wound rotor, this 
heat can be dissipated in an external re- 
sistor; but in squirrel-cage induction mo- 
tors and synchronous motors, this heat 
must be absorbed by the motor rotor, The 
design of the starting winding becomes 
more difficult in the larger sizes. From 
column E of Table I, it is evident that 
the stored energy increases rapidly as the 
diameter of the disk increases, so that the 
ratio of the stored energy to the rated 
horsepower of the motor increases with 
disk diameter. 

Figure 3 is a sketch of one pole of a 
1,500-horsepower synchronous motor to 
drive a 175-inch chipper, and shows the 
special construction required to absorb 
the heat equal to the 37,500 horsepower- 


Figure 4. Engine type 
synchronous motor 
mounted on chipper 
shaft with outboard 
bearing 


Motor has wide collec- 

tor rings to permit axial 

movement of the rotor 
to adjust the chipper 
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seconds stored in the chipper disk and 
motor rotor. The bars in the pole face 
are about four times normal size, and in 
this machine are made of monel, an alloy 
which maintains its high strength at ele- 
vated temperature. All bars are of the 
same material and are proportioned to 
come to approximately the same total 
temperature to prevent excessive stresses 
from unequal thermal expansion of the 
bars. A flexible joint in the short-circuit- 
ing end ring between each pole prevents 
thermal expansion of the ring from im- 
pressing extra stresses in a radial direc- 
tion. When special designs similar to this 
one are used, synchronous motors can 
accelerate the inertia of the largest chip- 
pers without adverse effects. Synchro- 
nous motors are seldom belted to chippers 
except in the smallest sizes because a high 
speed motor for belted service is smaller 
physically than a direct-connected motor 
with its lower speed, and is less able to 
absorb the heat developed during acceler- 
ation. 


Choosing the Type of Motor 


The choice between an induction motor 
and a synchronous motor and the choice 
of the mechanical arrangement of the 
drive will depend on the size of the chip- 
per. To drive the smallest chippers, up 
to about an 84-inch diameter, belted in- 
duction motors are most commonly used, 
although a few belted synchronous motors 
have been installed. Belting the motor 
permits it to operate at a speed consider- 
ably higher than the chipper speed, with 
some saving in cost. A high speed induc- 
tion motor has better power factor and 
efficiency than a direct-connected motor. 
If the belted motor is put on a separate 
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foundation irom the chipper, it is pro- 
tected to some extent from the vibration 
produced by the chipper, and standard 
mechanical construction can be used. 
From 84-inch up to 110-inch chippers, 
either belted induction motors or engine 


type synchronous motors are used. 
Synchronous motors may be overhung on 
an extension of the chipper shaft, or an 
outboard bearing may be supplied as part 
oi the chipper. See Figure 1 for an over- 
hung motor and Figure 4 for a motor with 
an outboard bearing. By mounting 
the motor on the chipper shaft, consid- 
erable space is saved and belt main- 
tenance is avoided. Unlike induction mo- 
tors, synchronous motors have good ef- 
ficiency at the low speeds required for 
direct-connected motors. Motors rated 
80 per cent power factor will help to cor- 
rect the average power factor of the mill. 
Some engine type motors are designed to 
permit a limited amount of axial move- 
ment of the rotor as required for the ad- 
justment of some makes of chippers. 
Synchronous motor drive has an ad- 
vantage in that the production of chips 
holds up to a maximum because the speed 
remains constant, regardless of load. On 
the other hand, none of the stored energy 
in the chipper disk can be used to carry 
part of the peak loads. The high inertia 
does carry the motor through the very 
high momentary peaks that occur as each 
knife makes its cut. If column G of Table 
I is compared with column £, it is seen 
that the energy required for one full cut is 
never more than 1.4 per cent of the stored 
energy. The inertia smooths out the 
torque peaks so that the effect on the mo- 
tor is about the same as if the actual 
torque is replaced by a constant torque 
equal to the average value of the actual 
torque. A synchronous motor must 
carry the entire load represented by the 
average torque required by the largest log. 
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Figure 5. Squirrel-cage 
induction motor driving 
chipper through V belts 


An engine type motor mounted on the 
chipper shaft must always be of special me- 
chanical construction to withstand the se- 
vere vibration typical of this application. 

Induction motors are also quite com- 
monly used to drive 84- to 110-inch chip- 
pers. They are almost always belted to 
take advantage of the better performance 
of high speed motors. Standard mechani- 
cal construction is usually suitable for 
belted motors mounted on a separate 
foundation. Figure 5is a typical installa- 
tion. If an induction motor is used, it is 
possible to use some of the energy in the 
chipper disk to reduce the power peaks to 
be carried by the motor, and conse- 
quently reduce the maximum current 
drawn from the line. Appendix II givesa 
method by which the variation in speed, 
current, and power of an induction motor 
during a chipping cycle can be determined. 
Examples are given in this appendix of a 
synchronous motor, a normal-slip induc- 
tion motor and a high-slip induction mo- 
tor applied to the same chipper. The 
comparative characteristics of the three 
types are given in Table ITT. 

Because of its reduced efficiency and 
lower rate of production, a high-slip mo- 
tor should be used only in applications 
which have a power supply so limited that 
the higher kilowatt and kilovolt-ampere 
loads imposed by a synchronous motor or 
a normal-slip induction motor cannot be 
tolerated. It is not ordinarily possible to 
help the production rate of a chipper 
driven by a high-slip motor by using a 
belt ratio to give a higher speed at no 
load than is used with a normal-slip mo- 
tor, as the chipper then will exceed its 
permissible speed at no load. A squirrel- 
cage motor can be built with high slip in 
small sizes, but above 150 horsepower, it 
is difficult to dissipate the rotor losses if 
the slip required is more than three or four 
per cent. If higher slip is required, it is 
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necessary to use a wound-rotor motor 
with a permanent external resistor in- 
serted in the rotor circuit. 

Very large chippers with disk diameters 
above 110 inches to 175 inches usually are 
driven by synchronous motors coupled 
through flexible couplings. These large 
chippers are suitable for the large logs 
found in the Northwest, which are 
handled in lengths of 30 feet or more. 
A log 30-feet long has a volume equal to 
480 full cuts with 3/4-inch chips. A 42- 
inch log which could be fed to a 175-inch 
chipper requires 150.8 horsepower-sec- 
onds per full cut, (from column G of 
Table I), or 72,400 horsepower-seconds 
are required to chip the log. The stored 
energy of the disk given in column E£ is 
only 35,700 horsepower-seconds, so it is 
evident that the inertia will not carry the 
load, and the motor must carry the peak 
load before the end of the log is reached, 
even if a high-slip induction motor were 
used. A synchronous motor will carry 
the peak load with less current at better 
power factor than an induction motor, so 
it is favored for this application. 


Mechanical Features of 
Synchronous Motors 


When one of the chipper knives enters 
the log, a shock is imposed on the disk 
and the anvil and transmitted to the shaft 
and foundation. Some of the resulting 
vibration is transferred unavoidably to 
the motor. Engine type motors which 
have their rotors mounted directly on the 
chipper shaft and their stators mounted 
on the base of the chipper are subjected 
to a large portion of the vibration. Even 
motors coupled through flexible couplings 
are subjected to severe vibration and 
must be made much stronger than for 
normal -applications, and consequently 
cost more than standard motors. 

To withstand the vibration, special 


Table Ill. Motor Performance for 88-Inch, 
4Knife Chipper Hemlock Logs 18 Inches in 
Diameter, 4 Feet Long 


Motor Motor Motor 
A* Bi ctr 


2.4.. 3.34.. 4.7 
from line, hp.......... >.790 ..750 ..580 
from line (based on 


pate volts), nS eee 164 186 138 
ciency at ki 
i BO 2 SSE RPE ~ See ess SF. Se Fo 
pproximate average effi- 
ae per cent. ........ 93 89 79 


ae 


* Motor A—300-horsepower 2,300-volt synchronous 
motor with 250 per cent pull-out torque. 

+ Motor B—Similar to A except squirrel-cage in- 
duction motor with 2 per cent full-load slip. 

t Motor C—300-horsepower wound-rotor motor 
with 10 per cent full-load slip, 200 per cent pull-out 
torque. 
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construction is used which can be seen in 
the cut-away view of a large synchronous 
motor of Figure 6. In the stator, the 
main frame rings are made thicker and 
larger in diameter than standard. A 
heavy cover plate is welded to them and 
is extended to the ends of the feet, both 
above and below the base. Additional 
bracing members also are used to stiffen 
the frame against axial movement, and a 
large number of heavy bolts are used to 
fasten the frame to the bedplate. The ro- 
tor is of equally strong.construction, with 
a heavy, one-piece, forged steel spider 
being shown in the picture. This con- 
struction often is used for motors rated 
1,000 horsepower and larger, although 
cast steel-or fabricated steel spiders are 
adequate for the service. In the smaller 
sizes, the spider usually is fabricated of 
heavy steel plate, with the rim, hub, and 
web being made thicker than normal, and 
with additional bracing members added 
to strengthen the structure against axial 
forces. 

Coupled motors are made with very 
heavy bedplates, and at least twice as 
many foundation bolts of increased size 
are used as in standard machines. Mo- 
tors can be supplied with either sleeve 
bearings or antifriction bearings. Sleeve 
bearings can be replaced without dis- 
assembling the motor, can be rebabitted 
by the user, and have less loss during nor- 
mal operation than antifriction bearings, 
although they require more starting 
torque. The chippers usually use anti- 
friction bearings which must be very large 
to support the weight of the disk. If spe- 
cified, motor bearings which are inter- 
changeable with the chipper bearings can 
be supplied at an increase in cost. 


With each knife cut, a torsional shock 
is imposed on the rotating parts. The 
torsional system formed by the chipper 
disk, the motor rotor and the connecting 
shaft should be checked to make sure 
that it is not resonant at one of the im- 
posed frequencies. The knives are not 
necessarily uniform, and this can give 
impressed frequencies lower than the 
principal knife frequency which, in cycles 
per minute, is the rpm multiplied by the 
number of knives. One dull knife will im- 
pose a force once a revolution to give the 
lowest possible frequency. The torsional 


system actually will have two critical 


frequencies because the electrical forces 
between the rotor and stator of the motor 
act like a spring, giving rise to a natural 
frequency much lower than the one with 
a node in the connecting shaft. In most 
applications, this lower critical frequency 
will be safely below the lowest forced fre- 
quency produced by one dull knife. 
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Other adverse conditions to which mo- 
tors driving chippers are subjected are 
excessive moisture and the fine sawdust 
which escapes from the chipper housing 
and is carried into the motor. Some oper- 
ators use enclosed motors and ventilate 
them with clean air. This protects the 
motor, but requires duct work and 
a motor-driven fan to circulate the ven- 
tilating air. If the motors are not 
completely enclosed to exclude the dirt 
entirely, it is usually better to make 
them as open as possible so that the dirt 
can be cleaned out more easily. End bells 
to provide mechanical protection to the 
windings should be made of steel straps 
which do not trap the dirt and permit it to 
be blown out easily. Some makes of 
chippers require special protecting covers 
for engine type driving motors mounted 
very close to the chipper housing. 

The motor windings must have the 
best possible insulation and treatments to 
withstand dirt and moisture. The stator 
windings must be braced more securely 
than usually is done for full-voltage 
starting, as the coils must be held securely 
against the stresses imposed by heavy 
starting duty and loads that fluctuate 
widely and often approach the pull-out 
point. 


Control Requirements 


The requirements for the control for a 
chipper motor are relatively simple, as the 
only operating functions required are to 
start and stop the motor, and to provide 
adequate protection against abnormal 
conditions. In stopping the motor, it is 
frequently considered desirable to pro- 
vide dynamic braking to reduce the stop- 
ping time. Without dynamic braking, the 


Figure 6. Cut-away 
view of a 1,500-horse- 
power synchronous 


motor to drive a 175- 
inch chipper 


Note forged steel spi- 

der, heavy frame, large 

shaft, and rigid con- 
struction throughout 


stopping time is long because of the high 
inertia of the disk. Dynamic braking re- 
duces the outage time required to change 
knives, which may have to be done as 
often as every four hours to maintain pro- 
ductive capacity and chip quality. 
Enclosed control is recommended for 
chipper installations. It must provide 
adequate overload protection and still 
permit uninterrupted operation within the 
thermal capacity of the motor when it is 
subjected to intermittent peak loads. In 
addition to overload protection, controls 
for synchronous motors must provide pro- 
tection against pulling out of step. Pull- 
out protection usually disconnects the 
motor from the power supply, if the peak 
load torques exceed the maximum torque 
of the motor and pull it out of synchro- 
nism. The motor cannot be resynchro- 
nized until the chipper has been unloaded. 
When short logs are being fed, it is pos- 
sible to interlock the motor control with 
the log feed, and automatically unload the 
chipper when the motor pulls out of step 
by stopping the feed. The inertia of the 
disk will finish chipping the log that is 
already in the machine. Under these 
conditions, the control can be arranged to 
remove the field current and initiate the 
starting cycle after the motor pulls out, 
which will cause the motor to accelerate 
and synchronize again without a shut- 
down. A damper winding protective re- 
lay is another desirable feature to include 
in the control for synchronous motors. 
This relay is responsive to conditions 
which cause excessive heating of the pole- 
face starting winding, such as failure to 
start, and will trip the motor off the line 
before serious damage is done. 
Wound-rotor motors applied to chip- 
pers require special starting resistors with 


high thermal capacity. If permanent re- 
sistors are used to increase the full-load- 
slip, they must be specified for continuous 
duty. The secondary control for a wound 
rotor induction motor may be either man- 
ually operated or magnetically operated 
depending on the size of the motor and 
the equipment layout. Automatic con- 
trol is recommended for the primary cir- 
cuit of all types of motors, with electri- 
cally operated main circuit switches and a 
control station located at a convenient 
point. 

The capacity of the mill power distri- 
bution system will determine whether full- 
voltage starting can be used, or if reduced- 
voltage starting is required for either syn- 
chronous or squirrel-cage induction mo- 
tors. If reduced-voltage starting is used, 
the starting torque must be specified high 
enough so that the actual torque at the 
starting voltage will not be less than about 
40 per cent to give some margin above the 
static friction. With very limited sys- 
tems which require the starting kilovolt- 
amperes to be held to a minimum, a 
wound-rotor induction motor should be 
applied. , 

In controls for synchronous motors, it is 
possible to provide automatic means to 
adjust the field current to suit the load. 
By the use of this feature, the peak load 
that the motor will carry can be increased 
by at least 25 per cent. When low starting 
current is wanted, a smaller motor with 
lower starting kilovolt-amperes can some- 
times be used, and the required peak 
torque obtained by automatically increas- 
ing the field current during the peak loads. 

All controls must have the interrupting 
capacity to open the maximum fault cur- 
rents at the motor leads. Normal inter- 
rupting capacity of standard industrial 
control is ten times the motor rating, but 
higher interrupting capacity can be pro- 


vided to meet the actual circuit condi-> 
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R=ratio of applied tor- 
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Q=proportional to 
time 

See Appendix II for 

explanation 


Sm=slip 


tions. Interrupting capacities up to 
50,000 kva at either 2,300 or 4,160 volts 
can be furnished in standard industrial 
controls which use circuit breakers. These 
interrupting capacities can be increased 
to 150,000 kva at 2,300 volts or 250,000 
kva at 4,160 volts by using current limit- 
ing fuses and contactors. For still higher 
interrupting capacities, heavy duty 
switchgear can be supplied to interrupt 
500,000 kva at any voltage which may be 
used in pulp and paper mills. 


Conclusion 


Chipper drive is one of the most exact- 
‘ing applications to which motors are ap- 
plied. The size of the motor is determined 
primarily by the high peak loads which 
occur intermittently when large logs are 
fed. Motors for this application must be 
made mechanically stronger than stand- 
ard to withstand the shock loads and vi- 
bration imposed by the chipper. By us- 
ing modern motors and control, designed 
and built to suit this application, opera- 
tors are assured of many years of trou- 
ble-free service. 


Appendix | 


A stacked cord of round wood occupies 
128 cubic feet of space, of which the solid 
wood occupies 1/4 times the total volume, 
giving 100.5 cubic feet or 173,720 cubic 
inches of solid wood per stacked cord. If D 
is the diameter of the log in inches, and the 
chips are three-fourths inch long, measured 
along the grain, the volume in cubic inches 
of one full cut across the log is given by 


V==xExD*0.589 D (1) 


E, the energy in horsepower-seconds re- 
quired for one full cut across a log of diam- 
eter D is the horsepower-seconds required 
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to chip one cord multiplied by the ratio of 
the volume of a full cut to the total cubic 
inches in a cord. If W is the horsepower- 
hours required to chip one cord from 
Table IT 


_ 8,600 W 0.589 D? 


=0.0122 W D? 2 
173,720 ¥ i @) 


The values for V for the largest size of 
log with a diameter equal to the spout diam- 
eter are given in column Fof TableI. The 
corresponding values of E for hemlock wood 
are given in column G, 

Each knife makes one cut per revolution, 
and the volume of each cut is given by equa- 
tion 1. The cords per hour chipped by one 
knife will be the revolutions per hour, or 
60(rpm), multiplied by the volume of one 
full cut and divided by the cubic inches of 
solid wood in one cord, which gives 2.035 D? 


PERCENT TORQUE AND CURRENT 


Figure 8. Curves of current and torque plotted 
against the ratio of actual slip to the slip at 
pull-out 


Torque is expressed in per cent of pull-out 
torque. Current is in per cent of the real cur- 
rent at pull-out 
See Appendix II 


(rpm) 10-4. The cords per hour per knife 
for the maximum size of log are given in 
column H of Table I. To obtain the actual 
peak rate of production, multiply by the 
number of knives. The power required per 
knife is the number of cords per hour per 
knife as given, multiplied by W, the horse- 
power-hours per cord 


P=2.035 W D? (rpm) 10-4 (3) 


Values of P for hemlock wood are given 
in column J of Table I. To obtain the total 
power required, the values in this column 
must be multiplied by the number of knives. 
The values given in column J are for the 
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speed given in column C. If the chipper is 
operated at any other speed, the power must 
be ratioed directly as the speed. 

In Table I, it has been assumed that the 
motors have 250 per cent ptll-out torque. 
If the horsepower rating of the motor is 
chosen so that at the pull-out point it will 
carry the load imposed by the maximum size 
of log, the continuous rating will be the 
maximum power divided by 2.5. The con- 
tinuous power rating for one knife is thus 
the value in column J divided by 2.5, and 
is tabulated in column K. The rate of pro- 
duction is proportional to the power, so the 
continuous rate is the peak rate divided by 
2.5, and is given-in column J. Both the 


horsepower required and the rate of pro-— 


duction are proportional to the square of 
the diameter of the log. Therefore, the 
diameter of a log which will require rated 
power from the motor equals the maximum 
diameter of log divided by the square root 
of 2.5 which is 1:57. These optimum diam- 
eters are tabulated in column LZ. If logs of 
this diameter are fed end to end, the motor 
will have a steady load equal to its rating, 
and maximum production without overheat- 
ing the motor will be obtained. 

If & is the number of knives, the number of 
cuts made in one second will be the revolu- 
tions in one second multiplied by the number 
of knives. With 3/4-inch long chips, the 
length of log in feet cut in one second will be 


3k (rpm) _ k (rpm) 


Feet /second = = 
41260 960 


The time in seconds to chip one log, whose 
length in feet is ZL, is 


960.1 


k (rpm) (4) 


Appendix Il. Speed Variation 
of an Induction Motor with a 


Suddenly Applied Load 


The shape of the speed—torque curve is 
the same for any induction motor at speeds 
near full speed if the torque is expressed in 
terms of the maximum or pull-out torque, 
and the speed is expressed in terms of the 
slip at which pull-out occurs. This fact is 
used to determine the curves of Figure 7 
from which the variation in speed of any 
induction motor can be found when a sudden 
load of constant torque is applied. Although 
the curves are based on a constant applied 
load torque, they are accurate when used 
for a motor driving a chipper, because the 
high inertia of the chipper disk smooths out 
the torque peaks which occur as each knife 
makes acut. The effect on the motor is the 
same as if the actual torque had been re- 
placed by a constant torque equal to the 
average torque required by the chipper. 
The derivation of these curves is beyond the 
scope of this paper, but instructions for using 
them are given with some illustrative ex- 
amples. .« 

In order to use the curves, it is necessary 
to know the full load slip, Sy, the pull-out 
torque of the motor, and the stored energy 
of the rotating parts. Then proceed as 
follows: 

1. Determine rated torque in per cent of pull-out 


torque. This is 10,000 divided by the pull-out 
torque in per cent. 
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2. Read S/Sm from the torque curve of Figure 8 
for the preceding torque. 


3. Determine Sm, the slip at pull-out. Sm is the 
full load slip divided by the value of S/Sm from 
step 2. 


4. Find the maximum power required by, the log 
from equation 3 or column J of Table I. Multiply 
by the number of knives and ratio to the full load 
speed of the motor. 


5. Determine R. 
Rie Maximum power from step 4 
Rated horsepower X per cent pull-out torque/100 


6. Assume either an initial value of slip or an initial 
value of torque when the log is fed. In either case, 
determine S/Sm for the initial condition, using 
torque curve of Figure 8 if initial value of torque is 
assumed, or dividing by Sm from step 3 if an initial 
value of slip is assumed. 


7. Using this initial value of S/Sm and R from step 
6, read the initial value of Q from the proper curve 
of Figure 7. Interpolate between curves for inter- 
mediate values of R. 


8. Assume an average value of slip and determine 
the corresponding average speed. 


9. Determine the time required to chip one log 
from equation 4 of Appendix I, using the average 
speed from step 8. 


10. Calculate Hm. Hm is obtained by multi- 
plying the stored energy in horsepower-seconds by 
the speed at full load in per cent, and dividing this 
quantity by the rated horsepower multiplied by the 
pull-out torque in per cent. 


11. Calculate the relation between Q and time in 


t 
seconds, O= 35 ,Sm/100 if Sm is in per cent. 


12. Find Q corresponding to the time to chip one 
log from step 9. 


13. Add this value of Q to the initial value found 
in step 7 to obtain the final value of Q. 


14, Read the final value of S/Sm from proper curve 


of Figure 7, interpolating if necessary for inter-- 


mediate values of R. 


15. Determine the final value of slip by multi- 
plying the value of S/Sm from step 14 by Sm from 
step 3. 


16. Compare the initial and final values of slip 
with the average value assumed in step 8. If the 
assumed value was wrong, make a new assumption 
and repeat steps 8 to 16. . 


17. Oncurrent curve of Figure 8, read current for 
final value of S/Sm from step 14. 


18. Similarly, read the current for the full-load 
value of S/Sm found in step 2. 


19. The maximum current drawn from the line is 
approximately the full-load current multiplied by 
the ratio of the current from step 17 to that from 
step 18. 


20. On torque curve of Figure 8, read torque for 
final value of S/Sm found in step 14. 


21. Maximum power drawn from the line is ap- 
proximately the input at full load multiplied by the 
ratio of the torque from step 20 to the torque from 
step l. 


22. Oncurve for R=O of Figure 7, read Q for the 
initial and final values of S/Sm from steps 6 and 14, 
and take the difference. 


23. Convert this to seconds by the relation of step 
11. This is the recovery time for the motor to 
reach the initial conditions again after chipping a 
log. 


24. Total time to chip one log is the time from 
step 9 plus the time from step 23. 


The use of the curves will be illustrated 
by two examples. 


Example 1 


A 300-horsepower squirrel-cage induction 
motor with normal slip is belted to the 4- 
knife, 88-inch chipper considered under 
“Selecting a Chipper.’”” The motor has 
250 per cent pull-out torque and the slip at 
full load is 2 per cent. The stored energy 
from column E of Table I will be increased 
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10 per cent to allow for the motor and the 
belt sheaves to give a total of 2,990 horse- 
power seconds. Full-load torque is 40 per 
cent of pull-out torque, and for this value, 
we read 0.21 for S/Sm. Sm is then 2 per 
cent divided by 0.21 or 9.5 per cent. All 
speeds should be referred to the chipper 
speed, rather than the motor speed. The 
full-load speed is 98 per cent of 400 or 392 
rpm. Using this speed in equation 3, the 
maximum power is found to be 723 horse- 
power for four knives. 


723 


* 300 X 2.5 tee 

This value does not correspond to any 
of the values on the curve, so it will be 
necessary to interpolate between R=1 and 
R=0.8. Assume that the motor is carrying 
half load when the log is fed, or the torque 
is 20 per cent of pull-out torque. From 
Figure 8, S/Sm is 0.1 for this initial condi- 
tion, and the initial slip is 0.19.5 per cent 
or 0.95 per cent. From the curves of Fig- 
ure 7, the initial value of Q is 0.12. If we 
assume that the average slip is 4 per cent 
and the average speed is 96 per cent, from 
equation 4, the time to chip a 4-foot log 
will be 2.5 seconds. 


__ 2,990 98 _ 
™ 300X250 ~~ 


Q 1.35¢ 


t 
~ 2X%3.9X0.095 — 


Then for 2.5 seconds, Q is 3.388, and when 
the initial value of 0.12 is added to this, the 
final value of Q of 3.5 is obtained. From 
Figure 7, the corresponding value of S/Sm 
is 0.69. The final value of slip is 0.69X 
9.5 or 6.55 per cent. Since the initial slip 
was 0.95 per cent, the average between the 
initial and final values is 3.75 per cent. 
This value does not differ much from the 
4 per cent originally assumed, so the deter- 
mination will not be repeated with a more 
accurate value. The current for the final 
value of S/Sm is 123 per cent and for the 
full load value is 46 per cent, giving a maxi- 
mum current of 268 per cent of full load cur- 
rent or approximately 186 amperes. The 
torque corresponding to S/Sm of 0.69 is 
0.93 giving a total power drawn from the 
line of 750 horsepower for a motor with 
93 per cent efficiency. The line currents 
are based on a 2,300 volt motor. 

From the curve for R=0, Q is 2.8 for S/Sm 
equal to 0.1 and 1.67 for S/Sm equal to 
0.69, giving a difference of 1.13, which 
gives 0.84 when converted to seconds. The 
total time of a chipping cycle with 18-inch- 
diameter logs, 4-feet log is 2.5 seconds to 
chip the log, and 0.84 seconds to recover the 
speed lost, or a total of 3.34 seconds. 


Of course, since the maximum torque re- 
quired to chip the log is less than the 
pull-out torque of the motor, it would be 
possible to feed these maximum logs end to 
end, with an increase in the maximum cur- 
rent. From the torque curve of Figure 8, 
S/Sm for 96.5 per cent torque is 0.77, or the 
slip would be 0.77X9.5 per cent or 7.3 per 
cent, and the time to chip one log will be 
reduced to 2.59 seconds. The current for 
S/Sm of 0.77 is 182 per cent, an increase of 
7 per cent which gives a maximum current 
of 199 amperes. 


AIEE TRANSACTIONS 


Example 2 


For this example, let us consider a wound- 
rotor motor of the same characteristics as 
the squirrel-cage motor of example 3, except 
that it has a permanent resistance inserted 
in the secondary circuit to give the motor 
10 per cent slip at full load. With this high 
slip, a portion of the load can be carried by 
the inertia, so a motor with only 200 per 
cent pull-out torque will be tried, instead 
of the 250 per cent required for the previous 
example. Then full-load torque is 50 per 
cent of pull-out torque, and for this value, 
S/Sm is 0.27 from Figure 8. Sm is then 10 
per cent divided by 0.27 or 37 per cent. In 
calculating R and H,», there is a question 
of the proper speed to use. Should 90 per 
cent, the value with the secondary resistor 
be used, or should the full-load speed of 98 
per cent which the motor will have with the 
rings short-circuited be used? The proper 
speed to use is the one for which the torque 
guarantees were made. In this example, it 
is assumed that the motor was purchased as 
a normal machine with 2 per cent slip at 
full load, and the resistor added to increase 
the slip. Thus the pull-out torque is based 
on 98 per cent speed, and this should be used 
in calculating R and Hy. 
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Assume that the motor is carrying full 
load, or the slip is 10 per cent, when the log 


is fed. As determined, S/S ,, is 0.27 for 
this condition, and the initial value of Q is 
0.29 from Figure 7, using R=1.2. Assume 
that the average slip is 20 per cent or the 
average speed is 80 per cent. From equa- 
tion 4, the time to chip a 4-foot log will be 
three seconds. 


_ 2,990 98 _ 
~ “300X2 


m 


t 


O= 34.88X0.37 


=(0.277t 


For three seconds, Q is 0.88, and when the 
initial value of 0.29 is added, the final value 
of 1.12 is obtained for Q. From Figure 7, 
the corresponding value S/S, is 0.63, giving 
a final value of slip of 23.3 per cent. When 
this value is averaged with the initial slip 
of 10 per cent, the average slip is found to 
be 16.7 per cent, which differs from the 20 
per cent assumed. If the assumed average 
speed is corrected to 83 per cent, the time 
to chip a log becomes 2.89 seconds, giving a 
value of Q of 0.8. When the initial value of 
0.29 is added, a final value of 1.09 is obtained 
for Q. 0.62 is the corresponding value of 
S/Sm from the curve, or the final slip is 
23 per cent, giving an average slip of 16.5 
per cent which is close enough to the assumed 
value. Note that it is not rigorously correct 
to average the initial and final values to 
obtain the average speed, since the change 
in speed is not uniform; but it is accurate 
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No Discussion 
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enough for our purpose. This is evident 
from the preceding, where it was found that 
a change from 80 per cent to 83 per cent in 
the average speed made only a minor dif- 
ference in the result. 

The current for S/S,, from Figure 8 is 
114 per cent for the final value and 57 per 
cent for the full-load value, or the maximum 
current is 200 per cent of full-load current 
or 138 amperes for a 2,300 volt motor. The 
torque from Figure 8 is 90 per cent of pull- 
out torque, or the maximum power drawn 
from the line is 580 horsepower. 

From the curve for R=0, for S/S equal 
to 0.27 and 0.62, Q is 2.25 and 1.75, giving a 
difference of 0.5. The corresponding time 
for the motor to recover its speed is 1.81 
seconds, and when this is added to the 2.89 
seconds required to chip the log, a total time 
of 4.7 seconds is obtained for the cycle. 


Example 3 


For comparison, consider a synchronous 
motor to drive the same chipper as the 
previous examples. Since the speed re- 
mains constant at 400 rpm, the time re- 
quired to chip a 4-foot log is 2.4 seconds. 
The motor must carry the full 736 horse- 
power required by the chipper at 400 rpm, 
and with a motor efficiency of 93 per cent, 
the power drawn from the line is 790 horse- 
power. The maximum current will be 218 
per cent of full-load current, or 164 amperes 
for a 2,300 volt motor. 
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Some Fundamentals of a Theory of the 


Transductor or Magnetic Amplifier 


A. UNO LAMM 


ASSOCIATE AIEE 


Synopsis: The old d-c presaturated reactor 
has experienced a revival with the appear- 
ance of the metallic rectifier. The combina- 
tion of these two devices is studied with an 
idealized magnetization curve as a basis. 
Two typical connections are chosen as ex- 
amples, namely one polyphase connection 
without self-excitation and one single-phase 
connection with self-excitation. The be- 
havior is very similar to that of grid-con- 
trolled rectifiers. There is a marked differ- 
ence as to the dynamic properties of the two 
connections. Much more rapid response is 
obtained at correct design than generally 
expected, making the application to quick- 
acting regulators often quite possible. 


N the last 15 years the d-c presaturated 
i reactor, under the name of transduc- 
tor,* has found wide application in Scan- 
dinavia in grid-control gear for mercury 
are rectifiers, as a regulator for metal 
rectifiers, generators, and motors, as a 
transformer and amplifier for measure- 
ment purpose, as a voltage stabilizer for 
a-c networks, as a statical relay for flash- 
lighting, and as a sensitive amplifier for 
photoelectric cells and resistance ther- 
mometers. It has proved a useful tool for 
very accurate voltage and current control 
and has in many cases entered into suc- 
cessful competition with electronic regula- 
tors for similar purpose. It has the great 
advantage over the electronic tube of 
being mechanically as rigid as a trans- 
former and having an almost unlimited 
life and constancy of its characteristics. 
A longstanding prejudice against the 
transductor in favor of the electron tube, 
owing to the former being an inductive de- 
vice with a considerable time delay, has 
been diminished since a better knowledge 
of its characteristics has proved, both by 
theory and experience, that the inertia of 
a well-designed transductor may be very 
small. When used as a regulator for al- 
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ternators, the time delay of the transduc- 
tor can be almost entirely neglected. 

The conventional design of a single 
phase transductor is shown in Figure 14. 
On a three-leg core the a-c winding was 
applied on the outside legs and the d-c 
winding on the central leg or vice versa 
and the device was thus rendered sym- 
metrical as regards the two a-c halfwaves. 
Much more pronounced properties can, 


Figure 1 


symbol for the complete transductor 
should often be useful. Figure 2 shows the 
proposed Swedish standards for such 
symbols. 

Figure 3 shows some connections of 
simple transductor-controlled rectifiers 
with separate a-c and d-c windings. In 
Figure 3A is a single-phase series-trans- 
ductor; Figure 3B shows a single-phase 
parallel transductor; Figure 3C, a 3- 
phase transductor with a half wave 
rectifier; and Figure 3D, a 6-phase trans- 
ductor with a full wave rectifier. 

In the autotransductor connections of 
Figure 4 the alternating current and 


direct current flow through the same © 


winding of the transductor elements. 
Such connections, of course, save a con- 
siderable amount of material. As will be 
shown later these connections have a 


however, be achieved by using two sepa- 
rate cores or transductor elements accord- 
ing to Figure 1B. The two elements can 
be built as ordinary single-phase trans- 
formers without air gap, and the d-c and 
a-c windings should be placed on the same 
leg with low magnetic leakage between 
them. 

In most applications of the transductor 
its alternating current will be rectified, 
often in a metallic rectifier, and we shall 
therefore start at once by studying the 
combination transductor-rectifier. 


Transductor Connections 


In order to facilitate the reading of this 
paper some names will be given to the 
different modes of connection without 
any claim to consider this nomenclature 
as definite. The symbol of the transduc- 
tor element is that of an ordinary single- 
phase transformer but also a simple 
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fundamentally simpler action. 


Figures 
4A and 4B are single-phase and Figure 


4C is 6-phase. The latter connection is 
often called Nordfeldt-connection from 
its inventor, B. Nordfeldt. The six 
transductor windings Ai, As, As, Bi, Bs, 
and B; are arranged on separate cores. 
The amplification of a transductor can 
be very much increased by self-excitation, 
that is, by letting the rectified output 
current pass through an excitation wind- 
ing on the transductor itself. By proper 
choice of the number of turns of this 
winding, the self-excitation can be almost 
Paper 47-141, recommended by the AIEE com- 
mittee on industrial control devices for presentation 
at the AIEE summer general meeting, Montreal, 
Quebec, Canada, June 9-18, 1947. Manuscript 


submitted April 8, 1947; made available for print- 
ing April 25, 1947. 


A. Uno Lamm is head of the general and rectifier 
departments of Allmanna Svenska Elektriska Aktie- 


bolaget, Ludvika Works, Boake: Sweden. 
* For convenience, the Scandinavian terms “trans- 


ductor” and “‘transductor element” will be used in 
this paper. 


AIEE TRANSACTIONS 


i ole 


"a great positive value. 


Figure 2. Proposed 
Swedish graphical 

gs symbols of com- 
plete transductors, 
including all trans- 
ductor elements 


() 


The a-c windings are symbolized by a wind- 
ing symbol and the control d-c windings by 
straight, crossing lines 

A—general symbol 

8—transductor with several control windings, 

the arrows indicating the relative winding 
direction 

C—3-phase transductor 

D—3-phase transductor in single-line dia- 
grams 

E—self-excited transductor, the arrow indi- 

cating the direction of the self-excitation 

relative to the other excitation windings 


100 per cent, so that only a very small 
amount of additional excitation, positive 
or negative, has to be added to vary the 
impedance of the transductor from the 
highest to the lowest value. As high 
power amplifications as ten million times 
have been achieved in this way at an in- 
put power of 0.23 microwatt. The 
additional excitation will be called control 
current in the following but may also 
partly consist of a biasing excitation 
current. Self-excitation may be applied 
to all the connections shown in Figure 3 
by connecting the d-c winding of the 
transductor in series with the rectifier out- 
put circuit and adding a control d-c wind- 
ing to the transductor. Also the auto- 
transductor connections of Figure 4 may 
be used with self-excitation, the ter- 
minals of the transductor being fed from 
a current transformer in the a-c leads over 
a separate small rectifier. 

The most interesting arrangements of 
an auto-transductor with self-excitation, 
however, are those shown in Figure 5. In 
each phase a transductor element and a 
rectifying element are series-connected. 
These cormections are based upon the 
observation that in the conventional con- 
nections with 100 per cent self-excitation 
the resulting magnetisation ampere-turns 
of each core periodically varies between a 
very small negative or positive value and 
Rectifying ele- 
ments inserted in such a way that they 
block the reverse current in the main 
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winding of each transductor element will 
thus lend to the transductor the same 
character of self-excitation and sensitive- 
ness to extra control excitation. Figure 5 
gives some examples of this kind of self- 
excitation as applied to single-phase and 
polyphase transductors. The rectifying 
elements for the self-excitation may at 
the same time constitute the main recti- 
fier, Figures 5A, 5B, and 5C, or there may 
be a separate rectifier as in the case of 
Figures 5D and 5E£. If the rectifying 
elements are ideal, the self-excitation 
would be 100 per cent. With ordinary in- 
complete rectifiers a supplementary self- 
excitation may be arranged, for example 
by a few extra turns traversed by the d-c 
load current. 

In this paper the problem of the be- 
havior of the transductor will be ap- 
proached from two different sides. On the 
one hand, the polyphase autoconnection 
without self-excitation will be examined 
from much the same viewpoints as an 


Figure 3 


ordinary polyphase rectifier according to 
the theory of Dillenbach and Gerecke.' 
On the other hand, a self-excited single- 
phase transductor with a rectifying ele- 
ment in series with each transductor ele- 
ment will be analysed in a somewhat 
different way. 

The traditional way of regarding the 
action of a transductor was the idea of 
varying the reactance of the a-c circuit by 
varying the permeability of the core 
material with the d-c pre-excitation. 
This picture does not, as will be shown be- 


low, very well describe the real per-— 


formance of the transductor. In a fully 
utilized transductor the a-c flux density 
may vary during one a-c period from 
full saturation in one direction to a 
point near saturation in the opposite 
direction, and the permeability there- 
fore varies within a great range dur- 
ing each period. In fact, the average 
flux density will not be determined by the 
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d-c excitation but by the a-c voltage. 
We therefore are going to examine the 
transductor from another point of view, 
taking an idealized magnetization curve 
as a point of departure. 


Definition of the Ideal Transductor 
and Some Fundamental Concepts 


It is assumed that the transductor 
elements fulfill the following conditions: 


1. The magnetization curve of the core is 
ideal, that is, the magnetization current is 
infinitely small up to the saturation value 
and increases very rapidly as the flux in- 
creases, after this value has been reached 
(Figure 6). 


2. There is no magnetic leakage. 


3. The windings have no ohmic resistance. 


This means that as soon as a con- 
siderable resulting amount of ampere- 
turns exists the element will be fully 
saturated. In normal service of the trans- 
ductor these resulting ampere-turns will 
always have a given direction, which we 
will call the positive direction, and the 
core will thus reach saturation only in one 
direction. When the ampere-turns change 
from a higher value down to zero the flux 
will attain the value of the bend point, 
which will be regarded as the zero point of 
flux. Lower values of flux can only be 
attained if the windings are made to ab- 
sorb voltage. The deviation of the flux 
e'E, from the bend point value is thus 
proportional to the voltage-time area, 
which the transductor element has ab- 
sorbed since it prevailed at the bend point. 
We shall call this quantity e- £, flux devia- 
tion.' The zero point of the magnetiza- 
tion curve is of no special significance in 
transductor theory. In normal service 
the flux deviation may rise to a maximum 


Figure 4 
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value represented by the distance between 
the positive and negative bend points. As 
long as the resulting number of ampere- 
turns is finite and positive, the flux devia- 
tion remains at zero and the windings 
cannot take up any voltage. If, however, 
positive voltage is applied to the element, 
the amount of ampere-turns immediately 
goes down to zero and the flux deviation 
begins to increase. 


The Multiphase Autotransductor 
Connection (Nordfeldt Connection) 


Figure 7 shows the Nordfeldt 6-phase 
connection of a_ transductor-controlled 
rectifier. This figure as well as the follow- 
ing reasoning may in part be readily 
generalized, so as to be rendered applica- 
ble to any even phase number. 74, 72, 
and 7; are transformers. A sinusoidal 3- 
phase voltage is applied to their primary 
sides. The six rectifying elements are de- 
noted by 1A, 2A, 3A, 1B, 2B, and 3B 
respectively. The direct current Jy sup- 
plied by the rectifier is consumed by the 
appliance B. The six transductor ele- 
ments, each of which has a single winding, 
are denoted in an analogous way by 14, 
2A, 3A, 1B, 2B, and 3B respectively. The 
excitation current Jy is supplied to the 
conductor O4 and Og by a source of 
direct current K whose voltage may be 
very low since the resistance of the wind- 
ings is assumed to be very small. 

To begin with, it is assumed that the 
transductor is excited to so high a degree, 
that is, J is so much larger than [y that 
all the elements are fully saturated all the 
time and the rectifier operates as if the 
transductor were short-circuited. The 
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Figure 5 
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current I, is equally distributed on the 
three pairs of transductor elements so 
that each takes J,,/3 as an average value. 
The three a-c leads M—T-—N of the recti- 
fier each carry the current J, during two 


120 degree intervals and zero current - 


during two 60-degree intervals of each 
period, just as an ordinary rectifier of this 
type. The current I, is at the points M 
divided upon the two opposite elements, 
each taking the current I,/2, which is 
thus superimposed upon the foremen- 
tioned current J,,/3, always adding to 
this current in one and subtracting from 
it in the opposite of two companion ele- 
ments. As long as J,,/3 is equal to or 
greater than J,/2, that is, Ij, is equal to 
or greater than 3/2(/y), the superposition 
principle holds good, but when J), is re- 
duced to a lower value the resulting cur- 
rent would tend to be negative in one of 
the two elements. This is impossible, 


Figure 6 


due to the general condition mentioned 
before. We will distinguish between the 
following three intervals, each constitut- 
ing, all in all, one third of the period: 


1. Current Jy in the a-c lead goes upwards: 
The A-element carries no current. 


2. Current Jy in the a-c lead goes down- 
wards: The A-element carries the current 
Iy. 


3. Current Jy in the a-c lead is zero: The 
A-element carries a current, which we de- 
note Ip. 


Since the mean value for the whole 
period must be J,,/3, we have 


0+], +In _ 1 
3 3 
In=Iut+ly 


So long as Jy does not equal zero, the 
elements only carry no current during 
the time that the companion element is 
carrying current. O,4, Oz, Mi, M2, and 
M; must then always have the same po- 
tential, since in that case both element 
in one of the three pairs of elements, and 
one of the elements belonging to the re- 


+ The expression “‘degree of charge’’ also has been 
suggested. This wording is in fact preferred by 
the author as it so well pictures the purpose of the 
transductor element, alternatingly to accumulate 
and give off voltage—time amounts, and also is more 
flexible in using. In this paper, however, the ex- 
pression flux deviation will be used, as being more 
rapidly grasped by those not familiar with the art. 
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Figure 7 


maining two pairs, are always carrying 
current. None of the elements can there- 
fore take up voltage but all elements re- 
main continuously in a state of zero flux 
deviation, even when they do not carry 
any current. 

Consequently, in order that voltage 
absorption and reduction in rectifier 
voltage should take place, the condition 
Iy is equal to or greater than Iy 
must be fulfilled. However, J, cannot. 
be inferior to Ty because this would 
imply that the load current of the 
transductor elements could become nega- 
tive. The current J, is of course delivered 
by the source K which has to cover the 
d-c resistance loss in the transductor 
windings and therefore determines the 
value of Jy. Within the range where the 
transulator absorbs part of the 3-phase 
voltage, J, must attain a value equal to 
Iy. The current of each transductor 
element will always follow exactly the 
same course as the corresponding rectify- 
ing element. The current of each trans- 
ductor element periodically drops down to — 
zero just as that of the rectifying element 
in spite of the fact that a constant d-c 
voltage is supplied to the excitation ter- 
minals O, and O,. If the output current 
Iy is not a smoothed ‘direct current, the 
excitation current J, will equal Jy also in 
respect of the wave form. 


Voltage Conditions 


Examination of the voltage conditions 
of the connection will start, with reference 
to Figure 8, from an instant when the 
elements 1A and 3B carry the current, 
phase 7; of the feeding transformer hav- 
ing’ positive voltage and 73 negative 
voltage. The flux of all transductor ele- 
ments remains unchanged while the recti- 
fier supplies the same voltage as in the 
absence of the transductor. When the 

° 
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moment comes at which V2; becomes more 
positive than Mi, the current would be 
transferred from the rectifying element 
1A to 2A, if the transductor were not 
present, that is, if M@, and M, had the 


same potential. Instead of this, M, be- 
comes negative in relation to O, and Oz, 
the transdictor element 2A, which has 
already obtained a certain amount of 
flux deviation (see the following discus- 
sion), is exposed to negative voltage and 
the transductor element 2B to positive 
voltage. Consequently, the flux devia- 
tion of 2A decreases and that of 2B in- 
creases. This implies, of course, that the 
element 2A takes up some amount of 
current, even though this current is in- 
finitely small. The period which has now 
started will be called quasi-commutation. 
It is connected with a kind of overlapping 
between 7; , and 72,4, but the latter current 
remains infinitely small the whole time. 
Finally, however, the element 2A is get- 
ting saturated so that it loses the ability 
of absorbing more voltage. At that 
moment the rectifying element 2A takes 
up current, with the result that the whole 
current is transferred from the rectifying 
and transductor elements 1A to those of 
2A. This process is called real commuta- 
tion. After this real commutation 2A and 
3B are carrying the current. 

Continue to follow the behaviour of the 
transductor element 24, as it may be con- 
cluded from the symmetry that all other 
elements pass through the same course of 
events. During the next commutation 
period 3B leaves the current to 1B as 
usual. This takes place in an analogous 
way involving a period of quasi-commuta- 
tion and a period of real commutation. 
During the following-period of commuta- 
tion 2A hands over the current to 3A ina 
corresponding manner. When the latter 
period of commutation is completed, the 
element 2A does not carry any current, 
but it is still in the condition of zero flux 
deviation. During the interval following 
this, when the elements 3A and 1B are 
carrying current, while both 2A and 2B 
carry very nearly no current, the po- 
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Figure 8 


A—Voltage trace 
B—Course of flux de- 
viation g of element 2A 


tential of M, is the same as that of O, and 
O,. Consequently the elements 2A and 
2B do not carry any voltage and remain 
in an unchanged condition of flux devia- 
tion. At the next period of commutation 
the current is transferred from 1B to 2B. 
During the quasi-commutation Mg, is 
positive in relation to O,-Oz, so that the 
flux deviation of element 2B decreases, 
while that of element 2A increases. When 
the element 2B is saturated quasi-com- 
mutation is superseded by real commuta- 
tion, and the increase of flux deviation of 
2A is therefore completed. Afterwards 
the element maintains this flux un- 
changed until the element itself passes 
through a period of quasi-commutation 
and again loses its flux deviation. 

We have thus found that a transductor 
element obtains its flux deviation when 
the opposite element passes through a 
period of quasi-commutation, loses it 
while the element itself passes through a 
period of quasi-commutation, and its 
flux remains unchanged in the meantime. 

Figure 8 shows the oscillographic traces 
of the voltages and marks (top of the 
figure) the intervals of time during which 
the rectifying elements and the transduc- 
tor elements are carrying current. The 
sine waves /, 2, and 3 represent the volt- 
ages across 71, T2, and T3, respectively. 
The upper thick contour line represents 
the voltage of the conductor P 4 with the 
potential of O,-O, as the zero line, while 
the lower thick line in the same way 
represents the voltage of the conductor 
P,. Consequently, the difference be- 
tween these voltages represents the out- 
put direct voltage across the load B. The 
voltage é: 4 across the transductor element 
2A is represented by a dash-line. Figure 
8B shows the variations in the amount of 
flux deviation gq of the same element. 

It follows from Figure 8 that the trans- 
ductor exerts the same influence on the 
rectifier voltage as the grid-control of mer- 
cury arc rectifiers. Accordingly, we speak 
here of an angle of retardation a analo- 
gous to that of grid-controlled rectifiers. 

Since the transductor elements act to a 
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certain degree as rectifying elements, it 
may be of interest to imagine for a 
moment that they are replaced by the 
latter. It follows that a transductor of 
this kind acts like a grid-controlled short- 
circuited rectifier whose rectifying ele- 
ments replace the transductor elements in 
the circuit. The fact that the transductor 
alone still cannot be used as a rectifier or 
inverter, but can only operate as a short- 
circuited converter is, of course, bound up 
with the circumstance that a transductor 
element must always absorb the same 
voltage-time area for each polarity of 
voltage. 

The rectifier equipped with transductor 
control, as described in the previous 
paragraph, possesses an interesting prop- 
erty, namely, that each of its rectify- 
ing elements gives off its current during 
the real commutation entirely, irrespec- 
tive of the fact that it is a rectifying 
element. Even if the conductivity of the 
rectifying element in the reverse direction 
were good, its current would decrease to 
zero, but would not become negative be- 
cause the companion of the outgoing 
transductor element is charged and there- 
fore not able to absorb current at once. 
Advantage ‘has been taken of this prop- 
erty for a type of moving contact -recti- 
fiers, or with the object of reducing the 
need of absolute accuracy of the contact 
opening. 

The voltage-time area needed by each 
transductor element, that is, the area cor- 
responding to the maximum flux deviation, 
is equal to that voltage-time area which is 
subtracted from the output direct voltage 
D between P, and P, because of the 
operation of the element. If the amount 
by which the voltage on the d-c side is re- 
duced by regulation is AD volts, the 
transductor absorbs an alternating volt- 
age, referred to the fundamental fre- 
quency, whose mean value is 2 AD, where 
p is the total phase number. The total 
transformer rating of the p transductor 
elements, referred to the fundamental 
frequency, will be 


Tv 
re AD 
2/p 
or in the case of p=6 


wv 
——xX ADXI=0.64X ADXxI 
2/6 


taking into account the fact that we have 
in this case only one winding in contra- 
distinction from the two windings of a 
transformer. It might be interesting to 
note that in the case of p= © the total 
transductor rating will be zero. 

It has been assumed, however, that two 


-opposite transductor elements do not 
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take up any voltage in the intervals when 
they carry noload current. This assump- 
tion does not quite agree with the real 
conditions. Even if the current of a 
transductor element, which is not satu- 
rated, is very low according to the 
idealized conditions, there might be a con- 
siderable percentage difference between 
the little currents of the two elements. 
This difference current must escape 
through the M-point of the pair of ele- 
ments and pass through the correspond- 
ing a-c lead, transformer winding, and 
rectifying element. This means that 
after the completion of real commutation 
the transformer voltage will be applied 
to the two elements in the out-going 
phase. The same voltage is applied to 
both elements but with opposite polarity. 
The small current and the voltage pre- 
vail up to the time point where both 
elements have attained the same flux de- 
viation and therefore the same small 
magnetization current. The phenomenon 
has therefore been denoted process of 
equalization. 

Figure 9 shows the voltage conditions 
when considering the process of equaliza- 
tion. The new process means that the 
voltage-time area induced in each ele- 
ment will be doubled as compared with 
the above case, that is, the transductor 
rating will be doubled for the same regula- 

_tion capacity. This is valid up to a con- 
trol angle of 41 degrees, 24 minutes (p=6). 
When the control angle is increased fur- 
ther, the interval of quasi-commutation 
and that of equalization begin to coincide. 
The increase in voltage stress upon the 
transductor, due to the process of equali- 
zation, is then reduced. 

The process of equalization is of quite 
obvious importance for the dimensioning 
of transductors of this kind. It is, how- 
ever, to a certain extent suppressed by the 
hysteresis of the core material and it can 
also be neutralized by artificial means. 

This whole chain of reasoning holds 
good up to a control angle of a=60 de- 
grees, that is a direct voltage reduction of 
50 per cent. 

It is obvious that the voltage-current 
characteristic of a rectifier controlled by 
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Figure 10. Phase 

retardation angle a, 

overlap angle u, cur- 

rent in element 2A 
a 


an idealized transductor of this kind will 
be such that the voltage remains constant 
at the full value up to a load current equal 
to the excitation current of the transduc- 
tor and thereafter steeply drops, keeping 
the current constant at that value. The 
latter range, where the rectifier output 
current is kept constant, is that where the 
transductor really comes into operation. 
If the control current Jy, of the trans- 
ductor is varied, the output current also 
varies and always equals the control cur- 
rent, irrespective of the variation of 
primary voltage and d-c load resistance. 
This so called current-transformer charac- 
teristic is typical of well-designed trans- 
ductors and is also of great importance 
where self-excitation is used, to make it 
effective within a large range of regula- 
tion. 

The constant current regulation of the 
simple transductor-controlled rectifier is 
also made extensive use of for battery 
charging, as in electric vehicles. 

The deviations of the real transductor 
from the idealized case appear in the 
first instance in the fact that the two 
branches of the magnetization curve are 
not perpendicular to each other but that 
both have a certain slope. The leakage 
reactance of the winding can be repre- 
sented by an increased slope of the mag- 
netization curve within the saturation 
range. This slope, on the other hand, will 
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have that effect upon the mode of action 
of the transductor that the real commuta- 
tion does not take place momentarily but 
has a certain duration. In the course of 
the rectifier output voltage, the interval of 
real commutation will appear quite in the 
same way as the well-known interval of 
overlap in ordinary polyphase rectifiers. 
Figure 10’shows the voltage trace of this 
case and also the voltage e., absorbed by 
one of the transductor elements. The 
line 72, represents the current in the same 
element. 

The slope of the magnetization curve 
within the nonsaturated range will be 
of less significance but has a certain in- 
fluence upon the current 72, shown in the 
figure. 

The effect upon the output voltage- 
current characteristic of the rectifier will 
be a certain slope of the upper branch of 
the characteristic due to the mentioned 
overlap, on one hand, and reduced steep- 
ness of the voltage drop, when the current 
tends to pass through the value of the 
excitation current, on the other hand. 
The shape of the entire voltage—-current 
characteristic of the rectifier can be cal- 
culated readily from the data of the mag- 
netization curve, but the demonstration of 
this calculation will extend beyond the 
scope of this treatise. 

Figure 11 shows some _ oscillograms 
taken at actual tests of the connection 
studied. The transductor elements were 
built as ring cores of the mu-metal-type 
iron-nickel alloy. Figure 114 shows a 
case of light load and low reduction of d-c 
voltage by transductor control and is to 
be compared with the theoretical picture 
of Figure 9. The intervals of equalization 
and quasi-commiutation are seen clearly 
in the course of the element voltage e2,. 
A small oscillation just after the end of 
the former interval is due to winding 
capacity. The oscillogram of Figure 11B 
is taken at higher load, where the effect of 


ATEE TRANSACTIONS 


the slope of the magnetization curve 
within the saturation range is consider- 
able, so that the duration of the real com- 
mutation is visible. It appears in the 
oscillogram of the voltages in quite the 
same as the interval of overlap in a mer- 
cury arc rectifier. 

The measurements represent, of course, 
a case of a particularly good transductor. 
But with far more primitive, commercial 
transductors, too, the phenomena de- 
scribed are so well pronounced that a 
theory fundamentally based upon the 
concept of an idealized transductor has 
proved to be justified. 

Other polyphase connections can be in- 
vestigated in the same manner as the 
Nordfeldt connection. The 6-phase 2- 
winding transductor, according to Figure 
3D, has thus been investigated by the 
described method and proves to bring 
about regulation of the. d-c output volt- 
age in fundamentally the same way as 
the Nordfeldt connection. The total 
transformer rating of the transductor will, 
however, in this case be more than three 
times that of the former connection. 


The Single-Phase Transductor 
With Self-Excitation Rectifying 
Elements Directly in Series 
With Each Transductor Element 


This type of connection, illustrated in 
Figures 5B and 5D, is chosen as a second 
example, partly because it has a great 
practical interest, and partly because its 
theoretical behavior to a certain extent is 
contrasted with that of the Nordfeldt con- 
nection. 

The simple series-connection of a 
transductor element, a rectifying element, 
and a low resistance, according to Figure 
12, will first be studied. A sinusoidal 
alternating voltage is impressed upon the 
circuit. The transductor element is pre- 
excited by the small control current J, 
which is smoothed by a large reactor L. 
The magnetization curve of the transduc- 


tor core is in this case only so far idealized ’ 


that the upper branch is considered 
horizontal and the bend point sharp, while 
the slope within the non-saturated range 
may be finite. The voltage course is 
described with reference to Figure 12C. 


The sine wave represents the primary a-c 
voltage, while the thick contour line will. 


represent the voltage across the load re- 
sistance R and therefore also the current 
in the circuit. Before the point 0 the 
primary voltage was negative and there- 
fore absorbed as reverse voltage of the 
rectifying element, the current being zero. 
The current J, of the control winding, 
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Oscillograms, corresponding to 
Figures 9 and 10 


A—Light load B—Heavy load 
p24 = voltage and ia = current of rectifying 
element 2A 
Dae = output voltage 
e24 = voltage and /e4 = current of the trans- 
ductor element 2A 


Figure 11. 


which may be negative or positive and is 
indicated in Figure 12B, is thus the only 


‘magnetization current of the transductor 


element and therefore also determines its 
flux deviation. During the interval 0—ap 
the transductor element absorbs the 
voltage, the flux deviation decreases and a 
small increasing positive magnetization 
current passes through the circuit. This 


gives rise to a slight voltage drop in R. 


At point ao, however, the flux deviation 
has reached zero, that, is the saturation 
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point is attained. The transductor ele- 
ment then ceases to absorb voltage and 
the whole voltage is applied upon the re- 
sistance. After the point a, where the 
voltage reverses, the transductor element 
can again absorb the voltage, now with 
increasing flux deviation. The current 
through the circuit is still maintained in 
the positive direction but at the low value 
of the unsaturated element, and at point 
ao! the current has dropped to zero, and 
during the remaining part of the negative 
interval the voltage is applied as reverse 
voltage over the rectifying element. 
After the point 27 the course is repeated in 
the same manner. The two voltage-time 
areas M and O are absorbed by the trans- 
ductor element and are equal, while the 
area N represents the output voltage 
applied to the load R. 

By varying the control current Is we 
can vary the angle a and the output 
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voltage. As in the Nordfeldt connection 
the transductor control is quite analogous 
with grid-control of a mercury arc tube. 
It is, however, interesting to note that in 
this case the angle of retardation is de- 
fined by the excitation current, while in 
the case of the Nordfeldt connection there 
was no such definite relation. The differ- 
ence is typical of the difference between 
a_ self-excited and a _ non-self-excited 
transductor. : 

The complete single-phase transductor 
of the type described in this paragraph 
can be connected as in Figures 5B and 5D. 
If the load is resistive, the chain of reason- 
ing just made can be directly applied to 
each of the two transductor elements. 
Each element will absorb the same 
voltage areas M and O simultaneously but 
of opposite polarity and there will be 
therefore no alternating voltage induced 
across the d-c excitation terminals. The 
smoothing reactor L can therefore be dis- 
pensed with. This reasoning holds good 
as long as there is no resistance in the 
transductor winding and as long as the 
load is a pure resistance. In most cases 
the d-c load of the transductor-rectifier 
combination is inductive or has a counter- 
electromotive force and in that case, as in 
the case of real magnetization curve, cer- 
tain deviations from the idealized case 
above will of course occur, but that mode 
of operation will still fundamentally be 
the same and the deviations may easily 
be calculated. Figure 13 shows some 
oscillograms taken with a commercial 
transductor element of this kind. The 
quantity e is the primary alternating 
voltage, 7, is the load current, and ey is 
the voltage across the rectifying element. 
The figure shows three cases with dif- 
ferent amounts of phase control. 

A practical characteristic of a commer- 
cial transductor amplifier of this kind is 
shown in Figure 14, the transductor built 


Figure 12 


A—Circuit diagram 
B—Idealized magnetization curve 
C—Voltage and current trace 
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Figure 13. Oscillo- 
gram, corresponding Le 
to Figure 12 Ae 


e = a-c primary volt- 
age 
i4 = load current 
e, = voltage over rec- 
tifying element 


with ring cores of silicon-steel transformer 
sheets. The abscissa represents the 
current through the control winding, 
which had a resistance of 240 ohm, while 
the ordinate represents the output direct 
current, which passed through a load re- 
sistance of 65 ohms. It can be seen that 
between the points P; and P, an output 
variation from 0.65 to 16 watts has been 
obtained by an input variation of Ai=0.2 
milliampere or 10 uw, calculatedas ( Ai)?X 
240, that is,a power amplificationof about 
10°. On the transductor elements there 
is still space enough for two more control 
windings of this rating. A stable primary 
voltage of 100 volts is assumed; if the 
primary voltage is not constant, a some- 
what lower amplification must be ex- 
pected. 
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Dynamic Conditions 


The currents on the output and control 
sides of a nonself-excited transductor 
follow each other momentarily. If the 
voltage: across the control terminals is 
suddenly changed, however, the ultimate 
current values are only reached with a 
certain delay. 

In “The Multiphase Autotransductor 


Connection” it was found that the volt-. 


age-time area absorbed by each trans- 


ductor element during one period is in a 


fixed relation to the output voltage of the 
rectifier. The average flux and its devia- 
ation from the saturation point therefore 
also has a fixed relation to this quantity. 
It should be especially observed that the 
average flux is thus not primarily related 
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to the control direct current. Now every 
change of average flux in the transductor 
elements, which will always have the 
same direction in all elements in relation 
to the control d-c terminals, will induce a 
voltage in the d-c winding. Seen from the 
other side, a voltage applied to the d-c 
terminals will provoke such a change. 
Within reasonably small control intervals 
the flux deviation is proportional to the 
output direct voltage D. If Dy is the 
control voltage we therefore have 

dD 

ee 

where c is a constant. 

For the Nordfeldt connection a special 
calculation, for which there is no space 
here, has given c=3f, where f is the a-c 
frequency. This formula means that if a 
certain voltage—exceeding the resistance 
drop in the winding—is applied to the con- 
trol terminals, the output direct voltage 
is changed by a certain time rate. The 
time delay of a certain regulation process 
is therefore fundamentally not dependent 
upon the characteristics of the transduc- 
tor, but upon the character of the load. 
If, for instance, the load is a pure counter- 
electromotive force so that the quantity 
D is kept constant, the current can be 
changed without inertia. If, on the other 
hand, the load is a resistance, it will delay 
the establishment of a new state of 
equilibrium, as in that case a change of 
output voltage must be achieved in order 
to obtain a change of current. Even if 
the foregoing formula has, of course, a 
rigorous validity only for the ideal trans- 
ductor controlling an ideal rectifier, it is, 
with reasonable approximation, applica- 
ble to most practical cases of nonself- 
excited transductors. 

The dynamical problem of the self- 
excited transductor is most conveniently 
approached in a somewhat different way. 
The single-phase transductor with a 
rectifying element in series with each 
transductor element is, again, chosen as an 
example. (Compare Figure 5B or Figure 
5D with Figure 12.) 
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It was found in “The Single-Phase 
Transductor With Self-Excitation Recti- 
fying Elements Directly in Series With 
Each Transductor Element” for that con- 
nection that the maximum flux deviation 
was solely determined by the amount of 
control current. Also, the voltage ab- 
sorbed by the transductor and the output 
direct voltage are therefore defined by 
the control current, independently of the 
momentary value of the load impedance. 
The output voltage will immediately 
follow a change of the control current. 
But such a change will be accompanied by 
a variation of average flux. This will in- 
duce a voltage in the control winding, 
tending to delay the change of control 
current. The action is similar to that of 
an ordinary reactor, and a time constant 
T=L/R can be defined where R is the 
resistance of the control winding and L 
has a simple relation to the slope of the 
magnetization curve within the. non- 
saturated range. With this type of trans- 
ductor, the time constant is thus pri- 
marily attributed to the transductor it- 
self and comparatively independent of the 
load circuit. 

These fundamental conditions are typi- 
cal of all transductors with 100-per-cent 
self-excitation and are very similar to 
those of a separately excited d-c generator. 
Generally the relation between speed of 
regulation and amplification factor is 
much higher for the transductor than for 
the machine. It may be still increased by 
the use of higher a-c frequency. 


Conclusions 


The transductor, treated from an ideal- 
ized viewpoint, acts more as a switching 
than an inductive device, with pro- 
nounced similarity to the grid-controlled 
rectifier. Characteristics not very far 
from that of the idealized case, and easy 
to calculate from that case, can be ob- 
tained with commercial transductors, 
built up from a number of single-phase 
transformer cores equal to the number of 
phases. Very high power amplification 
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Figure 14. Measured characteristic of single- 
phase ring-core transductor 


and good utilization of the material make 
the properly designed transductor a useful 
tool in regulators of a great variety. The 
dynamic properties of a given transductor 
and application can be precalculated in a 
comparatively simple way, which is 
valuable in the design of stable regulators. 
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High-Voltage Power-Iransformer 


Design—ll 
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Synopsis: The previous part of this paper 
covered the initial development and appli- 
cation of the distributed concentric type of 
power transformer design. This type of 
design is chiefly suited for the larger sizes of 
power transformers in voltage classes of 
138kvandup. This part deals further with 
the distributed concentric type transformer. 
Principal points covered are 


1. Commercial impulse voltage testing is discussed. 
Impulse distribution tests made at low voltage have 
been adopted as standard commercial tests for dis- 
tributed concentric type transformers. These tests 
determine the distribution of impulse voltage in the 
transformer winding for any specified shape of ap- 
plied wave. Typical distribution tests are reported 
as taken on 2 commercial transformer. 


2. A new form of insulating cylinder has been de- 
veloped for application in the major insulation struc- 
ture. The cylinder wall is unique in that it is 
porous and contains no bonding agent. This re- 
sults in improved characteristics as compared to 
conventional type composition cylinders. The por- 
ous cylinder is made by a novel process which is 
illustrated and described. 

3. Application of the basic design has been ex- 
tended now to include transformers in the 138-kv, 
161-kv, and 230-kv voltage classes. A particularly 
large transformer, weighing 250 tons complete, has 
been manufactured. Shipment was made to the 
Pacific Coast with the transformer proper assembled. 
The shipping clearance problem was met with a 
novel tank construction which is illustrated and 
described. 

4. Field experience is reported with transformers 
subjected to short circuit while in service, and also 
with 2 transformer involved in a railway wreck dur- 
ing transportation. 


N THE WINTER of 1942-43 three 

90,000-kva banks of single-phase dis- 
tributed-concentric-type transformers 
were installed at the famous war-built 
Shipshaw powerhouse in upper Quebec, 
Canada. Each bank steps up the output 
of one generator to the transmission 
voltage of 154 kv. 

The initial development of the dis- 
Paper 47-144, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer general meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 


March 5, 1947; made available for printing April 
28, 1947. 


M. B. Matiett is transformer engineer in the 
English Electric Company of Canada, Ltd., St. 
Catherines, Ontario, Canada. 
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tributed ‘concentric type of transformer 
design, and its application to the Ship- 
shaw transformers, were covered in 1943 
by an Institute paper.t. The basic design 
is also covered and described in British 
patent number 581506. 

This type of design is suited chiefly 
for the larger sizes of power transformers 
in voltage classes of 138 kv and up. 
Essentially the design comprises a series 
of cylindrical high-voltage coils which are 
distributed concentrically between a 
cylindrical shield and the low voltage 
winding. See Figure 1. 

Sinee 1943 further development and 
application of the basic design have been 
carried out. This further work, together 
with field experience on the Shipshaw 
transformers, forms the basis of the pres- 
ent paper. 


Commercial Impulse 
Voltage Testing 


Full voltage impulse testing of com- 
mercial transformers is a controversial 
and complex subject. The following 
analytical points are submitted on this 
widely debated subject. 


1. The specific subject of commercial im- 
pulse voltage testing is often confused with 
the general subject of impulse voltage re- 
search and experimentation. In the trans- 
former shop, the primary function of com- 
mercial testing is to prove the product to the 
greatest degree practical; the primary func- 
tion of impulse voltage research is to im- 
prove the product to the greatest degree 
practical. These fundamental concepts 
must be kept in mind. Under present cir- 
cumstances the desirability of full voltage 
impulse testing of commercial transformers 
is questioned. The desirability to the trans- 
former manufacturer of a continuous im- 
pulse voltage research program, together 
with full voltage laboratory facilities, is not 
questioned. J 
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2. Full voltage tests may catise incipient 
failures which cannot be detected by any 
of the standard American Standards Associ- 
ation methods.? An additional method has 
been proposed involving pictures of the 
neutral impulse current.2 At the present 
time there is no positive assurance that this 
new method is infallible. The importance of 
detecting failure in commercial testing is 
paramount. Any testing procedure of com- 
mercial transformers which may result in 
undetected damage is difficult, if not impos- 
sible, to justify. This inescapable point has 
been raised many times. It must be faced 
squarely. Of secondary importance is the 
fact that full voltage commercial testing, 
conducted in accordance with present meth- 
ods, is complicated and of the nature of a 
highly specialized laboratory procedure. 
Such testing does not lend itself readily to 
routine production work. Undue expense 
and loss of time are incurred. 


3. It is no doubt safe to say that most of 
the high voltage power transformers, as 
now installed in any particular country 
throughout the world, have not been impulse 
tested. Also, that high voltage power trans- 
formers have,a remarkably good over-all 
service fecord in any particular country, 
including South Africa where lightning con- 
ditions in general are more severe than in 
North America. Viewed in proper perspec- 
tive then, it would seem that the question of 
commercial impulse testing is actually not 
as critical as we often are led to believe. 
However, most operators on this continent 
are concerned deeply over the hazard of 
lightning failure. Also, many operators 
believe that the low frequency test alone 
does not prove the high voltage transformer 
to a sufficient degree in respect to service 
voltage conditions. 


Careful consideration of these points 
has led to adoption for the present of the 
following procedure in respect to dis- 
tributed concentric type transformers. 


1. Impulse voltage distribution tests are 
made on the high voltage windings of all 
commercial transformers for which such tests 
are specified by the purchaser. These tests 
are made at low voltage-(about one kilovolt). 
They determine the distribution of impulse 
voltage in the winding for any specified 
shape of applied wave. In contract tenders, 
the distribution of impulse voltage in the 
high voltage winding, corresponding to a 
stated shape of applied wave, is specified to 
the purchaser by actual figures. Thus, the 
degree of control of impulse voltage distri- 
bution is predefined. When the machine is 
assembled the distribution of voltage is 
meastired and the results compared with the 
specified maximum values in the contract. 
ATEE TRANSA 
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Figure 1. Measured distribution of impulse 
voltage in a 230-kv winding 


2. No full voltage impulse tests are made 
on commercial transformers. 


3. A continuous impulse voltage research 
program is carried on in order that the basic 
design can be improved continuously. All 
testing in connection with this program is 
carried out on experimental structures. The 
program includes low voltage distribution 
testing, as carried out on commercial ma- 
chines. These tests provide basic stress 
data. The program also includes full voltage 
testing to destruction of complete winding 
structures as well as component parts 
thereof. These tests provide basic insulation 
strength data. 


Insulation testing of a transformer 
winding can be considered as a demon- 
stration that the strength of each part is 
sufficient to withstand the stress imposed 
thereon with specified voltage conditions 
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BETWEEN COILS 
MEASURED VOLTAGES 


held at the winding terminals. The low 
frequency test checks the strength versus 
stress relationship for each part under 
low frequency conditions, that is, with 
uniform voltage distribution. The im- 
pulse distribution test checks the stress 
only, as imposed on the parts under im- 
pulse voltage conditions, that is, with 
nonuniform voltage distribution. How- 
ever, by demonstrating the actual dis- 
tribution of impulse voltage, the dis- 
tributiom test considerably increases the 
significance of the low frequency test. 

The more closely the distribution of 
impulse voltage approaches uniformity, 
the more nearly the low frequency test 
becomes a valid means of judging the 
impulse voltage strength. Tests dem- 
onstrate that, for all practical purposes, 
the impulse distribution in the distributed 
concentric winding does not deviate 
unduly from uniformity. Thus the low 
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frequency test becomes a criterion of 
impulse voltage strength to a consider- 
able degree. While the combination of 
distribution test and low frequency test 
does not prove directly the impulse 
strength, it does provide the purchaser 
with considerably more evidence and data 
than the low frequency test alone. 

As contrasted to commercial full volt- 
age testing, the commercial distribution 
test completely eliminates the serious 
hazard of undetected damage. Also, 
the distribution test is inherently a simple 
and practical test which lends itself 
readily to routine production work. 
Such testing can be conducted quickly 
and at reasonable expense. 

The testing procedure as just outlined 
steers a middle course between the ex- 
tremes of no commercial impulse testing 
and full voltage commercial impulse 
testing. The procedure has been adopted 
for the present as a practical compromise 
which best meets the conflicting factors 
as they now exist. 

Figure 1 shows the results of a dis- 
tribution test as taken on a commercial 
distributed concentric type transformer. 
The measured voltages were scaled from 
the oscillograms shown in Figure 2. 

In practice it is only necessary to take 
a relatively small number of measure- 
ments in order to establish the ruling 
stress picture in the distributed con- 
centric winding structure. Typical meas- 
urements ordinarily required are as 
tabulated in Figure 1, excepting that 
voltages involving tap leads are included 
only for one tap connection. The meas- 
urements shown determine ruling stresses 
to ground, between coils, and between 
taps. Excepting for tap portions, all 
ruling stresses for this type of winding 
structure ordinarily are located at or near 
the coil ends. See discussion of voltage 
distribution in part I of this paper. 

The ruling stresses between turns are 
substantially less than five per cent of 
applied voltage. It is not practical to 
measure stich small voltages and therefore 
turn voltages are not included in Figure 
1. If desired, however, turn to turn 
taps can be built*into a critical portion 
of the winding, such as adjacent to the 
line. While it is not practical to scale 
these turn voltages on the oscillograms, 
the pictures will demonstrate that the 
maximum amplitudes are less than five 
per cent. 

Figure 3 was taken when the test 
actually. was being conducted. The 
permanent winding connections are not 
completed and all coil ends and tap leads 
are available for testing. The test is 
made conveniently with the transformer 
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on the shop floor and out of oil, the stress 
distribution with air immersion being sub- 
stantially the same as that with oil im- 
mersion. 

Equipment used for the test includes 
a low voltage impulse generator, cathode 
ray oscillograph, wave meter, and camera. 
The generator is arranged to discharge 
repetitively. By repetitive sweeps the 
oscillograph records the voltage-time 
picture as a standing image on a fluores- 
cent screen. Thus photographic records 
can be made quickly and conveniently 
with an ordinary camera. 

In commercial testing, photographs are 
taken of the applied wave and of all 
the measured voltages. A permanent 
commercial test record is made up which 
includes data as shown in Figure 1, to- 
gether with prints of all the films as 
shown in Figure 2. 


Porous Insulating Cylinders 


Insulating cylinders are a vital part of 
the core type transformer. In the dis- 
tributed concentric structure, a number of 
spaced concentric cylinders function di- 
electrically as the primary solidcomponent 
of the major insulation. At the same 
time the cylinders function mechanically 
as a supporting frame work for the entire 
high voltage winding and shield structure. 
Thus the dielectric and mechanical char- 
acteristics of these cylinders are of first 
importance. 

Conventional insulating cylinders, as 
heretofore used in power transformers, 
are of composition type. They com- 
prise wound paper strip plus a binder such 
as shellac or bakelite. The wall structure 
is impregnated completely with the 
binder. Such a cylinder structure has 
the following limitations: 


1. Thin fissures are commonly present in 
the wall structure. These may develop 
during manufacture of the cylinder or sub- 
sequently, and are difficult to detect. Since 
impregnation with the binder makes the 
cylinder wall impermeable, it is ordinarily 
impossible to fill these fissures with ‘ he trans- 
former immersing oil. Accordingly, com- 
position cylinders containing fissures present 
a serious breakdown hazard, particularly 
under conditions of high axial stress. 


2. As compared to plain unimpregnated 
fibrous material, the presence of the binder 
tends to reduce the axial creepage strength 
along the cylinder. Also, the binder pro- 
motes tracking under conditions of excessive 
stress. 


8. Composition cylinders are brittle. They 
tend to crack when subjected to deformation 
or a sharp blow. 


A new type of insulating cylinder has 
been developed in which these deficiencies 
are eliminated. The cylinder structure 
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Figure 2. Typical oscillograms included: in 
commercial test report 


comprises a dense felted mat of inter- 
locked cellulose fibers, and contains no 
cement or bonding agent of any kind. 
Because of their nature the cylinders 
have been called ‘‘fiberlock” cylinders. 

Since the wall structure contains no 
binder it is porous. Any fissures which 
may exist are filled readily with the 
transformer oil and the hazard of break- 
down caused by sealed-in voids is elimi- 
nated. Also, the fiberlock cylinder pos- 
sesses superior creepage and antitracking 
characteristics. Mechanically the cylin- 
der wall is a unitary and homogeneous 
structure which is hard, strong,and tough. 
At the same time the cylinder is not 
brittle. 
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In the manufacture of fiberlock cylin- 
ders, wet fibrous stock is first built up 
on a mandrel. The raw material is 
brought in from a board-making mill. 
It comprises felted rolls or sheets of rag 
fibers which have been maintained in the 
original wet state as first taken from the 
pulp solution. 

The wet stock then is kneaded and 
compacted by the unique method il- 
lustrated in Figure 4. In this method an 
endless steel cable loop is wrapped spirally 
about the cylinder, the cable being held 
in tension by an overhead traveling air 
cylinder. The mandrel is then revolved, 
with the result that the cable helix travels 
laterally by screw action across the 
cylinder surface. Pressures up to 1,000 
pounds per square inch thus are applied 
progressively and repetitively to the 
entire fibrous mass. This simple method 


AIEE TRANSACTIONS 


effectively works the wet material into a 
unitary mat having a high degree of 
compactness. 

Finally the remaining water is ex- 
tracted from the structure by the ap- 
plication of heat and vacuum. This 
produces a further increase in density, 
due to the powerful natural shrinkage 
action of the now compact and unitary 
fibrous mat about the supporting man- 
drel. The density of the finished. dry 
cylinder thus produced exceeds 1.1 grams 
per cubic centimeter. 

Changes in dimension of the finished 
cylinder due to reabsorption of moisture 
are relatively small. Moisture reabsorp- 
tion and dimensional changes are elimi- 
nated, however, by impregnating the 
cylinder with hot paraffin when it is dry 
and still on the mandrel. When the 
transformer is oil immersed, the paraffin is 
leached out of the cylinder structure and 
is replaced by the transformer oil. The 
small percentage of wax thus added to 
the oil volume of the transformer does 
not affect materially any of the char- 
acteristics of the oil. 

In general the electrical and mechanical 
characteristics of the fiberlock cylinder 
are similar to those of calendered rag 
stock pressboard—a material universally 
considered as one of the best transformer 
insulations available. 

Fiberlock cylinders have been applied 
over the past three years to more than a 
million kilovolt-amperes of transformers. 
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A typical application is illustrated in 
Figure 5. 


Application of Design 


Since completion of the 154-kv Ship- 
shaw transformers in 1943, application of 
the basic design has been widened to 
include transformers in the 138-kv and 
230-kv voltage classes. The 138-kv trans- 
formers were all single-phase units with 
typical power transformer ratings. 

A particularly ‘large 230-kv trans- 
former of the distributed concentric 
type has been manufactured and shipped 
to the Pacific Coast. 
now under construction in the shop. 
The transformer is three phase and 
is for tying a 230-kv transmission circuit, 


Figure 3. Conducting 
a commercial distribu- 
tion test 


Mallett—Power Transformer Design 


A sister unit is_ 


Figure 4. Processing fibrous insulating 
cylinders 
tapped off the Bonneville system, 


with the 69-kv primary distribution 
system of the British Columbia Electric 
Railway Company. The chief function 
of the tie is to provide 2-way stand-by 
service between the two systems. 

An on-load tap gear is connected di- 
rectly in the 230-kv winding to provide 
tie-in flexibility. In addition, a third 
winding of the transformer provides for 
synchronous condenser regulation at the 
tie point, 

The machine has an equivalent physical 
capacity of 50,000 kva and weighs 250 
tons complete. It has banked radiators 
and occupies a floor space of 34 by 29 
feet. 

Shipment was made with the trans- 
former assembled, including core and 
coils, tank proper in one piece, tank 
cover proper, and on-load tap gear. 
Thus maximum protection of the trans- 
former was assured, together with mini- 
mum installation work. 

Shipment of so large a transformer in 
this manner was made possible by a 
unique tank construction. All three 
shipping dimensions—height, length, and 
width—required special consideration. 

The problem of shipping height was 
met by a novel well type of tank con- 
struction. See Figure 6. In this con- 
struction the core and coils are slung 
between the side walls of a well at the 
bottom of the tank. The core and coils 
rest directly on the bed plate of the well 
and the lower end of the core is only one 
inch above the car loading platform. 
The sub-base structure, required for 
horizontal transfer of jacking force, is 
built around the well and made integral 
with the side and end walls of the well. 
Thus, the shipping height is reduced by 
an amount approximately equal to the 
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depth of sub-base structure, as compared 
to conventional construction where the 
sub-base is underneath the core. 

The available length of car loading 
platform imposed another problem. This 
was met by extending the tank cantilever 
fashion up over the car deck. See 
Figure 7. This extension supports the 
tap gear and houses the tap gear reactor. 

In order to meet the limiting shipping 
width it was necessary to detach the side- 
wall reinforcing beams required for 
vacuum oil filling. These beams were 
then bolted on at the site. See vertical 
rows of bolt holes, Figure 7. 


Structural Stability 


Many breakdowns of power trans- 
formers are due to mechanical failure of 
the winding under conditions of short 
circuit. Also, the winding structure 
must be of rugged construction to with- 
stand transportation shocks. 

The importance of structural stability 
was stressed in part I of this paper. 
Also, the specific means provided to 
ensure stability in the distributed con- 
centric winding structure were described. 
The following experience in the field 
tends to confirm the design in this respect: 


1. Distributed concentric transformers at 
the Shipshaw powerhouse were subjected to 
short circuit in July of 1948. The fault was 
a 3-phase are on the generator side of the 
transformer bank. Power was fed to the 
fault through the transformers from the high 
voltage system. Duration of the fault was 
estimated at 10 cycles and the voltage main- 
tained on the high voltage terminals of the 
transformers calculated at 73 per cent of 
normal. After the fault was cleared the 
transformers were put back in service and 
have been operating satisfactorily ever since. 


2. In February of 1943 one of the Shipshaw 
transformers was involved in a railway 
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Figure 5 (left). ‘“‘Fiber- 

lock” cylinder founda- 

tion for paper shield 
structure 


Figure 6. Well-type 
tank construction 


wreck. According to a written report from 
an eye witness, the transformer was being 
moved down grade on a rail spur by means of 
a switching locomotive coupled to the 
transformer car. Because of ice on the rails 
the locomotive was unable to hold back the 
transformer car, with the result that it ran 
away over one-eighth mile of rough track, 
attaining an estimated speed of 40 miles 
per hour at the end of the spur. The spur 
ended at a rock dump where a flat car was 
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standing. The locomotive, which was 
ahead of the transformer car, threw the 
parked flat car to one side and climbed the 
rock pile. The transformer car left the 
track completely and stove in the tender of 
the locomotive. The transformer was re- 
turned to the shop and completely dis- 
assembled. No parts were misplaced and 
no parts were damaged. The machine was 
then reassembled, retested, and reshipped. 
It has been in service ever since. 
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Summary 


1. Impulse distribution tests made at low 
voltage have been adopted as standard com- 
mercial tests for distributed concentric type 
power transformers. These tests determine 
the distribution of impulse voltage in the 
transformer winding for any specified shape 
of applied wave. 


2. A new type of insulating cylinder has 
been developed for application in the major 
insulation structure of the distributed con- 
centric type transformer. The cylinder wall 
is porous and contains no bonding agent. 
This results in improved characteristics as 


compared to conventional type composition 
cylinders. This type of cylinder has been 
applied to more than 1,000,000 kya of trans- 
formers. 


3. Application of the distributed concen- 
tric type design has been extended to now 
include transformers in the 138-kv, 161-kv, 
and 230-kv voltage classes. A particularly 
large 230-kv transformer has been manu- 
factured. The machine weighs 250 tons 
complete and occupies a floor space of 34 by 
29 feet. 


4, Mechanical stability of the power trans- 
former winding structure is of paramount 
importance. Field experience during the 


past four years indicates that the distributed 
concentric winding structure is of rugged 
and stable construction. 
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Discussion 


F. L. Lawton (Aluminum Company of 
Canada, Ltd., Montreal, Quebec, Canada) : 
The author has presented a refreshingly 
candid analysis of commercial impulse- 
voltage testing. The combination of the 
usual low-frequency voltage tests with low- 
voltage impulse voltage distribution tests 
on commercial transformers plus a continu- 
ous impulse voltage research program on 
experimental structures is basically sound. 
There appears to be little sound justification 
for expensive full-voltage impulse tests on 
commercial units, with acceptance by the 
purchaser of undetectable damage which 
may lead to failure in service. 

The distributed concentric type of design 
results in a structurally rugged transformer. 
However, there is one question which comes 
to the fore with this particular design, as 
inferred indirectly by the author in dis- 
cussing the inherent weaknesses of insulating 
cylinders of the composition type, and the 
use of the new ‘‘fiberlock’”’ design. This 
question is: What is the likelihood of the 
formation of chains of minute particles of 
water between coils of the concentric high- 
voltage windings, under certain conditions? 
Would the porous fiberlock cylinders be as 
effective as cylinders of the composition 
type? : 

The reference to formation of chains of 
minute particles of water in insulating oils 
is to a phenomenon observed in circuit 
breaker oil containing some moisture. 
Under certain temperature conditions, 
widely dispersed water molecules appéar to 
coalesce into visible drops and move in such 
a fashion between electrodes with a high po- 
tential difference that the chain of droplets 
constitutes a breakdown path, with break- 
down likely to occur at relatively low volt- 
age. 


J. T. Madill (Aluminum Company of 
Canada, Ltd., Shipshaw, Quebec, Canada): 
In regard to the nine 30,000-kva distributed 
concentric coil type power transformers at 
Shipshaw it can be reported that they all are 
operating very satisfactorily with almost no 
maintenance. In the case of one of these 
transformers installed as one phase of a 
3-phase bank with two conventional trans- 
formers as the other two phases, the winding 
and coil temperatures seem to indicate that 
there is less difference between the winding 
and oil temperature for this type of trans- 
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former than for the conventional ones. The 
difference between the types seems to be 
about 10 degrees centigrade, probably indi- 
cating slightly better oil circulation in the 
distributed concentric coil type. 

The fiberlock insulation is an interesting 
development and we would be very much 
interested in some figures showing the me- 
chanical strength of this insulation compared 
to the conventional types now used. 


G. D. Floyd (Hydro-Electric Power Com- 
mission of Ontario, Toronto, Ontario, 
Canada): The author proposes use of a volt- 
age distribution impulse test in place of the 
presently accepted impulse test to prove the 
impulse strength of transformer insulation. 
This test, which is at best a compromise, 
would have its chief value as a design test, 
for improvement in the design of the insula- 
tion structure. As an acceptance test, it 
proves nothing except the distribution of the 
impulse voltage through the winding at a 
number of selected points. To be an ac- 
ceptance test in the strict sense of the word, 
the adequacy of the insulation to withstand 
the stress also should be proved. There is 
always the possibility that the points 
selected for measurement of distribution 
may not include the place where the ratio of 
impulse insulation strength to impulse test 
voltage is the least. Impulse failures in 
transformer insulation often occur in unex- 
pected places, and the unexpected place is 
the one most likely to be overlooked in the 
voltage distribution test. Tomake this type 
of test the basis for acceptance as to im- 
pulse strength is questionable, although it is 
recognized that information of considerable 
value to the designer can be obtained in this 
way. 


M. B. Mallett: The author wishes to thank 
contributors of discussion for their interest 
and comments. 

It is particularly gratifying to hear of the 
good service which the nine 30,000-kva dis- 
tributed concentric type transformers are 
giving at Shipshaw, as reported by Madiill. 
He asks for figures showing the relative 
mechanical strength of fiberlock cylinders 
as compared’ to conventional composition 
type cylinders. It is hardly feasible to 
answer this request, in that both the com- 
pression strength and tensile strength of 
composition materials vary widely (as much 
as three to one), depending on the type of 
bonding agent used and the processing 
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method involved. In general, fiberlock 
cylinders have mechanical characteristics 
closely approaching those of calendered rag 
stock pressboard. As is well known, such 
material is exceedingly tough and nonbrittle, 
as contrasted to the marked brittleness of 
composition cylinders. In this regard we 
have experienced considerable trouble in 
the past with composition cylinders breaking 
as a result of severe transportation shocks. 

Floyd stresses that the impulse voltage 
distribution test does not prove the impulse 
voltage strength of the transformer and is 
therefore limited in value as an acceptance 
test. The author agrees entirely with this 
conclusion. As specifically stated in the 
paper, the impulse distribution test in com- 
bination with the low frequency test is a 
compromise procedure and does not directly 
prove the transformer impulse strength. 

Floyd states, however, that the full volt- 
age impulse testing of commercial trans- 
formers is an accepted test. To this the 
author takes exception. Full voltage im- 
pulse testing of commercial transformers 
never has been accepted at all by the elec- 
trical industry in Canada and only to a 
limited extent in the United States. The 
question as to whether such tests should be- 
come routine standard tests in the industry 
has been debated many times before the 
Institute over the past ten years. The 
question has never been settled and such 
testing has never been generally accepted 
by the industry. This nonacceptance results 
directly from the inescapable point that to 
date no positive and infallible means has 
been. devised which will detect damage 
from incipient impulse voltage failure. 

Because full voltage impulse testing of 
commercial transformers has not been 
accepted generally by the industry, it would 
seem that the procedure proposed by the 
author, specifically the combination of low 
frequency test and impulse distribution test, 
should be compared to the existing practice 
of making the low frequency test only. Cer- 
tainly any compromise procedure which pro- 
vides any information whatsoever in re- 
spect to the impulse voltage strength of the 
transformer, is an addition and an improve- 
ment over providing the purchaser with no 
impulse-test data at all. 

Lawton’s comments in respect to com- 
mercial impulse voltage testing are particu- 
larly significant, since the company with 
which he is associated has an unusually large 
number of high voltage power transformers 
on the system. 

Lawton has raised the point as to whether 
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the porous fiberlock cylinder is effective in 
preventing lining up of minute water par- 
ticles. The density of the cylinder is such 
that it certainly should preclude the con- 
tinuous line-up of water particles from coil 
to coil, and effectively function as a solid 


barrier the same as conventional type com- 
position cylinders. It seems to the author 
that this point has been confirmed over a 
period of many years by the use of press- 
board casings between tank and coil struc- 
ture, the use of pressboard collars for the end 
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HIS paper summarizes the results of 

economic studies of a-c power trans- 
mission for distances from 100 to 600 
miles. Particular emphasis is placed on 
the economics of higher voltages. Con- 
clusions have been drawn as to the effect 
of voltage, distance, and loading. Sev- 
eral papers have been presented dealing 
with the technical problems!‘ involved in 
transmitting power long distances, where- 
as comparatively few have dealt with the 
economic problem.5§ This is quite 
understandable. The economic problem 
depends to a considerable extent upon 
conditions surrounding the particular 
case under consideration, and in time 
may be altered by new developments 
and change in costs. 

However, in view of the widespread 
attention now being given to longer 
distance and higher voltage transmission 
and the comparisons currently being 
made with other methods of transporting 
energy, it is considered worthwhile to 
show for assumed costs and conditions 
some of the important economic factors 
and the conclusions resulting therefrom. 

The costs used in this study are be- 
lieved to be representative although they 
are necessarily averaged values. In this 
paper, the costs correspond to averages 
considered to be representative in 1945, 
and no attempt has been made to adjust 
them for recent changes. The higher 
voltage levels selected for parameters, 
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360 and 450 kv, are not necessarily stand- 
ard voltages, as this study was made 
before standardization of the higher volt- 
age steps has been realized. 

Several of the important possible varia- 
tions in cost were carefully studied and 
considered in order to test the validity 
of the conclusions which were being 
drawn during the course of the study. 
The effect of these variations have tem- 
pered the conclusions, which are pre- 
sented here. Therefore, the results of 
this study as summarized in the con- 
clusions are believed to give a fair ap- 
praisal of the present economic problem. 


Conclusions 


Based on the results of this study, 
the following conclusions have been 
drawn: 


1. The cost of a-c energy transmission 
given by Figure 1 may be attained by ra- 
tional transmission system design for power 
transfers of 200,000 to 350,000 kw per cir- 
cuit, for a load factor of 50 per cent and an 
annual charge on investment of 11.5 per 
cent. ’ Higher load factors or lower annual 
charges will reduce the transmission costs. 
As energy transmission costs are chiefly 
those of investment, the cost is almost in- 
versely proportional to the load factor and 


« 


Figure 1. Cost of elec- 
tric energy transmission 
at 50 per cent load fac- 
tor based on 11.5 per 
cent annual charge on in- 
vestment 


At 200,000 to 350,000 
kilowatts per circuit. 
Other conditions and as- 
sumptions, given in paper 


MILLS PER KWH 
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insulation structure of the transformer, and 
the use of pressboard collars between sec- 
tions of disk coils. Calendered press- 
board stock as thus used for many years is 
porous and practically identical physically 
with the newly developed fiberlock cylinder. 


° 


almost directly proportional to the annual 
charge. : 


2. Line compensation by either series 
capacitors or special intermediate syn- 
chronous condensers becomes desirable for 
straightaway transmission distances exceed- 
ing 200 to 300 miles. Below these distances, 
line compensation does not appear to be 
justified. 


8. The 287-kv voltage level is about the 
most economical for power transfers of 200,- 
000 kw per circuit for straightaway distances 
of 300 miles and for higher loadings at 
shorter distances up to 350,000 kw per cir- 
cuit for 100 miles. ; 


4. The 360-kv voltage level is about the 
most economic voltage for distances in the 
range from 300 to 600 miles when line com- 
pensation is used for power transfers of 300,- 
000 to 350,000 kw per circuit. 


5. The difference in energy transmission 
costs for any two voltage levels near the 
optimum is relatively small even for the 
same power transfer and becomes practically 
inconsequential when the optimum eco- 
nomic loadings for each of the voltages are 
used. 


6. The terminal transformer costs approach 
that of the transmission line when the line 
length is in the range of 100 miles. 


7. Transformer costs limit the use of 
higher voltages than 360 to 400 kv for the 
shorter distances whereas for the longer dis- 
tances up to 600 miles circuit breaker costs 
also limit the use of higher voltages when 
intermediate stations are used. 


8. Operation of high-voltage systems with 
grounded neutrals materially reduces the 
transmission costs by allowing for the use of 
the next lower level of transformer insulation 
as well as reducing the transmission line 
costs. 


9. The lower resistance conductors result 
in generally lower transmission costs over a 
greater range of loads even for load factors 
as low as 50 per cent. Also, since the larger 
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C,- THOUSANDS OF DOLLARS PER MILE 


200 300 
TRANSMISSION LINE KV 


Figure 2. Line cost per mile versus transmis- 
sion line kilovolts 


conductors have a greater emergency load- 
ing, they will be preferred generally. 


10. The most economic kilowatt loading 
varies from 60 per cent above the surge im- 
pedance loading at 100 miles (uncompen- 
sated line) to about the surge impedance 
loading 2.5 (kv)? for a distance of 600 miles 
(compensated line). See Table I for repre- 
sentative surge impedance loadings. 


11. Hydroelectric generators and their 
step-up transformers delivering power to 
long-distance transmission systems justi- 
fiably can be built with lower-than-normal 
reactance. 


12. Multiple transmission lines with more 
or less parallel rights-of-way used for firm 
power supply can justify economically inter- 
mediate switching stations located about 
every 100 miles. 


13. Electric energy transmission at high 
load factors in substantial amounts, of the 
order of 200,000 to 350,000 kw per circuit, 
making full use of present-day knowledge 
and equipment becomes more competitive 
than formerly with other methods of trans- 
porting energy and can be expected to be 
accorded a correspondingly renewed interest. 


14. Systems are now entering a stage in 
their development where added generating 
capacity will be located at relatively greater 
distances from the utilization areas. The 
economics of power transmission therefore 
will be in the direction to encourage the 
development of large generating stations for 
connection to well-integrated systems so 
that the transmission may be accomplished 
at high circuit loadings and load factors. 


Analysis 


This analysis is in three parts 


I. Two hundred to 600 mile transmission. 
Line loading based on steady state power 
limits with 25 per cent margin with systems 
having typical terminal impedances. 


II. One hundred mile transmission. Line 
loading based on most economic loading in- 
dependent of stability. 


III. Two hundred mile transmission. Line 
loading based on transmission of 1,000,000 
kw dependent on transient stability limits. 


Although the problem is approached 
in these three different ways the results 
are consistent between themselves such 


1947, VoLUME 66 


$ 

x 

[had 

Ww 

a 

<p) 

a 

500 ay) 
ae) 

te] 

2 

Figure 3. Average of & 


sending and receiving 

transformer installed 

costs per kilovolt-am- 

pere versus transmission 
line kilovolts 


High-voltage windings 
Y-connected and 
grounded. Less than 
normal reactance for 
higher voltage levels 
(360 and 450 kv) 


Figure 4. Circuit 
breaker installed posi- 
tion cost versus trans- 
mission line kilovolts 


C./2-THOUSANOS OF DOLLARS 


Multiply by two to ob- 
tain total installed sta- 
tion cost per circuit 


Figure 5. Steady state stabil- 
ity curves (from reference 2) 
E/E =O) 
r/x=0.1 
Base _kilovolt-amperes = base 
kilowatts =(kilovolts)?. Line 
with synchronous _ terminal 
equipment. Generator plus 
transformer impedance = 40 per 
cent on kilovolt-amperes at 
sending end of line. Receiving 
end impedance (including trans- 
former)=25 per cent on kilo- 
volt-amperes at receiving end 
of line. 25 per cent steady 
state stability margin based on 
receiver power (Pp). Pand Q 
are active and reactive power, 
respectively, in per unit of 
(kilovolts)?, the subscripts S 
and R indicating sending and 
receiving ends of the line, re- 
spectively. Vay is maximum 
voltage along the line under 
load. x=positive phase se- 
quence reactance ohms per 
phase per mile. b=positive 
phase sequence capacitive sus- 
ceptance, mhos per mile. Ef- 
fect of line compensation ob- 
tained by assuming infinite dis- 
tribution and modifying x and 
b according to degree of series 
or shunt compensation 
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Figure 6. Mills per 

kilowatt-hour versus 

transmission line kilo- 
volts 


No line compensation. 
No intermediate stations 


Load factor=50 per 
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that an over-all picture of the economics 
is obtained. 

The following assumptions and basis 
for analysis apply to both parts I and 
I offthis study: 


1. Cost per mile of single circuit transmis- 
sion line given by Figure 2. Only the cost 
for a line having a conductor resistance of 
0.08 ohm per mile is used in part I. Other 
studies indicate that at high load factors and 
loadings such a conductor is in the economic 
range even for the lower voltages (110 to 
230 kv). 


2. Cost per kilovolt-ampere of transform- 
ers is given in Figure 3 as the average of 
receiving-and sending-end transformer costs. 
This includes installation costs and corre- 
sponds approximately to a sending-end low 
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Figure 8. Mills per 
kilowatt-hour versus 102 
transmission line kilo- 


volts 


Line compensation=50 
per cent 

No intermediate stations 

Load factor—50 per 


7.0 
cent 
Annual  charge=11.5 
per cent GO 


x=0.8 ohm per mile 

b=5.2X10-§ mho per 
mile 

Conductor resistance = 
0.08 ohm per mile 


MILLS PER KWH 
a 
(2) 


Figure 7. Mills per 

kilowatt-hour versus 

transmission line kilo- 
volts 


No line compensation. 
Intermediate stations 
every 100 miles 
Load factor=50 per 

cent 

charge =11.5 
per cent 
x=0.8 ohm per mile 
b=5.2X10-* mho per 

mile 

Conductor resistance = 

0.08 ohm per mile 


Annual 
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Table |. Surge Impedance Loadings per Cir- 
cuit of Typical Transmission Lines* 


eee 


2.5 (Kv)? 


Surge Impedance 


Line Kv Loading (Kw) 
1D Earache atts re ROIS Ca ic cycle 33,000 
CS Ieee Cea pie a, eink ao Shoe 47 ,600 
DGD, cutter niele otto: tok che eaents ea aaa 65 ,000 
UGS. Ath, oles oh leeke acopel etna eee Ua 96,000 
BIO See Ciena vsneren. « Racre let eteceze mie tes 132,000 , 
DORs ts wid slurs estore sae» apie eee 206 ,000 
SOORS5. 2 ve alalore ve, s/ ore vars Mee eres 324 ,000 
QO). oie ciblarste seartg tee ote niece iat ae atte fete te 505 ,000 


* Surge impedance taken equal to 400 ohms per 
phase to neutral resulting in surge impedance load- 
ing in kilowatts = 2.5(kv)?. 


voltage of 13.8 kv and a 3-winding trans- 
former (primary, secondary, and tertiary) 
as the receiving-end transformer. The high- 
voltage windings of the transformers are 
Y-connected 


and effectively __ solidly 


600 


= 
A2\2 |o mo . 
on 


TRANSMISSION LINE KV 


grounded. The 450-kv transformer costs 
have been increased to allow for the use of 
transformers of 60 per cent of normal leak- 
age reactance and the 360-kv transformer 
costs have been increased to allow for the 
use of transformers with 80 per cent of 
normal leakage reactance. It is to be noted 
that whereas the cost data are given here by 
a smooth curve, actual costs would tend to 
be higher than this curve at points inter- 
mediate between those representing stand- 
ard voltage levels. 


3. Installed circuit breaker position costs 
versus transmission line kilovolts are given 
in Figure 4. These figures, when multi- 
plied by two, give the installed station cost 
per station per single transmission line cir- 
cuit. This curve also was obtained by draw- 
ing a smooth curve through average repre- 
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Figure 9. Mills per 

kilowatt-hour versus | 

transmission line kilo- 
volts 


ae 


Line compensation =50 
per cent 
Intermediate stations 
every 100 miles 
Load factor=50 per 

cent 
charge=11.5 
per cent 
x=0.8 ohm per mile 
b=5.2X10-§ mho per 
mile 
Conductor resistance = 
0.08 ohm per mile 


Annual 


sentative costs at the standard and as- 
sumed standard voltage levels. 


4. Synchronous condensers were taken as 
six dollars per kilovolt-ampere installed at a 
kilovolt-ampere rating 15 per cent above the 
receiving-end transmission line kilovar re- 
quirements for correction to unity power 
factor of the receiver power at the receiving- 
end high-tension terminal. No additional 
transformer cost for this synchronous con- 
denser capacity was assumed since the re- 
ceiving-end transformer tertiary would in 
general have sufficient capacity for the reac- 
tive kilovolt-ampere requirements at or 
near the most economical transmission line 
loading. 


5¢ The cost of line compensation was as- 
sumed to be ten dollars per kilovolt-ampere 


e 300 
TRANSMISSION LINE KV 


Figure 11. Real and re- 
active power loss with 
change in conductor re- 
sistance and loading for 
100-mile line, equal 
sending- and receiving- 
end voltages (from refer- 
ence 12) 
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Figure 10. Ratio of received power to surge impedance leading 


[Pr/2.5 (kilovolts)?] versus transmission miles 
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for series capacitor compensation This 
figure includes the necessary protective 
equipment and insulation above ground. 
An alternative method of compensation is 
to use special intermediate synchronous 
condensers! which can be expected to be 
competitive with series capacitors. 


6.. A load factor of 50 per cent was as- 
sumed. Increased load factors will reduce 
the energy charge for transmission as the 
energy charge is almost inversely propor- 
tional to the load factor. 


7. The transmission line power losses were 
evaluated at 4 mills per kilowatt hour with 
annual equivalent hours of 3,300. 


8. The transformer losses were evaluated 
at 4 mills per kilowatt hour, 4,380 annual 
equivalent hours, and 0.6 per cent losses of 
total kilovolt-ampere of sending- and re- 
ceiving-end transformer capacity. 


9. Synchronous condenser losses were 
evaluated at 4 mills per kilowatt hour, 6,580 


le IV, 
Vala bal ALpal Wealss 
ZA i 


PER UNIT KVAR LOSS, Q) #(Qp+Qs) 


VATA ig 
YOAE 


PER UNIT RECEIVING Kw, PR 


equivalent hours, and 1.7 per cent losses on 
their kilovolt-ampere rating. 

10. The capacity charge for the trans- 
mission line plus transformer power losses 
was assumed as $100 per kilowatt. 


11. The annual charges for interest, depre- 
ciation, taxes, and maintenance were as- 
sumed to be 11.5 per cent of the total in- 
vestment cost. 


I. Two HunbreED To 600 MILEs 


The stability limitations are more im- 
portant for the longer distances. As a 
basis for the economic study of transmis- 
sion in the range of 200 to 600 miles the 
power transfer was taken equal to that 
which has an adequate steady state sta- 
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No line compensation 


Load factor=50 ° per 
cent 
Annual charge=11.5 
per cent 


x=0.8 ohm per mile 


b=5.210-8 mho per 


mile 


Conductor resistance = 


MILLS PER KWH 


0.08 ohm per mile 


) 200 400 600 800 1000 
RECEIVER POWER—MW 
Figure 12. Mills per kilowatt-hour versus 


receiver power in megawatts 


bility margin with representative ter- 
minal impedances. No line compensation 
and 50 per cent line compensation were 
studied in detail: On the basis of this 
study optimum costs are obtained with 
no compensation for distances up to about 
200 to 300 miles whereas 50 per cent com- 
pensation is the most economic for about 
400 to 500 miles. Accordingly, greater 
line compensation than 50 per cent would 
be required for lines above 500 miles.: 
However, it was not considered necessary 
to include this refinement of other de- 
grees of line compensation in the study 
reported here, as such variations have 
been investigated thoroughly  pre- 
viously2®—!! which show the desirability 
of increased compensation with increased 
distance. 

Specific assumptions applied to this 
case (part I) in addition to the general 
assumptions of parts I and II previously 
mentioned are: 

1. Power transfer has 25 per cent steady 
state stability limit margin with typical ter- 


minal impedances (Figure 5 from reference 
2). This will allow, in general, for the 


firm power transfer of lines so loaded when ~ 


they are operated in parallel and provided 
with intermediate stations. 


2. Intermediate switching stations were 
‘ assumed to be located at every 100 miles 
so as to provide 100-mile line sections for 
switching. Also for comparison, the trans- 
mission costs were calculated, assuming no 
intermediate switching stations except those 
at the sending- and receiving-end terminals. 
Somewhat lower transmission costs 
would have been obtained by assuming a 
smaller steady state margin correspond- 
’ ing to that of a single-circuit line without 
intermediate switching stations delivering 
power to a system with reserve system 
capacity sufficient to allow for a line out- 
age in case of a fault. A reduction in 
energy transmission costs of about 10 per 
cent may be possible under such condi- 
tions for the longer lines. 
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The following equations were used for 
determining the results shown in Figures 
6-9. Figure 10 shows the line loadings 
obtained from Figure 5 for the cases of 
zero and 50 per cent line compensation. 


Investment in Dollars. 


I=DXC,+(Ket+Ks)Crt+SCs+ 
1.15X6Q0z+100[Pr+ 
0.006(Kr+Ks)]+Ce 


(1) 


Figure 13. Mills per 
kilowatt-hour versus re- 


ceiver power in mega- 
watts 
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No line compensation 


Load factor=50 per 
cent 
Annual charge=11.5 
per cent 


x=0.8 ohm per mile 
b=5.2X107-* mho per 
mile 
Conductor resistance = 
0.16 ohm per mile 
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Figure 14. Mills per 

kilowatt-hour versus re- 

ceiver power in mega- 
watts 


No line compensation 
Load factor=50 per 
cent 
charge =11.5 
per cent 
x=0.8 ohm per mile 
b=5.2X10-6 mho per 
mile 
Conductor resistance = =O 
0.32 ohm per mile 


Annual 
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Circuit Parameters of 200-Mile Transmission System 


— 


Per Unit Values 


Ye Base Kva = 1,000,000 
oi! tT Mhos — —- Critical 
System Ohms Ohms Per Phase Y./2 Mhos’ Base Inertia Switch 
Voltage Per Phase Per Phase Per Mile Xi Ohms R; Ohms Per Phase Voltage Constant Time 
Kv Per Mile Per Mile 10-6 Per Phase Per Phase «10-3 Ky Xi Ri Y¥o/2 xine Xt XR H Sec 
A 0.50 
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Figure 15. Mills per 

kilowatt-hour versus re- 

ceiver power in per unit 
kilowatts 


Unit — kilowatt =(kilo- 


volts)? 
No line compensation 


MILLS PER KWH 


Load factor=50 per 
cent 
Annual charge=11.5 
per cent 


x=0.8 ohm per mile 


b=5.2X10-8 mho per 
mile 


2.0 3.0 4.0 5.0 6.0 
RECEIVER POWER IN PER UNIT KW 


Annual Charge in Dollars Per Year. 


A=al+3,300X0.004 Py, +1.15X 
0.017 X6,580 X0.0040 p +0.006 X 
4,380X0.004 (Kp+Ks) (2) 


Energy Cost in Mills Per Kilowatt-Hour. 


____1,0004 
0.5X8,760 X Pr 


where 


J =total investment 
D=distance in miles 
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RECEIVING---~ 
BUS 


Conductor resistance = 
0.08 ohm per mile 


C, =cost of line per mile (Figure 2) 

Cy =installed transformer cost (Figure 3) 

Cs =installed station cost per circuit (Fig- 
ure 4) 

C,=cost of series capacitor compensation 


0.008 RoD/ Ks+Kr\? 
(kw)? 2 


Ke=receiving-end transformer  kilovolt- 


amperes = V/ (Pp)?+(Op)? 


Kg =sending-end transformer kilovolt-am- 


peres =V (Ps)?+(Qg)? 


TRANSFORMER. 
, Figure 16. Schematic 


/ arrangement of equip- 

ment for study of the 

transmission of 1,000,- 

000 kw a distance of 
200 miles 
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SENDING 
BUS 


S=number of switching stations 
=2 for no intermediate stations 


D : ; 
=| —-+1 } for intermediate stations 
100 


every 100 miles 

Or =receiving-end reactive kilovolt-amperes 
(Figure 5) 

Qg =sending-end reactive kilovolt-amperes 
(Figure 5) 

Pr=receiving-end kilowatts (Figure 5) 


' Py =power losses in kilowatts 


=Psg—PpR 

R,=ratio of compensated length to total 
length of line 

Q;, =transmission line reactive kilovolt-am- 
pere losses 


=Qst+Cr 

A =annual cost in dollars 

a@=per unit annual charge of total invest- 
ment 

T =cost of energy transmission in mills per 
kilowatt-hours 


II. ONe HUNDRED MILES 

Whereas stability is the chief limitation 
of the loading of the circuit for the longer 
distance, the most economic loading for 
100-mile transmission will depend more 
upon the J?R and J2X losses. Because of 
this difference in limitations, the loading 
of the 100-mile transmission was varied to 
find the most economical point rather 
than assuming the loading to be deter- 
mined primarily by the stability power 
limit. Also, for this reason, it was unnec- 
essary to include the effect of line com- 
pensation. Two circuit breaker positions 
per transmission circuit were assumed at 
both the sending and receiving ends with 
no intermediate stations. Otherwise, for 
this case, the same general assumptions 


Figure 17. Equivalent diagram of system 
of Figure 16 for transient stability study 
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Figure 18. Transient 

stability power limit 

versus critical switching 
time 
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SWITCHING TIME 
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1,000,000-kva plant 
987 kv—6 lines 

xq’ =0.30 per unit 
X,=0.13 per unit 
Xpz=0.30 per unit 
H=generator __ inertia 
constant in kilowatt- 


TRANSIENT STABILITY POWER LIMIT 
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and conditions previously described were 
used. 

The equations used for this part of the 
analysis are the same as those used for 
part I; except in equation 1 the re- 
_ceiving-end and sending-end kilovars were 
taken as equal to half the total line 
kilovar loss or Op = Os = Q,/2. Figure 
11 (from reference 12) gives the real and 
reactive power losses directly for a given 
receiver power for typical 100-mile trans- 
mission lines. 

Figures 12, 13, and 14 show the trans- 
mission line energy cost based on these 
conditions for variations in received power 
for r/x = 0.1, 0.2, and 0.4 respectively. 
Figure 15 is for the same conditions as 
Figure 12 except the ordinate is in terms 
of (kilovolt)? instead of megawatts. As 
shown for this distance (100 miles), the 
optimum cost points occur at loadings 
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seconds per kilovolt- 
ampere 
Base kilovolt-amperes= 
base kilowatts = 108 


Figure 20. System sta- 

bility requirements, 

number of lines versus 
system voltage 


1,000,000-kva plant 

900 miles transmission 
distance 

Power at receiving bus 

= 970,000 kw approxi- 
mately 
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0.10 
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Figure 19. Power re- 

ceived versus number of 

lines for transient sta- 
bility 


1,000,000-kva plant 
Base kilovolt-amperes = 
~ base kilowatts = 108 
Initial sending bus volt- 
age=1.0 per unit 
Initial receiving bus volt- 
age=0.957 per unit 
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appreciably above the surge impedance 
loading of 2.5(kv)?. 


III. Two HunpDRED MILES 


This part summarizes the results of a 
study to determine some of the basic sys- 
tem design factors which would give op- 
timum performance for the transmission 
of 1,000,000 kw a distance of 200 miles. 

The transient stability limits were as- 
sumed to be the determining limitation 
for the transmission of power a distance of 
200 miles. A transient stability study was 
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made to determine the number of trans- 
mission line circuits required for the trans- 
mission line voltages of 230, 287, and 360 
kv for the system of Figure 16. The 
equivalent circuit shown in Figure 17 
was set up to represent the system of 
Figure 16. It is to be noted that all gen- 
erators and transformers at the hydro- 
electric plant or sending bus are grouped 


as an equivalent single generator and. 


single transformer. The transformers, 
loads, lines, and generators in the load 
center and interconnecting network are 
assumed to be distributed over a wide 
area and are lumped as an equivalent re- 
ceiving reactance at the receiving bus. 
It is assumed that the receiving network 
is of such capacity as to have in effect 
infinite inertia compared to the generat- 
ing station. The circuit breakers are as- 
sumed to have 3-cycle opening time plus 
approximately one cycle for relaying 
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287 KV 
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STATIONS 
PR s0.97 0.95 0.96 0.96 
Pz = 0.96 0.84 1.14 0.95 

Pr/Pz 1.01 1.13 0.84 1.01 

time. High-voltage bussing rather than 


low-voltage bussing was used, because of 
the greater stability and operating flexi- 
bility. No bus sectionalizing circuit 
breakers were included in the cost analy- 
sis, however, a circuit breaker was in- 
cluded foreach generator and transformer. 
Accordingly, the number of circuit 
breakers used in an actual case may be 
more or less than the number assumed in 
this study. Bus reactors to reduce short- 
circuit currents were not used because 
modern circuit breakers of 5,000,000 kva 
interrupting capacity can be expected to 
satisfy the short-circuit kilovolt-ampere 
requirements of this system. The system 
disturbance for determining the transient 
stability power limit was taken as a 3- 
phase fault occurring in front of one of the 
line circuit breakers at the sending bus 
and the subsequent switching out of the 
faulted line section a—d or a—b of Figure 17. 

In Table II are recorded the circuit 
constants. Where more than one value is 
given, calculations were made for the 
variation in parameters indicated. 

Figure 18 is a typical transient sta- 
bility power limit versus critical switching 
time curve that is obtained. Figure 19 
was derived from numerous curves similar 
to Figure 18. Included in Figure 19 are 
curves of the approximate surge imped- 
ance or unity power factor loading of the 
lines at the various voltage levels based 
on the receiving bus voltage. 

The results of Figure 19 indicate 


1. That 5lines at 360 kv, 6 lines at 287 
kv, and 8 lines at 230 kv will be required 
with four cycles fault clearing and with 
generators having a transient reactance of 
30 per cent and an inertia constant of 3.5 
kw seconds per kilovolt-ampere. 


2. That increasing the inertia constant 
from 3.5 to 5 or 48 per cent produces an in- 
crease of transient stability power of about 3 
per cent. j 


3. That decreasing the generator transient 
reactance from 30 per cent to 20 per cent 
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360 KV Figure 21. Installed 
cost of transmission sys- 
tems 


Xr=0.20 per unit 
Pr=per unit transient 
stability received power 
limit 
Xa’ =0.30 per unit 
H=3.5 per unit 
Pz=per unit surge im- 
pedance loading 
Base kilovolt-ampere = 
base kilowatt = 105 


10) 1 
1.0 0.99 
1.48 1.19 
0,68 0.83 


increases the transient stability power about 
10 per cent and permits the elimination of 
one transmission line for all three voltage 
levels. 


4, That increasing the equivalent receiving 
reactance from 20 per cent to 30 per cent 
decreases the transient stability power about 
10 per cent. ° 


5. That increasing the switching time or 
duration of the fault from 0.068 second to 
0.1 second or 47 per cent decreases the 
transient stability power about 12 per cent. 


6. That using an intermediate switching 
station such that one-half of a line is 
switched out instead of one line, increases 
the power limit by 8 per cent and allows the 
elimination of one line for all three voltage 
levels. 


7. That eight lines operating at 230 kv 
with a generator transient reactance of 30 
per cent have a transient stability power 
limit when switching out one line equal to 
the surge impedance loading of all of the 
lines; similarly, for five lines operating at 
287 kv with a generator transient reactance 
of 20 per cent. 


Figure 20 was obtained for a power re- 
ceived of approximately 970,000 kw show- 
ing the number of lines required with no 
intermediate switching stations, and the 
number of lines required with one inter- 
mediate switching station as a function of 
system voltage. The three system voltages 
chosen lie on the knee of each curve, in- 
dicating that they are in the region of 
the most economic cost for transmission. 

An installed cost comparison of trans- 
mission systems with and without inter- 
mediate stations is shown in Figure 21 
with generators of Xq’ = 30 per cent and 
H = 3.5 kw seconds per kilovolt-ampere 
and with a receiving system reactance of 
0.20. Transmission line, installed trans- 
former, and installed circuit breaker costs 
correspond closely to that given by Fig- 
ures 2, 3, and 4. 

A cost comparison of systems using dif- 
ferent generator transient reactances in- 
dicate that 20 per-cent rather than 30 
per cent is fully justified economically. 


Crary, Johnson—A-C Power Transmission 


The lower generator reactance system re- 
quires one less transmission line than the 
system using the higher value of generator 
reactance (X4’ = 0.30). 

Although this analysis was made on a 
somewhat different basis than that of 
parts I and II, it indicates not much dif- 
ference in transmission cost for the three 
voltages of 230, 287, and 360 kv with a 
slightly lower cost for 287 kv. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The studies of transmission eco- 
nomics by Crary and Johnson will be wel- 
comed by engineers confronted with the 
various problems of long-distance power 
transmission. We have made similar stud- 
ies in connection with the engineering work 
of the Bonneville Power Administration, 
and our results, taking into account differ- 
ences in certain design factors and in energy 
and investment costs, are in good general 
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agreement with those presented in this 
paper. 

The curves of Figures 6 to 9 and 12 to 15 
of the paper are particularly significant. 
They emphasize the improved economies 
possible in very long distance transmission 
through the use of series capacitors, the im- 
portance of adequate loading of high voltage 
circuits, and the advantages to be gained by 
employing low resistance conductors. The 


first two points were also stressed in a paper _ 


before the Institute in 1942 by Evans and 
Starr (reference 10 of this paper). 

It is important to note that for long- 
distance straightaway transmission of large 
blocks of power the best economies are ef- 
fected by employing voltages between 230 
and 360 kv. It is shown also that the loads 
of maximum economy vary practically as the 
square of the line voltage, and that reduced 
loadings result in rapidly increasing costs. 
Long lines are seldom built without inter- 
mediate loads or interconnections, and in 
these cases, because of transformation and 
switching costs, the most economical voltage 
is near the lower limit of the range given. 

From the 230-kv and the 360-kv curves of 
Figure 19 of the paper, it can be shown that 
for the system of fixed load network and 
generation shown in Figure 16 of the paper, 
the transmission stability limit varies as the 
voltage raised to the 1.4-1.5 power when the 
factors not influenced by voltage remain 
constant. It is interesting to compare this 
relationship with the familiar square law 
which obtains when the terminals are 
changed in size (constant per unit reactance 
on own base) in direct proportion to the 
fundamental capacity of the line. 

The paper could be clarified and its use- 
fulness extended by the addition of several 
minor items including the answers to ques- 
tions as follows: 


1. What are the assumed right-of-way costs in 
Figure 2? Our current design estimates for average 
construction indicate a substantially greater cost 
increase for voltages above 230 kv than shown in 
this figure. 


2. In Figure 5, what is the basis for assuming a 
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receiving system impedance of 25 per cent based on 
kilovolt-amperes at the receiving end of the line? 
Have tests been made to indicate that metropolitan 
loads, including the high voltage transformers and 
low voltage circuits, have impedances of that order 
of magnitude? 


3. In Figures 6 through 9, what is the line loading? 
Is it the stability limit on a single-circuit basis for 
the voltage indicated? It would be of considerable 
interest to repeat Figures 8 and 9 for higher degrees 
of line compensation, for example 65 and 80 per cent. 


4, In Figure 10 is the received power equal to the” 
line stability limit? 


5. In Figures 12 through 15 the stability limits 
should be indicated for each voltage. Additional 
curves might well be included for the higher voltages 
and the lower resistance conductors for lines of 
greater length. The 360-kv caption in Figure 15 
apparently should be directed to the third curve 
from the bottom in the region of 4,0 per unit power. 


6. In Figures 18 and 19 what is the transmission 
distance? 


7. It would be of considerable value to repeat 
Figures 20 and 21 for a longer transmission distance 
including series compensation. 


This paper, combined with reports of 
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previous technical studies, helps very ma- 
terially to clarify the over-all long distance 
transmission problem. Large blocks of 
power generated at convenient low-cost lo- 
cations can be transmitted economically 
over long distances to serve remote load 
centers. The long range program of general 
industrial development should be carried 
out with these thoughts in mind. 


R. E. Pierce and E. E. George (Ebasco 
Services, Inc., New York, N. Y.): In con- 
clusion 13, Crary and Johnson state that the 
cost of high load factor, high voltage, heavy 
duty transmission under present-day condi- 
tions is more competitive than formerly 
with other methods of transporting energy. 
This is probably the most vital conclusion 
in their paper and should be examined care- 
fully. Ordinarily, one thinks of hauling coal 
by rail and transmitting power electrically 
as the most typical competitive methods. 
However, this is only a small part of the 
picture. In a number of economic and 
financial studies for oil refining companies, 
chemical companies, power companies and 
transportation systems, various methods of 
transporting energy have been studied and 
compared including: 

Hauling coal by rail. 

Hauling coal by ship. 

Hauling gas by pipe line. 

Hauling oil by pipe line. 

Hauling oil by rail. 

Hauling oil by tanker. 

Hauling electricity by transmission line. 
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In comparisons of various methods of 
transporting energy annual load factor is a 
basic factor, because fixed charges are greater 
than operating expenses, except possibly in 
the case of rail hauls. In the use of pub- 
lished tariffs of common carriers, the actual 
annual load factor is unknown, but is as- 
sumed to have little effect on unit costs in 
this discussion. 

Ordinary fuel oil for power plant use is too 
viscous for long haul by pipe line, and there- 
fore generally. is secured from terminal 
refineries. In many pipe lines, crude oil and 
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lighter refinery products are handled inter- 
changeably. 

The handling of oil by rail in tank cars is 
somewhat of a retail operation as compared 
with pipe line delivery. It is generally 
limited to points where there are no pipe 
lines and where there is insufficient traffic to 
justify a pipe line. 

The hauling of’ oil by tanker is much 
cheaper than other means but is limited by 
geography to river and coastal terminals. 
Probably the best summary of costs of trans- 
porting oil is that given by Joseph E. Pogue: 


“Because of automatic loading and bulk, the oil 
tanker represents the ultimate in transportation 
efficiency, exceeding that of the pipe line. Com- 
parative costs per ton-mile are approximately 8.3 
mills by rail, 3.2 mills by pipe line, and 1.25 mills 
by tank vessel. In consequence the tanker com- 
petes with the pipe line and diverts as much traffic 
as the geographic pattern permits.’’ 


It should be noted that the cost of trans- 
mitting energy by gas pipe line is several 
times as high as the cost of transmitting 
energy by oil pipe line. 

Comparisons between coal, gas, oil, and 
electric transmission may be made by us- 
ing conventional conversion factors and effi- 
ciencies. The following approximations per- 
mit easy comparison. 


1 barrel of oil =6,250,000 Btu. 

1,000 cubic feet of gas= 1,000,000 Btu. 

1 ton of coal= 25,000,000 Btu. 

1 kilowatt hour = 12,500 Btu (modern steam plant). 


Figure 1 shows costs for transporting 
energy by various means with mills per kilo- 
watt-hour plotted against airline miles. To 
obtain the costs in cents per million Btu, 
multiply the mills per kilowatt-hour by 
eight, 

All data for transportation of fuel are 
average commercial rates. The electric 
transmission costs are for 50-per-cent load 
factor and include fixed charges, losses, 
operation, and maintenance. ‘The electrical 
costs are 35 per cent higher than those in 
Figure 1 in the paper, to reflect the increase 
in-price level from 1945 to April 1947. 

Although Figure 1 is based on estimated 
averages, it answers in part the basic 
question as to how far bulk power can be 
transmitted economically. At 50-per-cent 
load factor, the high voltage transmission 
line and the coal car are generally competi- 
tive up to about 150 miles. 

The situation for base load plants is more 
competitive. Load factors of 90 per cent 
or more are involved. Transmission line 
costs are almost exactly inversely propor- 
tional to load factor, however, the costs of 
pipe line transportation possibly also should 
be modified to reflect higher load factor. 

At 90-per-cent load factor (base load 
operation) electric transmission may- well be 
as cheap as coal or gas for any distance. 

Regardless of load factor, the electric 
transmission line cannot compete with the 
oil pipe line, much less with the oil tanker. 

This paper should help in fundamental 
planning of power systems with due regard 
for economics as well as for electrical science. 

All figures for electric transmission in this 
discussion assume optimum loads and volt- 
ages for various distances (200,000 kw or 
more on long hauls). 

Figure 2 is the same as Figure 1 except 
that total costs are shown on a capacity 
basis instead of an energy basis, thus facili- 
tating comparisons with hydro power. 

One outstanding effect of such simple and 
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tangible expressions for transmission cost is 
to prove that so-called “cheap power’”’ is not 
cheap if it has to be transmitted electrically 
to a distant market. The slope of the elec- 
trical transmission cost lines in Figures 1 
and 2 gives directly the difference in cost of 
transmission for different distances, and is 
approximately 0.60 mills per kilowatt-hour 
per 100 miles or $2.63 per kilowatt per year 
per 100 miles, both for 50 per cent load fac- 
tor, At lower load factors these unit cost 
differentials per 100 miles would be even 
greater. It is readily apparent, therefore, 
that with the investment cost of a hydro 
plant generally greater than for a similar 
size steam plant, hydro power would be more 
costly than steam power by the time it was 
delivered a few hundred miles away. In 
areas of low fuel cost, hydro power trans- 
mitted even shorter distances would be more 
expensive than steam power. 
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David C. Prince (General Electric Company, 
Schenectady, N. Y.): Crary and Johnson 
are to be congratulated for their courage in 
presenting such an excellent economic pic- 
ture showing where alternating current 
transmission now stands. There are so 
many variables in.any such analysis that a 
realistic generalization is very difficult to 
make. Nevertheless, without such a gener- 
alization, we cannot see where we are going. 
Crary and Johnson have made that general- 
ization; and, if one may judge by the dis- 
cussion at this meeting, the validity of their 
generalization has not been questioned. 

E. E. George, in his discussion, has made 
another valuable contribution in that he 
shows how the high voltage a-c transmission 
line compares economically with such alter- 
native forms of transporting power as coal 
by rail, oil and gas by pipe. I have had an 
opportunity to check George’s findings and 
presented a chart similar to his in connec- 
tion with the closure of a paper by Doctor 
E. F. W. Alexanderson and myself. 

From all these data it appears that at the 
present state of the art the favorite medium 
of the electrical engineer—the high voltage 
transmission line—appears at a disadvan- 
tage where it is in competition with the 
transportation of power from fuels. This is 
certainly a challenge to us as engineers, 
both in the manufacturing and operating 
fields. 

As the art advances, we should be able to 
improve our economic position in two ways: 


1. A reduction in the cost of present components. 


2. An increase in the amount of power which we 
are able to transmit over a given line. 

We have for years sought to reduce the 
cost of our components. Therefore, this is 
no new thought. Increasing the power that 
can be transmitted over a given line should 
be a joint project of the manufacturer and 
operating engineer. 

Higher speed circuit breakers, higher 
speed reclosing circuit breakers, more ef- 
fective voltage regulators, and different 
methods of line compensation are all in this 
direction. / 

Also, we may have gone too far in the 
spread between overvoltage limits and 
operating voltage. Any increase in the ratio 
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of operating voltage to maximum surge 
voltage increases the power per dollar as the 
square. 

Might it not be worthwhile to have the 
appropriate committees of the Institute ex- 
plore the possibilities in that direction? 
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W. R. Brownlee (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The value of the curves of transmission 
costs as a function of voltage, distance, and 
load is materially enhanced by the compre- 
hensive list of unit costs, annual charges, 
and energy costs on which these curves are 
based. 

It is noted that intermediate switching 
stations appear economically desirable when- 
ever the transmission distance exceeds 100 
miles. In populated areas, intermediate 
switching stations may be economically de- 
sirable for shorter distances, since these may 
be used to serve increasing intermediate 
loads as well as to strengthen the transmis- 
sion capability. That is, transmission lines 
which are constructed originally as “long 
lines’”” may become “short lines’? in the 
course of a few years. 

The work of the authors naturally is con- 
centrated on the use of bulk transmission of 
power from a low-cost to a high-cost area. 
Substantial amounts of transmission have 
been built between areas of similar generat- 
ing costs to make feasible the co-ordinated 
maintenance schedules of major generating 
units. The resulting increase in permis- 
sible size of such units for a given system 
may provide a worthwhile reduction in gen- 
erating investment. Such lines may be most 
economical at a lower voltage or even witha 
smaller conductor size than would be indi- 
cated for continuous bulk transmission. 

It is believed that conclusion 14, “Systems 
are now entering a stage in their develop- 
ment where added generating capacity will 
be located at relatively greater distances 
from the utilization area,”’ should be limited 
to areas where fuel is relatively inaccessible. 
Based on the investment and energy figures 
given by the authors as representative of 
steam plants and on corresponding figures 
for firm hydro generation, it appears that 
the higher capital cost of the latter, together 
with the cost of transmission, may make it 
uneconomical for distances of the order of 
200 to 300 miles. 


S. B. Crary and I. B. Johnson: The dis- 
cussers have all added very materially to a 
clearer understanding of the factorsinvolved 
in the economics of long-distance a-c power 
transmission. The discussion by R. E. 
Pierce and E. E. George is a very valuable 
extension as it compares the relative cost of 
transmitting energy by different methods. 
The factors which they present must neces- 
sarily be taken into consideration in a ra- 
tional economic evaluation of electric power 
transmission. It is well to emphasize, as 
they have indicated in their concluding 
paragraph, that the transmission of energy 
is only one of the major economic considera- 
tions. It is also essential that transmission 
be correlated with the cost of generation and 
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also the cost of the high-voltage subtrans- 
mission to obtain the over-all cost of bring- 
ing power into a given area. 

It was the objective of our paper to show 
the important factors which affect long-dis- 
tance power transmission. It should be 
understood that the transmission costs must 
be correlated with the other system eco- 
nomics to obtain the best over-all result. As 
was pointed out by Pierce and George, and 
also by D. C. Prince, the cost of trans- 
porting energy by pipeline, either gas or oil, 
may be lower per airline mile than trans- 
portation of electrical energy or coal. How- 
ever, the airline miles for each method may 
be necessarily different and the cost of the 
basic fuel may constitute such important 
factors as to change radically a conclusion 
based only on a comparison such as is indi- 
cated by the illustrative charts of Pierce and 
George. Pierce and George have com- 
mented in regard to our conclusion that 
transmisson under present day conditions 
‘Gs more competitive than formerly with 
other methods of transporting energy.”” We 
believe that two important reasons why this 
conclusion is justified are the increased 
reliability of transmission as well as the con- 
tinuing growth of electrical systems. These 
now make possible the building and opera- 
tion of heavily loaded transmission circuits 
carrying 200,000 or 300,000 kw per circuit. 
Also, there is a continuing trend to use re- 
duced insulation particularly at the higher 
voltages and this may be considered to be 
another important factor in reducing trans- 
mission costs. Another factor of importance 
is the use of larger unit transformer capaci- 
ties. 

We are in substantial agreement with the 
comments of Brownlee. Brownlee and also 
Starr point out that the use of intermediate 
switching stations and transformers to serve 
intermediate areas will result in lower volt- 
ages as being more economic than when no 
intermediate loads exist. This is true of 
course and is a factor which should be taken 
into account when considering the ultimate 
development of an area. Brownlee is also 
correct that there may exist other situations 
which justify lower voltages and smaller con- 
ductor sizes than that indicated for long-dis- 
tance high load-factor power transmission. 
However, it should be recognized that these 
two requirements result in different system 
design patterns and that it is generally un- 
economical to superimpose ipon a low-load- 
factor transmission system the requirement 
for continuous bulk transfer. For many 
systems it may become necessary to depart 
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from the design pattern which was adequate 
for the past conditions but which is totally 
inadequate for the future. Brownlee in 
referring to conclusion 14 concludes that the 
figures given in our paper indicate to him 
that it may be uneconomical to transfer 
power for distances of the order of 200 to 300 
miles. The question whether conclusion 14 
is correct depends upon whether or not the 
200 to 300 miles mentioned by Brownlee is 
an extension of the distances previously 
considered as the economic limit. We be- 
lieve that for some systems a distance of 200 
to 300 miles for the transfer of bulk power 
represents a considerable advance beyond 
the previous requirements placed on those 
systems. 

Prince makes a plea for the further study 
of insulation co-ordination, a subject which 
has been and is being given active study by 
many groups of engineers. 

We are in substantial agreement with the 
comments of Starr and are particularly 
pleased to have his comments because of his 
active work in this field. Starr has asked 
several questions which we will try to 
answer. He points out that from Figure 19 
of the paper “the transmission stability 
varies as a voltage ratio to the 1.4-1.5 power 
when the factors not influenced by voltage 
remain constant.” Our studies have shown 
that when stability is an important limita- 
tion the use of transformers and generators 
of less than normal reactance is justified. 
It can be shown, for example, that a 20-per- 
cent reduction of transformer reactance can 
be obtained at about the same cost as would 
be required for line compensation to effect: 
the same increase in power limit. It can be 
shown that it is economical to reduce the 
terminal equipment reactance so as to main- 
tain about a square law relation between 
power and voltage particularly for the longer 
distances. 

Starr asks in regard to right-of-way costs. 
Our costs necessarily represent only averages 
with no attempt at separating the elements 
of cost. It is a relatively simple matter to 
show the effect of change in one of the cost 
factors for the analysis given in our paper. 
We have found that the general nature of 
our conclusions is not changed by a fairly 
substantial change in the relative cost curves 
with increasing voltage. To us, this is one 
of the encouraging features of this type of 
study. 

Starr asks in regard to using a receiving 
system impedance of 25 per cent. This 
value was selected partially on the basis that 
the equivalent impedance for the receiving 
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system, in general, would have a lower im- 
pedance than the generating station. This 
comes about because of the diversity of the 
load area capacity between loads, syn- 
chronous condensers, and generating capa- 
city. The use of such a value should not in 
any way preclude the use of a better receiving 
system representation for any actual case. 
It should be evident also that, the value at 
the receiving end impedance can be changed 
over a rather wide range without changing 
the results materially. 

Starr asks in regard to the line loading for 
Figures 6 through 9. This is shown on 
Figure 10 of the paper, and is a loading cor- 
responding to that having a 25 per cent 
steady state stability limit for the voltage 
indicated. Cases of higher line compensa- 
tion have been studied and these additional 
analyses have indicated that the optimum 
compensation on the basis of the assump- 
tions of our paper is about 70 to 75 per cent 
for the 600-mile line. 

For Figures 12 through 15, the stability 
limits for the 100-mile case are not con- 
sidered to be the prime limitation, but 
rather, as explained in the paper, the limita- 
tion would be determined by the losses. We 
did not include curves for conductor resist- 
ances less than 0.08 ohm per mile because 
of the difficulty of obtaining reasonably ac- 
curate transmission line cost data for these 
lines using larger conductors. Starr is cor- 
rect that additional curves might be in- 
cluded for higher voltages and greater 
lengths although we are inclined to believe 
that distances from 300 to 600 miles repre- 
sent the next important step for long-dis- 
tance power transmission and that to con- 
sider longer distances at this time is to pro- 
ject ourselves a little further than is prob- 
ably necessary. However, reasonably ac- 
curate estimates of power transmission cost 
at this distance can be made. Figures 18 
and 19 are for the 200-mile line case of 
Figure 16. . 

Starr’s last question suggests the prepara- 
tion of additional curves. We agree that 
such additional curves would be of consider- 
able value and we have made several such 
extensions of the work presented in this 
paper. 

We are pleased that there is unanimity of 
opinion as to the economic goals to be 
sought such as increased power circuit 
loading, lower cost transmission lines, and 
terminal equipment. We hope this will 
encourage others to present their work so 
that a better understanding may be ob- 
tained of this important problem. 
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Control of Slip-Ring Motors by Means 
of Unbalanced Primary Voltages 


N. L. SCHMITZ 
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OISTS, DRAWBENCHES, and 

other similar machines can in many 
cases be operated simply and economically 
by means of a single slip-ring motor. The 
speed-torque characteristics required by 
the above applications can be obtained by 
applying unbalanced primary voltages to 
the stator and connecting capacitance, 
inductance, and resistance in series with 
the secondary circuit. 

This paper presents a method of obtain- 
ing suitable speed—torque characteristics 
and describes the application of these 
characteristics to hoists and drawbenches. 
The behavior of an induction motor with 
secondary capacitance is analyzed by de- 
veloping a more general equivalent circuit 
and correlating the primary current locus 
to the conventional circle diagram. 

It will be shown that landing speeds! 
as low as 18 per cent of synchronous speed 
can be obtained with full load on a hoist. 
This is accomplished with less than 150 
per cent current in any stator winding 
through the use of secondary capacitors. 
It is also shown that even without the 
capacitors and with only a single phase 
autotransformer in addition to the other 
standard devices associated with slip-ring 
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Figure 1. Two slip ring motors with oppositely 
rotating stator fields, coupled to acommonshaft 
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motor control, the following features can 
be obtained: 


1. Landing speeds as low as 50 per cent 
with less than 250 per cent current when 
lowering full load. 


2. Slow braking speeds without danger of 
accidentally hoisting an empty hook. 


3. No-load speeds at any point between 
standstill and synchronous speed. 


4, Kickoff or motoring torques from 50 to 
150 per cent for no-load speeds from 40 to 
100 per cent. 


Methods of Operating 
Hoists and Drawbenches 


The use of slip-ring motors in hoists and 
drawbenches is not new. The use of this 
type motor has in the past, however, im- 
posed serious limitations upon the opera- 
tion of hoists. These limitations arose 
from the inability of the control scheme to 
provide one or more of the necessary fea- 
tures of satisfactory operation. 

D-c motors can be made to provide 
these features through the use of either an 
adjustable voltage control scheme or an 
armature shunt scheme with a constant 
potential system. A-c motors have been 
used to obtain similar features by means 
of auxiliary machines as in a Kramer or 
Scherbius? drive. Another type of a-c 
drive employs two slip-ring motors con- 
nected so that their torques oppose each 
other in such a manner as to permit stable 
operation at speeds less than 100 per cent. 
All of these schemes present problems re- 
garding either power supply, cost, size of 
equipment, or complication of control. 
The latter method, however, suggests a 
means whereby the previously outlined 
features may be obtained with only one 
slip-ring motor. 

It has been shown that the operation 


Schmitz—Control of Slip-Ring Motors 


of an induction motor with unbalanced 
primary voltages is equivalent to that of 
two identical motors operating on bal- 
anced voltages and so connected that 
their torques oppose each other. The use 
of a single motor with unbalanced voltages 
applied in a definite, predetermined man- 
ner will yield characteristics similar to 
those of the two motor combination 
Many types of unbalanced voltage 
schemes have been investigated. Among 
these are 


1. Direct current from a constant po- 
tential source applied, simultaneously with 
balanced or unbalanced primary voltages, 
to the motor primary. 


2. Scheme 1 with direct current from a 
pilot generator whose voltage varies as a 
function of motor speed. 


3. Scheme 1 or 2 except with direct current 
applied to the motor secondary. 


4. Tapped primary windings to permit an 
unbalanced primary flux in connection with 
balanced or unbalanced voltages. 


5. Variable impedance connected in series 
with one or more motor primary windings 
to one or more supply lines. 


6. Resistance, capacitance, and inductance 
connected, either singly or combined, in 
series with one or more primary windings to 
one or more supply lines. 


7. Grid controlled rectifier tubes con- 
nected back-to-back and in series with the 
primary circuit. 


8. Unbalanced primary voltages obtained 
from a single autotransformer and applied 
directly to the motor primary. 


9. Scheme (h) with capacitance and/or 
inductance in addition to resistance in the 
secondary circuit. 


All of these methods have been investi- 
gated analytically and experimentally. 
The last four schemes have found com- 


Paper 47-134, reeommended by the AIEE commit- 
tee on industrial control devices for presentation at 
the AIEE summer general meeting, Montreal, 
Quebec, Canada, June 9-13, 1947. Manuscript 
submitted March 28, 1947; made available for 
printing April 23, 1947. 
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Figure 2. Speed torque curves resulting from 
motors connected as shown in Figure 1 


LT—Lowering torque resulting from negative 
sequence voltage 
HT—Hoisting torque resulting from positive 
sequence voltage 
4L—Net torque obtained as the algebraic sum 
of HT and LT 


mercial applications. Because of the 
large number of hoists and drawbenches 
now using the autotransformer, scheme 8, 
this scheme and its generalization in 
scheme 9 will be described and analyzed. 


Description of Operation 


Figure 1 shows two alternators, 1 and 2, 
connected to motors 1 and 2 so that the 
motor torques oppose each other. These 
alternators are shown only to aid in the 
discussion. In the actual control they 
are replaced by a single autotransformer 
suitably tapped for obtaining unbalanced 
voltages, and only one motor is used. 
Motors 1 and 2 are connected to the same 
shaft so that their net torque 1Z in Figure 
2 is the algebraic sum of their component 
torques, hoisting torque HT and lowering 
torque LT. 

Since both positive and negative speed 
and torque quantities are used in this dis- 
cussion, it is necessary to consider all four 
quadrants of the co-ordinate system. 
Quadrant I represents positive speeds and 
positive torques. This indicates motor 
action or hoisting speed and torque. 
Quadrant IV represents negative or down- 
ward speed and positive or upward torque. 
This indicates braking action as in lower- 
ing a load. Quadrant III represents 
negative speed and torque, indicating 
motor action tending to lower the hook. 
Quadrant II indicates braking action in a 
direction opposite to Quadrant IV. 

Increasing the field strength of one of 
the alternators will raise its voltage and 
increase the torque of its motor in propor- 
tion to the square of the voltage. In this 
manner, HT is made greater than LT and 
consequently 1Z intersects the horizontal 
axis to indicate a stalled torque in the 
hoisting direction. This characteristic is 
similar to the one used for first point low- 
ering in the unbalanced primary type of 
hoist control. As long as the stalled 
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torque is kept less than the torque re- 
quired to overcome the friction of the 
hoist, there is no possibility of an empty 
hook being hoisted on the first point 
lowering. - 

Thus we see that by increasing or de- 
creasing the Voltages applied to motor 1 or 
motor 2 (Figure 1), it is possible to change 
the position of the net torque curve 1L 
(Figure 2) to obtain various speeds. This 
is further illustrated in Figure 3 which 
shows two of the many possible variations. 
A slow lowering speed with a light hook is 
obtained as shown by the solid lines. 
This is done by increasing LT (Figure 2) 


so that in Figure 3 its magnitude is 
slightly greater than that of H T, thus re-' 


sulting in LT2, HT2, and 2L. The low- 
ering speed may be increased further by 
reducing the magnitude of the HT2 
torques and increasing the LT2 magni- 
tudes as shown by the dotted lines HT3, 
LT3, and 3L. 

Although two alternators, two motors, 
and a d-c field supply have been used to 
illustrate the theory, the same results can 
be obtained by substituting only one slip 
ring motor and a single-phase autotrans- 
former for this combination of equipment. 
This may be done in two steps 


1. Eliminate one motor. Connect the 
windings of the alternators in tandem so that 


AC LINES 


Figure 4. Autotrans- 
former used in obtaining 
the required magnitudes 
of positive and negative 
sequence voltages 


A—Connection diagram 
B—Switching sequence 
for autotransformer con- 
nections 
C—Vector relations 
among unbalanced volt- 
_ ages 
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Figure 3. Changes in net torque characteristic 
effected by changing the magnitudes of the 
positive and negative sequence voltages 


their two balanced polyphase voltage sys- 
tems of opposite phase sequence are com- 
bined. From the method of symmetrical 
components it can be shown that this will 
result in a system of unbalanced voltages. 
If this unbalanced voltage system is ap- 
plied to the remaining motor, its behavior 
can be analyzed by considering each set of 
voltages as acting independently to obtain 
the previously discussed HT and LT torque 
components. Since the components are 
the same, the net torque characteristic will 
also be the same as with two motors. 


_2. After eliminating one motor, substitute 
an autotransformer for the alternators and 
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Figure 5. Speed-torque characteristics, lower- 
ing of an a-c hoist control with connections as 
shown in Figure 4 


Characteristic D, used with drawbenches, pro- 
vides 40 per cent hook-on speed 


their driving motor. A system of un- 
balanced voltages having positive and nega- 
tive sequence components of the same 
magnitude as the two alternator voltages 
can be obtained with a polyphase supply 
and a suitably tapped autotransformer. 
The connections used to accomplish this 
are shown in Figure 44. 


Figure 44 shows the contactors used in 
selecting the lowering speeds of a standard 
type of hoist control. Hoisting operation 
is conventional and speed control in this 
direction is accomplished by commutating 
steps of secondary resistance. In the 


Figure 6. Capacitor in secondary circuit of 
slip ring motor with balanced primary voltages 


A—Connection diagram 

B—Speed-torque characteristics 

QH-5L—Characteristics with capacitor 

6H-3H, 6L—Characteristics without capacitor 
(switch A closed) 

T—Countertorque lowering 
without capacitor 


characteristic 
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lowering direction, the contactors are 
operated in accordance with the tabula- 
tion shown in Figure 4B. The speed— 
torque characteristics obtained in this 
manner are shown in Figure 5. In addi- 
tion to hoist characteristics, Figure 5 also 
shows a dotted characteristic D which is 
suitable for operating drawbenches. In 
drawing tubes this characteristic provides 
a no-load or hook-on speed of about 40 per 
cent of the drawing speed in order to pre- 
vent pullofis and breakage of the tubes or 
rods. By means of a limit switch or load 
relay, acceleration is initiated when the 
carriage is pulled away from the die block. 
At the end of the draw, slowdown is initi- 
ated with the motor exerting a braking 
torque to decelerate the chain and then a 
motoring torque to drive the chain at the 
slow hook-on speed. A_ selection of 
transformer taps is usually provided so 
that hook-on speeds may be changed to 
accommodate different types of work. 
Figure 4C shows the vector relations 
among the motor primary voltages for 
speeds 1L, 2L, and 3L. The vector dia- 
gram for speed 1Z shows a condition 
approaching single-phase operation with 
two motor leads connected together. If 
this condition were realized, the positive 
and negative sequence voltages would be 
equal. The displacement of point 6 from 
point a by an amount equal to the magni- 
tude of voltage V,, makes the positive or 
hoisting sequence voltage slightly larger 
than the negative sequence voltage and 
results in sequence a-b-c at the motor 
terminals. The component torques ob- 
tained under this condition are the same 
as those shown in Figure 2. This dis- 
placement of point b provides about 10 
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Figure 7. Slow landing speeds for a wide 
range of load 


Capacitor and inductor in series with second- 
ary circuit. Unbalanced voltages applied to 
motor primary 
LT—Lowering torque resulting from negative 
sequence voltage 
HT—Hoisting torque resulting from positive 
sequence voltage 
11—Net torque obtained as the algebraic sum 
of HT and LT 


per cent slower full load landing speed 
than is obtainable with equal sequence 
voltages (single-phase). Displacing point 
b more than the amount shown in the dia- 
gram usually results in the motor’s over- 
coming the static friction of the hoist 
under light hook conditions. This causes 
the hook to hoist slowly on point 1L. 

The vector relations for point 2L show 
point b to have been displaced in a direc- 
tion opposite to that for point 1Z. This 
results in sequence c-b-a at the motor ter- 
minals, indicating a greater negative or 
lowering sequence voltage. The compo- 
nent torques for points 2L and 3L are the 
same as those shown in Figure 3. 

The vector relations for points 42 and 
5L show the voltages obtained from the 
transformer which differ in this case from 
the voltages at the motor terminals by an 
amount equal to the voltage drop in the 
primary resistor Ro. This resistor func- 
tions to limit the torque at standstill 
(kickoff torque) to less than 150 per cent, 
thus reducing the shock to the hoist 
mechanism in starting to lower the hook. 
This method of limiting the torque avoids 
the need for commutating the secondary 
resistance in accelerating downward, and 
thus permits a more simple control 
scheme. An exact method of analyzing 
the 4Z and 5L speed torque characteristics 
has been developed, but it is not consid- 
ered in this paper. Braking torques in 
the normal range of operation can be pre- 
determined within 5 per cent by consider- 
ing the motor voltages to be the same as 
those obtained directly from the trans- 
former. Standstill torque can be prede- 
termined accurately by solving for the 
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Figure 8. Hoist control with secondary ca- 
pacitance and unbalanced primary voltages 


A—Connection diagram 

B—Speed-torque characteristics. R, 2H-5H, 

31-5l—Secondary resistance only 

C—Secondary resistance and capacitance 

41H,1L,2L—Secondary resistance, capacitance, 
and inductance 


motor voltages and then applying a 
method which will be described later in 
connection with the 1L, 2, and 3L char- 
acteristics. 

The full load braking torque required of 
the motor is about 70 per cent of the 
torque required to hoist full load. This 
difference is due to the friction of the 
hoist. At 70-per-cent torque in Figure 5 
it is seen that the landing speed is 50 per 
cent. At less than full load the landing 
speeds. are correspondingly less. At- 
tempting to decrease the full load landing 
speed to less than 50 per cent by either de- 
creasing the secondary resistance or in- 
creasing the primary voltages usually re- 
sults in overheating the motor. This 
limitation occurs: with the transformer 
type of control using only secondary re- 
sistors. 


Secondary Capacitance 
and Inductance 


In a high-speed hoist, a wider speed 
range is often necessary in order to pro- 
vide a safe landing speed. This wider 
range can be obtained by using capaci- 
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tance in addition to resistance in the 
secondary circuit, or by using a combina- 
tion of resistance, capacitance, and in- 
ductance. In fact, full load lowering 
speeds as low as 18 per cent can be 
reached. Speed-torque characteristics 
obtained with capacitance in the second- 
ary circuit differ from those obtained 
with resistance alone. Figure 6 shows 
this type of characteristic as obtained on 
balanced voltages. The characteristics 
obtained with the capacitor are numbered 
from 2H to 5L. These characteristics do 
not represent the final form of the speed- 
torque curves which are used. They 
could be employed, however, in a counter- 
torque-type of hoist controller. They 
have the advantage of smaller speed vari- 
ation with load as compared to character- 
istic T obtained with conventional con- 
trollers using secondary resistance only. 
The shape of the 2H to 5L curves has a 
definite relation to the secondary current. 

The current in the secondary of a slip- 
ring motor is determined by the induced 
voltage and impedance of the secondary 
circuit. As the motor approaches syn- 
chronous speed, its slip approaches zero. 
The induced voltage decreases in propor- 
tion to the slip. When the secondary im- 
pedance consists of capacitive reactance, 
it various inversely as the slip, increasing 
to infinity as the slip approaches zero. 
The combination of decreased voltage and 
increased impedance causes a rapid de- 
crease in current as the motor accelerates 


from standstill. In addition, the power » 


factor is low and leading because of the 
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high capacitive reactance. The combina- 
tion of low secondary current and low 
power factor results in less than 10 per 
cent torque for slip values less than 50 per 
cent. The disadvantage of these charac- 
teristics is that there is still an appreciable 


_ torque at standstill. 


With light load, the hook will therefore 
move upward when the 1Z to 5L charac- 
teristics are used. : This is common to 
most types of countertorque control. 

The hoisting of a light hook on points 
1L to 5L can be prevented by using un- 
balanced primary voltages. Figure 7 
shows the component torque character- 
istics HT and LT resulting from the posi- 
tive and negative sequence components 
of the unbalanced primary voltages. 
Addition of these components results in a 
1L speed-torque characteristic which 
possesses advantages of slow landing 
speed, simplicity of control, and stator 
currents of less than 150 per cent. 

Connections for a hoist control using 
secondary capacitanée are shown in 
Figure 8A. Unbalanced primary volt- 
ages are obtained as previously described 
in explaining Figure 44. The secondary 
circuit includes a capacitor which can be 
connected in series with the secondary 
circuit for speed points 1H, 1L, and 2L. 
Using the capacitor only, full load landing 
speeds as low as 30 per cent are obtain- 


CURRENT 


TORQUE HOISTING 


Figure 9. Current-torque characteristics ob- 
tained at slow landing speeds as shown in 
Figure 8 


Dotted characteristics show currents associated 

with 1L using resistor, capacitor, and inductor. 

Solid curves show currents associated with 1L 
using resistor only 
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able. The use of inductance in series 
with the secondary capacitor permits a 
further reduction in speed. With this 
combination, speeds as low as 18 per cent 
are obtainable for lowering full load. 
The continuous kilovolt-ampere rating of 
the capacitor needed for 30- and 18-per- 
cent speeds is about 20 per cent of the 
rated kilovolt-ampere input of the hoist 
motor. 

Speed—torque characteristics are shown 
in Figure 8B. Curves as obtained with 
resistance alone and curves with resist- 
ance and capacitance in series are shown 
for comparison. In point 2L, a resistor is 
connected in parallel with the inductor 
and capacitor so as to reduce their effect. 

With unbalanced primary voltages 
applied to its stator, the rotor current of 
an induction motor contains two different 
frequency components at any condition 
other than standstill or synchronous 
speed. One frequency component results 
from the positive or hoisting sequence 
stator voltages and the other from the 
negative or lowering sequence stator volt- 
ages. At 20-per-cent lowering speed, a 
60-cycle motor has a 72-cycle rotor cur- 
rent component due to the hoisting se- 
quence voltages and a 48-cycle rotor cur- 
rent component due to the lowering se- 
quence voltages. In order to obtain the 
maximum net hoisting or braking torque 
at a given slow lowering speed, it is desir- 
able to have the hoisting sequence rotor 
currents large and at a high power factor. 
This increases the hoisting torque com- 
ponent HT in Figure 7. It is also desir- 
able to reduce the lowering torque com- 
ponent LT in Figure 7 by minimizing the 
lowering sequence currents and having 
their power factor low. This is accom- 
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Figure 10. Temperature rises of a-c and d-c 
cargo winch motors operated on identical 
loads and duty cycles 
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Figure 11. Equivalent circuits for calculating 
the performance of a slip-ring motor operating 
on unbalanced primary voltages 


A—Positive sequence circuit 
B—Negative sequence circuit 


plished by inserting inductance in series 
with the secondary capacitors so as to 
approach resonance at 72 cycles. The 
impedance to 72-cycle current will then be 
less than the impedance to 48 cycle cur- 
rent by an amount depending upon the 
sharpness of resonance. 

Full load landing speeds less than 18 
per cent can be obtained by increasing the 
sharpness of resonance and by causing 
resonance to occur at speeds less than 25 
per cent, but this usually requires a larger 
capacitor and inductor. It also reduces 
the braking torque available with the 1Z 
characteristic between speeds of 50 and 
100 per cent. In applying the character- 
istic to hoists, the constants of the secon- 
dary circuit are selected so that the brak- 


ing torque at all speeds is always greater _ 


than 150 per cent of the required full load 
braking torque. This is done to avoid 
the possibility of a slow rate of deceler- 
ation from 150- to 50-per-cent speed. In 
addition, the control scheme is arranged 
so as to insure deceleration on points 3L 
and 2Z before transferring to 1L. 


Motor Currents at 
Slow Landing Speeds 


This scheme in lowering full load re- 
quires less than 150 per cent current in the 
most heavily loaded stator winding. As 
shown by Figure 9, the current in motor 
winding T; is 120 per cent at a full load 
torque of 70 per cent. The remainder of 
the dotted curves show currents in other 
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Figure 12. Simplification of circuits shown in 
Figure 11 


motor windings. It is significant that the 
T, current approaches that in T3, indicat- 
ing a condition favorable for minimum 
heating in the hottest winding. The 
rotor current at full load is shown to be 
170 per cent. Heating of the rotor is not 
necessarily a limiting factor since its 
temperature rise as shown in Figure 10 is 
less than that of stator phase 73. 

Even with an unbalanced primary type 
control employing resistance only in the 
secondary circuit, the currents in the 
motor windings are within 200 to 250 per 
cent of normal. This is shown by the 
solid curves in Figure 9. If necessary, 
the 7; current can be decreased by chang- 
ing the phase relation between positive 
and negative sequence currents until the 
T; and 7; currents are equal. This in- 
volves no change in the speed—torque 
characteristics. The magnitudes of the 
positive and negative sequence voltage 
systems remain the same, but their phase 
relation to each other is altered. This re- 
quires an additional single phase auto- 
transformer. Since no particular diffi- 
culty with heating has been encountered 
in the large number of hoists and draw- 
benches now controlled by means of un- 
balanced primary voltages, it is not con- 
sidered advisable to sacrifice simplicity 
and economy by using more than one 
autotransformer. 


Heating of the Motor Windings 
Any consideration of heating involves 


not only the current in the motor but also 
the duty cycle upon which the motor 
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operates. The currents encountered with 
the unbalanced primary type of hoist and 
drawbench control are no greater than 
those common in d-c hoist motors. 
These currents reach 200 to 250 per cent of 
normal. The satisfactory service records 
of such motors has shown that heating is 
not excessive. 

The reason that the d-c and a-c hoist 
and drawbench motors do not overheat is 
that the duty cycle is intermittent in all 
cases. The most severe duty cycle in- 
cluded in ASA specifications is 15 seconds 
on out of 45 seconds. Even with a more 
severe duty cycle, undue heating is not 
like y because 
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1. Coils adjacent to the hot winding are 
cooler, facilitating heat transfer; 


2. The temperature equalizes rapidly 
when hoisting with balanced currents and 
also when the motor is at rest. 


Figure 10 shows this to have proved 
true in tests as well as in theory. 

In obtaining the temperature curves 
shown in Figure 10, two similar cargo 
winch drives were tested. One employed 
a 50-horsepower 440-volt 60-cycle 575- 
rpm totally enclosed slip-ring motor. 
This motor was used in the unbalanced 
primary control scheme shown in Figure 8. 
The other employed a 50-horsepower 230- 
volt, 600-rpm totally enclosed d-c motor. 
This motor was used in a constant poten- 


tial d-c cargo winch control scheme. - 


These motors were mounted in turn on a 
standard cargo winch arranged to hoist 
and lower full load. The duty cycle used 
was a standard United States Maritime 
Commission cycle of 17 seconds hoist, 17 
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Figure 13. Comparison 
of measured and calcu- 
lated speed-torque 
characteristics with bal- 
anced primary voltages 
and with resistance, in- 
ductance, and capaci- 
tance included in. the 
secondary circuit 


Test data taken at 75- 
per-cent voltage 
Results shown for 100- 
per-cent voltage 


. 300% 


seconds lower, and 20 seconds off. The 
temperature rises indicated on Figure 10 
were obtained by means of resistance 
measurements with a Kelvin double 
bridge. In the a-c test, auxiliary slip 
rings were used to bring out potential 
leads from the rotor winding to the Kelvin 
bridge. This allowed resistance measure- 
ments during each 20 second off period 
without opening the motor housing. 
Twenty thermocouples were also placed 
at various points on the windings and core 
of each motor. These all indicated tem- 
perature rises less than the temperature 
rise by the resistance method. As shown 
by Figure 10, the highest temperature rise 
of the a-c motor is for all practical pur- 
poses the same as that of the d-c motor. 
Temperatures of the armature, interpole, 
and shunt field windings of the d-c motor 
were comparable to those of the less heav- 
ily loaded a-c motor windings. 

A'though the a-c scheme employed sec- 
ondary capacitors, no appreciable differ- 
ence from the above results would be 
likely to occur in substituting an a-c 
scheme employing secondary resistance 
only. The reason for this is the short 
time that the slow speed is used in relation 
to the entire cycle of operation. Also, 
with a somewhat higher landing speed, the 
{L characteristic with resistance only 
would be in operation for shorter periods 
of time for the same distance traveled. 


Calculation of © 
Currents and Torques 


The mathematical analysis of the un- 


balanced primary type of control scheme 
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is based upon the method of symmetrical 
components applied to the equivalent cir- 
cuit of the induction motor. The applica- 
tion of this method to induction motors 
has been capably explained elsewhere.*4 
This method involves the resolution of 
a given set of unbalanced 3-phase voltages 
into two sets of balanced voltages, the 
phase sequence of the first set being 
opposite to that of the second. The be- 
havior of the motor is analyzed by con- 
sidering the effect of applying each set 
separately and then combining the re- 
sults. The analysis in each case is made 
by means of the appropriate equivalent 
circuit. The two equivalent circuits are 
shown in Figure 11. Circuit A is used in 
calculating positive sequence currents and 
torques, and circuit B is used in calculat- 
ing the corresponding negative sequence 
quantities. The only difference in the 
two circuits is in the terms containing 
slip, S. This difference can be explained 
by an illustration: with the motor turn- 
ing against the direction of the positive 
sequence stator field at 40-per-cent speed, 
the frequency of the positive sequence 
rotor current is equal to the slip, S, or 140 
per cent. At the same time, the fre- 
quency of the negative sequence rotor 
current due to the oppositely-rotating 
negative sequence stator field is equal to 
2—S or 60 per cent. Hence 2—S in the 
negative sequence circuit replaces NY 

Except for the terms representing sec- 
ondary capacitive reactance, the circuits 
of Figure 11 are identical to the conven- 
tional equivalent circuit in which internal 
and external secondary resistance are in- 
cluded in one term, R. The more general 
circuit containing secondary capacitance 
is developed in Appendix I. 

Where a large number of torque calcu- 
lations are to be performed, it is conven- 
ient to simplify the circuits of Figure 11 to 
obtain those of Figure 12. The develop- 
ment of simplified, series circuits is shown 
in Appendix II. 

The accuracy of the above methods is 
indicated by the close agreement between 
the calculated and! test results shown in 
Figures 13 and 14. Figure 13 shows the 
speed-torque relations which result with 
secondary resistance, inductance, and 
capacitance and balanced primary volt- 
ages. The equivalent circuits do not in- 
clude either the effect of iron losses in the 
rotor or the increase in effective resistance 
of the rotor winding at high values of slip.* 
Above 200% slip, these losses become 
large enough to cause an appreciable in- 
crease in the measured torque values, caus- 
ing them to exceed the calculated values. 

Figure 14 shows current loci corre- 
sponding to the speed-torque curves of 
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Figure 13. The loci calculated from the 
equivalent circuit of Figure 12A are com- 
pared to test results. Slip values for the 
various operating points are indicated by 
the percentage figures on each curve. 

The current loci with secondary capaci- 
tance may be obtained in a manner similar 
to that used in constructing the conven- 
tional circle diagram of an induction 
motor. The circle diagram of an induc- 
tion motor represents the current locus 
obtained when a variable resistance is 
connected in series with a fixed reactance.® 
The diameter of the circle is perpendicular 
to the reference voltage EF, and its magni- 
tude is equal to Es/X. The operating 
point on this conventional circle diagram 
for any given slip, So, can be located by 
means of a conventional slip scale. 
Another means of locating the operating 
point is to construct a circle with its 
diameter coincident with Es and equal in 
magnitude to Es/(Rp’+R/So). This cir- 
cle represents the current locus obtained 
with fixed resistance and variable react- 
ance. The only condition satisfying both 
loci occurs at their intersection, the oper- 
ating point. By constructing a series of 
constant resistance loci, a series of operat- 
ing points for various values of slip may 
be located, and performance curves for 
the induction motor can be plotted. 


A similar procedure may be followed 
for obtaining a series of operating points 
in the case of an induction motor operat- 
ing with secondary capacitance. The 
only difference in the two procedures is 
that occasioned by the term X¢/.S”. 
This shows that the reactance of the 
motor changes as a function of slip, and 
thus requires a different diameter, con- 
stant reactance circle for each value of 
slip. The diameter equals Es/(X —X¢/- 
S?). Ifaseries of constant resistance and 
constant reactance circles are drawn for a 
number of values of slip, their intersec- 
.tions can be used to determine the current 
locus of the motor currents obtained with 
secondary capacitance. The method can 
be extended to include loci corresponding 
to torque lines and output lines in the cir- 
cle diagram, but torque and output may 
be more directly obtained from the equiv- 
alent circuit. 


Although there are more convenient 
ways of determining motor currents, this 
method is useful in visualizing the be- 
havior of the induction motor when oper- 
ating with secondary capacitance. At 
large values of slip the diameters of the 
constant-R and constant-X circles are 
large. As slip decreases, the constant-R 
circles become smaller. The constant-X 
circles increase in diameter until resonance 
is reached, at which point the diameter is 
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infinite, and the locus becomes a vertical 
line. Further reductions in slip result in 
successively smaller circles of constant R. 
The constant-X circles become capacitive 
current loci and their diameters also de- 
crease. At zero slip, or synchronous 
speed, the diameters are zero as would be 
expected since secondary current is also 
zero for this condition. 


Design of Controllers Using 
Secondary Resistance Only 


The above illustrations show that by 
starting with a given set of circuit ele- 
ments and a given set of primary voltages 
the speed and current characteristics can 
be accurately predetermined. The de- 
sign of a controller usually involves pro- 
ceeding in the opposite direction by start- 
ing with a given set of speed—torque re- 
quirements and certain current limita- 
tions. With this information it is neces- 
sary to determine the circuit elements and 
voltages which will provide the desired 
characteristics. Assuming that the de- 
signer desires the slowest practical landing 
speed, the magnitudes of V; and V2 are 
made as large as possible without exceed- 
ing the maximum permissible flux density 
inthe motor. The ratio V,/V2is made as 
large as possible without exceeding the 
maximum of 10-per-cent hoisting torque 


In-e 
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allowable at standstill. The phase angle 
between V; and V3 is fixed by the type of 
transformer connection used to obtain the 
unbalanced voltages. Adding the Vi and 
V2 sequence voltage systems at the pre- 
scribed phase angle then determines the 
voltages applied:to the motor terminals. 
More frequently the last step is accom- 
plished by assuming a certain transformer 
connection and then analyzing the un- 
balanced voltages thus obtained to ascer- 
tain how closely they approximate the 
required V,; and V2. 

It has been found that a positive se- 
quence voltage V; of 68 per cent of rated 
motor voltage and a negative sequence 
voltage V2 of 64 per cent will meet the 
above limitations. This is illustrated by 
Figure 15 which shows that HT and LT 
characteristics corresponding to these 
voltages produce the desired 10-per-cent 
standstill torque in their combined 1L 
speed-torque curve. When V; and V2 
are known, a value of R may be assumed, 
and the HT and LT speed—torque charac- 
teristics can be calculated. Experience 
with a large number of hoist and draw- 
bench applications indicates that R should 
equal approximately 50 per cent of the 


Figure 14. Current loci for characteristics 
shown in Figure 13 compared to circle diagram 
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rated secondary H/I of the slip-ring 
motor. Starting with this value of R, it is 
possible to apply a correction factor, K, 


which will determine an accurate, opti- 


mum value of R to permit the slowest 
landing speed. 

R may be determined by partially dif- 
ferentiating the expression for net torque 
with respect to R. In an approximate 
equivalent circuit similar to Figure 11 
except for the omission of magnetizing re- 
sistance and magnetizing reactance 


ae V2R/S _ 
(Rp+R/S)2+(X p+ Xs)? 
V2R/(2—S) . 
[Rp-+R/(2—S)}?-+(Xp+Xs)? 


(1) 


The differentiation when equated to zero 
leads to a sixth degree algebraic equation. 

A more workable, graphic solution for 
optimum R is shown in Figure 15. Opti- 
mum R is determined by the relation 
R/K. 

When it is recalled that doubling R, 
K=50 per cent will cause torques which 
previously occurred at 150-per-cent slip to 
appear at 75-per-cent slip, it is seen ‘that 
line m—n may be used to determine the 
positive sequence torque at 150 per cent 
slip for any value of K. Point m is 
located on line p-g at a K factor of 100 per 
cent. The K scale may be of any con- 
venient length, and m need not fall on the 
LT characteristic. 

When K =60 per cent, line g-b is drawn 
through 60 per cent on the K factor scale 
which in this case has the same number of 
divisions as the torque scale. The inter- 
section of g-b with m—m locates the point 
at which positive sequence torque a-b; is 
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Figure 15. Graphic 
construction for deter- 
mining optimum second- 
ary R with scheme using 
unbalanced primary 
voltages and secondary 


resistance only 
,SPEED VS 
K FACTOR 


Lr- 68% VOLJASE 


measured. Similarly, the negative se- 
quence torque az-bz is measured at the 
intersection of g-b with m-m:. The dif- 
ference between a;-b; and a2-bs determines 
the 1L torque a—b for K=60 per cent. 
By performing a series of constructions, a 
curve representing torque variation with 
respect to K may be determined. The 
maximum value of this curve indicates the 
K, and consequently the R for maximum 
torque at 150 per cent slip, or, conversely, 
the minimum landing speed for any value 
of torque, since 1 is a straight line. A 
further refinement may be had by draw- 
ing the tangent j-k parallel to a curve 
representing torque variation with K at 
standstill. A line from the tangency, 
perpendicular to the K factor scale deter- 
mines the K which provides least speed 
variation with load when operating on the 
1L characteristic. If standstill torque is 
less than 10 per cent, a further adjustment 
of sequence voltages can be made to re- 
duce the landing speed. 


It is not always desirable to operate 
with the R value which provides mini- 
mum landing speed. Figure 15 shows 
that a 20-per-cent increase from the opti- 
mum value of R produces only a 5-per- 
cent increase in landing speed. In some 
applications, the reduction in current 
may be enough to warrant a slight in- 
crease in landing speed. This can be de- 
cided on the basis of a current analysis 
similar to the above torque analysis. 


The R value determined for 1Z is 


usually used for the 2L, 3L, and 42 . 


characteristics. Sequence voltages for 
characteristics 2L and 3L are determined 
in the same manner as for 1Z, on the 
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basis of saturation and the ratio Vi/V2 
required to provide a given no-load or 
full-load speed. Secondary resistance for 
point 5L is determined on the basis of the 
highest desired full-load lowering speed. 


Design of Controllers 
Using Secondary Capacitance 


Circuit constants for 1Z characteristics 
employing secondary capacitance are 
based upon considerations other than 
minimum landing speed. In explaining 
operation with secondary capacitance and 
inductance, it was indicated that full load 
landing speeds of less than 18 per cent can 
be had by using large amounts of induc- 
tive and capacitive reactance. In this 
manner, resonance can be made sharp 
enough to exclude all but the smallest 
amount of negative sequence torque at 
any lowering speed. Therefore, a graphic 
analysis similar to that with resistance 
only does not apply. The problem can be 
attacked by analyzing the positive se- 
quence characteristic to determine maxi- 
mum torque with respect to R, S; XY and. 
X, individually when all quantities other 
than the one under consideration are held 
constant. This has been done as shown 
in Appendix ITI. 


The LL characteristic with capacitance ~ 


may, of course, be analysed by starting 
with various assumed circuit constants 
and solving the equivalent circuits as out- 
lined under ‘Calculation of Currents and 
Torques.”’ 


Conclusions 


Controlling a slip-ring motor by adjust- 
ing the degree of unbalance of its primary 
voltages affords a simple and reliable 
means of obtaining characteristics which 
would otherwise require the use of more 
complicated equipment. The character- 
istics can be predetermined accurately by 
means of calculations based upon the 
equivalent circuit of the induction motor. 

The scope of this paper includes only 
the main circuit elements and the charac- 
teristics of the unbalanced primary type 
of slip-ring motor control. Other inter- 
esting features related to this type of con- 
trol but not covered in this paper include 
an off-point dynamic braking relay for the 
reduction of brake wear and a load relay 
for automatic transfer to a high speed 
winding where a 2-speed motor is used for 


fast handling of a light hook. Any or all 


of these features can be used in combina- 
tion with the characteristics which have 
been described to permit a-c operation of 
many types of hoists, drawbenches, and 
similar machines. 
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Appendix | 


Determination of Secondary 
Impedance in the Equivalent Circuit 
of a Slip-Ring Motor Having 
Capacitance in Series With the 
Secondary Circuit 


The following analysis considers a motor 
with a 1-to-1 ratio of transformation. If a 
ratio other than unity is used, currents, volt- 
ages, and impedances must be adjusted ac- 
cordingly. 

Referring to Figure 11A it is seen that 


Zs=Es/Is (2) 


Where all quantities are considered at pri- 
mary frequency 
At slip frequency 


Es’ = SEs (3) 


Where secondary voltage is considered at 
secondary frequency 

And since Ig is the same whether con- 
sidered at primary or secondary frequency 


Zs'=SEs/Ts (4) 
‘From equations 2 and 4 
Zg=Z,s'/S (5) 


When X; and X¢ are measured at pri- 
mary frequency 


Zs’ =R+j(SXs—Xe/S) (6) 
From equations 5 and 6 
Bi ae Xe 
Zs = ti Xs—“s (7) 


Equation 6 leads to the equivalent circuits 
shown in Figure 11. 


Appendix II 


Simplification of Exact Equivalent 
Circuit to Facilitate Torque 
Calculations and to Permit Further 
Analysis With a Simple Series 
Circuit 


The exact equivalent circuit may, through 
the use of Thevenin’s Theorem, be reduced 
to a simple series circuit without impairing 
the accuracy of calculated results. 

Referring to Figure 114 it is seen that 
with switch S1 open and with V; impressed 
upon the motor primary winding, Ey may 
be readily calculated. This voltage is a 
constant for a given motor and primary 
impressed voltage, and is independent of 
secondary resistance, inductance, and ca- 
pacitance. With switch S1 closed, current 
Ts: results in the secondary circuit. 

Replacing voltage source V,; with its 
equivalent impedance and impressing the 
previously calculated Eg across switch S1 
results in the same current Js; through the 
secondary circuit, as shown in Figure 12A 


ec Wet eet ule Sai 
BY (Rp’+R/S)?+(X—Xo/S?)? 
T,=Is:7(R/S) synchronous watts (9) 


1947, VOLUME 66 


T,=7.04Is;2R/SN pound-feet (10) 


By analogy, 7, may be calculated from 
the circuit shown in Figure 12B 


T2=7.04Ig.2R/(2—S)N pound-feet (11) 


Using the foregoing method, the calcula- 
tion of a series of speed—torque points for a 
given sequence involves only one calculation 
of Eg; and one calculation of Zp’. In calcu- 
lating Zp’, the impedance of the voltage 
source is usually negligible and only the 
motor impedances are involved. . The sec- 
ondary resistance and capacitive reactance 
are calculated for each assumed value of slip, 
and the series circuit is solved for torque in 
terms of power dissipated in the secondary 
resistance. 

This method has particular merit where 
speed, torque, and secondary current are the 
only quantities to be calculated. When pri- 
mary current is desired, the labor involved 
is about the same as that required by the 
conventional circuit. 


Appendix Ill 


Determination of Secondary 
Resistance, Inductance, 
Capacitance, and Slip for Maximum 
Torque With Balanced Voltages 


Maximum torque with R, X, Xc, and S 
considered individually may be determined 
by partially differentiating the expression for 
torque with respect to the quantity under 
consideration, all other quantities being 
held constant. 

Referring to Figure 12, the magnitude of 
the secondary current may be determined 
from equations 8 and 9. 


E 2k 
ES (12) 


P= (Rp R/S) (X—Xo/ S42 


Maximum Torque WITH RESPECT TO SLIP 


Differentiating with respect to S and 
equating to zero, the slip at which maximum 
torque occurs for a given R, X, Xc, and 
primary resistance may be determined. 


or Es*R 


aS) [Rp R/S)*+(X—Xe/S)™ 
[eee el 


— S? 
(—2R/S*)(Rp’+R/S) + 
(4X ¢/S*)(X —X¢/S?) 
S — (13) 


Since only positive, finite values of slip 
are under consideration, and since SO, it 
follows that the last factor must vanish, thus 
leading to the relation 

Rp’? 2RRp’ R? X?* 2XXe¢ 
Oi te S3 ee or ae 
Xo? 2RRp’ 2R? 4XX¢ 4X? 
S6 53 ot S4 SS 
(14) 


Simplifying the above expression 


0=(Rp!?-++X2) S44 (2XXo— R)S2—3X 2 
(15) 
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Solving for S? 
se 
R?-2XXo+ 
/ Rt—4R?X Xo +4X2X 9? +12X¢? 
(Rp! +X?) 


2(Rp’?+ X?) 
(16) 


If X¢=0 the above expression can be re- 
duced to the conventional relation for deter- 
mining the slip which results in maximum 
torque in an induction motor. 


S?= = 
"Rex? ae 
For maximum power transfer with 


Xc¢=0, the load resistance must equal the 
source impedance.? This condition is met 
as shown in equation 18. 


R/S=V Rp? +X? 


Maximum TorQUE WITH RESPECT TO 
RESISTANCE 


(18) 


The secondary resistance for which maxi- 
mum torque results may be determined by 
differentiating with respect to R and equat- 
ing to zero. 


oT Es?/S 


aR" [eRe FRI (Xe 


(e+ R/S) =X 0/519 
= (Re! +R/S) | (19) 


Since only positive values of R are under 
consideration, it follows that the last factor 
in the above expression must vanish. 


0 = Rp pe Ext 
Simplifying equation 20 

= =Rp't4-xt “= (21) 
Solving for R? 

R?= S?Rp'2+-S?(X —X¢/S*)? (22) 


For maximum power transfer, the load 
impedance must equal the source impedance. 
This condition is satisfied as shown by the 
following relation which is obtained from 
equation 22: 


R/S=V Rp!*+ (X—Xo/S*)* 


Maximum TorQUE WiTH RESPECT TO 
INDUCTIVE AND CAPACITIVE REACTANCE 


(23) 


The total inductive reactance for which 
maximum torque occurs can be obtained by 
differentiating with respect to X and 
equating to zero. 


OF _ 9 ___@Es*R/S)(Xe/S*—X) 
aX  — [(Rp’ + R/S)?+(X—X¢/S?)?]? 
(24) 


Since all quantities in equation 24 are 
positive and finite, the last term in the 
numerator must vanish, and 


Pd 


A partial differentiation similar to the 
foregoing may be performed with respect 
to X¢ to obtain the same result as that shown 
by equation 25. 


Coe (2Eg?R/S*)(X —Xe/'S*) 


aXe ~ [(Rp! + R/S)?+(¥— Xe/S*)*? 
(26) 


Equation 25 may also be obtained by 
eliminating R and Rp’ between equations 
15 and 21. 


Maximum TorQUE WITH RESPECT TO x 
Xc, S, AND R CONSIDERED 
SIMULTANEOUSLY 


In order to obtain the greatest possible 
torque, at some slip, S, it is necessary to 
simultaneously satisfy equations 22 and 25. 
Equation 25 can be satisfied by selecting the 
ratio. 


X¢/X=S? (27) 


The magnitudes of X and X¢ determine 
the sharpness of resonance. When this 
ratio is applied to equation 22, the last term 
vanishes and 


R=SRp" (28) 


Since the resistances of the primary and 
secondary windings of an induction motor 
are approximately equal, this relation rep- 
resents a condition obtainable only at slip 
values greater than unity. 

Equations 27 and 28 involve series reso- 
nance, and since the resistances are low, 2 
reduction in impressed voltage is necessary 
to limit the current in the motor. 


Appendix IV 


Symbols 


V:=positive sequence voltage at motor pri- 
mary terminals (phase to neutral) 


V2=negative sequence voltage at motor pri- 
mary terminals (phase to neutral) 

T,=torque in synchronous watts resulting 
from positive sequence voltages (per 
phase) 

T,=torque in synchronous watts resulting 
from negative sequence voltages (per 
phase) 

T =net torque in synchronous watts result- 
ing from positive and negative se- 
quence voltages in combination (per 
phase) 

Z,=impedance to positive sequence current 
(per phase, assuming star-connected 
motor) 

Z2=impedance to negative sequence current 
(per phase, assuming star connected 
motor) 

Rp=resistance of motor primary winding 
(per phase, assuming star connected 
motor) 

Rg=resistance of motor secondary winding 
(per phase, assuming star connected 
motor, referred to primary) 

R=total resistance in motor secondary cir- 
cuit (per phase, referred to primary) 

X=total inductive reactance of the motor 
primary and secondary circuit in the 
simplified equivalent circuit of Fig- 
ure 12 X=Xp’+internal and ex- 
ternal inductive reactance of the 
motor secondary circuit. 

Xc=external capacitive reactance when 
connected in series with the motor 
secondary circuit (measured at pri- 
mary frequency) 

S=per unit slip 

Xp=inductive reactance of motor primary 
winding 

X =inductive reactance of motor secondary 
winding (measured at primary fre- 
quency) 

Ep=primary induced voltage 

Eg =secondary induced voltage (referred to 
primary frequency) 

Es'=secondary induced. voltage measured 
at secondary frequency 

Zg=total impedance of secondary circuit, 
referred to primary 


Zs'=total impedance of secondary circuit 
at secondary frequency 

Ws=watts dissipated in secondary circuit 
(per phase) 

N=synchronous speed of motor in revolu- 
tions per minute 

Zp'=total impedance of primary circuit 
viewed from the secondary circuit 
with motor primary terminals either 
short circuited or connected together 
through an impedance equal to that 
of the voltage source 

Rp! =resistive component of Z p’ 

X p’=reactive component of Zp’ 


Quantities related to the positive sequence 
circuit are denoted by a subscript 1. Quan- 
tities related to the negative sequence cir- 
cuit are denoted by a subscript 2. All 
symbols refer to a motor having a 1-to-l 
ratio of transformation. 
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Discussion : 


L. F. Stauder (University of Notre Dame, 
South Bend, Ind.): After hearing N. L. 
Schmitz’s excellent paper on this subject 
at the 1946 AIEE Great Lakes District 
meeting, its content as of that time was 
introduced into a course in symmetrical 
components given to some of the seniors at 
the University of Notre Dame last fall. 
From test data we evaluated the circuit con- 
stants listed in Figure 11 of the present 
paper and used them with several unbal- 
anced primary voltages to anticipate line 
currents, torque, power input, and efficiency. 
The actual electrodynamometer test data 
checked very well with that calculated using 
the method of symmetrical components and 
the equivalent circuit. The addition of the 
content of Appendix II and Figure 12 which 
aptly apply Thevenins Theorem will make 
possible considerable saving in time consum- 
ing calculations of torque. No inductance 
was added to the secondary, no attempt 
was made to maximize torque as outlined 
in Appendix III of the present paper. Tests 


% 
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were run also at half voltage (balanced) at 
300 rpm intervals of speed from 100 per 
cent plus to 100 per cent minus and perform- 
ance checked with that anticipated from 
equivalent circuit calculations. 

The students were interested and duly 
impressed by the scheme of speed control 
and the check obtained between calculations 
and test data. One of them, Myles E. 
Wood, used it as the subject of a paper 
which won him the right to present it in 
the District Branch paper competition 
where it received honorable mention. 

This limited experience as a teacher of the 
subject, indicates to me that apart from the 
obvious practical application value of the 
scheme, N. L. Schmitz’s paper is an excel- 
lent academic vehicle to illustrate the merits 
of the method of symmetrical components. 
A disadvantage of using the example of the 
squirrel cage motor operating to and beyond 
full load torque is that the calculated magni- 
tude of the negative sequence torque is so 
small, say 2 per cent of positive sequence 
torque, even at considerable unbalanced 
primary voltage that the student is not 
instinctively sold on the need and virtue of 
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the method. Likewise, when static imped- 
ances are used, other methods of solving 
balanced circuits often are shorter and 
equally good. 

Seldom does a single application in 3-phase 
give the opportunity to apply so effectively 
theorems like Thevenin’s, maximum power 
(torque), and circle diagrams in array such 
as in Figures 14 and 15. As only the usual 
laboratory apparatus and moderate time 
are required to obtain confirming test data, 
the scheme and the content of the compre- 
hensive paper could well be incorporated 
in courses in motor control, advanced a-c 
machinery and especially in courses in 
symmetrical components. 


John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): The discussion on Ap- 


pendix II of Schmitz’s paper, indicates a. 


considerable-contribution to more rapid cal- 
culations for slip-ring motors. We wonder 
if the method would facilitate the calcula- 
tions of concatenated motors. 

In Figure 6 of the paper one useful com- 
bination of capacitors is shown with desir- 
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able torque characteristics shown in Figure 8 
when supplied with unbalanced voltage. 
“Methods of Operating Hoists and Draw- 
benches,” part 9 appears to contemplate 
other combinations of R, L, and C. While, 
undoubtedly, this matter has been given at- 
tention, and no useful combination yet 
found, there is room for further improvement 
and additional reports will be awaited with 
interest. 

The author does not emphasize the fact 
that the effect of increasing capacity would 
raise the resonant point in Figure 13 to a 
positive speed, however, when counter torque 
diagrams are drawn for this case in the 
manner of his Figure 7, undesirable char- 
acteristics are obtained. Is the author 
ready to announce any successful use of 
capacitors in the motoring quadrant? 


John D. Leitch (The Electric Controller and 
Manufacturing Company, Cleveland, Ohio) : 
A very comprehensive and interesting paper 
has been presented by Schmitz. The mathe- 
matical treatment of the induction motor 
operating with balanced voltages and with 
capacitive reactance in the secondary is of 
great assistance in explaining the reduction 
in motor heating and the higher torque at 
lower speed when the motor primary is un- 
balanced. Schmitz’s results are in complete 
agreement with the work we have done on 
this subject. 

Schmitz shows how to determine the size 
' of the capacitor in microfarads for lowering 
with an unbalanced primary and states that 
the continuous kilovolt-amperes of the ca- 
pacitor is, about 20 per cent of the rated 
kilovolt-amperes of the motor. Since the 
capacitor is connected in series in a circtt 
in which voltage, current, and frequency are 
varying concurrently, I would like to ask 
how this kilovolt-ampere rating is deter- 
mined and the basis of giving the capacitor 
a continuous rating. 

The use of an inductance in addition to a 
capacitor sharpens the peak of the speed— 
torque curve and reduces the speed at 
which maximum torque occurs for a capaci- 
tor of a given size. Is it not true that adding 
an accurately known inductance in the 
secondary permits the control designer to 
neglect the actual reactance of the motor or 
at least allows a less accurate approxima- 
tion of its value? 


Carl J. Fechheimer (consulting engineer, 
Milwaukee, Wis.): Considering that many 
years have been spent by engineers in en- 
deavoring to obtain a_ satisfactory a-c 
motor for cranes, and hoists, and that it 
was believed that only with complications or 
with a-c commutator motors could desirable 
speed-torque characteristics be secured, it 
may now be regarded as an achievement 
that such are obtainable with a simple 
slip-ring induction motor operating on 
various degrees of unbalance, and with 
- predetermined values of secondary imped- 
ances. 

In the usual 3-phase motor with a moder- 
ate unbalance in primary voltages, there is 
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generally a considerable unbalance in -cur- 
rents, but not a large diminution in torques. 
Yet for small torques, according to Schmitz’s 
Figure 9, the maximum phase current is 
about 190 per cent, and the minimum 90 
per cent, with the secondary external im- 
pedance consisting only of resistors; by 
the introduction of properly chosen resistors, 
capacitors, and inductances the currents in 
all phases was decreased appreciably fur- 
ther. It is gratifying to note that tempera- 
ture rises have not been injurious. If 
glass and silicone insulation are employed, 
breakdowns will probably not occur, even 
in extreme cases. 
I ask the author 


1. Has it been found necessary to apply a larger 
frame size than would be employed for balanced 
conditions, and if so, about how much larger? 


2. Have the suppliers of power, or others, objected 
to the unbalance in currents and voltages occasioned 
by such applications? 


N. L. Schmitz: The author is in entire ac- 
cord with Professor Stauder as to the possi- 
bilities of the unbalanced primary type 
control as an academic vehicle for the teach- 
ing of symmetrical components. 

This application has also been used as an 
illustration and as a subject for problems by 
Professor G. F. Tracy in a course in sym- 
metrical components given at the University 
of Wisconsin and by Professor Douglas in 
advanced courses in rotating machinery 
given at Marquette University. The author 
has, from his own experience, found the 
unbalanced primary type of control quite 
generally useful in the teaching of a-c cir- 
cuits, control, and laboratory courses. 

Although Fortescue’s original paper gives 
full emphasis to the application of sym- 
metrical components in analyzing the be- 
havior of rotating machinery, the use of this 
valuable engineering tool in this manner 
appears to have been curtailed bya lack of 
suitable problems. After several years of 
relatively little use in this field compared 
to its application with static impedances in 
power system short circuit analysis, the 
method of symmetrical components now 
finds everyday application in the design of 
a-c hoist and drawbench controls. It is 
gratifying to note that our educational in- 
stitutions are keeping abreast of these 
advances. 

Douglas’ suggestion as to the use of 
Thevenin’s Theorem in calculating the per- 
formance of concatenated motors will 
probably lead to a simplification of calcula- 
tions for applications of this type. Other 
combinations of secondary resistance, in- 
ductance, and capacitance have been in- 
vestigated in addition to the series resonant 
circuit analysed in the paper. These cir- 
cuits have parallel branches which cause 
parallel resonance so as to minimize undesir- 
able currents and torques at certain fre- 
quencies. The advantages gained are less 
speed variation with changes in load, and 
slightly reduced currents. These advantages 
appear to be more than offset by the in- 
creased cost’ due to the additional circuit 
elements which are required. Capacitors 
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have been successfully used in the motoring 
quadrant. When used in this manner they 
provide a speed—-torque characteristic simi- 
lar to that obtainable at slow speed with a 
d-c series motor. This type of characteristic 
is shown by curves 1H and 24 in Figure 
6B and curve 1 H in Figure 8B. 

Leitch raises a question which has a close 
parallel in the development of the capaci- 
tor-start and capacitor-run fractional horse- 
power motors. These motors originally 
required capacitors having a greater kva 
rating than is now necessary in the light of 
more complete knowledge of duty cycles 
and characteristics of capacitors. It is 
expected that similar improvements will be 
made in the case of the secondary capacitors 
in the unbalanced primary type of control. 

Present engineering practice is to deter- 
mine the size of the secondary capacitor on 
the basis of the required capacitive react- 
ance, peak voltage rating, and maximum 
allowable heat dissipation in the capacitor. 
The peak voltage at any given speed can 
be determined by calculating the positive 
sequence secondary current as outlined in 
Appendix II. When multiplied by the 
capacitive reactance at the given speed, the 
rms and peak voltages due to positive se- 
quence current can be obtained. A similar 
procedure is used to determine the negative 
sequence peak voltage. The arithmetic 
sum of the two peak voltages thus deter- 
mined yields the peak voltage across the 
capacitor. The analysis with respect to 
heating may be approached in a similar 
manner, although in intermittent duty ap- 
plications stich as hoists, it has not ap- 
peared as a limiting factor. 

The comment with respect to additional 
inductance sharpening the resonant peak 
and reducing the speed at which maximum 
torque occurs is correct. The inductance 
of the motor, however, is seldom less than 
25 per cent of the total inductance needed, 
and can therefore be neither neglected nor 
too roughly approximated. 

Fechheimer effectively summarizes the 
accomplishments of the unbalanced primary 
type of a-c hoist control. He also raises 
several points which should be emphasized 
in closing. 


1. The frame sizes of hoist motors are determined 
by the requirement of adequate pull-out torque for 
safety in hoisting. When determined in this manner, 
the motors are adequate for all hoisting and lower- 
ing operations in the usual type of unbalanced- 
primary hoist-control application. As in all 
types of a-c and d-c schemes, when an unusually 
long, slow speed lowering operation is required, 
additional consideration is needed. 


2. Powersystems which are adequate for industries 
requiring hoists and drawbenches have, to the 
author’s knowledge, experienced no difficulty with 
regard to the unbalanced currents which comprise 
only a small part of the system capacity. 


3. Although the usual 3-phase squirrel cage motor 
exhibits undesirable characteristics when subjected 
to even moderate voltage unbalance, these char- 
acteristics as such are not a part of the unbalanced 
primary type of hoist and drawbench control using 
aslip-ring motor. The addition of secondary resist- 
ance permits us to reduce the undesirable, negative 
sequence current and to emphasize the negative 
sequence torque so as to produce a total speed— 
torque characteristic which can be easily controlled 
by adjusting the voltages applied to the motor 
primary. 
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A Simplified Double-Film Klydonograph 
With an Improved Coupling Method 


J. H. WAGHORNE 


NONMEMBER AIEE 


Synopsis: Two improvements in klydono- 
graph surge recording are described. The 
first is a simplified double electrode record- 
ing unit in which a rubber band is used to 
hold the unit together and make it light- 
tight and weather-proof. The second is a 
coupling unit used for high voltage lines and 
equipment which greatly facilitates the use 
of the klydonographs by connecting them 
on the line side of the capacitance voltage 
divider. 


INCE J. F. Peters! first published his 
description of a klydonograph in 1924 
using Lichtenberg figures to record surge 
voltages on photographic film, several 
improvements in this method of surge re- 
cording have appeared. The recording of 
both a positive and negative figure re- 
gardless of the actual surge polarity by 
using a double film unit? considerably im- 
proved the ease of interpretation of the 
figures. There have since been many 
variations of these original units using 
either stationary or clock-driven film. 
Similarly there have been many meth- 
ods of coupling to high voltage lines and 
equipment in order to supply a reduced 
voltage to the recording units.*~* These 
capacitance voltage dividers have used 
various arrangements of rings, bars and 
insulator strings as capacitors. However 
they all have been large, more or less per- 
manent installations, and frequently 
coupled in some degree to other phases or 
circuits as well as the one desired. 
This paper describes a simplified double 
recording unit using stationary film and a 
pl ag ug «a lbs | i aa) ha ee 


Paper 47-151, recommended by the AIEE commit- 
tee on instruments and measurements for presenta- 
tion at the AIEE summer general meeting, Mon- 
treal, Quebec, Canada, June 9-13, 1947. Manu- 
script submitted March 26, 1947; made available 
for printing April 29, 1947. 
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simplified coupling method that allows 
installation almost anywhere at any time. 


Recording Unit 


A diagram of the recording unit is 
shown in Figure 1 and a photograph show- 
ing the parts and their arrangement in 
Figure 2. The construction is symme- 
trical except that the one bakelite cap ts 
black and the other brown and the threads 
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Figure 1. Construction details of the klydono- 
graph recording unit, coupling unit, and sensi- 
tivity control 


Waghorne—Double-Film Klydonograph 


ft 


on the black end are different from those 
on the brown so that the unit cannot be 
installed backward. Each unit carries a 
serial number engraved on the black end 
and on both sides of the bakelite disk. 
A B is also engraved on the bottom or 
black side of the disc and a T on the top 
ot brown side. The engraving on the disk 
is filled with a radium compound so that 
the films are automatically numbered by 
an exposure of anywhere from one day to 
two months. 


There is no physically grounded plane 
used in conjunction with the electrode 
carrying the surge. However, since the 
unit is electrically symmetrical and 
shielded by the conducting layer on the 
bakelite caps, a neutral plane is estab- 
lished through the center of the unit at a 
voltage midway between that appearing 
at the terminals. Thus, the recording is 
similar to that in a unit with a ground 
plane except that twice the voltage is re- 
quired to produce the same size figures. 

The direct calibration of this unit is 
shown for both positive and negative 
figures using a 1!/2x40 microsecond 
wave in Figure 3. 


Figure 2. Exploded view of a recording unit 

showing relative location of the two 3%/2-inch 

square commercial orthochromatic films and 

assembled recording and coupling units ready 
to attach to the live line 
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Figure 3. Direct cali- 

bration of the recording 

unit using a 11/.x40 
microsecond surge 


Broken line indicates 
range of film tracking 
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Coupling Unit 


The normal coupling to high voltage 
lines and equipment with the. recording 
unit at the grounded end has required a 
small electrostatic capacitance from the 
unit to the line compared to the capaci- 
tance from the live terminal of the unit to 
ground. The coupling described here 
reverses this condition by connecting the 
unit on the line side of the capacitance 
divider. 

The voltage distribution in the neigh- 
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SURGE PEAK IN MEGAVOLTS 


VOLTAGE DISTRIBUTION 
BETWEEN CONDUCTOR 


Figure 4. Calibration 
of combined recording 
and coupling units for 
three different length 
calibration extensions 


Broken line indicates 
film tracking 


Figure 5. Potential dis- 
tribution between a con- 
ductor and ground plane 


Figure 7 (right). Klydon- 

ographs_ installed on 

220-ky circuit breaker 

leads at an outdoor 
station 
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borhood of a conductor is relatively in- 
dependent of the location of the ground 
plane or grounded objects for spacings 
greater than about five feet. The frac- 
tion of line voltage at a point x feet above 
a ground plane and below a conductor of 
a tadius R feet and height h feet is given 
by 

Vz/Vr= [log (2h—x)/x]/log 2h/R 


For a conductor of radius 0.04 foot (1- 
inch diameter) the voltage distribution is 
shown in Figure 5 for values of h equal to 
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Figure 6. Servicing klydonographs at an in- 
door transformer station 


20 and 5 feet. For the space involving the 
klydonograph the ratio of the voltage at a 
given point for h equal 5 feet to that for 
the same point with h equal 20 feet is 1.27. 
The klydonograph hood will disturb the 
distribution near the conductor but not 
appreciably at distances greater than five 


feet. Its main function is to control the 
effective pickup distance of the bottom of 
the recording unit from the conductor. 
This means that the calibration is prac- 
tically independent of*location so long as 
the klydonograph is five feet or more from 
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grounded equipment. This has been 


checked in the laboratories on both al- 


ternating voltages and surges. 

A diagram of the coupling unit is shown 
in Figure 1 and it is also shown in the 
photograph of Figure 2. In use, a re- 
cording unit is screwed up into the coup- 
ling unit hood with the black side down 
and a sensitivity-control extensionscrewed 
on to the bottom of the recording unit. 
Different size extensions are used to 
couple to equipment or lines at different 
voltages. Figure 4 shows the calibra- 
tions for the recording and coupling units 
combined using three different sizes of 
sensitivity-control extensions. A 11/2x40 
microsecond wave was used for these 
calibrations. For figures larger than 
about 22 millimeters radius, heavy tracks 
are produced on the film and the calibra- 
tion possibly becomes unstable. Broken 
portions of the curves indicate the region 
where this tracking is very obvious. The 
accuracy of recording is similar to that 
of previous klydonographs—errors of 
single readings up to about 25 per cent. 


The concave downward curvature seen 
in the three curves of Figure 4 is not pres- 
ent in the calibration curve of the record- 
ing unit alone shown in Figure 3. Ioniza- 
tion around the edge of the hood at the 
higher voltages might be a possible ex- 
planation for this difference. 

If it is desired to reduce the normal 
alternating voltage across the recording 
unit so that it does not produce a dark 
spot on the film, a resistance of from 20 to 
100 megohms can be connected from the 
hood to the bottom of the recording unit. 
This will not affect the recording of steep 
wave front surges. 

These klydonographs are installed and 
removed from the high voltage lines and 
equipment while alive by means of a 
treated wooden stick with a head de- 
signed to operate the clamp shown in Fig- 
wren 


Application 


During the 1945 lightning season, 40 
installations on 2,300-volt rural lines us- 


~ 


ing these recording units were serviced. 
During the 1946 season, 400 installations 
on rural distribution lines and equipment 
were serviced and also 450 installations in 
two 220/110 kv transformer stations us- 
ing the coupling units described. A simi- 
lar program is planned with only minor 
changes for the 1947 season. Figures 6 
and 7 show installations of these klydono- 
graphs at two transformer stations. 
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Discussion 


W. B. Buchanan (The Hydro-Electric 
Power Commission of Ontario, Toronto, 
Ontario, Canada): The problem of obtain- 
ing factual data as to the occurrence and 
magnitude of overvoltages on a transmission 
system bristles with difficulties. The eco- 
nomic value of such data may vary from 
being merely of academic value to the value 
of service security and avoiding repairs to 
expensive equipment. 

A study covering protection of trans- 
former and other stations from the effect of 
atmospheric lightning, either direct or in- 
duced strokes, requires the use of suitable 
recorders in large numbers. It is important 
that such devices be reliable,.convenient to 
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install and collect and give as much informa- 
tion as possible. 


The device described by the author is one ~ 


result of rather extensive studies being made 
on the general problem of determining the 
nature and source of overvoltage surges on 
a system, their distribution and rate of dis- 
sipation or attenuation. The operating 
engineer is not completely satisfied to know 
that an overvoltage sufficient to result in 
failure of important insulation has occurred 
but also wants to know where did it come 
from, how often might he expect it, and if of 
severe magnitude what means might be 
adopted for protection therefrom. 

Much information has been obtained re- 
lating to naturallightning. Practical experi- 
ence has indicated that there have been 
cases also where very high voltages were 
induced in the electric system itself. Volt- 
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ages as high as 4,000 volts have been de- 
veloped on a 110-volt lighting circuit by the 
fast action of a mercury switch on discon- 
necting a special type of load. Surges as 
high as 50,000 volts were reported on a 13-kv 
feeder and these were traceable back to the 
transformer bushing. The timing of the 
latter surges coincided with opening a 
breaker on overload which fed a large are- 
furnace transformer. Other surges detected 
tend to throw suspicion on the balance-coil 
of tap-changing mechanisms as being a pos- 
sible source when tap-changing under heavy- 
load. 

Investigations of such types require de- 
vices very compact in construction due to the 
space available usually being very limited. 
We anticipate that the device as developed 
by the author will find many useful applica- 
tions. : 
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Factors in the Economic Supply of 


Energy in Hydroelectric Systems 
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CONOMIC SUPPLY in the electric 

power system must be considered 
both from the viewpoint of peak (or 
power) supply and from that of energy 
supply. In systems having predomi- 
nantly thermal-electric generation, these 
two viewpoints will be closely related, but 
in systems having predominantly hydro- 
electric generation, the generating costs 
per peak kilowatt or per kilowatt-hour 
may vary independently. For this reason 
the economics of hydro generation may 
differ from those of thermal genera- 
tion. 

It is the object of this paper to review 
those factors which affect the economics 
of energy generation (as distinct from 
peak generation) in the system deriving 
its supply predominantly from hydro- 
electric sources. It will discuss 


1. Factors in the designs including storage 
problems, efficiency of plant arrangement, 
unit efficiency, and combination with 
existing sources. 


2. Factors in operation, including opera- 
tion of units in a single plant and also of 
units in plants operating in parallel and the 
effect of load and frequency control and of 
maintenance schedules. 


8. Factors in the load, including seasonal 
variations, type of customer contract, load 
building, and secondary energy generation. 


Its conclusions will indicate that nu- 
merous factors in planning, design, and 
operation must be considered to utilize 
most effectively available hydraulic re- 


Paper 47-168, recommended by the AIEE com- 
mittee on power generation for presentation at the 
AIEE summer gerieral meeting, Montreal, Quebec, 
Canada, June 9-13, 1947. Manuscript submitted 
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sources. Certain of these factors, dis- 
cussed only briefly herein, have been 
the subject of earlier papers but are 
worthy of further detailed treatment, 
bringing up-to-date cost and other con- 
siderations into proper perspective. It 
is hoped that this review will stimulate 
the presentation of such additional 
material. 


General 


The objective of the modern electrical 
utility is to deliver electric power and 
energy to its ultimate consumers at 
minimum cost consistent with sound 
engineering practice and _ standards. 
The attainment of this objective isha 
responsibility shared by the planning, 
designing, and operating divisions of the 
utility, properly correlated in their re- 
spective endeavors. 

In the utility predominantly supplied 
from thermal-electric generation, certain 
factorswillvary from those encountered in 
the utility whose power resources include 
substantial ptoportions of hydroelectric 
generation. For example, the location 
of the thermal station may be controlled 
within limits, to secure optimum trans- 
mission and distribution costs. Such 
plants may be designed for operation at 
specific load factors, but their actual 
operating load factors (either daily or 
seasonal) may be adjusted to suit either 
varying load conditions or changing 
system arrangements. The generating 


efficiency is largely determined by design * 


factors and the operating costs include 
the major item of fuel consumption. 

Thermal plant efficiencies were im- 
proved materially in the period between 
1910 and 1935, with a much slower rate 
of improvement since. Over-all system 
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efficiencies therefore are attained by 
controlling the operation of the available 
plants, in general by operating new and 
higher efficiency plants on base load and 
the older, less efficient plants as peak or 
standby resources, or more specifically 
by some application of the principle of 
incremental loading. 

In systems which include major pro- 
portions of hydroelectric generation, 
over-all system efficiency is not attained 
simply. Hydro plant locations are 
essentially uncontrollable and _ their 
capital cost governs the unit output cost, 
operating expenditures being but a 
small component. The economic operat- 
ing load factor must be determined at 
the outset, based on anticipated future 
load and capacity requirements. A sub- 
sequent revision in the predetermined 
operating requirements (unless provided 
for in the original design) may be difficult 
and perhaps impossible. 

Plant outputs are subject to some 
extent to the vagaries of nature, stream 
flow conditions varying with precipi- 
tation. This factor in design is one 
which appears susceptible of more ac- 
curate analysis than is usual, using the 
methods of the theory of probability. 
This phase is not referred to in detail 
herein, but is worthy of detailed treat- 
ment at some future time. 

Finally, hydroelectric plant efficiencies 
are difficult to estimate accurately in 
the design stages, Extensive field testing 
is required,! after the plant is placed into 
operation, to establish these data, but 
their establishment is important to the 
attainment of optimum economy. Each 
principal unit should be tested and its 
actual efficiency curves calculated, so 
that the system supervisor may operate 
the various facilities with the assurance of 
his colleague in the thermal system. 


Factors in the Design 


The basic possibilities of the hydro- 
electric plant site, as a source of power 
and energy, are determined by the natural 
conditions existing at the site and in the 
watershed above the site. The extent 
to which these basic possibilities can be 
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Annual discharge curves for an 
assumed case 


A—Uncontrolled 
B—Controlled to exactly meet system energy 


demand 


Figure 


developed and utilized becomes a series 
of economic problems. 

This discussion is concerned with those 
economic problems. which affect the 
energy generation, and these may be 
discussed under the three headings. 


CONTROL OF STREAM FLOW 


The natural uncontrolled flow in most 
rivers of North America varies from 
brief periods of extremely high flow (as 
during the spring freshet) to usually 
longer periods of low flow during the fall 
or winter. Such variation may be of 
the order of 200 to 1. Outstanding ex- 
ceptions are found in the Niagara and 
St. Lawrence Rivers draining the Great 
Lakes basin. 

In virtually no case will this natural 
variation coincide with system load 
variations, so that some degree of flow 
control is essential in all cases. The 
first problem facing the hydraulic de- 
signer, therefore, is to determine the 
economic extent to which the total flow 
may be controlled by storage, thus 
transferring the available energy re- 
sources from their natural periods to 
those coinciding with the load demand. 

In a typical river of the North Ameri- 
can continent the natural discharge 
curve would approximate that shown 
in curve A of Figure 1. The ultimate 
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desirable curve might look like B in the 
same figure. Some curve intermediate 
between these two usually is found to be 
the economic limit. 

Detailed contour and other surveys, 
exploratory drilling to determine founda- 
tion conditions, space available to ac- 
commodate the various structures, ac- 
cessibility to transportation will have 
indicated the desirable plant location. 
A preliminary layout of the structures 
will have established the general ar- 
rangement of the project and the ap- 
proximate head which can be developed. 

Coincident with this work, the storage 
possibilities above the main dam will 
have been investigated. The flood lines 
will have been determined and the pos- 
sibility of storage dams in the main or 
tributary rivers developed. In certain 
cases, the rights of other riparian owners 
in the river will have been canvassed, 
insofar as they may place limitations on 
the new project. Other plants under 
company ownership may exist on the 
river, which may benefit by the new 
development or also impose limitations. 

With these respective limitations in 
mind, the hydraulic designer commences 
to develop alternative steps in the control 


of the natural flow. Each step towards _ 


complete control will require increased 
storage areas and therefore greater 
capital investment. Estimates of the 
total costs at each step permit the estab- 
lishment of the incremental cost of the 
greater energy generation effected. Such 
process, it will be noted, is likely to in- 
volve the law of diminishing returns, 
in that the greater the storage area 
provided, the higher the cost and the 
lower the probable return per unit in- 
vestment. 

In the simplest case, additional storage 
will be provided by increasing the height 
of the main dam. Storage so obtained 
has the dual advantage of being usable 
at the higher gross head, thus increasing 


both the peak and energy capacity. In 
other cases, storage may be obtained at 
points distant from the plant, perhaps on 
tributary streams. Such storage areas 
provide control only and their value is 
appraised in terms of the additional 
primary energy thus obtained. 

Less extensive (pondage) areas close 
to the plant, preferably in the forebay 
itself, will have marked advantages in 
the day-to-day operation of the plant, 
permitting the daily load variations to 
be followed without corresponding regu- 
lation of the main river. 

- Combined with the storage studies will 
be those concerning the installation of 
equipment at the generating station. 
Each increment’ of storage capacity will 
permit either the operation of the planned 
capacity at higher average load factors or 
the installation of greater capacity to 
operate at the same load factor. These 
studies will involve, not only the cost of 
equipment at the plant, but also the 
facilities required to deliver the plant 
output to the utilization centers. 

The ultimate objective of these com- 
bined studies will be to determine that 
plan of development which delivers to 
the load the maximum of power and 
energy consistent with the limitations 
imposed by the controlling factors. The 
controlling factors may be alternative 
sites for development, competing energy 
sources (such as fuel-burning plants at 
the load centers) or the rates at which 
certain classes of service are rendered— 
this latter item being most important if 
surplus or secondary energy markets 
are available. Figure 2 illustrates, for a 
hypothetical case, the results of such a 
study, including increased storage costs 
with increased plant and transmission 
facilities. 

Figure 3 is a similar hypothetical il- 
lustration for the run-of-river plant. 
In such cases, an installation based on the 
minimum flow would operate continu- 
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ously; each new unit would operate 
for progressively shorter intervals in the 
natural flow cycle until the point is 
reached where a further additional unit 
would not normally operate for sufficient 
time to justify its installation. 

In summary, therefore, optimum energy 
generation costs, insofar as they may 
be determined at this stage in the 
planning studies, will be attained only 
if painstaking efforts are made to deter- 
mine the limits of the possibilities pre- 
sented and to fit each alternative to the 
load demand curve and to the competing 
sources of generation. Each hydro- 
electric site will present its own problems 
and its own specific solutions. Imagi- 
nation and sound economic thinking will 
be demanded of the planning and de- 
signing engineers, whose work need not 
suffer from lack of variety. 


EFFICIENCY OF WATER PASSAGES AND 
TURBINE UNIT 


Each cubic foot of water in the plant 
forebay represents potential energy, but 
the proportion of this energy actually 
delivered will depend on the over-all 
plant efficiency. Again economics will 
have a marked bearing on establishing 
those plant arrangements which result 
in maximum efficiency consistent with 
return on the capital investment. 

If the powerhouse forms part of the 
main dam, that is where long intake 
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water passages are absent, the efficiency 
factors become those of the turbine 
water passages only. If long intake 
canals, tunnels or pipe lines are required, 
the determination of the area of these 
passages requires the balancing of costs 
and financial return. 

The larger the intake area, the lower 
will be the hydraulic losses and hence 
the greater the net delivery. These same 
considerations enter the tailrace design, 
as loss of head in both cases reduces the 
net head available at the turbine. 

In these studies the plant capacity 
and its operating load factor must be 
considered, in that a smaller plant ca- 
pacity, operating at high load factors, 
reduces the maximum flow and hence 
the area of the intake and tailrace pas- 
sages. Conversely, increasing the plant 
capacity for lower load factor operation, 
increases the maximum flow at peak out- 
put, indicating larger water passages. 
Step-by-step comparison of alternatives 
again will be required. 

The efficiency of the turbine and its 
associated passages is usually a problem 
which the utility designer transfers to 
the manufacturer, except to the extent 
that a selection is possible from among 
alternative types. 

In any given case, the utility designer 
will be faced with the selection of that 
turbine type best suited to the particular 
site conditions. Basic types include the 
impulse (Pelton), reaction (Francis), 
fixed-blade propeller, and adjustable- 
blade propeller (Kaplan), each having 
characteristics adapted to specific head 
and flow conditions. Typical efficiency 
curves for each type are illustrated in 
Figure 4. 

Omitting the infrequent high-head 
plant (above 800 feet), for which the 
impulse or Pelton wheel is adopted, the 
Francis type is best suited to medium 


head installations (60 to 800 feet). How- 
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ever, the particular runner design chosen 
will depend on the designed operating con- 
ditions. If the plant is to operate at 
high load factors, or if it contains suf- 
ficient units that the number operating 
can be adjusted as the total plant load 
varies, so that each is loaded to near 
full capacity, then even a sharply peaked 
curve, having maximum efficiency near 
full load, may be most suitable. If, on 
the other hand, the unit loading is likely 
to vary considerably as for example, if 
the station is to be used for frequency 
control—a curve having a much broader 
peak, even though slightly lower maxi- 
mum value, may result in higher long- 
term efficiency. 

The fixed-blade propeller unit is best 
suited to the low heads (below 70 feet), 
in plants where the operating head and 
unit loadings vary over relatively narrow 
limits. If the operating head is subject 
to wide seasonal variations, or if the units 
are to be operated at widely varying 
loads, detailed study of the improved 
long-term efficiency, compared to the 
added revenue secured, may indicate the 
desirability of the more expensive Kaplan 
installation. 

In this selection of efficiency charac- 
teristics the hydroelectric plant designer 
is presented with yet another opportunity 
to attain optimum generation costs. 


COMBINATION OF THE NEW PLANT WITH 

THOSE EXISTING 

In visualizing the design specifications 
for any new plant, a full appreciation 
of the system into which the new plant 
is to be fitted is essential. For example, 
the new plant may be on the same river 
with other plants, its output may have to 
be transmitted long distances, it may be 
required to supply some specific com- 
ponent in the load curve (either base 
power or peak) or it may be required to 
operate in parallel with either existing or 
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proposed new thermal plants. Each such 
requirement will bear on the character- 
istics which affect the over-all economy. 

If operating with other plants on the 
same river, the operating load factor 
may be fixed in advance if these other 
plants either deliver or require water in 
accordance with some fixed schedule. 
Future operation at maximum efficiency 
may be detrimentally affected by such 
limitations, unless correctly evaluated and 
allowed for in the design. If sufficient 
pondage can be developed between plants, 
these limitations may be wholly or par- 
tially removed. 

From the standpoint of energy genera- 
tion, the higher the average loading of 
the transmission system the lower will 
be the cost per unit transmitted. Where 
energy cost only governs, distant plants 
normally may be expected to be high 
load factor plants, their output being 
combined with other lower load factor 
plants close to the load centers. Figure 
5 illustrates the approximate variation 
of energy cost with load factor, for a 
plant involving 240-mile transmission. 

Fitting a new hydroelectric plant 
into the progressive requirements of 
estimated future system load curves is a 
study involving detailed consideration 
of all factors previously discussed and 
could be made the subject of a separate 
paper. Some sites lend themselves eco- 
nomically only to limited high load- 
factor development and would be fitted 
into ‘the system when the need for such 
supply was indicated. Others may be 
susceptible to a wide range of develop- 
ment and economic factors would need 
to be nicely balanced before the optimum 
intermediate and ultimate design ar- 
rangements could be selected. Again 
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Figure 5. Variation of capital investment 
and energy cost with plant load factor and 
number of units installed 
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others may indicate an economic peak 
possibility, even in competition with 
thermal generation. 

Figure 6 illustrates one approximate 
study made to determine the economy of 
combining hydraulic resources with 
thermal generation at the load. It was 
assumed that the hydraulic plant could 
operate to medium load factors, the 
thermal plant operating only to pro- 
vide the minimum peak energy demand. 
The surplus hydraulic energy was as- 
sumed sold in secondary markets at 
approximately the cost of fuel replace- 
ment. It will be noted that energy 
economy is indicated so long as the ther- 
mal plant operating load factor is held 
below approximately 35 per cent (fuel 
cost $7.00 per ton). 

Specific further problems would be 
introduced if considering the question 
of system reserve or stand-by capacity. 
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Such capacity might be economical in 
the hydro plant (as discussed later) or 
might be in thermal plants built or ex- 
tended for this service. 


Factors in Plant and System 
Operation 


The attainment of economic energy 
generation in the operation and main- 
tenance of the hydroelectric system is 
largely a matter of recognizing, and being 
governed by, those factors upon which the 
original plant and system design was 
based. Broadly speaking, the problems 
narrow down to so utilizing the available 
water (which represents potential energy) 
that maximum efficiency is realized, 
measured in terms of the revenue secured 
from the electric energy delivered to 
available markets. Five principal points 
may be discussed. 
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OPERATION OF THE STORAGE RESOURCES 


Water storage represents the stockpile 
of energy. Unlike the thermal plant 
coal pile, storage can be filled only at 
specific intervals. Once used, water 
reserves cannot be replaced until the 
next natural period, but if not used, their 
natural replacement is of necessity wasted. 

These facts indicate the desirability of 
planning the annual use of storage, based 
on estimates of the precipitation and of 
load demand. Estimates of precipitation 
are difficult to make, because of the un- 
certainty of weather conditions, but such 
practices as snow surveys, determination 
of run-off are of material assistance. 

When the hydro plant forms part 
of a dual purpose development, com- 
plicating factors arise. Flood control 
necessitates the maximum drainage of 
storage areas prior to the flood con- 
ditions and may result in inefficient uti- 
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lization if other conditions fail to meet 
those estimated and may, from time to 
time, reduce long-term efficiences because 
of the inability to carry over reserves for 
use in years of sub-normal precipitation. 

Irrigation requirements must be 
scheduled, insofar as possible, to fit into 
the load demand curve. Water by- 
passed around the plant to serve agricul- 
ture represents potential energy lost, 
which a different load schedule might 
have saved. 

If the hydro resources form part only 
of the system total, certain of these 
problems may become less important. 
However, co-ordinated scheduling may 
permit reducing the total system capac- 
ity, by reducing the thermal plant capac- 
ity required as reserve against failure to 
realize, at key load seasons, the full weight 
of the hydro capacity. 

Figure 7 is included as indicating 
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typical annual use of one storage basin 
in the Commission’s systems. It will be 
noted that, being only one of several 
storage areas, its use in any one year 
may vary due to load conditions or the 
operation of other resources. In each 
year, its operation is scheduled with full 
consideration of all conditions affecting 
the ultimate system economy. 


OPERATION OF THE INDIVIDUAL PLANT 


Operation of the individual plant for 
maximum efficiency, in its simplest form 
is a matter of arranging that those units 
on load at any time are just sufficient 
that all operate at or near their maximum 
individual efficiencies. It is a simple 
matter, when all units are duplicates, 
to prepare a plant curve indicating the 
number of units which should be oper- 
ating at any load level assigned by the 


652 
SEMA BRR 
650 ae MAX 
et tty 
w 
z pe erie 
See tea | 
Zoi Wee 
a ST 
OAWRIEIN 
striae: 
NN 
638 
CVE eee 
FL ee 
aioe ARR REESE 
peel eepeteeepe te feck psp ts 
pe oe eel paar a 
aae£25353 500 a0 
See ae a 
aq wo eo f> oO 
us 2aoow 
wu > ra SS 
Figure 7. Typical annual utilization of 


hydraulic storage basin 


system despatcher. If certain units have 
different characteristics, the problem is 
less simple but not difficult. 
Approximate limits in a typical case 
are indicated in the following: one plant 
in the systems of the Commission in- 
cludes eight 23,500-kva fixed-blade pro- 
pellor-type units and normally operates 
at approximately 50 per cent daily load 
factor. Energy generation throughout 
the average winter day equals 1,560,000 
kwh. Assuming the same flow condi- 
tions, but assuming only six units oper- 
ating at their point of maximum efficiency 
for 12 hours per day, the calculated 
plant output is 1,575,000 kilowatt-hours. 
Conversely, if four units were operated 
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Figure 8. Illustrating 
a maintenance sched- 
ule adjusted to con- 
form with system en- 
ergy demand 
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at an equal part load throughout the 
24 hours, the plant generation is cal- 
culated as 1,155,000 kilowatt-hours. The 
minor loss of energy with scheduled opera- 
tion, as compared to the material loss 
with prolonged operation at part gate, is 
evident. 

Part load operation is frequently neces- 
sary for system kilovar or voltage control, 
in plants where provision is not made for 
operation of the turbine free of the tail- 
water. Tailwater depressing may be a 
dividend-paying investment and is being 
included in many modern plant designs. 


OPERATION OF A GROUP OF PLANTS 


The hydroelectric system which in- 
cludes several plants operating in par- 
allel becomes a more complicated prob- 
lem of the same type as the individual 
plant. Two cases may be discussed 
briefly. 

If the plants are all on the same river, 
scheduling of the water resources prob- 
ably involves only one storage system. 
The problem then is to pass the water 
down-river and through the individual 
plants at optimum efficiency. Various 
schedules of plant loading may be devised 
which transfer the daily loading from 
plant to plant as the water progresses 
downstream. Pondage between plants 
assists in this scheduling, otherwise the 
load factor of the various plants must be 
carefully adjusted to avoid wastage: 

Additional complications are introduced 
when plants are located on different rivers, 
each of which has its own storage and flow 
problems. No set rules can be laid down 
in such cases except perhaps to state that 
control should be centralized in the power 
supervisor’s office. Continuous knowledge 
of the draw-down from the various 
storages, plant outputs, tie line loadings, 
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system load characteristics, and so forth 
plus an intimate knowledge of the gen- 
eral system behavior, enables the alert 
trained supervisory staff, assisted by the 
planning staff with its technical data, 
to attain a high standard of proficiency 
in operating even extremely complicated 
systems. 


EFFECT OF LOAD AND FREQUENCY 
CONTROL 


Automatic control applied to hydro- 
electric stations is becoming of increasing 
importance. Load control, in its various 
forms, may assist materially in main- 
taining efficient operation of the individ- 
ual plant. Automatic holding to pre- 
arranged load schedules results in higher 
efficiency than hand operation. Starting 
and stopping of units can be arranged 
to suit availability of water in isolated 
plants. Control of forebay level permits 
a plant to be operated closer to the load- 
ings dictated by the most efficient oper- 
ating head (forebay level). 

However, automatic frequency control 
tends to reduce plant efficiency, to the 
extent that units must be operated at 
loadings other than ‘‘best gate’’ in order 
to maintain the frequency regulation 
margin. Tie-line load control will operate 
similarly. In both cases, such control is 
best applied in the plant that operates at 
the lower load factors, rather than on the 
base load plant where water not otherwise 
used might be wasted. 


MAINTENANCE SCHEDULES 


Like the opefation of storage reservoirs, 
plant maintenance should be scheduled 
to fit the river flow and load demands. 
Routine over haul of hydroelectric units 
need not be an annual affair (perhaps 
once in three to five years), but in a 
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complicated system, including both base 


load and peak plants, a definite outage - 


schedule promotes efficiency of energy 
generation, for two reasons. 


1. Routine overhaul tends to prevent un- 
scheduled emergency outages. The Com- 
mission’s experience has been that many 
incipient failures, particularly in thrust 
bearings, have been discovered and cor- 
rected before major unit damage occurred.’ 


2. The outage can be scheduled at such 
time as results in minimum loss of efficiency 
in system operation. 


Figure 8 illustrates the monthly demand 
on a typical plant containing ten units and 
illustrates how a maintenance schedule for 
three units can be arranged, without ad- 
versely affecting the operation of any 
remaining unit. Similar schedules can be 
devised to suit most system conditions. 


Factors in the Load 


Unless a system supplies substantially 
electrochemical or other loads of very 
high load factor, consumer demands will 
vary during the day and also from season 
to season. These variations, particularly 
the seasonal variations, will be more 
pronounced the greater the difference 
between average summer and winter 
temperatures. 

In the northern United States and Can- 
ada, typical daily load curves will ap- 
proximate those of Figure 9, being typical 
summer and winter load curves for the 
principal system of the Commission. In 
the ‘“‘between seasons”’ the curve tends to- 
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Figure 9. Weekday load curves for typical 
system 
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wards the shape of the next following 
season. 

Figure 10, curve A is a plotting of the 
individual daily peaks in the same system 
and Figure 10, curve B a summary of 
these figures, plotted to indicate the 
number of days per year in which the 
daily peak exceeded percentages of the 
maximum winter peak. 


PROVISION OF PEAK RESERVE CAPACITY 


It will be noted that the maximum 
peak demands occur during only a rela- 
tively brief period and therefore represent 
only a very small proportion of the total 
annual energy consumption. 

Reserve capacity in any system nor- 
mally provides against two contingencies 
—those which result in the loss of peak 
generating capacity (or the ability to 
supply peak demands) and those which 
involve loss of energy production. In 
the hydroelectric system, emergency out- 
age of a generating unit reduces the system 
peak capacity but not necessarily its 
energy capacity. 

For example, a given hydro plant may 
include six units, normally arranged to 
operate at a daily load factor of 60 per 
cent. Loss of one unit would still permit 
the generation of full energy, at a load 
factor of 72 per cent and loss of even two 
units need not reduce the daily energy 
output, as the plant might still operate 
at a load factor of 90 per cent. 

To provide against loss of peak capac- 
ity, spare generating units may be in- 
stalled in selected plants. In the event 
of a unit outage, either under emer- 
gencies or for routine overhaul, the spare 
unit may then operate in the place of that 
removed from service. Installation of 
such a unit, for this purpose, normally 
would be relatively inexpensive (involving 
only additional building space and the 
unit itself) and its additional operating 
expense virtually nil. Nevertheless its in- 
stallation would permit the following 
energy economies: 


1. All units may continue to operate as 
previously, at maximum efficiencies (within 
the requirements of the load) and without 
disturbance to the planned flow of water in 
the river. 


2. By-passing of water around the plant, 
with consequent loss of energy production, 
may be avoided. 


In the alternative, advantage may be 
taken of the load characteristics in the 
form of contract granted certain types of 
consumers. Electrochemical and elec- 
trometallurgical customers, and others 
in whose processes cost of electric power 
is an important component, may be in- 
terested in a form of contract which 
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reduces these costs to the mutual benefit 
of the consumer and: the utility. Such 
a form of contract would permit the util- 
ity to interrupt all or part of the power 
supply, for stated intervals during the 
load season in which peak reserve is 
most desirable. 

Such an arrangement would reduce 
the generating plant investment (by 
saving the spare unit installation), 
system peak reserve being obtained in 
the right to interrupt interruptible 
customers during peak emergency periods. 
The cost of peak reserve would be that 
loss of annual revenue involved in the 
difference between firm and interrup- 
tible power rates. This arrangement has 
the disadvantage that, during unit out- 
ages, the plant may have to operate at 
other than best efficiency in order to 
maintain full energy output. 


DEVELOPMENT OF ‘OFF-PEAK’ 
CONSUMPTION 


Somewhat of a corollary to the inter- 
ruptible form of contract is that provided 
by water-heating and other forms of 
consumer demand that lend themselves 
to off-peak operation. 

It frequently occurs that hydroelectric 
plants, particularly those involving long- 
distance transmission, are operated eco- 
nomically at high load factors—higher 
than normally obtaining in systems 
including average proportions of in- 
dustrial, commercial, and domestic con- 
sumers. In the one field of system de- 
velopment, these high load factor plants 
are combined with lower load factor fuel- 
burning plants to secure optimum over- 
all energy costs. 

In the alternative, promotional activ- 
ity may be directed towards the creation 
of off-peak markets in an effort to raise 
the average consumption per kilowatt 
of installed capacity more nearly to equal 
the capability of the generating resources. 
Domestic and commercial water heating 
is one fruitful field for this latter develop- 
ment. Many control schemes are avail- 
able to effect off-peak operation, and the 
revenue per kilowatt-hour ample to 
justify the distribution costs involved. 

Siinilar forms of load are found in other 
consumer brackets—infrared drying, an- 
nealing and curing operations—opera- 
tions which normally can be carried 
out during the night hours. The 
transfer of this energy over systeny in- 
terconnections and its sale to adjoining 
utilities may be another outlet. 

The combination of such off-peak or 
load building markets with the normal 
markets, increases the gross revenue 
per kilowatt installed and therefore 
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represents an increase in over-all system 
economy. 


SALE OF SURPLUS OR SECONDARY ENERGY 


The designed capacity and operating 
characteristics of the hydroelectric plant 
necessarily must be based on the long- 
term conditions of water supply. If the 
system has entirely hydro supply, con- 
servative designing will be based on flow 
conditions in effect a large proportion of 
the total time; if combining hydro with 
steam, higher, and therefore less depend- 
able, flow conditions may be assumed. 

However, in either case, there will be 
seasons of the year and also full years in 
the long-term precipitation cycle, when 
stream flows will exceed those required 
to meet the plant design factors. Fur- 
thermore, with system load character- 
istics such as illustrated above, there will 
be times in the years of even normal flow 
when the full peak and energy capacity 
of the plant is not required for the firm 
system demands, The surplus or sec- 
ondary energy available under such cir- 
cumstances may be utilized to reduce 
average firm generating costs in the sys- 
tem. 

If the system combines water with 
steam, or is interconnected with systems 
having thermal plants, these energy 
surpluses naturally may be used to reduce 
fuel consumption, providing only that 
system facilities are available by which 
they can be delivered to utilization 
centers. 

In the all-hydro system, or that pro- 
viding only limited replacement of fuel, 
an outlet for such capacity is frequently 
found in special forms of surplus at- will 
or secondary power contracts. 

In Canada, the electric steam genera- 
tor or electric boiler has provided a 


convenient and economic outlet for’ 


these energy surpluses, which otherwise 
would be unusable, in paper mills and 
other plants having much larger steam 
demands than that proportionate to their 
electric power demands. The installed 
cost of electric boilers is low (approxi- 
mately $1,000 to $1,300 per thousand 
pounds’ per ‘hour of steam generated, 
including 110-kv transformation) and 
can be installed economically as an 
adjunct of the fuel-fired boiler plant 
even when the seasonal supply is a 
fraction only of the total year. 

-The revenue secured pet kilowatt- 
hour normally is based on the replace- 
ment value of the coal or other fuel. 
Where coal costs approximate $6.00 
per ton, and assuming a fuel-fired ef- 


ficiency of 85 per cent and an electric’ 


boiler efficiency of 94 per cent, the re- 
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Figure 10. Annual 
variation in daily peak 
loads 


A—In sequence 

B—As percentages of 

the yearly maximum 
peak 


PER GENT 


JANUARY 
i?) 50 


BSH REL Mt olatid 
Wabi Fi Da od SAN 
Hcl eo eal 2) 
OS a ica ed SS eee SS 
Pe eg Vl ee eh Se 


SUNDAYS 


ied Eat! 


DECEMBER 


DATE (CURVE A) 
ie} 150 200 300 350 


250 


NUMBER OF DAYS (CURVE B) 


placement value will approximate 0.085 
cent per kilowattshour. The actual 
sales price’ per kilowatt-hour would de- 
pend on the subdivision of this replace- 
ment value between the utility and 
the customer. 

Nevertheless this revenue, while seem- 
ingly low, is found-money and _ repre- 
sents a credit that tends to reduce the 
net generating cost of the firm power 
demand. 


Conclusions 


1. The economics of energy generation in 
the typical hydroelectric plant will be 
affected by the following design factors: 


(a). In the predominantly hydroelectric system, 
by the extent to which the full stream flow can be 
controlled by storage works and thus adjusted to 
meet the demands of the load. The extent of this 
control will depend on the availability of storage 
sites and on other owners on the same stream in 
which further riparian rights are vested. 


(6). Inthe predominantly thermal-electric system, 
controlled stream flow may be less important and 
hydro plant operation may more nearly approach 
run-of-river characteristics. The capacity installed 
(and hence the energy generation) in this case will 
be controlled by inctement costs at the load, relative 
to competing thermal costs. 


(c). In the individual plant, by the efficiency 
attained in the water passages and turbine unit and, 

in a combination of plants on the same river, by the 
extent to which the individual plant characteristics 


' are adjusted so that all plants may operate as a 


single unit. 


2. The economics of energy generation also 
will be affected by the following operating 
factors: 

(a). By the planning of load schedules for indi- 


vidual plants such that units may operate at the 
highest practical over-all efficiency and similarly, 
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in a group of plants, so that each plant may be 


‘accorded load schedules adjusted to most effectively 


meet unit efficiencies and available water storage 
resources. 


(b). By the scheduling of unit outages for main- 
tenance so as to permit adjustment of plant outputs 
to the reduced capacity available. 


(c). Automatic frequency control may tend to 
reduce the efficiency of energy generation. 


3. Economic energy utilization may be 
affected favorably by forms of power con- 
tract which recognize inherent characteris- 
tics in hydroelectric development. 


(a). The interruptible form of contract provides a 
means of establishing reserve capacity against 
emergencies which reduce peak generation but not 
energy generation, alternative to the installation of 
spare peak generating capacity. 


(6). Water heating, and other forms of load 
lending themselves to off-peak operation, have a 
particular advantage in hydro systems where the 
load factor of generating resources exceeds that of 
the normal consumer demands. 


(¢). ‘Surplus or secondary energy available season- 
ally, or during periods of above-normal stream flow, 
can be sold providing satisfactory markets are 
available, thus reducing firm power costs. Such 
markets are usually where fuel consumption can be 
replaced, either within the system, in interconnected 
systems, or in customers’ plants where electric 
boilers form an economic component in operation, 
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Discussion 


C. K. Duff (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario, 
Canada): This paper constitutes a very 
concise statement of the problems involved 
in designing, operating, and maintaining hy- 
droelectric systems, and covers a great deal 
of ground insmallspace. Such a brief sur- 
vey of a wide field has its uses, but also its 
disadvantages, one of which is the danger of 
conveying erroneous impressions through 
brevity. 

In particular, it is felt that the references 
to load and frequency control, ‘‘Effect of 
Load and Frequency Control’ and part 2¢ 
of “Conclusions,” imply that automatic 
load and frequency control is the cause of 
inefficient loading which might perhaps be 
avoided by manual control or otherwise. It 
is believed therefore that the authors in- 
tended to use the term ‘‘frequency control”’ 
or ‘“‘close frequency control,’ rather than 
“automatic frequency control.’”’ Even so, 
the onus seems to be placed upon a second- 
ary agency rather than upon the principal 
cause of inefficient loading, namely fluctu- 
ations in customer demand, which necessi- 
tate changes in load of generators on the 
system. ; 

The term “load control,” as used in the 
first part of ‘Effect of Load and Frequency 
Control” is very broad but does not include 
tie-line load control referred to in the 
second paragraph of that section. With 
the modern trend toward more extensive 
interconnection of power systems, tie-line 
load control becomes the major problem, 
with frequency control a minor responsibil- 
ity since it is usually shared by all the inter- 
connected systems. Load control of a tie 
line is directed towards maintaining sched- 
uled loads up to the maximum capacity of 
the tie. This requires supplementary con- 
trol of generator output, just as for fre- 
quency control. Only automatic control 
can accomplish this effectively on ties be- 
tween large systems because of the rapidity 
and frequency of load swings which cannot 
be followed manually. The type of regu- 
lator commonly used has elements respon- 
sive to both frequency and tie-line load, so 
the control is briefly called frequency-load 
control, or simply load control, when the 
context makes the meaning clear. 

As the authors indicate, tie-line load con- 
trol has the same effect on the generators of a 
local system as frequency control would have 
on the same system when isolated from its 
neighbors. 
plant or plants must take care of the load 
swings caused by variations in customer de- 
mand in the local system. 

The authors give as the reason for operat- 
ing generators at other than “‘best gate’’ the 
necessity of maintaining a frequency-regu- 
lating margin. It should be pointed out that 
the most efficient gate is generally somewhat 
below full load of the unit, so that a suffi- 
cient number of generators, all operating at 
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In either case the regulating. 
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“best gate’? would, in the aggregate, have 
sufficient margin of capacity or ‘‘spinning 
reserve’’ for regulation. It is only when the 
variable system demand is imposed upon 
these generators that they depart from the 
point of maximum efficiency. For small 
changes of unit loading the loss of efficiency 
is slight, but when the system swings are 
large or are imposed upon a relatively small 
percentage of the connected generating ca- 
pacity, the unit loads fluctuate over a wide 
band, above and below the point of maxi- 
mum efficiency. Automatic frequency or 
load control, including unit load dividers, 
can distribute the load changes among the 
regulating generators, whether many or 
few, more uniformly, thus securing better 
over-all efficiency than can be attained 
manually. 

Spinning reserve sufficient to cover pos- 
sible load demands always must be main- 
tained, especially on isolated systems re- 
sponsible for their own frequency control 
and aiming at a high standard of service. 
When the margin of spinning reserve is lim- 
ited due to heavy demand, or when available 
water must be either used or spilled, auto- 
matic frequency control equipment will 
maintain acceptable frequency up to higher 
values of unit loading than can be accom- 
plished manually, because of the prompt, 
proportional and continuous action of au- 
tomatic control. This reduces wastage of 
water and minimizes the ratio of installed 
capacity to permissible peak load. 

Because fluctuating loads must be ac- 
cepted, while at the same time satisfactory 
frequency service must be maintained, it is 
a question of how to regulate with maximum 
efficiency under the conditions imposed. A 
regulating plant having low or medium 
load factor and broad efficiency curves (as 
the authors state), also having ample gen- 
erating capacity and adequate forebay 
storage, will give most favorable results. 
As between manual and automatic control, 
for a given grade of service, the use of au- 
tomatic control, properly applied, always 
contributes to the more efficient utilization 
of water and of prime mover capacity. 

Basically, the cause of inefficient loading 
is variable demand, not the means which 
are employed to offset or minimize the un- 
desirable effects of variable demand. 


F. L. Lawton (Aluminum Company of Can- 
ada, Ltd., Montreal, Quebec, Canada): 
The authors have given a thoroughly inte- 


grated-analysis of those-factors-which.-must- 


be kept always to the fore in the planning, 
design, and operation of power systems 
wherein hydroelectric plants constitute the 
major energy sources, Not only is the paper 
thoroughly readable but it points the way 
to more of those papers which can best serve 
a great portion of AIEE membership. 

In discussing operation of storage re- 
sources, the authors drew attention to the 
necessity of planning the annualuse of stor- 
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age. Asa general working basis, it can be 
said that stored water should not be held 
over to the next water year unless that year 
is foreseen to be a year of low run-off. Ap- 
plication of this basic principle entails being 
able to predict well in advance of the event 


1. The end of the drawdown period, or the date on 
which new water is obtained in adequate volume to 
carry system requirements and refill storages—that 
is, the freshet period. 


2. The volume of run-off during the high-flow pe- 
riod. 


3. Load demands. } 


4. Occurrence of years of subnormal run-off. 


There is still very little sound data the 
hydroelectric system-operating engineer can 
use as a basis for forecasting the beginning 
date of the freshet period. Snow surveys 
are helpful in forecasting the volume of run- 
off during the high-flow period, but there 
are many other complicating factors, such 
as precipitation immediately preceding the 
freshet period and general meteorological 
conditions during this period. Correlation 
of run-off with the sunspot cycle on a long 
term basis is helpful but our present knowl- 
edge of the relationship is scanty. 

This discussion, it is hoped, will serve as 
a plea and encouragement for presentation 
before the Institute of more papers dealing 
with these important factors, so necessary 
for optimum usage of our energy resources. 

The authors have drawn attention to the 
necessity of plant efficiency tests after a hy- 
droelectric power development is con- 
structed. It is submitted that, in plants 
where water wheel pitting is an important 
factor, with subsequent repairs by welding, 
efficiency tests should be made after a 
period of years, depending on the severity of 
pitting. Index tests, as developed by For- 
rest Nagler, are useful and simple to carry 
out. 


W. L. Maney (General Electric Company, 
Schenectady, N. Y.): Frampton and Floyd 
have stated as a conclusion in this paper, 
“Automatic frequency control may tend to 
reduce the efficiency of energy generation.” 

While this may be true of a casual appli- 
cation, frequency control in one form or an- 
other has come to be a requirement of sys- 
tem operation and it seems pertinent to ex- 
amine the possibilities of improved opera- 
tion resulting from a comprehensive appli- 
cation. 

Either of two procedures may be followed 
in- controlling system. speed,.the. first. being.. 
the use of a single machine or station for 
regulating, while the second is the use of a 
multiplicity of units, or in the limit, all. 
units for regulating. 

The first procedure appears advantageous 
when controlling speed manually as it 
places the responsibility for the proper 
maintenance of speed upon a single opera- 
tor, and in doing so, probably tends to mini- 
mize tie-line load changes between stations. 
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Moreover, this procedure admits of the use 
of a supplementary flat frequency control 
device, as for example, a frequency meter 
with contacts to adjust speed on the con- 
trolled unit in accordance with system 
demands. Also, this procedure admits of 
base load operation of the more efficient 
units of the system as these units can be set 
to operate at fixed load. It is, however, 
open to question if this procedure is ad- 
vantageous as it is detrimental to system 
efficiency since obviously the controlling 
unit or station must operate over a rela- 
tively wide range in load, depending upon 
system load changes, and therefore much 
of the time will be operating at points other 
than its maximum efficiency point. 

The execution of the second procedure, 
namely, multiple station control, is evi- 
dently somewhat more difficult, but if the 
execution can be carried out, it will result in 
maximum over-all system efficiency. Thus, 
by distributing the load changes among all 
the machines in the system in proportion to 
their ratings, which is substantially what 
will occur if all machines are controlling 
speed, the load change on any one unit will 
be small and consequently all units will be 
able to operate at or near their points of 
maximum efficiency. Admittedly occasions 
will exist when machines should be operated 
nonregulating as for instance full gate during 
flood stage. Also it is recognized that opera- 
tion within the desired load range will re- 
quire starting and stopping units as system 
load changes over the 24-hour period. How- 
ever, this procedure should not interfere 
-with-such-objectives as control of forebay 
level mentioned by the authors since, in 
this case, the requirement is to maintain 
an average flow over a period of time, which 
simply means that the average loading of the 
machines at a forebay level control station 
shall be such as to permit the stipulated 
flow of water, and this will not interfere 
with their ability to contribute to frequency 
regulation. Figure 4 of the authors’ paper 
shows that the efficiency of a unit is high 
over a fairly wide range of load. 

It is possible that the reason the second 
procedure has infrequently been used is the 
lack of realization that control equipment is 
available which will permit such operation. 
Such equipment has been referred to by 
Crary and McClure.t This equipment is 
completely automatic in its operation and 
by measuring time error assigns to any con- 
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trolled unit itsproportionalshareof any load 
change in the system. The most recent dis- 
cussion of multiple station control is con- 
tained in a paper by Robert Brandt.? 
This paper describes the principle of sup- 
plementary basic frequency control with 
tie-line bias, thereby permitting distributed 
automatic control and simultaneously satis- 
fying tie-line requirements. 

It is believed that the concept of allocat- 
ing the control of frequency to a multiplicity 
of stations merits further consideration. 
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J. T. Madill (Aluminum Company of Can- 
ada, Ltd., Shipshaw, Quebec, Canada): Un- 
der factors concerned with the design of 
hydroelectric systems, it would seem that 
water diversion from one river or drainage 
system to another should be included. 
The Hydro-Electric Power Commission of 
Ontario has built and operates at least two 
of these diversions and these have been de- 
scribed in the technical literature. For a 
given expenditure, a diversion may show a 
considerably higher return both directly 
to the power system and indirectly through 
other economic benefits than other possible 
alternatives such as increased storage. 

Referring to operation, one factor which 
would be of great importance to a predomi- 
nately hydroelectric system is the develop- 
ment of long range weather forecasting. A 
plea in this connection was made at the 1947 
AIEE winter meeting and this is reiterated 
here. Such forecasting would be of inestim- 
able aid in the operation of hydroelectric 
systems. 

It is interesting to note that the authors 
have stressed the importance of secondary 
and dump energy. On an all-hydro system 
or an all-hydro interconnection this second- 
ary energy is of great economic importance 
in the operation of the system. 

The authors are to be congratulated on 
the scope and coverage of this paper. 
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A. H. Frampton and G. D. Floyd: The 
authors realized when preparing this paper, 
that it would be possible only to make very 
brief reference to any of the factors involved 
and stated at the beginning, that the paper 
was only a review. We are grateful, there- 
fore, for the very clear exposition of the im- 
portant factor of frequency and load control 
given by Duffand Maney. This factor until 
recently, has not received the attention it 
merits. Duff has stated that our reference 
to automatic frequency and load control 
implied that these were the cause of ineffi- 
cient loading. The paper states that auto- 
matic holding to prearranged schedules 
results in higher efficiency than hand opera- 
tion, and that automatic frequency control 
tends to reduce plant efficiency only to the 
extent that this control causes the units to 
be operated at other than best gate. We 
agree with Duff that if proper application of 
frequency control is made, and if the same 
grade of service is to prevail for both, then 
there can be no difference between automa- 
tic and manual control. It is the casual ap- 
plication referred to by Maney, which 
should be examined carefully for possible 
loss of energy supply, either potential or 
actual. Among a number of points men- 
tioned by Lawton, that of efficiency tests 
after turbine runner maintenance was one 
not discussed directly in our paper. A peri- 
odic check of over-all efficiency, especially 
in the larger hydroelectric plants, would 
seem to be well worth the trouble and ex- 
pense. Too often, even if efficiency tests 
are made initially, no further attention is 
given to this, with the result that a lowering 
of efficiency and loss of revenue occurs that 
might have been corrected in its early stages. 
Madill noted the omission as a factor, of 
water diversion from one drainage area into 
another. This may be, of course, a very 
tangible method of economically increasing 
the energy made available on the watershed 
having power developments, either actual 
or proposed. Both short and long range 
weather forecasting ‘have improved, and 
there is closer co-operation between our ° 
meteorological services and operating or- 
ganizations, so that the former better ap- 
preciate what information is valuable to the 
operating man, and the latter is better able 
to use the information made available. It 
is expected, therefore, that the use of me- 
teorological data will become more wide- 
spread as an aid in system operation. 
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The Application of Heterodyne 


Modulation to Wide-Band Frequency- 
Modulated Television Relays 


WILSON P. BOOTHROYD 


NONMEMBER AIEE 


N late 1944 it became evident that 

there was an immediate need for su- 
perior methods for the radio relaying of 
television or other wide band signals over 
considerable distances. In order that 
equipment could be designed and placed 
in operation as early as possible, an inves- 
tigation of possible methods of distortion- 
less remodulation and reamplification was 
started and is still continuing. The theo- 
retical study has not been limited by any 
practical considerations, such as the non- 
availability of components; but it was a 
premise to the accompanying develop- 
ment work that the equipment would be 
built around components then available 
and known to be reliable. The success of 
the development work, which has re- 
sulted in the construction of usable 
equipment, seems to point out that even 
our presently available tools have not 
been exploited fully, either for present 
day applications or for their value in 
checking the conclusions of theoretical 
studies. 

To meet the requirements that the 
relay system be capable of handling, with 
excellent fidelity, the signal frequency 
range from 30 cycles to five megacycles 
and that the signal to noise ratio after 
multiple relaying be superior to commer- 
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cial television broadcast standards, a rela- 
tively high-powered wide-band frequency- 
modulated system of radio relaying using 
a heterodyne method of remodulation was 
developed. 

Figure 1 is a simplified typical block 
diagram of a possible system assembly. 
In terms of television relaying the trans- 
mitting terminal might be either a remote 
pickup equipment, a studio transmitter 
equipment, or the sending end terminal of 
a relay chain. The repeater is primarily 
for the retransmission of signals from the 
sending end terminal, although it may 
readily be used for the demodulation of 
incoming signals as well as for the intro- 
duction of new outgoing signals. The re- 
ceiving terminal is, of course, a received 
signal demodulator. 

The scope of this paper will not permit 
a full discussion of all the components of 


the complete system, or of the numerous 
advantages of wide band frequency modu- 
lation for transmission of composite vi- 
deo signals.!_ However, the following par- 
agraphs will indicate the method of oper- 
ation. 

The transmitting terminal receives sig- 
nal information in the form of a compos- 
ite television or other video signal which, 
after a single stage of amplification, is 
translated in the deviator unit into a fre- 
quency modulated carrier in the 115-meg- 
acycle region. Figure 2 is a specific plot 
of the d-c carrier swing for the maximum 
peak to.peak video input voltage. The 
figure also shows’ the band width al- 
lowed for first order side bands occurring 
at the limits of the picture signal voltage. 
The frequencies noted are typical and 
show a d-c mean carrier swing of 12 mega- 
cycles with the negative peak of the video 
signal (that is, the synchronizing pulse of 
a television signal) established by levelers 
and automatic frequency control at 107 
megacycles. The frequency modulated 
carrier thus generated is amplified by a 
wide band power amplifier having an 
amplitude response which has a relative 
response greater than eight-tenths of 
maximum from 105 to 125 megacycles 
and a phase response, with a maximum 


Figure 1. Relay system block diagram 
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Figure 2. Deviator 
characteristics 
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departure from linearity of less than five 
degrees. 

This frequency-modulated intermedi- 
ate-frequency amplifier output signal and 
a signal of equal amplitude from a radio 
frequency power oscillator are applied 
to an output converter from which the 
sum frequency signal is applied to a 
transmitting antenna. This output con- 
verter is the principal component of the 
system and we will consider it in detail 
later. Throughout the transmitting ter- 
minal equipment, and its counterpart in 
a relay station, care must be taken to 
cause all undesired signal outputs from 
all converters to fall outside the normal 
signal frequency band so as to be ade- 
quately attenuated to prevent beat in- 
terference. 

The receiving terminal is an essentially 
standard superheterodyne receiver, hav- 
ing an intermediate-frequency amplifier 
which has a 20-megacycle pass band in the 
75-megacycle region and a wide band high 
level discriminator capable of delivering 
the full amplitude of video signal to a 
video output stage suitable for driving 
the 75-ohm output cable and termina- 
tion. 

An automatic frequency control sys- 
tem is used to control the local oscillator 
frequency so as to establish the signal 
corresponding to the peak of the syn- 
chronizing pulse at a constant inter- 
mediate frequency when television sig- 
nals are being relayed. 

In the presence of strong adjacent 
channel or intermediate-frequency sig- 


nals at the receiver antenna, some form 
of radio frequency preselection may be 
required. Tuned stub lines have been 
used for this, or radio-frequency selector 
cavities may be inserted in the antenna 
lead. 

The repeater station is a combination 
of receiver and transmitter in which the 
receiver 75-megacycle intermediate-fre- 
quency signal is converted to a 115-mega- 
cycle signal for additional amplification 
and for the remodulation of another radio- 
frequency carrier. A deviator unit may 
be switched into the circuit, if the re- 
peater is to be used also for the initiation 
of programs. A multichain radio relay 
system would include as many repeaters 
as the geographical location of the ter- 
minals might require. 

Many factors influenced the choice of 
the relay system described. First, relay- 
ing is accomplished by a heterodyne sys- 
tem of amplification in which complete 
demodulation to the original video signal 
or other amplitude-modulated signals is 
entirely avoided. By providing interme- 
diate-frequency amplifiers and radio fre- 
quency components of adequate perform- 
ance, the reamplification of a signal is 
accomplished easily and all critical ad- 
justments heretofore required are elimi- 
nated. Operation of radio relays with- 
out an operator thus has come nearer 
reality. Second, the use of a frequency 
modulated carrier considerably relieves 
the amplitude linearity requirements of 
all amplifiers, since amplitude limiters 
may be used at each relay station; and 
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only the phase-frequency response (which 
is not a function of tube characteristics) 
need be ‘designed for extreme linearity. 
An excellent phase response is not part- 
ticularly difficult to obtain in multistage 
amplifiers, even in excess of the band- 
widths noted, when modern calculating 
techniques are employed. Thus multiple 
relaying without signal degradation due 
to poor amplifier fidelity can be accom- 
plished. Third, the use of wide band 
frequency modulation with a peak to peak 
carrier swing of 12 megacycles results in 
noise reduction in excess of six decibels 


after demodulation compared to an am- 


plitude modulated system. This factor 
places the system within the power and 
sensitivity limits of available components 
for the 1,350-megacycle frequency band. 
Table I shows, insummary, the measured 
values for one installation. The values 
given are conservative and can be ob- 
tained reliably by good engineering prac- 
tice. Signal to noise ratios of 50 decibels 
are obtainable even with portable equip- 
ment and additional 10 decibels or more 
may be obtained by properly installed 
fixed equipment. 

The relay equipment required the solu- 
tion of many design problems, including 
the construction of a deviator unit of 
excellent linearity, the design of wide- 
band intermediate-frequency amplifiers 
and discriminators, and the design of a 
high level microwave converter stage 
suitable for use as the final stage of the 
transmitter. The solution of the latter 
problem is most interesting and may well 
find numerous associated applications. 

From the foregoing description of the 
system, it is clear that the microwave 
converter stage should be designed to 
receive two input signals having a large 
frequency difference and to have an out- 
put signal which is the sum or difference 
frequency signal of the two input signals. 
Power output should be as great as pos- 
sible in the desired frequency band, yet all 
other products of the input signals must 
be suppressed adequately. 

Theoretical considerations indicate sev- 
eral converter arrangements which may 
be considered. Figure 3 shows a fixed 


RF DRIVE INPUT 


1127 


frequency radio-frequency oscillator 
whose output is mixed with a frequency 
modulated intermediate-frequency signal 
in a crystal or diode mixer with undesired 
output suppressed by frequency selective 
cavities in the output lead. Such a sys- 
tem, considered at this time, has the ad- 
vantage that almost any desired output 
frequency could be generated. For ex- 
ample, a 1,300-megacycle signal could be 
obtained from the beat of 3,000 and 4,300- 
megacycle oscillators. The obvious dis- 
advantages, along with others, are the 
high cost of generating radio frequency 
power at these frequencies and the lack 
of commercially available and tested 
mixer crystals or tubes capable of hand- 
ling the desired power levels. Figure 4 
shows a more promising possibility. In 
this case, a microwave amplifier designed 
for high power output, for example a mul- 
ticavity klystron, is caused to operate 
as a class C amplifier with the electron 
beam being gated by a frequency-modu- 
lated intermediate-frequency signal. The 
final cavity may be tuned to the upper or 
lower side band of these signals. In this 
case the klystron is serving as a non- 
linear amplifier-mixer. This arrange- 
ment, capable of many specific forms, can 
be designed for any frequency for which 
tubes.are available and has the great .ad- 
vantage that little intermediate-frequency 
signal drive power is required, since it con- 
trols only an electron beam from which 
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Figure 5. Complex heterodyne modulator 
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frequency grid voltage plot for complex 
modulator assembly 


1128 


Figure 7. A 1,350- 
megacycle heterodyne 
modulator assembly 


the output power is derived. To increase 
the efficiency of direct modulation meth- 
ods of this type, and to prevent the gener- 
ation of undesired side bands, the arrange- 
ment of Figure 5 is interesting. Here a 
multiple cavity klystron is driven by 


_ radio-frequency -drive..applied to the 


buncher cavity, and intermediate-fre- 
quency drive applied between cathode and 
buncher cavity. The intermediate-fre- 
quency drive (added to the cathode poten- 
tial) serves to vary the electron velocity at 
the bunched cavity grids and through the 
cavity drift space. The intermediate- 
frequency modulation therefore serves to 
modulate the spacing of the bunches and 
the degree of bunching and phase modu- 
lates the radio-frequency carrier. Phase 
modulation of 1.86 radians, will produce 
maximum energy in the first side, and 
this energy can be converted to useful 
output by tuning the output cavity to 
this side band frequency. Figure 6 is a 
representative plot of electron beam cur- 
rent density versus time at the output 
cavity grids through the interval of one 
intermediate-frequency cycle. An in- 
vestigation of the mathematical expres- 
sion describing the energy transfer from 
the electron beam to the catcher cavity 
(W= Sf ei dt), shows that the upper side 
band power is present during the periods 
of close spacing of the electron bupches, 
approximately the period A. Thus, car- 
rier frequency and lower side band power 


* This concept may be more familiar to circuit 
engineers as the application of amplitude modula- 
tion to a frequency-modulated carrier so that side 
bands due to amplitude modulation reinforce the 
frequency-modulated side band of similar sign and 
reduce the side band if opposite sign. 
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may be eliminated by cutting off the elec- 
tron beam, except for that portion of the 
intermediate-frequency drive cycle which 
produces desired side band energy. This 
can be achieved by applying intermediate- 
frequency drive to the control grid 
through a phase shifting network to pro- 
duce the grid—cathode voltage as sketched 
in Figure 7, which permits beam current 
only during the peak of the intermediate- 
frequency cycle.* A converter of this 
type has the material advantages of more 
nearly complete carrier suppression with 
single side band output, lower tube duty 
cycle with consequent higher efficiency 
and increased peak beam current possi- 
bilities. To date, the lack of suitable 
microwave tubes of proved reliability 
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Transmitter power (20 watts)....... + 13 
Space loss (31 miles, 8-foot reflec- 

tors with 65 per cent efficiency, 

1,355 megacycles) .5.2..510. 0550s ee — 70 
Transmission line loss (150 feet of 

flexible coaxial line 7/s inch out- 


Side diameter) =. fa. acti erase alraciaiare —- 8 
Received signal level...............--200- ~- 65 
‘Crystal conversiomiloss, 2. <5. « «cps. os wisieet> -.2—10 


(This figure is six db below mini- 
mum due to the band width and 
impedances of crystal circuits) 
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Crystal noise factor..............+. + 6 
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Figure 8. Intermediate-frequency driver 
stages for 1,350-megacycle modulator 


tunable to authorized frequency bands 
has prevented the construction of a relay 
using this attractive modulation method. 
However, tubes designed for class C_am- 
plitude modulation or for phase modu- 
lation as described may be made avail- 
able soon. 

As an immediately available solution 
for verifying theoretical conclusions and 
providing improved program service, a 
converter using triode tubes appeared best 
and the following design was developed. 
To serve as the output stage of the trans- 
mitter, the converter was designed for 
high level operation to provide maximum 
output of the sum frequency, that is, the 
upper side band, of the two input volt- 
ages. For a definite total magnitude of 
input drive, maximum power in the side 
band is obtained in this type of modulator 
with approximately equal drive from each 
of the input signals. The general theory 
of this type of frequency conversion and 
its many variations is well known.?~* 
However, it is not so well known that 
when the converter is operated at high 
level class C, its efficiency may be made 
equal to that of a conventional class C 
amplifier. In the particular unit to be 
described a pair of type 2C39 tubes were 
used in the converter. In one case, the 
carrier frequency was approximately 
1,235 megacycles and the modulating sig- 
nal was frequency modulated in the band 
107 to 124 megacycles. 
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the converter assembly mounted on a 
chassis with a part of theintermediate-fre- 
quency amplifier; and Figure 8 shows the 
underside of the same chassis showing the 
intermediate-frequency amplifier 
stage; and Figure 9 is a diagrammatic 
cut-away section of the converter assem- 
bly. 

The assembly may be considered to 
comprise a cathode cavity and a plate 
cavity separated by the grid plane, Figure 
10. The cathode cavity is reactively 
loaded by the approximately quarter 
wave transmission lines, by means of 
which the filament connections are made, 
so. as to be resonant to the frequency 
of the radio-frequency drive Thus, with 
cathode cavity signal applied by magnetic 


final 


Figure 9. Diagrammatic 

drawing of 1,350-mega- 

cycle modulator as- 
sembly 
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coupling, the grids are driven push-pull 
at the radio-frequency frequency. 
Modulating signal drive is applied to the 
grids in parallel by a connector extending 
into the cavity along an equipotential 
line of the cavity electric field. The plate 
cavity is excited in the same mode as the 
cathode cavity and output signal is de- 
rived by magnetic coupling. Of course, 
precautions must be taken to insure equal 
drive to both tubes and equal output load- 
ing. The grid plane has a direct current 
return to ground by way of the inter- 
mediate frequency drive circuit and grid 
resistor, and a radio frequency return by 
way of the pair of quarter wave grid sup- 
port transmission lines which are tuned 
to the center of the output frequency 
band. In this construction, the band 
width of the output cavity when lightly 
coupled to a load is about 15 megacycles 
and tests show that this is somewhat the 
result of the plate cavity being loaded by 
feedback to the cathode cavity due to im- 
perfect radio-frequency grounding of the 
grid plane. A different design with spe- 
cial attention to this feature will, no 
doubt, permit a reduction of this band 
width with consequently greater power 
output, should a narrow band width be 
desired for other applications. For the 
relay here described a band width of more 
than 20 megacycles is desired and accord- 
ingly the output transmission line is 
coupled closely to the output cavity to 
produce additional loading. Spurious 
frequency outputs from the transmitter 
are about 40 decibels below signal level at 
the transmitter output terminal and are 
depressed further by a frequency selective 
antenna or by separate radio-frequency 
filter cavities in the antenna lead as re- 
quired. 

Specifically a pair of 2C39 triodes oper- 
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ate well with 700 volts plate voltage and 
total grid drive to produce 40 volts of 
self-bias at 40 milliamperes of total grid 
current. The plate current is about 60 
milliamperes per tube. Such operation 
will give greater than 25 watts of output 
signal into a 50 ohm load at 20-megacycle 
output band width. This corresponds to 
a plate circuit efficiency of 30 per cent, 
These operating conditions are well within 
the plate dissipation ratings of the tubes, 
but increasing the plate input without ad- 
ditional grid drive does not increase ma- 
terially the power output. In turn, the 
grid drive is limited by the safe peak grid 
current. Temporary tube failure results 
from excessive grid current due to the ex- 
pansion of the grid structure. Tubes of 
various manufacture vary greatly in their 
safe grid current rating. Tests to date 
seem to show that normal tube life can be 
expected when operated in the described 


manner. One design precaution may be 
interesting. A class C amplifier output is 
rich in harmonics, and a spurious signal 
may be found in the output due to higher 
harmonics (such as the 11th or 12th) of 
the intermediate-frequency input signal 
unless care is taken to maintain an opti- 
mum plate current conduction angle’ so 
as to obtain a maximum of power output 
with a minimum of intermediate-fre- 
quency harmonic output. 

In general, the component stability and 
design balance of equipment usually 
can be judged by the number of operating 
adjustments which normally are required. 
The first terminal equipment of this de- 
sign has been operating now for field tests 
over a period of months without adjust- 
ment since its initial installation. The 
only control intended for the operator’s 
use are the power switch and an input 
level (gain) control so that normal devia- 


tion may be obtained with a plus or 
minus 25 per cent video signal input 
level tolerance. This performance has 
satisfied those connected with this work 
of the feasibility of heterodyne remodula- 
tion for radio relay systems in general 
and of this particular wide band televi- 
sion relay. 
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No Discussion 


Boothroyd—A pplication of Modulation 


AIEE TRANSACTIONS 


Applications of the Electrodynamic 


Instrument Mechanism 


A. J. CORSON 


MEMBER AIEE 


N ELECTRODYNAMIC INSTRU- 

MENT is, by definition,! an instru- 
ment which depends for its operation on 
the reaction between the current in one or 
more moving coils and the current in one 
or more fixed coils. In its elementary 
form as shown in Figure 1, the resultant 
torque is expressed by the relationship? 


t=igidm/da (1) 
where 


7 =instantaneous torque in dyne-centimeters 

7q=instantaneous current in the moving 
coil in amperes 

df=instantaneous current in fixed coil in 
amperes 

dm/da=change of mutual inductance of 
coil system with respect to change in 
angular deflection 


As applied to the measurement of active 
or reactive power, the load current or a 
definite fraction of it is passed through the 
fixed coils, a second current derived from 
the in-phase or quadrature potential is 
passed through the moving coils, the elec- 
trodynamic torque is balanced by a spiral 
control spring and equation 1 becomes 


a=KI-Vdm/da (2) 


where V and J represent sinusoidal po- 
tential and current, the frequency of 
which is high with respect to the damped 
period of the moving system and a is the 
resultant angle of deflection of this sys- 
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tem. The angular rate of change of the 
mutual inductance is determined by the 
geometry of the system. The coil pro- 
portions are not infrequently selected to 
obtain a constant value of dm/da, which 
by reference to equation 2, is shown to 
produce a uniformly distributed , scale. 
This instrument, therefore, may be cali- 
brated in terms of active or reactive 
power, when the appropriate potential 
circuit impedor is applied for each of these 
measurements. This briefly summarizes 
the application of the electrodynamic sys- 
tem to its principal measurement func- 
tion. 


Generalized Measurement Circuit 


The application of this mechanism, 
omitting control spring torque, to such 
measurements as frequency, temperature, 
and pressure is based on the current— 
torque relationship expressed in equation 
1 but on a different method of relating 
these currents to the quantity under meas- 
urement. The basic circuit, Figure 2, 
consists of 


1. An impedor or bridge Zo, which contains 
the primary detector® of the quantity under 
measurement. . 


2. The electrodynamic mechanism, or end 
device, as previously described. 


The effective value of Zo, as it influences 
the instrument indication is a unique 
function of the quantity under measure- 
ment. The instrument is energized by 
an a-c source of sinusoidal wave form. 
The moving system is free of mechanical 
torques such as those due to control 
springs or lack of perfect balance. To il- 
lustrate briefly the principle of operation, 
the following analysis will be limited to 
derivation of a qualitative relationship be- 
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tween pointer deflection and quantity 
under measurement. Using instanta- 
neous values, the field current is 


t= I; sin wt (3) 


Assume a moving coil current due to the 
sum of the induced voltage in the moving 
coil and that derived from the primary 
detector, of the form 


1g= F,(m,x) sin wt++ Fo(m,x) cos wt (4) 


where Fi(m,x) and F.(m,x) are functions 
of the deflection or mutual inductance m 
the quantity being measured x and inde- 
pendent of time. Equation 4 can be 
written 


ig=IjZz sin (wt+0), (5) 
where 


6=phase angle between J; and i, 
=tan—! Fh/F, 


Fi(m,x) =Z,z cos 0 | (6) 


F,(m,x) =Z, sin 6 (7) 
and 
Zr=V Piet Fi. (8) 


Elementary electrodynamic mecha- 
nism 


Figure 1. 
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LEAD-IN 
SPIRALS 


~~ END DEVICE 


Elementary measuring circuit using 
electrodynamic mechanism 


Figure 2. 


Figure 3. 


Diagram of frequency measurement 
system 


The average torque of the electrodynamic 
system (where dm/da = k) is 


tei /sce 
Te=be if igiydt (9) 


Substituting equations 3 and 5 in equa- 
tion 9, integrating and equating to zero 
(the necessary condition for steady state 
indication) there results 


Zz cos 6=0 (10) 
or from equation 6 
F,(m,x) =0 (11) 


Equation 11 now can be solved for m in 
terms of some function of x 


m=f(x) 


Hence the value of mutual inductance, or 
pointer position, is a direct function of the 
quantity under measurement. In other 
words, a change in value of the measured 
quantity will cause an in-phase compo- 
nent of moving coil current, and resultant 
moving coil torque. With correct polari- 
ties this torque will deflect the moving 
coil to a new position such that the in- 
duced voltage will eliminate this in-phase 
current component and restore balance. 
The arrangement therefore represents a 
valid system of measurement provided 
that appropriate values of torque, respon- 
siveness, and other characteristics are ob- 
tainable. The iron cored electrodynamic 
mechanism shown in Figure 3 is suitable 
for this method of measurement, since 
relatively large and linear values of in- 
duced moving coil voltage are obtainable 
at power frequencies. While this meas- 
urement system can be applied to any one 


(12) 
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of a large number of physical quantities, 
this paper will limit itself to measure- 
ments of (a) frequency and (b) tempera- 
ture. In these cases, the mutual induct- 
ance function is related to the independ- 
ent variable, or quantity to be measured, 
neglecting the iron losses in the field cir- 
cuit; also extraneous moving system 
torques. 


Application to the Measurement of 
Frequency 


Consider a frequency measuring device 
represented schematically as shown in 
Figure 3 where 


r2,L2,C =impedance of control circuit or fre- 
quency sensitive circuit containing 
resistance, inductance, and capaci- 
tance 

rj,l,=total resistance and inductance of 
armature and series load 
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Figure 4. Comparison of the calculated and 
experimental frequericy—deflection curves 


14, = instantaneous currents in the field and 
in the armature 

€;=armature induced voltage 

é,=control voltage or voltage across the 
control impedance 


Now it is assumed that the instantaneous 
field current is 


ig=Ty sin ot (13) 


where J; is the peak value of the field cur- 
rent and w = 2nf, f =frequency. Then 
it can be shown that the instantaneous 
armature current becomes (see Appen- 


dix I) 


ign (4) cos (wt —6) (14) 
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where 


Z;,=armature loop circuit impedance 

R=armature loop circuit resistance 

Z,=impedance function involving the cir- 
cuit constants and the mutual in- 
ductance 

6=phase angle between the field and arma- 
ture currents 


When these instantaneous currents are 
substituted in the instantaneous torque - 
equation 9 and utilizing the condition 
dm/da = k, and finally integrating the 
torque equation over a complete period, 
the average torque is found to be 

RI, 


ee eas sin @ 


15 
2RZ,,” oy 


At equilibrium the average torque T, 
must equal zero Hence 


Zy sin @=0 (16) 


From equation 16 the mutual inductance 
m in terms of the radian frequency be- 
comes 


w*r2RL C2 
(wo2?L C—1) (2 C —1) 


(17) 


where w is the radian frequency at which 
m = 0. ; 

Figure. 4 shows a comparison of the 
calculated and actual deflection-fre- 
quency characteristics. In the plotting 
of this curve equation 17 was modified to 
plot the angular deflection a instead of the 
mutual inductance m, and so chosen that 
negative values of deflection correspond 
to counterclockwise movement of the 
pointer with respect to the mid-scale refer- 
ence frequency. For the particular com- 
parison shown the frequency range was 
350 to 450 eycles with 400 cycles as the 


Figure 5. A 2Y2-inch 90-degree-scale 
350-450-cycle small panel frequency meter 


At 120 volts, 400 cycles, the input is 3.0 volt- 
amperes. The accuracy is two per cent of 
normal frequency with a responsiveness of 1.0 
second and equivalent factor of merit of 1.0 
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reference frequency. It will be recalled 
that the reference frequency in equation 
17 was made to correspond to zero mutual 
inductance. Hence the mid-scale po- 
sition of 400 cycles is also the position of 
zero deflection or zero mutual inductance 
in this application. There is fairly good 
agreement between the two _ curves. 
Figure 5 shows the physical instrument 
and its associated scale distribution. 


Application to the Measurement of 
Temperature . 


Again consider a temperature measur- 
ing system which utilizes the mutual in- 
ductance principle together with a resist- 
ance bridge network having in one arm of 
the bridge a temperature sensitive resist- 
ance aS a primary detector of tempera- 
ture. Such a system can be represented 
schematically as shown in Figure 6. 


ry,l,1=resistance and inductance of arma- 
ture and series load 

71,73,74= bridge resistances 

r,=temperature sensitive resistance 

iq = instantaneous armature current 

14=instantaneous primary field current 

if=instantaneous secondary field current 

ég=armature induced voltage 

€, = bridge voltage 

An analysis of this circuit follows the same 

procedure as outlined in the preceding 

section on the frequency measuring de- 

vice. If we assume a sinusoidal current 

in the field primary, then the current in 

the secondary also will be sinusoidal. 

Hence 


i= sin wt (18) 
and 
iz=nI sin wt (19) 


where n is the ratio of primary turns to 
secondary turns on the field or 


n=i;/i (20) 


By solving the differential equation for 
the armature current (see Appendix IT) 
IZ; 


ye oR TE SLRS RE Boel ade 
eee a tiRi=R)? ere?) 


— VOLTS 
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SECONDARY ks 
FIELD — 1 4 


Z,=impedance which is a function of the 
circuit constants and the mutual in- 
ductance 

0= phase angle between 7, and 7 


Ro and R; are defined in Appendix IT. 

Now the instantaneous product of i, 
and 7 will give the instantaneous torque 
which, if integrated over a complete 
period, will become the average torque 
over that period. 


e RI? 
~ 2 [eo®Ro®L1?+ (rgRo— Ri)? ] 


Tx Zt cos 6 (22) 
Again for equilibrium the average torque 


must be zero, therefore 


Z, cos 6=0 (23) 


This expression then contains the mutual 
inductance as a function of the tempera- 
ture sensitive resistance r; But 7,can be 
represented as a function of temperature 
as follows: 


11=1o(1t+ai(Ti — To) +81(T1 — To)? +... J 
(24) 

where 

T,=temperature to be measured 


r,2.=resistance at temperature 7) 
a;,8;=temperature coefficients of resistance 


nt Cf eeaeeatel TT 


--- ACTUAL peak | / 


DEGREES - ANGULAR DEFLECTION 
° 


Figure 7 (above). Com- 

parison of the calcu- 

lated and experimental 

temperature — deflection 
curves 


, Figure 6. Diagram of 
' temperature measure- 
ment system 
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Figure 8. A 42-inch 90-degree-scale small 
panel temperature meter 


Energized at 120 volts, 60 cycles, the input is 

7.7 volt-amperes. The scale range is 100-500 

degrees Fahrenheit. Characteristics depend 
on the primary detector used 


For most cases where the temperature 
range is not too great the variation of re- 
sistance with temperature will be essen- 
tially linear, in which case equation 24 re- 
duces to 


r=ro[1+ai(Ti—To) | (25) 


With this simplification the solution of 
equation 23 for the mutual inductance m 
in terms of the temperature 7; reduces to 


a NY Orr = —T) x 
{ o(T1— To) (%9 — 2710) + 4(7g —T 0) t (28) 
faa(Ti - To) +4}? 


Figure 7 compares the calculated and ex- 
perimental deflection-temperature char- 
acteristics. Likewise, in the plotting of 
this curve, equation 28 was modified to 
use the angular deflection instead of mu- 
tual inductance, for direct comparison 
with the practical working instrument. 
Good agreement exists between the actual 
and calculated scale distributions. 
Figure 8 shows the instrument with its 
corresponding scale calibrated for a tem- 
perature range of 100 to 500 degrees 
Fahrenheit. 


Conclusion 


The electrodynamic mechanism is, 
without special modification other than 
windings, adaptable to a variety of meas- 
urements. This adaptation consists of 
application, to the moving coil circuit, of - 
an appropriate voltage—derived from the 
field current and the quantity to be meas- 
ured. This voltage causes the establish- 
ment of definite values of induced voltage 
in the moving coil corresponding to defi- 
nite angular positions thereof. The sys- 
tem is adapted to wide frequency ranges 
but iron clad mechanisms are preferred at 
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power frequencies to obtain good torque 
and operating characteristics. These 
characteristics, including scale distribu- 
tion, are calculable by methods outlined 
herein. Neglect of effects of iron losses 
and extraneous torques on the moving 
system cause only secondary discrepancies 
between computed and experimental re- 
sults, 


Appendix | 


Frequency Measuring System— 
Derivation of the Equation Between 
Mutual Inductance and Frequency 


Refer to the circuit diagram, Figure 3. 
Let 
ig=TI, sin wt (29) 
and 
¢g=mdi;/dt=wmI; cos wt (30) 


where m is the mutual inductance between 
the field and armature coils. The voltage 
drops around the armature loop circuit are 


Lydig/dt+igrg+eg = ex (31) 
also 


x= (ig—ig)t2+Lo(dis/dt —dig/dt)+ 


= di (is—ig)dt (32) 


By substituting equations 29, 30, and 32 in 
equation 31 and remembering that 


tqg=dq/dt 


q=capacitor charge 


1 

cf istmae 

1 , 

Gf id= tax COS wt 


dis/dt=wl; cos wt » 


the differential equation becomes after col- 
lecting terms 


(ntl) & a4 (rg+12)tg+q/C= 

i sin wt+Iy X 

i; 
Ez —m) —— cos wt (33) 
wC 

Let 
L=(11+Ly) (34) 
R=(r,+1f2) (35) 


and differentiate equation 33. 
The differential equation in tis 


di 
LoBLR ae 


{n cos Dia ae sin ot 
(36) 
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To solve equation 36 assume that the cur- 
rent takes the form 


= F\(m,w) sin wt+ F(m,w) cos wt (37) 


where Fi(m,w) and F)(m,w) are functions of 
the mutual inductance and radian fre- 
quency. 

Substitute equation 37 into 36 and, after 
collecting terms in sin wt and cos wt, the 
equation becomes 


F, 
1 — Fiww?L — FuoR+—+oly x 


| ta—m) — 5 sin wt-+ 


F. 
{ — Feo®L + FoR+] -erit x 


cos wt=0 (38) 


For this equation to become zero, the co- 
efficients of sin wt and cos wi must be zero 
thus giving two equations in F, and F2 which 
can be solved simultaneously and substi- 
tuted back in equation 37. 

The simultaneous equations are 


( L— 2)+ F.R= if alm) -+] 


(39) 
and 


1 
AR—P{ ot 2) =n (40) 
wC 


The solution of these for F, and: F, yields 


I; a 1 i 
Fe ez, reZr +r ct Lis ais 
(41) 
Tyr, 1 
r= ot.-+) \ (42) 
where 
Z;,=armature loop impedance 
or 
1 2 
Z,= \ r+(at-) (43) 
wC 
and 
1 
L,= ,F [rg(L2—m) —r2(Li+m) | (44) 
9 


Now substitute equations 41 and 42 into 
equation 37 and the armature current takes 
the form of 


1 
ig= RZ BEA rae +r, (x-2)x 
iL: 
(at. = >)| sin wt-++ 

7, | ZL = co wil (45) 

gh| @Lez aC S Re 

Zy sin 0=%Z,*+7, ae wl. ey 
y L ere s r 


(46) 
and : 


Zy cos g=ryX( ol) - (47) 
@C 
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m=ka 


Therefore equation 45 or the instantaneous 
armature current becomes 


(48) 


where @ is the phase angle between 7 and is 
with value ; 


Now, if we assume an iron-cored dynamom- 


_ eter system is used in which the air gap 


flux is essentially constant over the range of 
deflection experienced, then the change of 
mutual inductance with respect to a change 
in angular deflection becomes a constant or 


>i (51) 


Therefore the instantaneous torque de- 
veloped between two coils in such a system 
can be expressed 
T= Rista (52) 


and the average torque over one complete 
period is 


k PF 
wee if. iviedt 
Tr 0 


where 


T=2x/f 


(53) 


By substituting equations 29 and 48 into 
equation 53 the torque expression becomes 


kIf{ Zy nee 
rae 21) ae sin wt cos (wt—6)dt 


(54) 


Upon integration the average torque over a 
period is 
Tx= 


(2, sin 6) (85) 


tm 
2RZ;! 


At equilibrium the average torque must be 
zero, hence 
Z, sin 0=0 (56) 


Therefore, setting equation 46 to zero and 
first solving for Zz and then the mutual in- 


ductance m, we have finally 
sao “reRC 
a wre (w*LC—1) co 


This i is the mutual inductance function in 


terms of the radian frequency at any equi- 
libriunr point on the scale. Also equation 57 
can be written in terms of the angular de- 
flection a since upon integrating equation 51 


(58) 
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In general it is convenient to express the 
equilibrium equation in such a manner that 
the value of m or the deflection is zero at a 
given reference frequency. 

When m = 0 let 


(59) 


W = Wo 


Substitute this boundary condition into 
equation 57 and after solving for LZ», sub- 
stituting back into equation 57, and re- 
arranging terms, the final equilibrium equa- 
tion takes the following form: 


{Oc 
@ a2 

: wreRL C2 | 60 

(wo?L C —1) (w2L C—1) od) 
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Temperature Measuring System— 
Derivation of the Equation Between 
Mutual Inductance and Temperature 


Refer to the circuit diagram, Figure 6. 
Let 


t= sin ot (61) 
di 
=m— 
aN a 

=wml cos wt (62) 

y= ni (63) 


where 7 is the ratio of primary turns to 
secondary turns on the field, and m again is 
the mutual inductance. 

From equations 61 and 63 
tp=nl sin wt (64) 
The voltage drops around the armature loop 
circuit are 


dig, . 

Ly at tet eo= ee (65) 
Now for simplicity of calculations assume 
that 
M—=fs—"—7 (66) 
in the bridge circuit. It will be recognized 
that if these branch resistances were not 
equal, a balance still could be established 
and a final derivation attained however 
complex it might be. * With this simplifying 
assumption the voltage drops around the 
bridge are 


(8r-+1)tr=taltitr) +i +r) (67) 

from which 

. (ter) (ta+ ty) 

ee 68 
(3r-+1;) a 


where 7; is the temperature sensitive resistor. 
Also ‘ 


(69) 
By substituting equation 68 in equation 69 


‘. 2r(ritr)iatr(n—r)ty 
(8r+r1) 


Now substitute equation 64 in equation 70 


ez — 2ri, —tr 


(70) 


z 
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and equation 70 in equation 65 and collect 
terms. Hence 


> 
Rola ot ialroRo— Ri) aad ater = 


wmRol cos wt (71) 
where 
Ro= (8r-+1%) (72) 
Ry =2r(r,+7) (73) 
Ro=r(1,—1) (74) 


This is the differential equation for the in- 
stantaneous value of armature current. 
To solve this equation assume 


i Fi(m,r1) sin wt+ F2(m,r,) cos wt (75) 


where Fi(m,7;) and F2(m,7r2) are functions 
of the mutual inductance and temperature 
sensitive resistance. By substituting equa- 
tion 75 in equation 71 and collecting terms in 
sin wt and cos wi 


[—eRDaFe+ (r,Ryo— Ri) —nRal] sin’eot+ 


[wRoLr Fi+ (rgRo —R;) Fyo+ 


wmRol] cos wt=0 (76) 


For this equation to be zero the coefticients 
must be zero, or 


(77) 
(78) 


(rgRo — Rj) FP, —— wRoly Fy = nRoT 
wRoly Fi+ (rgRo —R,) Fy = —amRol 


The solution of this simultaneous equation 
for F, and F yields 


ae 1 Aol — R:) —w?Ry?Lim 
ape Ro? Ly? (rgRo —R;)? 


m(rgRo— Ri) +nRoL 
Pom —oRl] mltaRis Ribn halt (80) 
w?Ry2L2-+ (7 Ry— Ri)? 


(79) 


which when substituted back into equation 
75 gives for the instantaneous armature cur- 
rent 


[nRe (rgRo ~= R) =H w2Ro2Lym ] sin wt— 
wRy [m (rgRo —R) aa nRoLy | cos wt 


EG 

i w? Roly (7gRo— Ri)? 

} (81) 

Let 
Z, cos 0= [nRo(rgRo—Ri) —w?Ry*Lim] (82) 
Zt sin 6= @Ro [m(rgRo a R) +nRoly ] (83) 
then 

IZ, ; 

Yee SS t—é 84 
aa w*Ro?Ly?+ (rgRo — R,) 2 i ie ) ( ) 
where 

Ro—R R 
fates woRo[m(rg 0 1)-+n 2L | (85) 


[nRe (rgRo = Ri) —w?R,?2Lim|) 


and Z; is defined by combining equations 82 
and 83. 

Following the same procedure with re- 
spect to torque as was outlined in Appendix 
I, the average torque over a complete period 
is 


ki? 
Soe 
For Tr = 0 
Z, cos 0=0 (87) 
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From equation 82 set equal to zero in ac- 
cordance with equation 87 and when the ex- 
pressions for Ro, R,, and R: have been sub- 
stituted back into the equation, the mutual 
inductance function is related to 7; as 


follows: 
ma rete 2 HBr?) (88) 
wl; (7,487)? ; 


Now apply the condition, when m = 0, 


11=T10 (89) 


where rj is a refererice resistance value at 
reference temperature Ty. For this condi- 
tion 


Yo=r (90) 


which when substituted back into equation 
88 gives 
a“ _ Mo (T1—Tw) 
wl 
[reciever Pre) ois 
(r7,+8r70)? : 

Now if it is assumed that for reasonably 
short ranges of temperature variation, the 


change of resistance with change in tem- 
perature is linear, then 


11=P[1toi(T:—T)] 


(92) 
where 


oi =temperature coefficient of resistance 
T, =the temperature to be measured 
and T> is the reference temperature. 

When equation 92 is substituted into 
equation 91, the equilibrium equation for 
the mutual inductance in terms of the tem- 
perature to be measured reduces to the final 
form 


~ nro (Ty = To) 

ae wD, o 

{ o(T1 — To) (tg —2r 0) +4 (179 — 110) t (93) 
[oi(T1— To) +4]? pad 


Likewise, as was shown in Appendix I, equa- 
tion 93 also can be expressed in terms of the 
angular deflection in accordance with equa- 
tion 58. 
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C=capacitance, farads 


- €g=instantaneous induced voltage in mov- 


ing coil 

ez =instantaneous control voltage 

f=frequency, cycles per second 

F,,F2=functions of mutual inductance and 
independent measurable variable. . 
(See Appendixes I and II for values 
of these functions.) 

i=instantaneous primary field current, 
amperes 

iy=instantaneous secondary field current, 
or’in some cases just field current, 
amperes 

iqg=instantaneous armature field current, 
amperes 

I=peak primary field current, amperes 

I;=peak secondary field current or field 
current, amperes 
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i, =instantaneous current in arm of bridge 
current, amperes 

k=constant in torque equation 

K =constant in torque equation 

I4,L.=self-inductance of armature circuit; 
control circuit; henrys 

L= (11+) 

ae = War [rg(Le —m) —ro(Li+m) ] 

m=tmutual inductance of coil system, henrys 

n=ratio of primary to secondary field turns 

q=capacitor charge 

71,73,74=resistance in bridge arms, ohms 

r,=temperature sensitive resistor, ohms 

7,=resistance of armature circuit, ohms 

71) =reference resistance value of r; at refer- 
ence temperature 

f= —=f3=Ma 

ro =resistance of control cireuit 
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R= (rg+r2) 

Ro= (8r-+12) 

Ike 2r (14 + r) 

Re=r(r,—1) 

t=time, seconds 

T=21/w “ 

T,=temperature 

T)=reference temperature 

Tx =average torque over a period 

V=volts 

Zia N/ ROU (oi =e) 

Z,= generalized impedance containing the 
mutual inductance and measurable 
variables 

Z,—See Appendix I, equation 50 

Z,—See Appendix II, equations 82 and 83 

a=angular deflection—usually measured 
from the position of zero mutual in- 
ductance 


/ 


a = first temperature coefficient of resistance 

B,=second temperature coefficient of resist- 
ance 

9=phase angle between the field current and 
armature current 

T =instantaneous torque 

« = 2nf—radian frequency, cycles per second 
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Synopsis: The frequency of occurrence of 
defects in electrical insulation can be shown 
to follow the Poisson law of probability. 
One of the more important defects in thin 
paper insulation is conducting particles. In 
this paper expressions are derived for the 
probable breakdown voltage as a function 
of conducting particle occurrence. It is 
shown by statistical evidence that large 
conducting particles exist in the insulating 
paper and bridge one or more layers of paper 
in the finished capacitor through chance 
reorientation caused by manufacturing 
processes and operation. The degree and 
frequency of reorientation of particles with 
a typical grade of paper is determined ex- 
perimentally, and the probable insulation 
thickness and consequent voltage strength 
of various size capacitors is calculated. A 
method of determining the optimum voltage 
strength of this insulation is illustrated. It 
is concluded that conducting particles are 
a predominant factor in determining’ the 
voltage strength of present day capacitors 
and that one of the greatest opportunities 
for improvement lies in the reduction of the 
conducting particle content in the paper. 


‘ 


HROUGHOUT the past 25 years, 

power capacitors and capacitors for 
many other low frequency and direct 
current applications have made use of a 
working dielectric composed of layers of 
thin paper impregnated with an insulat- 
ing liquid. The progress in capacitor 
manufacture has been governed to a large 
extent by improvements in thin paper 
manufacture. One important improve- 
ment has been in the reduction in the 
number of conducting particles in the 
paper. The existence of these conducting 
particles is more important in capacitors 
than in other uses of insulation because of 
the extremely large areas involved in a 
single unit and the correspondingly 
greater probability of their presence re- 
ducing the effective insulation at some 


point. 
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In the early days of paper dielectric 
capacitor manufacture, progress by the 
paper mills in reducing the conducting 
particle count was quite rapid. This 
made it possible to increase the working 
area of dielectric in a single capacitor and 
to design economical capacitors for the 
lower utilization voltages, such as 460 and 
575 volts. Further improvement eventu- 
ally made it practical to build large 230 
volt capacitors where the area is very 
great and the total dielectric thickness 
very small. 

With the most modern product of the 
paper makers skill, however, these large 
low voltage capacitors remain difficult 
to build and even with closely controlled 
conditions are manufactured with rela- 
tively high scrap. It commonly has been 
assumed that factory test failures and 
many service failures are due simply to 
the alignment of conducting particles 
in two or more sheets of the paper. The 
better performance with increasing num- 
ber of sheets has likewise been attributed 
to the less frequent occurrence of align- 
ments. A simple mathematical analysis, 
however, shows that the frequency of 
short circuits on test and the decreasing 
dielectric strength with decreasing insula- 
tion thickness and increasing area cannot 
be accounted for satisfactorily by an 
alignment theory. 

Another way that variations in dielec- 
tric strength and occasional short circuits 
may be explained is through the chance 
reorientation of large conducting par- 
ticles. If it is assumed that such reori- 
entation takes place so that particles ex- 
tend into and through adjacent sheets, 
and if the proper laws of chance are ap- 
plied, the dielectric strength of a capaci- 
tor ceases to be an irratic and unpredict- 
able quantity. The purpose of this paper 
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is to show that this is the case. When suf- 
ficient data on the paper are available and 
when the necessary design factors are 
known, remarkably accurate predictions 
can be made with respect to dielectric 
strength and factory rejects. Further- 
more, a basis is established whereby field 
performance can be anticipated assuming, 
of course, that the capacitors are normal 
in other respects. 


Conducting Particles in the Paper 


Modern capacitor paper is made almost 
exclusively of wood. This must be re- 
duced to very small pieces by mechanical 
means and then digested by cooking. 
The resulting pulp is passed through 
beaters which further reduce and sepa- 
rate the fibers by mechanical action. In 
all of these operations, a certain amount 
of contamination is incurred in the form 
of slivers of metal, carbon, and scale. 
These vary in size from microscopic par- 
ticles up to bodies capable of puncturing 
layers of paper several thousandths of an 
inch thick. The shapes are naturally ir- 
regular and occur as slivers or needles, 
crystalline clusters, grains, and so on. 
Most of these particles are separated 
from the pulp by centrifugal processes 
just prior to forming the sheet of paper, 
but the small amount remaining is suffi- 
cient to be a predominant factor in de- 
termining the dielectric strength of low 
voltage capacitors. 

The frequency of occurrence of con- 
ducting particles in domestic papers 
manufactured to generally accepted spec- 
ifications for capacitor tissue appears to 
be quite stable. In fact, records of con- 
ducting particle count show very little 
change since the adoption of thin kraft 
papers in 1934. Figure 1 shows the aver- 
age frequency of occurrence of particles 
in sheets of various thicknesses which are 
of sufficient size to short-circuit a single 
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distribution for presentation at the AIEE summer 
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Figure 1. The average 
number of conducting 
particles in paper which 


are large enough to 


CONDUCTING PARTICLES PER’ 


Q 02 0.4 0.6 08 10 12 


PAPER 


sheet of paper. This data was obtained 
by passitig a metal roller over a sheet of 
paper and counting the number of clicks 
heard in a telephone connected between 
the roller and a metal plate beneath the 
sheet. Particles smaller than the thick- 
ness of the sheet of paper are not de- 
tected. Also, particles just large enough 
to extend through the sheet are not dis- 
tinguished from particles much larger 
than the thickness of the paper. 

One of the final operations in the paper 
mill is calendering. In this, the sheet of 
paper is passed between smooth rolls and 
subjected to an ironing action. On pass- 
ing between the calender rolls, large con- 
ducting particles are either crushed and 
broken into smaller bits or they are com- 
pressed into the body of the sheet with 
their long axis tending to parallel it. 
Whether the particles are crushed or 
whether they are simply buried in the pa- 
per has an important bearing on the sub- 
sequent breakdown characteristics of the 
capacitor into which the paper is wound. 
If the particles are crushed so that their 
maximum size is no greater than that of 
the paper thickness, their effect on the 
insulation thickness of the capacitor can 
be minimized by lamination or multiple 
layers of paper, and the effective thick- 
ness of insulation thus obtained may be 
counted on being just the thickness of one 
sheet of paper less than the total. If, 
however, many large particles are only 
buried so that they later may be reori- 
ented, they may then puncture several 
layers of paper and lamination cannot be 
depended on to insure uniformity. This 
is illustrated in Figure 2. 

It seems conclusive that such reorien- 
tation takes place and to such a degree 
that it determines to a large extent the 
strength of the finished capacitor. The 
forces causing displacement of a particle 
from its original position can occur in 
many ways. It has been observed that 
the mere act of rewinding the paper 
into smaller rolls after slitting increases 
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THICKNESS IN MILS 


register as short circuits 
by the standard con- 
ducting particle test 


the conducting particle count materially, 
and this seems most certainly due to 
the appearance of particles that were 
previously buried. Other opportunities 
for reorientation are present in winding 
the capacitor and the handling during 
assembly, not to mention the possible 
forces due to swelling and contracting 
paper fibers in drying and impregnation 
or even to changing humidity before the 
capacitor is in manufacture. 


The Mathematical Probability of 
Conducting Particle Occurrence 


Let the occurrence of conducting par- 
ticles be considered a problem in prob- 
ability. The occurrence of a conducting 
particle in the insulation of a capacitor 
may be called anevent s. This event may 
be a particle of microscopic size or it may 
be a particle of such size and position as 
to completely short circuit all the layers 
of paper separating the two foil electrodes. 
Since the concern is primarily with the 
extent to which the insulating layers are 
bridged by a particle, it must be distin- 
guished between these events. This may 
be done by breaking up the event s into 
subevents, one for each degree of bridg- 


Figure 3. Summation 
of the Poisson distribu- 
tion given by 
Ps:1=1—e7"* which 
gives the probability of 
one or more occurrences 
of an event when na is its 
average rate of occur- 
rence 
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Figure 2. A cross section showing some pos- 
sible occurrences of conducting particles in the 
paper dielectric of a capacitor 


ing and the subevents designated as sy, 
So, Sg... 5;...5; If these are written in 
order of decreasing size, s; may stand for 
a complete short circuit between the two 
foils and s; for the occurrence of some in- 
finitely small particle at the other ex- 
treme. 

Now the size or degree to which the par- 
ticle bridges the insulation is, of course, a 
continuous variable which may take on an 
infinite number of values between the 
short circuit conditions s; and the extreme 
of smallness s,. To avoid difficulty and 
for practical reasons, let the events be 
grouped into some finite number of class 
intervals of convenient range so that if s; 
is the occurrence of a particle of any size 
large enough to cause a short circuit, sp 
might be, for example, any particle that 
short circuits 90 to 100 per cent of the 
space between the foils, s3 a bridging of 80 
to 90 per cent, and so on. - With this un- 
derstanding, some finite value may be 
assigned for the probability of occurrence 
of each one of these events. These 
probabilities may be denoted by fi, py, 
ps... fj... py Corresponding to their 
respective events. 

If the event s,, a short-circuiting par- 
ticle, occurs in a capacitor, all the other 
events 52, 53... S;... Sy, being some de- 
gree less than a short circuit, are of no 
consequence. The capacitor insulation is 
punctured completely and any partial 
bridging has no significance. Calling the 
probability of obtaining a short circuit P;, 
it is obvious that it has the same value as 
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Figure 4. A typical frequency distribution 
curve of capacitor breakdown voltage 


the probability of occurrence of the short- 
circuiting particle s; or 


Pi=p, 


In the event that particle s:, or a short 
circuit, does not occur then sz is the sig- 
nificant occurrence to the exclusion of all 
the rest because it establishes the mini- 
mum insulating space between the foils 
and determines the voltage strength of 
the capacitor. The probability that s» 
will occur has been given as po The 
probability that s; will not occur being 
complementary to the probability of 
occurrence is 


qa=1—pi 

The probability P.2, associated with the 
significant occurrence of s2 is therefore the 
product of the probabilities of the occur- 
rence of the two independent events sz 


and 5,(s; standing for the nonoccurrence 
of s;) or 


P2=12XQ . 


In a similar manner, the probability of the 
significant occurrence of s3 is the product 
of the probabilities of three independent 
events 53, 5; and Ss or 


P3=psXUuX@e 
and in general the probability that any 
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Figure 5. The'same data as for Figure 3 shown 
as a cumulative frequency distribution 
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- the breakdown voltages 50 


Figure 6. Histogram for 


of Table Il 
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particle s; is the largest that occurs and 
therefore determines the insulation thick- 
ness is 


Pi=piXaX@XG..- Xqi-1 


So far the effect of conducting particles 
has been considered only from the 
standpoint of the occurrence or nonoc- 
currence of various sizes and the conse- 
quent degree of bridging the insulating 
layers. Actually, the event of a short 
circuit s; may occur at several points in a 
capacitor. In fact, if the capacitor is 
large enough and the insulation thin 
enough, it may be more likely to have 
two short circuits than one. It makes no 
difference, of course, in the dielectric 
strength of the capacitor if a short circuit 
or a partial short circuit, as the case may 
be, occurs at one point or at several 
points. The probabilities, however, of 
just one occurrence and of one or more 
occurrences are considerably different. 

A set of events may be said to be dis- 
tributed “individually at random” 
throughout an interval provided each 
event of the set is placed at random inde- 
pendently of all the rest. A set of events 
may be said to be distributed ‘‘collec- 
tively at random” throughout an inter- 
val, provided the probability of any sub- 
interval containing c events is independ- 
ent of the number of events in any other 
subinterval not wholly or partly included 
in it. Under these conditions, it can be 
shown! that the probability of just c 
occurrences in any interval n is given by 
the Poisson distribution function 

(na)°«—”* 
ibe c! 
where na is the expected or average 
number of occurrences in that interval. 
‘The occurrence of conducting particles 
certainly satisfies these conditions of 
randomness so it is concluded that the 
frequency of occurrence must follow the 
Poisson law. 
Now it has been pointed out that only 
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two eventualities need be considered. 
These are 


1. The probability that the number of oc- 
currences is one or more, or ¢ is equal to or 
greater than one. 


2. The probability that the number of oc- 
currences is zero, or ¢ is equal to zero. 


Fortunately, the Poisson law reduces to a 
very simple equation for ¢ is equal to zero, 
and for this case may be written 


fees = cn na 

Also, the events ‘‘no occurrence’ and 
“fone or more occutrences”’ being mutually 
exclusive, which is to say that one or the 
other must take place, the probability for 
c being equal to or greater than one must 
be one minus the probability of c being 
equal to zero or 


The way that Ps, varies with na is 
shown by Figure 3. It is thus evident that 
any general equation for the significant 
occurrence of a conducting particle must 
take into account the interval under con- 
sideration, or more specifically, the area _ 
of paper in the capacitor as this governs 
the values of p and g. It is convenient to 
refer the expectation a to some unit base 
so a is defined as the average frequency of 
occurrence in the capacitor of a particular 
size conducting particle, s; in one square 
inch of paper; and 1 is the total number 
of square inches of paper between the 
electrodes. Then if the symbol # is re- 
defined to mean the probability of occur- 
rence of one or more particles, it becomes 
the P>,,, of the Poisson formula. Like- 
wise, g is equivalent to P,,,. Substituting 
these symbols gives 


p=1-e na 
q=e 
Pi=piX¥uXQeX 9s...» XG 


These are the equations for the occurrence 
of conducting particles in a capacitor. 
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Frequency Distribution and 
Probable Breakdown Voltage 


If voltage is applied individually to a 
sample lot of capacitors and raised in 
steps until failure occurs, and if the num- 
ber or percentage failing at each voltage 
step is grouped into class intervals or 
“cells” and recorded graphically, a fre- 
quency distribution curve for breakdown 
voltage such as Figure 4 will be obtained. 
If the entire lot of capacitors was tested 
simultaneously and the total per cent 
failure after successive voltage increases 
recorded, a cumulative frequency distri- 
bution such as Figure 5 would be ob- 
tained. Now each of these voltage fail- 
ures has taken place at a point in the in- 
sulation where some defect has made it 
weaker than at any other. If there were 
a means whereby the cause of this first 
failure might be removed and the capaci- 
tor retested, a new failure would be ex- 
pected at some higher voltage. If such a 
process could be repeated indefinitely, 
there should come a time when all defects 
are removed, and the breakdown strength 
becomes a constant determined only by 
some quality characteristic of the dielec- 
tric. 

Should it happen that these defects 
which determine the various breakdown 
voltages are predominantly due to varia- 
tions in true insulation thickness caused 
by partial bridging of conducting par- 
ticles, the probability of breakdown 
should take the same form as found for 
the probability of conducting particle 
occurrence. To reconcile the two, it is 
only necessary to determine the particle 
size or degree of bridging in terms of the 
voltage strength of the insulation which 
remains unbridged. To illustrate, Figure 
2 shows a cross section of capacitor dielec- 
tric which is partially bridged by a con- 
ducting particle, s being the length of the 
path normal to the layers of paper or the 


VOLTS 


MILS (t) 


Figure 7. The rms breakdown voltage of oil 
impregnated paper at small spacings when free 
from major imperfections 
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Table |. Nomenclature 
Symbol Definition 
Siac The event of a conducting particle occur- 


ring in the paper dielectric of a capaci- 
tor. When distinguished as to size, it 
is one of the series of events 51, S2.. 
Si...5Sj. Also, the thickness of iu- 
sulation i in mils which is short circuited 
by the conducting particle 

oe are The number of square inches of paper be- 
tween the foil electrodes of a capacitor; 
which is the product of the area of the 
two foils, and the number of layers of 
Paper between them 

pee: Wit expectation or average frequency of 
occurrence in a capacitor of a par- 
ticular size conducting particle in par- 
ticles per square inch 

peg og The average spacing in mils between foils 
ina capacitor, or the total paper thick- 

: ness times a space factor 

Re idetie The actual insulation thickness in mils 
remaining when a conducting particle 
partially short circuits the insulation. 


t’=t-—s 

pe ane The breakdown voltage of the insulation 
thickness ?’ 

Bi Seas The probability of occurrence in a capaci- 


tor of one or more conducting particles 
of a particular sizes. p=1—e—"4@ 

Gs Samia. The probability of the nonoccurrence in a 
capacitor of a conducting aber? of a 
particular sizes. g=1—p=e—4@ 

Errata The probability of the significant occur- 

rence of a conducting particle in a ca- 
pacitor, or the probability that a par- 
ticular size particle occurs at least once 
and is the largest particle that does 
occur. P)=p;Xq Xa... Xqi—1, Also, 
the probability that a capacitor will 
fail at voltage 2:, where 2; is the insula- 
tion strength of the thickness ¢’ cor- 
responding to a conducting particle 
size Ss; 

. . The probability that a capacitor will fail 

1 i 

ata voltage ziorless. 5 P=P,+P:... 


“=1 
+Pi 


iw 
v 


extent of the bridging and ¢ the total dis- 
tance by which the foils are separated. 
The true thickness of insulation is clearly 
the difference between the two or 


t’=i—s 


The breakdown strength of this section of 
dielectric is then some voltage corre- 
sponding to ¢’ rather than the foil separa- 
tion #, and this may be expressed as the 
function 


v= F(t—s) 


For a particular design of capacitor, the 
value of ¢ for practical purposes may be 
regarded as constant. There is then a 
certain value of ¢’ corresponding to each 
value of s, and as this requires the prob- 
ability of ¢’ to be the same as the proba- 
bility of s, the probability of v, under the 
conditions assumed, can be no different. 
In other words, the probability of a ca- 
pacitor failing at v; is 


Pi=PiXQXQeXgs-..- XGi-1 
where 
0i= F(t—s) 


If the percentages in the frequency dis- 
tribution curve Figure 4 have been deter- 
mined by a sufficient number of tests, 
their values expressed as fractions may 
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Figure 8. The rms breakdown voltage gradi- 
ent corresponding to Figure 7 


Fitted to the formula g,=9(1+b6/+/t’) where 
g=2,600 and b=0.46 


be considered equivalent to the probabili- 
ties of occurrence of the respective fail- 
ure voltages. This, however, is the prob- 
ability P;. It follows then that the fre- 
quency distribution is simply the succes- 
sive values taken on by P as s is consid- 
ered over the increments represented by 
5; to s; or for 


= F(t—s1), Pi=pi 
U2 = F(t—Se), P2=pPXH 
v3= F(t—s3), Ps=psXq X qe 


14= F(t—s)), Pi=PiXaXnX@e ai a\ie Xqi-1 
Likewise, the cumulative frequency dis- 
tribution being the summation of the 
successive percentages may be written, 
for 


Y= F(t—s,), =P=P, 
v2= F(t—s,), DP=P,4+P2 
vs= F(t—s3), 2P=Pit+2+Ps 


w= F(t—s;), 2P=1+P2t+ Ps... +P: 


The symbols and equations that have 
been developed are tabulated in Table I 
for reference. With these relations, it 
should be possible to calculate a fre- 
quency distribution for capacitor break- 
down voltage provided two things are 
known. 


1. The voltage strength v of the insulation 
which corresponds to the actual insulation 
thickness ¢’. 


2. The average frequency of occurrence a 
of the various particle sizes. 
These two factors are empirical and can 


only be determined from experimental 
data. 


Breakdown Tests on Capacitors 


Some 6,000 tests are on record for small 
specimens of oil-impregnated paper ca- 
pacitors. These were vacuum dried at ap- 
proximately 125 degrees centigrade, and 
while heated and under vacuum, the pa- 
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Table Il. RMS 60-Cycle 


Breakdown Data for Oil-Impregnated Paper Between Aluminum 


Foil Electrodes : 


Electrode Area 16.9 Sq In. 


<a 


Two Layers Three Layers 


Four Layers Five Layers 


Failures 


Failures Failures Failures 
H a bv =] a r= oD & 
soe an ee eee 200o 
Voltage g h Voltage I b Voltage g M Voltage I we 
o 3 3 o 3 o 
Range Zz Ay Range x 4 Range pai ast Range ne, 
0=5'200:...,, “01.5.0 2,001-2,200.. .0.. 0 3,201-3 ,400..°0...0 5,801-6,000.. 0... 0 
201— 400.4. 9 i., 0°47 2-201-2),400... 1... 074 35401-3600. .. 2... 0.8 6,001-6,200.. 1. 0.4 
401— 600.:. 3..1.2 2,401-2,600.. 0.. 0 3,601-3,800.. 0.. 0 6,201-6,400.. 0.. 0 
601— 800... 2..°0.4 >2,601-2,800.. 1.. 0.4 3,801-4,000.. 2.. 0.8 6,401-6,600...8.. 3.2 
801-1 ,000.... 2.. 0.8 2,801-3,000.. 1..0.4 4,001-,4200.. 2.. 0.8 6,601—6,800..12.. 4.8 
1,00%=2,,200....-5...2.0- 3,001-3,,200;4 1.. 0.4 4,201-4,400.. 0.. 0 68, 01-7 ,000. .33. .13,.2 
1,201—-1,400... 5.. 2.0 3,201-3,400.. 2.. 0.8. 4,401-4,600.. 1.. 0.4 7,001-7,200. .87..34.8 
1,401-1,600... 7.. 2.8 3,401-3,600.. 2.. 0.8 4,601-4,800../ 2.. 0.8  7,201—7,400..52..20.8 
1, 603-1 ,800..: 7... 2.8 3,601-3,800:. 5.. 2.0 4,801—5,000..°3.. 1.2 7,401-7,600. .44..17.6 
1,801-2,000... 10.. 4.0 3,801-4,000.. 6.. 2.4 5,001—5,200.. 5.. 2.0. 7,601—7,800..13.. 5.2 
2,001-2,200... 34..13.6 4,001-4,200.. 33..13.2 5,201—5,400..20.. 8.0 -7,801-8,000.. 0.. 0 
2,201-2,400...119..47.6 4,201-4,400.. 58..23.2 5,401-5,600..20.. 8.0 
2,401-2,600... 53..21.2 4,401-4,600..106..42.4 5,601—-5,800. .40..16.0 
2,601-2,800... 3..1.2 4,601-4,;800.. 34..13.6 5,801-6,000. .93. .37.2 
2,801-3,000... 0.. 0 4,801-5,000.. 0.. 0 6 ,001-6, 200. .47..18.8 
6, 201-6,400..12./. 4.8 
6,401-6,600.. 1.. 0.4 
6,601-6,800.. 0.. 0 
Total 250 100.0 250 100.0 250 100.0 250 100.0 


per was impregnated with a good grade 
of insulating oil. The specimens were 
tested by applying a low 60-cycle voltage 
and raising it continuously at the rate of 
400 or 500 volts per second until failure 
occurred. Each specimen had an area of 
16.9 square inches between aluminum 
foils, and the tests covered dielectrics of 
two, three, four, and five layers of paper. 

The data from one series of 1,000 tests 
are shown in grouped frequency form in 
Table II. The paper used in this series 
was a super-calendered kraft with an av- 
erage thickness of 0.525 mil, density of 
1.029, and 3.7 conducting particles per 
square foot (American Society for Test- 
ing Materials Specification D 202). Fig- 
ure 6 gives the results charted as a histo- 
gram in 200-volt cells. 


True Voltage Stress at Failure 


It has been pointed out that relative 
frequencies such as shown in Figure 6, 
when derived from a large number of 
tests, may be considered to represent the 
probabilities of occurrence of events. 
Figure 6, being based on 250 tests for each 
set of specimens, may be considered then 
as a fair approximation of the probabili- 
ties of failure in each of the cells or volt- 
age ranges shown. 

From this point of view, it is obvious 
that the voltage range or cell in each his- 
togram which has the highest percentage 
of breakdowns is also the most probable 
breakdown voltage of the specimen, and 
following out previous reasoning this 
should correspond to a conducting par- 
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ticle size which has the greatest probabil- 
ity of significant occurrence. Now, the 
paper area in these specimens is such that 
a short circuiting particle may be ex- 
pected on the average, from one to two 
times in each. These short circuiting par- 
ticles are predominantly 0.5 mil,orslightly 
larger in size. Smaller particles occur 
more frequently, but they have no sig- 
nificance when occurring simultaneously 
with the 0.5 mil particle; and effectively, 
larger particles occur with such a smaller 
order of probability, depending as they 
do on chance reorientation that it must 
be concluded that the most probable 
breakdown voltage of these specimens is 
the result of the occurrence of a 0.5-mil 
particle. In other words, the most 
probable event in this size capacitor is that 
just one sheet of paper is short circuited 
and the remaining sheet or sheets con- 
stitute the insulation. 
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One of the two empirical relations 
needed to apply the formula for mathema- 
tical probability of breakdown voltage is 
the dielectric strength of various thick- 
nesses of capacitor insulation when free 
from defects. This relation might be ob- 
tained by testing a large number of sam- 
ples of impregnated paper with electrodes 
so small that their chance of including de- 
fects within their area is negligible. This, 
however, is exactly the condition ob- 
tained by testing an area where a con- 
ducting particle short circuits just one 
sheet of paper. The conducting particle 
then constitutes one of the electrodes be- 
tween which the insulation failure occurs 
and this electrode area is so small that 
the breakdown voltage should show little 
influence from defects in the other sheets 
of paper. The most probable break- 
down voltage as indicated in Figure 6 
therefore should give a reliable measure 
of the ideal strength of impregnated paper 
if the thickness of one sheet of paper is 
subtracted from the total dielectric thick- 
ness. 

Figure 7 shows the most frequent 
breakdown voltage from a number of sets 
of tests plotted against mils insulation 
thickness, the thickness being one less 
than the total number of sheets of paper 
or 


as previously given, s being in this case 
an effective particle size equal to the 
thickness of one sheet of paper. 

It has been found? that the breakdown 
gradient of composite dielectrics such as 
impregnated paper appears to follow an 
empirical formula of the form 


gs=e(1+b/+/1') 


where g is the breakdown volts per mil at 
relatively large spacings, ¢’ is the insula- 
tion thickness of the sample, and 6 is a 
constant. Fitting this formula to Figure 


hina RE (SO 


7, a value of 2,600 volts per mil is ob- 
tained for g and 0.46 as the value of the 
constant b or 


&: = 2,600(1+0.46/+/2’) 


Figure 8 gives the curve of breakdown 
volts per mil calculated from this for- 
mula. The breakdown voltage for a thick- 
ness ?¢’ of oil-impregnated paper may now 
be determined. It is simply 


v = 2,6008(1-++0.46//7/) 


This is the first of the two empirical rela- 
tions needed. 


The Expectation of Conducting 
Particle Occurrence 


The breakdown strength relation of 
Figure 7 makes it possible to translate 
the frequency distribution of breakdown 
voltage into a distribution of particle 
sizes since each value of breakdown volt- 
age has been shown to correspond to a par- 
ticular thickness of insulation of ideal 
quality with the remaining space between 
the foils taken up by a conducting par- 
ticle. Figure 6, however, is constructed 
with uniform steps of voltage and as the 
concern is fundamentally with conducting 
particle size, it is desirable to convert this 
data into uniform steps of particle size. 
To accomplish this, the frequency distri- 
bution is redrawn to show the cumulative 
frequency of occurrence, Figure 9. 

The analysis then proceeds as follows: 
a cell value, or particle size range, of 0.1 
mil is chosen and considering first the two 
layer capacitor, it is obvious that any 
particle between 1.0 to 1.1 mil effective 
size would leave 0.05 mil of insulation as 
a maximum. Figure 7 shows 0.05 mil of 
ideal insulation to breakdown at 400 to 
500 volts and referring to Figure 9, it is 
found that one per cent of the specimens 
fail between zero and 450 volts. The fre- 
quency of occurrence of particles of 1.0 
mil and over must therefore be one per 
cent. Next, a particle size of 0.9 to 1.0 
milis taken. For this cell, the maximum 
thickness of insulation remaining would 
be the difference between the foil separa- 
tion of 1.05-mil and a 0.9-mil particle or 
0.15 mil, and this has a breakdown 
strength of 850 volts. Figure 9 gives a 
total of two per cent failing up to 850 
volts or one per cent between 450 to 850 
volts. The frequency, therefore, of the 
0.9 to 1.0 mil range must be one per cent. 
This is continued for a 0.8- to 0.9-mil cell 
and so on, the results being tabulated in 
the first five columns of Table III. 

If the relative frequencies of conducting 
particle occurrence in Table III are ex- 
pressed as fractions instead of per cent, 
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This is the probability 


an estimated value of the probability of 
their significant occurrence is obtained. 


) 


Pi=fi1XNXq... Xqi-1 


From this the probability of one or 
more occurrences and the probability of 
no occurrences may be determined read- 
ily. With reference to Table III, the 
probability of the occurrence of one or 
more particles 1.0 mil or larger must be 
the same as the probability of their sig- 
nificant occurrence P since any particle 
in this range causes a short circuit or at 
most a breakdown at 450 volts. There is 
tabulated, therefore, in Table III, col- 
umns 6 and 7, values for p and q derived 
as follows: 


For the short-circuited condition 
fi=P,=0.01 
qga=1—0.01=0.99 


For the 0.9- to 1.0-mil cell the probabilities 
are 


“qm 0.99 
= 0.9899 


And for the 0.8- to 0.9-mil cell the proba- 
bilities are 


Ps 0.02 
= = = 0.0204 
uXq@ 0.99X0.9899 
qs= 0.9796 


And so on for the complete distribution. 


Since the probability p is a Poisson dis- 
tribution function, its value in each case is 
determined by the expectation or average 
frequency of the conducting particle oc- 
currence. That is to say, if given a value 
for p, the corresponding average number 
of occurrences in the specimens may be 
obtained from the solution of the Poisson 
equation in the form 


p=l—-e™ 


The values of na for each value of p may 
be obtained from Figure 3. Finally, the 


Figure 11. Comparison 
between calculated and 
experimental cumulative 
frequency distributions 20 
of breakdown voltage lo 
for oil impregnated ca- 
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Figure 10. The average frequency of oc- 
currence of conducting particles in a capacitor 
for class intervals of 0.1-mil effective size 


The nominal paper thickness is 0.5 mil 


[.J—From standard paper test 


A—From 3 layer sample of 40.7 square inches 

+—From 4 layer sample of 57.6 square inches 

©—from 5 layer sample of 84.5 square inches 

@—from 3 layer sample of 7.0104 square 
inches 

@—From 3 layer sample of 8.4105 square 
inches 


expectation for one square inch of paper 

is obtained by dividing na by the num- 
ber of square inches of paper in the test 

specimen, and these are tabulated in 

column 9, 

This average rate of occurrence a is the 
other of the two empirical relations that 
were required to calculate the probability 
of capacitor failure. Experimental values 
obtained as in Table ITI are plotted on the 
curve Figure 10. It will be noted that 
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points from other data are also located on 
Figure 10, and their correlation with the 
data from Table III is particularly sig- 
nificant. The point which is marked ‘‘Pa- 
per Test Point” is simply the frequency 
of occurrence of particles between 0.4 mil 
and 0.5 mil calculated from Figure 1 and 
is based, therefore, on direct counting of 
short circuiting particles. The other 
points are from production records of 
commercial capacitors which were ana- 
lyzed in the manner described for the 
test specimens. 

The principal value of the breakdown 
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tests on the specimen capacitors lies in the 
relations that can be derived from the 
data rather than their statistical accu- 
racy. For example, in evaluating a factor 
such as the expectation a, 250 tests on 
small specimen capacitors made under 
the somewhat artificial conditions of the 
laboratory certainly do not carry the 
weight of thousands of tests on very much 
larger capacitors culled from production 
records although the latter may be value- 
less fn establishing trends or statistical 
laws. For this reason, in drawing the 
curve on Figure 10 much less weight is 


Figure 12. Calculated 
cumulative frequency 
distribution of break- 
down voltage for a 
range of capacitor sizes, 
all with three layers of 
0.5-mil oil impregnated 
paper 
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given to the experimental points than to 
the relatively few derived from the pro- 
duction records, and the lone ‘‘Paper Test 
Point.” The curve is fitted largely to 
these points and has the equation. 


a=1.5¢e718 


It must be regarded as a very satisfactory 
confirmation to find that points from 
these various ‘sources cluster so closely 
around a single line. 


Calculation of Probable 
Breakdown Voltage 


It is now possible to calculate the prob- 


_able breakdown voltage of any oil-im- 


pregnated capacitor made with 0.5-mil 
kraft paper. The computation is simply 
a reversal of the steps followed in analyz- 
ing the breakdown data to determine the 
expectation of particle size occurrence. 
Before starting such a computation, the 
value of the average foil spacing ¢ must 
be determined very carefully. The thick- 
ness of a sample capacitor may be meas- 
ured and divided by the numbers of lay- 
ers of paper and foil less the foil thickness 
or a value for ¢ may be assigned as a de- 
sign constant, consisting of the total 
nominal thickness of the paper layers 
times a space factor. An average value 
for space factor is 1.25. Next, a maximum 
conducting particle size must be chosen, 
and this should be such that p lies be- 
tween 0.001 to 0.01. A trial or two may 
be necessary to establish this. Cell val- 
ues of 0.1 mil spread are then set up 
starting with the maximum particle size 
and corresponding values fora, na, p,q, 
and 2P are then tabulated. Finally, the 
true insulation thickness ¢’ and its break- 
down voltage is listed. A sample tabula- 
tion for a 1.0-microfarad capacitor is 
given in Table IV. Figure 11 shows how 
breakdown voltages calculated from the 
adjusted curve of Figure 10 compared 
with the experimental data of Table II. 
It will be observed that the greatest de- 
viation between the test points and the 
calculated points is less than 10 per cent 
in voltage. Since the curve on Figure 10 
was adjusted to represent the best values 
found in a large number of tests or that 
occur in the long run, the calculated dis- 
tributions of Figure 11 may be considered 
as more dependable values over the long 
run than the test values from the rela- 
tively few specimens. 


Discussion of Results 
The relations between conducting par- 
ticles and dielectric strength developed in 


this analysis provide a mathematical 
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Table IV. Calculation of Breakdown Voltage Distribution 


' 
; 


Capacity 1.0 Microfarad; Mineral Oil Impregnated; Three Layers of 0.5-Mil Paper; Feil 
Separation=1.9 Mils; Area of Paper (n)=6,250 Square Inches 
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method of evaluating the effect of area, 
number of layers, and the quality of the 
paper on voltage strength of the capacitor. 
In addition, the better understanding of 
how failure comes about because of con- 
ducting particles points the way to im- 
provements to reduce their influence. 

Figure 12 illustrates one of the valuable 
results of this method of calculating prob- 
able breakdown strength. Here is shown 
distribution curves of breakdown volt- 
age for a series of capacitors ranging from 
0.01 microfarad in size up to 100 micro- 
farads but all having the same insulation 
of three layers of 0.5-mil paper. It has 
long been recognized that strength goes 
down with increasing size of capacitor, 
but there has been no mathematical 
means of correctly predicting this de- 
crease. Derating, therefore, for loss of 
strength due to increasing size has been a 
matter of expensive and time-consuming 
tests or else the designers intuition. Fig- 
ure 12 shows this decrease on a logical 
and mathematical basis. 

The concept of reorientation of large 
particles removes the necessity of trying 
to explain short circuits in two and three 
layer capacitors by particles lining up, a 
possibility that is so remote as to be un- 
important. To illustrate, suppose a sheet 
of paper containing a short circuiting par- 
ticle were magnified 1,200 times. The 
conducting particle would occupy about 
the area of a tin cup and if it were con- 
sidered as hidden in the area of a 10-acre 
field, this would be equivalent to three 
conducting particles per square foot that 
indicate short circuits on the paper test. 
The chance of two particles lining up is 
represented by the chance of tossing a 
marble into the 10-acre field and having 
it drop into the tin cup. The probability 
is about one in 5,000,000. To get three 
particles to line up, two marbles in suc- 
cession must find the cup. 

Another fallacy is the feeling that the 
strength of the insulation can be approxi- 
mated by discounting one sheet of paper 
since one sheet is sure to be short-cir- 
cuited. It is true that this is the most 
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probable condition for some area of pa- 
per, but it has been shown that this is 


just about the area represented by the 


tests in Table II or an impractically small 
capacitor. In a 0.1-microfarad capacitor 
it is most likely that two sheets out of 
three will be short-circuited, and a 100- 
microfarad capacitor is saved from punc- 
ture of three sheets largely by the oil films 
arising from a large space factor. 

Nothing has been said thus far regard- 
ing the effect of lamination or number of 
sheets of paper. Considering the sides of 
the paper facing the electrodes, it is ap- 
parent that there may be a difference in 
the opportunity for reorientation of a par- 
ticle if it lies in a two layer capacitor 
rather than in one of three or four layers. 
If the particle lies near the surface next 
to the foil, its maximum size would be 
limited by the surface of the foil whereas 
if it were contained between two layers 
of paper, it might not be so restricted. 
This seems to be borne out in the char- 
acteristics of relatively large two sheet 
capacitors where the. occurrence of large 
particles. appears less than normal. 
The breakdown strength becomes un- 
predictable in this case, however, for 
another reason. If the probability is 
high that the insulation will be completely 
short-circuited, there will be many cases 
where the insulation remaining between 
the conducting particle and the foils is 
only a microscopic oil film, and the de- 
termination of insulation strength from 
Figure 7 is no longer valid. In the case 
of capacitors of three layers or more, 
any restriction to reorientation imposed 
by the foil appears of little consequence 
and may be neglected. 


Conclusions 


1. The statistical evidence brought out in 
this analysis is explained satisfactorily 
only by the assumption that large particles 
are capable of puncturing or extending into 
and through adjacent sheets and can in 
themselves produce breakdown without 
necessarily lining up with particles in other 
sheets of paper. 
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2. It appears possible for large conducting 
particles to become reoriented and therefore 
harmful by flexing of the sheet suchas occurs 
in winding. 

3. The data on conducting particles in a 
representative sample of paper by the elec- 
tric roller test may be considered as measur- 
ing an important quality, even though this 
test does not measure particles buried in the 
paper. 

4. The effects of reducing the thickness of 


single sheets and increasing the number of 
layers can now be evaluated in terms of ca- 


.Pacitor designs and field performance as 


affected by local defects can be calculated 
more accurately than in the past. 


5. The advantage of further reductions in 
the conducting particles in capacitor paper 
can now be directly evaluated, and the over- 
all economics of designs using superior papers 
can be studied without the necessity of ac- 
cumulating field experience over a long 
period. 


References 


1. PROBABILITY AND ITS ENGINEERING USES 
(book), T. C. Fry. D. Van Nostrand Company, 
Inc., New York, N. Y., 1928. Page 227. 


2. DIBLeEcTRI¢c PHENOMENA IN HIGH VOLTAGE 
ENGINEERING (book), F. W. Peek, Jr. McGraw- 
Hill Book Company, Inc., New York, N. Y., 1929. 
Page 239. 


Discussion 


J. D. Stacy (General Electric Company, 
Pittsfield, Mass.): This paper gives an 
interesting analysis of the effect of conduct- 
ing particles in capacitor paper on break- 
down strength of capacitor dielectrics. It 
has long been recognized that the frequency 
of occurrence of conducting particles in an 
area of capacitor paper has an important 
bearing on dielectric design and, because of 
this, co-operative development between 
capacitor manufacturers and the paper mills. 
has been carried on to secure lower particle 
count. This has resulted in reduction during 
the past 25 years from about 200 particles 
per square foot to 1 particle per square foot 
in 0.0005-inch paper. With the present low 
particle count it is my opinion that a region 
of diminishing return has been reached in 
development of further particle reduction in 
relation to other imperfections in the paper 
sheet such as thickness variation between 
increments of sheet area and channels be- 
tween fibers in the formation of the sheet. 
It appears to me that some of the effects 
which the author attributes to reorientation 
of conducting particles may well have been 
due to such imperfections. Although the 
result on the capacitor dielectric may be the 
same if these other causes are present, the 
approach by the paper manufacturer to 
develop improvement would be different. 

Figure 12 gives; I believe, a pessimistic 
picture compared to tests of capacitors: of 
these relative ratings, for instance, I would 
expect to get about 8 per cent breakdowns on 
10-microfarad capacitors at 2,500 volts in- 
stead of, the 22 per cent shown by the cal- 
culated curve. 


AIEE TRANSACTIONS 


- 


J. B. Whitehead (The Johns Hopkins Uni- 
versity, Baltimore, Md.): Several years ago 
we conducted at The Johns Hopkins Uni- 
versity a series of tests of the breakdown 
strength of impregnated paper. The ca- 
pacitor was cylindrical, 1-inch inside diam- 
eter, and the dielectric 15 layers of paper, 
4 mils thick, assembled and impregnated as 
in underground power cables. The method 
of test was to apply a relatively high voltage 
and to observe on a suitable recorder the 
rectified high frequency component of the 
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current through the insulation to ground. 
If the insulation is not overstressed no high 
frequency component appears; when over- 
stress begins this component appears and 
increases steadily and more or less rapidly, 
depending on the applied voltage, until com- 
plete failure occurs. Interruption of the 
circuit permits examination of the specimen 
at any stage of the breakdown and it is 
found that almost invariably this begins as 
a small black channel through one or two 
paper tapes. 


Brooks—Paper Dielectric Capacitors 


It is obvious that in our tests minute metal 
particles play no part in the breakdown; 
the paper is too thick and there are too many 
layers. It is equally obvious that in the 
Brooks’ test no account is taken of the time 
element of the applied stress in its influence 
on the stability of the impregnated insula- 
tion. There are thus two possible types of 
breakdown of impregnated paper and so a 
question arises as to whether the Brooks 
tests give a complete picture of probable 
behavior under the conditions of service. 


1145 


Hazards of Static Electricity in 
Hospital Operating Rooms 


HORATIO B. WILLIAMS 


MEMBER AIEE 


HE USE of ether as a general anes- 

thetic dates from 1846. For over a 
half century after its introduction it con- 
tinued to be administered by the same 
crude method which Morton employed 
in his original demonstration. In the 
early years of the twentieth century the 
giving of anesthetics began to be devel- 
oped as a specialty, and the method of 
administering ether was greatly improved. 
Apparatus was developed for mixing 
ether vapor with oxygen in definite pro- 
portions and later other substances having 
atiesthetic properties were investigated, 
notably ethylene and cyclopropane gases. 
These gases were found to offer many ad- 
vantages over ether. Cyclopropane in 
particular seems to be in many respects 
the best general anesthetic available at 
present. 

Although ether vapor mixed in proper 
proportions with air is highly explosive, 
fatal explosions of it were almost un- 
known in the early years. One instance of 
fatality occurred when bleeding in a 
throat operation led the operator inad- 
vertently to use a cautery. With the use 
of pure oxygen as a diluent and with the 
use of rubber bags and tubing, explosions 
occurred more frequently, though in com- 
parison with the total number of anesthe- 
sias the incidence was small. Even when 
care was taken to avoid open flames, cau- 
teries, and electric arcs, accidents still oc- 
curred. Eventually these were traced to 
occurrence of sparks due to discharge of 
static charges, either in the immediate 
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neighborhood of the patient’s face, or 
within the apparatus itself. When ether 
vapor is used, the propagation of an ex- 
plosion can be stopped by metal gauze as 
in the Davy lamp. In cyclopropane and 
ethylene the velocity of the explosion 
wave is so gréat that this device is inef- 
fective. 

The obvious procedure to diminish this 
risk seemed to be the keeping of all per- 
sonnel and equipment at ground poten- 
tial. This requires limitation of the 
use of nonconductors in the operating 
room to bare essentials. Floors should: be 
of conductive material in connection with 
ground, and personnel should wear shoes 
with conductive soles. All furniture 
should be of metal in conductive connec- 
tion with the floor and the anesthesia ap- 
paratus itself should be made entirely of 
conductive material. In 1940 highly 
conductive rubber, loaded with carbon 


black, became available and its use for 


flooring and shoe soles offered a partial 
solution to the problem. The anesthesia 
machine has as essential components a 
face mask, either of metal edged with rub- 
ber, or entirely of rubber. Two long 
flexible tubes connect the face mask to 
the machine, and there is also a rubber 
bag from which the patient breathes the 
mixture. Loading the rubber of the bag 
and tubes with sufficient carbon black to 
make it highly conductive throughout re- 
sults in a product so stiff as to be useless. 
Attempts to get sufficient conductivity 
by coating these parts with a thin conduc- 
tive layer have been partly successful, 
but the conductive layer loses its conduc- 
tivity rather soon and daily testing is nec- 
essary. This is at present the weakest 
part of the system. 

Rubber flooring is satisfactory, though 
somewhat expensive. During the war it 
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was not available. Conductive linoleum 
has been developed. While its resistance 
as measured with low voltage is too high, 
it is satisfactorily low when the impressed 
voltage is 100 volts or more; and this is 
sufficient. Both have been used for sev- 
eral years at the Presbyterian Hospital in 
New York. 

Floors of terrazzo, commonly used in 
operating rooms, often have a conductiv- 
ity when measured to ground from a con- 
ductive contact such as the sole of a shoe 
of conductive rubber, of the order of one 
reciprocal megohm. At first it was con- 
sidered that such floors might be safe. It 
was found that in very dry weather when 
the relative humidity falls as low as 10 
per cent such floors develop a high surface 
resistance and are unsafe. Tile floors are 
good insulators. The thin line of cement 
between tiles is conductive when damp, 
and such floors can be made conductive by 
mopping with 4 per cent calcium chloride 
solution; but in dry winter weather this 
becomes ineffective. High resistance may 
develop within half an hour after mop- 
ping. In air-conditioned operating rooms 
where a high relative humidity is main- 
tained, such treatment of a tile floor may 
be employed as an emergency measure; 
but is not recommended as standard pro- 
cedure, since safety then depends on 
technic, and it is safer if it can be made 
to depend on construction. 

At one time it was thought that hu- 
midification of a room would prevent 
accumulation of static charges. In the 
dry-cleaning industry this had proved 
effective. A fatal explosion occurred in 
Boston, Mass., which was investigated by 
J. W. Horton.* This operating room was 
air-conditioned and kept at a relative 
humidity of 65 per cent. Doctor Horton 
found that the carbon dioxide was being 
completely removed by the air-condition- 
ing process; and with air free of carbon 
dioxide, no conductivity was conferred 
on insulators by humidification. Later 
investigation indicates that the conditions 
in such a room actually favor accumula- 
tion of charge. 

It has been difficult to appraise infor- 
mation which has been received from vari- 


* Oral communication to the writer, 
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ous sources regarding the incidence of ex- 
plosions under varying conditions. . One 
hospital in the Adirondacks had an oper- 
ating room floored with waxed linoleum, 
an excellent generator of charge by fric- 
tion. Cyclopropane anesthesia was em- 
ployed in this room in severe cold and 
dry weather for several years without a 
single mishap. There are many other re- 
ports showing no accidents, though cy- 
clopropane has been used regularly with- 
out special precaution. 

An explosion occurred in April 1940 in 
New York, N. Y. The floor was terrazzo. 
The resistance from an area of 25 square 
centimeters to ground was about one 


megohm. The anesthetist wore shoes of . 


ordinary rubber. These had a resistance 
of over 1,000 megohms. Under these cir- 
cumstances, a larger charge could have 
accumulated than would have been pos- 
sible had the floor been of insulating ma- 
terial. If dependence is to be placed on 
grounding, there must be no breaks in 
technic. Accumulating experience indi- 
cates that safety is secured by the ground- 
ing technic, if it is carefully and com- 
pletely carried out; but otherwise it ac- 
tually may be safer to work on an insulat- 
ing floor. Small sparks then probably 
will be of frequent occurrence, but with 
energy below the critical value which will 
initiate an explosion. This seems to be 
an unnecessary risk, but the risk of care- 


lessness when grounding is attempted may . 


be even greater. 

It appeared desirable to determine the 
minimum energy required to explode a 
stoichiometric mixture of cyclopropane 
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Figure 1. Test circuit to determine minimum 
energy required to explode mixtures of gases 


and oxygen. The capacity of the human 
body when insulated and near a large 
grounded conductor is of the order of 200 
micromicrofarads. A variable air capaci- 
tor of range 40 to 250 micromicrofarads 
was calibrated and used as indicated in 
Figure 1. The capacitance of the elec- 
trostatic voltmeter varied with the de- 
flection but it was so small as to be negli- 
gible. The switch was a well insulated 
type made by Leeds and Northrup for 
capacitance measurements. To avoid 
dissipation of energy by a spark when the 
switch was thrown, the capacitor was 
charged to a voltage below the spark-over 
voltage. After throwing the switch the 
capacitance was diminished until, as the 
voltage rose, spark-over occurred.. The 
deflection of the voltmeter then fell to 
half value. 

The adjustable spark gap was placed in 
the gas mixture which was contained in a 
thin rubber bag. With a gap of 0.002 
inch spark-over-occurred regularly at 450 
volts. The energy was 2 X 107 joule. 
When the gap was reduced to 0.0015 
inch, spark-over occurred at 375 volts. 


/ 


Discussion 


» 


Wills Maclachlin (Toronto, Ontario, Can- 
ada): The Institute is fortunate in having 
aman such as Doctor Williams, an out- 
standing member of the medical profession 
as well as an outstanding electrical engi- 
neer, present a paper on this subject. 


The explosions in hospital operating rooms 
are not frequent, but the result is usually 
disastrous. Doctor Williams has ably pre- 
sented the problem. The solution is a diffi- 
cult one in that small charges of static elec- 
tricity created from the soles of shoes rub- 
bing on floor, blankets being pulled over one 
another, or the placing on the face or the 
taking off the face, of a face mask, is suffi- 
cient to cause an explosion. To develop 


satisfactory short-circuiting and grounding - 


apparatus on movable pieces of equipment 
in the hands of lay people, as far as electric 
equipment is concerned, is a most difficult 
problem. Possibly the solution may lie in 
working out the best possible techniques and 
drilling the operating room staff in absolute 
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conformity to these techniques. This, of 
course, presupposes that everything pos- 
sible has been done in the preparation of the 
floor of the operating room and the larger 
pieces of equipment; but so many smaller 
pieces of equipment of a movable character 
are used, that strict practice must be drilled 
into the operating room staff. 

May I again repeat that the Institute is 
fortunate in having an eminent scientist of 
Doctor Williams’ caliber present such a 
clear paper on this important subject? 


W. C. Wagner (Philadelphia Electric Com- 
pany, Philadelphia, Pa.): The hazards due 
to discharges of static electricity are serious 
and are not confined to hospital operating 
rooms. Industry as a whole is making in- 
dividual efforts to combat this by the in- 
clusion of safeguarding provisions in the 
several safety codes concerned with hazard- 
ous locations; such as those where ignitable 
vapors, dust, and gases are present. 
However, certain safeguards in themselves 
may increase possible hazards under cer- 
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The energy was 10~° joule. With the 
longer gap and greater energy every spark 
produced an explosion. With the short 
gap and half the energy no explosion oc- 
curred. Since cyclopropane diffuses 
through rubber rather rapidly, it is nec- 
essary to work rapidly; and when no ex- 
plosion occurs, it must be proved by sub- 
sequent test that the mixture remained 
explosive. After passing the weaker 
sparks without explosion, the energy was 
increased by giving the capacitor a higher 
charge; and the explosion then occurred 
even with the short gap. The sparks 
which cause explosion when passed in air 
are nearly inaudible and can be seen only 
in a darkened room. It may be of in- 
terest to mention by way of comparison 
that to operate an ordinary 3-volt flash- 
light for one second requires an energy of 
one joule. 

How low must the resistance to ground 
bein order to prevent sparking voltages? 
Horton* found that with the human body 
insulated except for a ground connection 
through a resistance of one megohm, a 
foot rubbed on linoleum produced no 
sparks as indicated by an antenna and 
amplifier connected to a loud speaker. 
Increasing the resistance to 10 megohms 
resulted in some sparks and further in- 
crease to 20 megohms gave a con- 
tinuous shower of sparks. One reciprocal 
megohm seems a reasonable minimum 
conductivity. Too great conductivity 
should be avoided because of the danger 
of electric shock from low voltage power 
appliances. 


* Oral communication to the writer. 


tain conditions, and the precautions as indi- 
cated by Doctor Williams should be given 
serious consideration by all interests af- 
fected. . 

A National Fire Protection Association 
pamphlet! recently revised, covers the sub- 
ject of such hazards and means for their 
reduction, including methods to meet them. 
Instruments are described for detecting, 
measuring, and recording electrostatic con- 
ditions. ‘This is also an outstanding contri- 
bution to the general subject, in another 
field. 

From the character of the two presenta- 
tions, and others appearing from time to 
time in the technical press, it is clearly 
evident that there has been no definite 
concerted and comprehensive effort to deal 
with the fundamentals underlying this prob- 
lem as a whole, to evaluate more definitely the 
conditions, and to provide, as a result of 
investigations and tests, sound engineering 
bases for safety provisions to be formulated 
by those branches of the industry concerned 
with the prevention of fire, explosion, and 
accident prevention from this cause. 

New processes and new materials, some 
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involving the actual use of electrostatic dis- 
charges, are entering the fields of science and 
industry. We are now advised that not 
only friction, but the making or break- 
ing of contacts of dissimilar materials, 
are sources of electrostatic potential. The 
writer is convinced that the general funda- 
mentals underlying this problem should be 
developed comprehensively and adequately 
by our Institute. 
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It represents both a responsibility and an 
opportunity to serve industry by including 
the entire field of electrical static discharge 
phenomena met in industry. 

The writer, with a background of experi- 
ence in the development of national elec- 
trical safety codes, therefore cannot recom- 
mend too strongly the formation of a special 
committee, representing those substantially 
concerned, to deal with the fundamentals of 


Wilkiams—Haazards of Static Electricity 


this project and to develop the essential gen- 
eral engineering principles for the guidance 
of those concerned with the preparation and 
revisions of related safety rules and pro- 
cedures. 
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Synopsis: The necessity for greater service 
continuity on low voltage systems has 
focused attention on the limitations of pres- 
ent delayed overcurrent tripping devices and 
created a demand for their improvement. 
This paper reviews the limitations of present 
devices and states the requirements- for 
delayed overcurrent trips. A new device 
meeting all of the requirements is described 
and its characteristics shown. The new de- 
vice is universal in its application in that the 
same elements provide for circuit breaker 
selectivity up to the highest values of fault 
current and yet give correct timing to permit 
motor starting. Tests are described which 
show the adequacy of the new device for its 
intended service as well as indicating an 
unusual degree of reliability. 


HE tripping requirements for low 

voltage circuit breakers have been 
satisfied until recently by a self-contained 
series device that provided sufficient 
delay on overcurrent tripping for the 
immediate load at hand and which be- 
came instantaneous at rather low values 
of fault current. This characteristic 
was sufficient to provide for some circuit 
breaker selectivity on the lower values of 
fault current. Where complete circuit 
breaker selectivity has been required, it 
was accomplished through relays in the 
same manner as with high voltage circuit 
breakers. With increased concentrations 
of power, the necessity for.-selective 
tripping of low voltage circuit breakers 
throughout a greater range of fault cur- 
rents has become apparent. It is also 
recognized that relays and accompanying 
current transformers are undesirable in 
most installations from the standpoint 
of complexity and cost. 

The selective tripping of these circuit 
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breakers can be accomplished by the 
addition of definite short time delay 
tripping devices that are effective through- 
out the required range of fault currents. 
This has been done in some instances and 
complete selectivity has been accom- 
plished. The accomplishment of selec- 
tivity in these instances has required 
considerable engineering study and skill 
and it has become evident that an im- 
proved type of delayed trip is needed to 
simplify the application of low voltage 
circuit breakers. 


Review of Delay Elements 
Used on Overcurrent Trips 


The reliability and usefulness of a 
delayed overcurrent trip depends mainly 
upon the characteristics of the delay 
element. The delay elements in general 
use at the present time are: 


1. Liquid Film Delay. In this device, the 
delay is obtained by the adhesion of liquid 
to two co-operating surfaces. This has been 
by far the most popular type of delay device 
since it is relatively simple in construction, 
the only requirement being two carefully 
finished surfaces. It has, however, certain 
limitations as follows: 


(a). Inaccurate timing. 

(b). Inability to operate with suitable delay-.on 
high values:of- fault ‘current: 

(c). Failure to provide any delay whatsoever when 
grit or dirt gets between the co-operating surfaces. 


(d). The liquid is exposed to the atmosphere where 
it may become dirty, sludged by oxidation, or gum- 
med by evaporation. 

2. Thermal Delay. Since the liquid film 
type of delay did not provide reliable timing 
at the longer time necessary to start certain 
motors, thermal trip devices have been 
developed which are responsive to heating 
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elements. The thermal trip device is simple 
on the smaller circuit breakers of relatively 
low interrupting ability, such as moulded case 
breakers, since the heating element may be 
connected directly in the circuit without fear 
of damage. For use on higher interrupting 
ability breakers,the heating elements usually 
are connected in the circilit by transformer 
action which, due to saturation, protects 
the heating elements on high values of fault 
current. Since the temperature rise of 
thermal elements must be held within reason, 
time values and pickup values are affected 
by ambient temperatures. It is necessary, 
therefore, either to compensate the bimetal 
element with a second bimetal element for 
ambient temperature or to provide a mag- 
netic source of energy for tripping the circuit 
breaker which is released by bimetal move- 
ment but which is inoperative below fixed 
current values. The use of the magnetic 
means with bimetal operating latch is the 
usual method provided since the bimetal 
element does not provide enough force for 
circuit breaker tripping on the larger ratings. 
The limitations of the thermal trip device 
are 


(a). It cannot be used to provide delay at high 
values of fault current. 


(6). It is relatively complicated when used on 
higher rated circuit breakers. 


(c). It is not suitable for use on higher rated d-c 
circuit breakers. 


3. Dashpot Delay. Dashpot delay in- 
volves the actual displacement of liquid by 
a piston in a cylinder and, although not in 
general use at present for low voltage circuit 
breaker tripping devices, it is used for ob- 
taining delayed tripping with transformer 
trip devices on higher voltage circuit 
breakers. These devices will provide suffi- 
cient time delay for motor starting purposes 
and are also capable of providing the delay 
required for higher values of fault current. 
The defects of the conventional dashpot 
arrangement are that dirt or foreign ma- 
terial may enter the liquid and cause stick- 
ing of the piston. Also, the piston may stick 
because of sludging or gumming of the 
dashpot oil. A tripping device involving 
a moving core in a completely sealed dash- 
pot and a differential flux arrangement 
operative to trip the circuit breaker after a 
predetermined travel of the core is used on 
certain types of small moulded-case circuit 
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Figure 1. New trip unit, 225-ampere rating 


breakers. This device avoids the troubles 
due to dirt or deterioration in the liquid but 
is not suitable for obtaining delays at even 
moderate values of overcurrent due to in- 
stantaneous action of the external armature. 


4. Mechanical Delay. Mechanical delays 
involving escapement mechanisms, air 
vanes, or inertia devices connected through 
gearing to series magnets have been in 
common use in foreign countries but have 
not been used in the United States until 
recently where they have been used in 
simple form for obtaining the short time 
delays necessary for circuit breaker selec- 
tivity. A-device of this type to provide delay 
sufficient for motor starting is essentially a 
clockwork mechanism which, during system 
faults, may be subjected to high forces. In 
the quantities involved in low voltage cir- 
cuit breaker manufacture, these devices 
are not suitable for American manufac- 
turing. Their maintenance also requires an 
unusual degree of skill which is not generally 
available. For the relatively short times 
involved in circuit breaker selectivity, a 
mechanical inertia device may be made in 
a simpler form so as to be suitable for nor- 
mal American manufacture and mainte- 
nance. Such devices have been used either 
by themselves or in conjunction with other 
devices to provide circuit breaker tripping 
characteristics suitable for selectivity on 
high currents. The limitations of mechan- 
ical delay devices are 


(a). They require very accurate workmanship and 
are, therefore, subject to variations in manufacture. 


(bo). An appreciable part of the driving effort is 
used to overcome friction, and they are, therefore, 
subject to variations in pickup and may become 
inoperative under adverse conditions of corrosion. 


In order to obtain long time delay 
to permit motor starting and short time 
delay for selectivity, it has been neces- 
sary to use the mechanical delay device 
in conjunction with one of the other 
delay means. This results in a com- 
plicated. structure where the chances of 
trouble are multiplied. 
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Requirements for 
Delayed Tripping Devices 


The problems involved are not those of 
application, but concern the design of the 
devices for obtaining delay. The re- 
quirements for satisfactory tripping de- 
vices are few, but they all should be 
fulfilled by a single device. The re- 
quirements are 


1. Sufficient delay must be provided 
throughout the range of motor starting cur- 
rents to permit starting of motors having the 
highest values of locked rotor currents. 


2. Above locked rotor currents, the device 
should be capable of providing the shortest 
permissible delay necessary for selectivity. 


3. In order to provide the maximum pos- 
sible protection to associated equipment and 
to other circuit breakers when connected in 
cascade, the device should be capable. of 
tripping instantaneously at any fault cur- 
rent up to the short time rating of the 
circuit breaker. 


4. There should be a wide range of pickup 
adjustment on the delay element. 


5. The device should be suitable for both 
a-c and d-c circuit breakers. 


6. The trip unit should be easily removable. 


and interchangeable to facilitate changes in 
circuit breaker ratings and characteristics. 


7. The device should be reliable and main- 
tain its reliability without maintenance 
under all types of service conditions. 


Up to the present time, these require- 
ments have not been met by a single 
type of device. The requirements for 
the relatively long time delay for motor 
starting and short time delay for selec- 
tivity have involved two entirely dif- 
ferent devices based on different oper- 
ating principles. 

An analysis of the existing elements 
together with the requirements for over- 
current tripping devices indicated that 
the ideal timing device should — 


1. Provide delay by the positive displace- 
ment of a fluid. 


2. Be hermetically sealed.. 


The first attempts to accomplish this 
involved bellows operated sealed units, 
but further development revealed a sim- 
ple and improved method that has re- 
sulted in an entirely new type of delayed 
overcurrent trip. 


The New Overcurrent 
Tripping Device 


_ The device incorporating all of the 
required features is shown in Figure 1. 
This unit is arranged to be readily re- 
movable so that interchangeability of 
trip units having various ratings and 
characteristics can be obtained. The 


. 
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unit shown has a 225-ampere coil rating 
and is suitable for both 225- and 600- 
ampere frame size circuit breakers. For 
a clear understanding of the theory and 
operation of this new device, reference 
should be made to Figure 2 which shows 
a sectional view of the new unit in the 
normal position. The elements of this 
trip unit are 


1. The magnetic frame. 
2. The series coil. 


3. The sealed timing element incorporating 
upper and lower cores suitably restrained by 
a reset spring, the timing stem which deter- 
mines the time characteristics, and the con- 
trolling fluid. 


4, The instantaneous armature which 
provides instantaneous tripping above pre- 
scribed currents independent of any action 
within the sealed unit. 


5. Calibration details for setting the mini- 
mum pickup of the unit. 


Pickup occurs when the attraction of 
the cores exceeds the restraining force 
exerted by the weight of the sealed unit 
and the calibration spring. Delay is 
obtained by positive displacement of 
the fluid which is forced through the 
space between the upper core and the 
timing stem. The timing stem is the 
only variable in the sealed unit, and its 
diameter determines the size of annular 
orifice and, therefore, the time charac- 
teristics. 

In operation, the upper core is held 
stationary by the attraction of its upper 
surface to the annular edge of the mag- 
netic frame while the attraction between 
the upper core and the lower core raises 
all parts of the sealed unit except the 
upper core. This action, shown in Fig- 


ure 3, raises the trip bar to unlatch the 
circuit breaker. 


The anchoring of the 
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Figure 2. Sectional view of new unit in 
normal position 
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sealed upper core in space relative to the 
stationary frame while it is subjected to 
very strong force and with surrounding 
parts in motion was the major prob- 
lem in this development, and its solution 
made possible the new tripping device. 
Successful operation requires that the 
force of attraction of the upper core to 
the magnetic frame exceed all forces 
restraining the movement of the sealed 
unit. These forces are the trip load 
required to unlatch the circuit breaker, 
the weight of the moving elements, the 
pull of the calibration spring in its maxi- 
mum position, and the inertia forces of the 
moving masses. Strong upward pull 
on the upper core is obtained by in- 
creasing the flux density on the top sur- 
face of the core through suitable shaping 
of magnetic parts, the use of a small 
air gap, and through the use of tapered 
conical surfaces between the upper and 
lower cores. This permits an increased 
amount of flux to flow through the upper 
and lower cores which, although not add- 
ing appreciably to the pull between them, 
does increase the flux density between 
the upper core and the magnetic frame. 
The calibration or settings for minimum 
pickup is obtained by applying a suitable 
restraining force on the moving element. 
The toggle arrangement used to apply 
spring load to the moving element per- 
mits wide variations in pickup settings. 


The instantaneous armature provides 
for instantaneous tripping of the circuit 
breaker irrespective of any action within 
the sealed timing element. On currents 
above the prescribed value, the instan- 
taneous armature is picked up by the 
flux inside of the lower core, after it has 
saturated, and bodily raises the whole 
sealed element. This action, shown in 
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Figure 3. Position of parts when tripping 
- with time delay 
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Figure 4, can be obtained for any value 
of current from 5 to 100 times coil 
rating by adjusting the position or by 
varying the cross-sectional area of the 
instantaneous armature. Since this ar- 
mature is within the field of a solenoid, it 
will have a force exerted on it dependent 
upon the series current through the coil. 
This permits pickup adjustments for the 
instantaneous armature at all values of 
current. This would not be the case if it 
were a clapper type of armature where 
saturation would limit the forces at 
higher currents. 

Since fluid pressure in the sealed cham- 
ber is dependent upon the series current, 
it is possible to provide long time delays 
for currents up to predetermined values 
and, by the operation of a by-pass relief 
valve, to provide short time delay for 
higher currents. This by-pass valve 
may be incorporated in the timing stem 
as shown in Figure 5. The stem with 
the valve as shown in part B merely is 
substituted for the simple stem shown in 
part A. The operation of the by-pass 
valve is simple in that above a certain 
pressure the valve spring is compressed, 
permitting the fluid to flow through a 
much larger orifice than the annular 
orifice on the outside of the timing stem 
which provides for long time delay. 


The reset spring serves to position the 
upper core in the normal position and to 
reset the core after its movement during 
overcurrent conditions. The resulting 
delay on resetting makes the trip unit 
historic, that is, it remembers previous 
electrical history of the circuit in which it 
is connected. The only advantage of the 
thermal trip over previous devices pro- 
viding the same delay is that the thermal 
device is historic due to its storage of 
heat. This new device may be given a 
better or worse memory than a thermal 
trip by making the reset spring weak or 
strong. 

The fluid used to obtain timing is 
an important factor in this new trip unit. 
Silicone fluid is used because of its sta- 
bility at higher temperatures and its 
smaller changes in viscosity with varying 
ambient temperatures. A fluid of high 
viscosity is used since it permits more 
clearance of moving parts and larger ori- 
fices which result in smaller changes in 
characteristics with manufacturing vari- 
ations. The tube and top disk are made 
of nonmagnetic stainless steel because of 
its high resistivity, sturdiness, and resist- 
ance to corrosion. The cores are made 
of special silicon steel to reduce eddy cur- 
rents and losses on alternating currents. 
On sealing, moisture and oxygen are re- 
moved from the fluid and internal parts 
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Figure 4. Position of parts when tripping 
through instantaneous armature 


by heat and vacuum treatment which 
insures freedom from corrosion for the 
sealed parts. The final sealing of the 
timing element is performed very effec- 
tively by projection welding the disk 
to the flanged top of the tube. This 
operation, performed in a fraction of a 
second, in no way injures the liquid or 
internal parts. 


Characteristics 


Tests on the new trip unit have re- 
vealed that any desired time-—current 
characteristic can be obtained by varying 
the timing stem. A discussion of char- 
acteristics, therefore, does not consist 
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Figure 5. Timing stems used to obtain 
different timing characteristics 


A—Simple stem for single delay curve 
B—By-pass stem for obtaining combined long 
and short time delay 
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of presenting some fixed curves but is a 
question of ‘‘what will you have.”’ Fig- 
ure 6 shows three time curves that can 
be obtained through the use of three 
different timing stems and represent 
desirable characteristics. Curve A pro- 
vides sufficient delay for motor starting 
with the instantaneous trip operating at 
A’ to provide rapid clearing of all fault 
currents above locked rotor values. 
Curve B provides a short time delay for 
all values of fault current and can be used 
to obtain complete selectivity between cir- 
cuit breakers. Curve Cis a combination of 
curve A and curve B and is obtained by 
the use of a by-pass relief valve in the 
timing stem. This characteristic would 
be used where selectivity is required be- 
tween a circuit breaker used for motor 
starting service and a back-up circuit 
breaker of approximately double its rat- 
ing. There is a slight but definite slope 
to the transition from one curve to the 
other. This is due to the increase in 
attractive force between the two cores 
as they approach each other, resulting 
in valve operation after partial travel. 
In applying these characteristics. to 
circuit breakers, it is, of course, necessary 
to maintain certain ratios of ratings to 
assure selective operation. In the usual 
application, the ratios are almost always 
more than sufficient due to other factors. 
Figure 7 shows the curves for a typical 
selectivity application using the three 
characteristics previously described. 
Here a 100-ampere-load circuit breaker 
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INTERRUPTING TIME IN SECONDS 


is provided with long time delay and in- 
stantaneous trip to permit motor starting. 
A 400-ampere feeder circuit breaker is 
equipped with both long time and short 
time delay to obtain complete selectivity 
with the motor starting load circuit 
breaker. A 1,600-ampere transformer cir- 
cuit breaker supplying power to the sys- 
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80 000 | 


Typical time—current 
characteristic curves of new trip- 


tem is set to pickup at 3,000 amperes 
and is equipped with short time delay 
only since that will provide for selectivity 
with the 400-ampere feeder circuit breaker 
and all other feeder circuit breakers. If 
the transformer can deliver more than 
25,000 amperes and the interrupting 
rating of the load and feeder circuit 
breakers is 25,000 amperes, the system 
should be operated with combined cas- 
cade and selectivity by providing the 
feeder and transformer circuit breakers 
with instantaneous trip armatures set 
at 20,000 amperes as indicated by the 
dotted line at D. Such an arrangement 
would result in getting all that is possible 
out of the circuit breakers and the system. 


One of the outstanding characteristics 
of the new device is the combination of 
long time delay to permit motor starting 
with a wide range of pickup adjustment 
that permits it to be applied universally 
for either motor service or for general 
load service. The short time delay and 
combined short and long delay character- 
istics would be used in selectivity ap- 
plications and therefore, would be on 
back-up circuit breakers. 


Tests 
The design, the adaptability, the 
characteristics, and the -accuracy of 


pickup and timing of this new over- 
current tripping device have been veri- 
fied by thousands of tests over a 21/2- 
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equipped with new type trip 40 
units for selective operation 
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year period. Tests on fluids of various 
viscosities in structures having different 
orifices have shown that any desired 
time characteristic may be obtained. 
Pickup tests from 80 to 200 per cent of 
coil rating in the same unit show that 
such a unit may be used either to provide 
for motor starting or for miscellaneous 
applications, thereby replacing both the 
old type thermal-magnetic and the so- 
called ‘“‘dual-magnetic” with one uni- 
versal overcurrent trip unit. Timing, 
selectivity, and instantaneous armature 
pickup tests on currents up to 100 times 
coil rating have proved the ability of this 
device to provide for selective tripping of 
circuit breakers on all reasonable applica- 
tions of selective tripping and combined 
selective tripping and cascade. 

The sturdiness of the new trip unit has 
been verified by its ability to withstand 
short-circuit currents up to 500 times the 
coil rating. It has also been verified by 
the ability of the sealed unit to with- 
stand severe shock tests. 

The ability of the sealed unit with its 
silicone fluid to maintain its character- 
istics throughout a long life is indicated 
by the operation of six units for over six 
months at a temperature of 150 degrees 
centigrade with no change in characteris- 
tics. Some of these units after being 
sealed for over 11/2 years were dismantled, 
and all of the parts were found to be 
bright and clean. Several units have had 


over 1,000 overcurrent operations without 
change in characteristics and without 
noticeable wear. 

Tests show that the device will operate 
at all temperatures from —40 to 100 de- 
grees centigrade. For the range of tem- 


_peratures from 10 to 55 degrees centigrade 


which represents the usual condition for 
low circuit voltage breakers, the change in 
time is only 34 per cent of the change 
occurring on devices using petroleum oils. 
For wider ranges of temperattfres, the 
per cent improvement is much greater. 

It is believed that these tests, when 
considered with the proved reliability of 
other hermetically sealed devices such as 
solder sealed capacitors and treated and 
sealed ‘transformers, prove the complete 
adequacy of the new tripping device for 
the service intended. 


Conclusions 


Demands for greater continuity of 
service on low voltage. systems have 
focused attention on the weaknesses of 
present overcurrent tripping devices. 
A new overcurrent tripping device has 
been developed in which the timing 
characteristics are obtained by the posi- 
tive displacement of fluid in a hermeti- 
cally ‘sealed chamber. The universal 
characteristics of the new device permit 
the replacement of both the old thermal- 
magnetic and dual-magnetic with one 
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universal type of trip unit which is equally 
applicable to a-c or d-c circuit breakers. 
The positive displacement of fluid pro- 
vides accurate timing for all values of 
fault current, thereby permitting the 
selective tripping of circuit breakers to 
localize all faults. The use of magnetic 
cores within the series coil provides inverse 
timing and also permits accurate pickup 
settings for the instantaneous trip at all 
values of fault current.. This arrange- 
ment permits selectivity up to the inter- 
rupting ability of the smaller circuit 
breakers and cascade or instantaneous 
back-up protection at higher fault cur- 
rents. This new tool will provide the 
application engineer with a means for 
solving the various problems connected 
with low voltage systems. 

The use of a sealed timing element 
with simple action assures an unusual 
degree of reliability with minimum 
maintenance. 
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Discussion 


Robert W. Smith (General Electric Com- 
pany, Philadelphia, Pa.): Relative simplic- 
ity of the new overcurrent tripping device 
described in this paper, together with its 
reported consistency of calibration are, 
without question, very desirable features. 
However, the construction of the device is 
such that there is an inherent relation be- 
tween the various components and it would 
seem that any change in one of the calibra- 
tion settings must necessarily also change 
the other calibration settings. For example, 
if the pickup adjustment of the long time 
element is raised by increasing the tension 
of the calibration spring, which can be done 
in the field, such a change will also raise the 
pickup value of the short time element and 
the selective tripping co-ordination between 
circuit breakers may be spoiled. Also, the ef- 
fect of the short time element on the long 
time characteristic for current values ap- 
proaching the pickup setting of the short time 
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element can be appreciable, as well as the 
effect of the instantaneous element on the 
short time characteristic for current values 
approaching the pickup setting of the 
instantaneous element. 

For these reasons, the advantage gained 
in simplicity by the use of a single element 
for obtaining combined functions, may be 
more than offset by the disadvantages of 
application, together with the difficulties 
which must inherently be encountered in 
the original factory adjustment of calibra- 
tions which are interdependent. 


H. L. Rawlins and Jerome Sandin: The 
effect of the change of one calibration setting 
on the pickup of another setting is of vital 
importance in the application of these de- 
vices to co-ordinated systems. Therefore, 
the questions raised by Smith are ones that 
were considered carefully in the develop- 
ment of this trip unit. 

There is no measurable change in the pick- 
up of the short time element due to a change 
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in setting of the long time element, say from 
80 to 200 per cent coil rating, when the short 
time pickup is approximately 1,000 per cent 
coil rating. If the short time pickup is ap- 
proximately 500 per cent of coil rating, the 
change in this pickup will be slight.. Tests 
have shown it to be much less than the 
normal variation expected between units and 
not enough to effect the selective tripping of 
circuit breakers. 

The short-time element does not affect the 
long time characteristics as it approaches the 
short-time pickup setting. The curves in 
the paper were determined by tests and show 
the sharp break at the pickup of the short 
time delay. Also, the instantaneous element 
does not affect the short time characteristic 
as it approaches the pickup setting of the 
instantaneous element: Although a curve 
of short time delay with instantaneous trip- 
ping is not shown, the action is the same as 
with long time delay and instantaneous 
which is shown. No effect should be ex- 
pected since a different armature is used to 
obtain instantaneous tripping. 
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Galloping Conductors and a Method 
for Studying Them 


E. L. TORNQUIST 
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Synopsis: This paper presents results of a 
study of the large amplitude oscillations of 
aerial conductors called galloping. The 
work was undertaken in an attempt to 
evaluate the possibility of mitigating the 
damage caused by these disturbances. A 
full scale experimental line is described 
which is so constructed that, without ice 
formation, jt will gallop typically and vigor- 
ously under ordinary wind conditions, thus 
allowing study of various means of mitiga- 
tion. Data on the behavior of this line are 
presented. 


It is hoped that this paper will stimulate 
further study on this important problem and 
thus hasten the development of a practical 
solution, 


N THE OPERATION of an overhead 

electric transmission and distribution 
system, galloping of conductors often re- 
sults in considerable damage to the line 
and overhead structures. Violence of 
the galloping is often sufficient to cause 
contact between conductors with result- 
ant tripping out of the line. This 
phenomenon is most common during 
periods of glaze formation, and in a gen- 
eral storm may constitute a serious threat 
to continuity of service. Because of its 
seriousness this problem has prompted 
much study and research by the industry 
in the hope of finding a practical solution. 


The company with which the authors © 


are associated was confronted in 1944 
with the problem of revising one of its 
major transmission lines so that it would 
be less susceptible to outages caused by 


Paper 47-143, recommended by the AIEE com- 
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presentation at the AIEE summer general meeting, 
Montreal, Quebec, Canada, June 9-13, 1947. 
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galloping. It was decided to review the 
literature and to determine whether a 
program should be instituted to investi- 
gate further the possibility of a practical 
means of mitigation. The initial study 
indicated the need for a full scale experi- 
mental line which would gallop in ordi- 
nary winds thus permitting evaluation of 
any proposed mitigating devices. Such 
a line was designed and built, and gallop- 
ing resulted. 

Although galloping is known to take 
place under widely different conditions, 
the literature and many private reports 
indicate that in most of the cases affecting 
operation of power lines, glaze or snow 


---ALTERNATE CONDITION 


The half-round bar on an axle as 
mounted by Lanchester 


Figure 1. 


It continues to rotate in either direction when 
once started 
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was present on the conductors. In many 
of these incidents the glaze, at its thickest 
point, was approximately one-quarter of 
an inch or more thick, but in other cases, 
on conductors as large as one inch or so 
in diameter, it was only of the order of 
one-sixteenth of an inch, or even less. 
However, there are reports of instances of 
galloping where no glaze or snow was 
present. Here the conductors ranged in 
size from number 4 (0.204-inch diameter) 
bare solid copper wire to Jead-sheathed 
telephone cables, 2.5 inches in diameter. 

It can be seen from these examples of 
galloping that the effect is produced under 
a variety of conditions. All forms, how- 
ever, may be found to be susceptible to 
alleviation by the same means. 

Galloping caused by corona or other 
electric effects! can be dismissed as harm- 
less and of very rare occurrence. 

It is not the purpose of this paper to 
discuss fully the various explanations of 
galloping and the associated aerodynamic 
theory. However, it is thought that 
some brief discussion will make clear the 
reasoning leading up to the experimental 
procedure used and will provide a com- 
mon basis for discussion. 


Aerodynamic Theory: 


The behavior of a fluid such as air, as it 
passes over solids of various cross sections 
has been studied for many years. That 
a rotating sphere in an air stream experi- 
ences a sidewise force, in addition to that 
exerted parallel to the flow, was known to 
Newton in 1672.2 Magnus performed the 
first laboratory experiments involving 
this phenomenon, and these were re- 
ported in 1853.2. The curved path some- 
times followed by golf balls and base- 
balls, and the “‘drift’’ of projectiles, are 
examples of the ‘Magnus effect.” 

It is possible that the experiments of 
Magnus led to the discovery by an un- 
identified individual of a case of “‘auto- 
rotation.” This was reported by Lan- 
chester in 1908.3 If a half-round bar of 
wood is mounted on an axle through its 
center and placed normal to an air stream 
directed at its flat face, it will continue to 
rotate in either direction when once 
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started (Figure 1). Again, as in the case 
of a rotating sphere or cylinder a side- 
wise force is experienced. With the half- 
round bar this force is in the same direc- 
tion as that of the force producing the 
initial starting motion and, if the axle 
friction is not too great, is sufficient to 
cause continuous rotation. This behav- 
for may also be exhibited by square, rec- 
tangular, triangular, circular-segment, 
and certain more complex cross sections. 
The wind must be directed at the flat face. 

The autorotation phenomenon is a vital 
factor in the dangerous “‘tail spin’’ of the 
airplane. 4 

In 1919 Glauert® reported his work on 
autorotation of airfoils. He presented a 
theory. in mathematical terms which 
states that the region of autorotation is 
determined by the condition that, 


d 
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(1) 
where C, and Cp are the coefficients of 
aerodynamic lift and drag, and a@ is the 
angle of incidence of the wind. These 
values are determined readily by tests 
on a static model in a wind tunnel. This 
criterion was of value in the development 
of the airplane. 

Sometime after publication of Glauert’s 
work it was found that if a cross section 
susceptible of autorotation were sus- 
pended with elastic restraint in an air 
stream, it would oscilate spontaneously 
and continuously. This motion is called 
“reversible autorotation.”’* A small ran- 


dom disturbance, such as a gust of wind, 


is sufficient to initiate the oscillation. 
During each cycle there is a small energy 
input from the wind. These successive 
reinforcements steadily increase the amp- 
litude which reaches a maximum when 
the energy input by the wind is just dis- 
sipated by damping. Reversible auto- 
rotation is a ‘‘self-induced” form of 
vibration. This is an oscillation in which 
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Figure 2. This simpli- 
fied form of Den Har- 
tog’s apparatus was the 
type used to test various 
sections for stability 
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For maximum effect the 
frame must be weighted 
or fastened to a firm 
table. The half-round 
bar suspended on 
springs oscillates in a 
vertical plane 
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the alternating forces furnishing the 
energy to the system are controlled en- 
tirely by the motion of the body. When 
the motion stops, the alternating force 
disappears.’ A self-induced vibration 
may also be considered as a free vibration 
whose amplitude is increased by “‘negative 
damping.” 

“Rotary instability,” for the purpose of 
this discussion, will be the term used to 
designate that aerodynamic instability, 
defined by the Glauert criterion,! which 
renders a cross section susceptible of 
autorotation and, of course, of reversible 
autorotation. 

One other type of aerodynamic behav- 
ior will be mentioned here. When a fluid, 
such as air, passes over an obstacle of 
blunt cross section, for example a cable, 
eddies or vortices may be alternately gen- 
erated and shed at the lee of the two sides 
of the obstacle, forming a double-row 
trail of vortices downstream. This was 
first studied experimentally by Benard in 
1908 and explained by von Karman in 
1911.8 The trail is called a ‘Karman 
vortex-street.”. The alternating eddy 
formation produces an alternating force 
on the obstacle in a direction at right 
angles to the air flow. This is the cause of 
the high-frequency low-amplitude vibra- 
tions of transmission line conductors 
which induce fatigue. Vibrations in- 
duced by Karman vortices may be called 
“wind-eddy”’ vibrations. 


DAVISON AND DEN HartoG THEORIES 


Davison,® in 1930, presented the re- 
sults of his important pioneer work on 
galloping. He suggests that galloping 
is the result of the aerodynamic lift pro- 
duced by the reaction of wind and glaze, 
and a periodic twisting of the conductor 
which controls the application of the lift- 
ing force. Den Hartog!* followed in 1932 
with a theory which does not require a 
twisting of the conductor about its axis 
Den Hartog explains that galloping is the 
result of glaze formation which, with the 
conductor, has a cross section capable of 
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causing a certain type of aerodynamic 
instability. This is the rotary instability 
defined by Glauert’s criterion,! which re- 
sults in reversible autorotation (oscilla- 
tion) when the airfoil is suspended elas- 
tically. 

Den Hartog used two sets of opposing 
vertical coil springs attached to a heavy 
steel frame to suspend elastically Lan- 
chester’s half-round bar. The steel frame 
was mounted on springs. When placed 
before a desk fan, the bar oscillated trans- 
versely with an amplitude of two diam- 
eters. This performance was cited as 
supporting the theory. 

During the past 20 years a number of 
explanations have been advanced to ac- 
count for galloping. References to most 
of these are given in Davison’s paper.® 
Others are given herein.°—18 

After a study had been made of these 
theories it appeared that they might ac- 
count for many of the cases of galloping, 
but not for all. (See the Appendix.) 


Tests With Oscillating Models 


In order to design an experimental line 
that would gallop, a series of tests was 
undertaken. The first of these was Den 
Hartog’s experiment mentioned above. 
The simplified apparatus shown in Fig- 
ure 2 was used, since with it much greater 


Figure 3. Vertical cantilever suspension of 

the half-round bar which was used to obtain 

low-frequency oscillations in the order of 20 
cycles per minute 


The model oscillates transversely to the wind 
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oscillation amplitudes could be obtained. 
Ordinary steel coil springs were mounted 
in a simple frame which, for stability, was 


either weighted or fastened to a firm~ 


table. With the half-round bar the desk 
fan had to be run slowly to prevent the 
model from striking the frame which was 
15 inches in height. The frequency was 
220 cycles per minute. 

A model suspended in this manner was 
found to have excessive torsional flext- 
bility about its longitudinal axis and 
about a vertical axis passing through its 
center of length. Also, the frequency 
was high as compared with the 15 to 30 
cycles per minute noted on most galloping 
suspension-insulator transmission lines. 
With this apparatus the frequency cannot 
be reduced materially without a still fur- 
ther increase in flexibility. Consequently, 
two other vibrating systems were tried. 
One apparatus consisted of a half-round 
bar fastened to a length of flat steel spring, 
mounted as a vertical cantilever as shown 
in Figure 3. Suitable choice of spring 
and other dimensions resulted in frequen- 
cies of 25 cycles per minute and less. The 
model oscillated through angles exceed- 
ing 150 degrees. Another apparatus con- 
sisted of a four or five foot length of rub- 
ber tubing with a coil spring at each end, 
suspended between supports. Attached 
to the tubing was a strip of modeling clay 
with the cross section shown in Figure 4. 
Vigorous galloping in two loops results 
when this is subjected to a suitable air 
stream, but the apparatus is difficult to 
control. The springs supply the requisite 
elasticity. In a transmission line the 
conductors furnish the elasticity, since 
they are, of course, in a state of elastic 
suspension as a result of elastic stretch or 
deformation, caused by their weight. 

Tests were next made to determine the 
relative rotary instability of various cross 
sections. Because of its convenience, 
the type of suspension shown in Figure 2 
was used for these tests. 
this -work, March 1944, a ‘“‘standard”’ 


SPRING 


Figure 4. This rubber 
tubing with cross section 
modified by attached 
modeling clay,  sus- 
pended between coil 
springs, gallops vigor- 
ously in two loops 


Polarizing device at A 

may be needed to pre- 

vent twisting of the flex- 
ible tubing 
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At the time of ° 


wind tunnel was not available and, with 
reluctance, it was decided to resort to an 
improvised tunnel. This was of the 
open-circuit open-jet type, 20 inches by 
20 inches. The turbulence was not meas- 
ured, 

About 30 models, representing cross 
sections of various shapes, glaze forma- 
tions, and actual sections of conductors, 
were tested in an apparatus of the type 
shown in Figure 2. Lengths of 7 to 38 
inches were used, the latter being placed 
centrally in front of the jet. Diameters 
or breadths ranged from 0.25 to 2.5 inches, 
weights from 0.1 to 4.0 pounds, and oscil- 
lation frequencies from 130 to 350 cycles 
per minute. Several surface finishes 
were tried. End attachments on the 
models permitted them to be rotated 
about the longitudinal axis for the pur- 
pose of varying the vertical angle of pres- 
entation. The frame supporting the 
springs was pivoted to permit changing 
the angle between the longitudinal axis of 
the model and the horizontal wind. 
Wind velocities ranged from 1.0 to 28 
miles per hour. 

The instability of the models was 
judged by the amplitude of vertical oscil- 
lation and the degree of ‘‘flutter”’ (tor- 
sional oscillation about the longitudinal 
axis of the model). 

Peculiar results were obtained when 
some of the models were tested with their 
longitudinal axis at an angle other than 
90 degrees to the horizontal wind. The 
results obtained with these oblique winds 
are discussed in the Appendix. 


CONCLUSIONS IN TESTS WITH 
OSCILLATING MODELS 


These tests indicate that a suspended 
conductor, to which is attached a wooden 
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Figure 5. Cross section of conductor and air- 
foil assembly used on the experimental line 


airfoil of proper cross section and dimen- 
sion, should gallop under suitable wind 
conditions. An airfoil of half-round sec- 
tion was selected as the suitable one for 
use on the proposed line. A rectangular 
cross section, applied in the vertical posi- 
tion, probably would cause galloping 
with winds on either side of the line, but 
it is materially less unstable than the half- 
round cross section. 


First Experimental Line 


As an intermediate step, a 250-foot 
single-span experimental line was built. 
The conductor was number 000 stranded 
copper. It was ‘“‘dead-ended”’ on two 
30-foot wood poles. End clamps were 
provided with means for sag adjustment. 
Airfoils, of half-round cross section, were 
made from 3/4-inch white pine quarter- 
rounds 30 inches long, grooved and var- 
nished. They were fastened to the con- 
ductor by means of three ties of 0.054- 
inch diameter soft steel wire (Figure 5).’ 
A space of three-sixteenths of an inch was 
allowed between successive pairs of air- 
foils. The flat face was vertical. The 
groove was placed as close to the flat face 
as possible, one-sixteenth of an inch. 
Unit weight of the airfoils was 0.132 
pound per foot and of the coated conduc- 
tor, 0.65 pound per foot. Direction of 
the line was 10 degrees east of north. ~» 

Pertinent data taken on this line are 
shown in Table I. 

During the 40 days that this span was’ 
in place the largest amplitude recorded 
was 2.5 feet. This was during a two- 
loop gallop. Most of the observations 
were made using a sag of 6.13 feet. The 
smallest sag was 2.33 feet. The highest 
wind velocity recorded during a test was 
13 miles per hour. At times, wind ve- 
locities of one mile per hour produced 
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amplitudes of one to two inches. Winds 
between 20 and 60 degrees to the line gave 
rise to the larger amplitudes. No gal- 
loping or other oscillatory motion was ob- 
served when the winds were between 80 
and 90 degrees to the line. When the 
line was given a forced start, at various 
resonant frequencies, the gallop was not 
sustained in winds of this direction which 
occurred on four different days and had a 
velocity range of approximately four to 
nine miles per hour. Winds directed at 
the curved side of the airfoils caused no 
noticeable oscillation. 

During galloping, the flat face of the 
airfoil followed the same vertical, slightly 
curved path in both the upward and 
downward stroke, except that under some 
conditions of violent galloping the airfoils 
and conductor were twisted rapidly and 
at random about their longitudinal axis. 
The timing and nature of the motion was 
such that it is not believed that it con- 
tributes to the aerodynamic instability 
of the system. This motion had a very 
slight tendency to change the position of 
the airfoils on the conductor. An ellipti- 
cal path was never observed nor was a 
gallop with one loop (fundamental mode). 
When the conductor was forced by hand 
into a l-loop gallop at the natural fre- 
quency, the motion was soon dissipated 
and changed into.two loops. Most of the 
galloping occurred with two loops and 
with a stationary node at the center of the 
span. Galloping with six loops took place 
frequently. Four loops were seldom ob- 
served and three, five, or seven loops were 
never seen. Upon one occasion the con- 
ductor was forced by hand into three 
loops. This motion continued for 10 
minutes and then gradually changed to a 
2oop position. The largest number of 
loops observed was 10 or 12. 

Winds greater in velocity than four or 
five miles per hour produced only the 2- 
loop gallop. No gustiness determina- 
tions were made, but from the ‘‘feel’’ of 


SAG = FEET 


FREQUENGY-CYCLES PER MINUTE 


1947, VoLUME 66 


“Figure 7. Second ex- 


perimental line 


Four spans; three con- 
ductors; simulated sus- 
pension-type “insu- 
lators’; wooden air- 
foils. (Not to scale) 


Figure 8. Galloping of 
type 1, two loops with 
the node stationary. 
Insulators do not swing. 
Adjacent spans often 
are not in synchronism 


Figure 9. Galloping of 

type 2, one loop with 

adjacent spans exactly 

180 degrees out of 
phase 


Insulator swing exagger- 
ated in the drawing. 
A and B show the ex- 


tremes of a cycle 


the wind, together with velocity and am- 
plitude observations, it was apparent that 
wind gusts had a marked effect in reduc- 
ing amplitude. In “steady wind” the 
amplitude increased with the velocity. 
Wind angles as small as two or three de- 
grees engendered, at times, several inches 
of amplitude. 

Oscillation frequencies observed on this 
line checked fairly well with those calcu- 
lated from the measured sag by combining 
the equation for vibrating strings and the 


Figure 6. Relation of 
frequency and sag 


The points are the fre- 
quencies of the 2-loop 
gallop as observed on 
the single-span experi- 
mental line. The solid 
curve represents the 
values calculated from 
the relation 
‘Sag in feet= 
1.006 
[Frequency in cycles per 
second]? 
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N=STATIONARY NODES 


standard parabolic line-design equation 
for the deflection of a suspended cable 
(Figure 6). Similar agreement is found 
in natural galloping, that is, that occur- 
ring in the field. 

The galloping obtained with this single 
span experimental line compared well 
enough with that observed in the field to 
justify the construction of a multiple- 
span suspension-insulator line. 


Second Experimental Line 


It was decided to make this a 4-span 
3-conductor, suspension-insulator line 
(Figure 7). No change was made in the 
airfoil design. This line consisted of 
250-foot spans of number 000 stranded 
copper conductor dead-ended on the end 
poles. The top conductor was dead- 
ended on a separate pole. At interme- 
diate poles conductors were suspended 
from wood cross-arms by free-swinging 
steel bars 12 inches in length. The con- 
ductors were in vertical arrangement with 
four-foot separation, the center one offset 
11 inches; the bottom conductor was 12 
feet above the ground at mid-span. The 
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sag was 5.25 feet. Steel bars were used 
in place of insulators to permit application 
of certain test attachments. The sag 
was not altered during these tests. 
Direction of the line was east—west for 
operation with northerly winds. 

This line galloped readily with prac- 
tically all oblique winds directed at the 
flat side of the airfoils, Winds at this 
location did not remain at an angle of 80 
to 90 degrees to the line for a sufficient 
length of time to allow the observers to 
decide whether these winds caused gal- 
loping or not. However, such winds on 
four separate days did not produce gal- 
loping of the single-span line. The. 4- 
span line often galloped with one loop, 
but this motion was never seen on the 
single-span line. In no case did winds 
directed at the curved side of the airfoils 
cause noticeable oscillation. 

Winds down to an angle of 20 degrees 
still were very effective. Velocities of five 
to seven miles per hour often produced 
amplitudes of one to three feet. 

Three characteristic types of galloping, 
data for which are shown in Table II. 
were observed as follows: 


1. Two loops, with the node stationary 
(Figure 8). The adjacent spans often were 
notinsynchronism. The “insulator string” 
motion was an oscillation of approximately 
0.20 inch amplitude in each direction, with a 
frequency twice that of the conductor loops. 


2. One loop, with adjacent spans exactly 
180 degrees out of phase (Figure 9). The 
“insulator strings’ swing towards the falling 
span and away from the rising span. The 
frequency was one-half that of the 2-loop 
gallop. In one test, marked “Type 2A” in 
Table II, the three conductors were inter- 
connected at the one-third point of the span 
with a piece of cord pulled taut. All three 
conductors galloped in the 1-loop mode, in 
exact unison, and with an amplitude of 7.6 
feet. The “instilator strings’ swung 
approximately three inches in each direc- 
tion, There was a great deal of twisting 
and swaying of the crossarms and poles. 


8. Two loops, with the node moving up 
and down at the frequency of the 1-loop 
gallop (Figure 10). This is the 2-loop state 
superimposed on the 1-loop condition. The 
“Snsulator strings’ behaved as they did with 
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the 1-loop gallop. The amplitudes were 
similar to those given for types 1 and 2 in 
Table II. 


With types 1 and 3 the oscillation, 
particularly near the supports, sometimes 
developed an additional violent, snake- 
like or sinuous motion in a vertical plane. 
This behavior, as well as that of the three 
types described, have been observed on 
actual lines and in motion pictures. Gal- 
loping of the sort shown in Figure 11 is 
believed to take place in the field, but was 
not observed on this test line. 

At times, with natural galloping, in- 
sulator strings are said to jump up and 
down, even to the extent of causing the 
line to trip out by contacting the cross- 
arm. No jumping of the insulators was 
noticed on this line. However, since the 
steel bar simulating the imsulator string 
permitted a vertical motion of only 0.75 
inch, jumping at this point might have 
taken place without being observed. 

Calculated frequency of oscillation 
checked the observed values more closely 
than did those of the single span reported 
in Figure 6. More accurate sag measure- 
ments were possible with the 4-span line. 


Figure 10. Galloping 

of type 3, two loops 

with the node moving 

up and down at the fre- 

quency of the 1-loop 
gallop 


Insulator swing exagger- 

ated in the drawing. A 

and B show the con- 

figuration at the ex- 

tremes of the 1-loop 
cycle 


The first visible motion of the conduc- 
tor as it builds up to galloping appears to 
take two different forms 


1. The conductor is observed to quiver 
“suddenly” over part or all of the span with, 
say, 0.1-inch amplitude and loop lengths of 
perhaps 10 to 20 feet. This motion in- 
creases and develops into the 1- or 2-loop 
gallop. 


° 


Figure 11. Galloping 
in two loops with adja- 
cent spans in phase 


Insulator swing exagger- 
ated in the drawing. 
This motion was not 
‘observed on the test 
line, but is thought to 
exist in the field. A 
and B show the con- 
figuration at the ex- 
tremes of the insulator 
swing cycle 
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2. The conductor motion seems to develop 


_ directly into the 1- or 24oop gallop. 


It is certain that the former pattern took 
place; the occurrence of the latter is 
somewhat doubtful and requires further 
observation. 

Traveling disturbances or waves, which 
can be seen clearly as they reach the sup- 
ports and are reflected, are observed on 
the experimental line and in natural gal- 
loping. They are not seen until the gal- 
loping is well under way. At times they 
are not visible, particularly in the 1-loop 
gallop, which often is so smooth and 
steady throughout the line that it is diffi- 
cult to think of it in terms of a wave. 
Rather, the aspect of the entire system of 
insulators and line is that of a giant swing 
or pendulum. Its behavior follows the 
mathematics of vibrating strings. 

No typical configurations have been 
seen by the authors in natural galloping 
which were not also experienced on the 
test line with the exception of the ellipti- 
cal path of the conductor sometimes found 
in natural galloping. The authors have 
observed two parallel transmission lines of 
500-foot span, one having 300,000- the 
other 750,000-circular-mil copper conduc- 
tors. There was approximately 0.20 
inch of glaze on the windward side. It 
could not be determined whether the 
glaze extended to the top side. Smaller 
conductots, which were accessible, had 
glaze only on the side (windward). This 
glaze was somewhat mushroom shaped. 
Its vertical face was blunt and slightly 
larger in diameter than the conductor. 
While galloping violently with amplitudes 
up to 16 feet, the 300,000-circular-mil 
line was observed to oscillate in a single 
vertical plane with no visible deviation, 
while the conductors in the 750,000- 
circular-mil line often described an ellipti- 
cal path, perhaps one to two feet in hori- 
zontal width. A motion picture record 
was obtained showing this difference in 
behavior. It is essential to stand prac- 


tically under the line in order to deter- 
mine the path of a galloping conductor. 
One very rough mechanical measure- 
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_..NUMBER 4—ALUMINUM 
4 CABLE STEEL REINFORCED 


Figure 12. Cross sec- 
tion of conductor and 
waxen artificial glaze 
used by Stewart in his 
experiments 


ment of the power required to sustain a 
forced resonant 1-loop gallop of 2.0-foot 
amplitude, in four spans of one coated 
conductor, gave a value in the order of 
five watts. The test was made in a 1- 
mile-per-hour wind blowing parallel to 
the line. Amplitude-time measurements 
of the building up of the gallop from rest 
have not yet been made, nor have similar 
measurements been made of the deceler- 
ation of coated and uncoated conductors 
from forced large-amplitude resonant 
oscillations in still air. 

There may be material differences in 
the damping characteristics of this test 
line and in those of an actual line as nor- 
mally constructed. For example, the 
wooden airfoils may increase the effective 
interstrand friction far above normal. 
However, this will be more or less offset 
by the greater effectiveness of these half- 
round airfoils as compared with most, if 
‘not all, glaze formations experienced in 
the field. It is not believed that these 
factors will cause serious interference with 
the purposes for which the line was built. 


Remedial Measures 


Baker and Mikina'!t have presented 
calculations of displacement type dampers 
intended for transmission lines. Un- 
doubtedly a mathematical study of 
remedial measures should be undertaken. 

Some experimental work has been 
started on methods of mitigation, but is 
not reported in detail because it is as yet 
inconclusive. Apparently all types of 
galloping observed on the experimental 
line can be significantly reduced by damp- 
ing or interference applied at points ten 
feet or less from the conductor clamp. 

One simple method which was tried 
appears to be effective with the mul- 
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Length of glaze varied 
from 1.5 to 3 times the 
diameter of the conduc- 
tor. Conductors were 
numbers 4, 6, and 10 
solid bare copper wire. 
The wind which pro- 
duced galloping was in 
the opposite direction 
from that existing during 
the formation of glaze 


WIND 


tiple-loop gallop, but not with the 1-loop. 
It is not known whether this method or 
one of similar principle can be made effec- 
tive for the latter condition. 

With suspension-type insulators the 
1-loop gallop appears to be more difficult 
to control, in general, than the multiple- 
loop. On one 880-foot span transmis- 
sion line having a sag of 31 feet, it was 
found that of five traceable contacts be- 
tween conductors, the results of gallop- 
ing, all took place near the quarter point 
in the span. « This indicates that the line 
in each instance galloped in two loops, 
although the 1-loop gallop may also have 
been present in a combination similar to 
that shown in Figure 10. Contrariwise, 
of five traceable contacts in a 500-foot 
span 16-foot sag transmission line all were 
found close to mid-span. If the absence 
of the 1loop gallop were found to be 
characteristic of lines of certain designs 
and span lengths, the problem could be 
somewhat simplified, because of the ap- 
parent lesser difficulty with which the 
multiple-loop gallop is suppressed. 


Conclusions 


An experimental line has been construc- 
ted which will gallop typically and vigor- 
ously in ordinary winds of seven to ten 


Figure 14. Cross sec- 
tion showing snow 
formation observed by 
Stewart on galloping 
conductors 


miles per hour and higher velocity. It is 
the opinion of the authors, based upon 
their various observations, that the oscil- 
lations produced in an experimental line 
of the type described closely simulate 
natural galloping and can be used for the 
study of remedial measures, even though 
natural galloping may sometimes be 
caused by aerodynamic mechanisms dif- 
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Figure 13. Cross section showing glaze ob- 
served on lines galloping during the storm of 


January 16, 1945 


ferent from that which is active in the 
case of the half-round cross section. 

In the event that a damper or other 
remedial measure is developed, which is 
effective on the experimental line, it may 
be necessary to test it further on a section 
of actual transmission line equipped with 
suitable airfoils. 

The practical solution of the galloping 
problem is not yet in sight and probably a 
large amount of work remains to be done, 
but the hope of finding an answer is suffi- 
cient to justify further work and to en- 
courage others to study the problem. 


Appendix 
Gaps in the Theories of Galloping 


Theories requiring a periodic twisting or 
torsional oscillation of the glaze-coated con- 
ductor about its longitudinal axis will ex- 
plain satisfactorily certain cases of gallop- 
ing, but observations by the authors suggest 
that only a few of the cases of galloping fall 
into this classification. 

Stewart! conducted an interesting experi- 
ment in which an airfoil of wax, of the cross- 
section and dimensions shown in Figure 12, 
was attached to a 104-foot span of number 4 


aluminum cable steel reinforced (0.25-inch 
diameter) cable. This span developed a 
single-loop rotary motion similar to that 
which results when two children swing a long 
skipping rope. A point at the center of the 
span described a vertical ellipse whose axes 
were two feet by three feet in a 35-mile-per- 
hour wind blowing at an angle of 90 degrees 
with the span. The wax and the cable, at 
mid-span, twisted or rotated periodically 
through 180 degrees and acted both as a sail 
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and as an airplane wing. The minimum 
wind velocity which produced the skipping- 
rope motion was 25 miles per hour, directed 
at an angle of 90 degrees with the span. 

Some explanations depend upon a gusty, 
oblique wind, as follows. Each gust exertsa 
force on the conductor as it travels along 
theline. If the interval between gusts coin- 
ides with one of the lower natural: periods 
of the conductor, reinforcement will take 
place and eventually produce galloping. 
One would expect gusts of such uniform fre- 
quency and with the requisite period, to be 
of rare occurrence in natural wind. 

Den Hartog’s theory, previously de- 
scribed, may account for those cases of 
galloping in which the cross section of the 
glazed conductor fulfills Glauert’s criterion 
for rotary instability. 

In the opinion of the authors, there is 
some question whether any of the theories as 
proposed offer a thoroughly convincing ex- 
planation of the galloping which occurs un- 
der the following conditions: 


1. No glaze or snow on conductors {stranded or 
round). 


, 


rectangle were as flat and parallel as the eye could 
detect, the corners slightly rounded. The glaze 
was so precise in form that it appeared to have been 
machined. Glaze was broken from galloping wires 
for inspection, some of which could be approached 
to within three feet. Glaze of the same shape and 
in the same relative position was observed on fence 
wires. Galloping was in two or more loops in a 
vertical plane with varying amounts of elliptical 
motion. On all conductors, save one slack wire, the 
glaze remained close to a horizontal position 
throughout the cycle, that is, there was no coupled 
motion. This means that there was 10 torsional 
oscillation associated with the gallop. The glaze 
was on the lee side during galloping. Wind of little 
gustiness and-at a velocity of five to nine miles per 
hour was directed at an angle of 30 degrees to 50 
degrees to the line. 

4. Stewart* reports galloping of 2 conductor, 0.25 
inch in diameter, bearing a snow formation of rec- 
tangular cross section, three-sixteenths of an inch by 
three-fourths of an inch attached in a nearly hori- 
zontal position as in Figure 14. He does not state 
whether torsional oscillation occurred. Wind 
velocity and direction is not given. The galloping 
continued for one day. 


Wind-Eddy Effects 


It has been known for at least a decade 
that wind eddies are capable of sustaining 
vibrations of an elastically suspended body 


Table |. Data Taken on the Single-Span Line 
i =: —————— 
Wind 
Frequency, 
Tension, Amplitude, Number Cycles Per Velocity, Direction, 

Sag, Ft Lb* Ft of Loops Min MPH Deg? Temp, F 
a & Ree 229. a enn Fe ie 2 ck eee PAD. he esa \ (Pr 5-80. 2a eo 40 
I eee ae rat Spy es 7 - 3S yes er = | Fe ea Us eee 20-30 
Sb SS ee 2 ES Se St Se ae Beas sates fe Se Beir tease 15-SE: Ss Past) 
es ee 529. -. 5.5 = 1/12-1/6.. .. . Brae 4. 2 oi ck cn fees ease one ean a 35-50 


* Angle formed by wind and line. 
+ Calculated value. 


2. Glaze very thin im relation to the conductor 
diameter, for example, 1/16-inch thick glaze on one- 
inch diameter conductor. 


3. Conditions observed by one of the authors and 
an associate during a case of galloping over 2 5-hour 
period on January 16, 1945. The glaze of rec- 
tangular cross section was attached to numbers 4, 6, 
and 10 bare solid copper conductors m a position 
within two or three degrees of the horizontal (Figure 
13). Length of the glaze cross section was 1.5 to3 
times the diameter of the conductor. Sides of the 


at frequencies far different from the wind- 
eddy frequency for the body at rest. The 
authors have seen no data on the maximum 
extent of this effect. If with a given con- 
ductor the wind-eddy frequency should be 
altered sufficiently: to sustain oscillations of 
a frequency equal to that of, say, the charac- 
teristic 2Joop gallop at resonance, then it 
may be that galloping could result. The 
work of Farquharson” suggests a possible 


mechanism for production of the initial ex- 
citation. In a study of suspension bridge 
models he proposes that wind eddies may 
induce a small amplitude, subharmonic 
oscillation. As the wind velocity increases, 
however, the section begins to assume con- 
trol of the flow with the result that the sub- 
harmonic excitation yields slowly to har- 
monic excitation with the vorticity com- 
pletely in phase with the motion. Richard- 
son,* in reference to suspension bridges, 
suggests periodic “starting” vortices stper- 
posed on the Karman trail tendency as the ~ 
early phase of the oscillation. 

These mechanisms may aid in explaining 
the galloping of glaze-free, large diameter 
telephone cables (about 2.5 inches in diame- 
ter). Because wind-eddy frequency is in- 
versely proportional to diameter, these pro- 
posals may not be as fruitful when applied 
to cables one-half inch or so in diameter. 


Oblique Winds 


Forms such as the cylinder are considered 
to be stable except for wind-eddy vibrations. 
However, as noted in a case above, conduc- 
tors, unglazed and of circular cross section, 
are known to gallop at times. 

Wind tunnel tests, under static conditions, 
of cylinders, stranded wires, and stream- 
lined sections placed in an oblique wind indi- 
cate only a reduction in drag”% In some 
of the present tests, however, on oscillating 
models suspended in an apparatus of the 
type in Figure 2, it was noted that peculiar 
behaviors resulted when the long axis of the 
model was placed at an oblique angle with 
the horizontal wind. Models such as the 
cylinder, and those of certain smooth elon- 
gated cross sections mounted with the major 
axis of the section “‘along” the wind, became 
unstable and oscillated in winds of 15 to 28 
miles per hour velocity. - With the wind 
normal to the long axis of the model, only 
the typical wind-eddy oscillations occurred 
and these only in winds up to five miles per 
hour velocity. The half-round section, 
which was stable under certain conditions of 
a perpendicular wind, oscillated when the 
wind angle became oblique. The ends of 
the models were faired. Using a model 38 


Table ll. Data Taken on the 4-Span 3-Conductor Line 


Wind Vertical Motion of Conductor 
2 > 5 
= 42 5 & & Rise Fall 3 
peaiea aa =] S = # 
Type of d Tension, = Ses 24 2 g Per Per a4 : 
Galloping Loops Node Spans Sag, Ft Lb* gam BOR. se aA a At Ft + Ft Cent? Sad 
PS ask ee 2.-_ Station. . .Olten “5--% Le. Se 7 | IE TY (Pome 3 ey Os ergy Ea A _.40-90....68....1/+pomt -.---1 BS 69....0.85 31 0.4 
ery not in 
synchro- 
nism 
he ee 1....None 180 deg..-.. Lp ae 976....4 _...26.6....10-11....50-80....68....Mid-point. ...2.4 Pe | een eee: Lhe Aes 3-4 
out of i 
phase 
23 Ps ee. te 180 deg..... Ey eee 976....7.6...-26.8..-.10-12....45-60....59.. _Mid-point....4.5 ..-.59...-3-1 -- BA ok wie, 6 
out of (at ; 
phase 63 F) 
(3 con- 
ductors 
in uni- - 


* Calculated for 68 degrees Fahrenheit. 
+ The angle formed by the wind and line. 


+ Per cent of the total amplitude that the conductor rose or fell from the normal position. 
** The three conductors were interconnected at the 1/3-point with a cord pulled taut. 
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inches in length, placed centrally in front of 
the wind tunnel jet (20 inches wide), did not 
change the results. No definite conclusions 
have been drawn from these rough, pre- 
liminary .tests. It is planned to make a 
further investigation, with more appropriate 
apparatus, of these effects. 

Calculation of the Reynolds number for 
the test conditions employed, indicates that 
the instabilities observed probably could 
not be associated with the large and sudden 
change in drag coefficient which occurs in 
the critical region of Reynolds number. 

The experiments by Relf and Powell!’ 
show that a model of nonstreamlined section 
suffers a large reduction in drag when the 
angle of the wind to which it is exposed be- 
comes oblique. Figure 2 in Davison’s 
paper’ shows a condition under which the 


dC, 5 eee 
——" term of Glauert’s criterion! may be 
Ot 


negative for a conductor very lightly, and 
only partially, glazed. These facts suggest 
that under certain conditions a conductor 
with such a section may be susceptible of 
autorotation. 

It would be wise, perhaps, to investigate 
the possibility that the apparently unex- 
plained cases of galloping mentioned above 
may be found to be associated with wind- 
eddies, the effects of an oblique wind, or a 
combination of the two. 


Discussion 


Gordon B. Tebo (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario, 
Canada): ~The authors are to be congratu- 
lated upon having produced vigorous gallop- 
ing on full-size test spans, representing 33-kv 
transmission lines. It may be objected that 
the simulated ice section is quite unlike 
actual ice formations, but the fact that it 
does produce galloping outweighs this objec- 
tion. 

Since galloping occurs on the authors’ test 
spans frequently and under diverse wind 
conditions, the ice section chosen probably 
represents an extreme case of aerodynamic 
instability, and remedial measures found 
effective will probably be adequate for 
similar spans with sleet load. Caution is 
required, however, to avoid condemning 
remedial measures on these test spans which 
might be adequate for actual sleet-loaded 
spans. 


In considering remedial measures, facts- 


gained in studying suppression of aeolian 
vibrations may be useful. Dampers are 
frequently designed to withstand severe 
vibration and dissipate considerable energy, 
yet in actual operation effective dampers 
may not be required todoso. By prevent- 
ing synchronization of the small wind-im- 
parted disturbances the dampers may avoid 
rather than absorb vibration. ‘In the case 
of galloping, also, it would be desirable to 
prevent cumulative input rather than merely 
to limit the amplitude. 

A conductor has within itself the ability to 
dissipate energy by interstrand friction. 
By utilizing the torsional spring constant of 
the conductor, the attachment of an eccen- 
tric mass is all that is needed to form an 
effective damper. The designs of torsional 
damper found effective for aeolian vibration 
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at frequencies as low as 3 cycles per second 
might be capable of extension to the lower 
frequencies found in galloping. 

The authors’ measurement of 5 watts to 
sustain l-loop galloping on four 250-foot 
spans at 2-foot amplitude and frequency of 
0.45 cycles per second appears high com- 
pared with power measurements made by a 
method! developed by Doctor Carroll of 
Stanford University. A value obtained in a 
167-foot span of 477,000-circular-mil alu- 
minum cable steel reinforced (Hawk), with 
knife-edge end supports at 1.5-inch total 
amplitude and a frequency of 4.6 cycles per 
second showed an input of 0.04 watt. Re- 
sults through a range of frequencies of 4 to 
20 cycles per second and amplitudes of 0.1 to 
1.5 inches showed that the power varied as 
not more than the square of the amplitude 
and not less than the cube of the frequency. 
Applying these limiting relations to the 
authors’ galloping conditions, power re- 
quired should be not more than 


0 04. es x< ee 0.058 watt 
Us tae = =U. wa 
167 1.5 4.6 


While this is a rather extreme extrapola- 
tion of test results, it probably indicates that 
a large part of the 5 watts measured by the 
authors is dissipated in end supports and 
suspensions rather than in windage and 
interstrand friction distributed through the 
length of the conductor. 

In considering system security the impor- 
tance of 110- and 220-kv lines suggests an 
early extension of the authors’ method to 
spans of 600 to 1,000 feet. This will be a 
large undertaking an the initial choice of an 
ice-section is important. An unsuccessful 
attempt has already been made in which a 
single 750-foot span of 477,000-circular-mil 
aluminum cable steel reinforced on steel 
towers was fitted with V-shaped wooden sec- 
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tions quite similar to the authors’ section in 
Figure 4. No galloping resulted although 
vigorous aeolian vibration was observed. 
On the other hand a mushroom-shaped 
snow load on the top of a 1,000-foot test 
span of 605,000-circular mil aluminum cable 
steel reinforced did produce galloping during 
the few hours the snow lasted. 

The authors’ successful work has provided 
justification for the renewal of such experi- 
ments on long-span construction. 


REFERENCE 


1, Laporatory STUDIES OF CONDUCTOR VIBRA- 
TION, Joseph S. Carroll, AIEE TRANSACTIONS, 
volume 55, 1936, May section, pages 543-7. 


W.B. Buchanan (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario. 
Canada): The authors have given a very 
interesting account of their studies and, in 
general, these tend to indicate that the 
problem of galloping and mitigation of haz- 
ards therefrom is very complex. 

In the writer’s opinion, some of the reac- 
tions observed on a full size line can be ex- 
plained only by the application of the travel- 
ing wavetheory. For example, galloping is 
substantially in a vertical plane on suspen- 
sion construction while on pin-type it may 
develop large horizontal components. The 
reflection factor for vertical waves at sup- 
ports is quite high and for horizontal com- 
ponents on pin-type construction, while the 
latter on suspension units are free to pass 
down the line indefinitely. 

The authors note that remedial measures 
which appear to be effective on the multiple- 
loop per span condition are not with the 2- 
loop. Since such motion can be set up by a 
series of opposing tugs at the opposite ends 
of a span a quite different mechanical treat- 
ment might be required for its elimination. 
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Long insulator strings, for example, eight 
units or more, can oscillate under such con- 
ditions and absorb a substantial amount of 
energy. 

Little is reported which gives any quanti- 
tative values of the energy input in terms of 
the energy stored in the conductor at its 
maximum amplitude of motion. If the 
problem is to be solved on anything more 
than a cut-and-try basis, some scheme will 
be necessary to introduce usable quantitive 
values. The writer has proposed a method 
of analysis which, stated briefly, is the appli- 
cation of the theory of damping, positive for 
losses, negative for energy input minus 
losses, and by decrement or attenuation 
curves with respect to time or space. 
Graphic records of oscillations on lines of 
long spans (for example 1,000 feet) and large 
conductors (477,000-circular-mil aluminum 
cable steel reinforced and up) indicate that 
in some cases they build up very slowly as 
though there were very little surplus of 
energy input over losses; in other cases they 
build up more rapidly.. It seems logical to 
conclude that the mild palliative treatment 
which might be quite satisfactory in the 
first case would not necessarily be sufficient 
in the latter case. 

Having this point of view in mind it would 
be of general interest to learn from the 
authors what they might say as to the rate 
of building up of the galloping phenomena 
for each type of construction, for example 
conductor size, weight, tension, and span 
length under the various tests. Correspond- 
ing data from field experience on lines in 
operation could be of considerable value in 
studies which aim to solve these problems 
on a quantitive basis. 

A brief discussion of the significance of 
such data and a method of interpreting the 
same to give practical] results may be of in- 
terest and value. 

It appears to agree with the facts and 
will probably be generally accepted that 
various causes may contribute to initiating a 
mechanical surge on a line conductor, for 
example gusts of wind or dropping of ice 
load. Thereafter in order to build up the 
amplitude of the loop or loops within a given 
span there must be a net resultant of all 
forces acting on the span substantially in 
phase with the motion of the conductor at 
any time and place. It appears to be im- 
possible to do more than conjecture as to all 
possible causes of such forces much less esti- 
mate their magnitude, timing and distribu- 
tion. A cue, however, as to the general 
virulence in any installation may be ob- 
tained by noting the rate of rise of amplitude 
of any given type of motion during succes- 
sive cycles as a percentage of the energy ex- 
isting in the wave at the commencement of 
each cycle. 

The growth then may be represented as 
following the law governing compounding of 
interest where a given principal sum P with 
an annual rate of increment x attains a 
value of s at the end of a period of 7 years 
(eycles), or 


s=P(1+x)” 


A perspective in quantitive terms of the 
amount of damping required ‘to prevent the 
build-up of any type of wave may be ob- 
tained by noting certain facts which have 
been observed. 

The time (¢) required for a wave to travel 
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back and forth in a span between point of 
reflection is 2//v (where / is the length of the 
span and v the velocity of the wave) and 
equals ./T'/m (T being the tension of the 
conductor and m the mass per unit length). 

For a 500-foot span; this may be approxi- 
mately 2 seconds. It is reported that some 
appreciable time period is necessary (up toa 
minute) for the waves to build up to the 
larger amplitudes and this would require 
approximately 30 cycles. 

Suppose’ now a conductor be given an 
initial impact resulting in a wave of 8 inches 
amplitude and thirty cycles later it attains 
an amplitude of 8 feet or twelve times its 
initial value. Then by the formula 


s=12P 
=P(1i+x)% 


30 log (1+) 
=log 12 
= 1.07918 


log (1+) 
= 0.035973 


1+x 


x = 0.086 


Thus far in the argument no restrictions 
have been made as to wave-length, whether 
two foot or two hundfed, or whether the 
wave be approximately sinusoidal or con- 
tains a number of higher harmonics. The 
resultant accumulated energy per cycle need 
not exceed nine per cent to build up such 
waves to 12 times the initial value. 

The increments of energy involved in the 
build-up of what is known as galloping con- 
ductors must be much more erratic and 
variable than in the case of aeolian vibra- 
tions. Nevertheless if it requires appreci- 
able time, of the order of one minute, to 
attain hazardous amplitudes it should be 
possible to avoid this by introducing a loss 
of ten per cent in each and every cycle of 
wave-travel. 

Just how such loss can be introduced is 
another branch of the problem and while im- 
portant it is beyond the scope of the present 
discussion. 
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A. S. Runciman (Shawinigan Water and 
Power Company, Montreal, Quebec, Can- 
ada): The Shawinigan Water and Power 
Company constructed a galloping span 
model consisting of three 166-foot spans of 
7-strand 000 aluminum cable. 

The airfoil was simulated using 3/4-inch 
quarter-round wood offace. This quarter- 
round was machined to fit the conductor at 
what would be the center of a complete 
circle of quarter-round pieces, two of which 
were applied, making a half circle. The 
wood pieces were 30 inches long and bound 
by wire to the conductor. The result was 
that, the wood airfoil, a half-circle, did not 
balance on the conductor, but tended to roll, 
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thus making a spiral airfoil which rolled 
toward the center of the span from one end 
and back to vertical at the other end. 

The model would not gallop under any 
wind condition. After observing the Chi- 
cago Model recently, corrections were made 
to the airfoil so that the wood balanced, 
maintaining a flat face toward the wind. 
This work completed, the model galloped 
with approximately 2-foot amplitude. 

The above leads to a suggestion for ex- 
periment—an attachment might be mounted 
at the insulator with counter-balancing 
weights so that normally, the conductor re- 
mains higher than the attachment point but 
as a load of ice accumulates, the conductor 
would twist between the fixed support. and 
the rolling support, thus forming a spiral 
airfoil such as we had before correctly bal- 
ancing the wood on the conductor. Details 
of this conductor rolling device may be 
worked out by some mechanically minded 
engineer. 


G. W. Stickley (Aluminum Company of 
America, New Kensington, Pa.): The 
study of dancing conductors reported in this 
paper is very interesting and certainly con- 
tributes much to a better understanding of 
the phenomenon and to its solution. 

In this connection it is of interest to report 
several experiences that the Aluminum Com- 
pany of America has had at their test spans 
located at Massena, N. Y. These spans are 
used primarily for studying resonant vibra- 
tion, but on several occasions, dancing has 
been observed. 

The first occurrence was in a 1,000-foot 
suspension span of 795,000-circuJar-mil 
aluminum cable steel reinforced when cov- 
ered with sleet. The cable moved in two 
rather distinct loops with an amplitude esti- 
mated at 10 to 20 feet. 

At the other times that dancing was ob- 
served, sleet was not present but the test 
cables were somewhat irregular in section. 
In a certain test two cables, each 397,500- 
circular-mil aluminum cable steel reinforced, 
were to be strung at the same sag in a 1,000- 
foot suspension span with the two cables 
side by side. The cables were taped to- 
gether at intervals. It was impractical, 
however, to obtain exactly the same sags, 
but the difference was less than one cable 
diameter. Dancing of these dual cables 
occurred several times. In one case there 
were four loops and an amplitude of 18 
inches, with a frequency of about 0.9 cycle 
per second. In later experiments these two 
cables were twisted together, but dancing of 
the twisted pair was never observed. 

A third occurrence of this dancing phe- 
nomenon was observed in a 400-foot span of 
a special small cable having a ‘‘cloverleaf’’ 
cross-section. This cable sometimes flut- 
tered. It was evident that the fluttering 
was a form of the dancing phenomenon, and 
was not resonant vibration. 


F. P. Kaspar (Oklahoma Gas and Electric 
Company, Oklahoma City, Okla.): The 
authors of this paper are to be commended 
for their efforts in furthering a better under- 
standing of the phenomena of ‘galloping 
conductors.’”’ The Oklahoma Gas and 
Electric Company transmission and distri- 
bution system has been subjected to several 
severe cases of galloping conductors in years 
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past and the subject is of particular interest 
to engineers of this company. 


DAMPING DEvICcES 


Consideration has been given to the use of 
damping devices but no experiments have 
been made. During glaze storms in 1938 it 
was necessary to use hand lines and hot 
sticks to tie the conductors to fence posts to 
prevent the “‘galloping”’ from taking the line 
out of service. This tying down of the con- 
ductors was necessary in the transposition 
crossover spans of an H-frame line. (AI- 
though galloping occurred in other spans, no 
damage was incurred because of the flat con- 
figuration of the conductors.) It was 
noticed that very little pull on the hand lines 
was necessary to keep the conductors from 
galloping. This suggests that the use of a 
dampener or spreader device at the center 
of the span might be of value. It would be 
interesting to know if such a device has ever 
been used. 

It is doubtful if a friction damper can be 
devised which can be placed near the hanger 
to eliminate galloping of the conductors. 
Too many variables are present which may 
cause galloping, most of which are not yet 
thoroughly understood. The damper, to be 
effective, would have to dissipate the energy 
at the very beginning of the motion. The 
formation of an ice load on the damper itself 
may also enter into the problem. 

It has been the policy of the Oklahoma 
Gas and Electric Company to accept the 
fact that galloping conductors will occur 
under certain conditions of ice loading and 
wind and to design transmission lines to 
withstand them as far as economic con- 
siderations justify. 


ConpDITIONS CAUSING GALLOPING 
CONDUCTORS 


A very brief review of factors causing 
galloping conductors on the Oklahoma Gas 
and Electric system may be of interest here. 
Practically all of the winds that occur during 
glaze or sleet storms in this territory are 
from the northwest to north. This means 
that galloping occurs only on east and west 
lines, and on cross-country lines running 
northeast and southwest. Only one instance 
of a north and south line galloping has been 
recorded. This was in 1937 and was caused 
from a west by northwest wind at a velocity 
of three to five miles an hour. Most gallop- 
ing on this system has occurred at wind 
velocities of 15 to 30 miles an hour although 
galloping has been observed at velocities as 
high as 50 miles an hour and as low as 3 to 5 
miles an hour. Winds of 5 to 30 miles an 
hout are quite prevalent in Oklahoma during 
the winter and early spring months. 

Glaze formations usually begin when a 
light mist, sleet, snow or rain is falling and 
the temperature falls below 32 degrees 
Fahrenheit. Most heavy formations have 
occurred at temperatures of 28 to 30 degrees 
Fahrenheit. 


CoNCLUSIONS 


Observations of several instances of 
galloping conductors have led to the follow- 
ing conclusions as regards galloping conduc- 
tors on the Oklahoma Gas and Electric 
system: 


1. The galloping is in an elliptical motion and only 
l-loop galloping is prevalent. 
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2. Galloping in north and south sections of existing 
lines occur so seldom that it is considered uneco- 
nomical to rebuild such lines, 


3. Short spans of a given conductor are more sus- 
ceptible to galloping than are long spans. 


4, , Conductors having a high ratio of diameter to 
weight are more susceptible to galloping than those 
with a lower ratio of diameter to weight. 


5. Violent and prolonged galloping does damage 
to hangers and conductors, particularly if the con- 
ductors were weakened by burns or bad splices. 


6. The H-frame type of construction (with suffi- 
cient vertical and horizontal offset clearances be- 
tween the conductors and the shield wire to provide 
a 30-degree shielding angle at the pole, and with in- 
creased clearances at midspan to prevent midspan 
flashovers) is the best and most economical de- 
sign to combat galloping conductors. 


7. Where necessary to use single pole suspension 
lines (in towns or where rights-of-way difficulties are 
encountered), consideration should be given to the 
following: 


(a). The use of a longer bottom arm to provide a 
horizontal offset between the upper and lower con- 
ductors on the same side of the pole. 


(6). The vertical clearance between the conductors 
and between the conductors and shield wire. The 
Oklahoma Gas and Electric Company’s practice is 
to provide a minimum spacing between arms (on 
east and west sections of line subject to galloping) of 
125 per cent of the loaded sag plus six inches. This 
method of determining the spacing was advanced by 
Davison in a letter to this company. 


(c). Placing the top and bottom conductors on the 
windward side of the pole to gain advantage in 
those cases in which the elliptical motion is at an 
angle to the vertical. 


8. A flexible trunnion-type shield wire clamp 
assembly is of value in reducing cable damage at the 
shield wire clamp during galloping. 


9. The wrapping of the conductor at points of 
rigid support (pin-type lines and neutral brackets) 
prolongs the life of the conductor on rural lines dur- 
ing galloping. This was determined by setting up a 
testing device in which the weighted conductor 
after being strung to normal tension, was vibrated 
eccentrically by a mechanical device to simulate a 
galloping motion. Wrapping the conductors with 
0.05” copper ribbon at the point of support pro- 
longed the life of copperweld conductors 500 per 
cent and copper conductor 50 to 100 per cent. A 
special tool has been devised for wrapping this rib- 
bon around the conductor. 


E. L. Tornquist and C. Becker: The in- 
quiry made by Kaspar as to the use of 
spreader devices between conductors is best 
answered by referring to the experiment 
mentioned in the paper in which a cord was 
tied from one to the other of the three con- 
ductors on the experimental line. The re- 
sult was that all three conductors continued 
to gallop, but in unison and with an ampli- 
tude of eight feet. Interconnecting the 
conductors of a transmission line probably 
would prevent contact between phases, but 
might allow excessive forces to be exerted 
on the supports. We have performed no 
experiments with spreader devices between 
conductors in a horizontal configuration, but 
in the light of work done by others it would 
seem that this scheme is worthy of investiga- 
tion. 

Kaspar also inquires as to the use of a 
damper device between conductors. We 
have considered several devices of this type, 
but have made no experiments. This 
scheme might be feasible if the problem of 
insulation can be overcome. 

Doubt is expressed by Kaspar that a dam- 
per can be devised for placement near the 
hanger for the mitigation of galloping, since 
“too many variables are present which may 
cause galloping, most of which are not yet 
thoroughly wunderstood.’’ Our investiga- 
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tion leads us to believe that all forms of 
galloping can be suppressed effectively by 
the use of a suitable damper near the sup- 
ports. This is possible because any disturb- 
ance or motion of the conductor which may 
take place out in the span necessarily is 
transmitted in both directions towards the 
supports as a traveling wave. If this 
traveling disturbance is dissipated or 
damped sufficiently at the supports, then 
the energy recovered in the span will not be 
enough to produce a large amplitude vibra- 
tion. If the gallop has the typical con- 
figuration between supports of say, two 
loops or more, then a damper near the sup- 
port is also effective, since the dissipation of 
the kinetic energy of the moving conductor 
near the support affects the entite wave. In 
the case of the 1-loop gallop, experiment has 
shown that a damper can affect two motions 
near the support, namely, the insulator swing 
and the motion of the conductor. The 
limitation of these motions with a damper 
suppresses the 1-loop gallop and also other 
forms of galloping. Devising such dampers 
which would be practical is quite another 
matter and remains to be accomplished. 
However, it should be remembered that this 
approach to the problem of mitigation is 
only one of several. 

Kaspar states that the damper to be effec- 
tive would have to dissipate the energy at 
the very beginning of the motion. Thus 
far, our experience with dampers on the ex- 
perimental line does not indicate that such 
is the case. 

The special cases of galloping cited by 
Stickley are very interesting. The dual 
cables which galloped when a slight differ- 
ence in sag existed, but which appeared to be 
stable when they were twisted, brings to 
mind the following case:!_ a twisted pair of 
one copper wire and one steel wire when ex- 
posed to a wind running parallel to the line 
was found to develop an oscillating rotary 
motion about the longitudinal axis. This 
motion resulted in early failure of the wires. 

We agree with Buchanan that the multi- 
ple-loop and the one-loop gallop present 
different problems with respect to damping. 
Some dampers are effective on both forms, 
while others appear to be effective only on 
the multiple-loop form of galloping. Aero- 
dynamically these two forms are a product 
of the same phenomenon, but mechanically 
they are different. Buchanan notes that 
long insulator strings when oscillating can 
absorb a substantial amount of energy due to 
this swinging motion. However, this dissi- 
pation of energy does not seem to be great 
enough since it does not prevent the 1-loop 
gallop. 4 

In answer to Buchanan’s questions the 
paper states that we have not yet made 
amplitude-time measurements of the accel- 
eration and deceleration of the airfoil-coated 
conductor. Consideration should be given 
to the possibilities of determining the dec- 
rement for a conductor on an actual trans- 
mission line by forcing it mechanically into 
resonant one and two-loop galloping of an 
amplitude similar to that observed with 
natural galloping. Acceleration data for 
natural galloping are scarce and are very 
difficult to obtain. We are hopeful that 
wind tunnel experiments will be conducted 
in the near future to determine the energy 
input obtainable with different cross sec- 
tions, frequencies, amplitudes, and so forth. 

We agree with Buchanan that quantita- 
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tive data will be necessary if the damping 
problem is to be solved on anything more 
than a cut-and-try basis. 

Tebo suggests that because of the ab- 
normal instability of the half round cross 
section, actually workabledampersmightap- 
pear to be inadequate when tested on the 
experimentalline. This point is well taken. 
However, we believe that the studies men- 
tioned in the foregoing paragraphs may 
prove useful in deciding the course to be 
followed in this respect. Moreover, should 
it become desirable to make the galloping 
less violent on an experimental line a lower 
amplitude could be obtained by turning a 
sufficient percentage of the airfoil sections 
through 90 degrees or 180 degrees on the 
conductor. 

We have felt for some time that the tor- 
sional damper developed by Tebo and 
Buchanan in their work on aeolian vibra- 
tions offers possibilities for adaptation to 
galloping and it is hoped that they will in- 
vestigate these possibilities in the near 
future. 

Tebo’s extrapolated figure of 0.058 watt 
power input necessary to sustain galloping 
probably: cannot be applied to the case of 
forced galloping of the experimental line 
described in the paper. His calculation is 
based on Carroll’s data for conductors with 
knife-edge supports designed for low power 
loss. During galloping of the type de- 
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scribed by us the crossarms and poles sway 
and twist; the insulator strings swing, and 
on unlubricated joints; and the conductor 
probably supplies an abnormal amount of 
interstrand friction as a result of the wired- 
on airfoil sections. It appears that Carroll 
attributes the power losses in his experi- 
ments very largely to “internal damping.” 
This probably is not the case with natural 
galloping in the field. 

Tebo mentions a V-shaped wooden section 
which failed to produce galloping on a single 
750-foot span of 477,000-circular-mil alumi- 
num cable steel reinforced. The V-shaped 
airfoil extended below the conductor about 
13/, times the conductor diameter and was 
attached with its major axis vertical. One 
important difference between this arrange- 
ment and that shown in Figure 4 in the 
paper is that the windward face of Tebo’s 
airfoil is at an angle of perhaps 75 degrees or 
less with the wind, whereas in Figure 4 the 
angle is 90 degrees. In general, decreasing 
this angle lowers the instability. In addi- 
tion, the V-shaped airfoil is long relative to 
the conductor diameter thus supplying a 
lever arm which in a wind might rotate the 
conductor on its axis. This would cause the 
airfoil to tend to align itself parallel to the 
wind and greatly reduce the aerodynamic 
instability of the type sought. This rota- 
tion occurred in Stewart’s experiment, but 
in a high wind of 25 miles per hour or over a 
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coupled motion resulted. This is described 
in the paper. With an appropriate cross 
section, coupling probably could occur at 
lower wind velocities. An-icicle-type of ice 
loading often is not conducive to galloping. 
The mushroom-shaped snow load described 
by Tebo has a cross section commonly re- 
ported in cases of galloping. 

An appropriate wind tunnel test is advis- 
able for determining the characteristics of 
any proposed airfoil section intended to 
produce galloping. 

The device described by Runciman is in- 
teresting and we hope that he will construct 
a model for experimental purposes. 

An associate of the authors, H. E. Weaver, 
calls attention to the fact that an oblique 
wind blowing on a transmission line does not 
“see” the same cross section of glaze-coated 
conductor in the two halves of aspan. The 
transition of cross section patterns occurs at 
midspan. Obviously, the aerodynamic re- 
action in the two halves of the span may be 
quite different. When there exist condi- 
tions favorable to galloping, this effect by 
its tendency to form a node at mid-span 
could direct the galloping into the 2-loop 
form which we believe to be the most com- 
mon in the field. 
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Synopsis: Frequency-modulated carrier 
telegraph equipment provides advantages 
in transmission efficiency which have led 
to its extensive application. This paper 
describes a frequency-modulation telegraph 
terminal from which relays have been 
entirely eliminated so that the over-all 
circuit between ultimate operating positions 
is completely electronic. The circuits em- 
ployed are described in detail, design con- 
siderations are discussed, and application 
informationis given. The results of various 
performance tests also are included. In 
the development of this system, significant 
economies have been effected by reducing 
equipment complexity to a minimum, 
thereby saving space and simplifying main- 
tenance, 


URING the past eight years the use 

of frequency-modulated carrier tele- 
graph equipment has been extended in 
the Western Union system at a greatly 
accelerated pace until the channel mileage 
in service now runs into the hundreds of 
thousands. A paper! published in 1942 
described the frequency-modulation chan- 
nelizing equipment which is now in wide- 
spread use and discussed the advantages 
in transmission efficiency which it affords; 
namely, the singular ability of this system 
to tolerate large and rapid variations of 
received level, and its improved perform- 


ance in the presence of noise. 


A. E. MICHON 


MEMBER. AIEE 


Since 
the frequency-modulation method was 
first introduced, there has been ample 
opportunity to compare its performance 
and continuity with that of the older 
method, amplitude modulation.? Ex- 
perience has definitely established the 
superiority of the frequency modulation 
method, and as a result, all of the ampli- 
tude-modulation equipment has gradually 
been replaced. Meanwhile other workers 
in the field have published data confirm- 
ing these conclusions*’* and frequency- 
modulation telegraphy has found many 


applications in wire-line and radio sery- 


ieee 

In the past; practically all of the fre- 
quency-modulation carrier telegraph 
channels in the Western Union system 
have been of the high-speed type, de- 
signed for 70-cycle signaling and employ- 
ing a 300-cycle spacing. Channel termi- 
nals were provided with elaborate facili- 
ties for monitoring operation and were 
equipped to work with almost any type of 
telegraph circuit. This universal ability 
to serve was extremely useful when rela- 
tively small numbers were involved and 
circuit extensions to all manner of 
grounded and metallic facilities were re- 
quired. However, with the advent of 
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microwave radio relay systems and a vast 
expansion in the use of wire carrier to 
supplant d-c telegraphy, a new simplified 
carrier terminal became an economic ne- 
cessity. 

In the terminal described by this paper, 
the design has been limited intentionally 
to teleprinter and relatively slow-speed 
multiplex operation. Relays for trans- 
mitting and receiving have been entirely 
eliminated, and in their place, electronic 
devices have been used. All testing and 
regulating functions have been disasso- 
ciated from the rack-mounted equipment 
and concentrated in a central test board. 
Individual monitoring equipment is not 
provided for each channel terminal, but 
rather in a ratio of one monitor set for 
every 18 channels. The channel terminal 
itself comprises only two units, one a 
panel mounting the sending and receiving 
filters, and the second a ‘“‘transceiver’’ 
which, as the name implies, combines the 
transmitting and receiving functions. As 
a result of all these innovations, the cost 
of terminal construction has been ma- 
terially reduced and equipment has been 
introduced which is more suitable for a 
telegraph system where carrier operation 
is the rule rather than the exception. 


General Description 


The new channel terminal has been de- 
signed for a maximum dot frequency of 35 
cycles per second. This is sufficient for 
2-channel multiplex working at the pres- 
ent speed of 66 words per minute and pro- 
vides ample transmission margin for tele- 
printer signaling at 75 or even 100 words 
per minute. Frequency modulation of 
the transmitted carrier is accomplished by 
raising the channel frequency 35 cycles 
above its mid-channel ‘value to send a 
spacing impulse and by depressing the 
frequency 35 cycles below its nominal 
value for marking. The individual chan- 
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Figure 2. Filter panel 


nels are given a band width of 80 cycles 
and are spaced at 150-cycle intervals in 
the spectrum. 

These carrier telegraph terminals are 
furnished in nine different frequencies 
from 375 to 1,575 cycles. Two groups, or 
a total of 18 channels, can be operated 
over a voice frequency transmission band 
approximately 3,000 cycles wide. Figure 
1 shows their relative positions in the 
spectrum and indicates the characteristics 
of the different receiving filters. One 
group of nine channels is transmitted di- 
rectly while the second is modulated with 
a 3,600-cycle carrier to obtain channels 
from 2,025 to 3,225 cycles. Flexibility of 
“repeatering”’ is improved and warehous- 
ing is simplified to some extent by stand- 
ardizing only nine different types instead 
of designing channels to fill the entire 
band. 

Figures 2 and 3 show the sending- 
receiving filter panel and that of the trans- 
ceiver, respectively. Together they oc- 
cupy only 8/, inches of space on a 19- 
inch rack. With a 10-foot ceiling height 
it is possible to locate eight terminals, 
complete with power supply, on each rack 
face as shown in Figure 4. In practice 
the 375-cycle channel is sometimes omit- 
ted because of band width limitations, so 
racks of eight channels are manufactured 
and shipped completely assembled and 
ready for installation. When used, the 
ninth channel is located elsewhere. 
Figure 5, shows the test board where the 
control panels and monitoring equipment 
are concentrated. 

The essential elements of the terminal 
circuit are shown in the block diagram of 
Figure 6. The outgoing signals are trans- 
mitted by keying the sending leg to pro- 
duce single-current telegraph impulses 
which in turn serve to switch a suitable 
reactance in the frequency-determining 
circuit of an _ oscillator. Electronic 
switching is employed, and the frequency 
is shifted abruptly between the spacing 
and marking conditions. The carrier 
next is amplified and padded to its proper 
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level and then is transmitted through a 
band-pass filter to the sending bus. The 
incoming channel frequencies are selected 
from the receiving bus by a similar band- 
pass filter which is followed by an ampli- 
fier and limiter. The amplitude-limited 
signals are passed through a balanced 
linear discriminator and rectifier to obtain 
d-c telegraph signals. A low-pass filter 
removes the carrier and certain noise com- 
ponents after which a nonlinear d-c 
amplifier with a square wave output feeds 
single-current telegraph impulses to the 
receiving leg. By interconnecting the 
sending and receiving legs of two trans- 
ceivers the equipment can be made to 
function as a repeater. An arrangement 
also is provided to permit half duplex 
operation using the same leg for sending 
and receiving. 


Transmitting Circuit 


In multichannel carrier telegraphy, con- 
siderations of spectrum economy make it 
essential that the transmitted band width 
be restricted to such frequencies as are re- 
quired to minimize characteristic dis- 
tortion. The transmission of higher 
order side bands is certain to produce ex- 
cessive interchannel interference at the 
receiver unless spectrum space is wasted 
by locating the channels farther apart 
than would otherwise be necessary. 
There are two methods commonly used to 
restrict the transmitted band and both 
were employed in the equipment de- 
scribed by a previous paper.! A low- 
pass filter was interposed between the 
transmitting relay and the frequency- 
modulation oscillator causing the pulses 
to approach a sinusoidal wave shape dur- 
ing the transition periods. Since the 
oscillator was so arranged that its output 
frequency increased or decreased in pro- 
portion to the magnitude of the control 
current, the frequency variations occurred 
gradually and the transmitted carrier 
reached its steady-state marking or spac- 
ing frequency only for a portion of each 
pulse. In addition, a band-pass filter was 
connected between the oscillator output 
and the sending bus to insure suppression 


of the higher order side bands present to . 


some extent even in sinusoidal frequency 
modulation. 

The low-pass filtering method is not 
applied readily to a circuit from which the 
sending relay is omitted, and the fre- 
quency is modulated directly by line tele- 
graph signals. The character of the d-c 
signals will be influenced somewhat by 
conditions on the leg circuit, particularly 
during periods of variable line insulation; 
and hence it becomes practically manda- 
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Figure 3. Transceiver 


tory to use an abrupt frequency variation 
responsive to small changes in signal am- 
plitude. Sufficient discrimination is then 
provided in the sending filter to suppress 
the resultant higher order side bands. 
Figure 7 is a circuit diagram of the fre- 
quency-modulation oscillator. When the 
sending leg is open it draws no current 
except for possible leakage effects, and 
therefore the potential at point A is about 
20 volts positive with respect to that at B. 
As a result the diode conducts and acts as 
an electronic switch to cut capacitance C2 
out of the tank circuit of the oscillator. 


The transmitted frequency now is deter- 


mined by the values of Li, Ly, and G 
which are proportioned to produce the de- 
sired spacing frequency. As soon as the 
sending leg circuit is closed, a current 
flows which produces a drop of approxi- 
mately 40 volts in resistor Ry and causes 
the potential at A to become about 20 
volts negative with respect to B. Con- 
sequently the diode becomes nonconduct- 
ing and C,is switched into the tank circuit 
to lower the oscillator frequency. The 
value of C, is chosen so that the marking 
frequency is just 70 cycles below the spac- 
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Figure 5. Test board 


ing frequency. It should be noted that 
the oscillator represents a low impedance 
termination regardless of whether the leg 
is opened or closed at the sending operat- 
ing position. This reduces the effect of 
any induced interference on the line, 
while the fact that the termination is 


Figure 7. Transmitter 
circuit diagram 


entirely resistive provides signals free 
from bias. 

The resonant frequencies of the oscilla- 
tor circuit are given by the following 
formulas: 
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It will be observed that equation 2 has 
two possible solutions indicating that the 
circuit has two natural periods of oscilla- 
tion when C; is present. One of these is 
the desired marking frequency while the 
other is considerably higher depending 
upon the choice of values for the reactive 
elements. Conflict is avoided by mak- 
ing the resonant impedance at the higher 
frequency sufficiently low that a value of 
feedback which produces stable oscilla- 
tion at the lower frequency is not enough 
to permit oscillation at the higher fre- 
quency. The rated output power of the 
oscillator and its associated amplifier is 
plus 10 decibels referred to one milliwatt. 


Figure 6. Block diagram of terminal 
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OUTPUT 


When reactive circuit elements are 
switched electronically to produce direct 
frequency modulation, it is often difficult 
to obtain a satisfactory abrupt deviation. 
The sudden transition of the telegraph im- 
pulse induces a transient in the tuned cir- 
cuit of the oscillator which can persist for 
the duration of the transition interval or 
even longer. This may cause consider- 
able signal distortion. The problem was 
solved by using the balanced circuit con- 
figuration represented by the differential 
transformer, the split inductor Lz, and the 
twin diode of Figure 7. Switching tran- 
sients are balanced out in the transformer 
secondary and thereby prevented from 
reaching the oscillator circuit. 

Figure 8 shows the manner in which the 
oscillator frequency is varied by the con- 
trol current in the leg circuit. The entire 
frequency swing occurs during the inter- 
val when the current ranges from 25 to 
45 milliamperes. Since this current nor- 
mally is adjusted to 70 milliamperes for 
marking, it is apparent that the proper 
deviation will be produced regardless of 
line variations within limits ordinarily 
encountered. 

Figure 9 will serve to indicate the 
nature of the resulting frequency modu- 
lation. Figure 9A shows the side band 
amplitudes for square-wave modulation 
with a deviation ratio of unity.’ Figure 
9B shows the side band distribution meas- 
ured at the output terminals of the oscil- 
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Figure 9. Side-band distribution diagrams 


lator for the comparable condition, that 
is, when transmitting reversals at 35 
cycles. The degree of agreement be- 
tween the theoretical and measured values 
is sufficient to indicate that the frequency 
is being modulated very abruptly. 
Figure 9C shows the side bands remaining 
after the signals have passed through the 
band-pass filter to the sending bus. The 
carrier and first order side bands pre- 
dominate and account for about 98 per 
cent of the transmitted power. The 
second order pair, which contain the re- 
mainder, fall between channels and are 
now so small that they are suppressed 
readily by the receiving filters. 


Receiving Circuit 


At the receiving terminal of a carrier 
telegraph system the band width assigned 
to a channel determines the permissible 
signaling speed as well as the amount of 
noise and interchannel interference ex- 
perienced. Figure 10 shows the char- 
acteristics of a representative receiving 
filter and also the corresponding sending 
filter. Interference is kept within toler- 
able limits by providing the receiving 
filter with at least 30-decibel discrimina- 
tion against the spacing frequency of the 
channel below or the marking frequency 

- of the one above and at least 20-decibel 
discrimination against second order side 
bands from these channels. The over- 
all band width of the sending and receiv- 
ing filters in tandem has been made 2.3 
times the maximum intended signaling 
frequency. This is slightly more than 
the theoretical minimum and has been 
found sufficient to permit operation with- 
out appreciable characteristic distortion. 
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Figure 11 is a schematic diagram of the 
receiver circuit. Incoming signals are 
amplified by the first section of twin tri- 
ode Vi and amplitude limited by the sec- 
ond section of this tube and by pentode 
V2, The limiting action helps to reduce 
the fortuitous signal distortion caused by 
noise and renders the received signal im- 
mune to the influence of variations in re- 
ceived level. The output of the limiter 
is made constant for input levels between 
minus 50 and plus 10 decibels referred 
to one milliwatt. 

Following the limiter is the familiar 
balanced discriminator represented by 
transformers 7, and T», with their asso- 
ciated capacitances C; and C2, and the 
twin diode V3. The output voltage de- 
veloped by one side of the diode has an 
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amplitude-frequency characteristic whose 
slope is the opposite of that delivered by 
the other side. After these outputs are 
differentially combined the rectified signal 
voltage, as shown by Figure 12, is approxi- 
mately linear for frequencies within the 
useful range and passes through zero at 
midband, 

After filtering to remove the carrier, 
the rectified voltage is used to control the 
output pentode Vy. A plate current of 
70 milliamperes flowsin the receiving leg 
for a marking signal and is cut off for 


Cusack, Michon— Frequency Modulation Telegraph Terminal 


spacing. A control on the d-c grid bias is 
provided to permit adjustment of the 
operating point to secure unbiased signals. 
The nonlinear amplifier is made respon- 
sive to small changes in input and hence 
delivers a signal voltage approximating a 
square wave shape. 

The low-pass filter inserted between the 
discriminator and the final amplifier is of 
interest because of the effect of this 
filtering on transmission. In addition to 
removing carrier, the low-pass filter also is 
useful in minimizing the effect of noise 
components whose frequencies lie outside 
the band assigned to the channel, and 
thus performs a function somewhat 
similar to that of the band-pass receiving 
filter. Consider, for example, any inter- 
ference from an adjacent channel which 
succeeds in getting through the band-pass 
filter and into the receiver. The amount 
of frequency deviation imparted to the 
received signal by a given level of inter- 
ference is proportional to its frequency 
separation from the signaling carrier. 
This results in-the triangular noise spec- 
trum obtained with a linear discriminator 
and may permit considerable fortuitous 
distortion to be produced by a relatively 
small amount of interference. However, 
it must be remembered that the deviation 
of the signal frequency is produced at a 
cyclic rate which also depends on the fre- 
quency separation between the inter- 
ference and the carrier; and it is this rate 
of deviation which determines the fre- 
quency of the rectified interference. For 
a steady marking or spacing tone on the 
adjacent channel, the minimum possible 
frequency is 80 cycles. The interference 
component in the received signal will 
either range between 80 and 150 cycles or 


RECTIFIED VOLTAGE 


-40 -30 -20 -40 0 +10 +20 +30 +40 
FREQUENCY - CYCLES FROM MIDBAND 


Figure 12. Discriminator characteristic 


AIEE TRANSACTIONS 


- 


TO 
OSCILLATOR 


FROM_DISCRIMINATOR 
AND RECTIFIER 


La 


Figure 13. Half duplex circuit 


Pan 


\=ov > 


~=~~-FROM 
DISCRIMINATOR 
AND RECTIFIER 


Figure 14, Repeater circuit 


between 150 and 220 cycles. These fre- 
quencies are sufficiently far above the 
35-cycle maximum signaling speed that 
the low-pass filter can be designed to re- 
duce the interference and still not intro- 
duce characteristic distortion. 


Half Duplex and Repeater Circuits 


As mentioned previously, the channel 
terminals are not restricted to full duplex 
operation with separate leg circuits for 
the sending and receiving functions but 
also are equipped for two other methods 
of working. A 3-position switch on the 
face of the transceiver panel is provided 
for converting the circuit arrangement 
from duplex to half duplex or to repeater 
service. 

With the half duplex arrangement 
shown in Figure 13, transmission is ob- 
tained in either direction but not in both 
directions simultaneously. Signals are 
transmitted by opening and closing the leg 
circuit to control the oscillator in exactly 
the same manner described for the duplex 
case. In fact the duplex and half duplex 
circuits are electrically equivalent just so 
long as a marking signal is being received 
to keep tube Vsin a conducting condition. 
The method of receiving is also the same 
as that described previously. Single- 
current signals are supplied to the leg cir- 
cuit by the plate current of tube V4; and 
just so long as the leg is kept closed, the 
oscillator is effectively isolated from the 
circuit. When leg current is flowing for a 
marking signal, there is a drop of approxi- 
mately 40 volts in tube V4 and resistor 
R2, so point A is about 20 volts negative 
with respect to B and the diode is non- 
conducting. When the leg current is cut 
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off by V4 for a spacing signal, point A 
is 90 volts negative with respect to B 
and the diode remains nonconducting. 
Thus the received signals can have no 
effect on the transmitting oscillator which 
continues to deliver a marking frequency. 

In this way the system is used for trans- 
mission by either station provided the leg 
is kept closed at the distant station. One 
operator may then “break” the other by 
opening his leg circuit. If at that instant 
a marking signal is being received, this 
will transmit a spacing signal to stop the 
distant operator from sending. If the 
leg is opened at a time when a spacing 
signal is being received, there will be no 
polarizing potential applied to the diode 
of the sending oscillator. It so happens 
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Figure 15. Characteristic distortion loss 


A—With channel filters 
B—Without channel filters 


that the oscillator will transmit a mark- 
ing frequency for this condition, but this is 
immaterial because the leg at the distant 
stationisopen. As soonas the leg circuit 
at either station is closed, a correct con- 
trol of the transmission is once more 
established. 


To repeat a channel from one carrier _ 


system to another, the sending and re- 
ceiving legs of two transceivers are inter- 
connected and the circuit arrangement is 
modified as shown in Figure 14. To re- 
peat a marking signal, plate current from 
tube V4 flows through resistor R; where it 
produces a drop of approximately 40 volts 
to make point A about 20 volts nega- 
tive with respect to B. This makes the 
diode nonconducting and consequently 
the marking frequency is transmitted. 
When tube V4 is cut off by a spacing sig- 
nal, point A is 20 volts positive with re- 
spect to B and the diode becomes con- 
ducting to cause transmission of the spac- 
ing frequency. 
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Performance Data 


The results of various tests of the over- 
all performance of the new channel termi- 
nal are given in Figures 15 through 19. 

Characteristic distortion loss varies 
somewhat from channel to channel be- 
cause each of the nine terminals employs 
a different pair of band-pass filters with 
slightly different characteristics. The 
curve given in Figure 15 for distortion 
with channel filters represents the average 
obtained with alltypes. At the nominal 
maximum signal speed of 35 cycles the 
characteristic distortion loss is not more 
than 4 per cent on any channel. The 
effect of the low-pass filter which follows 
the discriminator in the receiver can be 
observed by removing the channel filters 
from the circuit. As shown by the second 
curve of Figure 15 characteristic distor- 
tion from this source is not appreciable 
until the signal speed reaches 45 cycles. 

In Figure 16 the fortuitous signal dis- 
tortion in milliseconds is plotted against 
the rms noise-to-signal ratio at the re- 
ceiving bus. The channel was operated 
at signaling speeds between 30 and 35 
cycles and was subjected to a disturbance 
consisting of random noise uniformly dis- 
tributed over a band about 3,000 cycles 
wide. The noise-to-signal ratio at the 
output of the receiving filter was 17 
decibels lower than the value at the re- 
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Figure 16. Effect of random noise 
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A—Interference from channel above 
B—Interference from channel below 
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ceiving bus. Except at the high noise 
levels where the curve is breaking sharply 
toward failure, the measurements of 
Figure 16 indicate a tolerance to noise in 
the neighborhood of eight to nine decibels 
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Figure 18. Effect of frequency drift 


A—93-cycle teleprinter 
B—35-cycle multiplex 


greater than that obtainable on a com- 
parable amplitude-modulated channel. 

Figure 17 shows the effect of inter- 
channel interference on the received tele- 
graph signal. The distortion loss is not 
measurable with either of the adjacent 
channels working at its normal level and 
is small with levels 10 to 15 decibels higher 
than normal. Interchannel interference 
is not an important consideration under 
any conditions encountered in service. 

It is recognized universally that fre- 
quency stability must be carefully main- 
tained in a system operated by frequency 
modulation. Any drift in the received 
carrier frequencies creates an inequality 
between the spacing and marking sig- 
nals delivered by a linear discriminator 
and thereby results in biased reception. 
From printing range measurements shown 
in Figure 18 it is concluded that the bias 
distortion is scarcely noticeable unless the 
frequency drift is permitted to exceed four 
or five cycles. This is a tolerance of about 
one part in 300 to 400, a degree of stability 
which is not difficult to exceed with simple 


circuit components. Channel oscillator 
frequencies are checked in a routine man- 
ner every three months and are re- 
adjusted easily whenever small errors de- 
velop. In the carrier systems over which 
the channels are operated, the drift due 
to variations in translating carrier- fre- 
quency is not permitted to exceed one 
cycle. 

Figure 19 shows printing ranges meas- 
ured on a circuit consisting of many suc- 
cessive carrier systems operated in tan- 
dem. At the end of each section two 
transceivers were interconnected as a 
repeater so that the over-all circuit was 
entirely electronic. At the maximum 
speed a satisfactory operating range was 
obtained over a 6,500-mile circuit consist- 
ing of nine successive carrier sections. 
Therefore, it appears unlikely that all- 
carrier circuits within the geographical 
limitations of the United States will ever 
be sufficiently long to require regenerative 
repeaters anywhere in their makeup. 


Conclusion 


The development of this new carrier 
telegraph channel terminal has provided 
an improved type of equipment which al- 
ready is finding widespread application in 
the Western Union system and is expected 
to appeal to many other users. A high 
grade of transmission efficiency has been 
achieved by taking full advantage of the 
superior performance obtainable through 
the use of frequency modulation. A 
method of operating d-c leg circuits elec- 
tronically has been developed which is 
free from any abnormal effects caused by 
the presence of noise or leakage. This 
has made it possible to employ a system 
of direct transmission which avoids the 
use of relays anywhere in the over-all cir- 
cuit between ultimate operating positions. 
Equipment complexity has been mini- 
mized, operating and maintenance pro- 


J 
Discussion 


R. B. Steele (Canadian National Tele- 
graphs, Toronto, Ontario, Canada): It is 
noted from the paper presented by F. H. 
Cusack and A. E. Michon that they rate 
the capacity of the channel terminal equip- 
ment which they describe at a maximum 
dot frequency of 35 per second, and yet 
they also point out the possibility of 
handling signal speeds of 45 dots per 
second without appreciable characteristic 
distortion. This signal speed of 45 dots 
per second is obtained, however, with the 
channel filters removed from the circuit. 
It appears reasonable, therefore, to assume 
that they recognize the idea generally ac- 


1170 


cepted in connection with amplitude modu- 
lated carrier telegraph channels that the 
band width of channel filters determines 
the speed at which signals can be trans- 
mitted with a limited amount of distortion. 
From this deduction I conclude that the 
band filters used with their equipment 
determine the rated speed of transmission of 
35 dots per second. 


To pursue the subject of rated signal 
speed further, one may assume that the 
authors recognize a desirable ratio between 
frequency shift and dot speed,-which in 
this case appears to be a ratio of 1. How- 
ever, they suggest that the ratio is not 
critical and can be varied substantially, as 
in the handling of signals at the speed of 45 
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cedure has been simplified, and savings 

in space have been effected by concentrat- 

ing the supervisory functions in a central 

location and by reducing the types of leg 

operation. These features have resulted 
= 6 
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Figure 19. Printing range on multisection 
circuit 


A—93-cycle teleprinter 
B—35-cycle multiplex 


in significant economies in initial expense 
and also in operating and maintenance 
costs. 
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dots per second, without stated penalty so 
long as the filters will permit this. This 
question of the desirable ratio between 
frequency shift and signal dot speed may 
have been covered in an earlier paper listed 
in the references. I have not checked 
this point and would appreciate some 
discussion by the authors as to the possi- 
bility of increasing the speed rating of 
carrier telegraph channels provided by 
means of their equipment by the substitu- 
tion of wider band filters but without any 
other change in the equipment. 


R. B. Shanck (Bell Telephone Laboratories, 
Inc., New York, N. Y.): This paper pre- 
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sents in an interesting manner a description 
of a carrier telegraph system which differs 
mainly from older systems in that no me- 
chanical relays are employed. Jt appears 
that this equipment will be found of much 
utility by the telegraph companies in pro- 
viding good transmission circuits. The 
equipment described seems to be com- 
pactly and attractively arranged. 

A few comments on certain specific 
points in the present paper may be of 
interest. 

In the first paragraph it is stated that 
other workers in the field have published 


’ data confirming conclusions of this paper 


relative to the merits of frequency-modula- 
tion telegraphy. The data quoted in 
certain other papers (references 3 and 4 


of this paper) are in somewhat different- 


form from those herein; but, to the extent 
that the data are comparable, the conclu- 
sions of these other authors are not quite 
so favorable to frequency-modulation 
telegraph over amplitude modulation for 
wire lines, although large advantages have 
been demonstrated for frequency modu- 


lation in long distance radio telegraph- 


transmission. 

With regard to loop transmission, it is 
thought that with the arrangements de- 
scribed some difficulty may be experienced 
in breaking on half duplex circuits, except 
in cases where the transmission time of the 
telegraph circuit is comparatively small. 

With reference to interchannel inter- 
ference, the authors point out that the dis- 
tortion produced by the presence of the 
adjacent channels is not measurable; and 
they conclude that such interference is not 
important under any conditions encountered 
in service. Although it is true.that inter- 
channel interference has, under normal 
conditions, but little effect on the signal 
distortion observed in short period measure- 
ments, it may reduce very materially the 
margin against the occasional bursts of 
fortuitous interference which are respon- 
sible for the sporadic errors which appear 
in practical layouts and whose frequency 
over a long period determines the operating 
qualities of a circuit. 

It is stated in the paper that it appears 
unlikely that all-carrier circuits set up 
within the United States will ever be 
sufficiently long to require regenerative 
repeaters. In certain cases in furnishing 
extensive private wire networks it is im- 
practicable to avoid association of d-c 
sections with carrier facilities to make up 
complete operating circuits. On long com- 
plicated networks of this type, regenerative 
repeaters have been found of great utility 
in improving reliability of service and 
reducing transmission maintenance costs. 
As an example of a very long and com- 
plicated private-line network on which 
60 word per minute teletypewriter service 
is furnished by the Bell system, it may be 
of interest to note that one press association 
circuit comprises over 57,000 circuit. miles 
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serving more than 850 customer stations. 
This network includes 12 regenerative re- 
peaters. 

As an indication that the performance of 
a high-grade amplitude-modulation carrier 
telegraph system compares favorably with 
that of a frequency-modulation system, 
the results of an experiment made a few 
years ago over Bell system circuits between 
Oklahoma City, Okla., and Whitewater, 
Calif., might be cited. A carrier telephone 
circuit about 29,000 miles in length was 
first formed by connecting 12 type J 
channels in tandem; a 12-channel voice 
frequency telegraph system was connected 
to this circuit and the channels of this 
system were then connected in tandem 
forming a 12-section telegraph circuit 
about 345,000 miles in length. A short 
test message was sent by teletypewriter 
into one end of this circuit, and then the 
receiving end was connected quickly to 
the sending end through a regenerative 
repeater. This message then “circulated” 
around this circuit for one hour without 
error, traveling in this time the remarkable 
distance of about 380,000,000 miles or 
approximately two round trips from the 
earth to the sun. 


F. H. Cusack and A. E. Michon: The point 
discussed by R. B. Steele is quite pertinent 
because there is an optimum ratio between 
frequency deviation and rated signal 
speed, and the choice of this ratio is just 
about the first decision which the designer 
of a frequency-modulation telegraph system 
hastomake. On wire lines where frequency 
space must be used economically, it is 
reasonable to expect that frequency modu- 
lation should employ the spectrum every 
bit as efficiently as amplitude modulation. 
This is possible only if the deviation ratio 
is made unity or less than unity. The 
exact value is not critical; but ratios less 
than one are not attractive because reducing 
the shift does not permit any further re- 
duction in the band width of the filters, 
but does make transmission more stscep- 
tible to noise and to frequency instability. 
For these reasons, it is customary to make 
the frequency deviation approximately 
equal to the maximum signal speed in sys- 
tems operating over wire circuits. 

To give a practical answer to Steele’s 
question, it would be possible to increase 
the speed rating of the carrier telegraph 
channels slightly without any alteration of 
the equipment other than the substitution 
of wider band filters, but the permissible 
increase ordinarily would not be considered 
sufficient to justify the change. While de- 


‘signing the filters for a higher operating 


speed, it would be well worthwhile to 
change the transceiver tuning also and 
utilize the benefits of a greater frequency 
deviation. 

The comments of R. B. Shanck cover a 
number of interesting points which deserve 
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some further consideration. With regard 
to half duplex operation, circuits with time 
lags of 300 to 500 milliseconds have been 
tested and no difficulty has ever been 
experienced in transmitting a clean break. 

The problem of interchannel inter- 
ference does require special attention when 
designing filters for a multichannel system, 
because such interference is present con- 
tinuously. As shown by Figure 17 of the 
paper, the filters reduce interference from 
the adjacent channels to a level at least 
25 decibels below the value which is suffi- 
cient to cause printing errors. When ~ 
added to a fortuitous disturbance where the 
distribution of peaks follows a normal-law 
probability relation, this small increment 
is of negligible importance. 

A test of the type described by Shanck 
is indeed a tribute to the excellence of the 
carrier telephone and telegraph equipment 
involved. It demonstrates, as do the 
results in Figure 19, that a high-grade 
system can be expected to transmit tele- 
printer signals with excellent fidelity 
through as many as 12 carrier sections con- 
nected in tandem. Furthermore, the ex- 
periment was successful even though each 
carrier section was made extremely long and 
the signals traveled some 345,000 miles 
without benefit of a regenerative repeater. 
Of course, tests of this kind do not imply 
that regenerative repeaters are unnecessary 
when d-c telegraph sections are associated 
with carrier facilities. 

As for the relative merits of frequency 
modulation when compared with amplitude 
modulation for telegraphy, it is true that 
the conclusions reached by the authors of 
references 3 and 4 do not agree thoroughly 
with the conclusions of the present paper, 
nor do they agree very well with each other. 
This will always be true as long as different 
workers attack this type of problem inde- 
pendently. Actually, all of the compara- 
tive results have been favorable to frequency 
modulation and the only difference of 
opinion seems to be in the conclusions 
which have been drawn as to the need for 
the improvement which frequency modu- 
lation affords. 

It is generally agreed that properly de- 
signed amplitude-modulation and frequency 
modulation-systems will produce almost 
identical results when operating on an ideal 
transmission medium. The outstanding 
advantage attributed to the frequency- 
modulation method by all experimenters is 
its virtually complete immunity to level 
variations. While this characteristic and 
the greater tolerance to noise mean little to 
a user with quite stable circuits, they do 
make it possible for frequency-modulation 
systems to work through adverse conditions 
rendering amplitude-modulation channels 
temporarily inoperative. After years of 
operating experience in the Western Union 
system, it is this kind of performance which 
appeals to all who have followed the subject 
closely. 
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Performance Criteria 


E. W. BOEHNE 
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Synopsis: A new approach to the analysis 
of the performance of d-c interrupters has 
been made in which the are voltage of the 
interrupter is considered on an equal foot- 
ing with the d-c generated voltage. The ef- 
fect of variations in the circuit constants as 
well as circuit breaker speed and arc voltage 
wave shape and magnitude are evaluated 
on a quantitative basis. The equations 
and curves are presented on a _ per-unit 
basis which makes the work applicable to 
any d-c interruption problem. The work 
sheds light on design and application cri- 
teria of d-c interrupters. The presentation 


is arranged to be easily digested by the . 


student of electrical engineering. 


HE most successful of the d-c inter- 
rupters which are available today 
were developed by well-proved empirical 
methods employed in the creation of the 
great majority of our circuit interrupters. 
Following the creation of a successful d-c 
interrupter, little time was spent to 
rationalize the performance of an analyti- 
cal basis. Instead the experience gained 
took record, and rightly so, in the form 
of the arrangement of conductors, con- 
tacts, coils, and are chutes. The experi- 
ence so collected has been retained and 
rationalized by many of our most re- 
nowned engineers of the circuit breaker 
art. The foundation of a new design 
usually was based upon this fund of ac- 
cumulated knowledge. Extrapolation 
was enhanced by intuition and experi- 
ence. The results were usually rapid and 
adequate. Much tribute should be paid 
to these pioneers in the art. The industry 
owes them much,)? 
Recently, however, analytical studies of 
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of D-C Interrupters 


M. J. JANG 
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the arcing period of a-c circuit inter- 
rupters have been simplified sufficiently 
as to influence our understanding of 
their performance.’ It is the purpose of 
this paper to attempt the application of 
similar analytical methods to the per- 
formance of d-c circuits in order to evalu- 
ate, quantitatively, the essential circuital 
elements of d-c interruption. In making 
such a study the relative importance of 
the circuit constants in relation to the 
arc voltage of the interrupter will be em- 
phasized. The advantages of rapidly in- 
serting the are voltage of the interrupter 
following the initiation of the short circuit 
will be weighed in relation to the time con- 
stant of the circuit. The essential criterion 
of the performance is assumed to be the 
arc energy liberated by the interrupter. 
This energy will be expressed quantita- 
tively and its relation to the energy 
stored in the circuit inductance will be 
clearly shown. 

There is little doubt that this empirical 
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Figure 1. Relative energies liberated by a 


d-c interrupter which introduces a rectangular 
arc voltage 0.006 second following the 
inception of a short circuit 


The magnitude of the arc voltage (eg) is 
expressed in per unit of the direct voltage. 
The energy is expressed in watt-hours per 
megavolt-ampere. See Figure 10 for the 
geometry of this performance 
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science, when reinforced with a simple, 
straightforward analytical treatment, 
should enhance the development. and 
understanding of the performance of 
interrupters during the period of their 
creation (particularly by those less 
familiar with the fund of empirical data) 
and lead to a mofe accurate formulation 
of the rules relating to their proper ap- 
plication. Tests will always be required 
to prove the ability of any interrupter to 
do its job. Analysis of the oscillogram 
at this point can be of assistance as a 
record of the test performance and to 
reveal to the analyst why the perform- 
ance was satisfactory or unsatisfactory. 
Extrapolation to new designs should be- 
come more scientific. Development time 
should be reduced to a minimum. 

The principles discussed herein are ap- 
plicable to any form of d-c interrupter. 
However, for illustrative purposes fre- 
quent reference will be made to circuit 
breakers. 

The requirements of speed of operation 
of the d-c interrupter require the closest 
co-operation between the electrical and 
mechanical designer.*4 The tripping unit 
is usually a high speed so-called flux 
shifting latch, which operates in an over- 
all time approaching 0.002 to 0.001 
second. This releases a mechanism whose 
object is first to transfer the current from 
the primary contacts to the arcing con- 
tacts at the earliest possible moment. 
This act is the first prerequisite for de- 
veloping the arc voltage of the inter- 
rupter so essential to interruption. Al- 
though the contacts have parted, valuable 
time might be lost with a contact and 
are runner design which is sluggish in 
permitting the arc to transfer and move 
rapidly out into the interrupting chamber 
where the all important arc voltage is 
developed. It might be said that the 
first turning point in the interruption 
occurs when the arc voltage of the inter- 
tupter reaches the magnitude of the 
d-c circuit voltage. The first design 
objective of the interrupter should be 
focused upon bringing this equalization 
of voltages at the earliest possible 
moment following the beginning of 
the d-e short circuit. The efficiency 
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of the interrupter then depends upon 
the ability of the interrupter to create a 
stable are voltage in excess of the direct 
voltage of the system. The higher the 
are voltage rises above the generated 
voltage, the more rapidly will the current 
decay and the lower the energy liberated. 
It is possible, however, to develop such 
high are voltages as to be dangerous to 
the system insulation. One of the most 
efficient performances is obtained when 
the arc voltage rises to double the gener- 
ated voltage and remains stable at this 
level untilinterruption. Under these con- 
ditions the rate of current decay is about 
the same as the initial rate of rise of short- 
circuit current. Although the are energy 
is not a minimum under these conditions 
it is an excellent compromise with the 
magnitude of the voltage developed on 
the system insulation. These and other 
considerations now will be analyzed on a 
quantitative basis. 


The Circuit Parameters 


The circuit parameters, inductance and 
resistance, are of tremendous importance 
to the problem under consideration. 
These parameters will be assumed to 
be constant for any particular case. This 
assumptionis justified for the modern high 
speed circuit breaker since currents are not 
permitted to rise high enough to saturate 
the machines which produce them, 

The circuit resistance controls the 
magnitude of the available short-circuit 
current by the well-known relation 


i) v= . (1) 
The circuit inductance L controls the 
initial rate of rise of short-circuit current 


in amperes per second by the relation 


Mero Na 2) 


These facts both stem from the general 
expression for the short-circuit current, 
namely, 


yk Rt 
inZ(1-—@) (3) 


This is the well-known transient as- 
sociated with the growth of current in 
- the L, R, circuit. The rate of rise of 
current at the beginning of the short 
circuit (Z/L) will be referred to fre- 
quently. It is an important quality of 
the d-c circuit and is expressed in amperes 
per second. This quantity will vary de- 
pending upon’ the type and size of the 
system, the type being the most impor- 
tant. In general, the rates of rise of 
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Figure 2. General energy coefficient for a 

d-c interrupter which develops a rectangular 

arc voltage following an interval of T; seconds 
from the inception of the short circuit 


Note that the coefficient k, must be multiplied 
by the time T; and the circuit megavolt-amperes 
to obtain the true energy in watt-hours 


current (E/L) on railroad circuits are 
nominally between one and two million 
amperes per second. These circuits are 
hence highly inductive. On d-c indus- 
trial steel mill circuits the rate of rise is 
usually between 3 and 5 million amperes 
per second while in the electrochemical 
industry the rates of rise reach levels 
between 10 and 15 billion amperes per 
second. These circuits are the least 
inductive of all, except, for example, 
when the entire “‘pot line” of an aluminum 
plant is under consideration. This is a 


special case and is again a highly inductive 


low-rate-of-rise circuit. In general, cir- 
cuits employing rectifiers are not as highly 
inductive as those which depend upon d-c 
machines for their current. 

The circuit resistance also depends 
upon the type and size of the system, 
and particularly on the size. The maxi- 
mum available amperes on any system 
may vary over a wide range. In general, 
the lower the inductance, the lower the 
resistance, and therefore the rectifier 
systems in the electrochemical industry 
are capable of producing extremely high 
available currents, 150,000 to 200,000 
amperes not being unusual. 


The Circuit Megavolt-amperes 


In order to place the numerical con- 
siderations upon a per unit basis so that 
they may be applied to any system with 
equal ease, the short-circuit megavolt- 
amperes (MVA) will be used as the base 
of all energy considerations. The short- 
circuit megavolt-amperes is the product 
of the maximum available-short circuit 
current and the direct voltage of the 
system, all divided by a million. 


MVA = Eq°Im:1078 
yg 
. 10 (4) 
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The megavolt-amperes is independent 
of the circuit inductance. On a large 
system operating at 750 volts the mega- 
volt-amperes may be as high as 125 while 
on a relatively small 250-volt system 
the megavolt-amperes may be 10 or lower. 
The megavolt-amperes is important since 
it is the coefficient of the energy liberated 
in the system, in a manner about to be 
described. 


The Circuit Time Constant 


The time constant of the d-ce circuit 
is the quotient L/R and will be known as 
Ty. It expresses the time in seconds re- 
quired for the current to reach the L/R 
value if it continued in a straight line 
from any point on the current transient. 
A practical knowledge of the circuit 
permits the rapid approximations of this 
time constant without resorting to induct- 
ance calculations. This is possible since 


L 
Toms 


maximum available current 


rate of rise of current 


=T» (5) 


Hence a circuit capable of producing 
a maximum current of 120,000 amperes 
at an initial rate of rise of current of 
8,000,000 amperes per second would 
have a time constant of 0.015 second. 
This circuit fime constant is also a 
measure of the circuit energies as will be 
shown. 


The Stored Energy in the System 


The energy stored in the circuit induct- 
ance is important since this energy is the 
minimum energy which the circuit breaker 
must release in the act of interrupting. 


K,- WATT- HRS/MVA- SEG 


Figure 3. The general energy coefficient of 

Figure 2 re-expressed as a function of the 

per cent arcing time q as developed by a 
rectangular arc voltage ez 


See Figure 4 for the relation between the arc 
voltage and the arcing time q 
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The energy stored in the inductance of 
the system at any instant is equal to 


Ww= 5 (6) 


where 7 is the current at the particular 
instant at which the energy is to be con- 
sidered. The maximum energy that can 
be stored occurs when i=/,,=E/R. 
Under these conditions it readily can be 
shown that 


1 
Wasnt 


=139 L/R 
=1897T> megavolt- 


ampere (7) 


watt-hours per 


Note: 139=108/(2 3,600) 


This reveals that the time constant J is 
a measure of the maximum energy in the 
d-c system. The expression 139 T) will 
be found frequently in the energy rela- 
tions and should be recognized as ex- 
pressing the maximum stored energy of 
the system in watt-hours per megavolt- 
ampere. The energy coefficient will 
receive the designation #, such that the 
actual energy W becomes 


W=k-MVA watt-hours (8) 


Arc Energy Liberated by Circuit 
Interrupter 


In Appendix I is derived the expression 
for the arc energy liberated by the circuit 
‘interrupter under the assumption that a 
trapezoidal arc voltage (e,) is introduced 
at the instant (71) that the circuit cur- 
rent reaches a magnitude J,; the trape- 
zoidal are voltage being so proportioned 
as to cause the current to decay linearly 
to zero from the value J; in an arcing 
time T,. The total fault time hence 
would be 7;+7,. Under these condi- 
tions (shown in Figure 9) the arc energy 
liberated is given by the expression 


h\ i 2) 
k=139T) — 1 eS 
(7) { + hee 
watt-hours per megavolt-ampere (9) 


where 


@ 


that is, the ratio of the arcing time T, to 
the time constant of the circuit. The 
quantity g will be known as the per unit 
arcing time. 

This exceedingly compact expression 
shows us much concerning the effect of 
circuit breaker speed and arcing time on 
the amount of energy liberated. Should 
I,=I,, that is, had the current attained 
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Figure 4. Dependence of the arcing time 
upon the magnitude of the rectangular arc 
voltage 


The ratio of the arcing time Tg to the circuit 
time constant L/R or Tp is termed gq. Note that 


per unit fault time 


its peak value, then the coefficient (139 
To) represents the maximum energy 
of the system. Under these conditions 
the bracketed term reduces to ‘one plus 
one third the per unit arcing time,’ the 
latter being expressed in per unit of the 
time constant of the circuit. 

Inspection will show that under all 
practical conditions the energy liberated 
by the circuit interrupter always will 
exceed the stored energy in the system 
at the instant the arc voltage is intro- 
duced. This fact is important and has a 
perfect mechanical analogy when applied 
to stopping an automobile. 

Assume that a car of mass M traveling 
at velocity v is to be stopped. The stored 
energy in the car at this instant is 
(1/2)Mv?. When the foot is removed 
from the accelerator, the clutch disen- 
gaged, the brakes applied, this energy 
will appear as heat in the brake (neg- 
lecting other friction). In this case the 
forward energy of the car is dissipated 
as heat in the brake. The true mechani- 
cal analogy of the d-c interrupter, how- 
ever, is represented by the application of 
the brakes while the foot is still on, the 
accelerator and the clutch engaged. 
Under these conditions the energy which 
appears as heat in the brakes is not only 
the stored energy of the moving vehicle 
but, in addition, the energy which is being 
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supplied by the motor during the braking 
period. Fast stopping is indicated for 
minimum brake heating. Should the 
brake torque fail to overcome the driving 
torque then stopping would not occur and 
the brakes would burn up. Such occurs 
in the d-c interrupter when the arc volt- 
age fails to exceed the d-c generated 
voltage. Under these conditions the 
current (analogous to velocity) hence is 
maintained at a level dictated by the 
difference between the two voltages and 
eventually will destroy the interrupter 
unless back-up protection is provided. 

The absolute necessity of developing an 
arc voltage in the d-c interrupter which is - 
in excess of the generated voltage ex- 
plains why an oil circuit breaker is not 
a practical interrupter for d-c systems. 
This is true since the oil circuit breaker 
is inherently a low arc-voltage interrup- 
ter and except for only the very lowest 
voltage d-c circuits its application would 
be a dismal failure. The same is true 
of the air blast circuit breaker of con- 
ventional design. However, air circuit 
breakers of the magnetic type are most 
suitable for the interruption of d-c cir- 
cuits because of their ability to develop 
high stable are voltages. Their applica- 
tion is conditioned upon their speed of 
contact separation—an important factor 
in the determination of the circuit breaker 
liberated energy—as indicated by equa- 
tion 9 and shown later in several practical 
cases. 

Numerous other important cases are 
considered in the appendixes of this 
paper and equations given relating. the 
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Figure 5. Comparison of the energies liber- 

ated, in a specific case, by the three typical: 

arc voltage wave shapes of such magnitude as 

to permit interruption in 0.016 second follow- 

ing an arcing time of 0.010 second in each 
case 
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Eg=4,000 Volts; Ez=Rectangular 
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are energy to the circuit constants. Some 
of the results of this study will be pre- 
sented here in a few practical cases which 
will serve as examples of the type of 


information made available by this 


analytical study. 


A Practical Case 


One of the easiest and most practical 
are voltages to consider is the flat top 
or rectangular arc voltage (Appendix 
II). It is recognized that the arc volt- 
age seldom rises vertically to a fixed level 
and remains there without some fluctua- 
tions, however, actual d-c circuit breaker 
performance shows this condition to be 
closely approximated.** For all practical 
purposes, therefore, the assumption of 
such a rectangular wave shape is war- 
ranted to explore the effect of variations 
of other factors. 

The arc energy liberated for the rec- 
tangular are voltage is given by the 
equation 


k=2ep (139 To) { (4) — (gec) \ watt-hours 


per megavolt-ampere (10) 
where 


én =magnitude of the rectangular arc volt- 
age in per unit of the generated 
voltage 
=Ep/Eq 
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q=arcing time or duration of the rectangu- 
lar arc voltage in per unit of the time 
constant of the circuit, To 

€.=(eg—1) or the are voltage in excess of 
generated voltage in per unit of the 
generated voltage 


It is of interest to note that q, for the 
rectangular arc voltage, is given by the 
expression 


ir RE 

47 lox ecthi/Imn ) (11) 
and 

= (1— e— 7/7) (12) 


Armed with this information, it is prac- 
tical to consider the relative energies that 
would be liberated by an interrupter 
(which produced this rectangular are 
voltage) when the following four factors 
are varied over a reasonable range: 


1. Circuit breaker speed, time to contact 
parting (variations in 74). 
2. Rate of rise of current (variations of L). 


3. Maximum available current (variations 
of R). 


4. Magnitude of the rectangular arc 
voltage (variation in Ez). 


- Aflowing each of these quantities to 
take three separate values it follows that 
34 or 81 solutions are indicated. These 
are tabulated in Table I for an assumed 
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4,000-volt d-c system in which these quan- 
tities take on the following numerical 
values: 


1. Circuit breaker speed in seconds, be- 
ginning of arc voltage: (a) 0.004; (b) 0.006; 
(c) 0.010. 

2. Rate of rise of current in amperes per 
microsecond = E/LX10~*: (a) 2.0; (8) 5.0; 
(c) 10.0. (Multiply by a million to get 
amperes per second.) 


3. Maximum available current J in am- 
peres: (a) 100,000; (6) 60,000; (c) 30,000. 
Corresponding megavolt-ampere values for 
4,000-volt system: (a) 400; (0) 240; (c) 
120. 

4, Magnitude of are voltage Ep in volts: 
(a) 4,500; (6) 5,000; (c) 6,000. 
Corresponding values of per unit arc volt- 
age ¢p, ¢gp=E,/Ea=Ep/4,000: (a) 1.125; 
(0) 1225; (oe) 1250: 


Table I presents the three most im- 
portant performance criteria, namely, 


1. The current J, which, in the cases shown, 
is the peak current attained in the circuit. 


2. The total fault time T2 in seconds. 


3. The arc energy in watt-hours. 


Inasmuch as the value of J, is inde- 
pendent of the magnitude of the arc 
voltage (as long as it is in excess of 
the generated voltage) it follows that 
only 3° or 27 values of J; are shown; 
these appear at the top of the table under 
I. 

A study of this table will reveal many 
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Figure 6. General energy characteristics of 

the three arc voltage wave shapes operating 

under conditions which permit the arcing time 

to be equal to the circuit time constant, 
q=1.0 

Note the superiority of the rectangular arc 
voltage 


interesting features concerning the per- 
formance of the d-c interrupter in various 
types of circuits. These will be examined 
in detail. 

The peak current in the circuit (J;), 
as limited by the interrupter, is dependent 
upon the rate of rise of current, the inter- 
rupter speed, and the maximum value of 
the available current (J,,). The slow 
interrupter allows the highest peak cur- 
rent in each case. For high rates of rise 
of current, high speed interrupters are 
imperative. 

The variations of liberated energy, 
however, are not as obvious as these 
variations of current. A few of these 
will be discussed from the table. When 
the are voltage is only 12.5% in excess 
of the generated voltage (e,=1.125) 
the influence of the rate of rise of current 
is tremendous. For the fast interrupter 
(T,=0.004 second) a change in the rate 
of rise from 2 to 10 million amperes per 
second increases the liberated energy 
from 106 to 206 watt-hours. For the 
interrupter whose operating time is 
0.010 second instead of 0.004, these 
energy values rise respectively to 444 
and 514 watt-hours. The merits of speed 
become obvious, 

As a calibration of the type of audible 
report made by such an open type cir- 
cuit breaker in releasing 514 watt-hours 
in 0.0186 second, it might be pointed out 
that the typical arc-back on a large 650- 
volt electrochemical system when cleared 
by a fast anode circuit breaker, releases 
between 80 and 90 watt-hours in about 
0.008 second. The 650-volt anode cir- 
cuit breaker arc energy is approximated 
in Table las the circuit breaker which 
develops an are voltage of 6,000 volts 
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(€g=1.50), 0.006 second after the con- 
tacts part, in a circuit which is capable 
of attaining 60,000 amperes at an initial 
rate of rise of 2,000,000 amperes per 
second. 

A further study of Table I will reveal 
the merit of so proportioning the design of 
the arc chute so as to develop are voltages 
well in excess of the generated voltage. 
Consider the circuit breaker whose speed 
is 0.006 second to the point of are voltage 
insertion. When the arc voltage is only 
12.5 per cent above the generated voltage 
(e¢g= 1.125) the energies for rates of rise 
of 2, 5, and 10 amperes per microsecond 
are, respectively, 203, 306, and 332 watt- 
hours. However, when the arc voltage is 
increased to 50 per cent in excess of the 
generated voltage (eg=1.50) these same 
energies reduce to 57.6, 66.6 and 55 watt- 
hours. Note that in the latter case the 
highest energy is associated with the cir- 
cuit having a rate of rise of 5 million 
amperes per second while in the former 
case the higher the rate of rise the higher 
the energy. 

It is of further interest to observe that 
the slow circuit breaker (t;=0.010). oper- 
ating with an e,=1.50 has the highest 
energy liberated for the lowest rate of rise 
of current. When the are voltage pro- 
duced is only 12.5 per cent above the 
generated voltage, however, (e,= 1.125) 
the relative order of liberated energy is 
reversed, the highest rates of rise produc- 
ing the highest energy in spite of the re- 
duction in arcing time. These numerical 
evaluations explain for the first time some 
of the empirical observations which have 
long been puzzling. A further study of 
this table will reveal other interesting 
trends which have a bearing upon the de- 
sign and performance criteria of d-c inter- 
rupters. 


General Characteristic Curves 


Turning now from a description of a 
specific application as presented in Table 
I, it is proper that these results be made 
available in more general and useful form 
so that application may be made to any 
circuit. The next step in the evolution of 
these concepts is therefore presented in 
the form of curves shown in Figure 1. 
Here the circuit time constant (Ty= 
L/R) is the abscissa of the curves which 
give the arc energy for various values of 
(eg), the ratio of the magnitude of the 
rectangular are voltage to the generated 
voltage. These curves are restricted to 
one particular circuit breaker time, 
namely, a T; of 0.006 second from fault 
initiation to the time of introducing the - 
rectangular arc voltage. When applied 
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Figure 7. The dependence of the dimension- 
less energy coefficient ke upon the per unit 
arcing time q and the /,/I,, ratio 


The coefficient ke must be multiplied by 
139L/R and by the circuit megavolt-amperes 
to obtain the true arc energy 


for circuit breakers having this specific 
time the curves are quite general and 
cover as wide a range of circuit constants 
as desired. The general shape of these 
curves reveal that the higher the arc 
voltage the lower the energy and that for 
each particular arc voltage magnitude 
there exists a circuit time constant (79) 
which will give rise to the maximum 
energy per megavolt-ampere. 

The restriction to one circuit breaker 
speed in Figure 1 is eliminated in the 
curves of Figure 2 by expressing the ab- 
scissa as a dimensionless ratio (7>/7)), 
namely, the ratio of the circuit time con- 
stant T> to the circuit breaker time 7}. 
The ordinate of the curves, however, does 
not express the are energy directly but 
gives an arc energy coefficient k,, which is 
used in the equation 


W=278T,:kn:MVA (13) 


_where 


k,=a dimensionless coefficient obtained 
from the curves of Figures 2, 3, and 6 

T, =the circuit breaker time from the initia- 
tion of the fault to the introduction 
of the rectangular arc voltage 

MVA =EqXImX107 & 

W =arc energy in watt-hours 


(Note 278 =2X 139) 


Figure 2 teaches that it is desirable to 
make 7, as low as possible. Also when 
high arc voltages are available the energy 
will be low, as previously indicated. In 
using the curves of Figure 2 it is to be re- 
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membered that not only does the value of 
T, control the magnitude of &, but T; also 
appears as a coefficient of the arc energy 
(equation 13). It is of interest to observe 
that the arc energy is controlled primarily 
by the product T;;MVA which contains 
all the necessary dimensions of energy. 
The effect of the dimensionless constant 
k,»,» as Shown by the curves of Figure 2, 
plays a less important role and indicates 
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Figure 8. Circuits which show the method of 

applying the principle of superposition to 

solve for the net current by linear circuit 

methods although the characteristics of the 
interrupter are nonlinear 


in particular the effect of the magnitude 
of the arc voltage upon the energy. In- 
spection will show that a circuit breaker 
time T, which is not in excess of one half 
of the circuit time constant T) is a particu- 
larly desirable goal provided the magni- 
tude of the equivalent rectangular arc 
voltage is at least 50 per cent in excess of 
the generated voltage. When T)/Nh= 
0.5 and eg=1.50 then, from Figure 2, 


W=8-T,-MVA (14) 


Now when 7,=0.006 second then the 
are energy in watt-hours is about 0.50X 
MVA. This value is strikingly close to 
the energy liberated each half cycle of 
arcing of a magnetic circuit breaker when 
clearing a 60-cycle circuit.’ These rela- 
tions provide a conservative basis for esti- 
mating the ability of a-c magnetic circuit 
breakers on d-c circuits, provided, of 
course, that the requirements of speed of 
operation (7) are fulfilled. 

The cost of providing speed in a d-c 
circuit breaker and still meet all the other 
mechanical requirements is usually more 
costly than providing are suppression and 
hence the present balance between mecha- 
nism and are suppression characteristics 
to meet a given objective. Higher inter- 
rupting capacity at a given voltage might 
be accomplished, with present arc sup- 
pression characteristics, by increasing cir- 
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cuit breaker speed alone. Higher operat- 
ing voltages, however, require arc sup- 
pression devices capable of producing 
proportionally higher arc voltage. This 
evolution, however, need not necessarily 
require larger circuit breakers. In fact, 
modern are suppression devices in air are 
considerably smaller than those employed 
on early d-c circuit breakers in spite of the 
need for developing high are voltages.® 

The present need for releasing high 
values of energy during the interruption 
of high values of megavolt-ampere of d-c 
circuits explains why the are chutes of 
these interrupters almost invariably are 
exposed to the atmosphere, totally en- 
closed structures being quite impractical 
or expensive. This situation likely will 
remain with us until some better method 
is found of absorbing the energy rather 
than expell it in disassociated gases. The 
principle of the current limiting fuse 
comes close to this ideal of noiseless, 
flameless energy absorption.’ 


Application to Oscillograph 
Measurements 


Often it is necessary to determine the 
are energy when both the circuit breaker 
mechanical time 7; and the arcing time T, 
are known or assumed. When the latter 
is expressed in per unit of the circuit time 
constant Ty namely g=T/To, it follows 
that the arc energy can be determined for 
a rectangular arc voltage without imme- 
diate knowledge of its magnitude. This 
is possible through equations 11 and 12. 
Accordingly the curves of Figure 3 show 
the arc energy in a manner similar to 
Figure 2 except that the curves are for 
various per unit arcing times. The ordi- 
nate is again k, and requires equation 13 
to determine the true arc energy. These 
curves are particularly useful when de- 
termining the energy from an oscillogram 
in which the are voltage or wattage traces 
are not available. The influence of the 
shape of the arc voltage upon these energy 
values will be discussed in the next sec- 
tion. 


Arc Voltage Wave Shape 


The three typical and practical arc 
voltage wave shapes treated in the 
appendixes of this paper are the trape- 
zoidal, rectangular, and the triangular or 
linearly rising are voltage. Energy equa- 
tions for all three types have been derived 
and the first two discussed in the above 
text. It is of interest to compare the 
energy liberated by each of these three arc 
voltage wave shapes on the basis of a fixed 
arcing time. Figure 5 presents an analy- 
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sis of a particular case of a circuit breaker 
capable of introducing its arc voltage in 
0.006 second following the inception of a 
short-circuit current rising at a rate of 5 
million amperes per second. The maxi- 
mum available current is assumed to be 
50,000 amperes in a 2,000 volt d-c circuit. 
All three arc voltage wave shapes will be 
so proportioned as to permit each inter- 
ruption to take place following an arcing 
time of 0.010 second, that is a q of unity. 
The energy released in the three cases is 
respectively 66.0, 72.4, and 87.3 watt- 
hours, the rectangular or flat top arc 
voltage giving the lowest energy and the 
triangular or linearly rising are voltage 
the highest. These voltages, their respec- 
tive arc currents, and wattages are shown 
in Figure 5. These results are expressed 
in more general terms in Figure 6 where 
the arcing time T, is at all times equal to 
the circuit time constant To, that is g = 
1.0. The ordinate of Figure 6 is k, as in 
Figures 2 and 3. The energy must be 
determined from equation 13. 

The curves of Figure 6 are typical and 
demonstrate the merit of the rectangular 
are voltage, particularly for the fast cir- 
cuit breakers. The trapezoidal are volt- 
age, which permits a linear decay of cur- 
rent, is a close second in preference. The 
linearly rising arc voltage permits the cur- 
rent to increase higher than J, and adds 
measurably to the are energy. Circuit 
breakers which are capable of transferring 
the arc rapidly to the arc suppression 
chamber and hence permit the are voltage 
to rise as rapidly as possible to a magni- 
tude in excess of the generated voltage, 
will be found superior to slower rises of 
arc voltage. 

Blow out coils and the magnitude of the 
circuit current J; at the time of contact 
parting play an important part in deter- 
mining the shape of the arc voltage. 
Numerous other design features, deter- 
mined by empirical studies, enhance the 
speed of arc transfer. It follows that 


Figure 9. Circuit response in which the are 
voltage E, is introduced at time T, to cause 
a linear decay of current in a time Tz 


Note that the arc voltage wave shape to 


produce this result is trapezoidal 
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Figure 10. Circuit response in which a rec- 

tangular arc voltage E, is introduced at time 

T, to cause the current to decay from |, to 
zero in a time Tz 


Note that the current i=/,.—ig where ig is 

the current that would be produced by the 

arc voltage Eg acting alone in the circuit. 
See Figure 8 


rapid arc transfer is essential to minimum 
contact burning. The absence of metal 
vapor, in turn, permits higher arc voltages 
to be developed. 

The rectangular are voltage not only 
produces the lowest are energy of the 
three types discussed but also gives rise to 
the minimum peak value of arc voltage 
which in turn is impressed on the eircuit 
insulation to ground. Malperformance 
of a d-c interrupter becomes critical when, 
during the arcing period the arc voltage 
falls below the generated voltage. When 
this occurs, the circuit current rises and 
usually causes a further decrease in arc 
voltage. Only under unusual conditions 
can interruption occur when this takes 
place. 

From the foregoing treatment it is not 
to be inferred that any particular circuit 
breaker will develop the same arc voltage 
for any ratio and magnitude of circuit 
constants. Quite the contrary. The 
actual are voltage is influenced by the 
magnitude of the circuit current and also 
dependent upon the past history of the 
liberated arc energy. However, with 
improvement in arc suppression devices 
the arc voltage wave shape and magni- 
tude can be created and controlled for any 
particular circuit voltage application and 
made less dependent upon the old volt- 
ampere characteristic of an open are in 
air. This fact is the basis of the circuital 
approach to the problem of d-c interrup- 
tion as herein presented. 


Summary 


Three typical are voltage wave shapes 
encountered in the performance of d-c 
interrupters have been compared, ana- 
lytically, with respect to the arc energy 
liberated by the interrupter. The influ- 
ence of circuit breaker speed in relation to 


1178 


the inductance and resistance parameters 
of the d-c circuit have been considered 
quantitatively and expressed as equations 
and presented in curves in such a way as 
to be applicable to a wide range of circuit 
constants. The use of the per unit sys- 
tem together with dimensionless ratios as 
abscissa and ordinate of the curves en- 
hance their range and usefulness. The 
following major conclusions have been 
reached as a result of this analysis. 


Conclusions 


1. The are voltage of the d-c inter- 
rupter is the most important character- 
istic relating its application to a specific 
d-c circuit. 


(a). The magnitude of the arc voltage must 
exceed the generated voltage to achieve 
interruption; the higher the are voltage the 
quicker the interruption and the lower 
energy expended. System insulation limits 
the advisable magnitude of the are voltage. 


(b). Are voltages which rise rapidly and 
remain essentially stable at a fixed value, 
well in excess of the d-c generated voltage 
(commensurate with the system insulation), 
are superior to slowly rising are voltage 
characteristics. 


2. The early introduction of the. are 
voltage into the circuit following the 
initiation of a short circuit is a tremendous 
factor im limiting the amount of energy 
liberated by the interrupter. 


(a). Quick parting of the circuit breaker 
contacts is the first prerequisite to accom- 
plish this objective. 


(6). Efficiently designed are transfer 
means, employing blowout coils when 
needed, permitting the arc to be transferred 
rapidly to the are suppression chamber, de- 
signed to develop the necessary arc voltage, 
is an essential factor in accomplishing this 
result. 


3. The megavolt-amperes of the d-c 
short circuit, computed as the square of 
the generated voltage divided by the cir- 
cuit resistance (and divided by a million) 
appears in all energy relations. This fact 
permits the curves and equations to be 
applied to any d-c system from a small 
battery circuit to a large steel mill inter- 
ruption problem. 

4, The influence of circuit inductance 
upon the performance of d-c interrupters 
is dependent upon the relative magnitude 
of other factors, as described hereinafter. 
This constitutes the essential contribution 
of the paper. 


(a). Since the megavolt-amperes is inde- 
pendent of the circuit inductance it follows 
that for each circuit breaker time and arc 
voltage there exists a circuit inductance 
which gives rise to a maximum liberated 
energy. See Figures 2 and 3. 
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(b). Breakers which are fast usually will ex- 
perience an increase in liberated energy as 
the circuit inductance is lowered. This fact 
is accentuated in high MVA circuits, low R. 


(c). Slow circuit breakers (71/To) will ex- 
perience a decrease in liberated energy as 
the circuit inductance is lowered. This 
factor is accentuated in low MVA circuits, 
high R. This follows due to the lower stored 
energy of the system, the essential contri- 
bution to the energy liberated by the 
switch. 


(d). These considerations prove that the 
so-called rate of rise of current (£/L) as 
often referred to with respect to the inter- 
ruption of d-c circuits is not a valid measure 
of the circuit severity. However, this rate 
of rise concept is important in estimating 
the magnitude of the circuit current at the 
time of contact parting (41) and hence be- 
comes a rough measure of the severity of 
contact burning for a given design. 


5. A new and more accurate severity 
standard for d-c circuits is needed which 
will include all the essential requirements 
of the breaker performance and represent 


Figure 11. Circuit response in which a 

linearly rising arc voltage E, is introduced at 

a time 7; to cause the current to reach zero 
following an arcing time Tz 


See Figure 8 for the method of solution 


a more accurate measure of the quality 
required of d-c interrupters to meet a 
specific time and current liniiting specifi- 
cation. 


Nomenclature 


Eqa=magnitude of d-c bus voltage 
Ex =are voltage of the interrupter 
ég=per unit are voltage of interrupter 


=Ep/Ea 


=per unit are voltage in excess of 
the d-c bus voltage 

Jsc¢ =short-circuit current 

Im=Ea/R=maximum available short-cir- 
cuit current / 

J, =circuit current at time 7; 

ig =current produced in the circuit by arc 
voltage acting alone ~ 

t=(Ise—tz) -— 
=are current 

k=are energy in watt-hours per megavolt- 
ampere 
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SS 
*" 139To 
=are energy in per unit of the 
maximum stored energy in the circuit 
Rk 
Rn = 
EalmTi 


=a useful energy coefficient 
L=circuit inductance in henrys 
MVA=megavolt-amperes available 


— Halton 
N=actual slope of linearly rising are voltage 
i N 
* Ea/To 
=per unit slope of linearly rising arc 
voltage 


R=circuit resistance in ohms 
,=mechanical time of interrupter. Time 

from the beginning of the short-cir- 
cuit current to the introduction of the 
arc voltage of the interrupter. 

Tp =arcing time of the interrupter 

T2=total fault duration 

To=L/R 
=time constant of the circuit 

C= Ts/To 
=per unit arcing time 

W =arc energy in watt-hours 

Wo=are wattage in watts : 

Wm =maximum stored energy in the circuit 
=139 Ti 0 


Appendix | 


Method of Analysis 


The student of electrical engineering usu- 
ally is well trained in determining the cur- 
rents which flow when the proverbial switch 
S is closed to complete circuit containing an 
electromotive force E. The solution of this 
same circuit, however, when the switch SS is 
opened usually presents problems of a more 
formidable nature. In this respect the 
student often finds himself in the same 
embarrassing position as the Sorcerer’s Ap- 
prentice, who having spoken the magic 
words to start the flow of water from the 
broom handle is unable to stop the deluge. 

The magic words for stopping the flow of 
electric current can be found in the prin- 
ciple of “superposition.” This principle, 
in one of its simplest forms, states that the 
net current in a linear circuit is the algebraic 
sum of the currents produced by each of the 
electromotive forces acting separately. It 
is not appreciated generally, however, that 
the electromotive forces may be either 
source voltages or voltage drops in the cir- 
cuit. 
electromotive forces are short-circuited while 
the current due to each electromotive force 
is determined. When applied to a circuit 
interrupter this principle might be stated 
thus 


The complete current through a switch is the 
algebraic sum of the currents produced by the source 
voltages when the switch is assumed closed and the 
current that would be produced in the circuit by the 
voltage drop of the switch acting alone (source 
voltages short-circuited). 


The switch designer has under his control 
the voltage drop characteristic of the inter- 
rupter over a wide range of currents. From 
an analytical viewpoint this method is 


1947, VoLUME 66 


When this method is used all other. 


quite powerful inasmuch as many nonlinear 
circuits can be computed by straightforward 
linear theory. The circuit interrupter rep- 
resents one of these nonlinear problems. 


Derivation of Arc Energy Equations 


LINEAR CURRENT DECAY 


The general case of linear current decay 
is shown in Figure 9. At a time 7; following 
the inception of a d-c short circuit the cur- 
rent is arrested and made to decay linearly 
from J; to zero ina time Tz. What energy 
is liberated? The first step in this solution 
is the determination of the voltage drop of 
the interrupter necessary to create the linear 
current decay. 


SOLUTION 

The voltage drop of the interrupter neces- 
sary to level the short circuit at the magni- 
tude J;, that is, to cancel the shaded portion 
of the short-circuit current shown in Figure 
9 is 


=e * (15) 


This is a direct voltage whose magnitude is 
shown on the voltage scale of Figure 9. 

The voltage drop of the interrupter neces- 
sary to create the linearly rising cancella- 
tion current ig of Figure 9 naturally would 
be identical with the voltage produced in 
the L and R of the circuit when the linearly 
rising current ig=[it/Tg is introduced. 
This current would generate in the circuit 
inductance a fixed voltage whose magnitude 
is 


(16) 


In the resistance of the circuit the current 
iz would generate the voltage 


(17) 


It follows that the total voltage drop of 
the interrupter is the sum of equations 
15, 16, and 17 or 


-(4) nL. nk 
Fea Aen ct thos 
Tz 


i (18) 


This is the trapezoidal voltage drop shown 
in Figure 9 and would produce the linear de- 
cay of current desired. 

The wattage Wo is the product of the cur- 
rent and the drop in the interrupter 


Wo=LEp-t (19) 
The current is given by the equation 

A ss 
p= 1,—| — 20 
ert (75) ay 


The arc energy W is given by the integral 
W= fT Es-i-dt (21) 
Substituting and integrating there results 
27. LR 
wa[ ee { 8fn—2hT» \ | juts 
(22) 


Dividing by the megavolt-amperes of the 
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circuit and reducing to watt-hours per mega- 
volt-ampere there results the energy coef- 
ficient k in watt-hours per megavolt-ampere 


, \4L fis 2 
x=100() {2s ()-2 ret (23) 


Now let the ratio of the interrupter arcing 
time Tz to the circuit time constant L/R 
be expressed as gq, that is let 


(24) 


2=139 2 Vr i+ \in_?)\ 
mek 1\7, "3 


watt-hours per megavolt-ampere 
(25) 


For the purpose of dimensionless plots, the 
factor ke is defined as 


te-(on) (i) bts) 


Appendix Il 


The rectangular arc voltage case is shown 
in Figure 10. Here the arc current is the 
difference between portions of two expo- 
nential currents, one produced by the system 
voltage and the other produced T,; seconds 
later by the rectangular arc voltage Ep. 
Current zero occurs when 


_ (ttt mere. 
To Es To 
— . = 


Ea 1l-e (27) 


R 


1 


where 7p=L/R. 


Rearranging equation 27, there results 


ne) Ge) Na) 
Eg€ se 


(Ep—Ea) = Eze > 
(28) 
But since 
T1 
ss (a) ™ fo=ht (29) 
= T, 
Then from equation 28 
T 
12 
- Ep—Ea 7 
7 je A a 
Ez Bd is ) 252 
(30) 
where 
Es—Ea 
é= { race t (31) 


From equation 30 it follows that the arc- 
ing time Tg may be expressed 


&& 
Ta=—Toloz. rears a x} (32) 
or 
i { nai t (33) 
Se SN ahile 
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The arc energy is 


T2 
w=Bs [i t-dt joules (34) 
TM 
Substituting 
Tit+TB 
E —t/T» 
wen, ™ f (Geese ae 
RJ 1 
TB 
E -/T7 
2) Gees (35) 
R Jo 


Integrating and substituting 


W =e: Ea:Im: r) ot =n) een hem) ir 


(1-2-0 | (36) 
But 
W=k-MVA 
when 


MVA=EgI,10~® 


Substituting and reducing 


L 
k =2e3(139T») (2 - wee) watt-hours per 
m 
megavolt-ampere (37) 
The quantity 1397) affords the dimensions 


to equation 37. A useful dimensionless 
relationship ka then becomes: 


(38) 


Appendix Ill 


At a time 7; following the inception of a 
short circuit a linearly rising arc voltage, 
having a slope of N,-is introduced. This 
voltage produces the backward moving 
current tg. This is the current which would 
flow in the L, R circuit when a linearly rising 


voltage is applied. Using operational meth- 
ods this current becomes 


ip=— ns 


Now let the slope of the linearly rising arc 
voltage N be expressed in per unit of the 
circuit constants, namely, let 


(39) 


slope of arc voltage N 
n= - Soe (40) 
unit slope Ea/To 

Therefore 
N= nEa/ To (41) 
and 

nEq 

={ — |} 42 

eB ( T, ) (42) 


Solving for the arc energy in a manner 
similar to that used in Appendixes I and II, 
there results 


q? 2 
W=TI,,-Ea-n-T. rs dia ao + 


(e-4(q+1) -1} [o™/ +n) | 


(43) 
Now let 


W 
ae aaa 


Hence ky is a dimensionless quantity ex- 
pressed from equation 43 as 


k a i Fete se + 
ho Se n——Nn 
T,| 2 34 


[eomaty 1 fon) | (45) 


(44) 


where 
q=Tp/ To 


It follows that the energy may be ex- 
pressed as 


W =278T,k, MVA watt-hours (46) 


The relation between 1 and gq may be ex- 
pressed as follows: At time T> 


tp=Isc 


or 


clea ) 


l-—e 


Tp 
Se a somes 
n Ty +e 


(47) 


Therefore 
(48) 


Curve 1 on Figure 6 expresses the manner 
in which the arc energy varies for a linearly 


rising arc voltage which produces a current - 


zero in an arcing time equal to the circuit 
time constant, that is, g=1.0. 
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Discussion 


Harry Sohon (University of Pennsylvania, 
Philadelphia, Pa.): For a long time it was 
customary to decide that a circuit contain- 
ing a nonlinear element was not susceptible 
to analytic investigation. Any attempted 
development therefore was based on em- 
pirical methods. The main weakness of 
empirical methods is that although they 
may show that a small deviation in any 
parameter leads to a poorer design, there is 
no gttarantee that a large change in one or 
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more parameters may lead to a much better 
design. 

The arc in d-c interrupter is a nonlinear 
element. The authors have shown one way 
of making a comparatively simple analytic 
investigation of the interrupter circuit in 
spite of the presence of the arc. The type 
of study that is made does depend on the 
experimentally determined arc voltage. As 
long as a radical change in are voltage does 
not result, this type of investigation is fairly 
simple and should prove very satisfactory. 
Of course it will be necessary to make models 
during an investigation of possible inter- 
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rupter designs to be assured that the arc 
voltage is as assumed. 

It will be interesting to see how the de- 
signers make use of the new concept. 
Theoretically it should be applicable to 
more than one nonlinear circuit element. 
If it is possible to estimate accurately the 
voltage across the nonlinear elements then 
each may be replaced by a generator de- 
veloping the corresponding voltage and the 
resulting circuit becomes a linear circuit. 
The authors are to be commended for bring- 
ing this idea to the attention of the engi- 
neering profession. 
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Broken Conductor Effect on Sags in 


Suspension Spans 


ALFIO BISSIRI 


NONMEMBER AIEE 


Synposis: A method is explained of calcu- 
lating and plotting tension—length curves for 
suspended conductors. Application of the 
tension-length curves to the determination 
of increased sags in suspension spans occur- 
ring when a conductor breaks and other 
transmission line problems are described 
and illustrated. Other than for the calcu- 
lation of the tension—length curves, ade- 
quate accuracy is obtained using a 10-inch 
slide rule. 


| Pee three Boulder transmission lines of 
the Department of Water and Power, 
City of Los Angeles, Calif., operate at 
287.5 kv line voltage and are each ap- 
proximately 266 miles in length. The 
spans are nominally 1,000 feet in length, 
but due to the topography vary widely in 
span length and difference in elevation of 
support. The suspension insulator as- 
semblies are 12.58 feet from the point of 
support at the tower at which rotation in 
the direction of line may occur, and the 
point of support of the conductor. 

The lines cross many other transmis- 
sion lines of lower voltage, railroads, com- 
munication lines, and highways. In de- 
termining the height of each tower ad- 
jacent to these crossings, minimum al- 
lowable separations had to be maintained 
both under normal conditions and in the 
case of a break in a conductor in a span 
adjacent to such crossing. Calculations 
demonstrated that a clearance of 40 feet 
under normal conditions might decrease 
to 10 feet in the case of a break in the 
conductor in an adjacent span. 

The method of calculation described in 
this paper was devised in order that every 
crossing involved be investigated and 
proper clearances maintained. 

The problem, in general, is to determine 
the change occurring in a suspension span, 
or a series of suspension spans, from one 
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MAURICE LANDAU © 


NONMEMBER AIEE 


condition of static equilibrium to an- 
other, which is caused by a variation in 
one or more of the factors that determine 
the equilibrium of the spans involved. 

Static equilibrium requires that the 
vector sum of the forces at each point of 
support of the cable be equal to zero. In 
the absence of transverse wind load forces 
on the conductor, all of the forces are in 
the plane of the conductor. For equilib- 
rium at each point of support of the con- 
ductor therefore 


Z=H=0 
zV=0 


When a break occurs in a conductor 
adjacent to a suspension string of insulat- 
ors, the insulators, being unrestrained, be- 
come part of the adjacent span, with the 
point of support at the top of the insulator 
string instead of the bottom. Effectively 
the length of the conductor in the span 
increases by the length of the insulator 
string, which in turn causes a drop in ten- 
sion in the span and an increase in sag. 

At the second string of suspension in- 
sulators beyond the point of the break, a 
difference in tension of the conductor oc- 
curs on either side of the second insulator 
string which tends to move the second 
string of insulators away from the 
break with a resulting decrease in tension 
in the second span. In progression the 
third and succeeding strings tend to move 
away from the point of the break. 

At the second string of insulators, stat- 
ic equilibrium is reached when the ten- 
sion in the first span plus the tension in 
the inclined second string is equal to the 
tension in the second span. In like man- 
ner in succeeding spans, equilibrium is 
had when the vector sum of the forces at 
the end of each succeeding string is equal 
to zero. 
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In calculating the resulting condition of 
static equilibrium, the elastic properties 
of wire must be taken into consideration 
due to the change in length of conductor 
occurring with a change in tension in the 
conductor. 

Further, while the unstressed length of 
conductor remains constant, the span 
lengths and differences of elevation of 
the spans change as a result of the move- 
ment of the insulator strings. 

From the preceding paragraphs it can 
be seen that calculations of the changes in 
static equilibrium of suspended spans re- 
sulting from a break in the conductor 
adjacent to a suspension string involve 
relationships between the following: 


L=span length 

D=difference in elevation 

H=horizontal component of tension 
Sy,=unstressed length of conductor in span 
E=modulus of elasticity of the conductor 


Units and Notations 


A=area or cross-section of conductor, 
square inches 

a=H/W, feet 

Casas eet 

B=horizontal displacement of the suspen- 
sion clamp from the vertical point on 
the conductor, feet 

D=vertical distance between supports, feet 

D’=vertical distance between low points of 
adjacent spans, feet 

d=horizontal displacement of end of insu- 

lator string, feet 

E=modulus of elasticity, pounds per square 
inch 

e=stretch of conductor from low point of 
span, to support, that is, (Su—St)+ 
feet 

H =horizontal component of tension, pounds 

h=vertical displacement of end of insulator 
string, feet 

T=length of insulator string, feet 

L=horizontal distance between supports, 
feet 

L,=straight line distance between sup- 
ports, feet 

Paper 47-175, recommended by the AIEE commit- 

tee on power transmission and distribution for 

presentation at the AIEE Pacific general meeting, 

San Diego, Calif., August 26-29, 1947. Manuscript 


submitted May 26, 1947; made available for print- 
ing July 14, 1947. 


Atrio Bissrrt and Maurice LANDAU are both 
with the Department of Water and Power, Los 
Angeles, Calif. 
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S=stressed length of conductor in span, 
feet 

Si, S:=length of cable supported by insu- 
lator string, feet 

Sy =unstressed length of conductor in span, 
feet 

(Su)o=S, for span with D =0, feet 

S=length of are from low point to any 
point, x, y, feet 

s;=stressed length of conductor from low 
point of span to point of support, 
feet 

Su = unstressed length of conductor from low 
point of span to point of support, 


feet 

F=tension at any point in conductor, 
pounds 

Tan = effective or average tension of conduc- 
tor, pounds 

W=weight of conductor per unit length, 
pounds 

Xz =distance to low point east of support, 
feet 

Xw =distance to low point west of support, 
feet 


x%1=horizontal distance from low point of 
span to support, feet 

«, y=co-ordinate of any point on the conduc- 
tor, feet 

3i=Vertical distance from support to low 
point of span, feet 


A=S,—L, feet 

Ao=(Su)o—L that is, A for span with 
D=0, feet 

Figure 1. Catenary, tension-length curves 


copper cable 
a=H/W 


H=horizontal tension, pounds 

W=weight of conductor, pounds per foot 

A,=unstressed length of cable minus span 
lengths in feet for D=0 

L=span lengths in feet 

E=16,500,000 pounds 


Figure 2. Diagrammatic 
presentation of suspen- 
sion spans 


ASSUMED POINT OF 
BREAK IN CABLE 


- “ 
ns = = = 
™m om N Nu 
< ¢ Bi z 


Figure 3. Portion of Boulder transmission line 
profile 


Where PD is small with respect to the 
span length, LZ, no accuracy is lost by 
assuming that. the unstressed length, S,, is 
equal to the sum of 


1. The unstressed length for the same span 
length with D=O, and, 


2. The difference of the straight line dis- 
tance between the points of support of the 
conductor and the span length. 


Expressed as an equation 
Su=(SuotV L244 D*=L 
= (Su)o+ (Le—L) 


l ] 3 ok 
i fl ces | B siealioew by 3 
1500} . a i + ——}—$ || 
—t 4 a + ———- tp 1 i = Ae 
ie <i — ee — 
| 8 eZ i eS 
fi I) 9, 
Cy ial y ‘ | 
2000}— + 
t o a) Bs 
° =H 
2500 f 
aa 7 ae 6 8 i. «(12 a de Oke eae T ae 
Ao 
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CALIFORNIA ELECTRIC 
POWER CO. 


The equation of length of unstressed 
conductor in a level span is 


2 
(Sis ae ‘a 
1-- Gay AE 
Where 
z, =o{ sinh =) (4) 
a 
1 f 
cari yto+™) (5) 
2 Si 
n= o{ cosh ae :) (6) 
a % 
ane (7) 
ji 
1 = 2 (8) 


_ As stated previously, other than the in- 
troduction of the length of the insulator 
string into the span adjacent to the as- 
sumed break, the unstressed length of 
cable in each span remains’ constant, 
Changes in span length and difference in 
elevation of support occur due to the 
movement of the insulators. 
By definition 


Ao=(Sy)o—L£ (9) 
and 
A=(S)—L (10) 


Combining equations 9 and 10 with 
equation 2 
A= Ao+(L,—L) (11) 

It is thus apparent that the difference 
between the unstressed length of con- 
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CALCULATION FORM 


1874.48] 1951.75 
oe Saas |S, >> ae | 
692+00|1873.28| 1960.55 | 


20+70|1885.81 | 1973.08 
Se a 
29+ 50/1877.74 
as See 
739+60|1873.15 | 1950.42 | 


~“ 


Calculation form 1 for data ob- 
tained from Figure 3 


Figure 4. 


ductor and the straight line distance be- 
tween supports changes with a change in 
static equilibrium. 


Catenary Length Curves 


Use of equation 3 directly in the solu- 
tion of the change occurring in a series of 
suspension spans due to a break in con- 
ductors would require voluminous calcula- 
tion. The calculations may be reduced 
by precalculating values of (S,), for vari- 
ous values of a and L. 

In the solution of particular problems 
relative to change in static equilibrium, 
since A and A, are the variables rather 
than (.S,) and (S,),, and since A is a func- 
tion of A, the precalculated data may be 
in terms of A, for various values of a and 
L, which are catenary length curves. 

Referring to equation 3, it can be seen 
that the values of (S,), and thus A, are 
functions of the elastic properties of the 
wire, expressed as W/AE. 

Figure 1 consists of curves for various 
values of L, with A, as abscissas and val- 
ues of a as ordinates. The curves are for 
copper conductor with W/(AE) = 0.2366 
Preah (nog 

To plot the curves, points for each span 
length were calculated, values of a being 
assumed and the corresponding value of 
A, calculated. The following is a typical 
calculation: 


L=1,000 
a =2,500 


w . 
—— = (0.2366 X10-§ 
AE 0.2366 X 


1947, VOLUME 66 


5+ 84.4 


x 
cosh —— 1 = 0.02007 
a 
poet 
sinh —=0.20134 
ae 


y=a cosh-—1 
a 
=e Lae 
s=a sinh — 
a 
= SIS So 


3 2503.35 
~ 142,516.77 X0.2366 X 10-6 
=1,006.10 
Ag= (Siam 
= 1,006.10— 1,000 
=6.10 


Enough points are calculated, for each 
span, to draw the curves using values of 
a from 1,200 to 3,000 and the spans from 
500 feet to 1,200 feet in 100-foot intervals. 


Description of Method of 
Determining Sags Under 
Broken Conductor Conditions 


Figure 2 is a diagramatic sketch of a 
series of suspension spans. The position 
of the insulator strings and conductor 
before a break occurs is shown in solid 
lines. The position of the insulator 
strings and conductor after a break oc- 
curs is shown in dotted lines. Referring 
to Figure 2 


Assume a series of spans A, B, C... of span 
length Li, Lz, Ls; ..., supported by suspen- 
sion insulators 1, 2,3,4..., each of length J, 
with differences of elevation D,, D2, D;.... 
The subscript B denotes values existing 
with a conductor broken. 


A break at X-causes the insulator string 1 
to swing over and assume a dead-end posi- 
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CALCULATION FORM 2 
FOR DETERMINING THE VALUE OF “a” IN ANY SPAN, 
WHEN THE CONDUCTOR IN THE ADJOINING SPAN BREAKS 
SPAN NO.A 


TOWER NO. 
1443 It 


Figure 5. Calculation form 2, trial number 1 


tion. Insulator 2 swings over an amount 


dy. 

We then have a new span length of (Li+d;), 
for span A, with a difference in elevation 
(Dg) =(Ditm). The length of conductor 
in the.span before the break was (Li+ Ai). 
After the break the insulator string 1 be- 
comes part of the span so that the un- 
stressed length of conductor in the span be- 
comes (1;+ Ai+J). 

The insulator string 2 not being vertical, 
it will have a horizontal component of ten- 
sion. The value of H, for span B will 
equal the value of H, for span A, plus the 
horizontal component of tension in insula- 
tor 2; in other words, 


(H),(span B) =(H) (span A)+ 


dif oy 
7 ae 


Where 


weight of insulator string Ww 
2W 


(H),=horizontal component of tension 
=z W 


and also assuming the center of gravity of 
the insulator string at the center of the 
string. 


In like manner insulator string 3 moves 
away from the break a distance d;. The 
unstressed length of conductor of span B re- 
mains (Le+As) but the span length de- 
creases and becomes (Le+d.—d,). 

Similar to the condition at insulator 2 
preceding, 


(H)_(span C) = (H) (span B)+ 
a eee ene of insulator “ei Ww 
2 


2wW 
Proceeding away from the point of break, 
successive insulators will approach the 
vertical and thus the value of (H) x will ap- 
proach the initial value of H. 


If a value of d, is assumed, the horizon- 
tal tension (H), for span A for such as- 
sumed value of d, may be determined by 
use of the catenary length curves (Figure 
1.) These curves being plotted in terms 
of a, it is necessary to use the relationship: 
H = aw. 
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Figure 6. Swing diagram for insulator string 
assembly 


(1), for span B then can be calculated 
as indicated. 

Using the catenary length curves, the 
increased amount of cable necessary to 
lower the horizontal tension in span B 
from H to (1), may be noted. Since the 
actual amount of conductor in the span 
is constant, this increased conductor 
necessary may be accounted for only by 
a decrease in span length. 
value d2 is equal to d, minus the excess 
conductor required to lower the tension 
in span B from H to (Z)x. 

In a similar manner (JZ), for successive 
spans may be determined. If the assumed 
value of (d;) is correct, (71), for successive 
spans away from the break will approach 
H as the limit. 

By trial of various values of d; the cor- 
rect value of d, may be obtained and thus 
the value of a for the broken conductor 
span. 

Having the value of a for the span A in 
question, the position taken by the con- 
ductor under this condition can be 
plotted and thus the broken conductor 
clearances may be measured. 


Solution of a Typical Broken 
Conductor Problem 


Figure 3 is a portion of the profile of 
the Boulder transmission line in the vicin- 
ity of the Mojave River, east of Victor- 
ville, Calif. At this point the Boulder 
transmission line crosses a transmission 
line of the California Electric Power 
Company. The problem is to determine 
the clearance of the Boulder transmission 
line over California Electric Power Com- 
pany’s line if a conductor were to break 
in span 14215-14216. 

To aid in this and similar problems, 
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Thus the. 


two form sheets were devised, form 1, 
Figure 4, and form 2, Figure 6. Figure 4 
is. for tabulating the span data while Fig- 
ure 5 is a calculation form. Solution of 
this and similar problems require ready 
means of determining the horizontal and 
vertical displacement of the conduct or at 
its point of support, due to swing of the 
insulator string. Figure 6 is an insulator 
swing chart.for the suspension insulator 
strings of the Boulder transmission line 
and provides a graphical means of ob- 
taining the vertical displacements of the 
end of the insulator string corresponding 
to horizontal displacements. 

Tne first step in the solution of the 
problem is to tabulate the span data of 
Figure 3 on form 1. 


— 


Tower number. 

Type and height of tower. 
Station of tower. 
Elevation of base of tower. 


Elevation of conductor. 


Sp eh A) 


Span length. 


7. Xw (X—West)=horizontal distance 
from tower to low point of span west of the 
tower. 


8. Xz(X— 
the tower. 


10. D=difference in elevation. 
Designated A, B, C, 


East) =same as 7 except east of 


11. Span numbers: 
and so forth. 


The normal horizontal tension of the 
Boulder line is 4,400 pounds; the weight 
per foot of conductor is 1.57 pounds; the 
length of insulator string from the point of 
support of the string, 0.15 foot below the 
tower arm, to the conductor is 12.58 feet 


The weight of a suspension insulator 
string is 265 pounds. 

Using calculation form 2, Figure 5, 
values corresponding to items 1 through 
6 are tabulated for spans A, B, C, and so 
forth, as follows: 


1. Span length—from tabulation Figure 4. 


2. D=difference in elevation—from tabu- 
lation Figure 4. 


S, eee noted previously. 

4. (Le—L)VL?+D?—-L. 

5. cee catenary length curves Fig- 
ure 1: 


6. A—item 4 plus item 5, 


Values of A, correspond to the particu- 
lar values of span length L and a, and are 
obtained from the catenary length curves 
Figure 1. 

Calculation of the value 


L,-—-L=V L?+D?— 


can be facilitated by use of the following 
equation: 


D2 


L,-L=——-—— 
2L+(L,—L) 


Accurate calculation of (L, — L) may 
be made on a slide rule using the method 
of successive approximations. 

Insulator swing chart, Figure 6, shows 
the relationship between the vertical dis- 
tance from the point of support of the in- 
sulator string to the conductor at the 
point where it is attached to the insulator 
string, this distance being designated h, 
and the horizontal displacement of the 
point of support of the conductor from a 
vertical line running through the point of 
support of the insulator string, this dis- 
tance being designated d; thus, where 
the insulator string hangs vertically, h 
= 12.58 feet andd = 

The foregoing items 1 through 6 relate 
to the spans under normal unbroken con- 
ductor conditions. In the following, 


CALCULATION FORM 2 


FOR DETERMINING ole VALUE OF “a™“ IN ANY SPAN, 
WHEN THE CONDUCTOR IN THE ADJOINING SPAN BREAKS 


Figure 7. Calculation 
form 2, trial number 2 
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AIEE TRANSACTIONS 


where a subscript B is used as (a),, and 
so forth, the value is one existing with 
the assumed broken conductor. 


Continuing on form 2, Figure 5 


A value d is assumed arbitrarily; in this 
case d is assumed equal to 6 feet. Then for 
column (span A—tower 14I.S1) 


7. d=6.00—assumed value of ‘‘d’’. 


8. h=11.00—Ah corresponding to d=6 feet 
—from Figure 6. 


9. (D),3=7.07—(2)—(8). 


10. (A)g=9.81—(6)+12.58 (length of in- 
sulator string)—(7). 


Meh =) ,=003-—L.—1 = 
/8802-+7.072—880. 
12. (A,)e=9.78—(10)—(11). 


13. (a)g=1,688—From Figure 1 for (A,)s 
= 9.78 span = 880. 


14. S=1,040—from Figure 4. 
d 
Ge Boe) = 6145 x (1,040-+84.4) = 


265 


614; = 
2X 1.57 


“For column (span B—tower 14312) 


9. (D)p=20.0—h for tower 14312 will 
be about 12:1 which gives the value of 20.0. 


13. (a)g=2,302—(13) +(15) column (span 
A—14311). 


12. (A,)s=6.95—from Figure 1 for span = 
980 and (a) g=2,303. 


11. (L,—L),=0.21—span=980 and 
(D)g=20.0; L-—L=0.21. 


10. (A)B=7.16—(11) + (12). 


7. d=3.40—(7) column (span A—tower 
14311) minus (10) plus (6) that is, 6.00— 
(7.16 — 4.56). 


Values obtained in 


8. h=12.1 ‘ie 
14, S=940 similar manner as 
15. d(s+84.4) =288 values for column 
ie (span A—tower 


14311). 


For columns (span C — tower 143]3) 
and (span D — tower 14314,) proceed in 
the same manner as column (span B — 
tower 143]2.) 


CALCULATION FORM 2 


FOR DETERMINING THE VALUE OF “a° IN ANY SPAN 
WHEN THE CONDUCTOR IN THE ADJOINING SPAN BREAKS 


Figure 9. Typical cate- 
nary curve 


It will be observed that with the as- 
sumption of d = 6 feet that (a,) for suc- 
ceeding spans increased beyond a = 
2,803, and also that values of d in suc- 
ceeding spans do not approach zero. If 
the assumed value of d had been correct 
(gg) for succeeding spans would have ap- 
proached 2,803 as a limit and the value of 
d for succeeding spans approached zero as 
a limit. Therefore, since (ag) increased 
beyond a = 2,803, for succeeding spans 
the assumed value of d = 6 is too great. 

A second trial is made arbitrarily as- 
suming d = 5.7, at tower 1431, and the 
calculations are shown on Figure 7. 
With this assumption (ag) approaches a 
limit less than 2,803 and the value of d for 
succeeding spans passes beyond zero and 
takes on negative values. Thus d = 5.7 
is less than the correct value of d at tower 
14311. 

For a third trial a value of d = 5.8 is 
assumed and calculations are shown on 
Figure 8. In this case the limit of (ap) 
while less than 2,803 is greater than in the 
case of assumed d = 5.7. The values of d 
for succeeding spans approach a limit 
closer to zero than in the case of the as- 
sumed value of d = 5.7. 

Comparing the values of (a) for the 


span adjacent to the break, from the 
preceding three calculations it is evident 
that the correct value lies between 1,668 
and 1,688, the value of 1,668 being closer 
to the correct value than 1,688. 

The accuracy required does not justify 


further refinements in calculation. With- 
in the degree of accuracy required, we 
may take (ag) = 1,670. 

With the value of (ag) = 1,670 a cat- 
enary is plotted in span A on Figure 3, 
from which point-to-point distances may 
be measured and the broken conductor 
clearance of the Boulder transmission 
line over the California Electric Power 
Company line is found to be 25 feet. 

Thus, in this problem the clearance of 
the conductor, above ground, before the 
break is 45 feet and after the break the 
clearance to ground is reduced to 29 feet. 
The clearance between the Boulder 
transmission line conductor and that of 
the California Electric Power Company 
before the break is 35 feet while after the 
break it is reduced to 25 feet. 

This problem was recalculated assum- 
ing an insulator string length of 6 feet for 
a 132-kv line rather than the 12.58 feet 
for the 287.5-kv line. All other condi- 
tions were the same. The resulting 
broken conductor value of (a), is 2,010, 
for the span adjacent to the assumed 
break. With the clearance of the con- 
ductor above ground before the break of 
45 feet it becomes 40 feet after the break. 
The clearance between the Boulder line 


conductor and that of the California 
Electric Power Company before the break 
of 35 feet is reduced to 30 feet. 

The longer the suspension insulator 
string is used, the greater the increase in 
sag under broken conductor condition. 

Generally the higher the initial tension 
and the shorter the spans involved, the 
greater will be the increase in sag under 
broken conductor condition. 

Figure 1, herein, is applicable to prob- 
lems of any cable with characteristics of 


SPAN NO. B | SPAN NO.C |SPAN NO D| SPAN NO E 
WER NO. | TOWER NO. | TOWER NO. | TOWER NO | TOWER NO 
143 12 143 13 1443 14 1443 15 


SPAN NO.A 
TO ! 
143 TI 


Oe Ce 
. 
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W/(AE) = 0.2366 X 10,~* and is inde- 
pent of the size of the cable. For cables 
with a value of W/(AE) other than 0.2366 
X 10,~* values of a, A, and L correspond- 
ing to such values of W/(AE) must be 
calculated and catenary length curves 
similar to Figure 1 plotted. 

For the purpose of determining the 
probable magnitude of the increase in sag 
due to a broken wire and whether the 
accurate calculations should be made, the 
assumption may be made that with the 
span length unchanged, the unstressed 
length of cable, in the span adjacent to 
the break, will be increased by an amount 
equal to 1/2 to 2/3 of the insulator string 
length. The value of az, for the assump- 
tion, can be had by adding the increase in 
cable length to the value of A,, of the 
span adjacent to the break, for the initial 
value of a and determining the value of 
dz from the catenary length curve cor- 
responding to this increased value of Aj. 
The increased sag corresponding to this 
value of ag then may be obtained from 
the profile, and the magnitude of the sag 
increase will determine whether a detailed 
calculation is justified. 


Appendix |. Derivation of 
Formulas 


Let the conductor be represented by the 
curve A-B, Figure 9. 

The fundamental formulas of the cate- 
nary referred to the point where it Aes a 
horizontal tangent are 


y = of cosh aa 1) 
a 

so sinh *) oe 
a 


The tension at any point on a suspended 
conductor is 


(12) 


(13) 


T=Wy+H 

=W(y+a) (1a) 
Derivation of ag, for a level span (%= 
E 
9” D=0) 


‘Divide the unstressed length of the conduc- 
tor into elements AS,. When the conduc- 
tor is suspended the length of each element 
becomes 


of 
AS= AS, 1--—— 


AE oe 
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s Figure 10. Portion of 
Boulder transmission line 
in the mountain section 


Then 


Su 1 Su 
-f ey | T dSy 


Integrating in part and transforming 
equation 16 


‘bet hicks 
Ss SS ras 
. Sls * 


(16) 


(17) 
Transforming equation 17 
: =: dS, 
AE_S, : 
Sie s— Sy (18) 


The effective (average) tension Jy is de- 
fined as that value of tension which satis- 
fies Hookes Law, that is, 


Ape ie 

pict! aE (19) 

et = en 

Comparing equations 18 and 19 
(lapel fea 

To=— ie T dSu (20) 
Sul o 

Equation 20 is very nearly equal to 

oe . 

tant f T dS (21) 
SS 9 


Since by definition ag;=Ta,)/W and by 
reference to cee 14, equation 21 may 
be written 


Wo = ap Wota) é iS” 


For .a curve extending tees co-ordinate 
points (0, 0), to (#1, 1), equation 22 may be 
written 


(22) 


s2°% 


if" af 
dao = — up (y+a) dS 
Sy 0 ; = 


(23) 
Differentiating equation 13 
ds =cosh “de os (24) 
a 
Combining equations 12 and 24 
x oe 
y as=a{ cosh _1) cosh -dx (25) 
a a 
That is 
y ds= o{ cost? ® —=—cosh — 3) dx (26) 
a 
Equation 26 may be written 
dx x dx 
y ds =a? cosh? = ——a? cosh - — (27) 
aa aa 
Integrating equation 27 
a x Xue ep 
y as=(F sinh - cosh— — - —a?sinh - 
2 a aa a 
(28) 
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Diagram of insulator vertical 
alignment 


Figure 11. 


Substituting equations 13 and 28 in equa- 
tion 23 


2 m 

a ji ee x1 X1- 

———— — sinh — cosh —+—— 
Be a Cea 


‘ x1 
a sinh — 
a 


dqvo=a+ 


x 
sinh *) (29) 

a 

Simplifying equation 29 
1 x1 x1 

dan ==| a cosh — + 
se ee 
a sinh — 
a (30) 


Substituting equations 12 and 13 in equa- 
tion 30 


eed X1a 
sar nta+=) 


From the definition of e, E, a, and agp, 
as defined in the notation and units, we may 
write the folapane equations: 


- (31) 


Sy = 51 — € (32) 
Taof Su : 
e——— (| 33 
> 
H 
a a (34) 
Table I. Calculations for Problem 1 
Span C Span D 
14312-14313 14313-14314 
CO od see on eer eis ED Rye ke oy ees 910 
(2) Die Sete th stew, sens ni) eS By See eres ee 7.89 
Ce Mee een Da es sats 2,803, 
(6) Neel OFS Be Fe k Ieee OES ee eraca Riaaferea)> 0.04— 
Aare eehaiens on Sao SBamsee ies = 3.40 
(Bi wASe eho eines RGSS. ares ae 3.44 
i acc: ce eed Rats a ae 760 
2) aD os vckie cre ranapatete RN ate onda eeaceventtrs 22.11 
NW) en, eek. Ao, ee FRIS ra ickix wis ayenctorere 2,803 .* 
(4) Le-L Se Po en 0.32 
C5) SAG, topes ore PAM oe Recs isis doves ieae 1.86" j 
(6): WAR xa oo eis FENEROD Sette ncn ss onltoelohs tate 2.18 
AIEE TRANSACTIONS 


ver 


Table Il. Calculation of Insulator Vertical Alignment Correction 
Cable Date: W = 1.57 Pounds Per Foot; H = 4,400 Pounds; a = H/W = 2,803 
a ee a eee 
Sia V5 ages S 
So aaa s 34 ~ 
3 | 3 o | © 
E BS Pe iis in 
eB Span. 7D! «sy: dt a Ao a’ Ao’ CW A”o a Ps) oa a 
NE Pony seas at ce (ala 6 FER Ne EN erases oie ese Tale ee Med nets afatakn, 982 oo ale loins si eFal qualie! wes = Foy sileVtehe: € 0 
OOO nS Os. ois otale ees 2,803.. 4.66..2,755.. 4.86. 2,727.. 4.96..—0.:30. 0 —0.30 
78 
i. eerie See Sem BS (VPM A St NN acters csfae retry oie) see a eyed on clinton silat al afale acy ninpacotel =e! oy svete) wTeveiehoynie ie) s1e0ar" 9) —0.30 
WOSO. RDS oo 5 oy aiisrees 2,803.. 5.31..2,803.. 5.31. 2,777... 5-42..—O0.11.. 0 —0.11 
78 
(Het AogieeS Gono BF pe Rd oR Gers Bas TRO COC OU Pie IODC Cs DOT RIESE MOL AAS Ee —0.41 
A= OOO SS-7- BO ore oc oie Pepeconsiors 2,803.. 5.64..2,850.. 5.42 2,824.. 5.54..+0.10..—0.01. +0.09 
81 
De ainsi tase os Vie MOE ie Ron oe = RPE SOD Or Ono GOOG OG ge Erin CUR AOR Dia Stacia —0.32 
BOGO ait nas ckercis tere «90 2,803.. 5.64..2,897.. 5.20. 2,871 5.32..+0.32 0 +0.32 
76 
Boo conn mea tice Bepie es Se toe Tin dian 0 SES ity Sete ola Dib IEC ARO I oe CST ae a ae ad 0 
ERSUCAL en otarchs Cah ero aS oe clea eine DUSZOM ee tier © pA Va AU ete CANE ae AK Ube cieminress 0 
ne has been necessary to raise towers or move 
dago=—, (35) towers because of development of highways, 
Ww y 
roads, and other public works. Calcula- 
(Su)o=25u (36) tions of increases or decreases in the length 


Combining equations 32, 34, and 36 
W 


Su=Si—Gavsuy (37) 
Simplifying equation 37 
Ss 
U = 
Ww 
1 = 
1900 A (38) 
Combining equations 36 and 38 
2s 
(Se, 
l+a a 
AE (39) 
Also by definition 
Ao=(Su)o—L (40) 
Derivation of (L,-—L) 
L,=L+(L,—L) (41) 
Also 
L?@=L?-+ D? (42) 
Squaring equation 41 
L2@=L?+2L(L.-—L)+(L.—L)? (43) 
D? 
jp IN) 44 
Gelso et (44) 


Appendix Il. Illustrative 
Problems 


There are problems other than the broken 
conductor problem, to which the methods 
described in this paper are applicable. The 
catenary length curves described originally 
were devised for the solution of ‘broken 
conductor problems.’’ These curves have 
been found useful in the solution of many 
other problems where a change occurs from 
one known state of equilibrium to another. 

One application has occurred where it 
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of conductors required to maintain proper 
tensions and clearances where necessary. 
Use of catenary length curves, such as those 
illustrated: in Figure 1, have aided ma- 
terially in such calculations. as shown in 
problem 1. 

Another application arises in stringing of 
conductors. In stringing conductors on a 
series of suspension spans through sheaves, 
the tension on either side of each sheave is 
equal. Where the spans vary materially in 
length or difference in elevation, the hori- 
zontal components of tension in the several 
spans will vary with a consequent inclina- 
tion of the suspension insulators. Good de- 
sign dictates that under normal tempera- 
tures the horizontal tensions in a series of 
suspension spans be equal and the suspen- 
sion strings be vertical. The catenary 
length curves are useful in calculating the 
necessary movement of the suspension 
clamps along the conductor to attain this 
condition. Problem 2 is a typical calcula- 
tion. 

In making the connections of the dead- 
end clamp to the cross arm, during the 
stringing operation, a certain amount of 
overtravel is required in order to set the 
coupling pin in place. The catenary length 
curves give a visual means of determining 
the increase in tension in the span occurring 
under such conditions. In short spans with 
high tensions, this overtravel may be limited 
py the lack of slack in the span and if the 
cross arm is not flexible and allowed to move, 
the connection will have to be done at the 
cross arm by installing the dead-end insula- 
tors and connecting the conductor to the 
strain clamp in the air. 

Sagging conductors is in reality a means of 
measuring the conductors. Where changes 
must be made in a line which is in service, 
the time may be limited during which the 
line can’ be taken out of such service in 
order to make necessary changes. Precal- 
culating the length of conductors required, 
actually measuring the conductors, and plac- 
ing the clamps on the conductors in advance, 
in many cases, materially shortens the time 
required to make line changes. Catenary 
length curves may be used to advantage in 
the calculations required. 
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Problem 1 


In the series of spans shown in Figure 3, 
tower 143I3 is to be moved 150 feet toward 
143]4 and the tower raised 30 feet above its 
present elevation. How much cable must 
be added to maintain the existing tension? 

~ The two spans involved in the solution of - 
this problem are the spans on*either side of 
tower 14313, namely, spans Cand D. The 
calculations are tabulated in Table I. As 
stated previously, the normal horizontal 
tension in this series of spans is 4,400 pounds 
and the weight per foot of cable is 1.57 
pounds. 
Therefore 


_ 4,400 
1.57 
= 2,803 


For span C before the tower is moved and 
raised 
L=980 
D=1.50 


and 
a=2,803 


then 


ies 1.502 
2980+ (L,—L) 
=0+ 


Ao=4.38 feet 


Le 


The value is obtained from the catenary 
length curves, Figure 1, and corresponds to 


L=980, a=2,803 


A=4.38 feet 
A= Ao+(L£,.—L) 
=4.38-+-0 


For span C after the tower is moved and 
raised 


L=1,1380 
D=28.50 


and = 
a=2,803 

then 

L,—L=0.36 

Ay =7.00. 

and 

A=7.36 


The two conditions for span D are calcu- 
lated in a similar manner 


A=3.44 before the tower is moved and A=2.18 
after the tower is moved. 

The sum of the A’s for spans C and D before the 
tower is moved is 


4.38+3.44=7.82 feet 
The sum of the A’s after the tower is moved is 
7.36+2.18=9.54 feet 


The additional conductor required is the difference 
between 


9.54 and 7.82 and equals 1.72 feet 
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Problem 2 


Figure 10 is the profile/of a series of four 
suspension spans between dead-ends. Under 
stringing conditions, while the conductor is 
in sheaves, the sheaves will be inclined from 
the vertical. The problem is to calculate 
the points at which the suspension clamps 
should be placed on the conductor so that 
the insulators will remain vertical. 

Figure 11 is a diagram of a conductor sup- 
ported by a sheave, the sheave being in- 
clined from the vertical. In order that the 
insulators remain vertical, the suspension 
clamp is set a distance 6 on the conductor 
from the vertical point directly below the 
tower cross arm. 

Calculations of the values 6 for the spans 
of Figure 10 are shown in tabular form on 
Table IT. 

In sequential order the tabular calcula- 
tions, Table II, are prepared as follows: 


1. The differences of elevation of Support D, 
sag y, and differences of elevation of low point of 
adjacent spans D’ are measured from the profile, 
Figure 10. 


2. With the insulators clipped in, and vertical 
the value of a for each span will be 2,803. 


3. A> for each span with a=2,803 is obtained 
from the catenary length curves. 


4. When the conductor is in sheaves the value of 
a in adjacent spans will differ by the amount D’. 


For the purpose of calculation, the value 
of a’ for one of the spans is assumed arbi- 
trarily to be 2,803. The corresponding values 
of a’ for the other spans are obtained by 
applying the values of D’. For these values 
of a’ and the respective span length, values 
A,’ are obtained from the catenary length 
curves, ; 

In the problem the sum of the values of 
A, is 21.25 feet and the sum of the values of 
A,’ is 20.79 feet, the difference being 0.46 
feet. 


Apportioning this difference in the Aj’ for the first 
span 


0.46X bee 1.10 feet 
20.79 


Adding 0.10 feet to A,’ for the first span Ao” = 4.96. 


From the catenary length curves a for 
the first span is found to be 2,727. Apply- 
ing the values of D’ we obtain the corre- 
sponding values of A,” for the succeeding 
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No Discussion 


x 
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* 


spans. The sum of the values of A,” is 
21.24 feet, which differs from the sum of the 
values of A, by 0.01 foot. 

The operation (A,—A,”) then is per- 
formed. The difference of —0.01 foot is 
added to the span with the largest Ao”. 
The sum of the corrected (A,— Ao”) is then 
zero. The first and last towers being dead- 
ends, the 8 correction is zero at these towers. 
Adding the values of corrected (A ,— Ao”) 
consecutively the ‘‘correction 8”’ is obtained, 
the sign designating the direction in which 
the conductor clamp is to be moved. 
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AIEE TRANSACTIONS 


Capacitance Fuel Gauges 


N. C. CLARK 


NONMEMBER AIEE 


REVIOUS to the development of 

capacitance-type fuel gauges, the 
quantity of gasoline in airplane fuel cells 
was measured volumetrically. This is 
misleading when the fuel temperature 
changes, since the energy provided by the 
fuel depends directly on its mass rather 
than on its volume. A capacitance type 
fuel gauge consists primarily of a station- 
ary electric capacitor partially immersed 
in the fuel, a remote indicating capaci- 
tance meter, and the necessary associated 
equipment, and has potentialities for con- 
siderably better accuracy than the float 
type gauge in common use. 

The popular conception of the savings 
* in fuel load (and available increase in pay- 
load) which accrue by making a fuel 
gauge exceptionally accurate, is errone- 
ous. There are, however, other reasons 
for requiring an accurate fuel gauge, par- 
ticularly in increasing the safety of long 
range flight by a more precise determina- 
tion of fuel remaining. Some flight per- 
sonnel indicate a need for accuracy better 
than one per cent. 

An analysis of fuel temperature effect 
shows that a negative error of four per 
cent or more is expected as a result of 
temperature variation of the fuel from 
minus 65 degrees Fahrenheit to plus 110 
degrees Fahrenheit. It is possible to use 
temperature compensated fuel tank units 
to reduce this error to about plus or minus 
two per cent throughout all variations of 
fuel level. 

The five models of capacitance type 
gauges described in this paper differ only 
in the methods used to measure and re- 
motely indicate the capacitance of the 
tank unit. Their errors, as found in 
laboratory tests, are shown in Table I. 
Attention is called to the fact that these 
errors are characteristic of the particular 
models tested; in contrast to the tem- 
perature error previously mentioned, they 
are not inherent in this type of fuel gauge. 
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M. H. ADOLPHE 


MEMBER AIEE 


Mass-Energy Relationship 


The potentially available thermal en- 
ergy of a fuel such as gasoline is a constant 
value per pound of fuel regardless of tem- 
perature. This means that the energy per 
gallon varies directly with the mass per 
gallon as the temperature changes. For 
the typical aircraft gasoline considered in 
this paper,! the specific gravity, and 
therefore the energy per gallon of fuel, is 
less by ten per cent at plus 110 degrees 
Fahrenheit than its value at minus 65 de- 
grees Fahrenheit. For this reason es- 
tablished practice? requires the use of 
temperature correction on all volumetric 
fuel measurements for accurate engine 
performance calculations. 

One of the most important advantages 
of the capacitance method of fuel quantity 
measurement is the fact that its quantity 
indications are more nearly proportional 
to the mass than to the volume of the 
fuel. A further advantage, gained by the 
detail design of the fuel measuring ca- 
pacitors, or tank units, is a theoretically 
negligible error due to limited variations 
in the flight attitude, regardless of the 
shape of the tanks used. This is accom- 
plished by using several tank units in 
each cell, and by so proportioning and 
positioning them that their combined 
capacitance is substantially constant for 
a given fuel quantity regardless of the 
attitude of the airplane. 


Fuel Temperature Errors 


A capacitance type fuel gauge is basi- 
cally a remote indicating meter which con- 
tinuously measures the capacitance of the 
tank unit. This capacitance depends 
upon the length of the tank unit probe, the 
fraction of the latter that is immersed in 
fuel, and the dielectric constant of the 
fuel. As the temperature of the fuel in- 
creases, the volume and depth of fuel in- 
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crease and the dielectric constant de- 
creases. For fuels commonly used in 
aircraft these variations are not exactly 
inverse, so that, unless a compensating 
device is added, the capacitance of the 
tank unit varies slightly with fuel tem- 
perature. 

Linearity of indicator readings, end ef- 
fects, and sensitivity do not enter into the 
problem; the first two affect only the 
scale distribution, and the third factor 
determines the relative ease of reading 
small increments of fuel change at differ- 
ent levels. Errors due to other variables 
such as abnormal voltage or frequency of 
the power supply, variations in ‘‘dry” ca- 
pacitance of the tank unit with tempera- 
ture due to dimensional changes, and 
variation in response of the electronic 
units and indicators with changes in am- 
bient temperature due to the use of un- 
compensated resistors and condensers 
and so forth, in the circuit, can be omitted 
from this discussion since their effects are 
directly additive anyway. 

The variations in gasoline volume and 
dielectric constant with temperature are, 
however, in an approximately inverse re- 
lationship with each other. Figure 1 
shows the relative magnitudes of these 
changes produced by a temperature rise 
from minus 65 degrees Fahrenheit to plus 
110 degrees Fahrenheit. 

Because the temperature variation of 
density does not equal that of dielectric 
constant, the application of this method of 
fuel measurement includes a temperature 
error? which, incidentally, is relatively 
large compared to other inaccuracies in- 
herent in this type of apparatus. This 
error depends on fuel quantity as well as 
temperature, because the increase in 
wetted probe area with temperature ex- 
pansion of the fuel volume is compen- 
sated for partially by the decrease in dry 
probe area remaining. The extent of this 
compensation depends on the relative 


Paper 47-176, recommended by the AIEE commit- 
tee on instruments and measurements for presenta- 
tion at the AIEE Pacific general meeting, San 
Diego, Calif., August 26-29, 1947. Manuscript 
submitted May 22, 1947; made available for 
printing July 11, 1947. 


M. H. Apoxrur is electrical flight test engineer and 
N. C. Crark is electrical research engineer for the 
Lockheed Aircraft Corporation, Burbank, Calif. 
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FUEL ,TEMPERATURE- °F 
’ Figure 1.*: Temperature variations of physical 
constants: of typical aircraft fuel 
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amounts of wetted and dry probe areas. 
Disregarding errors produced by the 

instrument equipment, the indicator will 


respond ,to changes in capacitance of the 
tank unit, and can be read as mass of fuel 
according to its calibration. Variations 
in capacitance resulting from fuel tem- 
perature changes will be interpreted there- 
‘fore as corresponding variatiens in fuel 
mass. : 
The capacitance measured at any fuel 
level is given by the relation 
Crp=a[(Krp:Ar+(A—Az)|+e (1) 
where 
Cr =measured'éapacitance at temperature T 
a@=constant of proportionality 
Kr=dielectric constant of fuel at tempera- 
ture, T 

Ay=wetted probe area at temperature T, 
and can be any function of tank 
volume, tisually linear 

A=total probe area wetted at full tank 
level 

c=total lumped capacitance resulting from 
end connections, cables, and all other 
incidental equipment. 
cis not necessarily: constant, but its 
variation is not a function of fuel 
conditions. 


The error in capacitance as a percentage 
of the change in capacitance from zero 
level to the fuel level considered is 
Cry— Cri) (100 
Per cent pe Ge ONY) = on ; (2) 
The error in capacitance as a percentage 
of the change in capacitance from zero to 
full tank level is 
(Cr_— Cri) (100) 
pM IN 3 
er cent Ac AUC pee (3) 
Equations 2 and 3 are important in indi- 
cating that the fuel temperature error is 
independent of the surplus capacitance 
added to the tank unit by equipment and 
connections. This is important in allow- 
ing the design of the capacitance measur- 
ing circuit and equipment to develop un- 
encumbered by restrictions as to the ca- 
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Figure-2. Tank unit 
error, or change in ca- 
pacitance, produced by 
fuel temperature rise 
from minus 65 degrees 
Fahrenheit to plus 110 
degrees Fahrenheit. The 
error is expressed as a 
percentage of the normal 
increase in capacitance 
caused by adding fuel 
at minus 65 degrees 
Fahrenheit to the empty 
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tank “Ol 02 
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PART OF EFFECTIVE PROBE AREA SUBMERGED 


pacitance of interconnectingleads, in so 
far as temperature effects are concerned. 
Calculations based on equations 2 and 
3 are plotted in Figure 2 assuming that 
wetted probe area is directly proportional 
to fuel mass. From these curves, three 
important observations are made. 


1. The fuel temperature error is almost a 
constant percentage of the indicated read- 
ing. 


2. The fuel temperature error does not ex- 
ceed approximately 4.1 per cent of full scale 
indications. 


3. The fuel temperature error is negative, 
rather than positive, as might be erroneously 
inferred from the data in Figure 1. 

The first of the above observations sug- 
gests that one easily remembered correc- 
tion factor can be applied to adjust fuel 
mass readings for variations in fuel tem- 
perature. The second observation sug- 
gests the use of a temperature compen- 
sated fuel tank probe or circuit element of 
such a nature as to remove completely all 
fuel temperature errors at the half tank or 
other preselected level. This then would 
reduce the fuel temperature error to plus 
or minus two per cent of full scale as a 
maximum for the temperature variation 
considered herein. Graphically, this 


_ would shift curve B of Figure 2 to inter- 


sect the zero ordinate at the half probe 
area point. Attention is directed to the 
fact that the temperature error is directly 
proportional to the difference between 
the temperature for which there is no 
etror and the temperature at which the 
reading is being taken. 

These observations, of course, do not 
apply to the general case where wetted 
probe area is a nonlinear function of fuel 
mass. In such circumstances, the fuel 
temperature errors can be calculated 
using equations 2 and 3, and the wetted 
probe area versus fuel mass function. 


Long Range Flight Planning 


It is maintained by some authorities‘ 


that the most important single factor in™ 


Clark, Adolphe—Capacitance Fuel Gauges 


A—Error in terms of the quantity of fuel 
actually in the tank 
B—Error in terms of full tank quantity 


calculating aircraft performance for long 
range flight is the mileage realized’ per 
gallon ‘of fuel consumed. The prime pur- 
pose of all long range flight planning is 


_ to promote efficiency in this respect. 


For the purposes of this investigation 
into the necessary requirements of a ca- 
pacitance fuel gauge, a brief considera- 
tion of long range flight planning is illus- 
trative of the extent to which such plan- 


“ning is dependent on fuel gauge accuracy. 


Long range flight planning consists of 
calculating the optimum altitude, course, 
engine power, engine speed, required fuel 
load, and air speed for the proposed 
flight on the basis of the known engine 
and flight characteristics of an airplane, 
projected meteorological data, the flight 
course data, and the passenger and cargo 
loading. This is done for one of three 
conditions, which are 


1. Constant engine horsepower. 
2. Constant indicated air speed. 
3. Maximum range. ; 


These calculated data of airplane operat- 
ing conditions are used in both tabulated 
and graphical form by the flight engineer 
as a plan to which engine controls are set 
and maintained, and as a continual check 
against actual performance by plotting 
the operational data from the flight log 
on the flight graph. This continuous 
graphical check on actual against calcu- 
lated performance is used 

1. To insure proper balance between pay- 
load and fuel load. 


2. To give flight personnel a continuous 
means of checking actual flight performance. 


3. To increase operational safety by con- 
sidering beforehand the flight plan changes 
required by engine failure or other emer- 
gency. 


Because of the nature of this flight graph, 
and the uses to which it is put, it is gen- 
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K-Calibrated at —65,;fuel'at +110, and readings taken at +165 degrees Fahrenheit. 
N—Calibrated at +22, fuel at +110, and readings taken at +165 degrees Fahrenheit. 
J—Calibrated at +22, fuel at —65, and readings taken at — 65 degrees Fahrenheit. 

N and J—Caleulatéd from K, assuming linearity. 


There was no error due to frequency fluctuations in these gauges. 


C—Compensated unit. ; 

X—Not measurable. Tank unit built as part of fuel cell. 
Y—Error too large to permit linear interpolation. 
Z—Neglecting any possible dry tank unit temperature effeet 


erally referred to as a “Howgozit” chart. 
The typical form of such a chart is shown 
in Figure’3. These curves are a plot of 
calculated performance data showing 
the fuel remaining at any point of the 
flight, and in particular, indicating the 
point beyond which no return to the take- 
off location can be made safely. 
_ Included in the fuel load allowances are 
generally four fuel reserves as shown in 
Figure 3, indicated by~ the double- 
headed arrows. It is not within the 
scope of this paper to consider the detail 
computations‘ necessary to calculate the 
total fuel load; suffice it to say that all 
fuel reserves are added by rule-of-thumb, 
depending primarily on reliability of 
wind and weather forecasts, expected 
navigational accuracy, and availability of 
alternate routes and landing fields. 
“Nothing considered thus far indicates 
any opportunity for a more accurate fuel 
gauge to save in estimated fuel load in a 
long range flight plan. Fuel gauge ac- 
curacy is important in checking the read- 
ings of fuel flowmeters used to calculate 
the quantities of used and remaining fuel. 
However, when forced to place engines on 
cross-feed operation or other fuel flow 
condition not used normally, use of the 
flowmeters for this purpose is very im- 
practical, if not impossible. Accurate 
fuel gauges in such a case would be wel- 
come indeed, and if reliable enough, could 


remove the need for flowmeters almost. - 


entirely. But although safety of opera- 
tion is increased with gauge accuracy, no 
direct saving of fuel load can be made be- 
cause of it, based on the properly calcu- 
lated flight graph. 

However, some flight personnel indi- 
cate that a prevalent tendency exists in 
both commercial and military practice for 
the addition of an unrecorded extra fuel 
~ reserve, in excess of that authorized by 


1947, VoLuME 66 


the flight plan. This is brought about by 
two large doubts, the one concerning the 
validity of the flight plan when computed 
by others, the other concerning the ac- 
curacy of the measure of fuel load taken 
on board, this being quite common at re- 
mote airports which still use antiquated 
ground handling equipment. This extra 
fuel reserve of up to 200 gallons for a four- 
engine airplane sometimes is taken on 
board at a gross weight in excess of that 
allowed:by authorities for the particular 
airplane, but’ apparently is condoned 
nonetheless... An accurate and reliable 
fuel gauge, independent of airplane atti- 
tude, ambient temperature, and fuel 
temperature would remove the doubt 
responsible for about. half of this extra 
fuel reserve, and could eliminate perhaps 
up to 600 pounds of excessive weight, in 
an extreme case. 


Over-All Fuel Gauge 
Requirements 


The specific requirements for a ca- 
pacitance fuel gauge are available in de- 
tail in specification form. : However, the 
action of a fuel gauge includes the effects 
of installation design details and fuel 
ambient conditions as well as details of its 
own design. 

Flight personnel indicate that the now 
prevalent type of float gauge is reliable 
to within 10 to 15 per cent, and that the 
immediate need is for a fuel gauge accu- 
rate to better than one per cent, and 
thoroughly reliable. Such a gauge must 
be compensated for temperature effects 
in the indicator and circuit components, 
and also for the capacitance error intro- 
duced into any capacitance fuel gauge 
measurement by temperature variation 
of the fuel. No fuel reading error should 
result from reasonably large changes in 
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airplane attitude such as plus or minus 20 
degrees in pitch. All calibrations should 
be made easily, and the empty and full 
adjustments should be independent of 
each other. The equipment components 
should be interchangeable with similar 
components, particularly vacuum tubes, 
without requiring recalibration. Normal 
variations in applied voltage and fre- 
quency should produce no errors. In- 
stallation and service of parts should be 
easy. The gauge should be capable of 
test in flight, and should ‘‘fail safe.” 

If the art develops a fuel gauge capable 
of providing better than two per cent ac- 
curacy, with commensurate dependa- 
bility, the present practice of using one 
calibrated airplane installation for making 
instrument dials for successive production 
units no longer will suffice. “As much as 
two per cent variation exists in fuel tank 
volume because of manufacturing toler- 
ances and tank sealing methods. The 
ultimate in fuel gauges may require a 
tailor-made instrument scale for each 
airplane, based on its individual calibra- 
tion. Zs 
Capacitance Measurement and 

Quantity Indication 


The discussion which follows describes 
the methods used to measure the capaci- 
tance of the tank unit and to indicate this 
remotely, at the flight engineer’s or pilot’s 
station, in terms of fuel quantity. The 
equipment described was submitted by 
the manufacturers for test only; most 
of the models will be modified before pro- 
duction units are commercially available. 
The errors shown in Table I therefore may 
change, but the simplified circuits and 
basic methods of operation probably will 
remain substantially the same as shown 
here. 
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Gauge A 


DESCRIPTION AND THEORY 


This gauge consists of one or more tank 
units, an electronic unit and an indicator. 
The basic wiring and simplified circuit 
appear in Figure 4. 

The tank unit consists of two concen- 
tric tubes which are insulated from each 
other and supported by a single suspen- 
sion mounting head. The outer tube is 
grounded and serves as one plate of the 
capacitor and also as a shield for the inner 
tube which is the other plate. The tank 
unit is energized with approximately 
two volts at 490 ke. A feature of this 
gauge is the temperature compensation 
which is part of the tank unit and tends 
to correct for fuel temperature error. 

The electronic unit contains a rectifier, 
a voltage regulator, a radio-frequency 
crystal-controlled oscillator, an amplifier, 
a special double-secondary transformer, 
and an output twin rectifier. The output 
of the amplifier, which is almost constant 
in both frequency and amplitude, is 
coupled through the primary, L1, of the 
special transformer, to the two second- 
aries, L2 and L3. The latter are tuned 
by their output circuits to lower natural 
frequencies than the primary L1 which 
is resonant with the amplifier. The 
windings and output loads are so ad- 
justed that for empty tank condition 
the two secondaries link equal fluxes and 
pick up equal voltages, resulting in equal 
cathode drops in the twin rectifier and, 
therefore, in no current flow through the 
indicator, 

The addition of fuel causes the capaci- 
tance of the tank unit to increase, de- 
creasing the natural frequency of the L3 
circuit. The latter is then further from 
resonance with the primary L/, and picks 
up less voltage, causing L2 to pick up 
more. The resonant frequency of the L2 
circuit increases slightly, due to the re- 
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Figure 3. A simplified 
form of @ long range 
flight graph 


ELAPSEO TIME- HOURS 


flected reactance of L3, further increasing 
the voltage picked up by L2. The recti- 
fied output voltage of L2 may triple, 
while that of L3 may decrease 30 to 40 
per cent. The resultant differential volt- 
age supplied to the indicator is more 
stable than would be obtained by tuning 
a simple resonant circuit, and the current 
is greater than would be afforded by a 
bridge network. Because of the stable 
oscillator and isolated output circuit, this 
gauge is free from errors due to fluctuation 
of voltage and frequency. This is an out- 
standing feature for this model of gauge. 

The microammeter used as the indica- 
tor on the test equipment had 50 divisions 
on a 90-degree scale and was calibrated 
“off” and 0 to 100. A standard aircraft 
meter can be used on production models. 


INSTALLATION AND ADJUSTMENTS 


This gauge has four adjustments built 
into the electronic unit: “‘empty’’, ‘‘full”, 
“calibration standard”’, and ‘‘amplifier 
output.” The “full” adjustment is on 
the front of the case, the other three are 
inside. All adjustments are smooth in 
operation. The “full” adjustment has 
no appreciable effect on the “empty” 
adjustment, though the “empty” ad- 
justment affects “empty” and ‘“‘full” 
about the same extent. The “‘calibra- 
tion standard’’ button substitutes, in 
place of the tank unit and cable, an ad- 


‘justable condenser which is set during 


initial calibration to equal the terminal 
capacitance of the empty tank unit plus 
the coaxial cable connecting the latter to 
the electronic unit. This gauge is the only 
one submitted for test which was equipped 
with a satisfactory means for checking 
the calibration in flight. 

There is no provision for damping on 
the experimental model, but it will be pro- 
vided in the tank unit on the production 
model. The warm up period is less than 
15 seconds. In case of power or tube 
failure the indicator will go off scale at 
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the empty end, which is a desirable con- 
dition. ; 

Only one tube in the gauge is sensitive 
to normal tube replacement, the diode 
rectifier or output tube. This is due to 
differences in the tube characteristics be- 
tween the two diodes. Correction in cali- 
bration when this tube is replaced is ac- 
complished by the use of a standard 
calibration push button provided within 
this instrument. 

In the experimental model, the crystal 
holder was located between two vacuum 
tubes, spaced so that the heat from the 
tubes caused the crystal holder to warp 
after operation over a long period of time 
The manufacturer is changing ths on 
subsequent models. This was the only 
trouble experienced during a total of 280 
hours of operation. 

The amplifier may be removed from ‘ 
the case for service by disconnecting three 
cable plugs and releasing two fasteners 

Bench testing of this gauge requires a 
115-volt power supply at either 60 or 400 
cycles, a 100-microampere ammeter, an 
electronic unit, and a tank unit or adjust- 
able condenser. 


Gauge B 


DESCRIPTION AND THEORY 


This gauge consists of one or more tank 
units, an electronic unit, and an indicator. 
The basic wiring and simplified circuit 
appear in Figure 5. 

The tank unit consists of three concen- 
tric aluminum tubes insulated from each 
other and supported by a single suspen- 
sion mounting head. The outer tube is 
grounded, and gives both mechanical and 
electrical protection to the other two. 
The inner tubes form the main capacitor 
and are energized with 65 volts at 400 
cycles. The transformer supplying this 
voltage has high impedance, and feeds 


5V-400¢ 
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Figure 4. Gauge A basic wiring and simpli- 
fied circuit 
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Gauge B basic wiring and simpli- 
fied circuit 


Figure 5. 


through a 500-ohm series resistor, so that 
very little energy is available at the tank 
unit on short circuit. 

The electronic unit contains a 400-cycle 
transformer, a rectifier for electron tube 
plate supply, part of the bridge circuit, a 
dual output rectifier tube, and all of the 
adjustments. Voltage is supplied to 
corners A and B of the bridge, Figure 5. 
The potential of point F is fixed, but that 
of point D depends upon the relative ca- 
pacitances of the tank unit and the fixed 
capacitor C, and also on the potential of 
point A, and therefore on the position of 
the rebalancing potentiometer arm E. 
As the capacitance of the tank unit in- 
creases, due to_the addition of fuel, the 
potential of D increases relative to F. 
This causes the amplifier-to apply alter- 
nating grid voltage to the motor direction 
control (dual rectifier) tube in such a 
phase position as to rotate the motor 
in the direction that moves the potenti- 
ometer balance arm so that points Fand D 
are at the same potential, at which con- 
dition the motor stops. The indicator 
needle moves with the balance arm. 
When the fuel quantity decreases, the 
voltage FD is in the opposite phase posi- 
tion from the condition just described. 
This supplies opposite phase current to 
the second phase-winding of the motor 
and moves the balance arm and the indi- 
cator pointer the other way. 

In this type of circuit the electron 
tubes are used only to amplify the bridge 
unbalance and pass motor current. 
Therefore, reasonable variations in tube 
characteristics have no effect upon the 
balance position, accuracy, or calibration. 

The indicator contains the potentiom- 
eter, the dial indicator, the two-phase 
geared motor which drives them, and a 
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test button. Depressing the button un- 
balances the bridge, causing the pointer 
to move downscale if the gauge is work- 
ing properly. When the button is re- 
leased, the pointer moves back to its cor- 
rect position. The dial has 300 divisions 
in 300 degrees, and is calibrated from 0 to 
300. 


INSTALLATION AND ADJUSTMENTS 


This gauge has two adjustments, “‘full” 
and “empty’’, located under the cover 
plate of the rear section of the electronic 
unit. They interlock to the extent that it 
becomes difficult to make fine adjustments 
at either end of the scale. The ‘‘empty”’ 
adjustment shifts both ends of the scale 
simultaneously, and adjustment to less 
than one division is difficult. Adjust- 
ments can be made only with the fuel 
cells correspondingly full or empty, and 
therefore, cannot be made in flight. 

Damping of the gauge for rapid atti- 
tude changes is accomplished by the fixed 
speed of the indicator motor. The warm 
up period is of the order of ten seconds. 
In case of gauge failure for any reason, 
the indicator will remain at the position 
of indication at the time of failure. No 
trouble was encountered in 280 hours of 
operation. 

The front section of the electronic unit 
can be removed by releasing two thumb 
locks, exposing the tubes for service. 
The entire chassis may be released from 
the base by other thumb locks, but eleven 
nuts and washers must be removed to 
release it from the connecting cables. 

Bench testing of this gauge requires a 
115-volt, 400-cycle power supply, an in- 
dicator, an electronic unit, a tank unit or 
adjustable capacitor, and a special set of 
connecting cables. 


Gauge C 


DESCRIPTION AND THEORY 


This gauge consists of one or mote tank 
units, a power unit, a junction box, and 
an indicator. The basic wiring and sim- 
plified circuit are shown in Figure 6. 
The manufacturer proposes to combine 
the tank unit and junction box in future 
models. 

The tank unit consists of two concentric 
tubes insulated from each other and sup- 
ported by a single suspension mounting 
head. The outer tube is grounded and 
serves as one plate of the capacitor, and 
also as a shield for the inner one which 
is the other plate. The tank unit is ener- 
gized with about 40 volts at a preset fre- 
quency between 5 and 20 ke. Coaxial 
cable is required between the tank unit 
and the junction box; the length should 
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not exceed six feet and the capacitance 
should be less than the total empty ca- 
pacitance of the one or more tank units 
fed by the cable. 

The junction box contains two trans- 
formers, two selenium rectifiers, and a 
fixed capacitor. The power unit contains 
the oscillator and a single stage of ampli- 
fication. It delivers a signal of fixed 
frequency and constant voltage to the 
junction box, which senses the fuel quan- 
tity by response of the tank units and 
thereby controls the indicator reading. 

The principle of operation is to measure 
the tank unit capacitance by comparing 
the current passed by it with the con- 
stant current drawn by a parallel circuit 
with fixed capacitance C. The two cur- 
rents are transformed, rectified, and ap- 
plied to the coils of a ratiometer. Since 
the two parallel circuits are fed by a 
common voltage source, the instrument is 
reasonably independent of variations in 
voltage and frequency or of tube replace- 
ment. It depends, however, on the use of 
matched selenium rectifiers in the junc- 
tion box, items which other manufac- 
turers have not been able to procure. 
The equipment tested had a dual type 
indicator. Each scale had 50 divisions in 
a 90-degree arc, calibrated 0 to 100. 


INSTALLATION AND ADJUSTMENTS 


This gauge has two adjustments, “full” 
and “empty”, which are smooth in opera- 
tion and have a two per cent interlocking 
effect. They are located on the rear of 
the indicator, which simplifies calibration 
since one operator can both make the 
adjustments and watch the effect on the 
indicator reading. This is an outstanding 
feature of this gauge. Adjustments can 
be made only with the fuel cells corre- 
spondingly full or empty, and therefore, 
cannot be made in flight. 

Damping is accomplished by restrict- 
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Figure 6. Gauge C basic wiring and simplified 
circuit 
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Figure 7. Gauge D basic wiring and simplified 
circuit 


ing the rate of fuel passage into and out of 
the tank unit. The warm up period is 
about 15 seconds. In case of power or 
tube failure, the indicator will go off 
scale at the empty end, which is a desir- 
able condition. No trouble was encoun- 
tered in 280 hours 0° operation. 

The power unit may be removed for 
servicing by disconnecting one cable plug 
from the rear, and taking out four sheet 
metal screws from the front panel. No 
change in calibration is required when 
vacuum tubes are replaced. 

Bench testing of this gauge requires a 
24-volt d-c supply, a ratiometer, a power 
unit, a junction box, and a tank unit or 
adjustable condenser. 


Gauge D 


DESCRIPTION OF EQUIPMENT AND 
METHOD OF OPERATION 


This gauge consists of one or more tank 
units, a power unit, a transmitter, an ad- 
justment box, and an indicator. This 
equipment could be rearranged in pro- 
duction models to reduce the complete 
gauge’ to only. three..items.. The~basic 
wiring and simplified circuit: appear in 
Figure 7sisa2 < 

The experimental tank units used in 
testing this model were built by Lo¢kheed 
as part of the tank, according to a design 
worked out jointly by Lockheed and the 
gauge manufacturer....The configuration 
of these units differed from those fiitnished 
by other manufacturers in that they were 
of larger diameter, and consisted of single 
tubes carefully spaced from and develop- 
ing capacitance withthe tank walls. 
In order to, obtain sufficient.capacitance, 
one tube was installed near each corner 
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and the four connected in parallel. The 
response of this type of tank unit is 
greater near full and empty fuel levels 
than at intermediate points because of the 
end capacitance effect. The total ca- 
pacitance change ratio obtained was 
about 1.4, whereas tank units using two 
concentric tubes as plates ‘of the capacitor 
will produce a change ratio of approxi- 
mately 2.0. A 50-volt 200-ke potential 
was applied to these units using coaxial 
connecting cable type RG11-U, which in 
the tested equipment could not exceed 
one foot in length. The tank units for 
the production model will probably. use 
two concentric tubes supported by a 
single mounting head, and will be con- 
nected to the transmitter by a cable of 
much greater permissible length. 

The “‘power unit’ consists of a trans- 
former, -azselenium rectifier;-and a filter 
condenser. It supplied direct current to 
the indicator and oscillators,and400-cycle 
power to the heaters of the oscillator 
cathodes. 

The ‘‘transmitter’”’ contains two double 
triodes operating in parallel as two tuned- 
grid oscillators. One pair of grids is tuned 
by a fixed capacitor C, the other by the 
tank units. The plate current for each 
pair of plates is supplied through a coil of 
the ratiometer, acting as an indicator, and 
through the adjustable resistors in the 
adjustment box. As the fuel level in the 
tank unit changes, one oscillator changes 
its tuning, resulting in a change in the 
d-c plate current coming through the 
corresponding coil of the indicator, while 
the other oscillator and indicator-coil 
current remain unchanged. The indi- 
cator used in the tests had 25 divisions 
on a 270-degree antiparallax scale, cali- 
brated from 0 to 500. 


INSTALLATION AND ADJUSTMENTS 


This gauge has adjustments for 
“empty”, ‘full’, and “calibration stand- 
ard’’. - The‘‘empty”’ adjustment changes 
the indicator from 0 to 40 percent of full 
dia] with fuel at-zero level. The ‘‘full” ad- 
justment causes a change of 8 per cent of 
full dial at the empty end of the scale, 
which complicates calibration. Calibra- 
tion adjustments can be made only with 
the fuel. cells correspondingly full or 
empty, and therefore, cannot be made in 
flight. When the test switch S/ is used, 
the ‘‘full’’ circuit of the indicator is dis- 
connected from the oscillator and con- 
nected to a d-c supply pre-adjusted, 
according to the position of switch S2, to 
the full or empty values that normally 
would be expected from the. oscillator. 
This permits checking the indicator and 
part of the transmitter unit, but does not 
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Figure 8. Gauge E basic wiring and simplified 
circuit 


provide any test of the tank unit or co- 
axial cable, and therefore, disqualifies 
this circuit as a calibrating adjustment. 
The ‘calibration standard’ will be 
changed for the production models. The 
resistor circuit will be omitted, and a 
condenser will be provided that can be 
adjusted to the empty capacitance of the 
combined tank unit and coaxial cable. 
This will permit making flight adjust- 
ments at the zero end of the scale. 

There is no provision for damping on 
the model tested. The warm up period is 
approximately 15 seconds. In case of 
power or tube failure the indicator will go 
off scale at the zero end, which is a desir- 
able condition. : 

Seven new stock tubes were used to 
determine the sensitivity to normal tube 
replacements. Various combinations of 
these tubes produced a maximum error 
of two per cent of full scale. 

The power unit, transmitter or adjust- 
ment box may be removed by disconnect- 
ing two, three, or two plugs respectively, 
and removal of four machine screws in 
each case. 

Bench testing of this gauge requires a 
115-volt 400-cycle power supply, a power 
unit, a transmitter, an adjustment box, a 
ratiometer as an indicator, a tank unit or 
adjustable capacitor, and a set of cables 
with terminal connectors. 


Gauge E 


DESCRIPTION OF EQUIPMENT AND METHOD 
OF OPERATION 


This gauge consists of one or more tank 


units, an electronic unit, and an indicator. 


The basic wiring and simplified circuit 
appears in Figure 8. The particular 
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Figure 9. Gauge F basic wiring and simplified 
circuit 


model tested was a 2-channel device, con- 
sisting of twin tank units, two electronic 
units in one case, and a dual indicator. 
Each tank unit consists of two concen- 
tric tubes insulated from each other and 
supported by a single suspension mount- 
ing head. The outer ‘tube is grounded 
and serves as one plate of the capacitor, 
and also as a shield for the inner one which 
is the other plate and is energized with less 
than one volt at 160 kc. The tank 
units used in this test were shorter and of 
smaller diameter than standard fuel cell 
units because they had been designed for 
a specific oil tank installation. A third 
tube or plate will be included in the pro- 
duction model tank unit, for use in the 
water detection circuit, described later. 
The electronic unit contains the ‘‘full”’ 
and “empty” adjustments, several cir- 


cuit components, and a dual triode vac- 


uum tube. The two grids are connected 
in parallel and drive both halves of the 
tube as an oscillator at a fixed radio fre- 
quency determined by the coil and ca- 
pacitor contained in the unit. Each 
plate is connected through a radio fre- 
quency choke and a coil of the ratiometer 
to the 28-volt d-c supply; and is loaded 
(that is, connected to the supply nega- 
tive) by a capacitor. The capacitor for 
one plate is fixed; the other one is the 
tank unit. For the full tank condition 
the two plate circuits are adjusted to 
draw equal currents, and the ratiometer 
used as an indicator takes a corresponding 
position. When the fuel level decreases, 
less charge is stored per cycle by the re- 
duced capacitance of the tank unit; 
and, for a fixed frequency, less d-c charg- 
ing current flows to that branch of the 
circuit. Since the other plate is operat- 
ing with the same voltage, frequency 

and capacitance as in the full condition, 
it draws the same d-c plate current. Thus’ 
the indicator coil currents are in a differ- 
ent ratio and the pointer takes a new po- 
sition. Variations in line voltage are 


applied equally to both plate circuits. 
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The indicator on the test equipment 
was a dual meter with 60 divisions on each 
90-degree scale. A test button was pro- 
vided but was not used. 


INSTALLATION AND ADJUSTMENTS 


The equipment tested has two adjust- 
ments, “full” and ‘“‘empty’’, located on 
the electronic unit. They interlock to 
the extent of 25 per cent of full scale 
range, making adjustment and calibra- 
tion difficult. . The removal of the case of 
the electronic unit causes a calibration 
shift of two per cent of full scale. Both 
adjusting screws are live parts to the ex- 
tent of the input voltage to ground; an 
insulated screwdriver is required in mak- 
ing adjustments. 

A button is provided on the indicator 
for test and water detection. The third 
plate of the tank unit, previously de- 
scribed, affords the necessary pickup for 
the water detection circuit. Pressing the 
button actuates a relay in the electronic 
unit, changing the tank unit connection. 
If water is not present, the indicator 
pointer will register a definite reading, 
marked with a green line on the dial. If 
water is present on the third plate, the 
indicator will swing off scale. Adjust- 
ments for calibration can be made only 


~ with the fuel cells correspondingly full or 


empty, and therefore, cannot be made in 
flight. 

Damping is accomplished by restricting 
the rate of fuel passage into and out of 
the tank unit. Ifa channel type of tank 
unit were used, no damping would be 
provided. In case of power or tube 
failure, the indicator will go off scale at 
the empty end, which is a desirable con- 
dition. Variations in tube characteristics 
may cause a calibration shift by tube re- 
placement of as much as 62.5 per cent 
of full scale. This gauge may drift for 65 
minutes before becoming stable. 

Following the preliminary tests re- 
ported herein, this gauge was returned to 
the manufacturer, at his request, for 
further development. 


Gauge F 


DESCRIPTION OF EQUIPMENT AND PRIN- 
CIPLE OF OPERATION 


This gauge consists of one or two tank 
units and an indicator. The basic wiring 


and simplified circuit appears in Figure 9. 


This gauge is a mechanical float device 
included for comparison, It responds to 
the physical level of the liquid in the fuel 
cell, and is equipped with a resistance 
bridge network which controls a ratiom- 
eter as an indicator. 

The tank unit consists of a sealed cork 
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float, a pivoted arm, anda mounting 
head containing an-electrical resistor net- 
work. The potentiometers: comprising 
the resistor network are linked mechani- 
cally through metal bellows to the float 
arm. The indicator of the model tested 
had 60 divisions on a 270-degree scale, and 
was calibrated from 0 to 60. Installa- 
tions in which one indication is controlled 
by two tank units require six number 18 
unshielded wires between the tank units, 
and a 4-coil ratiometer as an indicator. 

As the float position follows changes in 
fuel level, the potentiometer arm moves 
to change the ratio of currents sent 
through the coils of the ratiometer, giving 
an indication of fuel depth. 

Since there are no electronic tubes 
used, there is no warm up period and no 
change in calibration due to replacements. 
There is no provision for damping, nor for 
adjusting the relationship of indicator 
motion to float motion to permit using a 
uniform scale for odd-shaped tanks. 

The response of this type of gauge to 
changes in attitude of the airplane de- 
pends upon the shape of the fuel cells and 
also on the exact position of the tank 
unit. The tank unit requires vibration 
to minimize the effect of friction in the 
bearings, and, in some models, in sliding 
parts of the linkage. This is worse when 
calibrating the gauges, or in taking read- 
ings without the engines running, and re- 
sults in a slight lag or sluggishness of the 
indicator Tests indicate that in new 
equipment the errors due to lack of vibra- 
tion may be as much as 6.7 per cent of 
full dial due to tank unit friction. 


INSTALLATION AND ADJUSTMENTS 


This gauge has adjustments for ‘‘full’, 
“empty” and “resistor arm travel’’, all 
located within the head of the tank unit. 
The full and empty adjustments are 
smooth to operate and have no appreci- 
able interlocking effect. The resistor arm 
travel adjustment is a means of obtaining 
exactly full range on the indicator as the 
float moves through its full travel. It 
requires a special hole in the fuel cell be- 
cause the float must be moved to its ex- 
treme positions in making the adjust- 
ment. Scale range corresponding to 
half of the float diameter is lost at each 
end of the dial. In case of power failure 
the gauge goes off scale at the zero end, 
which is a desirable condition. 

Some care is needed in handling the 
tank units during installation or overhaul- 
ing because of the length of the float arms 
and the relatively delicate bearings and 
mechanical linkage. 

Bench testing requires a 28-volt d-c 
supply, a tank unit, and an indicator. 
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General Comment 


Aircraft fuel gauges are being im- 
proved by continuous research and de- 
velopment. The test results reported 
herein therefore should be appraised as 
indicating only the present condition of 
equipment design. 
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Discussion 


D. B. Pearson, General Electric Company, 
West Lynn, Mass.: The authors show that 
the errors in fuel quantity indication pro- 
duced by changes in the dielectric constant 
of the fuel with temperature are negative, 
and suggest that compensation be incor- 
porated in the tank probes. Tests have 
shown that tank probes alone have a positive 
temperature error that is caused primarily 
by changes with temperature of the dielec- 
tric constant of the insulating material used 
to separate the probes and is practically 
independent of dimensional changes with 
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temperature in either the probes or the in- 
sulation. In general, the temperature error 
increases as the electrostatic field impressed 
on the insulator increases. By proper selec- 
tion of insulating materials and suitable de- 
sign, therefore, tank units could be built 
with the inherent temperature error that 
best compensates for the effects of tempera- 
ture on the dielectric constant of the fuel. 

It also was suggested in this paper that a 
correction factor might be applied to the 
indicator reading to correct for the tempera- 
ture error of the fuel. The difficulties en- 
countered in determining the temperature of 
the fuel, as well as temperature effects in the 
other circuit components, would appear to 
make this procedure somewhat hard to 
follow. 

The description of the ideal fuel gauge 
given under ‘““Over-All Fuel Gauge Require- 
ments’? indicates the need for a fuel- 
measurement system with errors less than 
one per cent of full scale. The capacitance 
fuel gauge can be designed and built to have 
this accuracy in the laboratory, but service 
requirements make this degree of accuracy 
difficult to obtain in aircraft installations. 
Correcting the temperature error of the fuel 
alone to within one per cent of full scale, 
particularly with irregularly shaped tanks 
where the wetted probe area is a nonlinear 
function of fuel mass, would be a very 
difficult task. The reduction of airplane 
attitude error to less than one per cent of 
full scale over a range of +20 degrees 4n 
pitch would necessitate a large number of 
tank probes, particularly for odd-shaped 
fuel cells. This would increase unduly the 
weight and complexity of the system. It is 
believed, however, that the capacitance 
gauge is an improvement over the float- 
actuated instrument and is a step towards 
the ultimate ideal fuel-quantity gauge. 

The comparisons given of the capacitance 
fuel gauges tested describe some of the 
characteristics of each gauge. Since these 
tests were made, several changes have been 
planned for gauge D. As stated in this 
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paper, the resistor scheme for calibration 
check purposes has been replaced with a 
capacitor check device. A full-scale check 
point has been included as well as the zero- 
check point. The full-scale point is im- 
portant when the gauges are calibrated in 
pounds, as capacitance-type fuel gauges 
should be. If the initial full-scale calibra- 
tion is made with a fuel of average density at 
an average temperature, the indicator will 
not read exactly full scale when the tank is 
filled with fuel of different density or tem- 
perature. Without a full-scale check de- 
vice, it is not possible to determine whether 
the apparent error at full scale is due to the 
fuel or the gauge. With a check device in- 
cluding both empty and full scale substitute 
capacitors, and operated by a double-throw 
switch on the indicator panel, both end- 
scale points can be checked at any time, re- 
gardless of the quantity, type, or tempera- 
ture of the fuel. 

The full-scale adjustment has been re- 
designed, and now produces negligible effect 
on the zero point. The empty adjustment 
does affect full scale, but since the zero ad- 
justment normally is made first, this con- 
dition should not cause serious difficulty. 

The tank units now consist of concentric 
cylinders with a minimum spacing of one- 
eighth inch. The holes through which the 
fuel gains access to the capacitor are made 
small enough to provide suitable damping in 
the tank probes. Sufficient coaxial cable 
may be used to connect the tank units to- 
gether and to the transmitter unit. 

The small change in indication obtained 
when the vacuum tubes were replaced does 
not appear to be very serious, when the 
normal life of present-day tubes is con- 
sidered. Tubes are expected to last at least 
1,000 hours, so replacement should not be 
necessary between the normal overhaul 
periods of the aircraft. However, if a new 
tube should be needed, the readily accessible 
adjustments and check device makes any 
necessary recalibration a simple process that 
is possible even during flight. 
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Automatic Temperature Control for 
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HE DC-6 air conditioning system to 
@ be described in this paper represents 
one of the latest developments for ob- 
taining maximum comfort to the passen- 
gers and the crew of transport airplanes. 
The operation of this system is fully auto- 
matic and requires no attention after an 
initial setting prior to flight. The cabin 
pressurizing system utilizes two engine- 
driven superchargers, each capable of 
supplying 550 cubic feet per minute (30.6 
pounds per minute) of fresh air to the 
cabin at 70 degrees Fahrenheit and a 
cabin altitude of 8,000 feet when the air- 
plane is flying at an altitude of 20,000 
feet. With 55 occupants, the cabin ven- 
tilating rate will be 20 cubic feet per min- 
ute of fresh air per person and a complete 
change of air in the cabin every three 
minutes. The cabin temperature control 
system conditions all air prior to its enter- 
ing the cabin, and a control is provided so 
that the cabin attendant may select a 
cabin temperature within the limits of 
65 degrees Fahrenheit and 85 degrees 
Fahrenheit. 

Before explaining the operation of the 
cabin temperature control system, a brief 
description of the cabin pressure system 
is in order to better understand how the 
complete air conditioning system func- 
tions. 


Cabin Pressure System 


Air enters the system through intake 
scoops located in each wing and, after be- 
ing supercharged, flows through ducts to 
the temperature conditioning equipment. 
(Refer to Figures 1 and 2.) The con- 
ditioned air flows through cabin floor 
ducts and wall ducts to outlets spaced at 
intervals along each side of the cabin. 
Exhaust ducts pass the spent air from the 
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cabin to the lower fuselage compartment, 
and it is released from the fuselage through 
a cabin pressure control valve. Pres- 
surization is maintained and controlled 
by throttling the discharge of air through 
this valve. Regulation of the valve is 
accomplished by an electronic control 
system consisting of a cabin pressure regu- 
lator, a cabin pressure limit control, and 
an amplifier. Inside the control instru- 
ments, a system of pressure sensitive cap- 
sules actuate mechanical linkages which 
in turn make and break electric contacts 
in accordance with pressure requirements. 
The resulting signal currents are fed to 
the amplifier unit, which then closes one 
of two relays and causes a motor to actu- 
ate the pressure control valve for increas- 
ing or decreasing the rate of air flow 
from the fuselage. 

The cabin pressure regulator incorpo- 
rates two selector knobs by which the oper- 
ator may set the altitude at which he de- 
sires cabin pressurizing to begin on ascent 
or stop‘on descent, and the flight altitude 
for the particular route. No further 
adjustment will be required during the 
flight. The cabin pressure rate of change 
will be proportional to the outside air 
pressure rate of change for all altitudes 
up to the selected flight altitude and will 
vary in accordance with the following 
ratio: 


Ratio= 
cabin altitude—start pressurizing altitude 
flight altitude —start pressurizing altitude 


The ratio will vary in accordance with the 
selector knob settings. At altitudes 
above the selected flight altitude, the 
cabin will fly at altitudes which maintain 
a maximum pressure: differential of 4.16 
pounds per square inch between the cabin 
and outside air until an altitude of 25,000 
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feet is reached. Above 25,000 feet, the 
differential will be slightly lower due to 
the limiting of the constant compression 
ratio on the superchargers. 

The cabin rate limit control indicator 
incorporates two selector knobs so that 
the operator may set the desired maximum 
rate of cabin ascent and descent in feet 
per minute. If a change in flight plan is 
made which requires changing the pres- 
sure regulator adjustments, the resulting 
rate of change of cabin pressure will not 
exceed the limits set into the rate limit 
control indicator. The instrument may 
be used as a pressure regulator, if desired, 
by moving the indicator hands together 
to whatever rate of pressure change is 
desired. In this event, the cabin pressure 
will change at the rate indicated, rather 
than at a rate proportional to the outside 
air pressure rate of change, as is the case 
when the cabin pressure regulator is the 
controlling instrument. 

The cabin pressure limit contro] func- 
tions as an override on both of the afore- 
mentioned instruments for providing a 
safety factor and for preventing over- 
compression beyond the maximum allow- 
able differential pressure for the cabin and 
supercharger compression ratio limits. 


Cabin Temperature 
Control System 


Heat of compression of the super- 
charged air provides the basic heat re- 
quirement for the cabin. Cabin temper- 
atures between 65 degrees Fahrenheit and 
85 degrees Fahrenheit are obtained by 
either cooling or heating the supercharged 
air. This is accomplished by dividing 
the air ducting into three paths. The 
first path is through an aftercooler and to 
an expansion turbine to provide cold air; 
the second path is through the aftercooler 
only to provide moderately cool air; and 
the third path is through a surface com- 


Paper 47-179, recommended by the AIEE commit- 
tee on air transportation for presentation at the 
AIEE Pacific general meeting, San Diego, Calif., 
August 26-29, 1947. Manuscript submitted May 
26, 1947; made available for printing July 10, 
1947. 
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DC-6 heating and pressurizing 
system 


Figure 1. 


1.. Pilots’ foot warmer - 

9. Pilots’ cold air ventilator 

3. Emergency pressure relief valve Mental: 

4, Upper instrument panel (right section) 
Cabin pressure automatic controls 

5. Upper instrument panel (left section) 


Heater, controls, windshield and surface: 


anti-icing controls 
6. Heater fire protection control panel 
Flight compartment temperature contral 
7. Smoke detector. Lower forward cargo 
compartment 
8. Forward lounge conditioned air inlet 
9. Windshield anti-icing control valve 
Forward lounge cold air ventilator 
411. Smoke detector. Fuselage accessories 
compartment 
Heater fuel shut-off (and drain) valve 
. Wing and tail anti-icing heater fuel pump 
. Supercharger drive shaft 
45. Supercharger planetary gear box 
. Supercharger airflow control regulator 
. Supercharger assembly 
. Supercharger bypass check valve 
. Cabin pressure control valve and diffuser 
duct 
Cabin pressure automatic emergency re- 
lief valve 
21. Cabin pressure emergency relief valve 


99, Exhaust air blower 

93. Forward cold air distribution duct. Main 
cabin 

94, Smoke detector. Lower aft cargo com- 
partment 

95. Aft cold air distribution duct. Main 
cabin 

96. Upper berth cold air ventilator 

27. Upper berth conditioned air inlet 

98. Lower berth and main cabin cold air 
ventilator 

29. Lower berth and main cabin conditioned 
air inlet 

30. Aft toilet 


31. Thermistor and cabin air temperature in- 
dicator thermocouple 

Aft lounge cold air ventilators 

33. Vacuum relief valve (on pressure dome) 


34. Ground blower 

35. Combustion air check valve 

36. Heater accessories container 

37. Combustion heater 

38. Heater exhaust outlet 

39. Aft lounge conditioned air inlet 

40. Cabin attendant’s temperature control 


panel 
41. Cabin heater fuel pump - 
Heater solenoid-operated selector valve 
43, Main cabin exhaust air outlet 
44. Toilet compartment cold air ventilator 
45. Forward toilet 
46. Flight compartment mixing valve 


bustion type heater to provide warm air. 
(Refer to Figure 3.) The heater operates 
only when the temperature of the stiper- 
charged air is not sufficiently high to 
maintain the cabin temperature at a de- 
sired level. A portion of the cold air 
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flows directly to individually controllable 
cabin outlets for each passenger. 

The heart of the system is a mixing 
valve by which the preceding three por- 
tions of conditioned air are blended into 
a single air stream having the -desired 
temperature. The valve has three inlets 
and one outlet port. When the valve is 
in its extreme counterclockwise position, 
port 1 is fully open and only cold air from 
expansion turbine passes to the cabin. 
As’ the valve rotates clockwise, port 1 
gradually closes while port 2 opens to mix 
the warmer aftercooler air with the cold 
air from port 1. Continued clockwise 
rotation of the valve, when only port 2 is 
fully open, causes a flap in the aftercooler 
coolant air discharge duct to gradually 
close, thereby decreasing the effectiveness 
of the aftercooler Which reduces the cool- 
ing effect on the supercharged air. Fur- 
ther clockwise valve rotation gradually 
closes port 2 and opens port 3 to mix the 
warm supercharged air with the after- 
cooler air. Finally, only port 3 is open 
and the mixing valve approaches its ex- 
treme clockwise position. If still more 
heat is required, a limit switch at the ex- 
treme position stops valve rotation and 
starts the clockwise rotation of a program 
motor, which drives a rheostat that con- 
trols the rate at which the surface combus- 
tion type heater will cycle on and off to 
provide hotter air through port 3, as re- 
quired. 


Automatic Control Circuit 


Automatic control of cabin temperature 
is accomplished by means of a tempera- 
ture sensitive bridge circuit that senses 
and anticipates varying temperature con- 
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Figure 2. Cabin air circulation 


ditions within the cabin and air ducts and 
causes a motor actuator to position the 
mixing valve accordingly for changing the 
temperature of air supplied to the cabin. 
A second bridge circuit causes heater 
cycling when required at a rate deter- 
mined by the position of a rheostat driven 
by the program motor. The cabin at- 
tendant sets one calibrated rheostat to the 
desired cabin temperature, and without 
further attention, the bridge circuits react 
to position the mixing valve or cycle the 
heater for maintaining the cabin at the 
selected temperature. The functioning 
of the circuits will be described individu- 
ally in the following paragraphs. 

Figure 4 is a schematic diagram of the 
temperature control bridge circuit. The 
main cabin temperature control permits 
the attendant’s selection of a desired 
cabin temperature between 65 degrees 
Fahrenheit and 85 degrees Fahrenheit, by 
adjusting a variable resistor in one leg of 
the bridge. A sensitive micropositioner 
relay detects the unbalance and operates 
to start mixing valve actuator rotation 
for repositioning thé valve. As the valve 
rotates (and alters the mixed air propor- 
tions), a follow-up rheostat geared to the 
actuator rotates and rebalances the 


bridge circuit as the proper valve position 


is reached. The micropositioner sensi- 
tivity is high and operates on as little as 
0.12 volt unbalance in either direction. 
The polarity of unbalance determines 
whether power will be applied for clock- 
wise or counterclockwise valve rotation. 
The cabin thermistor, consisting of a 
pair of highly temperature sensitive resis- 
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tors having an average negative coeffi- 
cient of —4 ohms per plus or minus one 
degree Fahrenheit, detects intracabin 
temperature variations, and inserts the 
proper unbalance to the bridge circuit 
when required to reposition the valve 
and thereby maintain the selected cabin 
temperature. 

A temperature sensitive outside reset- 
ting element in one of the ram air ducts 
detects variations in outside air tempera- 
ture being supplied to the system. By 
anticipating these changes, it provides an 
unbalance in the bridge to compensate for 
them. If the outside air temperature 
goes down suddenly, the circuit will re- 
act to reposition the valve and supply 
more heat to the cooler air. Similarly, 
an increase in outside air temperature will 
cause less heating of the air being supplied 
to the cabin. 

The high-low limit resistors, located in 
the output duct of the mixing valve, an- 
ticipate changes in mixed air temperature 
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Figure 3. Cabin air temperature conditioning 
mechanism 


and begin to rebalance the bridge circuit 
before the cabin thermistor detects the 
change. By so doing, it corrects the mix- 
ing valve position and reduces any surge 
of hot or cold air to the cabin. If the 
cabin thermistor had to act alone in this 
capacity, the cabin air temperature would 
hunt between wide limits before the ther- 
mistor could react due to the time lag in- 
volved. The high-low limit resistors, 
anticipating action, due to their quick 
and early response, smooth out the tem- 
perature changes which are passed on to 
the cabin. 

The final item of the bridge circuit is 
another follow-up rheostat, the purpose of 
which is to extend the effective range of 
the mixing valve. When the valve is at 
its full clockwise position, power circuits 
are transferred from the valve actuator 
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motor to the program motor so that de- 
mands for more heat will cause it to rotate 
its gear train clockwise. This follow-up 
rheostat performs the same balancing 
action on the bridge circuit as the rheo- 
stat within the mixing valve actuator 
performs. A second rheostat on the 
gear train is connected to the heater 
control bridge circuit, and it causes 
an electrical unbalance of the circuit to a 
degree depending upon the amount of 
heat required. 

The heater control bridge circuit shown 
schematically in Figure 5, when unbal- 
anced by the position of the rheostat 
geared to the program motor, causes a 
micropositioner relay to close and thereby 
energize the surface combustion type 
heater. The temperature sensitive heater 
discharge elements in the hot air duct 
measure the increase in hot air temper- 
ature and turn off the heater by rebalanc- 
ing the bridge circuit when the proper 
degree of: heat has been reached. This 
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cycle repeats at a rate determined by the 
degree of unbalance produced by the con- 
trol rheostat position and required to 
maintain an elevated air temperature. 
If little heat is required, the heater ‘‘on”’ 
period will be short and the “off” period 
relatively long. If a lot of heat is re- 
quired, the ‘‘on’’ period will lengthen and 
the “‘off”’ period shorten correspondingly. 

The heater unit serves the dual purpose 
of not only supplying heat to the cabin, 
but also supplying heat for windshield 
anti-icing purposes. When the pilot turns 
on the windshield anti-icer switch, a relay 
connects a fixed resistor into the heater 
control bridge circuit in place of the rheo- 
stat. This causes the heater to cycle at a 
predetermined rate for supplying heat to 
the windshields through a duct located at 
the heater output. Back pressure to 
force the hot air through the duct is cre- 
ated by a restrictor damper positioned to 
45 degrees in the mixing valve duct. As 
long as windshield anti-icing is required, 
the cabin temperature control bridge has 
no control over heater operation. How- 
ever, heater operation does not affect the 


Figure 4. Cabin heating and ventilating control 
bridge 


Schematic wiring diagram 
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MICRO-POSITIONER 
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CONTROL PANEL 


TEMPE 


cabin temperature in this event because 
the sensing elements will reposition the 
mixing valve for supplying more cool air 
to maintain a constant temperature air to 
the cabin. 


Additional System Features 


The foregoing paragraphs have ex- 
plained the operation of the major control 
features of the DC-6 cabin pressure and 
temperature control systems. To com- 
plete the picture, however, a few additional 
features of the system should be men- 
tioned although the length of this paper 
does not permit a detailed explanation of 
their operation. 

The pilot is provided with a rheostat 
by which he may adjust cockpit temper- 
ature to make it colder or warmer than 
the cabin as desired. A follow-up type 
bridge circuit positions a smaller mixing 
valve for adding warmer or cooler air to 
that being supplied by the cabin system. 

In both the pressure and temperature 
control circuits, manual push button con- 
trols are provided for operating the sys- 
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tem in case of malfunctioning of the auto- 
matic system. When access doors are 
opened to expose these manual controls, 
the automatic control circuits are disen- 
gaged. The cabin attendant’s manual 
controls consist of two push buttons, one 
for increasing cabin temperature and one 
for decreasing it. The push buttons 
apply power to rotate the mixing valve 
actuator. The co-pilot’s manual con- 
trols consist of two push buttons, one for 
increasing cabin pressure and one for de- 
creasing it. The push buttons apply 
power to open or close the pressure con- 
trol valve. 

A ground blower motor is provided to 
supply cabin ventilating air while the air- 
plane is on the ground, Its operation is 
also automatic. Interlocked relay cir- 
cuits determine when the blower should 


- operate, since it depends on whether or not 


the plane is airborne, whether or not at 
least two engines are running above a cer- 
tain speed, whether or not an external 
power source is connected to the plane, 
and other deciding factors. 

A humidifier unit is provided so that 
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Notes 

1 Points on bridge marked by 
letters A, B, etc., indicate 
plug terminals of item as 
noted 

2. Terminals D and B are plug 
AN3102-16S-8P of program 
motor. 

3. +to Cl closes W to R on 
positioner +to C2 closes w 
to B on positioner. 
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Figure 5. Cabin heater control bridge 


Schematic wiring diagram 


the cabin attendant may increase the 
cabin humidity, if required, by turning a 
selector switch. It consists of a water 
boiler whose vapors are introduced into 
the mixed air duct to a greater or lesser 
degree, as required. 


95-OHM RESISTOR 


Df 
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TRIMMER RESISTOR IN 
HEATER CONTROL BOX 
1150 OHMS SET AT 95.7) 


Conclusion 
The automatic cabin pressure and cabin 


temperature control systems on the DC-6 
airplane are unique in their simplicity of 


operation by flight personnel, and have: 
the great advantage of permitting the 
“crew to proceed with their other tasks 


without having to devote a great deal of 
time to air conditioning. It is felt that 
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Points on bridge marked A, B, etc., indi- 
cate plug terminals of item as noted. 


A*, B*, etc., apply to items in heater con- 
trol box. 


. Terminals A and B are plug AN3102-16S-5P 


of program motor 


the time spent in making the system as 
foolproof and automatic as’ ‘possible will 
lead the way toward increasing comforts 
in air travel. 
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Tests and Developments in Connection 


. With Hot-Line Insulator Washing 


G. LESLIE HILL 
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ONTAMINATED and dirty insula- 

tors are a source of considerable main- 
tenance expense, trouble, and annoy- 
ance to electrical power utilities. This is 
especially true in certain geographical and 
industrial areas that have a wet and a dry 
season each year, or in areas where there 
is a considerable period of time between 
rains. The insulators become dirty and 
contaminated during the dry period and 
when a fog or light rain dampens the in- 
stilators, the leakage current becomes ex- 
cessive, causing pole top fires or flash- 
overs. 

Large expenditures have been made in 
the past for cleaning insulators by wiping 
them by hand. This is a slow, tedious, 
and very expensive process requiring, in 
most cases, that the line be taken out of 
service while the insulators are being 
cleaned. It is also a hazardous method as 
there is always the possibility that the 
lineman will climb a.pole or structure 
supporting one energized line and one de- 
energized line and start cleaning the 
energized insulators 

The Pacific Gasiand Electric Com- 
pany’s department of electric operation, 
decided to investigate the feasibility of 
more- efficient, economical, and safe 
methods of cleaning insulators. A com- 
mittee was formed; and it was decided to 
carry on. experiments in the washing of 
Paper 47-180, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE Pacific general meeting, 
San Diego, Calif., August 26-29, 1947. Manu- 


script submitted June 16, 1947; made available for 
printing July 17, 1947. 


G. Lesuie Hm is assistant engineer in the engi- 
neering department’s bureau of tests, Pacific Gas 
and Electric Company, San Francisco, Calif. 


The author gratefully acknowledges the co-opera- 
tion of his associates in this work, especially C. M. 
Buck for his recording and preparation of test data, 


and the mechanical staff of Emeryville shops, - 


Pacific Gas and Electric Company, San Francisco, 
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energized insulators with a high pressure 
stream of water, and to make a study of 
equipment and apparatus so that stand- 
ardization for the whole system could be 
accomplished. 

It was the part of the writer, on this 
committee, to carry out the experimental 
work; and this paper is a compilation of 
data and information accumulated during 
these tests and experiments. 


Purpose and Outline of the Work 


The work was primarily for the purpose 
of carrying out a systematic investigation 
of hot-line insulator washing ahd deter- 
mining 
1. The feasibility of cleaning energized in- 
sulators with a high pressure water stream. 
2. To obtain information that could be 


used as a guide for the maintenance men in 
the field. 


3. To test various nozzles so that an effi- 
cient nozzle could be obtained. 


The information and test data obtained 
during thé’ Work is segregated and divided 
in the following sections for the con- 
venience of anyone interested in a par- 
ticular phase of the work, 


1. Cleaning insulators with a high pressure 
water stream. 


2. Leakage current passing through the 
stream of water. 


3. Tests on various manufactured nozzles 
and on experimental nozzles. 


4. Effect of water resistivity during insu- 
lator washing. 


5, A new water resistance tester. 


6. Operating economics effected by clean- 
ing insulators with a high pressure water 
stream, 


7. Summary. 


Hill—Hot-Line Insulator Washing 


Experiments on Cleaning Insulators 
with a High Pressure Stream of 
Water 


These tests were made to determine the 
effectiveness of cleaning contaminated 
energized insulators with a high pressure 
stream of water. For this purpose a num- 
ber of contaminated insulators were re- 
moved from power lines in various locali- 
ties over the Pacific Gas and Electric sys- 
tem. 

The following list gives the localities 
from which contaminated insulators were 
obtained, all of them in northern Cali- 
fornia. 


Coast Valleys Divi- Emeryville 


sion 
North Bay Division 
Ki it 
ett i y San Rafael 
Salinas Petaluma 
: ‘ Napa 

San Jose Division Sacramento Divi- 
Davenport sion 
Permanente Ce- Sacramento 

ment Rio Vista 
(near San Jose) Dixon 


Redwood City 
Stockton Division 


East Bay Division Jackson, Calaveras 


West Vaca (near cement plant 
Newark) Stockton 

Concord area : 

Berkeley San Joaquin Power 

West Oakland Division 

Richmond indus- San Luis Obispo 
trial area Santa Maria 

Livermore Lompoc 


Some of the insulators had the ordinary 
accumulation of dust and dirt; and others, 
removed from a railroad right-of-way 
near an oil refinery in Richmond, were 
coated with a mixture of dust, soot, and 
oil. Those removed from West Vaca lines 
near Newark were coated with calcium 
carbonate, magnesium carbonate, and 
other foreign: materials such as salt de- 
posits carried in the air from evaporating 
ponds. Other insulators were coated with 
cement dust and ordinary dust and grit, 
and deposits from smoke and furnace 
fumes that are prevalent in industrial 
areas. 


The tests and experiments performed on 
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Table I. 


Contaminated Insulators-Washed with Line Potential Applied 
3,000 Kva Available if Flashover Occurred 


Water 
Catalogue Voltage Pounds Per 
Rating, Kv Applied to SquareInch Resist- Orifice 
Test Type of Insulator Dry Wet Kind of Contamination Ground, Kv Nozzle ance Size, In. Results 
Dirt and oil from oil refin-..... Ors vestsseme BOO. asa 1,800..... 1/4, ... Cleaned 80 per cent. 
1 ery area No flashover 
Pin type used on 12-kv lines.......110... 80< Dirt and dust from heat in-..... Ris Dine saan eve 5505.ccene 1,800..... 1/,....Cleaned 95 per cent. 
sulation No flashover 
Factory area 
3and Pin type used on 12-kv lines.......110... 75..Dirt and dust from agricul-..... (Ci Olga cts 3 550. . 1,800..... 1/4. ... Cleaned 100 per cent. 
4 tural fields—sandy loam No flashover 
soil 
5 Insulators on 12-ky pole top dis-.. 95... 65..Dirt and dust from agricul-..... (haDiss O50 Se ete. 1,800..... 1/4. ... Cleaned 100 per cent. 
connect switch tural fields—sandy loam No flashover 
soil 
6 Line post type used on 12-kv lines. ,125...100. . Dirt, dust and oil near rail-..... 7.0......... 550. +s 1800). oe. 1/,, ...Cleaned 90 per cent. 
road track in industrial Considerable arcing, did 
area not flashover 
if Bad deposit of cement dust.....39 ......... S50 ki cen 1,800. ....8/16. ... Could not wash cement off. 
a! 3-shed pin type used on 66-kv lines..170...135. —set on insulator by fog All insulators flashed over 
9 and rain 
10 Dirt and dust from agricul-..... 39 -400.......2,100.....8/16....Cleaned 100 per cent. 
11 3-shed pin type used on 66-kv lines. .170...135 tural field No flashovers 
12 
13. 3-shed pin type used on 66-kv lines. .170...135. . Dirt and dust from agricul-..... SON" cease ak 400.. 2,100. . 3/48....One shell punctured and 
tural field flashed over—old insu- 
lator 
14 4-shed pin type used on 60-kv lines. .180...140. . Dirt and dust from agricul-..... 39 PAO a re crete 2100 aeaer 3/16. ...Cleaned 100 per cent. 
tural field No flashovers 
15‘ Line post type used on 66-kv lines. .175...150. . Dirt and dust and deposit—.....39 ......... 400.. 127005 een. 3/1. ... Cleaned 95 per cent, 
from paint factory and No flashover—high leakage 
industrial area current over insulator— 
200 ma when water 
applied 
16 510-inch suspension used on 66-kv..320...245..Dirt and dust and deposit..... ily Mneterias Oe a 550. {SOG aos s 1/, ....Cleaned 95 per cent. 
line from industrial area No flashover 
17 4: 10-inch suspension used on 66-ky..265...200..Dirt and dust and deposit..... OO)" Say enue 550. PS80027 ade 1/4, ....Cleaned 95 per cent. 
line from industrial area No flashover 
18 65 10-inch suspension used on 66-kv..320...245..Calcium carbonate-magne-..... 39 iatawans DOO Ay, caterers 1,800. . 1/, ....Cleaned about 70 per cent 
lines sium carbonate dirt and Did not flashover but heavy 
dust and salt deposit. leakage current 
Very bad 
19 4 10-inch suspension used on 66-ky..265...200..Calcium carbonate—-magne-..... Ei} ae Se are 133) tee Bi 1,800 ccc 1/4 ...,Cleaned about 70 per cent. 
lines sium carbonate dirt and Flashed over 
dust and salt deposit. 
Very bad 
these insulators were divided into three 3. Washing the insulators to determinethe Emeryville, Calif. A 3-phase 12-kv 


parts 


1. Washing the insulators with a constant 
line potential applied. 


2. Washing the insulators to determine the 
increase in wet flashover. 


effectiveness of an abrasive in the stream of 
water. 


Test 1 


These tests were made at the power 
testing plant of the bureau of tests in 


grounded Y line was the power supply. 
The power was limited to 3,000 kva by 
suitable reactors in case of a flashover. 
The tests made at 7 kv were line to ground 
and the tests at 38 kv were made on the 


' 


Table Il. Contaminated Insulators Washed to Determine Increase in Wet Flashover Voltage 


Water Resistance 1,800 Ohms Per Inch Cube 


Per Cent of Per Cent of : 
Flashover Flashover Flashover Flashover Per Cent of 
Insulator in Fog Before of Clean in Fog After of Clean Contamination 
Type of Insulator Kind of Contamination Number Cleaning, Kv Insulator Cleaning, Ky Insulator. Removed 
1 ae year VE Mote Tae 60! Rrronvereee 36.. f SO locas Not recorded 
Pas POE Maiee Sees Cairo hoe ae 42.. .. 93.......Not recorded 
Datacenters SOM: ee etlerns 67.. AG. ler ose 100.......Not recorded 
4.. DOF Shad cop ease 64 ee SS), Perse take SASHA xe Not recorded 
10-inch suspension. Catalogue..Usual dust, grit, soot in indus- Sn. Pathe .60.. . 360, 3) BO eka c a . Not recorded 
rating: dry, 80 kv; wet, 50.. trial areas near oil refinery. Gates eon re CAS sot icrate err 62 ee 38... . 84....... Not recorded 
kv. Qinstring: dry, 535kv;.. Flashed over in service on 110 wee "Meet: re, ee A eS awe eens fe 93.......Not recorded 
wet, 430 kv kv. Ygroundline. Very bad Sr. 36.. -80.. 42.. 93. .....Not recorded 
OS. karen. ior 20sec se 44.. CTP OOLE Ke Setar 80....... Not recorded 
9sinsulators)...... 2 £70 exis piterctrae BO saesaest: Did not flash-. . ? 
in string over at 260 : 
kv 
42-inch special suspension...Calcium carbonate, magnesium..11 insulators....... SOs eras 31. 40, {286 a Ne wee res DGiitas ke century lOO: 
Catalogue rating: dry, 95 kv;.. carbonate, and dirt. Very.. in string 
wet, 60kv. illinstring: dry,.. bad Flashed over 
650 kv; wet, 465 kv in service 
Pin type used on 12-kv lines... Dust and dirt and dehydrated...... MLW, Hope ever OT Oe aerate Shee oi fee SOtar AOD eh scipeiecre c OO. 
Catalogue rating: dry, 90kv;.. alfalfa dust caused pole top...... Phe ts OPS (av of 3) 
wet, 50 kv og (fires! Sa ee eer ee 3 
5 10-inch suspension. Catalogue..Heavy dark dust from agricul-..5 in Stritign accents UL ita onstatity, Siatete MOE area ctoreeateteet DOO exams fe.aicieiees OL) 


rating: dry, 320 kv; wet, 245.. tural area 


kv 
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high voltage side of a 3,000-kva 36,000-to- 
6,600-volt bank of transformers. 

About 50 tests were performed, and the 
washing followed the same procedure as 
field practice. The stream of water was 
played on the insulators at about the 
same angle as it would be from the ladder 
on the washing truck. The suspension- 
type insulators were cleaned in a string 
as suspended on the line except that the 
tension was applied with a set of blocks. 

Representative data obtained are 
shown in Table I. 

Summarizing the power tests, the or- 
dinary dirt and dust was removed easily ; 
but the cement dust, calcium and mag- 
nesitim carbonate, soot and oil combina- 
tions, and bad industrial contamination 
could be removed only with varying de- 
grees of success. 

There were no flashovers while washing 
any of the contaminated insulators used 
on the 12-kv lines during the tests. There 
were no flashovers on the insulators used 
on the 66-kv lines which had only the 
ordinary dirt and dust contamination. 
All the insulators, with the exception of a 
string of 5-10-inch suspensions, that had 
a bad accumulation of cement dust, 
calcium and magnesium carbonate, and 
so forth flashed over during the washing 
tests. One 4-shed pin-type insulator, 
used on 66-kv lines, punctured during the 
washing tests. This was an old insulator; 
it had been in service a long time; and it 
is considered it would have failed in 
service during the first rainstorm. 


Test 2 


Table II gives representative data on 
the increase in flashover value that may 
be expected after washing dirty and con- 
taminated insulators with a high pressure 
stream of water. 

The flashover tests were made with a 
2,500-to-250,000-volt 250-kva potential 


Figure 1. Abrasive in- 

jector used in- insulator 

cleaning with high pres- 
sure stream of water 


transformer with a suitable regulator and 
reactor limiting the power to 1,250 kva at 
250 kv. 

The contaminated insulators were in- 
stalled as received on a pole, flashed over, 
in an artificial heavy fog, and then 
cleaned with a high pressure stream of 
water; after which, they were flashed 
again under a similar fog condition to de- 
termine the improvement. 

The flashover value was increased to 
practically 100 per cent of the value of a 
new clean insulator on both the pin and 


‘the suspension types when only con- 


taminated with ordinary dirt and dust. 
The flashover values were increased only 
with varying degrees of success on those 
insulators badly contaminated; however, 
it was conceded generally that the con- 
tamination had been removed sufficiently 
so that the insulators could have remained 
in service. Referring to the table, one 
string of 9 10-inch suspension insulators 
was increased from 170 kv to above 260 
kv. Another string of 11 12-inch suspen- 


sion insulators was increased from 130 kv 


to 236 kv. Both of these strings had 
flashed over in service on 110-kv lines. 


Test 3 


Experiments were made on the re- 
moval of the cement dust, calcium car- 
bonate, and the combination of soot and 
oil, by injecting an abrasive into the 
water stream. Representative test data 
are shown in Table III. The four pin 
type insulators used on 12-kv lines, and 
the string of nine 10-inch suspension in- 


VALVE TO CONTROL 
WATER STREAM "A" 


ABRASIVE 
CHAMBER 


ABRASIVE 
INJECTOR 
NOZZLE 


sulators coated with calcium carbonate 
and magnesium carbonate were washed 
using an abrasive in the water stream. 
The percentage of the contamination re- 
moved from the insulators varied from 60 
to 85 per cent depending on the length of 
time the water stream was played on the 
insulators. The water stream was played 
on each pin type insulator for less than 30 
seconds and on the strings of nine 10-inch 
suspension units for about 1 to 1'/2 
minutes. 

In the case of the string of nine 10-inch 
suspension type insulators, shown in 
Table III, the flashover voltage was in- 
creased from 82 kv to over 270 kv (highest 
attainable from the potential transformer 
at the laboratory) by cleaning from 75 to 
85 per cent-of the surface. 


Table Ill. Contaminated Insulators Washed to Determine Increase in Flashover Voltage Abrasive Used in Water Stream 


Per Cent of 


Per Cent of 
Flashover Flashover Flashover Flashover Per Cent of 
Insulator in Fog Before of Clean in Fog After of Clean Contamination 
Type of Insulator Kind of Contamination Number Cleaning, Kv Insulator Cleaning, Kv Insulator Removed 
1 PRUE Serrnrccs.at 36. 22408 erste 0 S04 ewer ern 85 
ny enc Be Meitsiicanece 18.0% fe ene S2iccwkde ace 71 ..85 
pas, ape orto See octane 19. ReoO maitre bea OT ic8 seek coat 85 
10-inch suspension from 110-kv..Calcium carbonate and magne- : Pees cee Gaile Stemvegenretets - Caesemvastie’s a Species Sates = ue oe 
nese Catalogee datiiy (eathyh Ri iavE Cer Rauinten atid pares? ata hae peor etry esr a es Ea ok we ie roe 
dryi80 kv: wet, 50 ky. , O10 Pe Sut cedeatatione Very. aie ee Oak eects Piscscae Boy Beet poe ae 
string: dry, 535 kv; wet, 430 bad ee CHE aa Ge Fig Mee oat Me Ek nist cast s.-25 
kv tate tw 7.5 bah Yet AT Ie Benn RN ee ae 85 
Ginsulators..2-S2 cea aia 24......Did not flash- 
in string over at 260 
Pin type used on 12-kv lines.,.Calcium carbonate and magne- Rane e aie «s oo 
Catalogue rating: dry, 140 sium carbonate and dirt. Very Cty 3) 8e 24 
kv; wet, 80 kv bad rie ins os 


epee er one a Oe 
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.Figure:2 A 
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When using an abrasive in the. water 
stream, it is necessary to keep the stream 
in motion at all times; for if it is allowed 


to play on 


an insulator in one spot for 


more than a few seconds, it will destroy 


the glaze. 


The abrasive used in these tests was 
ground Monterey sand. Marble dust was 
tried but did not remove a sufficient 
amount of the contamination and packed 
in the injector. 

The experimental injector used for the 
abrasive is shown in Figure 1. The 
abrasive is injected into the water stream 
by opening valve B which by-passes some 
of the water through the orifice at C. The 


velocity of 


the water through the orifice 


LEAKAGE CURRENT IN WATER STREAM - MILLIAMPERES 


10° (20,9730 "40.5060" 70° *80) 190 
K V LINE TO GROUND 


Figure 2. Leakage current through a stream 
of water at 10 feet for 100, 1,000, and 3,000 


ohm water and various pressures 


Figure 2 C (right) 


LEAKAGE CURRENT IN WATER STREAM-MILLIAMPERES 


LEAKAGE CURRENT IN WATER STREAM =- MILLIAMPERS 


io) 
1G 


E 


80 90 
K.V. LINE TO GROUND 


ELL 
Geel 


100 


TANCE - IG FT. 
1000 S/N: 
100 110 120 130 


Figure 2 B 
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forces. the abrasive into tube D and thus 
into the water stream. Larger quantities 
of the abrasive material can be forced in 
the water stream by closing valve A 
slightly which increases the differential 
pressure across the injector. A larger and 
more practical injector for use in the field 
could be made if found necessary. | 

The abrasive injector has not been 
tried out in the field and the test results 
are preliminary to a more thorough in- 


vestigation. 


It has been demonstrated - 


that a more thorough cleaning job may be 


insulators, 


accomplished. with an abrasive in the. 
stream of water on badly contaminated 


eee 
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It was found that the flashover voltage 
can be increased considerably if the con- 
taminations which are hard to remove are 
broken up into smaller areas so that they 
do not present a continuous path over the 
insulator surface on which an arc can 
start. A good example is the case of the 
string of 11 special 12-inch suspension 
type insulators shown in Table II. These 
insulators had only 50 per cent of the 
surface cleaned yet the flashover voltage 
was nearly doubled. 


Leakage Current Passing Through 
the Water Stream 


Since the beginning of the electric 
power business it has been taught and in- 


Figure 3B 
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stilled into the personnel in the power 
business never to come in contact with an 
energized power line even if the contact be 
no more positive than a stream of water. 
Because of this education for safety, play- 
ing a stream of water on a power line or 
washing energized insulators with a 
stream of water practically was unheard 
of until a few years ago. 

The first tests conducted by the pacific 
Gas and Electric Company to determine 
the leakage current in a water stream 
were made in May 1941. This informa- 
tion was desired as it was intended to 
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Figure 3. Leakage currents through a stream 
of water at 15 feet for 100, 1,000, and 3,000 
ohm water and various pressures 
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clean energized insulators by washing 
with a stream of tap water in some loca- 
tions where it was very difficult to de- 
energize the line or bus for wiping and 
cleaning by hand. The safety of the 
workman was of particular concern. 

In 1944 when the department of elec- 
trical operation decided to use the high 
pressure water stream method of cleaning 
insulators over the entire Pacific Gas and 
Electric system, they required more com- 
plete information on the value of leakage 
currents that might be encountered by 
the workmen. Extensive tests were made 
by the bureau of tests of the department 
of engineering to obtain this information 
and make it’as complete as possible. A 
type A nozzle was used for all these tests. 
They were conducted by varying the size 
of orifice, water pressure at nozzle, dis- 
tance of nozzle to energized line, re- 
sistance of water and voltage of the line to 
ground. 

Some of the data obtained during these 
tests are shown in Figures 2A through 
7, Figures 2A through 4C show the 
leakage current in the water stream 
when using a 1/4-inch orifice for distance 
of 10, 15, and 20 feet, and for water with 
resistances of 100, 1,000, and 3,000 ohms 
per cubic inch at various nozzle pressures, 
and line-to-ground voltages. 

Figure 5 shows the leakage current in 
the water stream for various voltages and 
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Figure 4. Leakage currents through a stream 
of water at 20 feet for 100, 1,000, and 3,000 
ohm water and various pressures 
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Figure 5. Leakage currents through a stream 

of water for a 3/16-inch orifice at 10 feet 

and 400 pounds per square inch with variable 
water resistance 


water resistances when using a 3/16-inch 
orifice at a distance of 10 feet with 400 
pounds per square inch at the nozzle. For 
distances greater than 10 feet when using 
a 3/16-inch orifice the leakage current in 
the water stream is negligible. 

Figures 6 and 7 show the same informa- 
tion when using a 1/4-inch or a 5/16-inch 
orifice except that the data for distances 
of 15 feet and 20 feet have been added. 

It was observed that above certain 
critical pressures the stream would break 
into a spray and the leakage current would 
increase a relatively small amount for a 
large increase in nozzle pressure. T his 
will be noted especially in the curves for 
short distances, such as 10 feet, and pres- 
sures of 400, 500, and 600 pounds per 
square inch at the nozzle. 

The effect of water resistivity on the 
leakage current became less for a given 
voltage as the distance increased. This 
will be noted by referring to the curves in 
Figures 6 and 7. If the test setup had 
been carried out to 25 feet, 30 feet, and 
beyond, the curves would have become 
very nearly parallel to the abscissa. This 
would indicate that if the stream is 


broken up entirely into a spray, the cur- _ 


rent is carried from one drop of water to 
another as an electric charge, and not 
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through the stream as a solid fluid con- 
ductor. 

Grounded shielding was used over the 
nozzle and metal hose fitting for all setups 
to reduce the currents flowing in the 
circuit due to induced voltage. Correc- 
tions were made for these currents so that 
consistent data could be obtained for 
plotting the curves. In certain setups the 
induced currents were comparable or 
higher than the leakage current in the 
stream of water, but in all cases they were 
practically negligible insofar as the safety 
of the workman is concerned. The follow- 
ing gives the maximum currents obtained, 
due to induced voltages, at a distance of 
10 feet from the hot terminal to the 
nozzle: 


En 


Voltage to Ground, Kv Current, Ma 


MD seas See ctare. wnt tees te)ede 0.0045 
20 ..0.012 
ZN an DR oes Ho 0.030 
10am ones eee 0.045 
DAG AEA re arrernin co One 0.065 


To illustrate the use of the curves, 
assume that approximately 1.0 milliam- 
pere is the maximum leakage current 
that will be allowed to pass through the 
water stream, and assume the minimum 
resistance of the water is 500 ohms per 
cubic inch and the pressure at the nozzle 
is 400 pounds per square inch. The 
minimum working distances to be ob- 
served under these conditions would then 
be as shown in Table IV. 
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Figure 6. Leakage currents through a stream 

of water for a 1/4-inch orifice at 10, 15, 

and 20 feet and 400 pounds per square inch 
with variable water resistance 


Table IV. Minimum Working Distances, Feet 


nl 


Line 
Voltages, 3/y.-In. 1/,-In. 5/ie-In. 
Kyv— Nozzle Nozzle Nozzle 
Grounded (See (See (See 
Y Figure 5) Figure 6) Figure 7) 


One milliampere was selected for the 
reference current, as tests which have 
been conducted! indicate that the average 
man barely will feel one milliampere of 
current. This was verified by the writer 
while washing energized insulators. The 
length of the stream of water was short-~ 
ened gradually by walking toward the 
‘hot’ line until a perceptible current was 
felt and the reading noted on a milliam- 
meter. 

The writer considers that it is very un- 
likely that any workman will get nearer 
than these minimum distances given while 
washing energized lines. The preceding 
paragraphs are based upon observations 
of insulator washing crews and from 
personal experience. Ifa workman should 
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100 
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inadvertently turn the stream of water 
on a hot line that was too. close, and 
the current obtained was above the “‘let 
go’! value of 10 to 15 milliamperes, he 
automatically would break the continuity 
of the circuit by his muscular reaction 
moving the nozzle. 


Tests on Various Manufactured 
Nozzles and on Experimental 
Nozzles 


A 3-stage reciprocating pump having a 
capacity of 55 gallons per minute at 800 
pounds per square inch was acquired when 
the insulator washing experiments -were 
started. About 12 nozzles of various de- 
signs were obtained from manufacturers 
of fire fighting and tree spraying equip- 
ment and some from the testing plant fire 
apparatus. 

The tests were conducted by setting up 
a board scaled in feet as’ the background, 
and taking pictures of the stream of water 
against this background for comparative 
observation. It was recognized at the 
start of the tests that visual observation 
and memory were entirely unsatisfactory 
as a basis of comparison. All the photo- 
graphs were taken with the same exposure 
(one second) and on the same type of 
photographic film. 
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The photographs of the streams from 
some of the typical nozzles are shown to 
give a general idea of the results obtained 
from the various manufactured nozzles; 
see following table for identification. 


Photo- 
Manufacturer Diagram graph 
A. pebignire GAs cw) sierness Figure 9A 
Bis). 525% (Returned before di- 
mensions recorded) .. Figure 9B 
CPs. Figure’8 B cae smi an Figure 9C 
De Se Pig ure lS Gutcc a. jeter ot Figure 9D 


None of the manufactured nozzles 
tested was found suitable for insulator 
washing as they evidently were designed 
for fire fighting or tree spraying equip- 
ment. The stream from the nozzle of 
manufacturer A shown as Figure 9A, was 
the most satisfactory of any tested. It 
was originally an adjustable nozzle used 
in tree spraying. The adjustable interior 
parts were removed and the housing and 
orifice used for insulator washing. The 
stream from the nozzle of manufacturer 
B, shown as Figure 9B, was the most un- 
satisfactory of any tested; it could almost 
be classed as a fog nozzle. 

All the manufactured nozzles tested 
were made of a soft metal such as brass 
or bronze and some had cadmium or 
chromium plating on the interior. Visual 
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Figure 8. Drawings of representative manu- 
factured nozzles tested 


inspection of the various orifices showed 
that none had the polish necessary to 
create a satisfactory stream for insulator 
washing. 

The ideal nozzle for insulator washing is 
one that projects a solid or compact 
stream of water for as great a distance as 
possible from the nozzle without breaking 
intoaspray. The stream of water should 
strike the insulator with sufficient force 
to wash off the contamination. To give 
the stream sufficient energy to do this, 
the pressure at the nozzle should be of the 
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obtained from representative manufac- Figure 11. Streams of water obtained from 
nozzles tested 
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(C) 
Type Sketch Photograph 
ak Figue 12. . Drawings >>... eee 
of ©) = of representative ex- Ae sacere Figure 112A... gpa 10A and Figure 
perimental nozzles Baer Figure 12B....Figure 11A and Figure 
tested : 11B 

(D) Caries Figure 12C....Not given 

Di rncererecs Figure 12D....Not given 

E......Figure 12E....Not given 

4 ] Se BSUS Figure 12F....Not given 

signed, built, and tested, and the follow- Gio Figure 12G....Not given 


order of 400 to 500 pounds per square inch ing table gives the type, diagram number, 
or higher. The volume of water used and corresponding photograph of the Referring to the sketches, one of the 


should be a minimum so that a maximum stream of water obtained if one is ap- nozzles (Figure 12G) is a plain tapered 


number of insulators can be washed per pended. tube, and one (Figure 12) has a center 
tank of water. To conserve on water and member similar to a parabolic pointed 
still have enough energy in the water Figure 13. Variation of water resistance with needle in a parabolic shaped orifice. All 
stream to do the work, the orifice should temperature of the other experimental nozzles have 


be as small as practical and still throw 
sufficient water for the washing job. 

With this objective in view a study was 
then made to determine what data was 
available on nozzle design from the ex- 
periments of others.?~7 

Due to lack of time our search may not 
have been complete but the most in- 
teresting and thorough data found were 
the experiments made on fire nozzles? by 
John R. Freeman, in the year 1888-89 
for the Associated Factory Mutual In- 
surance Company. 

A good fire nozzle was developed from 
these experiments. The final design 
suggested by Freeman, as the standard 
nozzle, has been in use up to the present 
with little or no change. 

This design of nozzle was not suitable 
for insulator washing, as the water did not 
remain in a solid or compact stream for a 
sufficient distance from the nozzle to 
strike the insulator with enough force to 
remove the contamination. The nozzle 
was designed for maximum pressures of 
the order of 150 pounds per square inch 
and at higher pressures tended to spray. 

The study indicated that there was 
very little information available for the 
design of a special insulator washing 
nozzle, so it was developed by experi- 
ment, utilizing some of the information 
obtained as a guide. 

Several experimental nozzles were de- TEMPERAT 
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Figure 14. Water resistance measuring in- 
strument, front view. Lucite receptacle at 
right for water sample 


a center cluster of small brass tubes used 
as straightening devices to take the tur- 
bulence out of the water as the orifice 
is approached. 

All of the orifices in the nozzles were 
polished highly before testing, and obser- 
vations made before and after polish- 
ing proved the importance of this opera- 
tion in the shop. 

It was found early in the tests that the 
straightening tubes improved the water 


stream in any design in which they were 
used. Reference to the views of the 
type A and B nozzle (Figures 10A, 10B, 
114, and 11B) show the improvement 
when the straightening tubes are used. 

It was found also, early in the field ex- 
perience and verified by tests, that the 
abrasive effect of foreign particles in some 
of the water used made it necessary for 
frequent polishing. In some locations a 
plain tapered orifice shown as Figure 8B 
and Figure 12G, that was made out of 
soft brass, would have to be polished at 
the end of each day of washing. 

The orifices of the type A, D, E, and F 
nozzles (Figures 12A, D, E, and F) were 
made of stainless steel and polished. 
The orifices of the types B and C nozzles 
(Figures 12B and C) were cemented 
tungsten carbide wire drawing dies and 
also polished. These nozzles were used 
for one full insulator washing season and 
all had approximately the same service. 
They were returned then for visual in- 
spection to determine the abrasive effect 
of sediment in the water. It was found 
that both types showed a slight amount of 
wear and after polishing could be used for 
another full season. 

The reports of the men in the field and 
the measured diameter (from the pictures) 
of the compact part of the stream for a 


Table V. Relative Rating of Nozzles 
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Interior view of water resistance 
measuring instrument 


Figure 15. 


given distance from the nozzle was used as 
a basis for rating the nozzles. This gave 
the relative rating of the nozzles for wash- 
ing insulators as seen in Table V. For 
comparison the relative rating of the 
manufactured nozzles are given also. 

At the present time the Pacific Gas and 
Electric Company is equipping all the 
insulator washing trucks with the type A 
nozzles having orifices of various sizes to 
meet different washing conditions. The 
orifice is made of stainless steel. Tool 
steel also was tried but rusting would re- 
quire frequent repolishing. 


Effect of the Resistance of Water 
Used for Washing Energized 
Insulators 


The conductivity of the water used for 
cleaning insulators with a high pressure 
stream is very important. If a water 
used has a resistance which is too low, it 
will cause a flashover of the insulator 
being cleaned. The resistance of water 
also vaties with temperature; that is, as 
the temperature of the water increases, 
its resistance decreases. 

In order to determine the minimum re- 
sistance of the water that can be used 
safely, a number of tests were made by 
washing energized insulators using waters 
of various conductivities. 

Several representative types of in- 
sulators were used for these tests, and the 
tests were made using the approximate 
line to ground voltage of the circuit on 
which the insulators are normally used. 

The test procedure was to reduce the 
resistance of the washing water, by the 
addition of sodium chloride, to a value 
low enough to cause a flashover of the 
insulator under test. Table VI gives the 
minimum resistance of water that can be 
used on various types of energized in- 
sulators that are clean and the recom- 
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Figure 16. Wiring diagram of water resistance 
measuring instrument 


mended minimum that should be used in 
the field making allowances for dirty in- 
sulators. 

As more experience is obtained in the 
field the recommended minimum values 
of water resistance of Table VI may be 
revised. 

Because of the fact. that the resistance 
of water changes with temperature, it 
is very necessary to measure its resist- 
ance periodically, especially when it has 
been standing in a tank in the hot sun. 


1214 


Table Vil. Power Loss 


Line 


Type of Insulator Voltage, Kv 
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The variations in water resistance with 
temperature are shown in Figure 13. 

As an illustration, assume that 3-part 
pin-type insulators are being washed in a 
66-kv line during a hot day. The resist- 
ance of the washing water used measured 
1,000 ohms per cubic inch at 60 degrees 


Figure 17. A (left) and B (right). Typical 
washing equipment used by the Pacific Gas 
and Electric Company 
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Fahrenheit when taken from the main or 
well. During lunch hour the tank of 
water was left standing in the hot sun 
and its temperature increased to 80 
degrees Fahrenheit. Referring to Figure 
13, its temperature, if measured, now 
would be only 820 ohms per cubic inch 
instead of 1,000 showing that cognizance 
should be taken, by the washing crew, of 
this lower resistance. Several instances 
have occurred in the field where flash- 
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Figure 18. Cor- 
rection _ factors 
for wet flashover 
voltage at 7,000 
ohms per cubic 
inch for various 
water resistances 
and types of in- 
sulator 


PIN TYPE 


CURVE NO.4 


overs have been traced directly to the use 
of water of too low resistance. 


Water Resistance Tester 


An instrument to measure the resist- 
ance of the water is required, as it is very 
important that the washing crews know 
the resistance of the water before using 
it to clean energized insulators. 

Inquiries indicated that there were no 
instruments available on the market 
which were simple to use«and would show 
the resistance of the watét" directly with- 
out iritermedfate calculations. ‘To meet 
this requirement water resistance testers 
were designed and built® at the bureau of 
tests of the Pacific Ga ahd Electric Com- 
pany. oe a Mo areal llemaratae 

The instrument is designed on the same 
principal as the ohmmeter but uses a 
higher voltage to reduce errors due to 
polarization.- The instrument is scaled to 
read. the resistance of the water sample 
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directly in ohms per inch cubed. A photo- 
graph of the water resistance tester is 
shown in Figures 14 and 15, and a 
schematic wiring diagram of the circuit of 
the instrument is shown in Figure 16. 

To measure the resistance of water, a 
sample is placed in the water test 
tube which is shown below the calibration 
adjuster in Figure 14, The zero of the 
instrument then is adjusted by depressing 
the calibration switch and turning the 
calibration and adjuster until the instru- 
ment reads zero. The resistance switch 
then is pressed, and the instrument will 
read the resistance of the water being 
tested directly in ohms per inch cubed. 

One of these instruments is supplied on 
each washing truck so that the crew al- 
ways can measure the resistance of the 
water in: order to be sure that its resist- 
ance is above the *fiinimum allowed: be- 
fore using it for cleaning energized in- 
sulators. —— 

Measurements to date show resistances 


Table VIII. Cost Comparison 


Total Costs 


; Number of High 
Voltage Equipment Insulators Pressure Other 
Report of Line, Ky Washed Washed Water Methods Savings 
Assent ane Obs. .ars.s 19 small substations..... ? «....- $190.00. . .$2,062.00..... $1,872.00 
Bee ote AHGIOO. ante 12 small substations..... ? ....-- BIO 100; oo et ded OO aye citar 548.00 
C....12 and 66.......9 substations.......... ae CStve teh 1,057.00... 4,840.00..... 3,783 .00 
5 66-kv lines 
D....12, 66, and 110. .4 substations........... Pete Mocs foyec it <00k.. 8030 60 -00lrear 2,654.00 
4 lines 
E....12,22, and 66 ..2,246 poles........----- 17,444... .. 2,825.00... 8,505.00 ..... 5,680.00 
F....12,70,and110.. 260 poles....... ho Salas By GOs. hai. 875,00... 1,665.00. .... 1,290.00 
G....12, 22, and 66 ..6,387 poles.........---- SOU cts cra 7,538.00...Estimated.... . Estimated 
: DAS Rone ey eck s 1/2 to 2/3 


times washing of wiping 


a eS ee 
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2000° - . 3000 4000 


RESISTANCE OF SPRAY WATER~OHMS PER CU. IN. 


of the water used in the various terri- 


tories served by the Pacific Gas and 
Electric Company varied from 180 to 
10,000 ohms per cubic inch. It is possible 
a wider range of resistance may be found. 
The aforementioned values show how im- 
portant it is to check the water in use. 


Operating Economics Effected by 
Washing With a High Pressure 
Stream of Water 


There recently has been a symposium 
composed of contributions from power 
companies (including the Pacific Gas and 
Electric Company) on the subject of 
cleaning energized and unenergized in- 
sulators by various methods. These’¢on- 
tributions were published® in a ‘booklet 
and have been of considerable assistance 
in carrying out these tests and develop- 
ments. 

It was noted that the question of deter- 
mining the washing schedule was an im- 
portant one brought out by several of the 
contributors. This is a very difficult 
question*to answer as it depends on so 
many factors, such as — mid 
1. Kind of contamination. 

2. Seasonal weather conditions. 
3. Type of insulators and so forth. 

One method used by the Pacific Gas and 
Electric Company to determine the wash- 
ing schedule was to hang several pilot in- 
sulators in the areas and bring insulators 
in for periodical wet flashover tests. The 
washing schedule then is set up which 
gives a flashover with a safety factor 
above line to ground potential. 
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It would seem that the best schedule to 
set up would be one that would keep the 
insulators from becoming badly con- 
taminated, so that there would be no 
danger of pole top fires and flashovers 
when the fog and rains occurred. 

The prevention of pole top fires is one 
of the intangible economies effected. A 
recent example showed the value of wash- 
ing insulators and keeping them clean. In 
a certain district some insulators had been 
washed and others had not, due to a 
shortage of manpower and equipment; a 
heavy fog and drizzle occurred; there 
were 57 pole top fires and 12 circuit in- 
terruptions on the unwashed lines, and no 
pole top fires and no circuit outages on the 
washed lines. The line voltage, insulators 
and circuit conditions were the same for 
each line. 

The saving in power when line insula- 
tors are kept clean is another intangible 
economy effected. Readings of power 
loss on dirty and clean insulators under 
the same heavy fog conditions were made. 
Table VII gives some of the results ob- 
tained. 

A very tangible economy may be found 
when a comparison is made between the 
cost of cleaning insulators by the high 
pressure water stream method and the 
dry wiping method. Table VII shows 
some costs taken at random from reports 
of various divisions. 

Photographs of the typical washing 
equipment used by the Pacific Gas and 
Electric Company are shown as Figures 
17A and B. Asa general rule the pumps 
have a capacity of 55 gallons per minute 
at 800 pounds per square inch. 


Summary 


The tests definitely have shown and 
subsequent field experience have demon- 
strated that the high pressure water 
stream method of cleaning insulators is 
both practical and more economical than 
other methods used. It presents one of the 
best opportunities for the reduction of the 
maintenance cost on transmission and dis- 
tribution lines. 

A high pressure compact and solid 
water stream will remove practically 100 
per cent of ordinary dust and dirt and from 
50 to 85 per cent of bad contamina- 


tion. The flashover voltage is raised to 
practically 100 per cent of a new clean 
insulator when ordinary dust and dirt are 
removed. The flashover voltage is in- 
creased enough so that the badly con- 
taminated insulators may remain in 
service if washed frequently. 

Tests have shown very definitely that 
the stream of water should hit the in- 
sulator before it breaks into a spray if a 
good cleaning job is obtained, especially if 
the insulator is contaminated badly. 

Cleaning insulators with a high pres- 
sure stream of wateris a safer method than 
wiping by hand. If the workman main- 
tains the generally recognized safe work- 
ing distance, he will not receive a shock 
or a dangerous leakage current through 
the stream of water. It eliminates the 
ever present hazard of a lineman climbing 
a pole supporting an energized line and an 
unenergized line and inadvertently wiping 
the energized insulators. 

The reduced expense of cleaning in- 
sulators will allow more frequent cleaning 
and will eliminate to a very great extent 
pole top fires. 

Cleaning the insulators with a high 
pressure stream of water instead of climb- 
ing poles and wiping by hand reduces to 
a minimum a very obnoxious job insofar 
as the workman is concerned, which in 
turn aids employee-management relation- 
ship. . 

A set of well built and highly polish 
nozzles of various sizes is essential for a 
successful insulator washing program. 
Although relatively an inexpensive part of 
the apparatus, it is very important; and 
further work should be done to improve 
the nozzles at the higher pressures. 


Appendix 


Correction Factors for Wet Flashover 

Voltage at 7,000 Ohms Per Cubic Inch 

for Various Water Resistances and 
Types of Insulators 


During the experimental work on washing 
energized insulators it was brought to our 
attention, by analysis of test data, that two 
insulators of different designs, having the 
same wet flashover value when using 7,000- 
ohm water, would have entirely different 
wet flashover values with a water having 
some other value of resistance. 


When reference was made to AIEE 
Standard 41, section 41-600 (1930) curves 
were found giving the variation of wet flash- 
over voltage with water resistance. It is 
pointed out in this section that it is fre- 
quently difficult to get consistent results for 
wet flashover voltages when the tests are 
made in different laboratories. 

The curves A and B shown aré only for 
typical suspension insulators manufactured 
at that time in two different countries. 
Curves were not given for various designs of 
insulators, so it may be assumed that it was 
thought the correction factors would apply 
to all types. 

The later Standard 41A (1941) and Stand- 
ard-29 (1941) do not show curves of correc- 
tion factors but state the resistance of the 
water shall be 7,000 ohms per inch cube. 
As a general rule it is not convenient to 
obtain water of a specific resistance so cor- 
rection should be made for the resistance of 
the water used, if results of a reasonable 
accuracy are desired, and if it is desired to 
make a comparison between various mant- 
facturers catalogue values and data ob- 
tained in the field. 

The curves of Figure 18 were obtained for 
various insulators and various water re- 
sistances. The correction factors are given 
to correct for wet flashover at the AIEE 
standard of 7,000 ohms per inch cube. 
These curves are given for the information 
and convenience of anyone desiring to use 
them while performing wet flashover tests 
on the types of insulators shown. 

The wet flashover tests were made accord- 
ing to the AIEE Standards. The under 
surfaces of the insulators were ~ wetted 
thoroughly before the voltage was applied, 
but an appreciable variation in wet flashover 
voltage was experienced as it was difficult to 
keep all physical variables constant. 
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Submarine Detection by Sonar 


A. C. KELLER > 


NONMEMBER AIEE 


ONAR, the only effective method of 

detecting completely submerged sub- 
marines was a major factor in the defeat 
of the U-boat and the winning of the 
Battle of the Atlantic. A majority of the 
996 enemy submarines sunk during World 
War II was detected and located by 
sonar. The word sonar is formed from 
the phrase SOund Navigation And Rang- 
ing and applies broadly to under water 
sound devices for listening, echo ranging, 
and locating obstacles. 

-The QJA sonar system, one of those 
which got into active service during 
World War II, is described here. This 
_ equipment was designed by Bell Tele- 
phone Laboratories and manufactured by 
the Western Electric Company. It con- 
sists of electronic control and indicating 
equipment (Figure 1) associated with a 
retracting mechanism (Figure 2) which 
houses the transducer (Figure 3) (super- 
sonic transmitter-receiver) inside of the 
streamlined dome (Figure 4) designed to 
reduce turbulence at ship operating 
speeds. The transducer makes use of 
ADP (ammonium dihydrogen phosphate) 
synthetic piezoelectric crystals which are 
capable of handling high power at high 
efficiency. 

For echo ranging, a short pulse of 
supersonic sound usually about 25 ke is 
transmitted into the water by the trans- 
ducer as a highly directional beam. Im- 
mediately after a short pulse of sound is 
transmitted, the electric system is trans- 
ferred to a receiving condition and the 
transducer then acts as a hydrophone to 
pick up supersonic signals, in particular, a 
reflected portion of the outgoing signal 
from an enemy submarine as indicated in 
Figure 5. The received energy is ampli- 
fied and converted into both visual and 
audible indications. The time required 
for the pulse to travel to the submarine 
and return is a measure of the range. The 
target range is indicated automatically by 
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two types of visual indicators. One of 
these shows the range on a calibrated 
circular scale as a flash of light. The 
other is a cathode ray oscilloscope on 
which the range is indicated by the dis- 
tance a spot has moved from its starting 
point, The oscilloscope is part of a BDI 
(bearing deviation indicator) unit and 
also shows, by a suitable deflection of the 
spot, whether the target is to the right or 
left of the transducer bearing. 

In addition to echo ranging, the equip- 
ment is also used for sound listening to 
provide means for determining the bear- 
ing of any source of noise or signals within 
the frequency range of the equipment. A 


trained operator, by listening, can esti-- 


mate the type, size and speed of the 
sound source. Used for telegraph com- 
munication under water, the equipment 
permits communication with near-by 
vessels provided with suitable equipment. 

As shown in Figure 6, the electronic, 
control, and indicating equipments are 
mounted on or near the bridge and the re- 
tracting mechanism containing the trans- 
ducer and dome is mounted in a sound 
room below decks. 

The major units contained in the con- 
trol rack of Figure 1 are as follows: 
Receiver and driver oscillator. 

Driver amplifier. 
Indicator and control unit. 


Bearing deviation indicator. 
Training control amplifier. 


SN es 


In addition to these, directly associated 
with the conttol rack are a loudspeaker, a 
head telephone set, a hand telegraph key, 
and a push-button switch for the raising or 
lowering of the dome containing the trans- 
ducer. 

Some of the principal features of the 
QJA equipment are as follows: 


1. Unicontrol of frequency of transmitted 
signal and receiver tuning. 


2. TVG feature (time variation of gain 
control). 
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3. ADP crystal transducer with broad 
band feature. 


4. A sound transparent stainless steel 
dome. 


5. Sweep frequency signaling pulse as well 
as constant frequency pulse. 


6. Sealed plug-in type relays for control- 
ling transmitted pulse and switching to 
receiving condition. 


7. Commutator-type transmitter for train- 
ing control of transducer. 


8. Beat frequency control of received audio 
signal. 


9. Audio band width selectivity. 
10. MTB (maintenance of true bearing). 


11. Optional hand wheel or push button 
control of transducer bearing. 


12. Elimination of limit controls on trans- 
ducer bearing mechanism by use of a rotary 
contactor. 


Theory of Operation 


The theory of operation of the QJA 
equipment is shown in schematic form 
in Figures 7 and 8. These schematic 
drawings are single line type in order to 
represent the transmission path and so 
simplify the diagrams. 

Figure 7 shows a schematic diagram of 
the frequencies employed in the trans- 
mitting circuit during the generation and 
sending of a pulse into the water without 
the use of the so-called sweep frequency 
feature. 

A frequency of 150 ke is generated by 
tube V-110 and is amplified by tube V- 
109. Relay K-101 in the receiver and 
driver oscillator unit and relay K-2901 in 
the bearing deviation indicator unit are 
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operated momentarily to transmit the 
pulse. The relays are under control of 
the keying mechanism in the indicator 
and control unit (not shown in Figure 7). 
The amplified 150 kc is impressed on the 
varistor modulator CR-101. Tube V-107 
is a variable frequency oscillator which 
generates any frequency from 160 to 180 
ke. The variable capacitor for controlling 
the frequency of oscillation is ganged with 
another variable capacitor in the tuned 
input circuit of the receiver which has a 
tuning range from 10 to 30 ke. ‘The 
circuit is so arranged that tube V-107 
oscillates at a frequency which is always 
150 ke higher than the input tuning. The 
tuning dial is scaled to correspond with 
the input tuning, that is, 10 to 30 ke. 
Accordingly, for a given setting of the 
tuning dial, tube V-107 oscillates at a 
frequency which is 150 kc higher than the 
dial setting. For example, if the tuning 


dial is set at 24 kc, tube V-107 will be 


tuned to oscillate at 174 ke. The output 
of the oscillator tube V-107 is amplified by 
tube V-108 and is impressed on the 
varistor modulator CR-101. 

The varistor modulator CR-101 modu- 
lates the two frequencies impressed upon 
it, namely 150 ke, and for the example 
chosen 174 ke, and produces the difference 
frequency 24 kc. It should be noted that 
the output of the modulator CR-101 has 
the same frequency as the setting of the 
tuning dial. 

The output frequency of the varistor 
modulator which is a short pulse, in this 
case of 24 kc, is amplified by the driver 
amplifier and is then transmitted to the 
transducer. 


Figure 8 shows a schematic diagram of 
the frequencies employed in the receiving 
circuit during the reception of an echo 
with the sweep frequency control in the 
“off” position. Again assuming that the 
echo which strikes the two halves of the 
transducer is a frequency of 24 ke, the 
instrument transforms this sound wave 
into electric energy of the same frequency. 
The current generated flows to the BDI 
unit through the back contacts of relay 
K-2901 to the input modulator CR-2901. 
A 225-cycle-per-second frequency is also 
applied to the modulator which in effect 
connects the receiver input to either half 
of the transducer alternately at a 225- 
cycle rate. The modulator output then 
consists of the carrier frequency, 24 ke, 
and the two side bands 23.775 ke and 
24.255 ke, all of which are applied to the 
input of the receiver and driver sete 
unit, 


The input of the receiver is a tuned 
circuit which can be adjusted to any fre- 
quency from 10 to 30 ke under control of 
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QJA control equipment rack 


Figure 1. 


the main tuning dial, With the tuning 
dial set at the same frequency as during 
the transmission of the pulse, in this case 
24 ke, the received signal is modulated by 
the 225 cyéles of the input modulator and 
the resulting frequencies are amplified by 
tube V-101 and then impressed on 
modulator tube V-102. 

Tube V-107 is the same variable fre- 
quency oscillator used in the generation of 


the transmitted pulse and since the 


tuning dial has been assumed to be set at 
24 ke, tube V-107 oscillates at a fre- 
quency of 174 ke, which is impressed on 
the modulator tube V-102. ‘The modula- 
tor tube modulates the frequencies im- 
pressed upon it, namely, in this example 
23.775, 24, 24.225, and 174 ke and pro- 
duces the difference frequencies of 149.- 
775, 150 and 150.225 ke so that the out- 
put of the modulator tube will be near 
150 ke for any setting of the tuning dial. 
These frequencies are amplified by tube 
V-103 and are impressed on tube V-104 
which is a combined modulator and oscil- 
lator tube. One-half of the tube V-104 
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Figure 2. Retracting gear 


oscillates at a. frequency between 150 and 
151.6 ke as determined by the setting of 
the beat frequency oscillator which has a 
scale graduated from 0 to 1.6 ke. This 
oscillator generates a frequency which is 
150 ke higher than the scale reading on 
the beat frequency dial. Accordingly, 
when this dial is set at 0.8 ke, the oscilla- 
tor generates 150.8 ke. This frequency 
and the three frequencies received from 
tube V-103 are modulated in the other 
half of tube V-104 to produce the differ- 
ence frequencies of 0.575, 0.800, and 
1.025 ke. It will be noted that the scale 
on the beat frequency dial indicates the 
average output frequency of tube V-104. 

The output of tube V-104 is connected 
to a band width switch which has three 
positions, namely, peak, band, and flat 

corresponding toabout 106, 300,and 1,200 
cycles, respectively. In any one of the 
switch positions, 800 cycles passes freely 
through the circuit. 

For the example chosen, 575, 800; and 
1,025 cycles are amplified by tube V-105 
and are then transmitted to the BDI unit, 
to the phone jacks, and the loudspeaker. 
The BDI unit amplifies and then de- 
modulates the three frequencies into a 
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225-cycleenvelope which is compared toa 
reference 225 cycles supplied by the 225 
cycle oscillator. This comparison is made 
in an amplitude and polarity sensitive 
conjugate rectifier, the output of which is 
a potential which is positive or nega- 
tive depending on whether the transducer 
is trained to the left or right of the target. 
The spot on the cathode ray tube ts 
deflected horizontally to the left or right 
depending on the polarity of the d-c out- 
put of the conjugate rectifier. .A sweep 
circuit which moves the spot vertically at 
the same time indicates the approximate 
range of the target. 

The 575-, 800-, and 1,025-cycle signal 
is also amplified by tube V-106 and is then 
connected to the neon lamp on the re- 
volving disk in the indicator and control 
unit. This pulse of frequencies gives a 
short flash of the neon lamp. The position 
of the neon lamp at the instant of flash 
with respect to the fixed circular scale 
indicates the range in yards of the target 
which produced the echo. 


A sweep frequency feature is provided 
in the equipment which is distinct in 
character and accordingly more easily 
identified under some conditions, es- 
pecially for weak echos and in the pres- 
ence of high noise levels. For this case, as 
shown in Figure 7, tube V-110 generates 
a frequency which begins’ at 150.4 ke 
when relays K-101 and K-2901 are 
operated and sweeps downward to 148.8 
ke when the relays are released. Accord- 
ingly, the frequency of the pulse decreases 
1,600 cycles during a period of about 150 
milliseconds. In recéiving a sweep fre- 
quency type signal, the tuning is broad 
enough to pass the sweep frequency which 
is a 1.6-kc band, 400 cycles below, to 
1,200 cycles above the setting of the 
tuning dial. 

As-can be seen in Figure 8, the equip- 
ment is useful for listening for propellor 
and machinery noise generated by distant 
vessels. An experienced listener may be 
able to identify the type of vessel which 
creates the noise by its quality or charac- 
ter. When this feature is used, the pulse 
initiation circuit is disabled and the 
equipment is always in the listening 
position as in receiving echos during echo 
ranging. The strongest noise signal is 
generated when the transducer is aimed 
directly at the source of noise so that this 
bearing -of the transducer shows the -bear- 
ing of the source of noise but does not 
give an indication of the range. The 
equipment is responsive to frequencies in 


the 10 to 30-kc band .and the strongest — 


component in this band can be-determined 
by sweeping the tuning dial through this 
range. ; 
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Figure 3. Transducer 


Transducer 


The transducer makes use of 45-degree 
Z-cut ADP synthetic piezoelectric crys- 
tals.! It is used for both transmitting and 
receiving and is highly efficient over a 
range of frequencies. When used in 
transmitting, it translates electric pulses 
into corresponding supersonic pulses into 
the water in a beam pattern with the high- 
est intensity perpendicular to the crystal 
face shown in Figure 9. Asa sound pickup 
device or hydrophone, it receives echos or 
reflections of the transmitted sound pulses 
and converts them to electric impulses for 
transmission to the receiver amplifier. 
The wide frequency range makes possible 
a choice of frequency which is not only 
useful in connection with simultaneous 
operation of equipment by several ships in 
the same area but also permits a degree of 
control over the directivity. The trans- 
ducer is more directive at the higher fre- 
quencies, because of its larger size in 
terms of wavelength at those frequencies. 

The design of the transducer determines 
in.an important way the major character- 
istics of several.of the other units of an 
echo ranging system. For example, the 
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Figure 4. 


efficiency of the transducer in producing 
underwater sound of sufficient intensity 
determines the size of the power amplifier 
required. Also the frequency range of the 
transducer directly specifies one of the 
important characteristics of the receiver 
unit. The physical size and shape of the 
transducer also determine the size and 
weight of the streamlined dome and the 
associated retracting mechanism. For 
these reasons, considerable attention was 
given to the design of the transducer. 
It was known that a beam width of 
about 20 degrees was required at points 10 
decibels below maximum response in 
order to provide good operating charac- 
teristics. ‘Calculations indicated that 
such'a beam width could be obtained by a 
vibrating array of about 10 inches in 
diameter. This diameter was:considerably 
smaller than transducers having similar 
directivity characteristics which were in 
use at the time transducers for the QBF* 
and QJA were being designed. Experi- 
mental work demonstrated the feasibility 
of obtaining these beam patterns with the 
small size in accordance with theory. 
Older designs which were examined, :par- 
ticularly of the magnetostriction type, re- 
quired larger diameters for the same beam 
width because of the deflection character- 
istic of the diaphragm to which the 
actuating units were fastened. As aresult 
of the diaphragm action, piston-like 
motion was not achieved ‘so that the 
effective area was considerably Jess than 
Be nieces 


* The-0 BF equipment was designed prior to -the 
QJ A equipment and uses a ‘similar transducer with 
45-degree Y-cut Rochelle salt ‘crystals. 
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the real area of these earlier transducers. 

As can be seen in Figure 9, the crystal 
array was provided with lobe suppression 
which is accomplished by grading the 
amplitude of motion of the crystals into 
two. parts. The center and thinner 
crystals operate at an amplitude twice 
that of the outer crystals which are twice 
the thickness of the inner crystals. Elec- 
trically all of the crystals in each half of 
the transducer are connected in parallel so 
that the potential gradient across the 
thin crystals is twice that of the others. 
If all of the crystals were of the same size 
and therefore vibrated with the same 
amplitude to give a piston action over the 
entire crystal array, the first side lobes, as 
can be shown by calculation, are 13.5 
decibels below the maximum response. 
In contrast, by grading the amplitude as 
shown in the array of Figure 9, the first 
side lobes can be suppressed to be better 
than 20 decibels below the main beam 
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Figure 5 (left). Sonar 


echo ranging 


160 TO 


30 KG. 


Figure 7 (above). Block 
schematic diagram of 
transmitting circuit 


Figure 6. Outline of 
sonar equipment in ship 


with only a slight increase in the width of 
the main lobe. The crystal array as 
shown in Figure 9 is about 10*/2 inches on 
a side-and gives the beam pattern shown 
in Figure 10. 

The crystals are mounted in groups of 
about one inch square on one face of the 
steel base plate directly opposite steel 
resonators on the other face. These com- 
binations provide efficient 1/2-wave- 
length units with a nodal point at the 
supporting base plate. The crystal 
groups are connected electrically into 
halves about a vertical line and each half 
is connected to the high side of a trans- 
former; the low sides of the transformers 
provide impedance matches to the driver 
amplifier and receiver amplifier circuits. 
These transformers are mounted within 
the transducer case. The contacts be- 
tween the crystals and their electrodes are 
gold to gold. Gold is evaporated on the 
crystals and gold plated metal foil is later 
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attached to the prepared crystals. This 
combination provides very low interface 
electrical resistance and consequently 
minimizes heating at this point during the 
transmission of the high power outgoing 
pulse. 

The crystal array and resonator plate 
assembly are supported in rubber mount- 
ings inside a Steel case. A rubber closure 
essentially sound transparent is vulcan- 
ized to the steel case, forming the front 
face. The case is sealed by a rubber gas- 
keted steel cover which also serves to 
house the matching transformers within 
the cylindrical section. A sound absorb- 
ent baffle consisting of alternate layers of 
100-mesh wire cloth and expanded metal 
is fastened to the inside of the case directly 
back of the steel resonators. The func- 
tion of this sound absorbent baffle is to 
attenuate signals through the back of the 
transducer and also to reduce reflections 
within the case. The transducer assembly 
is supported by a flange at the top of the 
cover casting which is attached to the 
vertical training shaft of the retracting 
gear. The transducer can be rotated 
within a cylindrical space 12 inches in 
diameter. The entire transducer weighs 
about 200 pounds. 

The inside of the transducer is vacuum- 
filled with electrical grade castor oil from 
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which air and water vapor have been re- 
moved by evacuation. The crystal array 
has an effective area of about 200 square 
centimeters so that with an electric power 
input of the order of 100 to 150 watts, it 
corresponds to at least 0.5 watt per square 
centimeter of crystal area. Because the 
conversion efficiency of the crystals is 
nearly perfect, most of this power is con- 
verted into acoustic energy. If the trans- 
ducer is operated near the surface of the 
sea, which corresponds to atmospheric 
pressure, an energy density of one-third 
watt per square centimeter can be sup- 
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Figure 8. Block schematic diagram of receiving 
circuit 


ported which is less than the working 
figure stated above for the transducer. It 
has been found that many liquids, in- 
cluding castor oil, will support more 
energy density than indicated by the cal- 
culated and steady state value based on 
pressure only. The cohesive forces of the 
liquid and the duration of the applied 
energy both have an effect on cavitation 
and therefore on energy density. 

The earlier QBF system made use of a 
similar transducer using 45-degree Y-cut 
Rochelle salt crystals rather than 45- 
degree Z-cut ADP crystals. In this de- 
sign it was found essential to provide 
thermistor protection for the transducer 
in order to avoid overheating of the crys- 
tals with subsequent electrical breakdown. 
In the QBF transducer design the thermis- 
tor was designed so that no appreciable 
reduction in output was observed for 
normal pulse lengths and pulse rates but 
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prolonged application of power to the 
transducer automatically cut the input 
level. For prolonged application of full 
power to the Rochelle salt transducers, 
temperature of the crystals was found to 
rise and this in turn drove the water of 
crystallization of the Rochelle salt crystals 
to the crystal edges across which the 
operating voltage was applied. This 
marked reduction in leakage resistance 
causes a substantial increase in current 
with corresponding heating and melting 
and breakdown of the crystals under 
these conditions. In contrast to the 
Rochelle salt design, the ADP crystal 
transducers will carry full power in- 
definitely without deterioration and with- 
out the protecting thermistor. 


Streamlined Dome 


Having determined that a satisfactory 
transducer could be designed rotatable in 
a cylindrical space 12 inches in diameter, 
it was then necessary to design a stream- 
lined dome to surround the transducer, no 
wider than necessary, but sufficiently 
large to provide ample clearance for the 
rotating transducer. In co-operation 
with the United States Navy David 
Taylor Model Basin, a dome shape was 
worked out, of streamlined form, having a 
length of 50 inches and a maximum width 
of 16 inches, the maximum width being 
based on the transducer diameter together 
with suitable clearances, dome wall thick- 
ness, and so forth. The length-to-width 
ratio of the dome shape was selected to 
reduce self-noise and turbulence to a mini- 
mum at ship operating speeds. Figure 4 
shows the dome which was designed for 
the QBF and the QJA systems. The 
body of the dome consists of a 1 /8-inch 
stainless steel shell with straight vertical 
sides and the streamlined cross section. 
The front part of the lower portion of the 
dome is provided with a corrosion resist- 
ant steel window about 0.018 inch thick, 
reinforced internally by a stainless steel 
expanded metal web welded tothe body of 
the dome and to the window at each inter- 
section of expanded metal. The window 
is essentially sound transparent and per- 
mits transmission and reception of super- 
sonic signals through an angle of about 
135 degrees to the right and left of the 
major axis of the dome. 

The development of this type of sound 
transparent window was the result of the 
investigation of many types of materials 
and constructions including plastics, im- 
pregnated wood, reinforced rubber. The 
window design, of thin stainless steel and 
expanded metal, causes less than a 
1 decibel attenuation of the sound energy 
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Figure 11. Transducer beam patterns with and’ 
without dome 


over the frequency range of 10 to 30'ke of 
the equipment and also minimizes re- 
flections inside the dome. 

As can be seen from Figure 4, a stain- 
less steel bulkhead is provided near the 
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after end of the dome. Fastened to this 
bulkhead is an absorbing panel and a re- 
flecting pad. to. provide sound absorption 
and reflection respectively. This com- 
bination reduces: sound transmission or 
reception through the stern section of the 
dome and the baffle reduces the reflections 
within the forward part of the dome. 
Figure 11 shows a measured beamr pattern 
of the transducer inside the streamlined 
dome. 

The domes were manufactured by The 
Budd. Company as subcontractors to the 
Western Electric Company. Later the 
general type of dome design developed for 
the OBF and QJA systems was standard- 
ized by the Navy for use on most of the 
larger antisubmarine vessels. 


Retracting Gear 


The retracting gear provides means for 
lowering the transducer and its surround- 
ing streamlined dome into the sea below 
the bottom of the hull and for retracting 
them within the hull of the ship as shown 
in Figure 6. It also provides means for 
training the transducer in azimuth and is 
equipped with rotary contacts for the 
transducer cable. The design of this 
equipment must be rugged in order to 
stand the large forces which are en- 
countered under heavy seas, high speed 
operation, and so forth. The retracting 
gear for the QJA equipment is a unit 
weighing approximately 4,000 pounds and 
has been demonstrated to withstand this 
type of service. 

The raising and lowering of the trans- 
ducer. and dome normally are accom- 
plished by the operation of a 2-horse- 
power motor which can be seen in Figure 
2. The normal time for the motor to 
lower or hoist the dome is about 80 sec- 
onds. 

A so-called trunk is the major struc- 
tural part of the retracting gear. It pro- 
vides means for fastening the retracting 
gear to the sea chest of the ship and also 
provides a housing for the dome and 
transducer when these are raised. It is 
fitted with tracks or guide rails for align- 


Figure 13. Receiver 
and driver oscillator 
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ment during the raising and lowering 
operations. The trunk also provides a 
seating surface for the raft when the dome 
is lowered in order to firmly position the 
entire assembly. 

During normal operation the dome is 
filled with sea water which is free to 
circulate in and out of the dome through 
the central opening in the raft. This 
arrangement provides “‘still’’ water inside 
the dome at the same pressure.as the out- 
side water. When the dome is raised, the 
central portion of the raft seats against a 
gasket on the underside of the trunk cover 
and completely seals the inside of the 
dome from the pressure of the outside:sea. 
Suitable valves for checking the water- 
tightness of the dome are provided for this 
purpose. In this position it is possible to 
remove the training shaft, transducer 
assembly and the water from inside the 
dome, provided the dome is undamaged. 

The raft has three adjustable rollers 
which are fitted to run on three vertical 
tracks fastened’ inside the trunk. The 
rollers operate only during the raising and 
lowering of the raft and attached dome. 
Two perpendicular lifting tubes are 
securely fastened to the raft. These 
carry the weight of the raft and dome and 
together with the guide rails resist the 
forces acting on the dome during the time 
the raft is not firmly seated. 

The upper end of the transducer train- 
ing shaft is arranged to be rotated, by 
suitable gearing, by a type 7G servo unit, 
the over-all gear ratio being about 118-to- 


Figure 12. Rotary contactor. 
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1. The 7G servo unit is equipped with a 
mechanical damper to reduce hunting 
which takes place when a generator of 
this type is used as a driving motor. 

A rotary contactor is mounted at the 
top of the transducer training shaft which 
provides quiet circuit connections be- 
tween the rotating transducer and: the 


stationary ship’s cables and so permits 


training the transducer without linnting 
either the amount or direction of its rota- 
tion. Figure 12 shows the rotary contac- 
tor with the covers removed. to show the 
arrangement of the six gold-to-gold slip 
ring type contacts and also the chamber 
for terminating the ship’s cables. The 
lower portion of the contactor rotates 
with the transducer training shaft and 
the upper elongated portion is held 
against rotation by engaging a guide rail 
which is secured to the forward pillar of 
the retracting gear. This is necessary to 
accommodate raising and lowering of the 
transducer as can be seen in Figure 2. In 
addition to the 7G servo unit, the re- 
tracting gear is also equipped with four 


spur gears for rotating a 5SCT servo con-. 


trol generator and a 5G servo generator. 
The 5G servo generator transmits the 
transducer bearing indication to the 
transducer bearing arm in the indicator 
and control unit. 


Receiver and Driver Oscillator 


Figure 13 shows the receiver and 
driver oscillator unit shown im block 
schematic form in Figure 14. This unit 
generates a single frequency anywhere in 
the 10- to 30-ke range as required which is 
fed into an associated driver amplifier for 
driving the transducer. It is also 
equipped with a relay for switching from 
the receiving condition to the transmit- 
ting condition. The relay operates to 
feed the generated power into the driver 
amplifier and with the relay released, the 
receiver is in condition to receive signals 
from the transducer. These frequencies 
will be identical with the transmitted 
frequency in the 10- to 30-kc range with 
the exception of some frequency shift due 
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150 KC. 
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to Doppler effects. These are caused by 
the relative motion of the ship and target. 
The received signals as just explained 
are amplified and converted to an inter- 
mediate frequency centered around 150 
ke. After further amplification they are 
reduced to audible frequencies by a beat 
frequency converter. The audible fre- 
quencies are further amplified to operate a 
loud-speaker or a head telephone set, to 
furnish an input voltage for operation of 
the bearing deviation indicator unit, and 
to flash the range lamp in the indicator 
and control unit. 

The receiver and driver oscillator unit 
contains its own power supply unit to 
provide the necessary voltages when the 
receiver is operated from 115 volts alter- 
nating current. 

The receiver is provided with TVG 
(time variation of gain) adjustable by a 
dial on the front panel of the unit so that 
the effect of reverberation can be mini- 


Figure 14. Block schematic diagram of re- 
ceiver and driver oscillator 


RECEIVER 
RELAY 


= TO 
a INDICATOR 
\ = CKT. 


: SWEEP 
i bas tess | ease ‘ 150.44488KC, '50.4-148.8 KC. FREQ. 
~ BEARING et _ BUFFER SWEEP "ON SWITCH 
DEVIATION V-108 4 : 
| INDICATOR } i = 
| 160-180 Ke. == V-109 = 
| BUFFER oe V-110 Peake SWEEP FREQ. 
Dt AMP. V-107 160-180 KC. DRIVER VARIABLE 
RELAY | 1.F, OSC. osc ” REACTANCE 
a - FOR DRIVER 
» 
inpicator} | ¢I oriven = | CeTHER FOR REC 150.0-151.6 KC. 
P| termination | i 1ST MOD. BEAT FREQ. OSC. 
FOR 2ND MOD. Sale 
TORIGHT HALF] | tuned =| = 
| 
TRANSDUCER = iereatrecion 
V-101 


TO LEFT HALF 


225: C.P:S. 
—| MODULATION. 
OSCILLATOR 


148.5-151.5 KG. 
INT. FREQ. 
MP. 


V-2902 
TO V-2910 
TIME 

VARIATION 

OF GAl 


GAIN 
TVG CONTROL 


LOUD 
SPEAKER 


TO 
—-INDICATOR 
CKT. 


INDICATOR 


CONTROL oe 


1947, VOLUME 66 1223 


Keller—Submarine Detection by Sonar 


eee RRC He eR TE OL Ise 


TVG determines the rate at 
which the receiver gain is restored follow- 
ing the transmittal of an outgoing pulse. 


mized. 


Driver Amplifier 


The driver amplifier supplies the signal- 
ing power to the two halves of the trans- 
ducer connected in parallel during trans- 
mission of the outgoing pulse. It receives 
input from the output of the modulator in 
the receiver and driver oscillator unit and 
amplifies this power and delivers it to the 
transducer. The driver amplifier de- 
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qt] Figure 15. Driver am- 
S plifier 


livers about 100 to 150 watts to the trans- 
ducer in the 24-ke region. The amplifier 
contains six type 807 tubes, three parallel 
sets of two in push-pull. The mode of 
operation of the amplifier is AB: The 
unit contains its own power supply and 
operates from 115 volts alternating cur- 
rent. 


Provision is made to read potentials 
and currents for various parts of the 
circuit by means of a meter mounted on 
the face of the unit as can be seen in Fig- 
ure 15. An 11-point switch is provided 
with suitable metering resistances to 
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Figure 16. Schematic 
diagram of driver am- 


measure these quantities. Figure 16 is a 
schematic diagram of the amplifier por- 
tion of the driver amplifier unit. Shown 
also in the schematic is an inductance L- 
203 which serves as a shunt reactance to 
resonate the capacitance of the trans- 
ducer and the output cable at about 24 ke 
and also serves as an autotransformer to 
match the impedance of the output 
circuit to that of the transducer. By this 
arrangement maximum transfer of power 
from the amplifier to the transducer is 
accomplished. 


Indicator and Control Unit 


Figure 17 shows the indicator and con- 
trol unit which has the following general 
features and functions: 


1. Shows the course of the ship. 


2. Shows the bearing of the transducer with 
respect to the ship’s bow and the true 
bearing. 


3. Shows the range of the target when echo 
ranging. 


4. Provides for training the transducer 
by means of a hand wheel or push buttons. 


5. Controls the timing of the transmission 


of the pulses to the transducer. 
6. Provides for M7 B of the transducer. 


As can be seen from Figure 17, the 
central part of the face of the indicator 
and control unit is equipped with: an 
outer circular scale calibrated for target 
range. Directly inside this circular scale 
is located a rotating disk equipped with a 
neon lamp for indicating target range 
(shown as a spot at the right hand side of 
the scale). The next circular scale is fixed 
and graduated from 0 to 360 degrees, 0 


corresponding to the ship’s bow. The 


circular dial inside this one is a compass 
repeater connected to the ship’s compass 
system in which the zero position is true 
north. The pointer shown repeats the 
transducer bearing as obtained from the 
retracting gear and thus gives an indica- 
tion of the bearing with respect to the 
ship’s bow and the true bearing. Figure 
18 shows the top view of the subpanel of 
the indicator and control unit showing 
some of the gearing, contacts, and so forth. 

The training of the transducer is con- 
trolled by the rotation of the hand wheel 
which is mounted on the receiver driver 
oscillator panel and coupled to the indi- 
cator control unit panel. Rotation of the 
hand wheel causes rotation of the gear 
linkage in the true bearing training part 
of the indicator and control unit which 
causes rotation of the servo control trans- 
former B-305, shown in Figure 19. Rota- 
tion of this servo causes a change in the 
electrical balance in the servo circuit 
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which causes a voltage to be applied to 
the input of the training control amplifier. 
This amplifier in turn then causes rotation 
of the armature of the induction motor 


B-306. As the motor rotates, a gear link- 
age associated with it causes rotation of 
the brushes of the commutator trans- 
mitter 7-306*, thus repositioning the 
transducer. The rotation of the motor 
also feeds back through a gear linkage to 
reposition the servo control transformer 
to its original position, thus balancing the 
electric circuit and removing the voltage 


* As shown in Figure 20, the.commutator trans- 
mitter is a transformer with one bare winding on 
which three rotating brushes operate to pick up 
voltages corresponding to the mechanical angles 
between the brushes. 


Figure 17. Indicator 
and control unit 


from the input of the training control 
amplifier. One turn of the hand wheel 
produces a change in transducer position 
of five degrees in azimuth. To obtain a 
large angular movement of the trans- 
ducer quickly, two slewing buttons K-312 
and K-313 are provided, one for each 
direction of rotation. Operation of 
either of these disconnects the training 
control amplifier output from the induc- 
tion motor B-306 and connects one wind- 
ing of this motor to a 30-volt power 


supply from transformer 7-303, thus 


Figure 18. Subpanel of indicator and control 
unit 
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causing rotation of the armature of B- 
305 to reposition the transducer At the 
same time that this voltage is applied to 
the motor, a locking magnet KA-311 
operates to lock the repeat back gear 
train, which is connected to the servo 
control transformer, to avoid rotation. 
Accordingly, rotation of the motor feeds 
through the differential gearing of the 
MTB unit and rotates the hand wheel 
and the transducer, the latter at approxi- 
mately 4 rpm. 

The MTB mechanism is associated 
with the training control amplifier and 
operates in the following manner. As can 
be seen in Figure 19, the 3-wire winding 
of the servo control transformer B-305 is 
connected to the ship gyro compass 
circuit. As the ship turns, the gyro re- 
peater servomechanism B-301, of the 
indicator unit rotates, indicating the new 
position on the compass dial of the in- 
dicator. At the same time this intro- 
duces an electric change in the 3-wire 
winding of the servo control transformer 
which causes an induced current in the 
other winding of the servomechanism 
which is connected to the training con- 
trol amplifier. 

The training control amplifier is es- 
sentially a thyratron reversing relay 
controlled by the phase of the current 
supplied to its input by the servo control 
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Figure 19. Training control system schematic 


transformer. The amplifier supplies the 
induction motor B-306 voltage of one 
phase or the other depending on the input 
phase. Changing the phase of the voltage 
to the induction motor causes a change in 
the direction of rotation and accordingly 
a similar change in the rotation of the 
transducer as indicated by the change in 
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the true bearing of the ship. As the in- 
duction motor rotates, repositioning the 
commutator transmitter T-306, to re- 
position the transducer, this motion 4s 
also transmitted through the gear linkage 
in the MTB unit and back to the arma- 
ture of the servo control transformer 
B-305. This armature, in turn, is re- 
positioned to give an electrical balance of 
the system thus removing voltage from 
the input of the training control amplifier. 
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Training Control Amplifier 


Figure 21 shows the training control 
amplifier unit which provides for main- 
tenance of true bearing of the transducer 
when wsed in conjunction with the 
apparatus in the indicator and control 
unit. Figure 22 is a schematic diagram of 
this amplifier which is essentially a 
thyratron relay which acts as a reversing 
switch supplying power to the induction 
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Figure 20. Commutator transmitter 


motor B-306 located in the indicator and 
control unit. 

The grids of the thyratron tubes are 
supplied with a low 60-cycle voltage from 
the input transformer T-2801. The tubes 
are prevented from firing by a d-c bias 
applied to the grid circuits. The con- 
stants of the input circuit are so chosen 


Figure 21. Training control amplifier 
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that the tubes fire with about 0.5-degree 
displacement from the balanced position 
of the servo control transformer B-305 
of the indicator and control unit with an 
adjustment potentiometer provided to 
vary the sensitivity. The plate circuits of 
the thyratrons are supplied with about 
225 volts at 60 cycles and with this cir- 
cuit, the thyratrons are fired only when 
their grid and plate voltages are in 
phase, hence for one direction of dis- 
placement of the control transformer only 
two of the tubes V-2801 and V-2804 will 
fire and for the other direction of dis- 
placement which corresponds to a 180 de- 
grees change in phase on the grid circuits, 
only the other two tubes will fire, nately, 
V-2802 and V-2803. Thus, the direction 
of rotation of the induction motor will 
change depending upon which of the 
tubes are fired. 


A. resistance-capacitance network is 
connected in the cathode circuit of the 
thyratrons so that when the tubes are 
fired, an additional d-c bias appears on the 
grids of the tubes, causing them to cease 
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Schematic of training control amplifier 


Figure 23. Bearing deviation indicator unit 


firing when the control transformer is 
approximately 3 degrees from the bal- 
anced condition. Provision is also made 
to operate the training mechanism with- 
out the MTB feature in case of failure of 
the ship’s gyro compass systems. For 
this condition, the compass dial is locked 
to a fixed position, gyro power is removed 
from the compass servo motor, the servo 
control transformer, and the training con- 
trol amplifier, and equipment power sub- 
stituted. 


Bearing Deviation Indicator Unit 


The bearing deviation indicator unit 
shown in Figure 23 and in schematic form 
in Figure 24 is equipped with a relay K- 
2901 for switching from the transmitting 
to the receiving condition. In the re- 
ceiving condition the outputs of both 
halves of the transducer are modulated 
and fed to the receiving amplifier. A 
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cathode ray tube indicates the bearing 
deviation and approximate range of the 
target. 

With the relay K-2901 in the non- 
operated position, both halves of the 
transducer are connected to the. receiver 
input modulator and the driver amplifier 
input is terminated in R-2901 to prevent 
singing. When the relay is operated, both 
halves of the transducer are connected in 
parallel to the driver amplifier output and 
in sequence, the driver amplifier input 1s 
connected to the output of the receiver 
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modulator. Thus the switching is ac- 
complished with low currents flowing 
through the relay contacts. 

The input modulator of the BDJ.unit 
consists of three coils, 77-2901, 7-2902, 
and T-2903 and a copper oxide varistor 
modulator CR-2901. When the relay 
K-2901 is in the receiving condition, the 
outputs of the two halves of the trans- 


Figure 24. Schematic of bearing deviation 


indicator unit 
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ducer are connected to the two input coils 
T-2901 and T-2902. A modulation oscil- 
lator V-2901 connects to the modulator 
CR-2901. This circuit alternately bridges 
a low impedance across each half of the 
input modulator circuit at a 225-cycle 
rate. When the signal frequency from the 
transducer is 24 kc, the output of the 
varistor modulator then consists mainly 
of frequencies 23.775, 24, and 24.225 ke. 
The magnitudes and phases of these fre- 
quencies will depend upon whether the 
transducer is turned to the left or right of 


v-2903 
6AGT 


T-2904 
CS g 


V~2904 
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a ees 


The output of the varistor 


the target. 
modulator is fed into the modulator out- 
put coil 7-2903 and in turn to the re- 
ceiver. 

The frequency of the modulation oscil- 
lator V-2901 is 225 cycles. One winding 
of the oscillator coil-is connected directly 


to the modulator CR-2901. Another 
winding is connected to the grid of a buffer 
amplifier tube V-2905, the output of 
which is connected to a conjugate rectifier 
V-2906. 

With the beat frequency oscillator set 
to give 800 cycles in the receiver output 
when the transducer is trained on a tar- 
get, the output of the receiver consists of 
frequencies 575, 800, and 1,025 cycles 
whose phases and amplitudes depend 
upon the transducer output. The re- 
ceiver output then is fed into the fre- 
quency discriminator circuit which con- 
verts the frequency modulated output of 
the receiver into an amplitude and phase 
modulated wave. This is accomplished 
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Figure 25 (left). Control 
equipment rack (units 
removed) 


Figure 26 (right). 
Acoustic testing tank 


by series condenser C-2902 and shunt re- 
sistance R-2905 which offers less attentua- 
tion to high frequencies than to low fre- 
quencies. A gain control potentiometer 
R-2907 changes the input level into am- 
plifier tube V-2902. Hence adjustments 
can be made and deflections on the 
cathode ray tube due to noise can be 
properly suppressed. 

The output of the frequency discrimi- 
nator circuit is fed directly to the con- 
trol grid of the input amplifier tube V- 
2902. The output of this tube is con- 
nected to V-2903 which is a voice fre- 
quency amplifier tube. The output of 
V-2903 is connected to the demodulator 
coil T-2904. The demodulator tube V- 
2904 is fed from coil T-2904 which de- 
livers signal frequencies of 575, 800, and 
1,025 cycles. The output of the de- 
modulator tube is connected to a high 
pass filter consisting of a series capacity 
and a shunt resistance and a 225-cycle 
band pass filter T-2905. The amplitude 
of the 225-cycle output of the demodula- 
tor depends on the phases and amplitudes 
of the three frequencies from the receiver 
which in turn depend upon whether the 
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transducer is trained to the left or right of 


the target. The demodulator circuit is 
also arranged with an electric gate circuit. 
A d-c bias is introduced in the midbranch 
of the demodulator circuit and is of such a 
magnitude as to prevent the normal 
voltages from noise alone from getting 
through to the output. The bias is of 
such a value that any signal voltage 
capable of making an indication will be 
allowed to pass to the output of the de- 
modulator. 

The output of filter 7-2905 is con- 
nected to one of the input grids of tube 
V-2905 and the output of the correspond- 
ing plate is fed directly into the tuned 
coil T-2906. This coil is tuned by suit- 
able condensers to the same frequency as 
the modulation or switching oscillator 
which is 225 cycles. The output coil T- 
2906 is connected to the anodes of the 
conjugate rectifier tube V-2906. The 
cathodes of the conjugate rectifier are 
connected to a low pass filter which in 
turn connect to the grids of d-c amplifier 
tubes V-2907 and V-2908. The modula- 
tion oscillator V-2901 delivers a 225-cycle 
reference voltage which is maintained 
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substantially constant im phase and ampli— 
tude and is connected through: the buffer 
amplifier to the midpoints of the balanced 


comjugate rectifier V-2906. Any change 
in the magnitude or polarity of the 225- 

cycle signal voltage across the balanced im- 
put will appear as a change im magnitude 
and polarity respectively of the d-c out- 
put of the conjugate rectifier. The dc 
output of the conjugate rectifier is con- 
nected: directly to the d-c amplifier tubes 
whick amplify. any d-e changes im their 
grid: circuits. The outputs of the d-e 
amplifiers are connected to the horizontal 
deflectiom coil of the cathode ray tube V- 
2913. 

The range: sweep of the cathode ray 
tube is controlled by the discharge rate of 
a capacitor imto a set of resistances. The 
intensity and focus of the spot on the 
cathode ray tube are adjustable by a 
potentiometer and rheostat, respectively. 
The spot is further adjustable by means of 
the vertical and horizontal centering 
potentiometers. Spot intensity also is in- 
creased when signals are received. With 
relay K-2901 operated, the output of 
V-2909 is large and flows through the 
vertical deflection coil. Theeurrent dimin- 
ishes at a rate corresponding to a setting 
of the range sweep. The spot on the tube 
starts at the bottom and moves at a sub- 
stantially constant rate towards the top 
of the screen depending upon the setting 
of a range control switch. The spot is 
deflected horizontally to the left or right 
depending upon the d-c output of the 
tubes V-2907 and V-2908 which in turm 
depend upon the 225-cycle signal output 
of V-2906. The BDI unit contains its 
own power supply and operates from 115 
volts alternating current. 


Control Equipment Rack 


Figure 25:shows the control equipment 
rack, with the various units removed and 
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the plug-in-type connectors. The units 
are in drawer form and plug into operat- 
ing position when fully closed. For serv- 
icing, the drawer units may be removed 
from tlre rack and can be put in operating 
condition by means of a multiconductor 
patch cord. In this way, testing and serv- 
icing may be done conveniently. 


Laboratory, Factory, and 
Field Testing 


A special test tank commonly referred 
to as am artificial ocean because of its sup- 
pressiom of echo effects was developed for 
use in the laboratory and in the factory. 
This tank shown in Figure 26 has sound 
absorbing walls, top and bottom, and 
corresponds, in underwater sound work, 
to a highly damped room in air acoustics. 
It was used at the factory for checking 
every transducer manufactured for sen- 
sitivity, output, frequency characteristic, 
and beam pattern. Such factory tests 
established a new practice in production 
and made it possible to imsure that the 
transducers: delivered to the Navy were 
all within carefully specified limits: of per-- 
formance. 

As in the work with telephone appara- 
tus and systems, Bell Telephone Labora- 
tories devoted a great deal of effort to the 
development of quantitative measure- 
ments and testing of sonar devices. and: 
systems including production control 
testing. In fact, Bell Telephone Labora- 
tories’ first underwater sound work which 
was undertaken just prior to World War 
II and later sponsored by the Natiomal 
Defense Researcly Committee, was the 
development of precise methods of meas- 
uring underwater sound. This effort 
provided groundwork for the standardi- 
zation and improvement of Navy 
equipments and techniques im the 
of underwater sound. As: has’ also: beer 
found desirable in designing and manu- 
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Figure 27 (left). 


Birchwood Lake test. statian 


Figure 28. The Elcovee 


facturing Bell System: telephone equip- 
ment, which must give good service 
over long periods, field: testimg of sonar 
equipment im the development stage was 
stressed. To conduct suitable field 
studies, the laboratories established 
lake stations: such: as the one at. Birch- 
wood Lake, N.. J.,, showm im Figure 27, as 
well as floating laboratories. The Elcovee, 
shown in Figure 28, was a floating labo- 
ratory on which all of the sonar systems 
and many of the sonar devices developed 
at. Bell Telephone: Laboratories were 
tested before they were submitted! to the 
Navy, to insure meeting the rigorous: re- 
quirements: of thé: sea trials ne 
ticipate combat duty. The - e 

used to take a variety of measurements 
including beam patterns, usually taken 
at anchor, and in addition complete op- 
erating systems were installed for meas- 
urement purposes and to study the action 
of the equipment with the boat under 
way. The Elcovee made it possible to 
work out the sonar operation and installa- 
tion problems completely and to: demon- 
strate operating systems to Navy persom- 
nel at an early date. The Elcovee was 
used to demonstrate the complete QJA 
and other sonar systems to the Navy be- 
fore the start of Navy trials. By this 
arrangement the development work at 
the laboratories was expedited, changes 
in design largely were anticipated, and 
the Navy received better equipment at 
an earlier date. 


Reference 


1. Tue Enastre;. PIEZOELECTRIC AND DIELECTRIC 
CoNSTANTS OF POTASSIUM DIHYDROGEN PHOSPHATE 
AND AMMONIUM DrayDROGEN PHospHaTE, W. P. 
Mason, Physical Review (New York N. Y.), vol- 
ume 69, March Land 15, 1946, pages 174-193. 


No Discussion 


The Design and Performance of the 


Vertical Generator Thrust Bearings 
at the Bonneville Plant of the Corps» 
of Engineers, War Department 


F. M. LEWIS 


MEMBER AIEE 


HE modern vertical thrust bearing is 
| in many aspects the mechanical heart 
of nearly all large hydroelectric develop- 
ments. Upon it may hinge the success or 
failure of the entire project. It supports 
the total weight of the rotating parts of 
the generator and turbine and also the 
hydraulic thrust load encountered in such 
installations. It permits the relative mo- 
tion between these rotating parts and 
the stationary parts of the turbine and 
generator without which no electrical 
power could be produced. Its develop- 
ment has made possible the large vertical 
machines which are used to harness the 
rivers of America and the rest of the 
world to produce energy for the use of 
mankind. 

The bearings im the generators at the 
Bonneville Plant of the Corps of Engi- 
neers typify one type of these large thrust 
bearings and their desig and perform- 
ance is of particular interest since they 
are, as far as is known to the authors, the 
largest waterwheel generator thrust bear- 
ings in the world. Not only are their 
dimensions remarkable, but also the 
loads which they carry. Each bearing 
supports a load equivalent to the total 
weight of a large sized destroyer, approxi- 
mately 1,500 tons, 3,000,000 pounds! In 
both size and load carrying ability they 
exceed, by a considerable amount, any 
other waterwheel thrust bearings in the 
western hemisphere. 

The Bonneville project, which was 
started in 1933, is one of a number of dam 
sites selected by the Corps of Engineers 
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as part of a scheme for the development of 
the Columbia River. It is located at 
tidewater, forty-two miles east of Port- 
land, Oreg. (Figure 1). As originally 
conceived the power plant was to house 
ten 48,000-kva 75-rpm vertical genera- 
tors, each driven by a 60,000-horse- 
power Kaplan type hydraulic turbine. 
Two such units were placed in service in 
1938. Two additional units were placed 
in service in 1940, with ratings increased 
to 60,000 kva at 75 rpm. These latter 
units were duplicated by two more units 
in 1941, and four more im 1943. The last 
of the ten units was placed in operation m 
December 1943. 


The Construction of the Generators 


The generators are of the vertical shaft 
hydraulic turbine driven type with direct 
connected main and pilot exeiters 
mounted ontop. Eachis totally enclosed 
in a metal ventilating housing equipped 
with necessary duct work and coolers to 
make it a self-contained unit. The ten 
units in the completed power house are 
shown im Figure 2. 

The pertinent interior details of the 
generator construction are shown in the 
cross section, Figure 3. From this cross 
section it may be seen that the shaft is 
held in alignment by guide bearings above 
and below the rotor. There is a third 
guide bearing at the lower end of the 
hydraulic turbine shaft. The main 
thrust bearing is located in a cireular oil 
chamber on top: of the lower bracket. 
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Accessibility and general arramgement 
favored the use of external oil coolers and 
circulating pumps, piped. to the oil cham- 
ber, which supply the bearing with a 
continual flow of cool oil. The lower 
bracket, om which the thrust bearing 
rests, and which transmits the load to 
the foundations, is: fabricated from steel 
parts. It consists of eight equally spaced 
arms which are bolted and keyed to a 
central hub. Some concept of the size 
of the bracket and of the bearing chamber 
is conveyed by Figure 4 which shows a 
view of the inside of the generator pit. 


The Thrust. Bearings baal 

The construction and operation of the 
thrust bearings must be considered in 
several stages, as the great increase in size 
of these bearings. over the largest. ones 
previously in existence introduced prob- 
lems which had to be overcome. Conse- 
quently the bearings underwent a period 
of development. A general description 
of the conditions of operation and some 
details of construction will serve, however, 
to clarify the details dealt with later. 

The bearings are designed for a load of 
3,014,000: pounds, approximately 400 
pounds per square inch, the weight of the 
revolving parts of the generator and tur- 
bine being about half this amount and 
the hydraulic thrust the other half. Al- 
though the normal speed of the unit. is 
75 rpm, the bearings and their lubricating 
systems are designed to operate under an 
overspeed, at runaway of the turbine, of 
175 rpm. The shaft at the elevation of 
the thrust bearing is.43. inches in diameter 
which necessitated an inner bearing diam- 
eter. of 50 inches: The outer bearing 
diameter is 112 inches. 


Paper 47-184, recommended by the AIEE com- 
mittees on electric machinery and power generation, 
and approved by the AIEE technical program 
committee for presentation at the AIEE Pacific 
general meeting, Sam Diego, Calif., August 26-29, 
1947. Manuscript submitted. April 23, 1947; 
made available for printing July, 1947. 


F. M. Lewis is resident engineer, United States 
Engineers, War Department, Bonneville, Oreg-, 
and T. W. Gorpon is in the motor and generator 
engineering division of the General Electric Com- 
pamy, Schenectady, N. Y. 


The authors gratefully acknowledge the: assistance 
of J. F. Spease and C. EB. Kilbourne in the prepara- 
tion of this paper. 


1231 


The bearing proper consists of a rotat- 
ing plate, fastened to a combined thrust 
collar and rotor spider hub, as shown in 
Figure 3, which in turn is held to the shaft 
by a circular key; and stationary seg- 


mental babbitted shoes. The babbitted 
shoes possess some flexibility in them- 
selves and in addition are supported by a 
large number of pre-compressed springs. 
These springs serve to equalize the load 
distribution among the shoes, preventing 
the development of high local pressures 
caused by disturbances in the machine 
alignment. The action of these springs, 
combined with the flexibility of the bab- 
bitted shoes aids in the formation and 
maintenance of an oil film when the rotor 
is in motion. 

During rotation a film of oil, a few 
thousandths of an inch thick, is main- 
tained between the stationary and run- 
ning plates. This film is thick enough to 
prevent metallic contact of the surfaces 
and makes possible operation with an 
extremely low coefficient of friction. It 
is not sensitive to changes of speed or 
load, nor is it so delicate that small 
amounts of usually encountered fine 
impurities in the oil will disrupt it. 
When rotation is started boundary lubri- 
cation quickly becomes stable film lubri- 
cation, without aid from jacking the 
rotor or otherwise introducing oil between 
the surfaces. The machines at Bonne- 
ville are started and stopped at will with 
no concern for the bearings whether they 
be hot from previous running or cold from 
a prolonged shutdown, 

The heat generated in the bearing is 
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Figure 1 (left). 


carried away by the oil which is circulated 
through the bearing within the oil cham- 
ber by centrifugal action. The oil leav- 
ing the bearing is then cooled by passing 
through an external water-cooled heat 
exchanger and is returned as cool oil to 
the bearing chamber. 


The Initial Bearing Construction 


The bearings for the first four units as 
originally constructed consisted of a 12- 
segment runner plate as shown in Figure 
5. This type of construction with rela- 
tively small component parts to make up 
the runner plate offered ease in handling 
and assembling the bearing which was 
thought to be very desirable. 

The stationary plate consisted of six 
babbitted shoes, as shown in Figure 6. 

The initial runner segments of cast iron, 
had a chilled highly polished undersurface 
which was the moving surface of the bear- 
ing. The leading edges of each of the 
segments had a chamfered groove which, 
when the bearing was running, served as a 
passage for oil. The back surface of each 
segment had a T-shaped radial groove 
located on the radial centerline of the 
segment extending from the inner diam- 
eter outwards for approximately 3/4 of 
the distance across the segment. Also into 
the back surface of each segment were 
drilled two 2'/:-inch dowel recesses for 
locating the segment in the bearing and 
several small tapped holes for handling 
the segment. 

The bottom surface of the thrust collar 
was equipped with 12 radial, equally 
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Figure 2 (above). 


A general view of the Bonneville project 


Interior view of Bonneville powerhouse 


spaced, T-shaped keys which matched 
the dovetails in the backs of the segments. 
When assembling the bearing the runner 
segments were hung from these keys and 
slid radially inward to their proper posi- 
tion under the thrust collar. When two 
adjacent segments were in position there 
was approximately 1/16-inch clearance 
between them. Two dowels per segment 
were then dropped through matching 
clearance holes in the thrust collar into 
the recesses in the back of each segment, 
thus locking the segment against centrifu- 
gal force when in motion. The radial key 
locked the segment against circumferen- 
tial displacement during starting. 

Both the radial key in its keyway and 
the dowels in their dowel holes through 
the thrust collar had assembly clearances. 
The forces exerted on these segments dur- 
ing starting and running therefore acted 
to finally position the segments both 
circumferentially and radially, and the 
load on them was relied upon to hold the 
segments in position by friction once final 
seating had occurred. As the generators 
have only one direction of rotation, it 
appeared that once in final position these 
segments would remain there. 

The stationary parts of these initial 
bearings are shown-in Figure 6. The 
babbitted plate consists of six segments 
with a center groove dividing the surface 
of each and providing a duct through 
which oil flowed from the annular center 
opening outwards through the duct when 
the bearing was in motion. The bab- 
bitted plates were held against circum- 
ferential displacement during starting by 
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circular dowels at their inner periphery 
and by rectangular keys at their outer 
periphery, both of which were securely 
held by recesses in the base ring. Be- 
tween the bottom of the babbitted plate 
and the base ring is the spring bed. This 
spring bed serves not only to support the 
babbitted plate and provide means of 
equalizing the load but also the openings 
between the springs and between the coils 
of the individual springs serve as passage- 
ways for the entrance of cool oil beneath 
the bearing. The large cooling surface 
provided by the bottom of the babbitted 
plate plus all the surface of the springs 
serves to conduct away a considerable 
portion of the heat generated at the rub- 
bing surface and to transfer it to the oil. 


The Final Bearing Construction 


The bearings for the last six machines, 
and ultimately by replacements for all ten 
machines, differed from the initial bear- 
ings in several important respects. 


Figure 3. Cross-section view of one of the 
60,000-kva vertical generators at the Bonne- 
ville power plant 


Whereas the initial runners had twelve 
independent segments, loosely located by 
keys and dowels, the final runners were 
made in two pieces, for assembly pur- 
poses, and the halves keyed and bolted 
across the joints to prevent any movement 
of one half with respect to the other. One 
of the final runners, mounted on a special 
bearing finishing mill is shown in Figure 
7. The holes in the side surfaces of the 
runner are the recesses for the joint bolts. 

When installed in the machine the 
assembled runner is bolted against the 
thrust collar by 2'/.inch diameter bolts 
located in some of the same thrust collar 
holes formerly used for the segment locat- 
ing dowels. Three of these holes in each 
half of the runner still contain dowels. 
Thus the final positioning of the new run- 
ner is determined by its assembly, with 
little opportunity left for adjustment or 
movement caused by the forces present 
when the machine is in motion. 

A second difference between the two 
types of runners is obvious from a com- 
parison of the figures. The first runners 
had 12 surface grooves, one per segment, 
and also a small opening between seg- 
ments which extended up to the under 
surface of the thrust collar. The new 


runners have completely smooth surfaces, 
no grooves, and there is no space between 
the halves of the runner. 

The babbitted plates in the final bear- 
ings consist of 12 separate shoes instead 
of 6 shoes with center oil grooves. The 
new shoes are essentially duplicates of the 
half old shoes and in fact some of the 
original shoes were parted along the center 
groove to make the new shoes. They are 
held in place against circumferential dis- 
placement during starting by the same 
dowels and keys as before with the ad- 
dition of separating spacers between the 
shoes. See Figure 8. 


Operation of the Bearings 


Table I presents the log of the operation 
of the Bonneville station from June 6, 
1938, to October 10, 1946, insofar as the 
performance of the bearings is concerned, 
Initial type babbitted plates and runners 
are designated by J, final types by F. 
Two experimental babbitted plates EH and 
Epb, and one experimental runner, also 
indicated as E, were run. ; 

Study of the table will reveal several 
divergences from the main theme of the 
initial and final type of bearings. Close 
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Table I. Log of Operation of Bonneville Bearings 
— — Ce 
Type : 
Tnitial Operating Babbitt Type Final 
Unit Date Event Hr Plate Runner Date Event 
7-18-38 ...To operation... 1,157.41... Trig eae Th ricarters 10-31-38... Wipe 1 
11-8-38: ...Installed....... WS, 10 Gis caret etal bee Se ses 2-27-39 ...Removed 
2-27-89 ...Installed....... ST. 40a Beer Ree 5-12-39 ... Removed 
5-13-39. ... .Installed....... ... 3,980. 55... .. Den sok dt Pe mes, Re 8-440 ...Wipe3 
1 $-9-40 ...Installed........ 3,850.53... TF - latin: 9-14-40 ... Wipe 4 
9-15-40: . ...Installled......... 3,081...50'.,. | me so Des enesas 1-20-41 ...Wipe 6 
1-21-41. 4..cAImstalled.. 0.2.2 1,654.00. S225 “- cca TX 42-41 ...Removed ’ 
4-3-4T .:. Installed... ..-40;389.06.... F .o5.4. BY ete ters 12-345. ... Routine inspection 
1-25-46 ..:Returneds.. 20.5... cee: asco nes Tle he Bah OS Pe ca cape BOOMS In service 
6-6-38 ...To operation... 1,535.88... T shedatret 1 eee oes 11-14-38... . Inspected 
11-23-38). Returned: o52. Us965..60 pe. a laeetahtenes I ......7-15-39 ...Wipe 2 
7-24-39 ...¥nstalled....... 3,289.08... 2 ....... Peres 3-13-40 ...Inspected 
3-15-40 .. ..Returmed..,.. «....° 15989. Et Gn Deel we Die le ae 7-26-40 ...Inspected 
2 7-28-40 ...Returned...... 3,945.50... toe Pied tare 1-3-41 .. Wipe 5 
1-4-4] ~~ 2: Installed: .....a: 597. 30%. minder. ees Wee 1-30-41 ...Wipe 7 ; 
2-141... zInstalled... .. 2.2 4D NSD. OGsy alec 8 Pate tases Geant 3a 12-17-45... Routine inspection 
2-12-46 ...Installed....... 2609 0S'.c3, coh ee ee tire 6-146 ...Wipe 9 
6-29-46... . Installed. « .$c.e-Sioee Mee ee ere | Deere SPAREN PHO Im service 
1-9-41 ...To operation... 2,442.60.. Nie en L......4-16-41 ... Removed! 
4-l7—41. « .. Enstalledi iia. 38,733.52.... EB. en. 10-18-45... Routine inspection 
(cracked babbitt) 
11-29-45... .Imstalilled....2..... 2)268.65.....0E. 2-1 as- ta sea a 38-25-46 ... Inspected 
4-12-46 9) Enstallied), vanenc «te cpatectin coors eS Sencar Bi rosa vad eters 6 RES Tn service 
12-23-40...To operation... 2,399.10.. 1 rence gee 4-9-41 . .Removed 
4 4-10-41 .. . Installed... .7...; 38,603.55. . EO tsetse. Boba 5 10-1-45 ...Routine inspection 
12-13-45), ... Retunned).. 0.26 oc ce sroraale nia fe See Sar ae aa: 5 ..Im service 
ie 5-41. ..kq operatiom..37,7014.03....,. FPF so.us.» Brag Naat 1-27-46 ...Routine inspection 
3-5-46 sr eeturned: aren «erates eae Feats IBS size ra eusyestis nn In service 
6 os 42 - To operations sso 000m @iedea ne teal 7-29-46 ...Routine inspection 
8-20-46... dketusnedts), j.26.5.07 Msc Boa es eee Im service 
{ 1-443) 3 Fo ea = AO AGUS Cliere aes, EP ei ecerelosslsan Pfs ot 9-23-46 ...Routine inspection 
10-5-46 ...Returned.. é Pe Ee oe Bee xcs ty as Ser otes In service 
8 {coe sas EO) operation....27,280) 2c. Bf (aye siese ye 8-20-46 ...Routine inspection 
9-7—46 aykteturmed!: is.) caster ei ete. Pers Y teenie IBY esdsy sce stay eae ter one MR In service 
9-15-48 ...To operation. .18,340.77....Epb....... (Oe crowds 11-9-45 ...Routine inspection 
9 11-12-45... Returned...... 7,746). 80% 60 < Bpome. sc Bissctene 10-6-46. ...Inspected. while 
~ stalling piezometers 
10-18-46... Returned *i:,,.2.g80 sole ns nae cL U, ae Ps ascis were area araiet In service 
12-15-43...To operation.. 6,432.74.. Brohics, ces 9-13-44 ...Wipe 8 
10 9-21-44 ...Imstalled....... 16,568.75. . ave tet cee 9-946 ..Routine inspectién 
9-20-46; ... Returmed ) oo s2h citssctis silts, creel elenee ete B hirg ie Sian coe teeta ene In service 


co-operation between the manufacturer 
and the Corps of Engineers made possible 
a number of trial runs on special babbitted 
shoes, runners, and other parts of the 
bearing system. These, however, exerted 
little influence on the selection of the final 
type bearing. Pertinent ones of them 
will be explained after discussing the 
operation of the two principal types. 


The Initial Bearing Operation 


Nine babbitted plates of the initial 
type were built. At ome time or another, 
one of these plates was in each of the first 
four machines. Six 12-segment runners 


of the initial type were built. They also’ 


were at one time or another in one of the 
first four machines. 

Preliminary testing began with unit 
2 on March 9, 1938. This unit was 
followed. by unit 1 on April 18, 1938. 
The bearings performed in a satisfactory 
manner and after routine checks the 
units were placed in service on June 6 and 
July 18, 1938 respectively. On October 
31, 1988, after 1,157.5. operating hours, the 
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bearing on the number 1 unit wiped. 
Inspection revealed that the wiping, al- 
though minor in degree, had occurred 
over approximately the inmer half of the 
babbitted plate. The runner was. essen- 
tially undamaged. The oil had a very 
murky appearance and seemed to contain 
a considerable amount of finely ground 
particles im suspension. At the time 
these particles were identified tentatively 
as iron oxides but no reason for their 
presence was advanced. Another bear- 
ing was installed and the machine re- 
turned to service. 

The second case of a wiped bearing 
occurred on the number 2 unit after a 
total of 3,501.43. operating hours. This 
bearing was inspected and cleaned after 
the initial 1,535.88 hours and wiped 
1,965.55 hours later. The wiping was 
attended by the same circumstances sur- 
rounding the first wiping, including the 
appearance of the oil. Figure 9 shows a 


typical babbitted shoe as removed after 


such a wiping. 
The third, fourth, and sixth cases of 
wiping all occurred on the number 1 unit 
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after respectively 3,980.55, 3,850.50, and 
3,031.50 hours of operation and, like the 
first two cases, were surrounded by similar 
circumstances. Early in this chain of 
events the repetitive nature of the occur- 
rence became evident and suspicion was 
directed towards the impurities obviously 
present in the oil. By this time these 
impurities had been identified positively 
as iron oxides. Confirmation of the fact 
that these impurities were the cause of 
the trouble was aided by plotting, against 
time, the degree of discoloration of 
samples of oil taken from time to time 
from the oil chamber. This established 
the fact that the wiping took place after 
a certain degree of discoloration had 
occurred and these time plots enabled the 
accurate prediction of the date when some 


of the later wipings would oceur. 


By this time the oil chamber and all of 
the associated lubricating system had 
been thoroughly cleaned a number of 
times and it seemed unreasonable to 
believe that the now identified irom oxide 
particles could owe their origin to im- 
proper cleaning of the oiling system. 
Other checks absolved the oil from any 
inherent tendencies im itself to promote 
the condition. Obviously, the origin of 
these particles was associated with the 
operation of the bearing. 

The principal difference between the 
initial type of bearing, both runner and 
babbitted plates, used at Bonneville, and 
similar smaller bearings in successful 
operation for a number of years in other 
plants, lay in the 12 relatively loose seg- 
ments making up the Bonneville runner. 
Previous runners had customarily been 
either one or two piece castings as dictated 
by assembly requirements. Therefore, 
the theory was advanced that the seg- 
ments of the Bonneville runners were, in 
operation, in continual small motion 
against the thrust collar, and this small 
movement caused rubbing between these 
surfaces which led to fretting corrosion 
with the formation of iron oxides. These 


Figure 4. A wewor the generator pit show- 
ing the location of the thrust bearing in its oil 
A chamber 


Initial type 12-segment runner 
plate om a boring mill 


Figure 5. 
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Figure 6. Initial type 6-shoe babbitted plate 


iron oxides escaped from the surfaces be- 
tween the runner segments and the thrust 
collar and contaminated the oil. De- 
posits of iron oxide built up in local areas 
on the faces of the babbitted shoes, 
diminishing the running clearance be- 
tween the shoes and the runners, and 
eventually wiping ensued. 

One other case of wiping caused by 
oxide formation occurred. This was on 
the number 2 unit on January 4, 1941. 
This bearing was cleaned thoroughly after 
3,219.08 and 1,939.17 hours of operation 
and wiped. after an additional 3,945.50 
hours. As the phenomenon was under- 
stood by this time the wiping was not a 
surprise. 

Only one other wiping, in addition to 
the six cases discussed, occurred with the 
12-segment runner. That occurred on 
unit 2 after only 597.3 hours of operation 
and was ascribed to foreign matter, other 
than iron oxide, which accidentally got 
loose in the oil bath. This bearing was 
removed and an experimental bearing 
formerly run in the number 1 unit in- 
-stalled. Parts of this experimental bear- 
ing were of a temporary nature and it was 
expected that the bearing soom would be 
replaced. However, due to wartime 
power demands, the bearimg was not re- 
moved until December 1945 after 45,- 


the Bésring was op8teng pesbeetly satis 
factorily and was replaced only to make 
all bearings in the plant alike. 
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Figure 7. Bonneville smooth runner being 
honed on special bearing finishing mill 


Figure 8. Bonneville 12-shoe babbitted plate 
being finished on special bearing mill 


The Final Bearing Operation 


The operation of the initial bearing 
pointed out three faults in its design. 
The major fault lay in the looseness of 
the runner segments. The second fault 
lay in the presence of grooves in the run- 
ner plates which when rotated over the 
babbitted shoes produced the foree which 
caused the motion that created fretting 
corrosion. The third fault lay in the fact 
that the iron oxide escaped through 
the openings between the runner seg- 
ments, from its generating surfaces 
downward to the babbitt surface. 

A comparison of the initial and final 
bearing construction shows how these 
faults were overcome. The runner was 
made solid and bolted to the thrust collar. 
Grooves in the runner face wereeliminated. 
Since there are no radial opesings im the 
final runners, the former escape passages 
for the iron oxide have been eliminated. 
In addition to these changes in the run- 
ner, the babbitt plate also was changed al- 
though this babbitted plate change prob- 
ably had no effect on the oxide, problem. 

A total of £3 sets of babbitted. plates of 
the final type were made. Two of these 
were experimental plates, and several of 
the remaining 11 were converted from 
initial type plates by parting the initial 
shoe down the center groove. Twelve 2- 
segment runners were made. One of 
these, although of two segments, had 
grooves and was installed in unit 3 in 
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April, 1941. It was regarded as an experi- 
mental runner and later was removed, 
leaving 11 2-segment smooth runners 
available. The final type bearing was 
installed in units 1, 2, and 4 by April of 
1941 and was installed initially in the last 
six units. 

With the installation of the final bear- 
ing, wiping due to oxide formation has 
ceased. As an example, with the initial 
type bearing unit 1 had four periods of 
operation averaging about 3,000 hours 
before wiping took place. The final type 
bearing was installed in this machine on 
April 3, 1941 and inspected in December, 
1945, after 40,339.06 hours of operation. 
This was a routine inspection, not im any 
way influenced by the performance o£ the 
bearing, except perhaps on the score of 
curiosity. While there was evidence of 
comparatively small amountsof iron oxide 
on the usual surface where it had formed 
before, there was no evidence that the oil 
was contaminated so the babbitted plate 
and runner were returned to service. 
Similar records. of 42,155.06, 38,733.52, 
38,603.35, and so on, hours of operation 
prior to a routine inspection have been 
obtained on other units. It can be cate- 
gorically stated that no case of wiping 
caused by iron. oxide formation has oc- 
curred on the final type of bearing. 

Figure 10 shows the excellent appear- 
ance of one of the babbitted plates re- 
moved for inspection after 38,603.35 hours 
of operation. 

The record shows, however, two cases 
where the final type bearing wiped. One 
of these occurred on unit 2 on June 1, 
1946, following several line disturbanees, 
overspeett resulting from load rejection, 
and recent cleaning of the oil system, all 
of which possibly contributed to the wip- 
ing. At the time opinions varied as, to 
whether this wiping was caused by foreign 
materials or by insufficient lubrication on 
the inner half of the bearing resulting 
from abnormal operating conditions and 
overspeed. The bearing was replaced and 
certain changes were made in the internal 
oil flow. These changes, and tests made 
to determine oil levels, are described later 


Figure 9. Typical initial type babbitted shoe 
removed after wiping 
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in this paper. The other incident oc- 
curred on unit 10 on September 13, 1944. 
Prior to this failure the generator field 
had developed a ground. Examination 
of this bearing revealed quantities of for= 
eign materials other than iron oxide and 
several small craters in the runner face. 
The bearing wiped on the outer half, 
while all other bearings which had wiped, 
wiped on the inner half of the bearing. 
The reason for this failure is a matter of 
conjecture as to whether it was the result 
of foreign materials or immediate local 
causes. All of these happenings are 
deemed independent of normal bearing 
performance and are regarded as due to 
the hazards of operation. 

In addition to the events just described, 
an inspection of unit 3 in October, 1945, 
after 38,733.52 hours of operation, re- 
vealed cracked babbitt over a large part 
of the center area of the bearing. In 
operation this bearing showed no sign of 
distress or increase in plate temperatures. 
In fact, the operating plate temperatures 
were lower on this bearing than on most 
of the other bearings in the plant. This 
was the previously referred to experimen- 
tal bearing with a grooved runner. The 
cracked babbitt plate was replaced with a 
plate of the same type and the bearing 
returned to operation. After 2,266.55 op- 
erating hours an inspection was made and 
babbitt cracking again was found. The 
experimental bearing then was replaced 
with one of the final type. The reason for 
babbitt cracking has not been ascertained 
definitely but it has been ascribed to ex- 
traneous causes which are not a logical 
part of the operating history of the sta- 
tion. Consequently, these incidents will 
not be considered further. 


Additional Observations 


Several experiments carried out in 
conjunction with the general program of 
investigation led to. the results which 
are believed to be of interest although 
they do not affect the main sequence of 
events directly. 


Lead Alloy Babbitted Plate 


On October 1, 1943, the Epb (experi- 
mental plate) babbitted shoes were in- 
stalled in unit 9. Tin base babbitt is 
normally used for thrust bearing plates 
and was used for all plates except this 
plate. Because of the tin restrictions 
which were necessary during the war and 
the then uncertainties as to whether or 
not tin could be obtained for making 
thrust bearing plates, this experimental 
plate was made with a lead-antimony-ar- 
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senic alloy. It was inspected after 
18,340.71 hours of service and found to 
be in perfect condition. The bearing was 
inspected after 7,746.85 additional hours 
of operation during the installation of 
piezometer tubes to study the mainte- 
nance of internal oil levels. This inspec- 
tion resulted in similar conclusions and 
the bearing was replaced without change. 
It is now in operation, a continuous rec- 
ord of nearly four years with every indi- 
cation that this type of babbitt will per- 
form satisfactorily. Figure 11 shows two 
segments of this plate after the last in- 
spection. 


Improved Oil Circulation ° 


It has already been mentioned that the 
normal method of circulating oil in the 
entire oiling and cooling system consisted 
of supplying cool oil from the heat ex- 
changers to the oil chamber, circulating 
that oil through the bearing by the centrifu- 
gal action of the bearing itself, and re- 
turning the warm oil to the heat exchang- 
ers. Within the oil chamber the cool oil 
passes through the spring bed to the cen- 
ter of the bearing, then exhausts through 
the grooves in the babbitted plate. Ob- 
servations of the rate of flow of oil in this 
internal system led to the belief that if the 
cool oil were led directly to the central 
annular recess instead of entering through 
the spring bed by the pumping action of 
the bearing, more and cooler oil could be 
made to bathe the heat dissipating sur- 
faces of the bearing. Ina sense, the heat 
dissipating surfaces below the babbitted 
plate and those constituting the running 
surfaces could be put in parallel instead of 
in series with respect to the flow of cool 
oil. Also, since the flow of oil is positively 
outward through the bearing, any foreign 
particles tend to be flushed from the 
bearing surfaces. 
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With this thought in mind a cool oil 
distributing system consisting of a circu- 
lar header, connected tothe cool oil inlet 
pipe, and twelve radial outlet tubes was 
constructed. The circular header sur- 
rounded the bearing at about the eleva- 
tion of the spring bed, and the radial out- 
let tubes projected into the center of the 
bearing through spaces in the spring bed 
immediately below the openings between 
the twelve babbitted shoes. Figure 12 
shows this header in position around the 
spring bed. Figure 13 shows the assem- 
bled distribution system prior to installa- 
tion, with oil flowing out of the twelve dis- 
charge tubes. 

This distributing system was installed 
in unit 2 in June, 1946, and in unit 7 in 
October, 1946. Prior to installing these 
systems the operating temperatures of 
the bearing plates were 77 degrees centi- 
grade for unit 2 and 86 degrees centigrade 
for unit 7. After the installation, the 
operating temperatures of the plates are 
61 degrees centigrade and 60 degrees cen- 
tigrade respectively. These temperatures 
are now lower than the corresponding 
temperatures in the remaining eight 
units. Under the same operating condi- 
tions the oil bath temperatures increased 
2 degrees centigrade after the installa- 
tion of the distributing system. 


Maintenance of Oil Level 


A series of experiments were made to 
determine whether or not the centrifugal 
pumping action of the bearing, with nor- 
mal oil circulation, under usually en- 
countered speeds, could pump more oil 
out of the central annular recess than 
could be replaced by flow through the 
spring beds, thus lowering the oil level 
at the center of the bearing and at other 
points radially outward in the bearing. 
Piezometer tubes, having their pressure 


Figure 10 (left). Final type babbitted plate 
after 38,603.35 hours of operation 


Figure 11. Lead alloy babbitted plate after 


26,087.56 hours of operation 


_AIEE TRANSACTIONS 


Table Il. 


Increases in Static Oil Level as 


Affected by Speed 


Head in Head 1/3 Head 2/; 
Center Radial Radial 
Annular Displacement Displacement 
Opening, from Center, from Center, 
RPM Inches Oil Inches Oil Inches Oil 
Oi xO 0 0 
40.. 1/9 18/16. 15/16 
60.. 1/9 . ™/g 18/16 
75. 1/2 15/36 18/16 
90.. 3/4 15/, 15/16 


Figure 12. Oil chamber raised to show cool =o = 
oil circulating header in position around the 
bearing 
pumped out of the bearing is replaced 
completely by the flow through the spring 


measuring heads located at the center of bed. 
the bearing, one-third radially outward 
from the center, and two-thirds radially Conclusion 


outward from the center were installed in 
two bearings in the spaces between the 
babbitted shoes. These tubes projected 
into the bearing much in the same man- 
_ ner as the tubes used for improved oil 
circulation. The machines were then run 
at various speeds from 40 to 90 rpm and 
the changes in oil head as recorded on the 
oil level indicating tubes attached to the 
piezometer tubes recorded. Table I 
‘shows the results of these measurements. 
The maximum change in level recorded is 
of the order of one-half to one inch. It is 
doubtful that a change of this magnitude 
has much significance since pulsations in 
the oil level in the indicator tubes were of 
the same order of magnitude. This pul- 
sation probably was due to turbulence 
in the oil flow. Since the oil level above 
the babbitted plate is 61/2 inches the con- 
clusion is drawn that no significant 
change in oil head occurs anywhere 
throughout the bearing at any speed up 
to that tested. Consequently the oil 


In nine years of station operation, ap- 
proximately 56 years of machine opera- 
tion, there have been a total of nine cases 
of bearing wiping at Bonneville. Seven 
of these cases occurred on the initial type 
bearing. One_wiped because of foreign 
material and the remaining six were 
caused by the formation of iron oxide, a 
condition which was eliminated early in 
1941. There has been no recurrence of 
iron oxide wiping in the last 50 maehine 
years of service. Two cases of wiping oc- 
curred on the final type bearing. Both 
of these are attributed to causes other 
than iron oxide. One is considered as no 
fault of the bearing and the other was 
surrounded by circumstances which make 
difficult the assignment of the wiping to 
any specific cause. 

Since an average shutdown to replace 
a wiped bearing seldom exceeded two 
days, and was often less than this, the 
total outage time in comparison to the 


unit load carried by the bearing, however, is 
only 400 pounds per square inch of bearing 
area and this accounts for its large dimen- 
sions. For purposes of comparison the 
heaviest total loads that Kingsbury-built 
bearings to date have been called upon to 
carry are 2,200,000 pounds. These loads 
are on the 94-inch diameter bearings at the 
Kentucky Dam of the Tennessee Valley 
Authority and the unit loading is 550 pounds 
per square inch. While the total load is not 
as great as at Bonneville, the unit load is 
higher resulting in a proportionately smaller 
bearing. 

The flexible-plate, spring-supported 
thrust bearing used on vertical hydroelectric 
generators has been described by Linn and 
Sheppard! as consisting essentially of a 
“grooved rotating steel collar fastened 
rigidly to the shaft; a babbitt-faced sta- 
tionary flexible steel plate with radial 
grooves, one of which is cut through the 


Discussion 


S. J. Needs (nonmember; Kingsbury Ma- 
chine Works, Inc., Philadelphia, Pa.): 
Publication of this paper makes available 
information long desired by the writer. 
Since shortly after the first machines at 
Bonneville went into operation there have 
been many rumors of thrust bearing trouble 
at that station. Like most rumors, these 
grew with time and distance until the pic- 
ture became entirely distorted and most con- 
fusing. The authors’ Table I clarifies the 
situation and shows exactly what happened 
since the first machine was started in 1938. 

The authors have pointed out that the 
Bonneville thrust bearings are the largest 
in the world and also carry the greatest total 
thrust load. Carrying a load of 3,000,000 
pounds is indeed no small accomplishment 
and represents a real stride forward. The 
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Figure 13. Cool oil circulating system assem- 


bled on station floor 


running time is exceedingly small. Six 
out of the ten machines never have had a 
bearing outage. Two of the remaining 
four had outages due to miscellaneous 
causes, and the other two units were the 
first two machines installed and went 
through their period of bearing develop- 
ment. 

This paper has described the operating 
history of the initial and final types of 
bearings, used and in use at Bonneville. 
The operation of the first or initial type of 
bearing was not successful. The present 
or final type now in use has had approxi- 
mately six station years of very successful 
operation. Recent inspections give every 
indication that this type of operation will 
continue. The experience gained on these 
bearings forms a foundation for the fu- 
ture, a future which the authors believe 
will bring corresponding progress in the 
building of even larger thrust bearings. 


Reference 


1. Mopern BEARING PRACTICE FOR VERTICAL 
WATERWHEEL GENERATORS, C. M. Laffoon, R. A. 
Baudry. AIEE Transactions, volume 66, 1947, 
pages 363-9, 
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plate; and precompressed springs support- 
ing the stationary plate.” 

The original Bonneville bearings appar- 
ently followed this description with the im- 
portant difference that instead of one, six of 
the radial grooves were cut entirely through 
the flexible plate, thus changing the plate 
into six separate spring-supported segments 
or shoes. This was the first step towards 
the conventional pivoted-shoe design. 

When the segmental collar or runner was 
found unworkable it was replaced by a 
grooveless runner having a continuous rub- 
bing surface. This was the second step to- 
wards the pivoted-shoe design. 

The radial grooves were then removed 
from the centers of the shoes by cutting 
them through, thus producing twelve shoes 
free from grooves. The grooveless shoe 
was the third step towards the pivoted-shoe 
design. Apparently the two latter steps 
made it possible for the bearings to operate 
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satisfactorily. Quly removal of the springs 
and actual pivoting of the shoes remained to 
complete the transformation of the spring 
bearings. It might be pertinent to mention 
that an old United States patent, number 
1,117,499, issued November: 47, 1914, to 
Albert Kingsbury, covers the ‘sprimg-sup- 
ported, grooveless,; segment-shaped ° a 
shoe. 

The writer wonders if the above chaiiges 


in the original design have resultedin a per 
manent cure of the early difficulties or .will’ 


it be necessary to recondition the ‘bearing 
surfaces from time to time. 

The all-important subject of oil film thick- 
ness is mentioned but no indication is given 
of what the minimum film thickness might 
be. The subject of power loss is not dis- 
cussed. Possibly the authors can throw 
some light on these interesting and impor- 
tant questions. 

The paper properly points out that the 
thrust bearing is the mechanical heart of the 
vertical hydroelectric generator. There are 
hundreds of such bearings, large and small, 
in continuous successful service. Despite 
their importance, however, they seem to be 
taken for granted and seldom appear in the 
technical literature. The authors are to be 
congratulated on their important contribu- 
tion which not only calls attention to a neg- 
lected subject, but gives reliable and accu- 
rate information regarding thrust bearing 
operation in one of the largest stations in the 
country. 
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J. F. Spease (General Electric Company, 
Portland, Oreg.): The authors have pre- 
sented data on the design and performance 
of the Bonneville thrust bearings which I 
know is of great interest to allofus. Gener- 
ators are being made bigger and of necessity 
thrust bearings are being made bigger to 
withstand these great weights and thrusts. 
Operating data and experience such as that 
given in this paper is very welcome to the 
design engineers of these large machines. 
During the preliminary design periods on 
the number 1 and number 2 generators at 
Bonneville a great deal of thought was 
given by the designers to the installation 
and maintenance of these machines. Theex- 
perienced erectors were called in and the de- 
sign, as to ease and speed of installation, 
was discussed with them. 

A great deal-of thought was given to the 
handling of guide bearings and thrust bear- 
ings both for installation and later main- 
tenance. 

The paper states that the loading on this 
thrust bearing was slightly over 3,000,000 
pounds and that the thrust bearing was 112 
inches in diameter. Upon designing this 
bearing it was found that the rotating plate 
weighed 12,000 pounds amd that the sta- 
tionary plate weighed 6,000 pounds. This 
is no small weight to handle in the space 
between the lower bearing bracket and the 
rotor. 

A space of 42 inches, in which to work, was 
allowed between the roter arms and the 
bearing bracket. A space of 20 inches was 
allowed between the bottom of the thrust 
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bearing oil housing in its raised position and 
the main bearing bracket floor. 

Keeping in mind this space, which is quite 
adequate, the designers cut the bearing into 
segments weighing a maximum of 1,000 
pounds. That weight is much easier to 
handle and is of smaller dimension than if 
the plates had been cut in half, which would 
mean handling weights of 6,000 pounds. 

The rotating segments were keyed to the 
rotor hub by inserted T-shaped keys. The 
segments slide into place on the keys, and 
are held in place by vertical pins against the 
centrifugal force. In order to handle these 
segments more easily, a circular track was 
built around the lower bearing bracket on 
which a 4-wheel car could be made to rotate 
around the shaft and bearings. 

Segments of the bearing could be pulled 
out on this small transfer car, run around to 
the opening in the concrete foundation, and 
lowered by means of small chain hoists to 
the “37 floor’. This would mean that all 
the work could be done in that space below 
the rotor and above the lower bearing 
bracket, and would not necessitate the re- 
moval of any of the generator air housing in 
order to lower a cable from the overhead 
cranes down between the rotor arms for 
handling the bearing segments. 

This scheme of handling the bearing 
worked.out very well and was used until the 
difficulties described in the paper arose. -As 
operating experience was obtained, it was 
necessary to replace all of the 12 segment 
runners with a 2-piece runner and the origi- 
nal handling scheme could not be used ex- 
cept with the stationary plates. 

As each section of the new runner weighs 
6,000 pounds and must be moved from under 
the hub, one of the Army machinists at 
Bonneville designed a tricycle handling 
gear, Thisis avery ingenious device which 
allows the bearing to be pulled out on the 
rails without danger of damaging the bottom 
sliding surface of the bearing. 

The points brought up in this discussion 
indicate the thought given to maintenance 
problems in the original and final design of 
these bearings. Events prove that perhaps 
originally too much emphasis was placed on 
maintenance but only experience could have 
verified this. Had the initial installation 
been as successful as the final one, the initial 
maintenance consideration would have been 
justified fully. 


A. B. Lakey (nonmember, Kingsbury Ma- 
chine Works, Inc., Philadelphia, Pa.): The 
authors are to be congratulated on their 
complete description and analysis of this 
great thrust bearing installation. 

The following brief statement of the prop- 
erties to be desired in the thrust bearing in 
a hydroelectric unit is inspired by the sub- 
ject paper, and due to the present emphasis 
on hydro development, seems timely. 

In any modern vertical hydroelectric 
unit, the thrust bearing is immersed in an oil 
bath, and the synchronous speed acting on 
the viscous lubricant generates enough oil 
pressure between the rubbing surfaces to 
support the imposed load either completely 
or nearly so. 

An ideal bearing, when attained, will be 
100 per cent available and reliable, giving 
service for indefinite periods without meed. 
img attention. 

More particularly, the bearing and all its 
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associated parts will-withstand indefinitely 
the effects of any operating conditions, in- 
cluding the followmeg: 

Creeping at low speed due to gate leakage. 
Slow starting. 

Heavy or fullloading at starting. 


In ‘fatt, any kind of starting, stopping, or run- 
ning. hs = 


5. Destinitive friction, notably as limiting the 
lifeof the bearing surfaces. 


6. ‘Form changé$iin the foundations. 


Further, an ideal bearing will 

1. Increase generator output and therefore revenue 
from the unit by virtue.of low running friction loss. 
2. Minimize need for and wse of auxiliary equip- 
ment, such as high pressure oil pumping and piping 
systems, whether their purpose be lubricating or 
jacking. 

3. Avoid setting up mechanical vibrations, with 
their fatiguing effects in the bearing and elsewhere. 


Finally, to eliminate fretting corrosion 
and other effects, an ideal bearing will have 
to be self-aligning under all working loads. 
The validity of this statement will be appre- 
ciated on consideration of any bearing of 
the opposite character; that is, one which is 
merely adjustable. 

When out of adjustment and squareness 
it obviously will produce fluctuating, eccen- 
tric loads of greater or less magnitude in the 
stationary supports of the bearing, together 
with an equaland opposite set of loads in the 
fit between the thrust runner, thrust hub, 
keys and shaft. The first-named forces will 


subject the stationary parts mentioned to 


kneading, galling, and fretting action; the 
second set will similarly damage the revolv- 
ing parts specified owing to the gyratory 
action present. We have assumed this 
bearing to be out of adjustment and square- 
ness. This is the only safe hypothesis, as 
perfect squareness is rarely attained, and 
even the best adjustment eventually will be 
thrown out by subsidence or growth of foun- 
dations, or by earth movements. 

Hence, any ideal bearing must be com- 
pletely self-aligning. 

Most of the ideals mentioned alneady are 
being realized in practice, and any problems 
in connection with the remainder seem in a 
fair way to solution. 


C. L. Killgore (United States Bureau of Re- 
clamation, Denver, Colo.): The authors 
have presented a very worthwhile paper on 
the design and performance of thrust bear- 
ings for large vertical hydroelectric genera- 
tors. It is interesting to note that appar- 
ently all of the bearing failures at Bonneville 
occurred after the generating unit was in 
operation for some time. It has been our 
experience that most bearing failures occur 
during the starting up.of the generating unit. 
After an oil film is established and the metal 
contact no longer exists between the thrust 
runner and stationary plate, the probability 
of a bearing failure is remote, occurring only 
through some operating condition such as 
interruption of cooling water supply or 
foreign material entering the bearing from 
anycause. Therefore, itis believed that the 
starting performance of a thrust bearing is 
one of its most important design character- 
istics. It is our opinion that a thrust bear- 
ing should be capable of starting up without 
lifting the rotating parts or in introducing 
oil between the thrust bearing surfaces. 
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Nevertheless, we have found that such a 
procedure is desirable at one of our large in- 
stallations and it would be interesting to 
have the comments of the authors on this 
practice. Two methods generally are used 
when starting up a generating unit. One 
method is to open the turbine gates slowly 
until the bearing breaks away. The other 
method is to open the turbine gates to ap- 
proximately 0.2 gate opening to cause a 
quick break away of the bearing and then 
close the gates in order to reduce the speed. 
Apparently both methods are successful and 
it would be of interest to know which 
method is used at the Bonneville power 
plant. : 
- It is noted that the Bonneville generators 
are of the overhung type with the thrust 
bearing located below the generator rotor. 
It has been our practice to use the more con- 
ventional type of construction where the 
thrust bearing is located above the rotor. 
No external oil piping.or pumps are required 
and the cooling system is self contained in 
the thrust bearing oil reservoir. While the 
paper did not mention whether any trouble 
had been experienced with these additional 
auxiliaries, the need for this equipment to 
reduce the operating temperature of the 
bearing may be questionable. It is believed 
that the simplification in eliminating auxil- 
iary equipment tends toward more reliable 
operation. Animportant feature of bearing 
design which was not covered in the paper is 
the type of protection which should be pro- 
vided for large vertical generator thrust 
bearings. The recommendations of the 
authors would be of particular interest. 
Tests made at Bonneville to determine 
whether or not the centrifugal action of the 
bearing would cause a reduction in the oil 
level at the center of the bearing indicates 
the reduction in oil level is not significant, 
although, this has been a matter of concern 
to our operators in the past. It is believed 
that the experience gained with the Bonne- 
ville thrust bearing will result in advance- 
ment in the design of large thrust bearings 
and the authors are to be congratulated on 
their work. 


F. M. Lewis and T. W. Gordon: The au- 
thors wish to express their appreciation for 
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the interest exhibited in this paper and par- 
ticularly to thank the discussers for their 
presentations. A few brief comments are 
offered on some of the points brought out in 
the written discussions. ’ 

Lakey has outlined very completely the 
required performance of the ideal bearing. 
Upon two of his points, however, we would 
like to comment. Point 6, about form 
changes in the foundation, is something an 
operator hopes will not happen and only 
makes the required corrections if and when 
it occurs. Point 1, about the friction losses 
in the bearing, is secondary to reliability 
from an operator’s point of view. 

Needs has also commented on bearing 
losses, suggesting the use of smaller bearings 
at higher unit loading, with pressures over 
400 pounds per square inch. It might be 
stated that while higher pressures can be 
used, it is felt that since such large generat- 
ing units are dependent upon the operation 
of these bearings, the manufacturer should 
be conservative in the unit pressures, that is, 
be liberal in the size of the thrust bearing. 
The largest loads to be carried are on genera- 
tors at relatively low speed and, therefore, 
there is no great urge to use the smallest 
bearirig possible in order to reduce friction 
loss. The few kilowattssaved in bearing loss 
that might be gained by using a smaller 
thrust bearing are usually of little concern in 
the overall efficiency of a hydroelectric unit 
in the power station. 

Load conditions at Bonneville and in most 
other large stations are such that there is 
almost no opportunity to check closely on 
actual thrust bearing losses. 

Killgore states that most of their bearing 
failures have occurred during starting. At 
Bonneville all failures except one occurred 
after many hours of continuous running. 
Each has been accompanied by a sudden rise 
in plate temperature without any preceding 
indication or warning. Starting and stop- 
ping may have been a contributory cause 
but there has been no means of determining 
this effect. Jacking of wnits, previous to 
starting, is not the practice at Bonneville. 
The units are started by slowly opening the 
gates to 0.2 or 0.3, depending upon head and 
the length of shutdown, and then returning 
the stop to the speed—no-load position after 
break-away. 
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The additional auxiliaries made necessary 
by the external cooler are not the most de- 
sirable arrangement. Although no trouble 
has been experienced with this equipment, 
the minimum of cooling equipment is prefer- 
able. The external coolers were installed in 
this plant, because of the restricted bearing 
space, to minimize the difficulties in assem- 
bly and removal. 

The protective equipment consists of tem- 
perature detectors in six of the twelve bab- 
bitted plates, an indicating thermometer in 
one plate; and a shut-down temperature 
relay in one plate. The recording and indi- 
cating temperature indicators are equipped 
with alarm contacts. There is also a 
thermostat in the oil bath that keeps the 
circulatory oil pumps running until the oil 
bath drops to a predetermined temperature. 
It has been suggested that it would be well 
to omit these temperature indicators. In 
the opinion of the authors, two of the bear- 
ings would have continued in service except 
for these devices. 


The authors are grateful to Spease for ex- 
plaining further the reasons for the original 
design of the bonneville bearings. ‘ 

Needs has raised the question as to 
whether or not the changes in the Bonneville 
bearings as described in the paper will be 
permanent. The authors believe that with 
no failures due to iron oxide since January 
1941, it is reasonable to suppose that satis- 
factory operation will continue. The in- 
spections made in 1945 and 1946 were more 
a matter of curiosity, based wpon previous 
unfortunate experiences than on actual need 
for dismantling the bearings. The present 
plans ate to inspect and clean these bearings 
every four years with the next inspection in 
1949. At that time information will be 
gained on fretting corrosion, movement of 
parts, and the results of some minor mount- 
ing changes made in two units. 


There is still a little fretting corrosion and 
iron oxide formation in these bearings. The 
amount of this formation is not considered 
serious or detrimental to operation. This 
leads to the conclusion that a high degree of 
accuracy and finish must be maintained in 
the manufacture of the bearing parts and 
that squareness and parallel surfaces are 
essential in all the component parts. 
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A New Grinding Circuit Feed Regulator 


J. N. JONES 


ASSOCIATE AIEE 


ITH increased costs of production 
W csistine today, it is mandatory that 
manufacturing processes be made to func- 
tion with the highest degree of efficiency 
practical. One method by which efficient 
operation is accomplished requires the use 
of machines controlled by regulators 
rather than by men. This does not neces- 
sarily mean the use of fewer employees, 
but it will increase production, lower 
costs, and make the operators’ duties 
easier and simpler. The mining and mill- 
ing industry is an attractive field for the 
application of regulators. 

Because of the large tonnage milled in 
present day mine operations, cost factors 
that appear very small per ton assume 
important over-all proportions and de- 
mand careful consideration. The trend 
toward regulated control of grinding and 
classifying methods is evident in the large 
concentrators. 

In these mills, the ore fed to the ball 
mills is a screened product from the 
crusher plant. This product will range in 
maximum coarseness from three-sixteenth 
to five-eighth of an inch. The ore is 
ground to a predetermined degree of fine- 
ness (established by laboratory tests) to 
free the sulfide copper grains from the 
gangue material. Attaining these results 
in ball mills requires control of water in 
the ball mill feed and in the classifier 
pool, 

The hardness or grindability of the ore 
is another important factor. As the ore is 
mined from different parts of the ore 
body, the crusher product may vary 
several times during the day. The ton- 
nage rates of the mills should be changed 
accordingly for most efficient operation. 

These adjustments result in a uniform 
load of a coarse unfinished product, that 
is, the circulating load of sands being re- 
turned to the ball mill along with raw ore 
coming from the storage bins. 

When the mills are operated under 
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manual control, the adjustments are 
selected by the operator. If the ore 
changes are not watched closely, an 
appreciable amount of obtainable produc- 
tion will be lost when a change to soft ore 
occurs. 

Continuous regulation of ore feed and 
water control will result in lower costs and 
higher over-all plant efficiency. 


Application 


Regulators for controlling the raw ore 
feed to ball mills have been in operation at 
the Castle Dome Copper Company mine! 
for the past 12 months with the first 
regulator operating since September 1945. 
It is one of the latest developments in the 
metallurgical field and has increased the 
mill’s efficiency both as to tonnage and 
metallurgy. The regulator is simple, re- 
liable, and inexpensive; automatically 
will change the rate of ore fed, to the 
grinding circuit as the grindability or 
coarseness of the ore changes; and also 
proportionately varies the amount of 
water added to the ball mill as the raw ore 
feed is varied. Varying the quantity of 
water proportionately with the ore feed 
promotes maintenance of constant density 
within the ball mill. 

Milling practice at Castle Dome pro- 
vides for concentration of ore in the fol- 
lowing manner: 


1. Crushing of run of mine ore until it 
will pass a 5/16- by 1-inch screen. 


2. Grinding in grate-discharge ball mills 
which reduce the ore to about 12 per cent 
plus 48 mesh. Each grinding mill is oper- 
ated in closed circuit with a rake-type clas- 
sifier, the load and density in the circuit 
being regulated. (See Figure 1.) 


3. Recovery of copper minerals and de- 
pression of iron sulfide by flotation. 


4. Dewatering and filtering of final con- 
centrates. 


The original capacity of the 10*/.- by 
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11-foot ball mill was 65 tons per hour, but 
this was increased to 70 and 75 tons per 
hour by the installation of grate dis- 
charges to replace the free discharge sys- 
tem originally used. Liner wear and ball 
replacement increased’ in direct propor- 
tion. 

Raw ore is moved from the 14,500-ton 
storage bin to each ball mill by a con- 
veyer belt driven by an adjustable speed 
d-c motor. This belt discharges onto a 
constant speed-belt which discharges into 
the ball mill. The constant speed belt 
moves over a scale which records the 
tonnage delivered to each mill. (See 
Figure 1.) 

The regulator for the grinding circuit 
ptovides means to determine if a change in 
rate of feed is required, and how much it 
should be changed. 

It is known that if the amount of ore 
being fed to the grinding circuit changes, 
if the friability of the ore or the coarse- 
ness of feed changes, the sand load of the 
classifier will change. Tests have shown 
that the load of the classifier driving mo- 
tor changes appreciably with change in 
sand load, and this change in load is 
suited to supply the intelligence for 
regulating the grinding circuit. 


Operation 


Current relays are provided that are 
responsive to a change in load on. the 
classifier motor. Action of these relays 
causes an increase or decrease in the 
amount of ore being fed to the mill by 
operating a motor-driven rheostat which 
changes the resistance in the shunt field 
circuit of the adjustable speed d-c motor 
driving the conveyor. The rheostat is a 
conventional type having 132 steps and 
provides an ore feed range of 20 tons per 
Paper 47-181, recommended by the AIEE commit- 
tee on mining, metal forming and rolling for pres- 
entation at the AIEE Pacific general meeting, 
San Diego, Calif., August 26-29, 1947. Manuscript 


submitted June 11, 1947; made available for print- 
ing July 14, 1947. 


J. N. Jones is electrical service supervisor at West- 
inghouse Electric Corporation, Los Angeles, Calif. 
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regulator and the help of J. J. Luchessa, mechanical 
superintendent, Miami Copper. Company, and 
R. L. Mountjoy, mill superintendent, Castle Dome 
Copper Company. 


AIEE TRANSACTIONS 


~ 


hour. The chutes opening onto the ore 
belts are adjusted to give a constant 
volume of ore per foot of belt so that the 
relationship between belt speed and tons 
per hour is fixed. Doubling the belt speed 
doubles the tons per hour delivered. 

‘A timing device is provided that is ad- 
justed to act at regularly repeated inter- 
vals permitting a change in rate of feed to 
occur when a change is required, so that 
small incremental changes aré made 
rather than widely fluctuating ones. The 
time intervals between changes can be 
varied. The feed is not stopped and 
started, but the rate is changed in small, 
evenly spaced increments. 

The motor-operated rheostat is 
mounted near a water valve which con- 
trols part of the water fed to the ball mill. 
The rheostat motor has a shaft extension 
which is connected by chain and sprocket 
to the water valve. A density controller 
is used to keep the density of the classifier 
pool constant by varying the water supply 
in this section. These two control valves 
are of the straight flow type, are motor- 
operated, and are provided with limit 
switches to prevent jamming the valves at 
either end of travel. 

There are two chute-loaded conveyer 
belts for each ball mill, but only one belt 
is operated at one time to feed ore. A 
selector switch permits selection of man- 
ual operation or automatic control of 
either conveyer. 

For operation of the regulator refer to 
Figure 2. Relay CR8 stops the conveyer 

when changing from either manual or 
automatic operation and when changing 
the feed from one belt to the other. 
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The load on the classifier motor (25- 
cycle 3-phase 440-volt squirrel-cage in- 
duction motor) is measured through a 25- 
to-5 ampere current transformer, and the 
current of the secondary winding is recti- 
fied by means of- full-wave dry-disk 
rectifiers. The secondary winding of the 
current transformer is short-circuited by 
the timing relay during the “‘off” period. 
The current relays CR3 and CR4, type, 
are in the current transformer secondary 
circuit during the ‘“‘on”’ period. 

Relay CR3 is adjusted to pick up at a 
lower current value than CR4. 
classifier load is low, neither CR3 nor 
CR4 pick up; when the load is as de- 
sired, CR3 only closes its contacts; when 
the load is high, both CR3 and CR¢4 close 
their contacts. 

Relays CR5, CR6, and CR7 area 
simple a-c, solenoid type of relay, and can 
be energized only during the “on”? period 
of the timing relay. During the “on” 
period, CR7 is always energized, but CR5 
is energized only when CR3 contacts are 
closed, and CR6 is energized only when 
CR4 contacts are closed. The rheostat 
motor canbe energized only during the 
“on” period when the CR7 contacts are 
closed, The rheostat operating motor is a 
d-c series motor operating through a full- 
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wave dry-disk rectifier and a small, dry- 
type transformer. 

When the classifier load is low, CR5 con- 
tacts remain closed permitting the rheo- 
stat motor to operate so as to insert re- 
sistance in the conveyer motor field cir- 
cuit resulting in an increase in speed of the 
conveyer. When the classifier load is 
within the desired operating range, CR5 
contacts open holding the conveyer speed 
constant. When the classifier load is 
high, CR5 contacts open and CR6 con- 
tacts close reducing the speed of the con- 
veyer belts.. 

Time delay in the grinding circuit (from 
the time a change in.ore feed is’ made 
until there is a change in classifier load) is 
of the order of ten minutes. This process 
lag tends to cause the system to cycle over 
wide ranges with resultant overshooting 
of the classifier load and tonnage feed. 

This feed regulator is a floating con- 
troller and employs a dead zone in order to 
prevent constant cycling. The dead zone 
is that region where slight changes in the 
classifier load do not result in any change 
in rate of feed. This zone is kept to that 
minimum which eliminates hunting. Fig- 
ure 3 shows the rate of feed under actual 
conditions of manual operation, with the 
system hunting under regulator control 
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Figure 3. Mill opera- 
tion tonnage charts. 


A—Hand control 
B—Regulator hunting 
C—Regulator 


ORE FEED — TONS PER HOUR 


and with the system under control of the 
regulator properly adjusted. 

The timing relay is adjusted at present 
to have an “‘on’’ period of one second and 
an “off” period of 30:seconds. The incre- 
mental load changes possible are one- 
quarterton per hour each 31 seconds. The 
system is stable with this adjustment. 
Quick response was sacrificed to eliminate 
hunting, but the response retatned is 
adequate for this particular application. 

This regulator is of the type where the 
final position of the activating device 
bears no fixed relation to the value of the 
variable being controlled, and there is no 
characteristic droop or load error. The 
value of the classifier motor load does not 
have to remain at some point different 
from its original value in order to correct 
for changes in the type of ore being 
ground. 

The purpose of the control is to main- 
tain a constant circulating load in the 
grinding and classification circuit by 
automatically adjusting the feed and 
water to meet changes in the character of 
the ore. It is an electric system whereby 
the amount of ore fed into the ball mill is 
governed by the circulating load return- 
ing from the classifier, increasing the feed 
as the classifier load: decreases and vice 
versa. 


1242 


Gain 


The importance of this control to an 
operation like Castle Dome becomes 
apparent when it is realized that no 
attempt is made to: control the hardness: 
and grindability of the ore mined and 
delivered to: the concentrator for treat- 
ment. The ore is dumped into the coarse 
ore pocket as it best suits the mining 
operation. At times it may carry 1 per 
cent copper and at others 0.4 per cent. 
Moreover, on one day it may come fronr 
the eastern portion of the ore body where 
the ore is soft and the next from the 
western side where it is hard. 

Since the regulator has been installed at 
Castle Dome, tonnage handled has been 
boosted. three to five per cent. Latest 
figures show that the mill has handled 
more than 13,000 tons per day under 
regulator control while average tonnage 
is 12,000 under manual control. Figure 4 
shows the results obtained with five units 
under regulator control. 


Other Applications 


Though this paper deals with the appli- 
cation of a feed regulator for ball mills, 
similar regulators can be adapted to con- 
trol other crushing or grinding processes 


No Discussion 
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especially where a long time delay exists 
between the corrective step and the resul- 
tant change in the medium being con- 
trolled. 
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General Analysis of Speed Regulators 
Under Impact Loads 


G. D. MCCANN 


MEMBER AIEE 


Synopsis: This paper presents the results 
of a generalized study that has been made 
on the transient speed response of basic 
forms of speed regulating systems to sud- 
denly applied square wave load torques. 
The solutions were obtained on the tran- 
sients analyzer and the electrical analogies 
for the systems are developed. The solu- 
tions are applicable to d-c motor drives with 
either variable armature voltage or motor 
field current control and two inherent time 
delays, one of which must be in the motor 
armature circuit. Stabilization is effected 
by means of an “anticipatory” RC circuit 
just following the error signal and an RC 
feed-back circuit just after the first inherent 
time delay. The type of system specifically 
jllustrated in the paper is one with an elec- 
tronic amplifier, Rototrol, and’ d-c generator 
that supplies the armature voltage. The 
study shows the effects of all system param- 
eters, including a series self-energizing 
field that may be used with Rototrols to 
eliminate steady-state. speed errors. It 
was found practical to define optimum forms 
for the response to impact loading in terms 
of crest transient speed dip, time to recover 
normal speed, and per cent system damping. 
A set of generalized dimensionless curves 
presents the performance of such regulating 
systems in terms of these characteristics, 
together with the anticipation and feed-back 
circuit constants required for optimum 
solutions. These curves cover the practical 
range of all parameters. The performance 
resulting from the operation of speed regu- 
lators over a range of speeds by changing the 
motor field current without readjustment of 
the antihunting parameters.is: discussed. 


N the design and application of modern 

precision rolling mill speed control 
‘equipment it has. been found highly de- 
sirable to make complete transient re- 
sponse calculations and determine in. de- 
tail the speed dip characteristics. under 
the transient conditions of the billets 
entering the rolls.* For such systems 
ee Seton tee ee ee 


*See references 4-6 for impact drop. analyses of un- 
regulated motors, 
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it is a relatively simple matter to com- 
pute analytically the steady-state ac- 
curacy and to determine whether or not 
the system is stable. However a knowl- 
edge of the complete transient speed vari- 
ation for a wide range of the controlling 
parameters is important im order to pro- 
vide a design which yields the minimum 
impact speed drop and maximum rate of 
recovery to normal speed consistent with 
adequate damping, and which meets the 
required specifications regarding these 
quantities. 

The transients analyzer!~* has been 
found admirably suited to this type of 
analysis since complete transient solutions 
and the effects of varying the controlling 
parameters can be obtained so rapidly. 
After studying and designing a number of 


‘steel mill regulating systems in this way 


it was considered desirable to make a gen- 
eral analysis of the basic systems used 
for steel mills over a comprehensive 
range of all important parameters. As 
the study was carried out the results were 
found applicable to an even greater range 
of speed regulator problems. 


Description of Control System 


The specific system for which the study 
originally was conducted is illustrated in 
Figure 1. The derivation of the charac- 
teristic equation of the system is given in 
Appendix I. The electrical analogy for 
this system as set up on the transients 
analyzer is shown in Figure 2. The deri- 
vation of the analogy is given in Appen- 
dix Il. Figure 1 specifically illustrates a 
system with a d-c motor drive, speed 
control being effected through its artfa- 
ture voltage variation. The generator 
may supply all or only part of the supply 
voltage. The motor load is assumed to 
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consist of a constant torque, a transient 
impact torque, and the motor and mill 
inertia. The inertia may include, in addi- 
tion to that of the motor and rolls, a fly- 
wheel which sometimes, is required to 
limit the crest impact speed drop. The 
generator is excited by a Rototrol which 
in turn is excited by an electronic ampli- 
fier. The control signal voltage is the 
difference between the tachometer volt- 
age and the reference voltage Ey. As 
shown in Appendix I, the series self-en- 
ergizing field on the Rototrol, when prop- 
erly tuned, reduces the steady-state speed 
error to zero. The regulator is stabilized 
with the anticipator circuit (R,, C,) and 
the feed-back cirewit (Ry, C,) from the 
generator field current. In such a sys- 
tem the steady-state speed can be changed 
by varying the regulator reference voltage 
Eo. When the regulator has insufficient 
range to cover the entire speed range de- 
sired, it may be necessary throughout the 
upper part of the range to vary the motor 
field simultaneously with the reference 
voltage. If the generator is a booster in 
series with another supply voltage, speed 
changes over a wide range also can be 
made by simultaneous variation of the 
supply voltage and the reference voltage. 

In the derivations of Appendix I it will 
be noted that inherent droop im motor 
speed is considered as due to IR drop 
alone. This assumes that the motor field 
strength remains constant for any particu- 
lar value of field current. Actually the 
motor fieldstrength may changesomewhat 
with load, due to armature reaction and 
the demagnetizing effect of the armature 
turns being commutated. The justifica- 
tion for neglecting these factors in this 
analysis lies in the fact that changes in 
field strength are subject to the time 
delay of the field structure, and this. de- 


Paper 47-186, recommended by the AIEE joint 
subcommittee on servomechanisms and approved 
by the AIEE tectinical program committee for pres- 
entation at the AFBE Pacifie general meeting, San 
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ing July 18, 1947. 
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lay is usually long compared to the time 
required to reach the maximum speed 
drop and recover to normal speed. Con- 
sequently, the field weakening effects 
exert but little influence on the important 
characteristics of the solutions as pre- 
sented here. 


As shown in Appendix I, the charac- 
teristic equation for this system (equation 
14) represents to sufficient accuracy the 
performance of a speed regulator with a 
constant armature voltage source and 
with the regulating system controlling 
the motor field current. Also, as will be 
seen later, the solutions obtained for 
equation 14 are of even more general ap- 
plication. 


System Parameters. In the presenta- 
tion of solutions it is most convenient to 
specify them in dimensionless form as dis- 
cussed in connection with equation 140. 
Speed variations are thus expressed as 
the ratio of actual speed variation to the 
fractional speed dip Dp of an uncontrolled 
motor, and time is expressed in units of 
the mechanical time constant Ty instead 
of in seconds. Do and Ty are both quan- 


tities that can be calculated quickly for a 


given system. As expressed in equations 
14 and 140, the parameters of actual regu- 
lators are simply the five time constants, 
the two dimensionless parameters A; and 
A», and the Rototrol self-energization fac- 
tor K,. These are all defined in the cap- 
tion of Figure 1. The determination of 
these parameters for specific control sys- 
tems will be illustrated later in connection 
with applications of the dimensionless 
solutions. 


General Character of Speed Dip 
Solutions 


In Figures 3 to 6 are shown typical 
speed dip solutions as obtained on the 
transients analyzer. In Figure 7 are 
presented the generalized dimensionless 
solutions. These are all solutions for 


which optimum values have been chosen 


for the R;C; feed-back time constant, 
feed-back ratio As, and anticipator time 
constant T,. A fixed value of 3 was used 
for k over the entire range of solutions. 
These parameters are quantities that 
usually can be adjusted readily to any 
desired value as contrasted with the sys- 
tem time constants and parameter Aalty 
It thus was considered desirable to present 
in most cases only the solutions corre- 
sponding to the optimum values of these 
easily controlled quantities. 


The solution of Figure 3a is typical of 
those determined as optimum with sys- 
tems having series Rototrol fields. With 
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Figure 1. Schematic GENERATOR 


diagram of basic 
speed regulated 
system 


List of symbols: 


= inertia of motor and driven system in pound- 
foot-seconds? 
n=ratio of total system inertia to motor inertia 
b=motor torque coefficient in foot-pounds 
per ampere 
g=motor voltage coefficient in volts per 
radian per second 
ro=motor-armature damping constant in foot- 
pounds per radian per second 
Ty =1/ro=mechanical time constant in seconds 
T,=Rototrol field circuit time constant in sec- 
onds 
T,= generator field circuit time constant in 
seconds 
3=L;/R;=motor generator armature circuit 
time constant in seconds 
T;=RyCy= feed-back circuit time constant in 
seconds : 
Ta=RaCg=anticipator circuit time constant in 
seconds 
k=(Ra+Rs)/Rz=anticipator circuit ratio=3 
for all solutions 
A: = over-all regulator system gain (=e;/es in 
steady-state with circuit break shown in 
Figure 1) 
A2=gain around feed-back loop with C= ~ 


Ko=over-all gain of amplifier, generator, and - 


Rototrol without benefit of the Rototrol series 
field 
K,=volts across Rp per radian per second in 
steady state 
K,=voltage feed-back factor =e7/e, 


reference to Figure 3a the characteristics 
considered important are the crest frac- 
tional speed dip Dy, the time to recovery 
of normal speed, and the system damping. 
It also was considered desirable to prevent 
any appreciable overspeed such as indi- 
cated by Figure 3). 

Effect of RC Feed-back Circuit. It was 
found that the RC feed-back circuit had a 
much more dominant effect on system 
damping than the ‘‘anticipatory” circuit. 
However, as will be discussed, this circuit 
has important effects on the solution for 
certain ranges of the basic parameters. 

In the practical range of all parameters, 
there is only one dominant system fre- 
quency and all other roots of the solution 
correspond to very high damping. As is 


McCann, Osbon, Kirschbaum—Speed Regulators 


FEEDBACK 
CIRCUIT 


INERTIA I 
ANTICIPATOR 
CIRCUIT 


ELECTRONIC 
AMPLIFIER 


REFERENCE 
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K,=fractional measure of degree of self- 
energization of Rototrol 
M=applied impact load torque in foot- 
pounds 
M.=control torque developed by regulator 
in foot-pounds 
w=transient speed variation from reference 
value in radians per second 
wy = reference or normal speed in radians per 
second 
@s= steady-state speed drop with regulator in 
radians per second 
ws: = steady-state speed drop for unregulated 
system in radians per second 

s=no load speed in revolutions per second 
= —w/w)=Ffractional transient speed drop 
Dy = —s1/a9=fractional steady-state speed 
drop for unregulated system 
Do= M/6.28sro 
D,=maximum fractional transient speed drop 
p=derivative aperator d/dt 
For application of full load torque: 
Do=(550 XX rated motor horsepower)/- 
(6.285)?ro 
System characteristic equation: 
=1—(1-B ip ToTsp?)(D/Do) = 
Ai(1+Tap)(D/Do) rs 
[1 —K,+(h+h2)p+hhp?](1 + Tap/k) 
Aol; p(1 + Top + Tolsp2)(D/Do) 
[1—-K,+(h+h)p+hlep*) (1+ Typ) 


typical of RC feed-back stabilization, in- 
creasing the amount of feedback A» in- 
creases damping, but above some usually 
fairly critical value, it also rapidly in- 
creases the crest speed dip. 

The magnitude of the feed-back circuit 
time constant Ty is also important as 
shown in Figure 3. Too large a value re- 
sults in a longer time f, to recover to nor- * 
mal speed. Too small a value causes over- 
shooting and impairs system damping. 
It was found that over the complete range 
of system time delays and amplification 
Aj, there exist well defined optimum val- 
ues of Ty, As, and T, for which an opti- 
mum combination of minimum speed dip 
and time to return to normal speed can. 
be achieved with adequate damping. 
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Effect of Rototrol Series Field. The 
effect of the Rototrol series field is shown 
by the solutions of Figure 4. The steady- 
state speed drop without it is calculated 
by equation 17b of Appendix I. 

By comparing solutions both with and 
without the series field, it was found that 
over the complete range of the data pre- 
sented here, the two conditions showed 
very little variation in crest speed dip 
(less than ten per cent). Also, the time to 
recover to normal speed for the case with 
the series field is practically the same as 
the time to reach the steady-state error 


Figure 2. Electrical analogy for system of 
Figure 1 as set up on the transient analyzer 


without the series field. The same values 
of feed-back and anticipation constants 
apply to both cases and the damping usu- 
ally is slightly higher without the series 
field. Thus the solutions presented in 
Figure 7 for a system with a series self- 
energizing field are applicable also to sys- 
tems without this field. 

Of some practical interest is the char- 
acter of the generator field current as il- 
lustrated by the solution of Figure 4c. 
The steady-state current increase indi- 
cated by the solution is proportional to 
the amount of load thrown on the system. 
For all adequately damped solutions the 
transient peak generator field current 
(and thus also the generator voltage) is 
appreciably less than twice the change in 
steady-state value. Thus, in systems 
where boosters are used, since the steady- 
state voltage change must compensate 
only for the JR drop in the armature, 
boosters which are linear to a voltage 
equal to twice the rated-load IR drop of 
the associated motor will have sufficient 
range. 


Effect of Anticipation Time Constant. 
It was found that for values of T3/To be- 
low 0.3 the optimum value of 7, is infin- 
ity for thescomplete practical range of the 
other time constants and A;. This is 
equivalent to applying the tachometer 
differential voltage directly to the am- 
plifier. For values of T3/To above 0.3 
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Ko Kse, 
&4 “(1+T, P) (IFT, P) 


there are ranges where finite values 

T, = T2 give somewhat better solutions 
as shown in Figure 7.* Figures 5 and 6 
show the effect of T, in these two ranges. 


Generalized Transient Solutions 


The curves of Figure 7 present the re- 
sults of the general study in a form which 
is suitable for the design of a wide range 
of speed regulating systems. The data 
specified in terms of three dimensionless 
parameters defined in Figure 1. These 
are T3/To, T:/To, and A;. For each value 


CIRCUIT FOR 
SQUARE WAVE TORQUE 


SWITC! 


of these parameters two sets of data are 
presented. One gives the optimum value 
of the R,C; feed-back constants in di- 
mensionless form as T;/To and A», and 
also the optimum value of T,. The other 
gives the basic performance characteris- 
tics for these parameters in terms of the 
crest transient speed dip D, and the time 
to recover normal speed f. These are 
plotted in the dimensionless form D,/Do 
and #;/T». For normal ratios of T; to T2 
and T; it was found that 7; had but slight 
effect and this delay therefore was neg- 
lected in order to reduce the required 
amount of data. For most regulators 71 
will not exceed about ten per cent of 7» 
and for such conditions its effect is negli- 
gible. 


By referring to Figure 7, it will be seen 
that separate sets of curves are presented 
for each ratio of T;/To with the curves of 
each set plotted as a function of 7T2/To. 
If it is desired to use the data for inter- 
vening values of 73, interpolation meth- 
ods are usually suitable. The variation 
of all solutions and optimum damping 
parameters are sufficiently uniform for 
this. If desired, the specific data can be 
replotted as a function of 73. The range 
of T3/T covered is quite broad (0.001 to 
3.0) so as to provide data not only for 
systems with light inertia loads but also 
for those with large flywheels increasing 
the system inertia by factors as large as 
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20. It is of course the small ratios of 
T;/To and T2/T» that correspond to the 
large flywheel ratios, since To varies di- 
rectly as the inertia. For each ratio of 
T3/T» the practical range of T2 is covered. 
For ratios of 73/To up to 0.3 the best 
solutions were obtained with TJ, equal to 
infinity which corresponds to applying 
the full error control signal to the system 
during the entire transient. With higher 
ratios of 73/T) and T2/To, regions were 
found where finite values of T, give better 
results with different values of T, apply- 
ing to different regions. It was found, 
however, that the character of the solution 
with the exact optimum value of T, was 
insignificantly better than could be ob- 
tained with T, equal to T, as shown by the 
curves. This is of course under the condi- 
tions that for each value of T, the opti- 
mum values of Ty and A» were used. 
Thus as can be seen from Figure 7f, in the 
region around 73/T) = 0.3 an anticipa- 
tion time constant of either infinity or a 
value equal to T, might be used. How- 
ever, appreciably above 73/To = 0.3, a 
value of T, = T2 is to be preferred. 

For T;/To below 0.3 it was possible to 
obtain rates of decay of oscillations 
higher than 95 per cent per cycle with no 


— 


BEST VALUE T/To =.170 


T¢ TOO SMALL Tf/To=.120 


(b) 


Te TOO LARGE 


Tf /To 2.244 
(c) 
Figure 3. Typical transient impact speed dip 


solutions, showing effect of feed-back circuit 
time constant 
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WITH SERIES FIELD 


(b) 


BOOSTER GENERATOR FIELD CURRENT 


To/ To=.10 T3/To=.0125 A, K=170 
(c) 
Figure 4. Impact speed dip solutions, show- 


ing effect of series Rototrol self-energizing 
field for correcting steady-state speed 


appreciable sacrifice in D,/Dpo and t,/T». 
For higher ratios of T3/T» such high rates 
of decay are either impossible to achieve 
or are obtainable only at the expense of 
an increase in the crest speed dip. How- 
ever, it was found in all cases that damp- 
ing corresponding to at least 70 per cent 
decay per cycle was possible with only a 
slight compromise in speed dip. 


Application of Solutions to Specific 
Problems 


As an illustration of the application of 
the curves in Figure 7 to a specific system, 
consider a variable voltage speed regula- 
tor system with the following character- 
istics and for which the optimum damp- 
ing parameters are to be determined, to- 
gether with the resulting speed dip char- 
acteristics for a sudden application of full 
load torqtie: 


Motor 


250 horsepower, 600 volts, 500 rpm, or 8.33 
revolutions per second 

Armature resistance =0.120 ohm (total, in- 
cluding generator) 

Armature L;/R;=T;=0.10 second (total, 
including generator) 

Armature rated full load current =350 
amperes 

Armature full load JR drop =42 volts (total, 
including generator) 
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Other regulator constants 


Total inertia Wr?/g=300 pound-foot-sec- 
onds? 

Generator field time constant 7,=0.3 
second 

System amplification 4;=50 

The fractional unregulated speed drop is, 

from equation 18a, 


Dy =42/600=0.07 
The constant 79 is given by equation 19 
ee. f _ 550 X horsepower 
~ 6.28sD) (6.285) 2Dy 
by 550 X 250 
~ 6.28®X 8.332 0.07 
= 720 pound-feet per radian per second 


Yo 


Tg= = 
D, /09.048 T/T 92135 
ty / To =-32 Ap=4.0 


Tg= T2 
D;/D9=.077 T¢/To9=.275 
t/To 2.50 Ap26.40 


Figure 5. Speed dip solutions, showing effect 
of anticipator time constant T, in range where 
T, equal to infinity gives best solutions 


For these solutions T2/Tp=T3/Ty=0.03; Axk 
=75 


For reference to Figure 7 


T2/T)=0.3/0.417 =0.720 
T;/T)=0.10/0.417 =0.240 
Aik =350=150 


Interpolation by direct ratio between the 
curves of Figures 7e and 7f gives the fol- 
lowing data: 


Tqg= infinity 

T/T) =0.46-++0.7 (0.83 — 0.46) = 0.72 
Ag=21+0.7(41—21) =35 
D,/Do=0.13+0.7 (0.21 —0.13) =0.186 
t,/T)=0.83-+0.7(1.7 —0.83) = 1.44 


Thus the optimum stabilizing parameters 


are Az = 35, Ty = 0.3 second with no an- 
ticipation circuit and thus with an ef- 
fective system amplification of 150 at all 
times. Upon sudden application of full 
load torque, the fractional speed dip D, is 
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0.0130 or 1.3 per cent of no-load speed, 
and the time 4 to return to normal speed 
is 0.60 second. 


System Amplification. The over-all sys- 
tem amplification A, can be computed 
from a knowledge of the individual am- 
plification factors as given by the equa- 
tions of Appendix I. It also may be de- 
termined for either a variable-voltage or 
variable-field-current controller by open- 
ing the regulator system at some conven- 
ient point such as the tachometer termi- 
nals, and computing or measuring thevolt- 
age change produced at the tachometer 
by unit change of voltage between the 
leads removed from the tachometer ter- 
minals. (See e; and e,in Figure 1.) The 
determination of amplification must be 
made with no self-energization of the 
Rototrol, and care must be exercized to 
insure that the loading and average volt- 
ages in the e; and eé, circuits are not dis- 
turbed seriously when the regulator loop 
is broken. The effect of system gain on 
impact speed drop is of some dnterest. 
As shown by the spacing between the 
D,/Do and tT» curves of Figure 7 for dif- 


To=& 
D,/09 =.165 Tg /To =.80 
t) 7Tp 21.42 A2= 96 


Ta=T2 
D,/D9=-417 T}/T)=.39 
t)/T. =1.23 Ap=30 


Ta= To 
D, 7097-156 T§7To =.50 
ty 7To= 14 A2=26 


Figure 6. calaiiene showing effect of antici- 
pator time constant T, in range where T,=T: 
gives best solutions 


For these solutions Te/Tb=1g/Ty>=0.3; Aik= 
450 


AITEE Transacrions 


ferent values of Aik, the relative decrease 
in these quantities with increase in ampli- 
fication decreases rapidly above a gain 
corresponding to Aik equal to about 150. 
This effect is shown more clearly in Figure 
8. 


Operation of Steel Mill Speed Con- 
trollers Over a Range of Speeds 


It is sometimes desired to operate 
yariable voltage rolling mill equipment 
over a range of speeds by simultaneous 
adjustment of the motor field current 
and the reference voltage Eo (see Figure 
1) without readjustment of the parame- 
ters of the damping circuits. This means 
that the damping constants can be set for 
optimum performance at only one speed. 
As can be seen from Appendix I, under 
this condition of operation, the motor 
constants b and g vary directly with field 
strength or inversely with motor speed. 
Thus the system amplification A; varies 
inversely with motor field strength or di- 
rectly with the speed. Also, the constant 
yo, being proportional to the product of 
b and g, varies directly as the square of the 
field strength so that Tp varies inversely 
as the square of the field strength, or as 
the square of the speed. 

Under this condition of operation it is 
important to know if satisfactory perform- 
ance can be achieved with one setting of 
the stabilizing parameters and what their 
values should be. A study of such opera- 
tion was made for a typical system with a 
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range of conditions corresponding to a 
speed range by field weakening of four to 
one and a variation of system inertia of 
ten to one, corresponding to the addition 
of flywheels or load inertias of varying 
sizes. Some of the data obtained from 
this study are shown in Figures 9 to 11. 
The solutions of Figures 9 and 10 show 
the typical effects of varying speed with- 


. out a corresponding change in stabilizmeg 


Figure 7. Generalized solutions of optimum 
regulator damping parameters and resulting 
impact speed dip performance 


For definition of parameters, see Figure 1 
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Figure 7a. Solutions 
for T3/Ts=0.001 
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Figure 7b. Solutions for Ts/To=0.003 


Ts/To*0.003 
Tg oo ke3 


0.50 


B 


D)/Do AND t:/To 


constants. One of the most important 
factors is the variation of system damp- 
ing. Variation of field strength to either 
side. of a point where adjustments are 
made for adequate damping results in a 
decrease in damping. The reduction of 
damping is usually more rapid in the di- 
rection of field current increase as shown 
by Figure 10. Also, the impairment of 
damping is greater for the lower values of 
To corresponding to smaller added iner- 
tia. This effect is illustrated by Figure 9 
for which the inertia ratio m is unity. For 
the specific system considered here, ac- 
ceptable performance (as far as damping 
is concerned) for relatively high values of 
n, as illustrated in Figure 10, could be ob- 
tained by adjusting for optimum damping 
at the middle of the speed range. How- 
ever, for n=1, illustrated in Figure 9, a 
slightly better setting was that made at 
the low end of the speed range. With low 
values of added inertia it was not possible 
to obtain adequate damping over the en- 
tire speed range without appreciable im- 
crease in the impact speed drop or time 
to recover normal speed. For the data 
shown in Figures 9 to 11, the stabilizing 
parameters were not set at exactly opti- 
mum values for the solutions shown, but 
in such a manner as to obtain a minimum 
of decrease in damping with speed change. 
Thus the solutions de not correspond to 
those of Figure 7. Figure 11 shows the 
variation in relative crest speed dip (D,/- 
Do) with field setting and total system in- 
ertia. 
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Ts3/To 0.01 
To #00 k#3 Ak 


T/To AND Az 


PF it a given system which is to operate 
over a speed range by field weakening is 
adjusted for the optimum antihunting 
parameters at any given speed in accord- 
ance with the data of Figure 7, consider- 
ably lower speed dips will be experienced 
than shown in Figure 11 for the range of 
Ty below about 0.2. For speed variations 
not exceeding two to one, fairly good per- 
formance will be obtained for adjustment 


T3/T9 20.03 
Ta = k#3 


Figure 7c. Solutions for Ts/Tp=0.010 
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of constants of any of the operating 
speeds. The midpoint speed is recom- 
mended. It also was found satisfactory 
to use the data of Figure 7 in setting for 
speed change ratios up to four to one. 
For large relative values of the constant 1 
(above 3 or 4) the adjustment is best made 
at the mid-point speed. For systems 
with (n 1), the adjustment is prob- 
ably best made at the lowest speed al- 
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though good damping over a speed range 
as great as four cannot be expected with 
a single setting of the feed-back and 
anticipation feed-back parameters. 


Conclusions 


It has been found possible to present 
generalized transient response solutions 
for d-c motor speed regulators under im- 
_ pact load torques. The curves of Figure 7 
give in dimensionless form the optimum 
values of the RC feed-back and anticipa- 
tory circuit constants for the practical 
range of system amplification and time 
delays, together with the resulting per- 
formance in terms of crest transient speed 
dip and time to recover to normal or 
steady-state speed. These solutions can 
be used not only for the design of systems 
to operate at a specific speed or over a 
range of speeds by armature voltage con- 
trol, but also for most cases where sys- 
tems operate over a range of speeds by 
motor field current variation. 


Appendix |. Derivation of 
Control Equations for Basic 
Speed Regulators 


The basic systems being considered are 
illustrated by Figure 1. The equations 
‘will be developed in terms of the deviations 
of the variables from their reference values 
at normal speed. The load om the motor is 
assumed to be the inertia load, the normal 
steady-state load torque, and the applied 
transient square wave torque. 
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. Figure 7d. Solutions for T;/Ty=0.03 
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Ts /Ty=0.10 
Ta2#0o kd 


Equations 1 and 2 can be combined into a 
single mechanical torque equation in terms 
of w as follows: 


bes Lil pw . bg 
= M,=Ipot——4— o+M 
Ra RR 


Figure 7e. Solutions 
for. T;/Tp>—0.10 


Ts /T)=0.10 


reducing to 


by the motor when a speed change occurs is 
assumed proportional to the incremental 
armature current 73. Thus the incremental 
torque equation has the conventional form 


bi; =Ipo+M (1) 


(See Figure 1 for definitions of symbols.) 
The motor generator armature circuit 
voltage equation has the form 


és= Rsist Lepiz+ gw (2) 
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M,=(1+T3p)Ipotrow+ M (3) 
where M, is defined as the control torque 
_—— ee | 
re ==. and 
ge | > ES 
4 Zi i —s 
2 a Rs 
ae 
‘T S$ S af Bp =armature circuit time constant 
a 
02 Set eh bg 
ge | 450 Niet as 
gases Rs 
? oe =mechanical damping constant or 
Sige torque per unit speed change. 
0.05 SH Equation 3 can be rewritten as follows: 
BE | Figure 7g (below). Me M 
—= (1+ 73p) Ti == 
Solutions for T3/To= Yo eke Pee 
03. 05 1 2 1.0 and 3.0 
T3/ To *3.0 
Ts*To_ke3 we faye Vic 
Regulation by Control of Armature Circuit pa mnnint 3, 
Voltage. The additional torque. developed eel 150, 
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eet preyed 
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M 
= [14+ Top+ ToTsp*o|+— (4) 


0 


=mechanical time constant 


The generator internal voltage es may be 
considered as determined by two quantities, 
the output of the amplifier and the Rototrol 
positive feedback due to the series field which 
prevents steady-state speed errors. The 
positive feedback from the series field pro- 


Figure 7f (left). Solutions for T3/To=0.30 
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Figure 8, Effect of system gain on impact 
drop, all other factors remaining constant 


duces a component of e, which may be ex- 
pressed as 


K,e3 
(1+ Tip) (1+ Top) 


e4= 


(5) 


where K; is the fractional measure of the 
degree of self-energization. When the Roto- 
trol is completely self-energized or ‘‘tuned,” 
K,=1 and when there is no positive feed- 
back K,=0. 

The output of the amplifier produces a 
second component 


— Keo 
(1+ Tip) (1+ Tp) 


where Kp is the over-all voltage gain of the 
amplifier, generator, and Rototrol without 


o"3= 


(6) 


the latter’s series field. Thus 
K,@3 Koeo 
Ce, = — ————'- 
* G+Tp)d+Tp) A+Tip)d+ Tip) 
or 
—K 
a= o (7) 


(1—K,)+(714+ To) p+ Ti Top? 


The amplifier input voltage e) contains two 
components e’) and ey. The first is due to 
the difference between the tachometer 
voltage and the reference voltage Ey (modi- 
fied by the RgC, circuit) and is thus a func- 
tion of the velocity error w. The second is 
from the R,Cy feed-back circuit. 
The first component is given by the equa- 

tion 

Tq (8) 

1+— 

k p 

where 


Rog 
Rat+Ry 


1= 


Rat Rp 
Ry 


T= RaCy 
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By referring to Figure 1, equation 8 is de- 
rived as follows: 


E, —tachometer generator voltage = g,w 


o-| Ryt+ Re , 
t=) Ry+— in 
= ‘ tik, CoP. 


where 7, is the incremental current. 


g(1+ =e 


(Rat RN 4+ ae 7) 


Rog + Typ) 
Ta 
(Ret (14 io) 


Thus 


e'o= Rpig= 


The second component of the amplifier 
input voltage is given by the equation 


K. 2 Types 
(1+ Typ) 
where 


Ky = €;/€3 5 T= RyCy 


(Rees 
= 


(9) 


This is derived as follows: 


na( art a5)i 


jesa Se 
1 (1+T)0) 
"p= Ryty 
_ RrCrber 
{CET 


ANTICIPATION AND FEEDBACK 
ADJUSTED AT To=.025 


*Tg=.03 SEC Te =O023 SEG Ap=245 


D, /Do= 97 


Figure 9. Illustrative 
speed dip solutions, 
showing relative per- 
formance for oper- 
ation over a 4-to-1 
speed range by 
changing motor field 
current but not re- 
adjusting stabilizing 
parameters 


D, 109 =,53 


For these solutions 
n=(total Wr?) /- 
(motor Wr?)=1 


Dj /Do =.16 
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t=.) SEC 


Since e; is proportional to eg, we have equa- 
tion 9. Thus 


Aid+ Typ)w KoT pes 


eo =e ptey= (10) 
1+T 
(+7 i?) (1+Typ) 
Substituting equation 10 in equation 7 
43= 
—KyKki(1+Typ)w P a 
[a —K,)+(Ti+Ts)p+ rire( +742 ) 
—KoKeT pes 
[1 —K,)+(1+T2)p+ TiT2p?\1+T yp) 
(11) 


Thus the term M,/ Ro is given by the equa- 
tion 


KK: 
: anes Tap) 


Ty 
[a = Ki) Prt T2)p+ ratpn( 1+) 


M, 
Ko KT pp— 
AIS es eS 
[(1—K,) + (11 +T2)p+ Ti Top?)(1+ Typ) 
(12) 
since 
rok 
sce 


Substitution of the value of M,/rp as given 
by equation 4 in equation 12 produces the 
complete differential equation defining the 


ANTICIPATION AND FEEDBACK 
ADJUSTED AT To=.10 


Di /Ro=.82 


To? 025 
A\= 20 


t,=.185 SEC D)/Do=.44 
To =.10 
A\= 40 

t,;=.67 SEC 0) /Do =.17 
To*.40 
A, 2,80 
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Figure 10.  Illus- 
trative speed dip 
solutions, showing 
relative perform- 
ance for operation 
over a4-to-1 speed 
range by changing 
motor field current 
but not readjusting 
stabilizing param- 
eters 


To 2.125 SEC 
A\= 20 


D\/D9=.37 
t,=.17 SEC 


For these solutions 
n=5 
Antihunt — circuits 
adjusted at [p= 
0.50 second Ty= 
0.088 second T;= 
0.10 second A:= 
4.67 Tz=0.2 
Ts=0.025 2 


To®.50 SEG 
A\= 40 


0, /097.08 
t, 35 SEC 


To=2.0 SEC 
A\=80 


D\/Do=.04 
t=42 SEC 


system’s speed variation under impact loads 
M 
Fed ru a a+ Top+ To 13p?)@ = 
0 
Kyk 
( ° ‘Vat Tap) 
g 


T Si 
\(1—K,)+(Ti+T2)p+ rtp 1+70) 


4 (KoK2)Typ+Topt+ To T3p?)o 
[(1—K,) + (Ti+ T2)p+ Ti Top? \ A+ Tsp) 


(13) 
or 
M 
Reese dee heel sP?)o= 
A\(1+T,p)w = og 
(1 —K,)+(itT2)p+ rarp( +58 ») 
: AoT pt Top+ ToT sp)o 
[(1—K,)+(T:+T2)p + Ti Top? |(1+ Ty) 
(14) 
where 
ee 
Az=KoKe 
Both A; and A, are dimensionless. If the 


Rototrol is tuned, the factor (1—K,) is 
Zero. 

Regulation by Control of Motor  Freld 
Current. For the case of motor field current 
control with constant armature circuit 
voltage, the Rototrol of Figure 1 supplies 
the motor field instead of the generator 
field. In this case the motor air gap flux, 
neglecting saturation, can be sey as 
follows: 


Poa hs 

=—(igtiy) 
1Yfo 

where 


$y =reference or steady-state field strength 
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ty=reference field current at reference 
velocity under steady-state condi- 
tions 

iy=transient field current variation 


The motor voltage constant which is pro- 
portional to field flux can be written 


Spo ; ; 
2;=—(ty+17) volts per unit speed change 
YYo 


Also the motor torque coefficient can be 
written 


De : 
by= (tp t+ip) 
fe 


Thus the total armature voltage equation 
and the motor torque equation can be 
written as follows: 


Voltage equation 


Fs = R3( (+ Tsp) Gata) + AC (wow) 
(FE; in this equation is eg fixed voltage 
applied to the motor.) 


Torque equation 

De ee ee te 

F “(agg tty) isp +43) =I p(@otw) + Mot M 
fo 


The transient portions of these equations 
are 
(15) 


0= Ri(1+ Tsp ist paints Cees 


St esa 
[iptsyt List tyia| = Ipw+ M ( 16) 
To 


In any practical speed controlling system 
the transient speed change will not be more 
than a few per cent of the reference speed; 
the field current variation 7; required for 
control will be a small fraction of the refer- 
ence value tf. Neglecting the term con- 
taining tyw in equation 15 and the terms 
containing ist) and isi; in equation 16 will 
result in an error not greater than approxi- 


Ta= -03 SEC. 
Tp .023 SEC. 
= 24.5 


ENA 
pee aa 
Baal 


Ta=.0875 SEC. 
Tf=0.10 SEC. 
A2=467 


0.10 


@ A\= 20, RELATIVE FIELD STRENGTH =1.00 
© A,= 40, RELATIVE FIELD STRENGTH=0.50 
4 A; =80, RELATIVE FIELD STRENGTH =0.25 


EOS Gey sik if 

es LE ac | SIT cea ee 
be [atte Naa a Bae 
eset] SSIBEa 


ST CT 
ay N24 
cH 


mately five per cent for most practical con- 
trol systems, and the added complexity that 
results from including them thus is not justi- 
fied. Equations 15 and 16 then become 


£0. " \ 
— cs t= R3(1+ T3p)t3+ gw (15a) 
a1) 
bis=Ipw+ M (16a) 
Combining these as before gives 
2 =M, 
“fo 
=(1+73p)Ipo+root+ M (3a) 


By comparing equations 38a and 3 it is 
apparent that equation 14 for the variable 
voltage system is also applicable, within the 
limitations of the approximations mentioned 
previously, when the control system supplies 
the variations in motor field current. In 
this case, however, 7» in equation 14 is now 
the motor field time constant. Also, 7) and 
possibly 7T, and A; vary with the speed 
setting so that appropriate values must be 
used at each point throughout the speed 
range, 

Steady-State Speed Error With Regulator. 


In the stead-state condition p=0, and 
equation 14 becomes 
M deck : 
—— (1—K,j4) —w;(1—K,) = Aas (14a) 
Yo 


Solving equation 14a for the steady-state 
speed drop gives 


M(1-kK 
os=— oe Aces : (17) 
ro(Ai+1—K,) 
If the Rototrol is perfectly tuned, K,=1, 
and 
w;,=0 (17a) 


indicating perfect steady-state accuracy re- 


Figure 11. Curves showing variation of crest 
speed dip as function of speed setting by 
field weakening and system inertia 


n=10 
Tq=2.33 SEC. 


1.0 10.0 


To=1/lo iN oa 
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gardless of load or other system parameters. 


If no self-energizing is used, K,;=0, and 
the stead-state speed error is 
M 
7 1(Ai+1) 
Speed Drop of Unregulated Motor. For 


an unregulated motor, 4: =0= K,; and thus 
according to equation 17, the steady-state 
speed dropis « 


3) = —M/ro (18) 


Comparison of equations 18 and 17) indi- 
cates that the effect of the regulator with 
K,=0 is to reduce the steady-state error by 
the factor (4;+1). 

Equation 18 also can be obtained directly 
from equations 1 and 2. For an applied 
load and with constant steady-state arma- 
ture voltage, equation 2 gives the following 
relation between the steady-state changes in 
armature current and speed: 


O= R3tz5 + £@s1 


or 
Qs) = — Rsizs3/g (2a) 
Equation 1 yields the current increase 135= 
M/b.- Thus 
Os MR;/bg 

==— M/ro 


which is the same as equation 18. At no 
load and neglecting losses 


E= gor 


where £ is the normal armature voltage and 
@, is the no-load speed. The fractional un- 
regulated speed drop then can be defined as 


Dy=— (ws; /a) 
= R;31,;/E 
= fractional resistance drop (18a) 
Thus 
= M/Dyo = M/6.28sD, (19) 


where s is no-load speed in revolutions per 
second with w, in radians per second. 


Dimensionless Form for Control Equation. 
Equation 14 readily can be placed in dimen- 
sionless form by dividing each time constant 
by T, and expressing the fractional speed 
variation (D=—w/w,) as a fraction of the 
unregulated fractional drop (Dy= —w4,/a»). 
The time constant division will not be writ- 
t:n down as it simply complicates the ap- 
pearance of the equation. However, the 
parameters for the general solutions pre- 
sented in the text are all expressed in the 
dimensionless form. 

Since 


— M/ro 19 = 51/0 = Dy 


dividing equation 14 by (@)D,) gives for the 
tuned condition 


a 1 — (i+ Top+ ToT2p?)D/Do 
; A,\1+T,p)D/Do 


(Ti+-T2)p+ rit 142% aug 


AsT yp(1+ Top+ ToTsp”)D/Do 


(TitTop+nreia+T,e) “4” 


The more general form for K,;+0 is given in 
the caption of Figure 1. 


Appendix Il. Derivation of 
Analogue for Speed Regulators 


The control equation for the electric cir- 
cuit of Figure 2 is completely analogous to 
that of the two types of speed controllers 
specified by equation 14. The output volt- 
age of the final stage e is analogous to the 
control torque M,. The circuit formed by 
R, L, and C represents equation 3. This is 
shown as follows. 

With reference to Figure 2 


&4 = Riy+Lpint+n/pC+E 


(The portion of resistor R which is shunted 
by the torque circuit is small compared to 
the total resistance so that the switching 
does not disturb the circuit appreciably. ) 
If i;/pC=r) in the actual system, equation 
20 becomes, when Crppw is substituted for 7, 


= RCrpot+LrnCp*o+trwtE (21) 


(20) 


Thus if 4=M,, E=M, R=b, L==bL3/ R3, 

C= R,I/b?g, RC=Tpo, and L;/ R3=Ts3, equa- 

tion 21 becomes identical to equation 3. 
By referring again to Figure 2 


e= Kaye nee ry (és) 


where 7; is internal resistance of first stage 
output. (The capacitor in series with R; is 
for blocking purposes only and is very large.) 


Keke, 
— 22 
4“ GET) G4 Dp) me 
1: Kok 3e1 
a= —K 20) 
AD RO ee NE TPE ED) 
riK2K; 
[ a+ neat 1p) |= 
—Ki(1+ Tip) 1+ Top) eo 


To eliminate the steady-state velocity 
error and to simulate perfect tuning of the 
Rototrol series field, the circuit is adjusted 
so that 


1;K2K;3 = 
R.-+7; a 
Thus 


iG< _ Kid +Tip) A+ Top) eo (23) 
‘ (Ti +72) p+ Ti Tp? 


By substituting equation 23 in equation 22 
Keo 
(Ti+ T2)p+ Ti Top? 


where K= K, K2 K;* (total amplifier gain). 

As in the actual system the input voltage 
é) is made up of the two components e"9 and 
eo. In solving for e’, 


Ra Sh oN 
wo (Rit pa) i 


a= 


rf 


*These constants are not the same as those given 
for the actual system of Figure 1. 
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and as derived in the actual system 


(1+Tap) 


Ls = ————S 
acts wil. an (25) 
: p 
In solving for e”y 
1 Y Lp 
6=M,= wath) SS 
es gs Lye pe, 
= P _1CypM, 
SE Ee 
AoT pl 
"=- tee (26) 
K(1+T;p) 
where f 
at 
Ry 


is the gain around the feed-back-loop for 
Cy= and 


Thus 

Gy =e’ te” _ro@A+Typ)  AxTpM- 

Oe | AN eter 
ere 


(27) 
By substituting equation 27 in equation 24 
eM,= 
Krow(1+ Typ) 


Te 
R((T:1+T2)p+ rare 1+ ») 


‘KAT pM, 
K [(1i+ Te) p+ TiT2p?] (1+ Typ) 


Dividing by r, and substituting the value of 
M,/ro given by equation 4 gives the final 
performance equation for perfect tuning 
(equation 14 with K;=0) when 4;= K/k. 
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Circuit-Breaker Current Measurements 


During Reignitions and Recovery 


LAUREL J. LEWIS 


ASSOCIATE AIEE 


ONSIDERABLE attention has been 

given to the importance of transient 
recovery voltage across the terminals 
of a circuit breaker as a factor in arc 
extinction. Study of the voltage vari- 
ation has been made using both analytical 
methods and direct measurement.'* A 
knowledge of current variation during 
reignition and during final recovery is 
also necessary for full understanding of 
arc behavior. For one thing, a circuit 
containing a continually lengthening a-c 
are, where current reverses each half- 
cycle and where the voltage across the 
are space increases rapidly following each 
reversal, the amount of current flow is a 
measure of the are conductivity during 
the critical period; the magnitude of the 
current during a short interval may serve 
to indicate how closely the circuit breaker 
comes to interrupting the circuit. Also 
of importance is the effect that the cur- 
rent has on the form of the recovery 
voltage; it is evident that arc conductiv- 


ity introduces into the circuit a factor of | 


variable resistance, which combined with 
the other circuit parameters and the gen- 
erator voltages, determines the transient 
voltage across the are space. 

Few reports are available of current 
measurements in high-power a-c circuits 


during interruption tests, except for rec- 
ords made with the magnetic oscillo- 
graph. Such records have too low a 
recording speed and are so limited in 
sensitivity as to provide little precise 
data. A few high-speed measurements 
using the cathode-ray oscillograph have 
been made*4, but these have been gener- 
ally of relatively low-current arcs in low- 
voltage circuits. 
strated whether conditions in low-current 
arcs apply when the currents are large. 

One of the principal problems of meas- 
uring the small currents of interest near 
the current-zero period is excluding the 
effects on the measuring apparatus of the 
large currents which exist each half-cycle 
at the crest of the current wave. If a 
shunt were placed in the test circuit large 
enough to obtain sufficient voltage for 
direct recording at the low point of the 
cycle, an excessive voltage would exist 
across it at other parts of the cycle, unless 
the voltage were limited by special ineans. 
One previously reported study® employed 
a nonlinear shunt, limiting the crest 
voltage to safe values; data from this 
study do not indicate progressive changes 
occurring during the arcing interval. 

An investigation recently was under- 
taken to determine if current measure- 


D-c SYNCH. Figure 1 (left). Test 
GEN CLOSING circuit 
SWITCH REACTOR 


EXCITER 


SWITCH 
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DISCONN. 


Figure 2. Current shunt 


(WIRE 
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It has not been demon-~ 


BAKELITE 
SPACER 


ments of higher sensitivity could be made 
during each of the critical periods. Some 
new information on arc behavior has been 
obtained. In the following sections are 
indicated the techniques employed and 
the results achieved. 


Methods of Test 


Figure 1 shows the test circuit used in 
the investigation. Power was obtained 
from a 2,300-volt alternator, and short 
circuits, imposed from line to line across 
two phases, were interrupted by the test 
circuit breaker.” A current limiting re- 
actor limited the current available to 
approximately 1,600 amperesrms. Short 
circuits were initiated by a specially con- 
structed synchronous closing switch which 
permitted control of the polarity of the 
voltage and of the point of the cycle at 
which short circuits were imposed, so as 
to give a symmetrical current wave. The 
test circuit breaker was one specially 
modified for the study, employing a single 
break under oil. 

A shunt was placed in the test circuit 
to obtain a voltage for recording pur- 
poses, proportional to the current vari- 
ation; a current transformer would not 
have been satisfactory for this purpose 
because of transient errors. A value of 
0.01 ohm was selected as the resistance 
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of the shunt; a low value was chosen so 
that the test circuit would not be appreci- 
ably modified. This shunt, having the 
necessary resistance and thermal require- 
ments, consisted of 30 pieces of number 
18 nichrome wire, 19.8 inches in length, 
assembled between two terminal contacts, 


as shown in Figure 2. The location of 
the shunt in the circuit breaker is illus- 
trated in Figure 3. The shunt was placed 
adjacent to the arcing contact, which is 
housed in an_expulsion chamber. Cur- 
rent flow is through the entrance bushing, 
thence through the shunt, and to the 
arcing contact, with the normal current 
flow altered in the least possible manner. 
Individual wires of the shunt were twisted 
to minimize self-inductance and prevent 
coupling with adjacent magnetic fields. 
Recording equipment utilized included 
a recovery-voltage oscillograph® for meas- 
uring the voltage across the are space. 
This oscillograph has repetitive horizon- 
tal sweeps of short duration synchronized 
with the current zeros in the test circuit. 
To obtain simultaneous measurements of 
both voltage and current, a second oscil- 
lograph was constructed for the current 
recording, using a type 912 RCA cathode- 
ray tube, similar to that used in the volt- 
age oscillograph. The horizontal de- 
flecting plates of the two tubes were 
operated in parallel with a common 
sweep voltage; common power supplits, 
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ered, showing shunt in 
place 


Figure 4. Block dia- 


current recording 


positioning, and focusing controls also 
were utilized. ; 
It was desired initially to obtain full 
scale recording on the current oscillo- 
graph with the final one ampere of current 
in the test circuit, and this required an 
amplifier having an output of about 500 
volts with the input of 0.01 volt obtained 
from the shunt. Design of a suitable 
amplifier constituted the basic problem 
of measurement. A block diagram of the 
amplifier employed is shown in Figure 4. 
This amplifier provides essentially linear 
amplification of small input signals; 
large signals are limited by diode clipper 
circuits so that overloading of the ampli- 
fier is prevented on the crests of the cur- 
rent wave. Limiting of the unwanted 
portion of the input signal was accom- 
plishedinthreeseparateoperations. After 
each limiting and subsequent amplifica- 
tion, the desired portion of the input sig- 
nal occupied a larger portion of the re- 
gion between upper and lower limit posi- 
tions; and after final limiting the entire 
recording space was utilized for the por- 
tion of the input wave being studied. 
Direct coupling between the initial stages 
and the limiters was necessary so that 
clipping would occur always around the 
true current zero position. It would 
have been impractical to attempt direct 
coupling throughout the entire amplifier 
because of the resulting amplifier insta- 
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Figure 3 (left). Circuit 
breaker with tank low- 


gram of amplifier for 
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bility. Special attention was necessary 
even for two direct coupled stages, to 
minimize drift in the zero level which 
might have been interpreted as a change 
in signal magnitude. Each stage in the 
direct-coupled section employs two tubes 
operating in series in a balanced-bridge 
system across a power supply,’ with the 
output voltage taken off between the 


‘tubes and the power-supply center tap. 


After limiting is completed, the modified 
signal, very nearly a square wave in form, 
is further amplified through conventional 
resistance-capacitance coupled stages; 
the final stage is in push-pull for sym- 
metrical application of the signal to the 
vertical deflecting plates of the cathode- 
ray tube. The upper frequency limit of 
the amplifier exceeds 50,000 cycles. 

Special attention was given to protect- 
ing the current measuring circuits from 
influence of the high voltage in the test 
circuit. The voltage across the shunt was 
applied directly, inside the circuit breaker, 
to a concentric line leading to the 
current oscillograph. Confirming tests 
demonstrated that with the inner conduc- 
tor of the concentric line short-circuited 
to the shield, and both connected to one 
side of the shunt, no significant voltage 
was transmitted to the current oscillo- 
graph when current flowed in the test cir- 
cuit. This assures that when the concen- 
tric line is connected to the shunt in the 
normal manner, the current oscillograph 
truly measures only the voltage across 
the shunt. 

The types of records obtained from the 
voltage and current oscillographs are 
shown in Figure 5 (A) and (B). On the 
voltage record, sticcessive sweeps at half- 
cycle intervals are displaced vertically by 
a drift voltage applied to the deflecting 
plates; traces for successive half-cycles 
of the current record are superimposed. 
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A. Oscillogram of arc voltage 


Figure 5. Oscillograms of interruption by 
plain break at 1,340 volts and 780 amperes 
rms 


-900-ke timing wave 


The current magnitude exceeds the limit 
value during most of the cycle, except for 
the excursions through zero; thus the 
flat top portions of the current trace before 
and after the current passes through zero 
are not significant. An unusual feature 
of the current record is the displacement 
of the current zero positions in opposite 
directions on half-cyeles of opposite po- 
larity. Of the two zero lines shown, the 
upper one applies to the traces moving 
from the bottom to the top of the record. 
This is the same sort of displacement as 
occurs in amplification of a square wave 
by a resistance-capacitance coupled 
amplifier due to phase shift at low fre- 
quencies, and occurred here in the ampli- 
fier following final limiting. The vari- 
ation in no way affects the recording 
accuracy, since the vertical displacement 
is negligible in the short time of the re- 
cording interval, but special methods 
were necessary to locate the zero positions 
for proper interpretation of results. 


Test Results 


Numerous tests were made to study 
the arc characteristics under different 
conditions, with both the expulsion cham- 
ber in operation and with its cover re- 
moved to give conditions of a plain break; 
variations were made in the generator 
voltage, in the polarity on the start of 
the short circuit, and in the amount of 
shunting capacitance across the circuit- 
breaker terminals. 

A very noticeable difference has been 
observed in the form of the recovery volt- 
age obtained on tests made under prac- 
tically identical conditions, with special 
care taken to control the generator volt- 
age, the point in the cycle for initiating the 
short circuit, and the circuit-breaker open- 
ing time. Such variations may be due to 
differences in internal arc conditions, pos- 
sibly resulting from surface irregularities 
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B. Oscillogram of are current 


on the are contacts; which cause changes 
in current density and electrode tempera- 
ture. These variations make difficult the 
appraisal of changes in results due to dif- 
ferences in operating variables, except on 
a statistical basis. It seems rather sur- 
prising that little previous emphasis has 
been given to variations which can occur 
under the same test conditions; practi- 
cally no published studies show records for 
more than one test taken under the same 
conditions. One might be led to con- 
clude that an are behaves in a well regu- 
lated manner, whereas no such regularity 
exists. 

The form of the current variation oc- 
curririg on successive half-cycles, in two 
tests with the plain break, is illustrated in 
Figure 6 (alternate half-cycles have been 
traced with reversed polarity so that the 
initial portions of the waves coincide). 
The current apparently experiences little 
deflection, in most cases, from its normal 
sine-wave slope until near the zero value, 
and the rate of increase following reversal 
becomes progressively smaller on succes- 
sive half-cycles. On final recovery the 
current reaches a maximum and then re- 
turns to zero. 

A modification was made in the record- 
ing procedure to obtain more detailed 
information on the course of the current 
after reversal a half-cycle prior to final 
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recovery; this consisted of reducing the 
recording speed and the amplifier sensi- 
tivity. Results are shown in Figure 7. 
The current increased at a reduced rate 
until the end of the interval, when its 
slope again changed to correspond prac- 
tically to that of the normal sine wave. 
A period of substantially zero current 
during the period preceding reignition, 
either before or after reversal, was not 
noted in any case. This is in contrast to 
previously reported results* on low-cur- 
tent arcs, where a reduced value of cur- 
rent was indicated for a considerable 
period, sometimes even with a glow con- 
dition preceding reversal. The differ- 
ence in the two cases is possibly the re- 
sult of the more rapid rate of change of 
current in high-current arcs and the fact 
that considerable time is required for 
thermal equilibrium to be established, so 
that not much change can occur in arc- 
space conductivity for high-current arcs, 
in the brief interval involved, except per- 
haps in the region near the electrodes. 

The period following voltage reversal 
until the normal arc is re-established has 
sometimes been referred to as a ‘‘glow.”’ 
More generally the glow is a low-current 
high-voltage discharge in contrast to the 
arc, where the current is high and the 
voltage low. It is to be noted that for 
the conditions in Figure 7 the magnitude 
of the voltage fits the glow classification 
but the current is much greater than that 
in the glow under equilibrium conditions. 
There is no doubt, however, that a change 
in the mechanism of conduction does occur 
at the end of the interval. These results 
illustrate the importance of time as well 
as of voltage magnitude in re-establishing 
the normal arc. 

Accompanying the variations in recov- 
ery voltage occurring on practically identi- 
cal tests was a corresponding variation 
in current during final recovery. The re- 
covery voltage was inherently a double- 
frequency transient, due to the nature of 
the test circuit; the breaker capacitance 
and the current-limiting reactor were 
primarily responsible for a high-frequency 
oscillation, and the generator reactance 
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and the capacitance of the generator and 
connecting cables were responsible for a 
lower frequency variation. Differences in 
the measured recovery voltage were 
manifest primarily by the amount of 
damping of the higher frequency compo- 
nent, which was sometimes eliminated en- 
tirely. In all cases where the highly os- 
cillatory type of voltage transient was re- 
corded for the unshunted arc, the residual 
current during final recovery was quite 
small and did not exceed 0.7 ampere at 
any time following reversal. In cases of 
high damping the current flow during 
final recovery sometimes reached values 
as high as 4.2 amperes. Figure 8 illus- 
trates the variations occurring at the 
final half-cycle on three tests made under 
identical test conditions, in which the 
current and voltage are markedly differ- 
ent. From circuit considerations it is 
evident that a transient oscillation in- 
volving the current-limiting reactor and 
the breaker capacitance will be affected 
by a resistance in parallel with the 
capacitance; the are conductivity pro- 
vides such a resistance. When the re- 
sistance is below a definite critical value, 
the voltage transient is overdamped; for 
higher values of resistance the voltage 
transient is oscillatory. This would ex- 
plain each type of voltage variation ob- 
tained, and would indicate that arc re- 
sistance was sometimes greater and some- 
times.less than this critical value. 
Addition of considerable shunting ca- 
pacitance across the circuit- breaker termi- 
nals affected the characteristics in a num- 
ber of ways. The most noticeable effect 
was a reduction in the frequency of the 
higher frequency component, an effect to 
be expected. Also it was noted in one test 
that the current exceeded 1.5 amperes dur- 
ing final recovery with voltage variation 
still of the oscillatory type; this illustrates 
that the critical resistance is lowered by 
addition of more capacitance, since such 
a large current would have resulted in 
extreme damping in the unshunted case. 
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The complete characteristic for a test 
with 0.008 micro-farads across the arc 
space is shown in Figure 9. A peculiar 
variation in both voltage and current 
occurred after the first current reversal, 
with the voltage and current both follow- 
ing irregular variations. This condition 
existed in all tests made under these con- 
ditions. A similar phenomena was pre- 
viously reported? for low-current arcs. A 
possible explanation is that a relaxation 
oscillation takes place with discharge of 
the capacitance through the are space. 
The current increased rapidly following 
each voltage breakdown, and it is sig- 
nificant that the current magnitude was 
greater than the normal sine wave value 
after each increase. Without additional 
shunting capacitance (a minimum of 
about 300 micromicrofarads was pro- 
vided by the bushings) such an oscillation 
sometimes occurred on the first reversal, 
but the frequency was so high that the 
oscillograph was unable to indicate it 
clearly and analysis was impossible. It is 
not clear why the phenomenon occurs 
only at the first half-cycle of arcing, but 
the length of the arc space may be a de- 
termining factor. 

A question of considerable importance 
is whether or not the are current and the 
voltage across the are space both pass 
through zero at the same instant. Most 
investigators have assumed that they do, 
but there is no well established evidence 
to support such a conclusion. In fact, the 
redistribution of charge unevenly dis- 
tributed in a gaseous region may induce a 
current flow in the metallic circuit con- 
necting the electrodes without any actual 
transfer of charge between the electrodes 
and the gas space. Such a redistribution 
of charge is to be expected in an arc on 
reversal of voltage, when a new space 
charge must be created in front of the new 
cathode, so that a current flow might 
exist at the instant the voltage is zero. 
Some indication that the current and 
voltage zeros may not be coincident is 
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evident in this study; in superimposing 
the voltage and current records for Figure - 
8 and Figure 9, a difference in time of the 
zero values seems evident. The result 
cannot be considered as definitely con- 
clusive, however, since some small un- 
certainty exists in the current zero posi- 
tion and the amplifier delay time also 
affects the current recording, so that 
apparent differences of less than 5 micro- 
seconds perhaps may not be significant. 
The circuit relations near the current zero 
are of interest in this connection. In the 
unshunted case, the arc current and the 
current in the current-limiting reactor are 
essentially the same, and generally little 
deflection from the sine wave shape was 
evident up to the time of current zero. 
With a large shunting capacitance, a 
greater deflection from the sine wave 
shape was evident, and it is as though the 
increase of voltage “across the large 
capacitance caused the capacitor to 
“rob” the are of some of the reactor cur- 
rent. Since the rate of change of reactor 
current determines the recovery voltage, 
such an effect would delay the current 
zero relative to the voltage’zero. If a 
purely resistive arc is assumed, it becomes 
necessary to account for the difference 
between current in the shunting capaci- 
tance and in the inductive reactance, 
when arc voltage is zero, as due to a cur- 
rent in the distributed capacitance across 
the reactor. It may be that the effect of 
this distributed capacitance has been 
given undue consideration. 

Study of the results of changing po- 
larity of the voltage on start of the arcing 
period has shown no significant effect. 
Comparisons of performance with the ex- 
pulsion contacts and with the plain break 
indicated reduction in arcing time with 
the expulsion contact, but no difference 
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in form of voltage or current. With the 
expulsion contact in operation. with full 
generator voltage, the highly oscillatory 
type of recovery and low recovery current 
were evident more often than when opera- 
tion was at half voltage and half cur- 
rent, but the over-damped type of volt- 
age variation was still evident in some 
tests. 

No completely satisfactory explanation 
of the reignition process has been formu- 
lated as yet. A widely held view is that 
the voltage breakdown strength of the 
arc space increases through recombina- 
tion and diffusion of ions after the current 
reaches zero and that reignition occurs 
when the recovery voltage across the 
space builds up to a critical value. The 
data of Figure 7 permit an examination of 
such a theory. As indicated in this test, 
the normal are was re-established, not at 
the time of the voltage maximum, but at 
a considerable later time, when the 
voltage was actually less and the time for 
removal of ions even greater. Signifi- 
cantly, the current increased throughout 
this entire interval, and there was no 
“breakdown” at all in the sense that there 
was a sudden increase in current. These 
data and other obtained under identical 
test conditions have been used to analyze 
the power relations. A comparison of 
three tests, all for next to the last current 
zero period, showed practically the same 
rate of power input to the are space, and 
this in spite of differences in voltage and 
current in the separate tests. An ex- 
ample of the power input at successive 
half-cycles.in-one.test is shown in. Figure 
10. The power reached a maximum value 
of the order of twice that existing at be- 
ginning of the normal arc, just before 
final breakdown. It may be that a 

‘minimum energy is required to maintain 
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Figure 9 (left). Com- 
plete characteristics of 
arc shunted by 0.008 
microfarad capacitance 
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Figure 10. Power vari- 
ations at successive half- 
cycles 
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the cumulative ionization process in the 
normal arc and that the deficiency of 
energy supplied in the initial part of the 
reignition period must be replenished by a 
higher energy input to the latter part of 
the period before the arc economy can 
again reach a balance. A longer time 
seems to be required to replenish the loss 
in a long arc, in spite of a higher rate of 
energy increase, because the losses occur 
at a much higher rate with a long positive 
column. With such an emphasis on the 
power relationships affecting recovery, 
less emphasis needs be given to the rate of 
rise of recovery voltage; the average 
voltage throughout the critical period 
would seem to be more significant than 
the maximum value occurring during the 
interval. 


Conclusions 


The practicability of current measure- 
ment, demonstrated by experiment, has a 
greater significance than that of any 
specific findings made in this study; ex- 
tension of the technique may make avail- 
able more fundamental knowledge of arc 
behavior. The present study indicates 
that the current during recovery may 
have a pronounced effect on the recovery 
voltage; in the present study, the effect 
of the current was such that in a period 
followed by reignition, at no time did the 
recovery voltage reach a value equal to 
the generator voltage. Whether the cur- 
rent has as much effect in high-power tests 
at high voltage, on modern high-speed 
circuit-breakers, still remains an open 
question. Survey of the techniques em- 
ployed indicates that similar measure- 
ments could be extended to much higher 
values of test circuit current. A most 
promising possibility is that measure- 
ments of current during recovery might 
provide a criterion for judging when a 
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circuit breaker is approaching the limit 
of its interrupting capacity. 
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Discussion 


W. G. Hoover (Stanford University, Stan- 
ford University, Calif.): The investigation 
described indicates considerable progress in 
the quantitative determination of one of the 
often discussed but little measured phe- 
nomena in electric power engineering. It is 
to be hoped that additional study of this 
subject will be stimulated by this paper. 

It is interesting to note that this is one 
more example of the usefulness of electronic 
circuits and equipment in the field of power 
engineering. The measurements reported 
would have been practically impossible 
without these valuable taals.... 

It is the interest of the power engineer to 
welcome the progress of the art of electronic 
measurement and control and to extract 
from it full value in the advance of his own 
field of interest. 
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Electric Equipment Required in a 
Modern 6-Component Wind-Tunnel 
Model Suspension System 


H. ORVILLE COX 


ASSOCIATE AIEE 


HE variable density wind tunnels 

recently completed at the Cornell 
Aeronautical Laboratory (formerly Cur- 
tiss Wright Corporation Airplane Division 
Research Laboratory) at Buffalo, N. Y., 
and the Southern California Co-operative 
Wind Tunnel at Pasadena, Calif., provide 
two of the most modern and versatile 
aerodynamic testing facilities. Their 
versatility permits testing at air pressures 
above as well as below atmospheric pres- 
sure giving increased Reynolds numbers 
or greatly increased air velocities, re- 
spectively. An increased Reynolds num- 
ber means that the effects on a small 
scale model would be equal to those of the 
full scale plane. Under the rarified 
atmospheric conditions of approximately 
one-fourth of an atmosphere absolute 
pressure, it has been possible to obtain air 
speeds which closely approach the speed 
of sound in these tunnels, and yet tunnel 
drive horsepower installed for each has a 
nominal continuous rating of 10,250 
horsepower. To retain the value of the 
tunnels’ operating possibilities, it became 
a prime consideration that the design and 
construction of the model handling and 
force measurement equipment be such 
that a minimum of time would be lost in 
rigging, making adjustments, and instru- 
menting the models used in the test sec- 
tion. 

This requirement, that the model be 


handled, positioned, and controlled on 


the balance system installation as quickly 
and efficiently as possible resulted in the 
system’s mechanical equipment being 
much more complex than is to be found 
in balance systems of earlier tunnels. 


The “‘metrical” or force measuring ele- 


1258 


ments, always the fundamenta parts of 
any balance system, are incorporated in 
“model suspension system,” a term given 
to the model handling facilities in these 
tunnels. It is this ‘model suspension 
system” which will be discussed. The 
electrical control problems, the way the 
components are motorized, one of the 
instrumentation problems, and some of 
the interesting electrical construction de- 
tails are to be considered. 


Development of the Balance System 


In early tunnels the balance system 
consisted only of the basic metrical sys- 
tem, that is the elements needed to take 
the actual force measurements. Such a 
system usually was made up of wire sus- 
pensions with some type of winch that 
was able to change the model in angle of 
pitch. This required a fractional horse- 
power motor, probably a reversible uni- 
versal type motor, which would operate 
the pitch changing apparatus through a 
remote control station. It was normal 
procedure during a test to remount a 
model on its side in a system which could 
change angle of pitch only. This effec- 
tively made the system usable for chang- 
ing angle of yaw, but as mentioned re- 
quired a rerigging operation on the model. 
Pitch may be defined as rotation about a 
lateral axis whereas yaw is rotation of a 
model about a vertical axis. 

Many improvements have been made 
on this elementary balance system, until 
now we have it incorporated in a modern 
suspension system that is capable of mov- 
ing the model in both angle of pitch and of 
yaw and can do the same simultaneously 
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' been assembled on 


if necessary. In addition, windshielding, 
which protects the model strut supports 
from the forces of the moving air, has been 
provided. This automatically follows 
any motions of the model in pitch and 
yaw. Likewise, an image system, needed 
to give double tare forces in order that the 
main support tares may be determined, 
is included. This systein also is powered 
by automatic following drives. : 

The major supporting members have 
“cart” structures 
which allow the model to be placed into 
the tunnel test section or rolled out of it 
in a matter of a few minutes. The carts 
have been motorized with electric transfer 
motors and an elevating motor is provided 
on each to raise and lower the entire cart 
and model when positioning it properly 
in the test section. Actually three carts 
are available at each tunnel allowing the 
rigging work to progress on three different 
models simultaneously. This prepara- 
tion of the models for the tunnel tests can 
be handled outside the tunnel proper and 
does not tie up the operation of the tunnel 
at any time. 


The Six Components 


Before considering the electric equip- 
ment and the control problems found ‘n 
the balance system we are concerned with, . 
it might be well to brief a rather simple 
six component balance system. The six 
components the “aerodynamicist” is in- 
terested in when taking force measure- 
ments on a tunnel model in its various 
attitudes of angle of attack and yaw 
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easily can be pointed out. The equations 
for these components in terms of the 
balance reaction read on ordinary beam 
balances can also be set down. The sys- 
tem in Figure 1 is a 6-component strut 
type balance system. The balance room 
is located directly above the tunnel test 
section and the model is attached to the 
strut trunnion in an inverted position. 
This is customary practice where the 
model is supported on a balance system 
that is located above the tunnel test sec- 
tion. The tunnel air flow is from left to 
right and in a direction parallel to the «x 
axis when the model is in a position of 
zero yaw. The six components are these: 
the lift force shown along the zz axis, the 
drag force along the xx axis, the cross- 
wind force along the yy axis, a pitching 
moment resulting about the yy axis, a 
yawing moment resulting about the zz 
axis, and a rolling moment about the «x 
axis. These components are equated to 


the beam balance air load reactions, the 


F’s, as follows: 


Lift=A+h+ht+ 

Drag= F; 

Crosswind = F7 

Pitching moment = KF; —Keky —K;F, 
Yawing moment = K2F¢ 

Rolling moment = K2(F,— i) —KiF; 


The constants K;, Ke, and K; are the 
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Figure1. A 6-com- 
ponent strut type 
balance system 
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lever arm distances that apply because of 
the physical structure of this system. 


The Modern Suspension System 


To continue now and consider the sys- 
tem, as installed at the Cornell tunnel, at 
first it may seem rather complex. How- 
ever, the system is definitely similar to 
that just mentioned, and this should be 
evident if a few points are remembered. 


1. The tubular structure assembly of the 
simple system now has become heavy struc- 
tural members. 


2. The balance system is located below the 
working section and the model appears up- 
right. 


3. The actual forces and moments are im- 
pressed on nine Tate-Emery capsules which 
convert these to hydraulic pressures and 
transmit them to the control room where 
they are totalized into the six components 
and read directly on six 20-inch dials.*~* 


However, additions have been made; 
the windshielding system and image sys- 
tem are now an integral part of the sus- 
pension system. It is here that our job 
of automatic control presents itself. In 
this system the synchronized or following 
motions of the windshielding and the 
image system do not require mechanical 
linkages that must’ be separated at the 
time force measurements are taken. All 
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of the components of the system are kept 
in their proper relative positions through 
the means of the control system to be dis- 
cussed. The balance elements proper 
are free from grounding action with the 
windshielding, and the force measure- 
ments can be taken at any time without 
fear of errors. 

An innovation in these tunnels is that 
the entire balance system is housed within 
the tunnel shell. Asaresult it isasystem 
entirely free of the ground or tunnel 
foundations. With the tunnel free to 
expand or contract due to temperature 
and pressure changes and free to consider- 
able motion due to the design of its struc- 
tural supports, a problem was presented of 
maintaining an absolute level condition in 
the balance system by some mechanical 
means. This is a requirement that must 
be met to prohibit errors in measurements 
due to inter-reaction of different forces 
caused by the tilting. Electrical instru- 
mentation such as the “‘tiltmeter” was 
devised to check the amount of “out of 
level.” Control of electric jacking motors 
installed inside the tunnel below the bal- 
ance system on two of the three corners 
allowed any tilt to be corrected. 

Another problem was presented in that 
all the control and instrumentation con- 
nections had to pass through the steel 
tunnel shell and be pressure tight against 
the varying pressure conditions inside the 
tunnel. These connections were located 
primarily in one spot known as the 
“Sump.” This area was designed spe- 
cially to handle the pressure fitting connec- 
tions and greatly simplified the connec- 
tion problem. 


Functions of Windshields and Image 
System 


The windshielding allows the trunnion 
or strut type of model attachment to 
present the lowest tare drag possible. 
Normally the drag of the model support 
ends and the small length of tail strut ex- 
posed may be less than 20 per cent of the 
net minimum drag of the model. 

The image system, consisting of actual 
images in shape of the windshields around 
the main model supports and tail strut, 
permits the proper configurations of 
model attachments to be set up so that 
the attachment tares may be determined. 
This is done by mounting the dummy 
struts on the wing of the model with 
dummy windshielding identical to the 
main windshielding surrounding them and 
comparing set-up measurements with and 
without these. Actually in some cases 
measurements must be taken under four 
different configurations before the results 
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wanted can be calculated. The purpose 
of this work is twofold 


-1. The true airflow inclination past the 
model is determined. 


2. The true drag coefficient of the model in 
its normal position without the effect of the 
supporting struts is determined. 


Such measurements must be made for the 
same attitudes of the mode as those at 
which the tests are made that are to be 
corrected, and likewise at the same air 
speeds. 


Motor Drives 


The complete suspension system as- 
semblage is shown in elevation in Figure 2. 
‘The primary structural elements of the 
system that must be considered while dis- 
cussing the mechanical motions to be 
handled electrically are the base frame, 
the large ring with the yaw box assembly 
attached, the moment table, and the 
crossbeam with the attack mechanism 
(tailboom). These make up the metrical 
system. In addition there are the wind- 
shielding structures and the image system. 

With reference to Figure 2, seven of 
the motor drives are pointed out: at A 
the image system angle of attack drive 
motor, at D the adjusting motor for one 
of the static moment compensator counter- 
weights and at E& the drive motor to 
handle the main strut rotation Then 
we find at F the angle of attack motor for 
driving the tail boom (this is the element 
to which the model tail strut is attached). 
At G is one of the two jacking motors for 
maintaining absolute level of the base 
frame and as a result the entire metrical 
system above it. At H is the yaw drive 
motor which will yaw the large ring and 
the metrical structure above it. At J 
there is a vertical drive motor for the tail 
strut windshielding and at K the fore and 
aft drive motor for the same tail strut 


windshielding. At ZL is the 2-dimen- 
sional “‘reluctance” control unit we will 
discuss later. 

Actually the assemblage shown con- 
tains 16 motor drives ranging from 1/2 to 
20 horsepower. 

The motors used in connection with 
this equipment first had the primary re- 
quirement that they should be as compact 
in physical size as possible. The entire 
balance system represents an exceedingly 
large amount of mechanical equipment 
forced into a rather small cubical space. 
This left only a minimum of space for the 
motors and set up the first specification 
that the motors be rated for one-fourth 
hour at 55 degrees centigrade rise. By 
using class B insulation and bimetallic 
disks as protective devices, cut-out’ pro- 
‘tection is limited only to actual winding 
temperature. Since the duty cycle of the 
motors is somewhat unpredictable, with 
the exception that in no case is continuous 
operation expected for more than five to 
ten minutes, and the ambient temperature 
may vary over a wide range up to as high 
as 125 degrees Fahrenheit at times, this 
type of protection based on winding tem- 
perature seemed to be the most practical. 
The bimetallic disk elements are located 
at the end of the stator windings, one in 
each of the two phase windings. On 
overheating in either phase winding the 
motor contactor in the remote unit-design 
control center switchboard is opened. 

In order to obtain the accurate position- 
ing required on the system nearly all 
motors were equipped with motor 
mounted magnetic brakes. 

The general specifications covering 
other details were that the motors should 
be induction motors of the high torque 
type, totally enclosed with ball bearings, 
and for 110- or 220-volt 60-cycle 2-phase 
power. One exception was the cart 


moving motors which already have been 


mentioned and are single phase motors. 
Complete characteristics of all motors are 
shown in Table I. This table lists a 
representative group of the motors that 
would be found on the metrical system. 
the image system, and one of the “‘carts.” 


The Follow-Up Problem 


In this balance system two prime- 
motions are controlled directly by remote 
push buttons; those of moving the model 
through a change of angle of yaw, and 
angle of attack. Both are initiated by 
push-button control of the main yaw or 
main attack motors. 

Considering the yaw motion, the gear 
box is restrained from revolving by three 
struts connected to the horizontal force 
measuring capsules (noted in Figure 2 as 
the drag and crosswind Emery elements). 
The gearing in the yaw box then drives 
the large ring and all of the components 
assembled above it at approximately one- 
sixth rpm in yaw. If this yaw motion 
takes place, three other motions result: 
the main turntable will move in yaw, the 
windshielding will move in counteryaw, 
and the image turntable also will move im 
yaw. Ifallelements are to maintain their 
proper yaw position three automatic 
follow-up motor drives are required. 

However, let us pass over the problem 
of changing angle of yaw and consider a 
change in angle of attack. This change 
likewise requires three automatic follow- 
up motor drives and will be quite suitable 
for discussing the control problem in- 
volved. If the tail boom is moved, cats- 
ing it to swing through a certain angular 
arc, three other drives automatically 
must make their components follow. 

1. Adrive which moves the tail windshield- 
ing along a horizontal guide (this effectively 
increases or decreases the horizontal dis- 


tance between the main windshields and the 
tail-strut windshield), 
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2. A second drive which moves the tail 
windshielding along a vertical guide, main- 
taining the portion of the strut exposed to 
the wind stream as a constant, regardless of 
tre angle of attack. 


3. A third drive that must move the image 
system dummy tail-strut windshield through 
a corresponding angle of attack. 


The Follow-Up Power and Control 
As already stated, three drives must 


‘operate and follow automatically when 
the main attack motor is controlled by 


IMAGE HOIST 


IMAGE CROSSBEAM 


push button. The circuit for the basic 
power distribution and the related control 
elements is shown in the schematic dia- 
gram of Figure 4. 

All drive motor power is provided by a 
40-kva Scott-connected transformer bank. 
The primary windings are supplied by 
440-volt 3-phase 60-cycle power. 

This is transformed so that two 2- 
phase bus groups are supplied, one at 180 
volts, and the other at 120 volts. Each 
of the bus groups has voltages available 
in the relative phasing of 0, 90, and 180 


degrees when any one bus is used with the 
neutral bus. The power at 180 volts is 
fed to the reactor units through the inter- 
locked control contactors. The reactor 
unit voltage output is controlled by the 
tube unit, and the follow-up motor drive 
is powered by this output. 

A reactor unit actually contains three 
controllable saturable reactors. The re- 
actor in the third phase which is 180 
degrees out of phase with the first pro- 
vides a voltage output instead of the first 
phase when the reverse direction of rota- 
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50° DIA. FIXED HANGER FOR HYDRAULIC LINES 
14" DIA. ROTATING CYLINDER ATTACHED TO LARGE RING 


50” DIA. FIXED HANGER FOR ELECTRIC CABLES 


EMERY ELEMENT : 
drive motor 


F—Angle of attack 
motor for driving 
tailboom 
G—One of jacking 
motors for leveling 
large ring 
H—Y aw drive motor 
J—Vertical — drive 
motor for tail strut 
wind-shielding 
K—Fore and aft 
drive motor for tail 
strut wind-shielding 
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L—Two-dimensional 
“reluctance” con- 
trol unit 
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Figure 3 (top). Plan view of the balance 
system fixed metrical elements taken at the top 
surface of the moment table 


The crossbeam assembly above the moment 
table is indicated by the dotted outline 


tion is required. The reactor in the-sec- 
ond phase provides voltage output when 
either direction of rotation is called for. 
The 180-volt bus group provides the 
necessary overvoltage so that a reason- 
able voltage drop may be allowed in the 


reactors during a loaded condition. Over- ~ 


voltage control is built into the tube unit 
to limit the output of the reactors to the 
full voltage ratings of the motors. The 
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Figure 4. Connection of electric components 
to handle motions required during a change in 
angle of attack 


degree of reactor saturation necessary to 
provide full voltage during starting cur- 
rent conditions would provide overvoltage 
when the motor is running at full speed 
without this voltage limiting control. 

The saturable reactor control was ad- 
justed so that the 110-volt 2-phase follow- 
up motors are supplied with 80 volts at 
the terminals when the control units indi- 
cate that a condition of minimum dis- 
placement is to be corrected. Such a 
displacement calls for a small amount of 
motion in the drives and it can be handled 
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at a reduced torque, the required acceler- 
ating rate of the drive being considerably 
less than normal under this condition. 
This voltage as set is the minimum at 
which proper operation of the magnetic 
brake is maintained and the starting 
torque is sufficient to meet the mechanical 
system’s requirements. With displace- 
ments smaller than this minimum the 
terminal voltage on the motors is kept 
below 10 volts at all times. When the 
control unit indicates a large displace- 
ment between elements has resulted it 
effectively is calling for the highest speed 
possible and requires high acceleration in 
the follow-up motor. The control was 
adjusted to allow a maximum of 140 volts 
to be impressed at the motor terminals 
under such a condition. This voltage 
range of 80 to 140 volts proved quite 
satisfactory and permitted the motors to 
drive at normal full load speed with the 
terminal voltages in the usual range of 110 
to 120 volts. 


The main attack motor is fed directly 
from the 120-volt bus group and is the . 
motor controlled by push buttons. A 
transfer contactor in the circuit to the 
image attack motor permits direct push- 
button control of this motor when the 
automatic follow-up control is not wanted. 
The control elements in the case of the 
image attack motor are the usual self- 
synchronous generator and control trans- 
former combination. : 


The control element for the fore and. aft 
and vertical motions of the tail strut 
windshielding is the 2-dimensional ‘‘reluct- 
ance” unit. Its physical size is 13 by 
13 by 21/2 inches (Figure 5). This unit 
consists of two variable inductances for 
each motion. A 4 sided armature is in 
the center, positioned such that there is 
approximately a 3/16-inch air gap on all 
the inductances when perfectly centered. 
The armature is fastened to the tail strut 
connecting pin at the end of the tail boom 
and the case enclosing the inductances is 
fastened rigidly to the tail strut wind- 
shielding assemblage. Normal control- 
ling action will result within as little as 
1/8-inch relative motion in any direction. 


' The tail boom moving at approximately 


1/6 rpm is equivalent to the armature 
moving 8/10 inch in one second. There- 
fore, if we are to get complete controlling 
action within the 1/8 inch, the follow-up 
motor must be rotating in approximately 
0.16 second. With this in mind the re- 
actor units were designed to be able to 
supply full voltage to a stalled motor 
within 0.14 second after the thyratrons 
in the tube unit have been fired. Like-_ 
wise, 75 volts can be applied within 0.09 
second. 
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Figure 6 includes a schematic sketch of 
a similar yaw control unit and some of the 
safety features built into the unit are 


shown. In case of undue time lag in the 
action of the follow-up motors or an ex- 
cessive mechanical drag the armature 
may drive against the inductance assem- 
bly. The inductance assembly is free to 
slide and operate limit switches behind it. 
The limit switches are placed in series in a 
control circuit, such that the operation of 
any one will stop the main drive motor 
and allow the follow-up system to regain 
its proper position. Additional safety 
against jamming has been provided by a 
flexible pin connected to the armature 
center which normally rides free in a 1- 
inch-inside-diameter hole in the side case 
of the reluctance unit. On contact be- 
tween this pin and the case all the drives 
are stopped through interlock relays and 
the operator is required to reset the relays 
before operation is resumed. 


The Tube Units 


The tube unit input circuit is shown in 
Figure 6. The output from the bridge 
circuit consisting of the two variable 
inductances and two resistors is placed 
on the input transformer primary wind- 
ing. The vacuum tube acts as a phase 
discriminator and plate current flows in 
the proper side to give the right motor 
rotation. The plates are excited from 
275-volt windings on the same trans- 
former as is shown with the 20-volt and 
60-volt windings. The tube plate circuit 
is completed back to the tube cathodes 
through a center-tapped antihunt induct- 
ance. Voltage resulting across the in- 
ductance provides grid control of power 
thyratrons. These are FG105 thyratrons 
and they provide the current for the con- 
trolling d-c windings of the saturable 
reactors. 

The tube unit (Figure 7) makes use of 
five of the FG105 thyratrons. It contains 
the amplification and phase detection 
unit for the control signal, an antihunt 
unit, the automatic voltage limiting cir- 
cuit, and a motor brake control circuit. 
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Figure 5. The “‘re- 
luctance” control 
units and armatures 


The 2-dimensional 

_ control unit and 

armature are at the 

left, the yaw con- 

trol and the arma- 
ture at the right 


Reactor Units 


The reactor units, one of which is 
shown in Figure 8, are floor mounted. 
The top section contains the time con- 
stant and current adjusting resistors used 
in the thyratron plate circuits. The 
bottom section mounts the three saturable 
reactors and the thyratron plate supply 
transformer. This plate supply trans- 
former is excited from a 440-volt single- 
phase supply. 


Desirable Characteristics of This 
Type of Induction Motor Drive 


In designing this system one might 
think that some of the standard industrial 
packaged drive units such as Mot-O-Trol 
or Thy-Mo-Trol might have been used. 
However, it must be remembered that 
this equipment is installed inside the 
wind tunnel which operates at variable 
density, ranging from four atmospheres 
down to one-fourth atmosphere and pos- 
sibly less. Likewise, humidity conditions 
may be severe and condensation is pos- 
sible at times when the pressure is re- 
lieved suddenly. Asa result, the decision 
was made that no motor drives having 
commutators or slip rings would be used, 
and that all the motors should be stand- 
ard polyphase totally enclosed ball-bear- 
ing motors. 

The induction motor also was preferred 
due to the service problem involved. 
Many of the motors are buried in the 
mechanism in such a way that it would 
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be impossible to give commutators and 
brushes the proper service. 

The ball-bearing induction motor solves 
this problem since it has proved consist- 
ently that it can give many years of 
service with very little attention given to 
it. 

The desirable features of the drive sys- 
tem can be summarized in the following: 


1. The use of polyphase totally enclosed 
ball-bearing induction motors requires a 
minimum of service for long trouble-free 
operation. 


2. The use of 4- and 6-pole speeds in con- 
nection with built-in’ gear reduction units 
and short time ratings allowed the over-all 
physical size of the drives to be kept to a 
minimum. 


3. The gear reduction units and magnetic 
brakes can be purchased as_ standard 
mechanical modifications with each motor. 


4. The fact that the motor, magnetic 
brake, and gear reduction unit are a factory 
fabricated unit allowed the complete drives 
to become easily interchangeable. The 
horsepower and speed ratings were chosen 
with this interchange of different drives in 
minda desirable point from the mainte- 
nance standpoint. 


5. The control units as built allowed the 


use of current carrying contacts in the tun- 
nel proper to be kept at a minimum. 


6. The reactor control allowed variable- 
voltage reversible-control of the 2-phase in- 
duction motors without any additional 
rotating equipment. In other words, true 
electronic control was possible. 


7. A unit design was possible in the manu- 
facture of the tube units and reactor units. 
This facilitated the manufacture of the units 
by subcontractors. 

In the follow-up drives the horsepower 
ratings varied from 3/4 horsepower to 3 
horsepower. Ten complete units, con- 
sisting of the co-ordinated reactor unit, 
tube unit, and follow-up drive motor 
were required and built for the respective 
balance system installations at the Cor- 
nell Aeronautical Laboratory and the 
Southern California Co-operative Wind 
Tunnel in operation at Pasadena. 


Signal EGcipeciecuite used with 
tube units 


Figure 6. 


Follow-up system used for control 

of wind-shield turntable yawing 

Alternate circuit using Autosyn 

units for control of image system 
yawing 
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External Connections 


When the balance system was described 
reference was made to the “‘sump.’’ The 
purpose of this area is to handle all the 
external connections made to the metrical 
system and hold them properly positioned 
on an assemblage that will allow only a 
minimum of variable forces to be trans- 
mitted into the metrical system. These 
variable forces are caused by the varying 
strains on the cables resulting from the 
yawing action of the entire system. All 
the connections we are considering here 
are those that are a permanent part of the 
installation and they consist of hydraulic 
lines for the force indicating capsules and 
the oil lift bearings, electric lines for con- 
trol circuits and positioning motors, elec- 
tric lines for supplying variable frequency 
power up to 400 horsepower in powered 
models, and water lines for cooling the mo- 
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Figure 7. View of 
one of the tube 
units 


Figure 8. View of 
reactor units show- 
ing internal assem- 
bly of components 


Figure 9. One of the electric pressure fittings 
shown disassembled 


\\) 
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tors that are used on the powered models. 

The ‘“‘sump”’, noted in Figure 2, is a 
large cylindrical area directly below the 
metrical system housed in the decompres- 
sion sphere of the tunnel and makes a pro- 
jection on the bottom of the decompres- 
sion sphere. Therefore, it is an area at 
the same pressure as that existing in the 
sphere and provides the necessary space 
above and below the yaw axis of the met- 
rical system in which draping of electric 
cables and other lines can be handled 
properly. 

The metrical system has been designed 
to permit operating angles of plus or 
minus 45 degrees when headed into the 
wind flow or it can be rotated 180 de- 
grees and again operated through plus or 
minus 45 degrees in the new position. 
This last case would allow models such as 
tail first airplanes to be supported on this 
same system. As a result the cabling in 
the “‘sump’ must be draped in such a 
way that a total yawing motion of 270 
degrees is possible. The cables are first 
draped from the “inner” hanger (the 14- 
inch-diameter rotating cylinder) to the 
“intermediate” hanger (the 50-inch-diam- 
eter fixed hanger) with a sufficient loop to 
allow plus or minus 135 degrees of yaw 
motion. This loop is supported at the 
outer end on the intermediate hanger. 
This -intermediate hanger. maintains a 
fixed yaw position but still is supported 
from the metrical system, being fastened 
to the yaw gear box assembly. The 
second loop from this hanger to the fixed 
shell of the “‘sump”’ finally connects the 
cables to the outside or ‘‘ground’’ surface. 
In this way the first loop keeps the vary- 
ing strains on the cables during yawing as 
an internal force between two parts of the 
metrical system, thus throwing no error 
into the force measurements. The outer 
loop as it is connected to the pressure 
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Figure 10. The control switchboard 


fitting will interpose a force on the metric 
system due to its weight and the position 
at which it is connected on the inter- 
mediate hanger. However, it is an un- 
varying force since the cable maintains a 
fixed position at all times, and through 
initial adjustments of the distribution of 
the cables the forces can be made some- 
what equal on all sides and a minimum 
constant force is left which can be sub- 
tracted initially from the force measure- 
ments as a constant. 

The pressure fittings indicated in Fig- 
ure 2 are necessary, the tunnel actually 
being a pressure vessel with steel walls 
varying from five-eighths to one inch 
thick. The fitting shown in Figure 9 
provided a very effective unit for the elec- 
tric connections. In most cases a cable 
of 19 number 12 American wire gauge or 
31 number 16 American wire gatige con- 
ductors was handled in one fitting. The 
brass conductor pins were provided with 
a small shoulder midway between the 
ends. When a 1/32-inch neoprene disk 
with slightly undersized holes for the pins 
is clamped against this shoulder by means 
of the two bakelite disks a good perma- 
nent seal about the pins is maintained. 
The two disks are clamped tightly by the 
steel flanges and are capable of with- 
standing the maximum pressure of 51.7 
pounds per square inch gauge that the 
tunnel is capable of holding. When the 
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model-power 600-volt 3-phase variable- 
frequency lines had to be handled in the 
same fitting, only four conductor pins and 
proportionally larger spacing dimensions 
were used. Creepage dimensions on the 
faces of the disks were made exceptionally 
large to eliminate trouble due to conden- 
sation or moisture on the surface. This 
condensation is possible at the times when 
the pressure in the tunnel is released 
suddenly. 


The Switchboard 


The control switchboard (Figures 10 
and 11) housing all motor control, the 
tube units, all interlocking relays, and a 
master interconnection section is located 
about 30 feet from the balance system 
“sump.” This point locates it halfway 
between the tunnel working section and 
the main controlroom console. 

The switchboard is of the back to back 
type with control sections on both sides. 
It is approximately 320 inches long, 108 
inches high, and 24 inches deep. It is 
made up of 16 of the usual unit-design 
20-inch sections. Among these are three 
sections used to house ten of the “tube 
units,”’ and one section used as the master 
interconnection section. This last sec- 
tion contains sliding link type terminal 
strips. In it all interconnection between 
the interlocks in the control circuit are 
made. This allows all control device 
leads to be brought directly out of the 
sphere through portable cables in the 
“sump.” A circuit after passing through 
the interconnection section is then carried 
back to the balance system in another 
portable cable if necessary. In this way 
interconnections are easily accessible out- 
side the tunnel for testing. 


Instrumentation Problems 


In addition to the follow-up motor 
drive system we have discussed, instru- 
mentation equipment had to be designed 
and incorporated as the construction of 
the balance equipment progressed. 

One such item has been mentioned pre- 
viously, the ‘‘tiltmeter”’, and presents an 
interesting application of an instrument 
quite similar to a torsion element seismic 
device. 

The tunnel shell being free to move does 
not permit the base supports of the bal- 
ance system to maintain a fixed position. 
Two jacking motors have been installed 
(as designated at G in Figure 2) that may 
be controlled by push buttons to tilt the 
balance system assemblage either in an 
upwind-downwind direction or in a cross- 
wind direction. Likewise, the oil lift 
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bearing surfaces between the large ring 
and moment table may not maintain 
equal and proper oil thicknesses and the 
moment table alone also may be displaced 
from an absolute level condition. 


To detect the amount of tilt “tiltmeter” 
units were mounted in the main base- 
frame and likewise in the moment table. 
Through the proper instrumentation cir- 
cuits it was then possible to give an op- 
erator the “out of level” information on 
microammeters at the control desk. He 
is able to correct the condition by the 
control of the jacking motors in the case 
of the main base frame. In the case of 
the moment table the flow of oil to the 
spherical oil pads can be regulated by the 
operator to increase or decrease the oil 
film thickness, thus restoring a level con- 
dition. The actual operating elements of 
the tiltmeters are copper disks with small 
out-of-balance weights supported on ver- 
tical 0.002-inch-diameter tungsten wires 
acting as the torsion restraining elements. 
The disk is placed in the air gap of a per- 
manent magnet and a small 0.010-inch- 
thick concave aluminized mirror is fas- 
ened to the suspension wire. This mirror 
deflects a light beam as a twist is placed 


The completed switchboard at the 
Southern California Co-operative Wind Tunnel 
showing the tube units in place at the near end 


Figure 11. 
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in the suspension due to tilt of the instru- 
ment case. The sensitivity is such that 
as little as 1/200,000 radian of tilt can be 
detected. In Figure 12 the instrument 
(housed in an enclosing case that is ab- 
solutely dust tight and- seals against 
moisture) is shown. Each of the instru- 
ments as built can detect tilt along two 
different axes, one represented by the 
upwind-downwind direction in the tunnel, 
- and the other axis being across the tunnel 
at right angles with the first. Photo- 
electric pickups in the instrument are used 
with a 2-channel amplifier and the amount 
of tilt along the two axes is indicated to 
the operator on 15-0—-15 range micro- 
ammeters. The output of the photocells 
is in-the order of one-fourth microampere 
and amplification is necessary to give 
suitable readings on the microammeters. 
With the use of two of these instruments 


in the balance system, the metrical system 
components can be maintained level 
within 1/100,000 radian at all times. 


Conclusion 


The description and discussion pre- 
sented here covers the electrical installa- 
tion in only one of the facilities that is re- 
quired in a modern wind tunnel. It 
indicates that not all of the electrical 
problems evolve about the wind tunnel 
main drive unit and that many more 
applications of electric equipment, con- 
trol, and instrumentation are required in 
a modern wind tunnel installation to make 
it an efficient and easily operable facility. 

On equipment such as the balance sys- 
tem, which itself is a precision measuring 
device, it is evident that the most prac- 
tical and simple solutions to the electrical 
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No Discussion 


Cox—Model Suspension System 


Figure 12. The tiltmeter, 2-channel amplifier 
and switchboard instruments used for reading 
the amount of tilt 


problems must be sought out by the elec- 
trical engineer. In this way the electric 
equipment will require a minimum of 
attention. The operating personnel then 
is permitted to spend the major share of 
their time in maintaining high accuracy 
in the tunnel’s aerodynamic test results. 
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D-C Aircraft Generator Power Center 


E. L. BOTTEMILLER 


NONMEMBER AIEE 


Synopsis: This paper covers the develop- 
ment of a co-ordinated d-c aircraft generator 
control and protective unit of the draw-out 
type. The scheme of operation of the unit 
is described briefly and the advantages of 
using such a co-ordinated control assembly 
are discussed. 


| es aircraft generator power center 
consists of an assembly of a generator 
voltage regulator, generator control relay, 
reverse current circuit breaker, and cir- 
cuit protective circuit breakers, into one 
draw-out unit which can be replaced by 
merely lifting a latch and withdrawing the 
unit, thus breaking all power and control 
circuits. — 
The purpose of this paper is three fold 


1. To describe the design problems which 
were encountered during the development 
of the unit. 


2. To discuss briefly the operation of the 
various devices. 


3 To discuss the advantages of combining 
these various devices into a unit assembly. 


Reason for Development 


The aircraft generator power center was 
developed to meet a need in commercial 
aircraft for a centralized grouping of all 
control and protection for the aircraft 
generator. The assembly is built up on 
the draw-out principle in order to facili- 
tate repair and maintenance of the vari- 
ous devices. 

Previous to this time, these devices 
were usually individually mounted at 
various locations around the airplane 
and were wired together with a maze of 
cables and wire. 


 ———— 
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Development 


Draw-Ovur UNIT 


All aircraft generators are provided 
with a voltage regulator and a generator 
control relay. In order to provide more 
complete generator protection and also to 
provide backup protection for the gener- 
ator control relay, a reverse current cir- 
cuit breaker is included. Small circuit 
protecting circuit breakers are in- 
cluded to protect the generator field 
circuit and the voltage lead which con- 
nects to the supervisory panel. These 
components are considered the very 
minimum that should be included to pro- 
vide adequate generator control and pro- 
tection. 

These components are mounted on the 
back of a shallow pan of 1/8-inch thick 
magnesium alloy. (See Figure 1.) 

The pan construction was used in order 
to provide rigidity and to allow utiliza- 
tion of the entire width of the base for 
mounting the devices. Also, the circuit 
breaker reset buttons, the voltage test 
plugs, and the withdrawal handle and 
latch are flush with the front of the mount- 
ing base. Since the power center will be 
located in an accessible place in the air- 
plane, it is important that handles and 
buttons do not protrude to catch on the 
clothes of those who must maintain the 
equipment. 

The voltage regulator which dissipates 
approximately 90 watts maximum power 
during operation was located at the top of 
the unit in order that its heat could be 
freely dissipated. 

The original design enclosed the entire 
assembly in an aluminum cover but this 
was abandoned because of weight con- 
siderations. Since the components are 
individually enclosed, the only purpose 
the enclosure might serve would be to 
give mechanical protection to the devices 
during shipment or while in stock. A 
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suitable shipping carton offers protection 
to the unit during storage or shipment. 

Magnesium alloy brackets are included 
for mounting the sub base which supports 
the power and control disconnecting plugs 
and the reverse current circuit breaker. 
The weight of a complete draw-out unit 
is 141/, pounds. 


FRAMEWORK 


The framework (see Figure 5) is 
mounted in the airplane in such a loca- 
tion that the power cables and control 
leads can be brought to the rear of it 
and so that the draw-out unit can be 
withdrawn from the front. Approxi- 
mately 8 inches of space is required in 
front of the framework to permit with- 
drawal of the unit. The framework is 
101/, inches deep, 12?/, inches wide, and 
14 inches high. 

The original framework was assembled 
of 1/8-inch thick and 1/2-inch wide alu- 
minum alloy strip, but difficulty was en- 
countered in spot welding the various 1 /2- 
inch wide strips together. Three-quarter 


Aircraft generator power center 
draw-out unit 


Figure 1. 


Side view showing voltage regulator at top 
and generator relay at lower front 
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Figure 2. Elementary diagram of power 


circuit 


inch-width strips 1/8-inch thick were rec- 
ommended if spot welding was to be used. 
Atomic hydrogen welding was tried but 
was found to be impractical as well as ex- 
pensive, 

With the co-operation of fabricators of 
magnesium alloy the use of angle and 
T extrusions was tried. The T and angles 
were hot formed into shape and riveted 
together with straps. Gussets were 
added to the corner bends to add rigidity. 

The framework supports a base of in- 
sulating compound which supports the 
power and control male disconnecting 
plugs. A standard AW terminal block is 
used for the control terminals while the 
power studs are 1/2-inch (13 threads per 
inch) copper rod. 


POWER DISCONNECTING PLUGS 


A double-finger-type power disconnect- 
ing plug was developed for this applica- 
tion since no suitable aircraft-type dis- 
connecting plug was available. The con- 
tact fingers are similar in design to those 
used on industrial draw-out-type equip- 
ment used on systems which may have as 
high as 50,000 kva capacity. The rating 
of a similar industrial type disconnecting 
plug used was 150 amperes. This rating 
was more than double for this application 
by adding silver plating to all of the parts 
and by operating at higher temperature 
rises. 

Heat runs made on disconnecting plugs 
of bare copper at 400 amperes indicated 
a maximum temperature rise of 50 degrees 
centigrade at the hot spot, while tests 
made at 600 amperes indicated a maxi- 
mum rise of approximately 64 degrees 
centigrade. The tests were made on the 
bare copper elements in order to check 
the rise under adverse conditions, that is, 
in case all of the silver plating should be 
worn off by frequent withdrawals of the 
plugs. 

With 300 amperes passing through these 
disconnecting plugs the voltage drop is 
approximately 25 millivolts for each dis- 
connecting plug. 

The plug uses parallel current carrying 
members which tend to keep the contact 
resistance at a low value and which on 
high short-circuit currents attract each 
other and hence tend to maintain the 
circuit even under very high overload 
conditions. Contact pressures of from 
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15 to 20 pounds are used on the discon- 
necting plug contacts. 


REVERSE CURRENT Circuit BREAKER 


The original design included a manual 
reset lever which would permit the reset- 
ting of the reverse current circuit breaker 
without removing the draw-out unit from 
the framework. However, this feature 
was changed after consultation with 
some of the aircraft manufacturers for 
reasons which will be explained later in 
“Operation of the Equipment.” 

The reverse current circuit breaker was 
removed from its aluminum alloy sup- 
porting base in order to conserve space 
and weight. 


VOLTAGE REGULATOR MOuNT 


A new spring and rubber shock mount 
was developed for the voltage regulator 
since the conventional approved mount 
was too large and heavy. 

The voltage regulator unit can be 
easily removed from the assembly by 
removing a locking clip to permit discon- 
necting the leads and by turning two lock- 
ing lugs. The complete element can 
then be removed from the shock mounting 
support. 


Operation of the Equipment 
VOLTAGE REGULATOR AND GENERATOR 
CONTROL RELAY 


Figure 2 illustrates the basic power cir- 
cuit for a single generator installation. 
The ammeter shunt is located in the nega- 
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tive side of the generator armature. Fig- 
ure 3 shows the same circuit with the com- 
plete control circuits included. 

Assume that the generator is not run- 
ning, and that the battery is connected to 
the main bus. When the engine which 
drives the generator is started, the gener- 
ator builds up voltage until its voltage is 
from 0.35 to 0.65 volt above the bus volt- 
age, at which time the polarized relay of 
the generator control relay becomes ener- 
gized and energizes the power relay of the 
When the power 
relay is closed, the generator armature 
current then flows toward the main bus 
and the battery. The closing of the gen- 
erator control relay contacts short cir- 
cuits the polarized relay shunt coil and 
leaves this relay subject to the positive or 
normal flow of current toward the main 
bus. The regulator senses the generated 
voltage and operates to increase and de- 
crease pressure on the carbon pile and 
hence vary the generator field current to 
maintain a generated voltage of, say, 
28.5 volts. 

If the speed of the engine which drives 
the generator is reduced greatly, the gen- 
erated voltage drops below the bus volt- 
age and hence causes a reversal of the cur- 
rent which flows through the generator 
control relay contacts. When this cur- 
rent reaches a value of approximately 30 
amperes, the polarized relay operates to 
de-energize the power contact of that de- 
vice. 

The voltage regulators are equipped 
with equalizer coils which are used only 
when the generators are operated in par- 
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allel. The purpose of these coils is to pro-BPF fault and the generator field is opened and 


vide for proportioning the total load cur- 
rent among the several generators in pro- 
portion to the ratio of their individual 
rated capacities. 

Adjustment of the system voltage and 
load which each generator assumes can 
be made by means of a rheostat which is 
accessible from the front of the draw-out 
unit. 


REVERSE CURRENT CIRCUIT BREAKER 


If a fault in the winding of the genera- 
tor or in the cable between the generator 
and the power center occurs, a reverse 
current of large magnitude will flow. In 
order to quickly and safely interrupt this 
current a reverse current circuit breaker 
with an inverse time characteristic is in- 
cluded. It should be remembered that 
there are now two devices connected in 
series, both of which operate on reverse 
current. However, the reverse current cir- 
cuit breaker is so constructed that it will 
trip first on any faults which exceed 500 
amperes. There is an auxiliary contact 


that generator is taken out of service. It 
is necessary to remove the draw-out panel 
from the framework in order to reset this 
reverse current circuit breaker. It is nec- 
essary that an inspection of the unit and 
of the cables from the generator to the 
unit be made and that the fault be reme- 
died before the circuit breaker is reset 
and the draw-out panel is replaced. 


Circuit PROTECTIVE CIRCUIT BREAKERS 


All control circuits from the generator 
positive terminal on the generator load 
center to the supervisory center are pro- 
tected with inverse time overcurrent cir- 
cuit breakers. These circuit breakers pro- 
tect the wiring to remote locations against 
short circuits. A 20-ampere continu- 
ously rated breaker is used in the gener- 
ator field circuit while a 5-ampere con- 
tinuously rated breaker i$ used in other 
circuits. These circuit breakers will trip 
in approximately 10 seconds at four times 
their rated current. 
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reverse current circuit breaker 


on this reverse current circuit breaker 
which opens the generator field circuit 
when the breaker trips. 

The tripping characteristic of this cir- 
cuit breaker is shown in Figure 4. The 
drop out time of the generator relay is 
approximately 0.05 second and is practi- 
cally independent of load current. Thus 
on currents below approximately 500 am- 
peres the generator relay will disconnect 
the generator. When the generator re- 


covers, the generator relay will attempt to” ~~ 


place the generator back on the line in the 
normal manner. 

However, if the reverse current is 500 
amperes or more it will be caused by a 
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CONTROL AND POWER DISCONNECTING 
PLuGS 


The control and power disconnecting 
plugs are so arranged that the field circuit 
and the generator relay circuit are discon- 
nected before the power circuit is broken 
if a draw-out unit is removed while the 
generator is under load. Therefore, the 
probability of having to interrupt power 
on the disconnecting plugs is small. This 
arrangement helps maintain these con- 
tacts in good condition. 


Advantages of the Generator Power 
_ Center : 


Easily Installed. A complete installation 
of generator control and protective equip- 
ment consists of running one power cable 
and a shunt field lead from the generator to 


Bottemiller—Aircraft Power Center 


the back of the load center framework and 
a second power cable from the power center 
to the main bus. An additional equalizer 
lead is required if parallel operation of the 
generators is to be accomplished. Just be- 
fore the engines are to be run up for pre- 
liminary checking the completely wired 
draw-out unit can be plugged into the frame- 
work, A bench adjustment and test of the 
complete draw-out unit can be made away 
from the airplane. 


Easily Serviced; Units Interchangeable. 
The draw-out unit can be removed by 
raising the finger latch and pulling on the 
handle. Since the units are all fitted on one 
jig, they are all interchangeable, hence units 
can be stocked at various maintenance 
centers for quick replacement in case of 
trouble. 


Circuits Are Simple; Maintenance Time 
Is Reduced. Conventional component de- 
vices and simple circuits are used, there- 
fore, service men are familiar with them and 
should have no difficulty with maintenance. 
Simultaneous observation of the generator 
equipment for all generators simplifies 
trouble shooting and checking of continuity 
of circuits. 


Parallel Operation Easily Accomplished. 
Since the units are mounted side by side in 


Figure 5. Two d-c aircraft generator power 
center draw-out panels and one 2-unit 
framework 


One unit is withdrawn and turned to show 
power disconnecting plugs 


a framework, a 6-inch long piece of copper 
bus is all that is needed to provide parallel 
operation of two generators. The parallel 
bus can be fed to a number of individual 
feeder circuit breakers which can be located 
on top of the framework. Such arrangement 
allows the designer to plan a distribution 
system and a centralized main bus and 
power center. For a 4- or 6-generator air- 
plane the units can be mounted side by side 
or one above the other in units of two 
equipments. In this manner paralleling of 
several generators is easily accomplished. 


More Uniform Bus Voltage Maintained. 
Since the voltage regulators are located at 


the bus, the regulators will more uniformly 
maintain bus voltage since the voltage drops 
in the generator cables which vary as a 
function of load need not be considered. 
Since the generators are rated on the basis 
of a 30 volt d-c output, it is possible to re- 
duce the size of cable from the generator 
to the load center and permit, say, a full 
1.5-volt drop since the regulator operates to 
maintain the bus voltage at, say, 28.5 volts. 


Provides Proieciion to the Generator. The 
use of the quick acting reverse current cir- 
cuit breaker provides the generator with 
good fault protection in the case of a 
grounding of the generator winding or of its 
positive lead. 

Unit Responsibility for Equipment. Since 
one manufacturer of necessity must assem- 
ble the equipment, he must take responsi- 
bility for the successful operation of the 
whole unit. Since the components are 
factory wired and tested, the chances of 
having to replace components is less than 
if each of the individual components were 
installed and wired in the airplane and then 
were tested. 


Weight. A 2-unit generator power center 
completely wired and including a 2-section 
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framework weighs 34 pounds. Magnesium 
alloy suitably pickled and finished with a 
baked crackle finish is used throughout in 
the construction. 


Optional Features 


The following optional features can be 
incorporated in a generator power center 
with a small increase in weight. These 
devices are not shown on the elementary 
power and control diagram. 


Overvoliage Protection. A generator over- 
voltage relay to be added to the assembly 
has been developed. 


Generator Thermal Overload Protection. 
The recent development of a generator 
temperature sensing element which rests 
against the generator commutating bus and 
hence “‘feels’’ its temperature permits the 
addition of generator thermal overload pro- 
tection with a device which has no moving 
parts or contacts to be installed on the 
generator. The temperature sensing ele- 
ment has a negative temperature coefficient 
of resistanee and when inserted in series 
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with a small sensitive relay across a 28.5- 
volt d-c supply may be used to sound a 
warning or light a warning light. ~ 


Conclusion 


There are a variety of opinions as to 
what constitutes adequate protection for 
an aircraft generating system and how 
and where the various devices should be 
located. This paper has illustrated one 
approach to the subject. 
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Design and Application of Supersonic 


Flaw Detectors 


DONALD C. ERDMAN 


NONMEMBER AIEE 


Synopsis: General parameters are given for 
the circuits that make up echo-type super- 
sonic flaw detectors used in the location of 
defects in large metal forgings. Applica- 
tions of such equipment are listed and a 
bibliography of pertinent articles is in- 
cluded. 


CHO TECHNIQUES as are used in 

sonar and radar are also applicable 
to apparatus for locating hidden defects 
inside’ solid metal objects. High fre- 
quency sound waves traveling the length 
of a metal bar behave quite similarly to a 
transient electric signal in a long trans- 
mission line. Any abrupt changes in the 
distributed capacitance or inductance of 
the transmission line will cause a portion 
of the transient signal to reflect back to- 
ward the generator. The acoustic anal- 
ogy is that any abrupt change in den- 
sity or in Young’s modulus in metal will 
cause a partial reflection of a pressure 
wave. Echoes are received readily. from 
eracks, flakes, and holes. If working at 
sufficiently high frequencies, echoes can 
be detected from large grain boundaries.’ 


Method 


, 


A small quartz crystal is used as a 


energy into pressure waves and vice 
versa; thus one crystal unit acts both as a 
loud speaker and a microphone. Ex- 
tremely short blocks of radio frequency 
power are fed to the transducer. These 
pulses vary in commercial equipment, but 
in general, depending upon the carrier 
frequency, may be anything from a frac- 
tion of a microsecond up to several 
microseconds in length. Choice of car- 
rier frequency depends upon the type of 
metal being inspected, the grain size, and 
the distance the supersonic beam must 
travel. For inspection of steel castings, 
frequencies as low as 500 ke are common. 
Fifteen megacycles is desirable for inspec- 
tion of aircraft forgings and extrusions. 
Usual repetition rate of the pulses in low- 
frequency supersonic equipment is 60 
cycles per second. Fifteen-megacycle 
equipment, with its shorter permissible 
pulse widths and more rapid attenuation 
of the pressure wave, can use repetition 
rates of 1,000 per second or higher. 
Figure 2 illustrates how laboratory 
test equipment can be assembled for the 
inspection of small metal objects. The 
quartz crystal and casting are placed 
under water to allow the supersonic beam 


Figure 1. Illustrating formation of supersonic 


transducer (Figure 1) to convert electric echoes 
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to be directed into fillets and curved sur- 
faces. When large objects are being in- 
spected, the surfaces are usually flat 
enough to allow the quartz crystal to be 
placed directly against the part. Oil or 
glycerine is used to insure good acoustic 
coupling with the part. An ultrasonic 
trainer A N/APS-T3 contains most all of 
the equipment needed for an experimental 
flaw detector.* 

A synchroscope can be used to combine 
the functions of the synchronizer and 
oscilloscope as illustrated in Figure 1. 
More elaborate oscilloscopes may be used 
for this purpose, providing they can be 
operated in single sweep fashion. A 
range mark generator built into either the 
synchroscope or oscilloscope is most de- 
sirable. When both small and large 
parts are being inspected, sweep rates 
taking from 100 to 1,000 microseconds to 
cross the screen are of great value. 


Radio Frequency Pulse Generator 


Many methods of producing short 
blocks of radio frequency power are avail- 
able. Figure 3 shows the essential com- 
ponents of one generator. Although this 
unit is considerably more complex than 
thyratron ringer circuits, it has the ad- 
vantage that continuous wave output is 
available for studies involving acoustic 
wave attenuation. Characteristics de- 
sired of a radio frequency pulse generator 
are that it deliver to a coaxial line five to 
ten cycles of power, then wait until the 
next synchronizing signal arrives before 
sending out another wave train. The 
generator must present a fixed and, pref- 
erably, high impedance to the coaxial 
line so that returning echoes are not short- 
circuited by the generator. One of the 
difficult problems connected with genera- 
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tor design is one of obtaining a constant 
impedance match to the coaxial line al- 
though the generator is alternately off 
and on.‘ Since this is not accomplished 
readily, the compromise is to be certain 
that the other ends of any coaxial lines 
attached to the generator are terminated 
properly to prevent multiple reflections 
of the radio frequency pulse in the coaxial 
line. 

A pulse one microsecond long, when 
converted into pressure waves, occupies 
one eighth of an inch in metal. When 
this is realized, the need for extremely 
short radio frequency pulses from the 
generator is apparent. Thus, if the 
quartz crystal is in contact with the sur- 
face of a metal bar, no echoes could be 
detected for at least the first one eighth 
inch because of the transmitter still being 
on. This dead time is one of the more 
serious problems connected with inspec- 
tion by echo methods. Several other 
factors external to the radio frequency 
generator tend to lengthen the dead time. 
Any circuit with appreciable Q will tend 
to ring for a considerable time after being 
subjected to the several hundred volts 
from the radio frequency generator. A 
receiver adjusted to signals of the level of 
microvolts will overload and remain over- 
loaded until the damped signal from the 
high Q circuit dies out; therefore it is good 
practice to reduce the Q of all inductances 
ina system to as low a value as is consist- 
ent with signal to noise ratio. 


Quartz Crystal 


- Less easily dealt with, in the dragging~ 


out of the dead time, is ringing due to the 
mechanical Q of the quartz crystal. This 
ringing follows both the transmitted pres- 
sure wave and every strong reflection, 
which makes the detection of weak echoes 


1272 


SYNCHRONIZER 


ee we 
>) 


RADIO-FREQUENCY 
OSCILLATOR 


Figure 2. Flaw detector assembled from test equipment 
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near a strong echo quite difficult. 
ideal solution to mechanical Q problems 
would be to sandwich the quartz crystal 
between two solid surfaces, one of which 
has high attenuation to the acoustic wave, 
and the other being the part inspected. 
These solid surfaces should have the same 
acoustic impedance as quartz. Unfor- 
tunately, available materials are a poor 
acoustic impedance match to quartz. In 
practice, one side of the quartz crystal 
usually is cemented to some absorbing 
material such as bakelite or Micarta, and 
the other side of the crystal is loaded 
acoustically by the oil or glycerine which 
is used to couple the crystal to the metal 
object being inspected. Much work has 
been done in the search for a practical 
liquid which will have an acoustic imped- 
ance value between quartz and steel. 
Mercury or mercury amalgams are quite 
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Figure 3. Radio frequency pulse generator 
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effective where the chemical properties of 
mercury are not troublesome.® Other 
workers have had some slight success 
coating the crystal with thin films of 
plastic which act to transform acoustic 
impedance in much the same manner as a 
quarter-wave line impedance transformer 
changes electrical impedance. When 
chemically grown crystals such as “ADP” 
and “KDP”’ can be adapted for higher 
frequency operation, it is likely that they 
will have quite an advantage over quartz, 
because of their low inherent mechanical 
Q and their high electric activity. 

Coaxial line termination at the crystal 
end is quite important to the gain of the 
apparatus. Crystals, such as are used in 
the AN/APS-T3, have an electrical im- 
pedance of around 15,000 ohms under 
normal operating conditions. A pie or 
L network usually is used near the crystal 
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Figure 4. Block diagram of automatic gain 
setting circuit 


to transform the 72-ohm line impedance to 
15,000 ohms. A resistance from 5,000 
to 20,000 ohms across the crystal will help 
to swamp out ringing caused by the induc- 
tance in the impedance matching network. 
Adjustment of the network for a maxi- 
mum sensitivity to weak signals will not 
be the same as the adjustment for maxi- 
mum discrimination between signals that 
occur close together. Contributing to 
this discrepancy are factors such as the 
constructive and destructive interference 
caused by acoustic echoes in the crystal 
holder. 


Amplifier 


An amplifier of at least 100-decibel gain 
is needed to bring the echo signals up to a 
level that can be handled by most syn- 
chroscopes. This amplifier should have a 
band width great enough to pass the 
shortest pulses used from the radio fre- 
quency pulse generator. If operating at 
a carrier frequency of 15 megacycles, the 
band width should be approximately 5 
megacycles. All cathode by-pass capaci- 
tors and filter capacitors should be large 
enough so that during the time the gen- 
erator is operating no change in potential 
will occur across the capacitors. 

Radar systems use a transmit-receive 
tube which prevents the high power trans- 
mitted signal from being fed into the re- 
ceiver. Such a tube is not applicable to 
low power circuits as are used in flaw 
detection. It is therefore necessary that 
the receiver be designed to take momen- 
tary inputs of several hundred volts and 
yet be able to amplify a signal of a few 
microvolts strength immediately after- 
ward. A stperheterodyne receiver, oper- 
ating with lower than normal oscillator 
voltage, will feed to the intermediate fre- 
quency amplifiers a signal that has quite 
a definite maximum value; thus over- 
loading of these amplifiers is reduced. 

An echo amplifier must be able to 
handle signals whose strength varies over 
a ratio of 100 to 1. This would indicate 
that some form of automatic gain control 
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is desirable. 
gain setting circuits have been tested. 
Such circuits have the disadvantage that 


the gain-establishing fed-back signal 
arrives too late to work on the signal that 
created it. Use of intermediate fre- 
quency amplifiers at 60 megacycles with 
10 megacycle band width would reduce 
the “turn around” time to a more nearly 
usable value. To prevent the generation 
of transients in the intermediate fre- 
quency amplifier, the gain setting signal 
should be fed into a balanced stage. 
Figure 4 shows a quite promising system, 
although it is more complicated than 
would be commercially practical. In 
this system two amplifiers are used, one 
of which is used to set gain on the other. 
Signals to the controlled amplifier are 
delayed enough so that the gain setting 
amplifier has time to establish the ampli- 
fication of the controlled amplifier before 
a large signal comes along. A delay of 
two microseconds is adequate and can be 
obtained by insertion of a multisection 
delay line or by using the delay in several 
hundred feet of coaxial cable. In experi- 
mental systems, the latter method. is 
much the simpler since excess ringing, 
which would be a problem in a lumped 
constants delay line, is not encountered. 
Design of the second detector and video 


Figure 5. Simplified circuit of portable flaw 
detector 
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amplifier circuits which follow the inter- 
mediate frequency amplifier should in- 
corporate the following features: 


1. Quick recovery to strong signals. 


2. Ability to pass pulses one half micro- 
second long without deterioration of leading 
or trailing edges. 

3. Freedom from ringing of the video peak- 
ing coils. 

4, Sensitivity to weak signals. 


These requirements are met in most 
radar receivers. A feature that has been 
incorporated in test sets where a spiral 
sweep is used in the indicator is to have a 
nonlinear resistive element across the in- 
put to the video amplifier. This helps 
prevent overloading the succeeding ampli- 
fiers on strong signals. Where greatest 
interpretability of the wave shape of the 
echoes is needed, a large oscilloscope and 
powerful video amplifier should be used 
so even the strongest signals can be shown 
without overloading the amplifier or 
without running off the screen. Fast 
time constant circuits as are used in radar 
must be used with caution in flaw detect- 
ing equipment, because of the dead time 
that follows long blocks of signals. 


Indicator Characteristics 


Indicators for use with supersonic flaw 
detection circuits should be chosen accord- 
ing to the type of inspection jobs most 
likely to be encountered. Large oscillo- 
scopes are desirable in fixed location 
equipment since the operator can be fur- 
ther away from the screen and still get 
good visibility of the echo traces. Around 
the aircraft industry and oil distilleries, 
portability of the testing equipment is of 
paramount importance, hence the need 
for a small oscilloscope. When limited 
to-a small oscilloscope, a circular or spiral 
sweep, rather than a single horizontal 
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trace, will allow the most echoes to be 
presented. An SCR-718C  pulse-type 
radio altimeter contains the basic circuits 
needed in a circular sweep unit.® 

Linearity of the sweep circuit is not as 
important as it might seem at first, pro- 
viding range marks are available. The 
range marks let the operator know how 
far into the metal part a particular defect 
is located. If the range marks are ad- 
justed to occur every eight microseconds, 
they will correspond to one mark per inch 
of steel. The range mark spacing should 
be adjustable so that compensation may 
be made for the different velocities of 
sound in various metals and_ plastics. 
Range marks may be applied to the Z 
axis, that is, they are caused to modulate 
the grid of the cathode ray tube. Other 
presentations of the marks are to have a 
square wave or a spike type deflection of 
the cathode ray trace. When inspecting 
large forgings the pressure wave often 
travels several feet before hitting a defect. 
If the range marks are set to occur once 
per inch, the operator has to count quite a 
number of marks in locating how far away 
the defect is. For this reason, it is desir- 
able to have a double range mark system, 
one showing marks for each inch, and the 
other showing a different type mark for 
every foot. 

Work with large forgings and long ex- 
trusions occasionally will bring up the 
problem of the operator wanting an ex- 
panded view of some section several feet 
away from the crystal. Such large parts 
require a sweep length equal in micro- 
seconds to eight times the length of the 
part measured in inches. This means 
that echoes, which occupy only a micro- 
second or less, will be so compressed as to 
prohibit any study of their wave shapes. 
A faster sweep speed can be used provid- 
ing its starting time is delayed so that the 
interesting part of the forging is shown on 
the cathode ray tube. Such delayed 
sweeps are usually found in synchroscopes. 
It is quite important that the delays be 
accurate and free of jitter. 
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Figure 6. Oscilloscope 
pictures of test bar 
echo pattern 


Signals reading from left 
to right are: Trans- 
mitted signal, echo sig- 
nal from a number 70 
drill hole, echo from 
rear side of part. Five- 
microsecond range marks 
are shown below the 
axis 


Commercial Design 


In commercial design of a supersonic 
echo type flaw detector, as many of the 
afore-mentioned characteristics should. be 
incorporated as is consistent with a prac- 
tical instrument. Operating dials and 
controls should be kept to an absolute 
minimum. Several carrier frequencies 
are necessary, with switching from one 
frequency to another controlled by a 
single dial. Figure 5 gives a block dia- 
gram of a flaw detector designed for 
portability. This unit uses a 3-turn 
spiral sweep on the cathode ray tube. 
Each turn of the spiral represents one 
foot of steel, hence the unit is limited to 
forgings or extrusions less than three feet 
thick. 

For reasons of simplicity and space 


Figure 7. Portable su- 
personic flaw detector 
used iin conjunction 
with million-volt X-ray 
machine in the inspec- 
tion of an aircraft forging 
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saving, this unit incorporates a thyratron 
radio frequency generator. Carrier fre- 
quency with this type generator is con- 
trolled by the quartz crystal and by ring- 
ing in the impedance matching network 
located at the crystal. When the quartz 
crystal unit is changed to one of a different 
frequency, the tuning networks, which 
are integral with the crystal assembly, 
also are changed. Different frequency of 
operation requires only that the oscillator 
portion of the superheterodyne receiver 
be retuned. A 30-megacycle intermedi- 
ate frequency amplifier is used. Band 
width is approximately 4 megacycles. 
In order that carrier frequencies of 1, 5, 
and 15 megacycles may be used, it is 
necessary to use a balanced modulator 
type of the first detector so that the local 
oscillator signal does not overload the 
intermediate frequency amplifier. 

Regulated d-c power supplies are pro- 
vided to make the apparatus relatively 
insensitive to line voltage changes. High 
voltage for the cathode ray tube is ob- 
tained from a transformer and rectifier 
operated from an 800-cycle power oscil- 
lator. This use of 800 cycles was neces- 
sitated by the desire to use the cathode 
ray indicator unit from the SCR-718C 
intact. 

Three of the controls visible on the 
front panel of the apparatus are used only 
when it is desired to tie the unit in with 
an external synchroscope, or other test 
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equipment. Provision has been made for 
using two separate crystals, as in the 
British system for welding inspection.® 
It is sometimes desirable to couple to the 
test apparatus another unit such as a 
direct reading pulse position indicator, or 
a pulse strength measuring meter. These 
auxiliary units are useful when thickness 
measurements are made by noting the 
time elapsed between the transmitted 
supersonic pulse and the echo received 
from the far side of the object being 
measured. 


Application 


In the accompanying bibliography are 
listed many excellent papers on applica- 
tions of the reflection type supersonic 
flaw detectors. The author’s experience 
in the application of supersonic inspection 
has been limited to problems associated 
with the aircraft industry.* Chief inter- 
est in the new inspection tool has come 
about through the need for quality con- 
trol on the forgings used in jet engines. 
Many of these parts are too thick to be 
successfully X-rayed, leaving no other 
method of internal inspection available. 
Supersonic inspection will detect tight 
cracks which are not likely found by X- 
ray methods, although X-ray has quite an 
advantage in being able to show defects 
in such a manner that the operator more 
easily can identify the type of defect. 
Interpretation of defects by supersonic 
echo techniques is still mits infancy. It 
is usually true that anything that will 
show a strong echo is serious inside highly 
stressed aircraft parts. Determination 
of size and location of a defect is accom- 
plished quite accurately by scanning with 
the quartz crystal and noting the echo 
position relative to the range marks. 
There is no well defined limit to the thick- 
ness of a part that can be inspected by 
supersonic means providing the metal is 
homogeneous, and the proper frequency 
and power are used. 


Some castings can be inspected provid- . 


ing they are not too porous. Magnesium 
castings are very transparent to 15-mega- 
cycle pressure waves. Defects common 
to magnesium castings, such as micro- 
shrinkage and channeling of porosity, 
throw strong and easily recognized echoes. 
Aluminum castings usually have too 
much gas porosity to allow good penetra- 
tion of the supersonic pressure wave. If 
a low frequency is used, steel castings can 
be inspected. Forgings, extrusions, and 
wrought materials are penetrated most 
easily. Attenuation of the pressure wave 
in the materials is very much a function 
of their grain structure and hence of heat 
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treatment. A change in attenuation of 
two to one occurs in 4130 alloy between 
the normalized state and the heat treated 
condition. Because of this sensitivity to 
grain size and grain boundary character- 
istics, most routine inspection is carried 
on at relatively low frequencies, such as 
two to five megacycles. 

Sensitivity to defect is a function of the 
orientation of the defect to the supersonic 
beam direction. If the defect is normal 
to the beam, and if it intercepts between 
one and ten per cent of the beam area, it 
causes a detectable echo no matter how 
thin it is in the direction parallel to the 
beam. This is true because most defects 
are filfed with gas or slag, which repre- 
sents a tremendous change in Young’s 
modulus as compared to the parent ma- 
terial. There is a definite relationship 
between the area of a defect that must be 
intercepted and the wave length of the 
supersonic pressure wave. Figure 6 
shows a number 70 drill hole which easily 
can be shown through a foot of steel when 
testing at 15 megacycles. Yet, at 5 
megacycles, this defect begins to get quite 
noticeably more difficult to show. Long 
cracks usually are found no matter which 
orientation they have relative to the 
beam, since the characteristic of most 
cracks is either to zigzag through metal, 
or to turn at one end or the other. Sur- 
face cracks can be located only if. the 
beam is pointed normal to the crack. 

Quite a number of interesting charac- 
teristics are being found in metal by other 
than direct echo techniques. If the gain 
of the amplifier is turned up to where 
multiple echoes are visible from the back 
side of a billet, one occasionally will note 
areas on the billet where the number of 
these reflections changes quite radically. 
Preliminary test on the metal where these 
changes in acoustic transmission occur 
indicate areas of considerably different 
grain structure. A sudden change in 
grain sometimes will disperse the super- 
sonic beam, causing echoes from the back 
side of a part to disappear. Changing to 
a lower frequency usually will allow 
penetration through such areas. 

More specific circuit data have not 
been iricluded since there are numerous 
sources available for such information. 
Range mark circuits and their constants 
can be found associated with most articles 
on radar circuits. 
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Excitation Problems in Hydroelectric 


Generators Supplying Long 


Transmission Lines 


C. L. KILLGORE 


MEMBER AIEE 


UITABLE SITES for hydroelectric 
power developments usually are 
located at a considerable distance from the 
load center and, therefore, long trans- 
mission lines generally are associated 
with hydroelectric generators. This com- 
bination of long transmission lines and 
hydroelectric generators introduces prob- 
lems in voltage regulation, overvoltage, 
and stability which can be solved by the 
proper application of modern excitation 
systems. 

A long transmission line is in itself 
virtually a pure capacitive load which 
usually is more than balanced as the in- 
ductive load is picked up by the generat- 
ing unit. However, a satisfactory excita- 
tion system must be capable of maintain- 
ing the voltage within specified limits 
when a hydroelectric generator is operat- 
ing underexcited with a lightly loaded 
transmission line or overexcited with a 
fully loaded transmission line.  Self- 
excitation must be protected against when 
a hydroelectric generator is charging a 
long transmission line. Dropping a heavy 
load at the receiving end and leaving an 
overexcited hydroelectric generator con- 
nected to a long transmission line may 
cause dangerous overvoltages. Over- 
speeding of a hydroelectric generating 
unit on rejection of load at the generating 
station also may cause dangerous over- 
voltages. In addition to providing a 
solution to the above problems, a satis- 
factory excitation system should be 
capable of increasing the stability limits 
of the transmission system and of pre- 
venting pull-out from insufficient excita- 
tion. 

While these problems are not new, and 
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have been solved to a certain extent, 
successfully in the past with presently 
available excitation systems, this paper 
first will review the principles and charac- 
teristics of these systems and the relative 
need for any particular characteristic, 
second, will attempt some evaluation of 
the practical importance of these charac- 
teristics, outlining desirable features 
which should be provided for excitation 
systems which are applied to hydro- 
electric generators that supply long trans- 
mission lines. 


Excitation Systems Available 


In accordance with present day prac- 
tice, an excitation system. for hydro- 
electric generators supplying long trans- 
mission lines consists essentially of a main 
and pilot exciter with an indirect-acting 
rheostatic-type voltage regulator for 
automatic excitation control of each gen- 
erator! The main exciter armature leads 
are connected directly to the collector 
rings from the field of the main hydroelec- 
tric generator without a main field circuit 
breaker or rheostat. 

Control of the excitation is accom- 
plished by means of a master element or 
regulator acting on a motor-operated 
rheostat in the field of the main exciter. 
High-speed contactors are provided to 
cut in or out the entire regulating re- 
sistance in the main exciter field and 
provision is made for automatic division 
of reactive power between any of the 
main hydroelectric generators which may 
be operating in parallel. Over-all per- 
formance of the excitation system de- 
pends on other factors such as the main 
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generator characterist’cs and the trans- 
mission system. 


Main EXCITERS 


The main exciter consists of a sepa- 
rately excited shunt-wound d-c genera- 
tor. A self-excited main exciter gener- 
ally is not applicable to hydroelectric 
generators since its voltage is not stable 
and will drift with time? at light loads. 

A main exciter kilowatt rating of 110 
per cent of normal and a nominal collec- 
tor-ring voltage of not more than 90 per 
cent of the exciter voltage rating are com- 
mon practice. The nominal ceiling volt- 
age should not be less than 120 per cent 
of the exciter voltage rating and ample 
margin usually is provided to take care of 
any possible reduction in speed or fre- 
quency which may occur during a severe 
system disturbance. An exciter speed-of- 
response of 0.5 as defined by the American 
Standards Association standards is con- 
sidered standard equipment and is ade- 
quate for the average application al- 
though a speed-of-response of 1.0 may be 
desirable for certain more important in- 
stallations. 

It is common practice for the main 
exciter to be direct-connected to the shaft 
of the main hydroelectric generator. This 
arrangement has the advantage, especially 
for a remote hydroelectric installation, 
that no outside source of power is re- 
quired to start the generating unit. 
Another important advantage of the 
shaft-driven exciter is that it is inde- 
pendent of disturbances on the system. 
Although the brushes must be changed 
with the main generator in service for 
continuous operation and any mechanical 


or commutation trouble will cause a shut- 


down of the main generator, experience 
has proved the reliability of slow-speed 
direct-connected shaft-driven main ex- 
citers for hydroelectric generators. A 
spare separate motor-driven main exciter 


(eae 2 
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mittee on power generation and approved by the 
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involves switching in the exciter armature 
circuit to the main generator collector 
rings and is difficult to justify. Spare 
exciters, therefore, usually are not pro- 
vided. Some mention should be made of 
troubles which have been experienced 
with brushes and collector rings but these 
subjects are considered beyond the scope 
of this paper. The main exciters are of 
open-type construction and ventilation is 
not a problem. 


VOLTAGE REGULATORS 


An indirect-acting exciter-field rheo- 
static-type voltage regulator usually is 
used with hydroelectric generators supply- 
ing long transmission lines. Excitation is 
controlled by automatic adjustment of 
the main exciter-field rheostat and by 
high-speed relays which cut in or out the 
entire regulating resistance in the exciter 
field. The main exciter-field rheostat is 
operated by a d-c motor and may be 
either a series or Wheatstone-bridge-type 
rheostat. These rheostats are of the face 
plate type which have proved to be 
simple, reliable, and able to withstand 
frequent operations successfully. 


The master voltage-sensitive element is 
responsive to the average of all three 
voltages of the main synchronous gen- 
erator. This is accomplished by either a 
polyphase torque motor whose torque is 
proportional to the average voltage or by 
a three-phase rectifier whose output 
voltage operates the regulator solenoid 
coil. These devices control a contact 
assembly which has_two sets of contacts. 
One set operates the motor of the motor- 
operated main exciter-field rheostat for 
small changes in voltage and the other set 
of contacts operate the high-speed relays. 
These relays can apply maximum or 
minimum excitation in three cycles for 
large changes in voltage. Any value of 
excitation may be applied to the main- 
exciter field from maximum positive to 
slightly negative. Thus main synchro- 
nous generator field voltage can be reduced 
to approximately zero or it may be re- 
versed slightly. 


The sensitivity or nominal band of 


voltage regulation is plus or minus 0.5 per 
cent. The contacts for operating the 
high-speed relays usually are> set ° to 
operate for a change in voltage of 5 per 
cent plus or minus. A voltage adjusting 
rheostat is furnished for changing the 
alternating voltage level to be held by the 
regulator over a range of 10 per cent above 
normal to 25 per cent below normal. This 
lower limit is required in order to permit 
synchronizing at the load end of the trans- 
mission line. In general, these rheostats 
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are motor-operated so that they may be 
controlled from a central location. An 
inherent characteristic of this type of 
voltage regulator is the dead band in 
which no corrective action takes place. 
A lower limit of excitation is not available 
as part of the manufacturers’ equipment 
and although some attempts have been 
made to add such a feature, they have not 
proved entirely satisfactory. 


Piotr EXcITERS 


The pilot exciter is a compound-wound 
self-excited d-c machine designed to hold 
essentially constant voltage for supplying 
excitation to the field of the main exciter. 
The pilot exciter is direct-connected to 
the shaft of the main hydroelectric gen- 
erator. A manually operated pilot ex- 
citer field rheostat is provided to adjust 
the pilot exciter voltage for normal opera- 
tion. It has been found in some installa- 
tions that when the generating unit has 
been shutdown and is cold it is necessary 
to readjust the field rheostat when the 
normal operating temperature is reached. 

Auxiliary equipment must be provided 
to protect against dangerously high pilot- 
exciter voltages which are produced dur- 
ing overspeed or runaway of the water 
wheel. This equipment usually consists 
of an overvoltage relay or an overspeed 
switch on the main shaft which operates 
to open the contacts on a normally closed 
high-speed auxiliary relay. This relay in- 
serts a fixed block of resistance in series 
with the pilot-exciter field, thus reducing 
the voltage to a safe value during the 
abnormally high-speed conditions. This 
protection does not interfere with the 
voltage regulator which serves as an 
overvoltage protective device for the 
generator and main exciter. 

However, a fixed resistor which will 
limit the pilot-exciter voltage adequately 
during runaway conditions generally is 
too high for overspeed conditions resulting 
from rejection of full load and will reduce 
the pilot-exciter voltage so far below 
normal that the main synchronous genera- 
tor voltage cannot be maintained. This 
condition is important only when station- 
service power is being supplied from the 
main-generator bus and a direct-acting 
voltage regulator is used in the pilot- 
exciter field circuit to limit the over- 
voltages instead of a fixed block of re- 
sistance. 

Some installations have been made 
which use the station battery instead of a 
pilot exciter as a source of constant 
voltage for supplying excitation to the 
field of the main exciter. This scheme 
appears to be quite successful and 
eliminates the mechanical disadvantages 
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of a pilot excitor as well as the auxiliary 
overvoltage equipment, thus simplifying 
the excitation system. 


PARALLEL OPERATION A-C GENERATORS 


The division of reactive current be- 
tween a-c generators operating in parallel 
is controlled by the amount of excitation 
on each generator. An increase in excita- 
tion of one generator will increase the re- 
active current supplied by that gen- 
erator, but it will not affect the bus 
voltage appreciably since the voltage 
regulator tends to hold a constant 
voltage regardless of the reactive current 
or power-factor of the a-c generator. It 
is necessary, therefore, to bias the voltage- 
sensitive element of the regulators with 
reactive current. 

For example, if two identical a-c gen- 
erators are operating in parallel with their 
voltage ‘ regulators sensitive only to 
voltage, the regulator with the higher 
setting would increase the excitation of its 
generator to the maximum limit and the 
regulator with the lower setting would de- 
crease the excitation of its generator to 
the minimum limit which could result in 
pull-out of the generator with low excita- 
tion. The same conclusion would be 
reached with one generator under regu- 
lator control, and connected to a rela- 
tively large system such that the genera- 
tor could not control the system voltage. 

For a-c generators which are paralleled 
at the generator bus without reactance 
between them, cross-current compen- 
sating devices are provided to bias the 
regulators. However, if a unit-system de- 
sign is used and the a-c generators are 
paralleled only on the high-voltage bus 
through their associated transformer 
banks, no auxiliary cross-current com- 
pensating devices are required. The over- 
all effect of these methods is to make the 
voltage characteristics of each generator 
at the point at which they are paralleled 
“droop” with reactive current. The 
amount of ‘‘droop”’ necessary will depend 
on the sensitivity of the automatic con- 
trol equipment. 


PERFORMANCE REQUIREMENTS 


The excitation system should be de- 
signed conservatively and should allow 
for the high currents which may flow in 
the excitation system during transient 
conditions and also for the high voltages 
associated with switching in the field dis- 
charge resistor during such transient con- 
ditions. Maximum reliability and de- 
pendability of service with a minimum of 
maintenance is essential. Actually the 
cost of the excitation system is a small 
part of the cost of any generating station, 
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but the cost of a failure of the excitation 
system coiild be relatively great. 

The accuracy and sensitivity of an 
automatic excitation system, in accord- 
ance with industry standards, are under- 
stood to describe the ability of the control 
equipment to maintain voltage over the 
complete load range of the a-c generator 
when it is supplying an isolated load. 
Any equipment which is sensitive to load 
rather than voltage, such as devices re- 
quired for parallel operation or for limit- 
ing excitation, is assumed to be inopera- 
tive. Although the performance require- 
ments as given by this definition are in- 
adequate and incomplete, the definition 
is important as it gives some of the in- 
formation needed for proper application of 
automatic excitation systems. 

Over-all performance requirements of 
an excitation system for hydroelectric 
generators supplying long transmission 
lines are summarized below 


Improved system voltage regulation. 
Increased system stability limits. 
Controlled overvoltage on loss of load. 
Stability during line charging. 


eM e 


Generator Characteristics 


Certain characteristics of the main 
hydroelectric generator affect the over-all 
operation of the excitation system. These 
characteristics relate to the generator 
field current which actually determines 
the performance of the generator on the 
system, and include the power factor 
rating of the generator, its line-charging 
capacity, field-time constant, and field- 
heating limitations. 

The transformation of mechanical 
energy from the shaft torque, produced by 
the water wheel, to electrical energy at the 
generator stator terminals is accomplished 
by the magnetic field or flux which crosses 
the aix gap between the rotor and stator 
of the generator. This air-gap flux is de- 
termined primarily by field current. 
However, current flowing in the armature 
winding has a decided effect on the air- 
gap flux, and lagging current, which flows 
when the generator is short-circuited at 
its terminals or is supplying an inductive 

load, has a strong demagnetizing or 
weakening effect on the air-gap flux. 
Thus, the actual air-gap flux is the 
difference between that produced by the 
generator field current and the bucking 
effect of the armature demagnetizing 
current. The short-circuit ratio is an 
indication of the weakening effect of the 
armature demagnetizing current, and a 
generator which requires less field cur- 
rent to overcome the armature demagne- 
tizing current has a higher short-circuit 
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ratio and, in itself, is inherently more 
stable. 


POWER FAcToR 


The stability of a generator supplying 
power to a system is a function of the 
load characteristics as well as of the gen- 
erator characteristics. The power factor 
of the load which is being supplied by 
the generator determines how much field 
current is required to deliver the kilo- 
watt load at the required voltage and 
frequency. 

Hydroelectric generators supplying long 
transmission lines operate at approxi- 
mately unity power factor and in general 
the generator power factor should be 
selected to correspond as nearly as possi- 
ble to the expected system requirements. 
A generator with a low power factor 
rating but used at a high power factor is 
more unstable? than a generator of the 
same size and cost rated more nearly to 
the actual power factor of the load. This 
is evident, since operating at power fac- 
tors higher than rated requires a field 
current lower than the rated value. 
Therefore, hydroelectric generators sup- 
plying long transmission lines usually 
should be rated at unity power factor. 


LINgE-CHARGING CAPACITY 


The line-charging capacity of a gen- 
erator is defined as the kilovolt-ampere 
output at rated voltage when the excita- 
tion is reduced to zero. Hydroelectric 
generators with a short-circuit ratio of 
unity have a line-charging capacity of 80 
per cent at rated voltage. An increase in 
short-circuit ratio increases the line- 
charging capacity in direct proportion. 

A generator of the same size and cost 
rated at unity power factor inherently has 
a higher short-circuit ratio than a gen- 
erator rated at a lower power factor. For 
example, generators of normal design but 
rated at different power factors have the 
following short-circuit ratios: 


1.0 at 0.8 power factor 
1.1 at 0.9 power factor 
1.25 at 1.0 power factor 


Line-charging requirements and sta- 
bility limitations usually occur simul- 
taneously and, therefore, the higher short- 
circuit-ratio unity-power-factor generator 
is a practical means of meeting both 
operating conditions. 


FreLp-HEATING LIMITATIONS 


Experience has shown that some hydro- 
electric generators have overload ca- 
pacity built into the armature winding, 
but that this same overload capacity is 
not built into the generator field winding. 
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Operation of a generator either above its 
rated voltage or below its rated power 


-factor in a lagging direction requires an 


increase in field current. A 4 per cent in- 
crease in field current means nearly an 8 
per cent increase in field heating. Since 
in actual operation hydroelectric gen- 
erators supplying long transmission lines 
usually operate at approximately 5 per 
cent above normal voltage and at ap- 
proximately 0.97 per cent lagging power 
factor, the field winding should be of a 
liberal design. Normally, the excitation 
system has ample margin to operate at 
overload capacities. 


FIELD TIME CONSTANT 


The average value of the open-circuit 
transient time constant for a hydroelec- 
tric generator with amortisseur windings 
is approximately 6.6 seconds. Without 
them, the time constant is usually less 
and it may vary from 1.5 to 10.5 seconds. 

It is important to’ note that the time 
constant of the field circuit is scarcely 
subject to control®* by the excitation sys- 
temalthough schemes of superexcitation™® 
have been investigated. The rate of varia- 
tion of the flux in the generator field 
circt1it and consequently of the flux in the 
armature depends on the applied maxi- 
mum ceiling voltage of the main exciter 
and the speed with which this maximum 
voltage is obtained. However, since the 
time constant of the main exciter is always 
much smaller than that of the main gen- 
erator field, the speed-of-response has a 
much smaller effect than the maximum 
ceiling voltage of the exciter. 


Voltage Requirements and 
Performance 


In the operation of long high-voltage 
transmission lines, it has been found de- 
sirable to set the voltage at the receiving 
end enough lower than the generator 
voltage, expressed in terms of the high- 
voltage system, to permit the generators 
to operate at unity or slightly lagging 
power factors for all loads. Ideally, this 
means that the line-charging current for 
light loadings should be furnished from 
the receiver end. However, this proce- 
dure is not always economical and the 
generators therefore should be capable of 
supplying the line-charging current at 
light loads without danger of pull-out. 
The excitation system should be capable 
of meeting the following voltage per- 
formance requirements. 


System VOLTAGE LEVEL 


The sending voltage for a normal 230- 
kv transmission system, in general, will 
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vary from approximately 230 to 240 kv. 
Since the higher voltage level is required 
most of the time, both the main generator 
and the excitation system should be 
capable of continuous operation at 
approximately 5 per cent above rated 
voltage. While fixed taps sometimes are 
provided on the high-voltage windings of 
the main step-up transformers, these taps 
are useful only to establish a fixed voltage 
level for the sending end of the transmis- 
sion system. The large inherent regula- 
tion of long transmission lines can-be ac- 
complished best by means of the auto- 
matic excitation system. This method 
of control tends to improve the reliability 
of the main step-up transformers by elimi- 
nating taps in the high-voltage winding. 

The division of reactive current be- 
tween synchronous generators operating 
in parallel depends largely on the dead- 
band portion of the band of voltage regu- 
lation and also on the ‘‘droop” compensa- 
tion. It is possible with the use of 
modern excitation systems to operate 
stably with small “droop” provided the 
dead band is small. The effect of “droop” 
compensation can be illustrated by two 
typical examples. The first is that of two 
identical generators paralleled at the gen- 
erator bus with the automatic voltage reg- 
ulators biased by means of cross-current 
compensators to have a ‘“‘droop” of 4 per 
cent. 


The second is that of a, unit-system 
with two identical generators and their as- 
sociated transformers paralleled on the 
high-voltage side. The inherent reactance 
of the transformers introduces a ‘‘droop” 
of 8 per cent. If the sensitivity of the volt- 
age regulator control element is plus or 
minus 0.5 per cent for both cases, then the 
difference in reactive current for the gen- 
erators with a “droop” of 4 per cent 
could be as much as 25 per cent while that 
for the generators with a “droop” of 8 per 
cent would not exceed 12.5 per cent. If 
we assume that the generators in both 
cases are carrying 80 per cent load in kilo- 
watts, the total armature current of the 


two generators in the first case would be 


94.2 and 84 per cent, a difference of 10 per 
cent which is fairly reasonable. In the 
second case, the total armature currents 
would be 84 and 81 per cent, a difference 
of only 3 per cent. 


There is, of course, some voltage regu- 
lation with this application, and elimina- 
tion of this regulation has been attempted 
by means of line-drop compensation. 
This device gives the voltage regulator a 
rising characteristic with load which in 
effect tends to compensate for the “‘droop”’ 
that has been introduced intentionally 
into the voltage regulator control circuit. 
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cause dangerous overvoltages. 


Line-drop compensation, therefore, should 
not be used unless it is essential that some 
high voltage bus be held continuously at 
constant voltage and even then the 
application of line-drop compensation at 
the generating station should be reviewed 
carefully. 

Actually the fundamental approach to 
the problem of better voltage control in 
the cases where that is necessary is to im- 
prove the sensitivity of the excitation 
system. Making the sensitivity plus or 
minus 0.25 per cent would allow operation 
with 2 per cent “droop” and allow the 
same division of reactive current between 
machines as was obtained with 4 per cent 
“droop” and a sensitivity of plus or 
minus 0.5 per cent. 


LINE CHARGING 


The generators at a hydroelectric sta- 
tion should have sufficient ‘line-charging 
capacity to build up voltage on the longest 
transmission line connected to that sta- 
tion for purposes of testing the line with- 
out becoming self-excited. Self-excita- 
tion is an unstable condition which would 
cause high and uncontrolled voltage on 
the generator and system being tested. 
However, if the capacitance load of the 
transmission line exceeds the line-charging 
capacity of one generator, additional gen- 
erators can be paralleled* to provide suf- 
ficient capacity without a material reduc- 
tion below the sum of their individual line- 
charging capacities. The excitation sys- 
tems must, of course, be stable for this 
underexcited condition and should be 
capable of rapidly reducing the main gen- 
erator field excitation to zero and prefer- 
ably to a slightly negative value. A high- 
speed automatic excitation system will 
permit a salient-pole generator to be 
loaded purely capacitively up to the 
thermal limit of the generator.? 


REJECTION OF LOAD AND OVERSPEED 


Rejection of load!® on a hydroelectric 
generator by automatic operation of the 
protective relays or other means can 
cause dangerous overvoltages unless the 
automatic excitation system operates to 
protect against these overvoltages. 

Either one of two conditions may occur. 
The load may be rejected at either the 
sending end or at the receiving end of the 
transmission line. It is evident that this 
sudden change of conditions from an in- 
ductive load which directly opposes the 
magnetic flux in the generator field to a 
pure capacitive load which directly aids 
the magnetic flux or to no-load could 
In ad- 
dition to the above effect, the relative 
slow action of the governor on the wicket 
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gates of the water wheel allows the gen- 
erating unit to overspeed which adds to 
the rise in generator voltage. In order to 
control this overvoltage, the high-speed 
“dower” relay of an indirect-acting rheo- 
static-type voltage regulator operates to 
insert the entire regulating resistance in 
the exciter field. However, since this ac- 
tion reduces the main generator voltage to _ 
below normal, the high speed ‘‘raise’”’ re- 
lay operates to increase the voltage 
again. Continued intermittent operation 
of both the “lower” and “raise” high- 
speed relays cause considerable oscillation 
of the generator voltage, but the net over- 
all result is to hold the voltage within 
reasonable limits. 

The condition of load rejection in which 
the transmission line stays connected to 
the generator could cause the highest 
overvoltages, especially at the receiving 
end since the no-load voltage rise of the 
transmission line itself must be con- 
sidered. For a line 150 miles long the 
voltage rise would only be 5 per cent, but 
for a line 300 miles long, the voltage rise 
would be 22 per cent. Therefore, in order 
to prevent the possibility of the generator 
becoming self-excited and to provide 
back-up protection for the excitation sys- 
tem, it is common practice to provide an 
overvoltage relay which will disconnect 
the transmission line from the generator 
if there is an excessive rise in voltage at 
the sending end of the line. 


OVERVOLTAGES 


Although the reliability of indirect- 
acting rheostatic-type voltage regulators 
has been proven, the possibility ofa failure 
should be considered since a number of 
contacts and relays are essential parts of 
such regulators. In case of a failure the 
equipment at the generating station and 
on the transmission system should be pro- 
tected by “lightning arresters’” which 
could be termed better voltage-limiting 
devices. When a salient-pole generator is 
supplying a highly capacitive load, there is 
the possibility of dangerous overvoltages 
occurring from resonance between the re- 
actance of the generator and the load dur- 
ing unbalanced short-circuit conditions. 
The danger of these overvoltages can be 
eliminated by amortisseur windings*" on 
the generator rotor. 


Stability and Pull-out 


That the steady-state stability limit” of 
a synchronous generator can be increased 
by a considerable amount by means of a 
properly designed excitation system is 
well known. This is evident since, if no 
change is made in the field excitation 
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short-circuit ratio and field excitation are 
practically the only generator character- 
istics’ which determine the point of pull- 
out. A sudden load applied to a generator 
with low excitation and no voltage regu- 
lator may result in pull-out depending on 
the short-circuit ratio and load saturation. 
A generator with a higher short-circuit 
ratio and initial load saturation can pick 
up a larger load without loss of syn- 
chronism. However, short-circuit ratio 
is not a true criterion for the relative sta- 
bility characteristics of generators operat- 
ing with voltage regulators. With the use 
of voltage regulators the factors which de- 
termine the stability characteristics under 
load are the synchronous and leakage re- 
actance, the amount of load saturation, 
and the rate of change of saturation under 
load. 

Voltage regulators can permit operation 
above the steady-state stability limit. 
This type of operation is known as dy- 
namicstabilityandisdependententirely 
on the performance of the voltage regula- 
tor. Although power systems usually are 
not designed for this type of operation, it 
may be of considerable value during 
emergency conditions since it provides 
additional stability margins. 


SPEED OF RESPONSE 


Although the need for high speed of 
response in excitations systems is a rela- 
tively complicated subject, reviewing a 
few fundamentals will indicate what is re- 
quired. With modern high-speed circuit- 
breakers and relays, there is little need for 
high-speed exciter response !*1”18 since the 
faultiscleared sorapidly that the excitation 
system has little opportunity to function. 
It is known” that if stability can be main- 
tained during the first swing, in general, it 
will be maintained during subsequent 
swings. However, since the generator 
field time constant is usually relatively 
long with respect to the time required for 
the first swing, any substantial improve- 
ment in stability would require a super- 
excitation system. The performance re- 
quirements which are of interest are 


1. Voltage dip on sudden application of 
load. 


2. Transient stability. 


The initial voltage dip occurring on 
sudden application of load depends 
principally on the generator field current 
at the time of the load application regard- 
less of the excitation system. The rate of 
voltage recovery, however, depends on 
the speed of exciter response. 

The effect of the speed of exciter re- 
sponse on transient stability can be de- 
termined by referring to a particular 
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example which shows a typical hydroelec- 
tric generating station supplying a large 
system over two transmission lines 140 
miles long. A three-phase fault is applied 
to one line and cleared leaving avsingle 
circuit. The example shows the power 
that can be delivered through the three- 
phase fault and subsequent line clearing 
as a function of exciter response and 
switching time. Increasing the exciter 
response from 0.5, which has been com- 
monly used, to 1.0 raises the power limit 
from 2 to 3 per cent while increasing the 
switching time from 0.10 to 0.05 second 
raises the power limit 10 per cent. Cer- 
tainly transient stability is not improved 
materially by increasing exciter response. 


MiIntmuM EXxciITATION LIMIT 


The stability limit of an underexcited 
generator does not depend greatly upon 
the external system. It should be possible 
to insure sufficient excitation for a wide 
range of system conditions by means of a 
variable lower limit of excitation which is 
controlled by the water wheel wicket gate 
opening. Although relay protection™ has 
been installed successfully which will trip 
a generator with inadequate excitation off 
the system before it pulls out-of-step, such 
protection generally is not applied to 
hydroelectric generators since damage” to 
the generator is not likely to occur unless 
out-of-step operation is prolonged. 


Recent Development 


A recently developed excitation system’ 
which appears to have additional de- 
sirable characteristics for hydroelectric 
generators supplying long transmission 
lines consists of a ‘‘stabilized”’ self-excited 
main exciter and a static voltage regulator 
with a rotating amplifier. The term 
“stabilized’’ describes the fact that the de- 
sign of the exciter intentionally controls 
saturation to give a positive crossing of the 
saturation curve with any field resistance 
line needed for the full range of operation. 

The static voltage regulator controls the 
field of the rotating amplifier which is in 
series with the field of the main exciter 
and bucks or boosts the main exciter 
terminal voltage as required. Very little 
control power is required from the static 
voltage regulator to adjust the field of the 
rotating amplifier. This type of excita- 
tion system eliminates the dead band 
which is inherent with the indirect-acting 
rheostatic-type voltage regulator since the 
output of the static voltage regulator is 
varied continuously and practically in- 
stantaneously. A variable lower excita- 
tion limit can be applied to this type of ex- 
citation system successfully. 
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The rotating amplifier replaces a pilot 
exciter and is driven by an a-c motor from 
the station-service power system. Since 
the “stabilized” self-excited main exciter 
will provide excitation without any 
auxiliary equipment being in service this 
type of excitation system is applicable for 
remote hydroelectric installations where 
an outside source of power may not be 
available to start up the generating 
units. 


Conclusions 


1. System overvoltages resulting from re- 
jection of load at the receiving end of a long 
transmission line and consequent overspeed 
of the hydroelectric generator can be con- 
trolled effectively by the excitation system 
and auxiliary devices. 


2. In order to limit the overvoltage on 
shaft-driven pilot exciters during runaway of 
the water wheel generating-unit, additional 
protective equipment is required and elimi- 
nation of the shaft-driven exciter is desir- 
able. 


3. A synchronous generator with a low 
power factor rating, but operated at a higher 
power factor, is more unstable than a gener- 
ator rated more nearly to the power factor 
of the load. Hydroelectric generators sup- 
plying long transmission lines usually should 
be rated at unity power factor. 


4, The line-charging capacity of a hydro- 
electric generator increases in direct propor- 
tion to an increase in short-circuit ratio and 
since a generator rated at unity power factor 
inherently has a higher short-circuit ratio 
than a generator of the same size and cost 
rated at a lower power factor, generators 
rated at unity power factor are a practical 
means to meet both line-charging and sta- 
bility requirements for long transmission 
lines. 


5. A modern high-speed automatic excita- 
tion system will permit a salient-pole gen- 
erator to be stably loaded with a purely 
capacitive load up to the thermal limitation 
of the generator. 


6. Since a hydroelectric generator supply- 
ing long transmission lines usually will 
operate at slightly above rated voltage and 
at approximately 0.97 per cent lagging 
power factor requiring increased field cur- 
rents, the main generator field should be of a 
liberal design. 


7. The reliability of slow-speed shaft- 
driven main exciters has been proved. The 
main exciter should be conservatively de- 
signed both as to normal current and voltage 
rating and transient operation. The nomi- 
nal ceiling voltage should have ample margin: 
to provide for possible reductions in speed 
during system disturbances. 


8. Considerable gain in steady-state sta- 
bility can be realized by means of a properly 
designed automatic excitation system and 
voltage regulators can permit operation 
above the steadp-state stability limit. Al- 
though operation at dynamic stability de- 
pends entirely on the voltage regulator, it 
may be of considerable value during emer- 
gency conditions since it provides additional 
stability margin. 
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9. With modern high-speed breakers and 
relays there is little need for high speed ex- 
citer response since the main generator field 
time constant is relatively long with respect 
to the time required for the first swing and 
any substantial improvement in stability 
would require a superexcitation system. An 
exciter speed-of-response of 0.5 is adequate 
for the average application although 1.0 may 
be desirable for certain more important in- 
stallations. 


10. Since the stability limit of an underex- 
cited generator does not depend greatly on 
the external system, minimum excitation 
limits controlled by the water wheel wicket 
gate opening should be provided to insure 
adequate excitation for all system condi- 
tions. Relay protection which will trip a 
generator with inadequate excitation off the 
system has not been found necessary for 
hydroelectric generators. 


11. A voltage regulator with high sensi- 
tivity will allow working with a voltage 
characteristic which has less “‘droop”’ than 
other excitation systems and, therefore, will 
afford better average system voltage for 
equally good division of reactive current for 
generators operating in parallel. 


12. From the apparent superior perform- 
ance and relative simplicity of the recently 
developed excitation system consisting of a 
“‘stabilized’’ self-excited main exciter and a 
static voltage regulator with a rotating 
amplifier it appears that this type of excita- 
tion system may become standard -equip- 


ment for hydroelectric generators supplying 
long transmission lines. 
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Discussion 


E. G. Olmstead (Department of Water and 
Power, Los Angeles, Calif.): Killgore is to 
be commended for his excellent summary of 
the excitation requirements of hydroelectric 
generators supplying long transmission 
lines. 

These problems have been of importance 
to the Department of Water and Power, 
City of Los Angeles, Calif. The depart- 
ment’s Boulder transmission system now 
consists of three 287.5-kv circuits from 
Hoover Dam to Los Angeles, with an av- 
erage circuit length of 263.5 miles, with two 
intermediate switching stations. Thus it 
was necessary to give careful consideration 
to the line-charging capability of the gen- 
erators. The generators at the power plant, 
with a guaranteed short-circuit ratio of 2.74, 
have ample line-charging capacity so that 
one generator can charge one complete cir- 
cuit from Boulder to Los Angeles. 

The department’s proposed Owens River 
Gorge hydroelectric development, now in 
the design stage, is shown in Figure 1. 
Each plant will have one generator of about 
37,500 kva. Thus it will be necessary to 
charge the 258.5-mile 230-kv transmission 
line with relatively small generator units. 
It is tentatively planned to use two genera- 
tors operating in parallel to charge the line. 
The line charging requirement will be about 
46,000 kva, or 23,000 kva per generator, at a 
generator voltage of approximately 70 per 
cent of rated voltage. Thus a short-circuit 
ratio of 1.80 would provide line charging” 
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capability somewhat greater than the line 
requirement. 

During line charging, with normal voltage 
at the receiving end of the line, the generator 
field currents would be very small—approxi- 
mately 15 per cent of the value correspond- 
ing to normal generator voltage at no load. 
However, satisfactory synchronizing power 
between generators would be available due 
to the magnetizing action of the leading 
armature current. 

In order to avoid the possibility of over- 
voltages during line charging, it would seem 
desirable to synchronize the two generators, 
and then reduce their voltage to 15 per cent 
of normal, before closing the line breaker. 
However, the synchronizing power between 
the two generators would then be extremely 
small, in the order of 500 kilowatts. It is 
doubtful whether the two machines would 
remain in synchronism under this condition. 

Consideration is being given to two 
alternatives to remedy this situation. The 
first alternative is to synchronize the two 
generators at reduced frequency, probably 
about 45 to 50 cycles, and at about 35 per 
cent of normal voltage. Itisbelieved that the 
synchronizing power would be adequate at 
this voltage. Then at the reduced frequency 
the line circuit breaker would be closed, and 
since the line-charging current and the volt- 
age rise between sending and receiving ends 
of the line would be less than at 60 cycles, 
the resulting voltage at the receiving end 
would be about normal. Then simultane- 
ously frequency would be increased and 
generator field currents reduced until nor- 
mal frequency is reached with normal 
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voltage at the receiving end of the line. 
In the second alternative method the gener- 
ators would be synchronized at about 35 
per cent voltage, and put on voltage regu- 
lator control. The line circuit breaker then 
would be closed. It seems probable that 
voltage regulator action would prevent the 
receiving end voltage from rising much 
above normal. However, it is planried to 
make a further investigation of this method 
of line charging, including determination of 
the voltage-time curve for the period im- 
mediately following the closing of the line 
breaker. 


R. B. Bodine (General Electric Company, 
Schenectady, N. Y.): The author has pre- 
sented a good review of the problems associ- 
ated with excitation of hydroelectric gener- 
ators. . 

Of especial interest in the paper is the 
statement to the effect that exciters need 
not have a high rate of response if conven- 
tional generators, exciters, and high-speed 
circuit breakers and relays, which are prac- 
tically standard equipment, are used. This 
follows from the fact, as Killgore indicates, 
that the longest time constant involved is 
that of the field circuit of the main gener- 
ator. To make any appreciable gain in rate 
at which the field current of the main gener- 
ator is controlled would require exciters hav- 


ing much higher ceiling voltages than are 


used at the present time. The possible gain 
in stability limit which may be made by use 
of such exciters, today, does not seem to 
warrant extra expenditure. : 
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The voltage regulating equipments con- 
sisting of a static, impedance-type, voltage 
regulator and rotating amplifier to which 
Killgore calls attention have been in service 
on synchronous condensers and frequency- 
changers in the Pacific Coast area for some 
time. The voltage regulator in these appli- 
cations employs a saturated reactor for 
voltage standard which permits elimination 
of all moving parts. Though development 
of this type of excitation system is not com- 
pleted yet for use with hydroelectric gener- 
ators, it is expected that such regulators 
will be available for this service in the near 
future. 

Killgore’s comments on power-factor rat- 
ing of generators brings out a point which, I 
believe, should be emphasized. As is 
pointed out in the paper, in the average 
hydroelectric application, generators operate 
at about 0.97 power-factor overexcited. 
There has been a tendency to specify unity 
power-factor generators when connected to 
long transmission lines. The information 
given by the author, together with other in- 
formation, leads me to believe that the 
generator power-factor, even for long dis- 
tance transmission, should be not greater 
than 0.95 so as to be able to supply the reac- 
tive kilovolt-amperes necessary for high 
transmission circuit loadings. 


J. H. Vivian (electrical and mechanical 
maintenance engineer, Southern California 
Edison Company, Los Angeles, Calif.): 
The author is to be congratulated for the 
preparation of this paper. Although a great 
deal of the material presented is not new 
and as the author stated, ‘‘The problems are 
not new and to a certain extent have been 
solved successfully in the past,’ there has 
been a need for a recapitulation of available 
material to aid engineers in keeping apace 
with modern design. 

The paper has good continuity and 
should serve as a guide for junior engineers. 
The following comments are written to 
emphasize a few of the salient points which 
may be overlooked unless one is familiar 
with the subject: 


1. It is only recently that the main exciter arma- 
ture leads have been connected directly to the col- 
lector rings without a main field circuit breaker or 
rheostat. Many engineers are not in agreement with 
this practice, but the Southern California Edison 
Company has followed this practice for many years 
since its proposal by L. F. Hunt, now chief elec- 
trical engineer of our company. 


2. The paragraphs on ‘‘Main Exciters,” “‘Voltage 
Regulators,” and ‘‘Pilot Exciters’’ are extremely in- 
teresting. The older units at hydro stations were 
not designed to operate with modern relay protec- 
tion, and any constants of speed-of-response that 
approaches modern practice is merely coincidental. 
Yet, most of these units have been equipped with 
pilot exciters, modern regulators and perform ex- 
eellently under all system conditions. When several 
generators are operated as a unit for load source, it 
has been found that the use of a direct-acting volt- 
age regulator in the pilot-exciter field circuit not 
only limits overvoltages, but tends to aid in syn- 
chronizing the generators quickly. Also, all sta- 
tionary coils of the main regulator are connected to 
a battery source, to eliminate changes in the coil 
constants and to prevent overvoltages, 


3. The paragraph ‘‘Field Time Constant” is very 
appropriate. For instance, if load is rejected, the 
field current that was necessary to obtain normal 
voltage at a fixed load will be available instantly for 
obtaining some higher voltage at no load. If the 
generator is over-speeding, the condition is aggra- 
vated. As this phenomenon is inherently internal 
it is impossible to prevent high voltage by external 
regulation. However, quick response regulation 
greatly aids in lessening the duration of overvolt- 
age. 


s 

4. We agree with the author in regard to the para- 
graph ‘‘System Voltage Level,” wherein it is stated 
“This method of control. . . eliminates taps in the 
high voltage winding.” It is the practice of engi- 
neers affiliated with the Edison Company to elimi- 
nate all high voltage taps on transformers at gener- 
ating stations and receiving stations where auto- 
matic excitation systems are adequate to maintain 
the correct voltage level. 


5. The paragraph ‘‘Overvoltages”’ is very interest- 
ing. Experience with ‘‘Lightning Arresters’’ as 
voltage-limiting devices is doubtful. Usually the 
arrester cannot meet the thermal demand of pro- 
tecting power surges caused from switching. In 
several cases, arresters literally have blown up be- 
cause of the large time constant present when high 
voltage switching occurs. 


6. The Southern California Edison Company has 
several new voltage regulators in operation as de- 


scribed under ‘“‘Recent Development.’’ None of 
P.P.Ne. | CHS + 
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LOS ANGELES 


Tentative Owens Gorge trans- 
mission system 


Figure 1. 


these are installed in hydroelectric stations and it is 
doubtful if they will be until further improvement is 
made. The difficulty is with the static voltage 
regulator operation during periods of overspeed on 
the generators. At the present time, several of the 
circuits are affected by a change in frequency, even 
though the rotating amplifier is driven from a sepa- 
rate source. The development has been splendid* 
for synchronous condensers and steam units, and 
the industry will benefit when it is ready for use on 
hydroelectric generators as suggested by Killgore. 


J. E. Barkle, Jr. (central station engineer, 
Westinghouse Electric Corporation, East 
Pittsburgh, Pa.): This paper is a very good 
example of the type of paper which assem- 
bles the pertinent information from a num- 
ber of previously published papers and pre- 
sents it in a clear and concise form. Details 
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leading to certain conclusions have been 
omitted, but they can be found in the refer- 
ences easily. The paper does not include 
much in the way of new information, but the 
author has outlined the general practices 
followed by the Bureau of Reclamation and 
has provided the industry with a valuable 
source of information. In view of the rapid 
rate of development in the electrical indus- 
try at this time, more papers of this type 
would appear to be in order. 

In the last paragraph under ‘Voltage 
Regulators” this statement is made: “A 
lower limit of excitation is not available as 
part of the manufacturer’s equipment and 
although some attempts have been made to 
add such a feature, they have not proved 
entirely satisfactory.’’ The author stresses 
the use of water wheel wicket-gate opening 
as a means of controlling a variable lower 
limit of excitation. A device known as a 
“watt-balance regulator” has been on the 
market for a number of years and provides a 
variable minimum excitation limit by bal- 
ancing some power of the exciter voltage 
(usually exciter volts squared) against the 
watts output of the generator. If the volt- 
age regulator should attempt to lower the 
excitation below that required for stability 
purposes, the watt-balance regulator will 
open both the ‘normal lower” and ‘‘quick 
lower’’ regulator control circuits, preventing 
further reduction of excitation. The watt- 
balance regulator functions to give the same 
results as the wicket-gate opening control 
but does so in a more straightforward man- 
ner. It has been used on both turbine- 
driven and slow-speed generators over a 
period of years and has proved very success- 
ful and superior to governor or wicket-gate 
opening control of minimum excitation. 

With the advent of stabilized main ex- 
citers with rotating amplifiers as pilot 
exciters, a new type of variable minimum ex- 
citation limit control has been developed. 
It consists of a completely static network 
which functions in the same manner as the 
watt-balance regulator: that is, it balances 
the approximate square of the exciter volts 
against the generator watts output. The 
minimum limit is obtained by having the 
static network introduce a variable separate 
excitation into the rotating amplifier, thus 
maintaining a minimum exciter voltage de- 
pendent upon generator load. 

Under the subject, “‘Recent Develop- 
ment,” one type of excitation system utiliz- 
ing a stabilized self-excited main exciter, a 
static voltage regulator and a rotating am- 
plifier is described. For the sake of com- 
pleteness a second system should be de- 
scribed. This excitation system uses a self- 
excited main exciter which is given positive 
stability for any condition of operation by 
the use of a small separately excited stabiliz- 
ing field. By this means, a positive inter- 
section of the saturation curve with any field 
resistance line is obtained as required by 
operating conditions over a range of opera- 
tion equal to or greater than that obtained 
with present-day conventional excitation 
systems. The static voltage regulator con- 
trols the field of the rotating amplifier 
which, in turn, excites a separate field on 
the main exciter. This separately excited 
field aids or bucks the flux generated by the 
main exciter self-excited field to raise or 
lower the main éxciter output voltage as re- 
quired. 

In the second conclusion, the author 
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states that elimination of shaft-driven ex- 
citers is desirable because additional protec- 
tive equipment is required to limit over- 
voltages during runaway. Even in their 
most complicated forms, overvoltage pro- 
tective equipments represent a very minor 
expense and elimination of the shaft-driyen 
exciter with its many advantages cannot be 
justified. Earlier in the paper it was ad- 
mitted that the shaft-driven exciter had an 
important advantage in that it is inde- 
pendent of system disturbances. Motor- 
driven exciters introduce a number of other 
possibilities of trouble which may be far 
more serious than evervoltages during run- 
away. Unless driven from a separate sys- 
tem, the motor-driven exciter does not 
answer the overvoltage problem because the 
motor speed and exciter voltage will in- 
crease with the system frequency much the 
same as a direct-connected exciter. Several 
cases of shutdown on hydroelectric systems 
could have been prevented if the exciters had 
been direct connected to the generator shaft. 
In order to be comparable in performance to 
direct-connected exciters, any excitation 
system using motor-driven exciters will be 
several times more expensive. 

The third conclusion states that hydro- 
electric generators usually should be rated at 
unity power factor while thesixth conclusion 
states that they usually are operated at 
slightly above rated voltage and at approx- 
imately 97 per cent power factor. These 
conclusions appear to be contradictory. 
Purchasing a unity power factor machine for 
operation at 97 per cent power factor will 
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not lead to a liberal désign, of generator 
field, but will be in the direction to overload 
the field, especially at slight overvoltage. 
Water wheel generator fields are designed to 
operate with a temperature rise of 60 degrees 
centigrade at generator rated load. A 
liberal design of field can be obtained by 
using a machine of lower power factor rating. 
The machine performance can be made 
approximately equal to that of a unity 
power factor generator by specifying the 
higher short-circuit ration. The machine 
will cost more, but it will meet the author’s 
requirement of liberal field design. 


B. V. Hoard (Bonneville Power Administra- 
tion, Portland, Oreg.): The author has pre- 
sented the many excitation problems en- 
countered in hydroelectric generators which 
supply long transmission lines and has given 
practical solutions to these problems. For 
these reasons I believe that his paper will be 
of considerable value for reference on these 
problems. 

One factor on which there still seems to be 
considerable difference of opinion among 
engineers is whether a high speed of response 
is necessary or desirable. Killgore cites an 
example that increasing the exciter response 
from 0.5 to 1.0 raises the transient power 
limit from two to three per cent over two 
transmission lines 140 miles long. This in- 
crease appears small, but let us examine the 
benefits obtained as compared to the in- 
creased excitation costs. If these were 230- 
kv lines, they would probably cost in excess 
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of $6,000,000.00 and should transmit about 
300,000 kw. A two per cent increase in 
transmission capability would be worth 
about $120,000.00 in transmission line in- 
vestment, which, it is believed, isatleast five 
times the additional cost of providing the 
higher speed of response: hence the higher 
response can be economically justified. 

In conclusions three and six of the paper 
it is stated that hydro machines supplying 
long transmission lines usually should be 
rated at unity power factor; that usually the 
machine will operate at slightly above rated 
voltage and at approximately 97 per cent 
lagging power factor, both of which require 
increased field currents. Therefore, the 
field should be of liberal design. Itis agreed 
that such operation using a unity power fac- 
tor machine increases machine saturation 
and increases system stability, but care must 
be taken that the field design is quite liberal 
otherwise the combination of overvoltage 
and low power factor may produce overheat- 
ing in the field. In recent discussions with 
manufacturer’s representatives they have 
stated that they could design a better 
machine if actual operating power factor, 
for example, 97 to 95 per cent, is stated in 
the specifications rather than a unity power 
factor machine with field designed to operate 
continuously at 95 per cent power factor. 
However, it must be admitted that there 
appear to be many hydro generators rated at 
unity power factor which are operating a 
considerable portion of the time at 95 to 97 
per cent lagging power factor in a very satis- 
factory manner. 
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Bearing Deviation Indicator for Sonar 
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Synopsis: This paper describes the bearing 
deviation indicator (BDI), a war develop- 
ment that greatly increased the effectiveness 
of sonar equipment in antisubmarine war- 
fare. Limitations of sonar equipment with- 
out BDI are explained, the value of crossed- 
lobe techniques for improved bearing ac- 
curacy is discussed, and the value of simul- 
taneous lobe comparison in underwater 
sound work is pointed out. Methods of 
meeting the over-all requirements are de- 
scribed, and examples are given of service 
equipment. Certain auxiliary features of 
these equipments—time-varied gain, re- 
verberation-controlled gain, and own-Dop- 
pler nullification—are discussed, and men- 
tion is made of specialized test equipment. 


URING World War I, underwater 

listening equipment was used exten- 
sively for the detection of ships and sub- 
marines. By the use of directional arrays 
of microphones, the direction of a target 
could be determined quite accurately, 
while its range could be estimated 
roughly by the loudness and the quality 
ofthesound. The military value of such 
equipment was demonstrated fully. How- 
ever, more accurate range data were 
highly desirable, and submarines pro- 
ceeding at very low speed made so little 
noise that they frequently were able to 
escape detection. 

In order to eliminate these shortcom- 
ings, echo-ranging sound equipment was 
developed, and reached a high degree of 
perfection before World War II began. 
This equipment did not rely on sounds 
generated by the target vessel but radi- 
ated a short high-intensity sound pulse 
(or “ping’”’) which was reflected from the 
target. The sound was emitted and re- 
ceived by transducer which produced a 


narrow sound beam, so that the bearing 


of the target was indicated with moderate 
accuracy by the direction of the trans- 
ducer axis. Range was measured by 
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timing the interval between transmission 
of the pulse and reception of the echo. 
The application of the echo-ranging 
principle represented a major step for- 
ward in the development of underwater 
detection equipment, proved to be a 
satisfactory solution of the problem of 
measuring range. A typical echo ranging 
sonar recently was described in detail." 
As experience was obtained with ex- 
perimental sound attacks on friendly sub- 
marines, however, it soon became evident 
that the accuracy of bearing information 
still left much to be desired. There were 
a number of reasons for this which be- 
came evident upon consideration of the 
trial-and-error process by which a bearing 
must be established. The sound beam 
was approximately 15 degrees wide be- 
tween half-power points, and intensity 
varied so slowly with angle near the beam 
axis that when the operator attempted to 
train the beam to the direction of loudest 
received signal the angular discrimination 
was hardly better than 7 or 8 degrees. 
For that reason it was necessary to adopt 
a procedure which made use of the much 
more rapid variation of signat strength 
with angle on the sides of the beam pat- 
tern. The beam initially was aimed 
entirely off the target, and then rotated 
through small increments until a signal 
was first received on the edge of the beam. 
The mean of the two angles observed then 
was taken to be the bearing of the target. 
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This procedure was referred to as the 
method of bow and stern ‘‘cut-ons.” 

It is apparent that by this method 
many pings were required to obtain a 
reliable bearing. The procedure took a 
considerable amount of time because the 
interval between successive pulses was 
several seconds (1.2 seconds for each 
thousand yards of range covered). In 
practice the operation was rendered even 
more difficult by large random variations 
in the intensity of successive echoes 
caused by interference among signals 
following different transmission paths. 
Furthermore, while the observations were 
being made, the bearing frequently 
changed quite rapidly because of the rela- 
tive motion of the two vessels. 

The combined effect of all these factors 
was sufficient to impair the usefulness of 
the sound equipment very seriously, so 
that considerable importance was attached 
to the development of means for obtaining 
improved bearing accuracy. The most 
obvious expedient was to use a sharper 
beam. However, this would have re- 
quired either a larger transducer, which 
would be unwieldy, or a higher frequency 
of transmission which would result in a 
greater attenuation of sound in the water. 
Moreover, the use of a narrower beam in- 
creases the time required for the initial 
detection of a target because the sur- 
rounding ocean must be scanned in nar- 
rower angular increments. 


Angular Discrimination by Lobe 
Comparison 


Upon consideration of the cut-on pro- 
cedure it is apparent that much of the 


Figure 1. The overlapping directivity patterns 
established by two transducers whose acoustic 
axes diverge 


Intersections at a and b show the relative 
signal strengths received on the R and L 
beams from a source at A 
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difficulty results from time wasted swing- 
ing the beam to receive signals first on 
one side of the pattern and then on the 
other. . This could be eliminated by pro- 
viding two transducers with divergent 
beam patterns as shown by L and R in 
Figure 1. With this arrangement a 
single observation of the relative signal 
strengths on the two directivity lobes, as 
at aand 5b, will show the deviation of the 
target from the axis of symmetry. The 
two received signals might be distin- 
guished from each other by time separa- 
tion of the pulses or by the use of different 
frequencies. As a further improvement 
an instrument or cathode-ray tube could 
be used to indicate directly the difference 
between the two signals and so eliminate 
dependence on the human ear, which is 
notoriously a poor device for accurate 
comparison of sound intensities. 

An experiment of this sort was first 
triedin 1941 using two transducers spaced 
about 12 feet apart. Unfortunately, the 
relative strengths of signals received on 
the twotransducers provedto besubject to 
random variations of the same magnitude 
as those observed between successive 
pulses on a single transducer, presumably 
because of the difference in transmission 
paths. Consequently, bearings could be 
obtained only by averaging alargenumber 
of observations, so that accuracy and 
speed were little if any better than with a 
single beam and the method of cut-ons. 
Since the transducers were necessarily 
large compared with the wave length of 
the sound, it was not feasible to bring 
them closely enough into coincidence to 
realize identical sound paths. This sys- 
tem therefore was judged to be impracti- 
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Figure 2 (left). The 
basic scheme for deriv- 
ing two divergent re- 
ceiving beams  simul- 
taneously from a single 
split transducer 


Figure 3 


A.  Right- and left-steered 
directivity patterns for different 
phase shifts in the lag line 


B. Difference between signals 

received on right and left 

lobes, which may be used to 
indicate bearing deviation 


cal unless means could be found for pro- 
ducing the two beams with a single trans- 
ducer. This actually was accomplished a 
little later and constitutes the major 
advancement in technique which made 
possible the development of a practical 
bearing deviation indicator. 


Simultaneous Lobe Comparison 
With Lag Lines 


The method adopted is shown diagram- 
matically in Figure 2. The circular 
transducer is divided in half electrically 
along a vertical diameter. The two 
halves are connected together for trans- 
mission of a sound pulse, so that the nor- 
mal directivity pattern is obtained. For 
reception, the electric signals from the 
two halves are supplied simultaneously to 
two directive networks connected in 
parallel. In each network the signals 
from the two halves are shifted in phase 
so that the directivity pattern is altered 
in the desired manner. When output A 
is lagged tn phase with respect to output 
B by an angle 20, and the two signals 
subsequently are combined, the pattern 
has its axis shifted to the left by an angle 


r 
= (a2 6 1 
a=0 q (1) 


where d is the diameter of the transducer 
diaphragm. In the same way a right- 


shifted pattern can be obtained by lag-_ 


ging B with respect to A. By this means 
the weakness of the system utilizing two 
separate transducers is overcome com- 
pletely because the divergent lobes are 
produced simultaneously with a single 
transducer. It is also important to note 
that since both halves contribute equally 
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to both patterns, the acoustical center of 
the transducer is identical for both the 
left and right channels and the full aper- 
ture of the transducer is utilized in each. 

It can be shown that the directional 
pattern of a disk split along a diameter, 
measured in a plane perpendicular to that 
diameter, is given by 


2 
R(y) a [Ji(p) cos 6+.Si(¢) sin 6] (2) 
where 
7, 
o= d sin y 


20 =relative phase shift of the halves 
J,=first order Bessel function 

S, =Struve function 

d=disk diameter 

\=wave length 

y =angle measured from the axis of the disk 


Patterns calculated from this equation 
for four different values of @ are shown in 
Figure 3A. It will be observed that 
shifting causes a distortion of the pattern, 
and in particular raises the level of the 
minor lobe on the side opposite that 
toward which the main lobe is shifted. A 
general study of the properties of seg- 
mented transducers, with phase shift be- 
tween the segments, indicates that the 
pattern can be steered only through large 
angles, without distortion, if the segments 
are less than half a wave length wide. 
With the diametrically split sonar pro- 


- jector the segments are about two wave 


lengths wide and the pattern can be 
steered only a fraction of the width of the 
main lobe. However, this is quite suffi- 
cient for the purposes of a bearing devia- 
tion indicator. ; - 

The indicated bearing deviation, which 
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is measured by the difference in response 
from the left-shifted and right-shifted 
patterns, is shown in Figure 3B. These 
curves have been corrected to include the 


effect of the unshifted transmission pat- — 


tern, and are therefore representative of 
actual echo-ranging conditions. Analy- 
sis of a more complete set of curves of this 
sort shows that increasing the phase shift 
20 has the following effects: 


1. The sensitivity of the indication in the 
neighborhood of y=0 is increased. 


2. The angular range within which indica- 
tions are proportional to y decreases. 


3. The angular range within which indica- 
tions have the correct sense remains con- 
stant. 


4. Theratio of the magnitude of the largest 
false indication to the magnitude of the true 
indication decreases. 


5. Signal-to-noise ratio is impaired because 
the desired signals are received farther down 
on the pattern. 


6. The magnitude of the maximum true 
indication (height of the first peak in Figure 
3B) has a broad maximum at about 20= 
120 degrees. In practice 20 does not appear 
to be particularly critical and a value of 75 
to 90 degrees ordinarily is used. 


Simultaneous Lobe Comparison by 
Sum and Difference 


The simultaneous lobe comparison 
principle has been described so far with 
reference to a system based on the use of 
lag lines. This was the system most 
widely used in echo-ranging BDI equip- 
ment manufactured during the war. 
However, there are at least two alterna- 
tive methods which have merit for particu- 
lar applications. For purposes of com- 


A. Signal-combining scheme 
for BDI using lag lines 


Telephone 


parison all three methods will be described 
with reference to a rectangular trans- 
ducer, which lends itself to mathematical 
analysis more readily than a circular one. 
Figure 4A is a diagrammatic illustration 
of the lag-line system. A signal arriving 
at an angle y produces output voltages 
V; and V2, of equal amplitude but differ- 
ent phase in the two halves of the trans- 
ducer. These are given by 


sin.a 


Wy=K cos (wi+a) 
: (3) 


sin a 
V2=K — cos (wt—a) 
a 


where 


ad sin + 
r 


a= 


d=center-to-center spacing of segments 
K=constant calibration factor 


After the signals are passed through lead 
and lag networks and combined as shown, 
we have 


Vi=Vi/—9+ V2/ +9 
sin a 
=2K — cos (a — @) cos wt 
pend 
(4) 
Vi=Vi/ +8 + V./—8 
sina 
=2K —— cos (a+8) cos wf 
a 


If these voltages are plotted as functions 
of y, it will be found that V3 represents a 


Figure 4 
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~C. Alternative form of 
sum-and-difference BD (Bell 


Laboratories 


“‘bhase-actuated locator’) 


B. One form of sum-and-difference BDI (Radio 
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right-shifted pattern and Vsa left-shifted 
pattern similar to those plotted in Figure 
3A. 

Figure 4B is a diagrammatic illustra- 
tion of a “sum-and-difference’”’ system 
developed by Radio Corporation of 
America and designated the ‘‘vector 
bearing indicator.” V; and V2 are the 
output voltages of the two transducer 
halves as given in equation 3, while the 
sum-and-difference voltages are 


Vs = Vit V2 
sin a 
— DE COS @ COS wt 
a 
(5) 
Va=Vi- Ve 
=2K a sin a sin wt 
a 


These voltages are amplified and brought 
to the same phase by a 90-degree relative 
phase shift. The sum of the two result- 
ant signals then is applied to one diode 
and the difference to another, giving 


Vs=G5V_/+45°+GaVal — 45° 


=2K-V/ G2+Ga? 


sin a 


x 
a 


cos (a+6) cos (+4) 


° ° (6) 
Ve=G,V_/+45°—GaVa/ —45° 


=2K~/G2+Ge-——X 
Tv 
—_ t aod 
cos (a—@) cos (. +1) 
where 
G, 
tan 0 == 


Equations 6 are of the same form as 
equations 4 and, therefore, represent 
similar left-shifted and right-shifted pat- 
terns. 

Figure 4€ is a diagrammatic illustra- 
tion of another sum-and-difference sys- 
tem developed by the Bell Telephone 
Laboratories and called the ‘“‘phase-actu- 
ated locator.” Voltages V; and V2 are 
given by equations 3 as before. These 
voltages are amplified separately in 
matched amplifiers of gain G and shifted 
90 degrees in relative phase. The sum is 
applied to one diode and the difference to 
another, giving 


i 4 4 
V;=2GK ~— cos (c+2) cos («.-%) 
a vie Tv 
sin @ 4 x 
V3= —2GK —— cos (c-*) cos («- *) 
a 7 4 


(7) 


Again these equations are of the same 
form as equations 4, with the restriction 
that 0=7/4, and correspondingly repre- 
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Reverbe 


sent left-shifted and right-shifted receiv- 
ing patterns. 

The foregoing analysis shows that these 
three different systems of simultaneous 
lobe comparison are alike in principle to 
the extent that they all provide output 
voltages which are the same function of 
the angle of arrival of the sound signals. 
The relative merits of the three systems 
depend upon the special requirements of 
particular applications, and upon manu- 
facturing and maintenance factors. 


Receiver and Indicator 
Requirements 


Although the development of BDI was 
called forth initially by its need in echo- 
ranging sonar, the feature of bearing 
deviation indication was recognized im- 
mediately as desirable in passive sonar 
systems that function by listening to the 
noise emitted by the target.2 However, 
circuit performance requirements in the 
two cases differ considerably. For echo 
ranging, a narrow band width is necessary 
to give a good ratio of signal-to-own- 
ship’s noise. Precise, sharp tuning ac- 
cordingly must be possible and the gain 
should be increased gradually after emis- 
sion of the ping to compensate for de- 
creased echo-signal level with increasing 
range, and to avoid overloading the re- 
ceiver and indicator by the reverberation 
from close by. Also, indicator response 
must be rapid to show the bearing devi- 
ation of a short echo. For noise listen- 
ing, however, wide band width is desire- 
able to average out the statistical fluctu- 
ations in noise, and precisé tuning is not 
required. Gain need not be varied with 
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TARGET] CENTERED 


time, but can be subject to manual or 
automatic volume control, and the indi- 
cator response should be slow enough to 
integrate fluctuations in the noise signal. 

An indicator for echo-ranging sonar 
has the special requirement of allowing 
for correlation of the observed deviation 
indication with the audible sound pro- 
duced by the receivedecho. A submarine 
echo often may be returned amidst other 
confusing sounds which arrive from ran- 
dom directions and produce their own 
bearing deviation indications. It has 
been found that simultaneous eye-ear 
indications are of great mutual assistance 
in identifying and following a target. 
Best of a number of indicating systems 
tried is a vertical range sweep on a long- 
persistence cathode-ray tube. Bearing 
deviations are indicated by right or left 
motion of the spot, as illustrated schemati- 
cally in Figure 5. For listening sonar a 
meter type of indicator is very satisfac- 
tory. 

Another special requirement of echo- 
ranging sonar BDI arises in using the 
same transducer alternately for trans- 
mission and reception. A send-receive re- 
lay usually is employed; it must connect 
both transducer segments together and 
to the transmitter during the transmission 
interval, and must connect them sepa- 
rately to the BDI receiving circuits during 
the listening interval. Relayless cir- 
cuits, using gas-filled tube switches, also 
have been developed. 

In previous sections it has been pointed 
out that bearing deviations in the re- 
ceived sound are represented by phase 
differences in the signal outputs of the 
two halves of the transducer. Circuit 
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TARGET 


Figure 5. Diagram- 
matic representation 
of typical BDI traces 


to RIGHT 


design problems revolve around theZneed 
for preserving these differences (eitherjin 
the form of phase or amplitude) up to the 
point where the information they carry is 
changed into a form suitable for applica- 
tion to the indicator, despite require- 
ments of tunability, wide changes in gain 
and allowance for tube replacement and 
line-voltage variations. ‘ 
The lag-line type of circuit changes the 
phase differences immediately into ampli- 
tude differences, so that phase variations 
are thereafter unimportant, although the 
amplitude differences must be maintained 
exactly in relative magnitude. The sig- 
nals are at a low level, so amplification 
is needed. The only method that will 
permit achieving the tuneable selectivity 
and common gain control required for 
echo ranging is the use of a single common 
channel, duplexed by using either fre- 
quency- or time-sharing. The sum-and- 
difference type of circuit derives two 
signals, only one of which—that in the 
difference channel—carries the bearing 
deviation information. However, to ob- 
tain the sense of the deviation, the differ- 
ence signal must be compared for phase 
with that of the sum channel in a phase- 
sensitive rectifier circuit. Relative gain 
inequalities only produce changes in the 
equivalent lag-line angle, so that some 
measure of tolerance is possible; like- 
wise, reasonable phase discrepancies only 
reduce sensitivity, so that some phase 
tolerance is permissible. The phase- 
actuated locator must maintain phase 
differences precisely between its two 
amplifier channels, but amplitude differ- 
ences are relatively unimportant. : 
Provision for eye-ear co-ordination re- 
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quires that the signal from the whole 
projector be made available for the 
“audible” channel. In echo ranging, 
this output also is used for the range re- 
corder and for auxiliary control functions 
described hereinafter. In the lag-line 
type a separate tuned amplifier channel 
must be provided for the listening chan- 
nel; in the phase-actuated locator type 
the desired signal may be derived at the 
rectifier, while in the vector bearing indi- 


cator type it is already present in the sum - 


channel. Choice among the various 
methods that may be used in realizing a 
bearing deviation indicator must be based 
on a careful study of the operating re- 
quirements, comparative ease of main- 
tenance, and the other design details 
necessary to secure continued maximum 
performance under the severe require- 
ments of riaval service. 

Historically, the immediate need dur- 
-ing the early part of the war was for BDI 
equipment that could be added promptly 
to existing echo-ranging sonars already 
in fleet service. Such auxiliary equip- 
ment was developed at the Harvard 
Underwater Sound Laboratory, 
models manufactured by the Astatic 
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Corporation, Submarine Signal Com- 
pany, David Bogen Company, and 
Radio Corporation of America saw serv- 
ice in quantity. New echo-ranging 
sonar equipments incorporating BDI as 
part of the original design were produced 
later by several manufacturers. The 
same progression from an accessory to an 
integral part of the design characterized 
the application of BDI to the listening 
sonars for submarine service developed 
by Columbia University’s New London 
(Conn.) laboratory. 

Since this paper is concerned primarily 
with the bearing deviation indicator it- 
self, its purpose will best be served by 
describing two models of the auxiliary 
equipment designed for application to 
existing echo-ranging sonars. Both used 
the lag-line type of circuit; the first (X-3) 
accomplished single-channel amplifica- 
tion through 2-frequency duplexing, the 
second (X-4) through time-shared duplex- 
ing. Operating effectiveness of the two 
types was equal, but the X-4 model 
proved easier to build and maintain. 


Figure 6. Block diagram of model X-3 BDI 
circuit 
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Practical BDI Circuits 


Move. X-3 


Functional Characteristics. A general 
understanding of the electric circuits of 
the model X-3 BDI can be obtained by 
tracing signals with the help of the block 
diagram of Figure 6. In order to achieve 
maximum signal-to-noise ratio the electric 
signals from the two low-impedance pro- 
jector halves are applied through tuned 
step-up input transformers to the grids 
of preamplifier tubes. The phase- 
shift network, or lag line, is connected 


_transversely between the two preampli- 


fier outputs, and converts the phase 
differences in the two input channels into 
amplitude differences at this point. 
Thus, the voltage appearing at one end of 
the lag line represents the combination of 
a direct signal from one half of the pro- 
jector and a delayed signal from the 
other half, the combination having the 
directional characteristic of a receiving 
lobe steered a few degrees toward the 
delayed half of the projector. Con- 
versely, the voltage appearing at the other 
end of the lag line has the delay intro- 
duced on the other side and so corre- 
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sponds to an oppositely steered receiving 
lobe. The signals at the ends of the 
lag line, which now correspond to right- 
steered and left-steered receiving lobes, 
are applied to two converter tubes where 
they are mixed with voltages from two 
local oscillators whose frequencies are such 
as to develop 10-kc and 7-ke inter- 
mediate-frequency signals for the right 
and left lobes, respectively. Band-pass 
filters reject other modulation frequencies 
and the 10-kc and 7-ke signals are 
combined in a common-channel -inter- 
mediate-frequency amplifier. 

All gain control is carried out in the 
common intermediate-frequency channel 
in order to preserve the amplitude ratio 
between the two intermediate-frequency 
signals which carry the bearing deviation 
information. A very wide range of gain 
variation must be provided, both to 


accommodate sonar installations having - 


different acoustic output power and to 
handle the wide range of echo strength 
encountered from near and distant tar- 
gets. In addition to a manual control, an 
automatic time-varied gain (TVG) circuit 
is provided. In this arrangement the 
gain of the intermediate-frequency ampli- 
fier is varied systematically as a function 
of time, or range, in order partially to 
equalize the strength of received echoes. 
The variation is accomplished by deriving 
the grid bias for the intermediate-fre- 
quency amplifier stages from a capacitor 
which is charged during the transmitted 
ping and which discharges at a control- 
lable rate during the listening interval. 
The gain may be reduced initially by as 
much as 60 decibles but recovery is sub- 
stantially complete within approximately 
one second. 


After controlled amplification in_the 
common intermediate-frequency channel, 
the two signals are selected by two more 
band-pass filters, amplified further, and 
applied to a comparison rectifier, the out- 
put of which is a d-c signal whose polarity 
depends upon whether the 10-ke (right 
lobe) signal is larger or smaller than the 
7-ke (left lobe) signal. The d-c signal is 
amplified further and applied to produce 
a horizontal deflection to right or left on 
the face of the cathode-ray tube which 
serves as the bearing deviation indicator. 
The signals applied to the comparison 
rectifier also are differentiated, limited, 
and applied to the Z axis of the cathode- 
ray indicator to sustain the brightness 
of the trace for rapid deflection of the 
cathode-ray beam and to produce bright- 
ening of the beam trace when the right 
and left signal voltages are equal, indi- 
cating a “dead-on”’ target echo. 


In addition to the horizontal deflec- 
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tions which carry the bearing deviation 
information, a vertical range scale is pro- 
vided by sweeping the beam of the cath- 
ode-ray tube upward across the face of 
the indicator screen under control of a 
conventional type of linear sweep circuit. 
The range sweep is initiated by a relay 
operated by the keying circuits of the 
sonar set; the sweep rate is adjustable by 
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Figure 7. The edge-mounted BDI chassis is 
hinged for convenient access for maintenance 
and repair 


steps so that the range scale may be co- 
ordinated with the interval between suc- 
cessive pings. The character of the BDI 
trace already has been illustrated for 
three positions of the target in Figure 5. 
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Figure 8. Simplified block dia- 
gram of X-4 BDI 


As in the case of radar presentation these 
traces take on, under different echo- 
ranging conditions, a wide variety of 
characteristic forms which a well-trained 
operator soon learns to recognize and 
interpret. 

Circuit Details. ~The lag line, which is 


connected transversely between the out- “ 


put terminals of the preamplifiers, com- 
prises one full section of a simple constant- 
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k low-pass filter. The desired phase shift 
of from 60 to 90 degrees is obtained if the 
cutoff frequency of the filter is approxi- 
mately 1.6 times the lowest operating 
frequency. A voltage divider of suffi- 
ciently high resistance to have a negligible 
effect on the operation of the lag line is 
connected from the inductance mid-tap 
to ground in order to provide signals for 
the regular sound receiver of the sonar. 
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Since the contributions from the two 
projector halves are delayed equally at 
this mid-terminal of the lag line, the 
signal behaves as though taken directly 
from both projector halves connected 
additively without provision for BDI. 
Thus, except for preselection by the tuned 
input transformers and some amplifica- 
tion, the operation of the sonar receiver, 
its audible output signals, and the receiver 
controls are unaffected by the addition of 
the bearing deviation indicator. 

In order to achieve and maintain exact 
electrical balance, whereby signals from 
the direction of the projector axis pro- 
duce no deflection, a “‘balance’’ control 
provides compensation for any inequality 
in gain between the 10-kc and 7-ke chan- 
nels. It operates in conjunction with an 
“input: selector’ switch which, when 
thrown to the “balance” position, con- 
nects the two converter signal grids to- 
gether and to the mid-tap of the lag line. 
With this connection, when the channels 
are balanced, there is no indicator de- 
flection by incoming signals regardless of 
their amplitude or phase of arrival at the 
projector halves. Three other input 
selector switch positions provide for nor- 
mal operation, for testing the right- 
sensitive channel by cutting off the left- 
sensitive, and for testing the left-sensitive 
channel by cutting off the right-sensitive. 

The two local oscillators which hetero- 
dyne the echo signals to 10 and 7 ke 
operate above the signal frequency. They 
are of the modified Hartley type and their 
variable tuning capacitors are ganged and 
controlled by the calibrated “frequency 
control” on the front panel. Tracking of 
these oscillators must be adjusted care- 
fully to maintain their frequency sepa- 
ration within 15 cycles per second of 3 ke 
over their entire tuning range. 

The four band-pass filters employed in 
the X-3 unit use identical inductances for 
manufacturing economy. This requires 
different tuning capacitors and widely 
different circuit impedances in order to 
obtain substantially identical band-pass 
characteristics. Mica capacitors are 
mounted within the shield cans and exact 
final tuning is accomplished by means of 
ceramic trimmer capacitors. By means 
of these trimmers and a variable coupling 
adjustment, the band-pass filters are 
aligned individually for transmission 
identical within 0.1, 3, and 12 decibels 
for points respectively 300, 600 and 1,000 
cycles per second on each side of the mid- 
frequency of the pass band. 

At the output of the comparison recti- 
fier there appear signal components of 
intermediate-frequency as well as tran- 
sients accompanying the desired deflection 
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nents are removed and the deflection pulse 
is ‘cleaned up” by a 2-section low-pass 
R-C filter. This filter is not critical but 
a time constant of 5 milliseconds for each 
section produces a suitable degree of 
pulse ‘‘tailoring.” 

The cathode-ray indicator is a 5-inch 
tube using magnetic focusing and mag- 
netic deflection, and is operated at a 
second anode voltage of 3,400 volts. The 
compound P7 phosphor provides a degree 
of persistence which is well adapted for 
the pulse recurrence rates used in echo 
ranging and which permits a comfortable 
degree of attention mobility on the part 
of the operator. 

The model X-3 BDI is housed in a 
cabinet 33 inches high and 9 inches wide 
and all equipment is mounted on a single 
vertical chassis which is hinged at the 
bottom for convenient access to both sides. 
Figure 7 shows this arrangement, which 
was typical of BDI auxiliary units. 


Move. X-4 


Functional Characteristics. The prin- 
ciple changes made in developing the X-4 
BDI circuit are those associated with the 
use of time-shared duplexing for carrying 
the right- and left-steered channel signals 
through the common intermediate-fre- 
quency amplifier. Figure 8 is a simpli- 
fied block diagram of the X-4 circuit 
which embodies these changes. As in the 
X-3 circuit, input transformers couple the 
transducer signals to preamplifiers and 
a phase-shifting lag line is connected 
transversely between the input circuits of 
the two channel mixer-switching tubes 
(V6 and V7).. In these mixers a com- 
mon high-frequency local oscillator gener- 
ates the same intermediate frequency for 
each channel, but a low-frequency 
“switching” oscillator disables the two 
mixers alternately so that the common 
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Figure 9 (left). Typical 

signals appearing at the pec 

points marked A,B,C, S0N@“ 
D, and E in Figure 8 


Figure 10. Schematic 
performance curves for 
time-varied gain (TVG) 
and reverberation-con- 


trolled gain (RCG) sys- 


TIME (RANGE) 
tems of gain control A 


intermediate-frequency amplifier  re- 
ceives the right- and left-channel signals 
during alternate half-cycles of the switch- 
ing signal. The common channel signal 
therefore can be described as one modu- 
lated at the switching frequency: the 
phase of the modulation depends on 
whether the right- or left-channel signal 
predominates, that is, on the sense of the 
bearing deviation; while the amplitude 
of the modulation depends on the magni- 
tude of the bearing deviation. The bear- 
ing information is thus carried by the 
intermediate-frequency modulation en- 
velope, which is made available by de- 
modulation of the intermediate-frequency 
signal (V10), and further common-chan- 
nel amplification can be carried out at the 
switching frequency (V11) after a low- 
pass filter has removed the switching 
transients and harmonics of the switching 
frequency. A  phase-sensitive detector 
then yields the desired bearing deviation 
signal of appropriate polarity. As in 
model X-3, the signal finally is “tailored” 
by an R-C filter and applied to thehorizon- 
tal deflection amplifier of the cathode-ray 
indicator. 


Circuit Details. The method of extract- 
ing the deflection signal from the inter- 
mediate-frequency envelope is illustrated 
further by Figure 9 which exhibits the 
typical signal voltages appearing at the 
points marked A, B, C, D, and £ in 
Figure 8. The three vertical panels of 
Figure 9 correspond to a target at right, 
center, or left; and the letters fh, h, ... 
ty designate successive epochs in two cycles 
of the switching frequency. Thus at B 
there is a negative or positive peak at 
time t,, ts, ... depending on whether the 
right- or left-channel signal is larger. 
The phase sensitiveness of the detector 
(V12) is obtained by disabling it during 
alternate half cycles of the switching fre- 
quency. This is accomplished by intro- 
ducing the signal shown at C, whose 
positive excursions are limited by a diode 
and whose negative swings are sufficient 
to carry V12 far beyond cutoff. As a 
result, V12 is responsive only during the 
epochs marked fo, f2, t4, ... when its plate 
current, as shown at D, increases or de- 
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creases from its static value according to 
whether the signal envelope at B is posi- 
tive or negative during these time inter- 
vals. The low-pass R-C filter then re- 
covers the average of the currents at D 
and delivers the tailored deflection signal 
shown at E to the indicator deflection 
amplifier. 

Choice of a suitable switching fre- 
quency involves a compromise. The rate 
of “sampling” the right- and left-channel 
signals must be rapid enough to preserve 
the essential simultaneity of lobe com- 
parison or, to put it differently, fast 
enough to follow faithfully any modula- 
tion of the received acoustic signal arising 
from multiple-path interference, echo 
strength fluctuation, or other cause. 
Conversely, the higher the switching fre- 
quency, the greater the band width re- 
quired to pass the intermediate-frequency 
carrier and its side bands. A switching 
frequency of approximately 400 cycles 
per second seems to be satisfactory on 
both these counts. 

In comparing the relative advantages 
of the X-3 and X-4 circuits, it should be 
noticed that the four carefully matched 
band-pass filters required for channel 
separation in X-3 are not needed in X-A. 
Moreover, the input circuit tuning, which 
was quite critical for X-3, can be very 
broad in,X-4 since its high frequency 
(60-kc) intermediate-frequency ampli- 
fier easily can reject the directly received 
signal passed by the mixer stages. In 
fact, early models of X-4 used untuned 
input transformers although low-Q input 
tuning (ganged with the high-frequency 
local oscillator for unicontrol) was added 


‘later to improve signal-to-noise ratio. 


Both manual and time-varied gain con- 
trols are introduced in the common inter- 
mediate-frequency amplifier, as in the X-3 
circuit. Other features of the X-4 and 
X-3 models, such as the range sweep, 
trace brightening, deflection amplifiers, 
and the cathode-ray indicator are also 
similar. 

Various modifications of these circuits 
were introduced in different sonar equip- 
ments utilizing the X-4 time-sharing — 
principle for BDI. Among these was the 
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B+ Figure 11 (left). Circuit 
diagram of a simple 
system for realizing re- 
verberation control of 
amplifier gain 


TO CONTROL 
IF GRIDS 


AUDIO OR 


IF SIGNAL 


adoption of reverberation-controlled gain 
(RCG) instead of time-varied gain (TVG; 
see following paragraphs), and the use of 
improved phase-shift networks which re- 
duced the variation of phase shift with 
frequency. This effect was accomplished 
by a combination of lag lines and lead 
lines arranged as shown schematically in 
Figure 4A. 


Auxiliary Circuits for Sonar 
Equipment 


In the course of development work 
devoted to BDI and other’sonar equip- 
ment, several circuit arrangements were 
devised to produce useful improvements 
in the ratio of desired echo signals to 
undesired disturbances, and otherwise to 
assist the operator in perceiving and inter- 
preting echo signals. These circuit modi- 
fications usually could be applied inde- 


‘ pendently to sonar equipment already in 


service. Three typical examples, to be 
described, were designated as reverbera- 
tion-controlled gain (RCG), own-Dop- 
pler nullification (ODN), and Doppler- 
controlled gain (DCG). 


REVERBERATION-CONTROLLED GAIN 


Time variation of gain was used in the 
X-3 and early X-4 BDI circuits to pro- 
vide reduced amplifier gain during the 
period immediately following the ping, 
and thus to give protection against ampli- 
fier overload and to equalize variable 
echo strength. This feature quickly was 
recognized as being of such utility that it 
was adopted for the audible sound chan- 
nel of standard sonar equipment even 
before BDI auxiliary units became avail- 
able. . 

In spite of the value of time-varied 
gain for approximate equalization of echo 
strength, it was recognized that a single 
gain-recovery curve could not be ideal 
for all echo-ranging conditions. Even if 
a gain recovery curve of variable shape 


‘were provided the necessary complexity 


of adjustment would be too demanding 
on the operator and would offer too great 
a possibility of missing an echo through 
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gram of an electronic 
system for own-Doppler 
nullification by rever- 
beration sampling 


misadjustment. Automatic volume con- 
trol (AVC) of the type used in most radio 
receivers was considered but it was not 
well adapted for use in the reception of 
pulses against a rapidly fluctuating back- 
ground of reverberation and noise. For- 
tunately, a modification of automatic 
volume control, designated as reverbera- 
tion-controlled gain, yielded a _ very 
satisfactory solution of this problem. 

In order to contrast the behavior of 
reverberation-controlled gain with time- 
varied gain, the sketches of Figure 10A 
exhibit the performance of time-varied 
gain under idealized conditions. The 
received signals are indicated as dying 
away smoothly in a way that can be 
matched approximately by a complemen- 
tary smooth increase of receiver gain, and 
the output signal is substantially uniform 
except for the received echo which stands 
out against the background at whatever 
range the echo occurs. However, the 
received signals seldom fall off in such a 
smooth manner. The greatest danger of 
missing or losing target contact occurs 


_when the echo follows a hump in the 


reverberation decay curve, as shown in 
Figure 10B. A fixed gain-recovery curve 
of any shape sometimes may require the 
sacrifice of either earlier or later sensi- 
tivity, but even if the general trend of the 
decay curve is compensated, the echo still 
may be suppressed below the receiver 
threshold when it occurs just following an 
abrupt drop in reverberation. In the 
reverberation-controlled gain circuit the 
amplifier gain recovers very rapidly until 
the reverberation or noise output reaches 
a preset threshold level. The gain then 
is held at this level until the output drops 
below threshold, when gain restoration 
proceeds again. Thus the gain recovers 
just as rapidly as the decay of reverbera- 
tion permits. However, no subsequent 
decreases in gain are possible after the 
initial gain reduction (in which respect 
reverberation-controlled gain differs from 
automatic volume control) so that blank- 
ing of a target echo following closely after 
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a strong burst of reverberation is avoided. 
This action is illustrated in Figure 10C. 

One type of circuit which is useful in 
achieving reverberation-controlled gain 
is shown schematically in Figure 11. 
Audio or intermediate-frequency signals 
appearing in the receiver during the trans- 
mitted ping are rectified in V1 and quickly 
charge the storage capacitor C so that a 
high negative voltage EZ, is applied as 
bias to the controlled grids of the 
common-channel intermediate-frequency 
amplifier. Leakage into the receiver 
from the ping transmitter is usually 
sufficient to provide a large and relatively 
stable source for producing this initial 
reduction of amplifier gain. Discharge 
of the storage capacitor proceeds rapidly 
through the discharge control tube V2, 
which remains conducting as long as its 
anode is positive with respect to its 
cathode; however, the anode of V2 is 
biased by received reverberation or noise 
signals rectified by V3 and appearing 
across C, and Eg. When the amplifier 
gain has been restored to such a level that 
Ep is equal to Ez, the discharge rate of 
C drops abruptly and the gain remains 
substantially constant until the decay of 
the reverberation signal again brings Ep 
below Eg so that the discharge of C can 
proceed. Since V2 can conduct only in 
one direction, no recharging of C (with 
consequent gain reduction) can take place 
until receipt of a very large signal—suffi- 
cient to overcome the positive bias placed 
on V1 by the voltage divider from B--. 
Usually such a-signal will not occur until 
the next transmitted ping. 


Own-DoprLeR NULLIFICATION 


As a result of the Doppler effect, all 
echo-rariging signals received from for- 
ward directions are increased in frequency 
by the motion of the echo-ranging vessel 
through the sound medium, while signals 
from behind are decreased in frequency. 
In general, when f is the transmitted fre- 
quency, V the ship’s velocity, ¢ the ve- 
locity of sound propagationin the medium, 
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and @ the relative bearing (azimuthal 
training angle from the bow) 

Af=—V cosé@ 

At — = 20 ke this may amount to 14 
cycles per knot, or +280 cycles for a 20- 
knot ship. A further Doppler shift is 
produced by motion of the target, which, 
if it is moving in the “line of sight,” say, 
at 10 knots, can produce an additional 
shift of +140 cycles. To accommodate 
all possible conditions of relative motion 
the receiver therefore must have a pass 
band at least 900 cycles wide. Yet to 
receive a 33-millisecond pulse a pass band 
of only 30 cycles would be adequate! 
The consequent depreciation in signal-to- 
noise ratio is obvious. 

Nothing can be done about motion of 
the target submarine—in fact, recognition 
of target Doppler effect is of great aid in 
estimating the course and the maneuvers 
of the submarine. Such recognition is 
accomplished by the sonar operator’s 
noting whether the pitch of the hetero- 
dyned target echo is above or below the 
pitch of the prevailing reverberation, and 
estimating by how much. With the 
heterodyne beat note set at 800 cycles, a 
change of 14 cycles is marginally dis- 
cernible. Better discrimination would 
be obtainable at 500 cycles, but then the 
variation due to own-Doppler effect could 
bring the echo pitch down into a fre- 
quency region where loudspeaker and 
hearing efficiency fall off. The obvious 
remedy is to remove the effect of own- 
Doppler effect, a process which be- 
came known as own-Doppler nullification 
(ODN). The pass band then could be 
narrowed to accommodate only target 
Doppler effect, and the pitch of the rever- 
beration background would remain con- 
stant so that the sonar operator could 
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Figure 13. Block dia- 
gram of a _Doppler- 
sensitized sonar system 


judge more effectively changes of pitch in 
the target echo. 

Two general methods for accomplishing 
own-Doppler nullification were devel- 
oped. One was computed-correction own- 
Doppler nullification, and combined ship’s 
speed V and relative bearing @ in an auto- 
matic computer to produce a compensat- 
ing change in either the transmitted fre- 
quency or in the frequency of thereceiver’s 
first oscillator. Early experiments with a 
simple form of computed-correction dem- 
onstrated the value of own-Doppler nullifi- 
cation, but its application to the normal 
types of echo-ranging sonars involved 
equipment and installation difficulties. 
Accordingly, an all-electronic reverber- 
ation-controlled type was developed. 

A functional block diagram of this cir- 
cuit is shown in Figure 12. Immediately 
following the transmitted ping a relay 
closes for an interval of from 50 to 100 


milliseconds, during which the near 


reverberation is sampled and the audio 
output frequency is returned to a stand- 
ard reference value by a frequency dis- 
criminator-reactance tube feed-back cir- 
cuit similar to that employed for auto- 
matic frequency control in radio receivers. 
When the sampling relay releases, a hold- 
ing capacitor C preserves this corrected 
reference frequency during the remainder 
of the listening interval between pings. 
Thus, except for the short sampling period 


Schuck, Stedman, Hathaway, Butz—Indicator for Sonar 


Koo, CHARGING RESISTOR 


DETECTORS 


* 
ese ———— 
a5 
= i! 
3 | : DOPPLER 
| j  [Puese vauve 
| 
| Gal 
| COMTROLLINE 
AMPLIFIER 
occ | | 


the frequency control circuit is disabled 
and the audible beat frequency output of 
the receiver can exhibit in a conventional 
manner the small frequency shifts charac- 
teristic of target Doppler effect even 
though the target speed along the line of 
sight is much less than that of the echo- 
ranging vessel. 

The R-C filter shown in the own-Dop- 
pler-nullification block diagram is an 
important feature of the circuit. Its 
function is to establish the frequency 
correction on the basis of average rever- 
beration received during the sampling 
interval so that a false Doppler effect is 
not established by a frequency fluctuation 
just before the sampling relay releases. 


Specifications for the frequency dis- 


criminator differ materially from those 
imposed on discriminators for detecting 
frequency modulation of radio signals. 
A novel form of discriminator circuit 
exhibited the desirable properties of a 
very steep curve for small frequency 
deviations. together with preservation of 
the sense of the correction signal for wide 
frequency deviations. — 


Doppler-Controlled Gain 
Several functional by-products be- 


came available as a result of the stabiliza- 
tion of a reference frequency by own- 


Doppler nullification. Since echoes hav- : 


. 
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ing appreciable target Doppler shift often 
can be identified and target contact main- 
_ tained even when such echoes are at the 
same or a lower level than the co-existing 
reverberation, it would be helpful to pro- 
vide a selective increase of BDI deflection 
sensitivity when such signals are present. 


Figure 13 shows the block diagram of a 
Doppler-sensitized sonar system. The 
top line can be recognized as a schematic 
representation of the model X-4 BDI, 
while the second line shows a separate 
listening amplifier system connected to 
the mid-tap of the lag line. The upper 
dashed box encloses the components 
which provide own-Doppler nullification, 
while the lower dashed box encloses the 
additional components required .to pro- 
vide Doppler control for the gain of both 
BDI and listening amplifiers. In the 
own-Doppler-nullification circuit the sig- 
nal output of the frequency discrimi- 
nator is applied for frequency control only 
during a brief sampling period; however, 
during the remainder of the listening 
interval between pings, the discriminator 
remains connected to the audio output of 
the listening channel so that signals 
carrying information about the deviation 
of the echo signal from the own-Doppler- 
nullification reference frequency are con- 
tinuously available. By smoothing out 
these signals with R-C “false Doppler 
filters’ any significant frequency depar- 
ture in an echo will yield a control signal 
which can be applied as an auxiliary bias 


to the BDI and listening-channel inter-~ 


mediate-frequency amplifiers. Since the 
output of the frequency discriminator 
may be positive or negative according to 
the sense of the frequency deviation, an 
ingenious arrangement of diodes (the 
Doppler pulse valve) is required to de- 
liver a positive signal for Doppler gain 
control for either sense of deviation. 

The Doppler control signal connection 
to the listening channel intermediate- 
frequency amplifier is symbolic only. 
While the input to the frequency discri- 
minator is protected by limiters it. has 
been found better to>omit Doppler en- 
hancement in the amplifier chain sup- 
plying signals to the frequency discrimi- 
nator circuit and to split off a separate 
audio amplifier chain for Doppler enhance- 
ment of audio signals and range recorder 
traces. 


Of several other circuit modifications 
which were investigated, a few yielded 
promising results under controlled con- 
ditions but did not reach a suitably ad- 
vanced state of development soon enough 
to be incorporated in service equipment. 
Among these the following deserve brief 
mention. A  target-Doppler indicator 


1947, VOLUME 66 


was devised to make further use of the 
Doppler-controlled signals described be- 
fore. In this arrangement an auxiliary 
cathode-ray tube had a horizontal range 
sweep, while the Doppler shift in received 
signals appeared as a vertical deflection 
giving visual indication to the operator of 
both sign and magnitude of target Dop- 
pler effect. In another modification, a 
very narrow-band elimination filter gave 
selective rejection of reverberation signals 
lying within a few cycles of the reference 
frequency established by own-Doppler 
nullification. By an ingenious arrange- 
ment, the same frequency-selective cir- 
cuit components determined the own- 
Doppler nullification reference frequency 
and the-center of the eliminated band so 
that these were held automatically in 
coincidence. In still another modifica- 
tion, the right—left deviation signals of 
the BDI were applied to motor control 
circuits which automatically trained the 
transducer toward the bearing of the 
target. This feature of automatic target 
training appeared likely to be of major 
importance but the relatively long time 
intervals elapsing between successive 
pings are not well adapted for smooth 
servo control of mechanical motion. 
Other sonar developments reduced the 
priority assigned to this study beforeithad 
reached the stage where the operator 
could be freed from excessive demands on 
monitoring of the automatic equipment. 


Test Equipment and Training Aids 


During field tests of BDI auxiliary 
equipment it became apparent that only 
transducers having directional patterns 
reasonably approximating the ideal would 
give satisfactory BDI operation. This 
led to the development of portable test 
equipment originally designated as the 
sound gear monitor. This device com- 
prised a calibrated wide-range transducer 
with an associated oscillator, amplifier, 
and output meter, and made possible 
convenient measurement of directivity 
patterns and the relative efficiency of 
installed ‘sonar systems both in trans- 
mission and reception. It was used 
around the world and contributed signifi- 
cantly to insuring initial and continued 
effectiveness of sonar equipment in 
service. A split-projector test unit made 
it possible to use the sound gear monitor 
to predetermine the suitability of trans- 
ducers for BDI service in advance of 
installation. A BDI signal generator 
provided two outputs of adjustable phase 
relation to simulate signals from a split 
transducer for testing of BDI. A simpler 
phase-sensitivity test unit was provided 
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as an auxiliary for the sound gear monitor 
so that BDI tests could be carried out 
more easily on installed equipment. 

An artificial projector containing phase- 
shifting networks facilitated shore-based 
training in the use of the various test 
equipments. Adoption of BDI on a large 
scale posed problems of training great 
numbers of personnel in approved proce- 
dures of installation, maintenance, and 
operation. Matériel school instructors 
were given intensive laboratory courses; 
test material and other special instruc- 
tional devices were worked up. Simula- 
tive BDI attachments for attack teacher 
equipment were devised for instruction of 
sonar operators and conning officers. 
Comprehensive investigations of operat- 
ing accuracy were made and assistance 
was furnished to the Navy in establishing 
doctrine for most effective use of BDI. 
Thus the simple physical principle of 
looking, or rather listening, in two direc- 
tions at once became a full-fledged 
military program. 
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HE advent of the highly electrified 
commercial airplane since the war has 
posed many problems, both to the airline 
operator and to the airplane manufac- 
turer. Not only has it been very difficult 
to obtain the necessary equipment, such 
as motors, relays, inverters, and genera- 
tors, but it has been very difficult to 
obtain power supplies capable of carrying 
the airplane load continuously, principally 
because aircraft electrification has pro- 
ceeded so rapidly that the necessary com- 
ponents have not been developed. To 
realize the magnitude of this problem, it 
is only necessary to think back to the time 
when the storage battery was considered 
as the primary power source of the air- 
plane and the generators were used mainly 
to keep the batteries charged. The next 
step was in the direction of larger genera- 
tors. The DC-4 (commercial version of 
the C-54) was equipped with four 100- 
ampere 28-volt d-c generators and an 88- 
ampere-hour battery. Since the genera- 
tors were installed on the basis that two 
could carry the entire load, it may be seen 
that generally the prewar airplane elec- 
trical load would be 200 amperes or less. 
The problem of providing ground 
power supply for an airplane with a maxi- 
mum load of 200 amperes is not particu- 
larly difficult. In an emergency, an 
ordinary battery cart may be used, par- 
ticularly if the loads are monitored. Fur- 
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ther, a small gasoline engine driving a 
200-ampere 28-volt generator is entirely 
sufficient, as is a small rectifier cart taking 
power from available field a-c supply 
sources. 

The modern commercial airplane, how- 
ever, has a number of additional loads 
which require a different approach. A 
partial listing of these loads is given here; 
all may not be installed on one particular 
airplane, but a good proportion are. 


1. Food warming and water heating de- 

vices. 

2. Electrically heated windshields. 

3. Landing flap actuators. 

4, Cowl flap actuators. 

5. Landing gear actuators. 

6. Blowers for heat distribution or cabin 

cooling. : 

Cabin temperature and pressure con- 

trol systems. 
8. Propeller deicing. 
9. Electric autopilots. 

10. Scoop and carburetor anti-icing. 

11. Emergency hydraulic pump. 

12. “Fluxgate”’ or “gyrosyn’”’ compass. 

13. Fuel booster pumps. 

14. Electric fuel quantity gauges. 

15. Electric propeller control. 

16. Humidifier heater. 

17. Toilet flush pumps. 

18. Fire and carbon-monoxide warning 
systems. 

19. Electric razor power sources. 

20. The 400-cycle 115-volt supply for radio 
compass, altimeter radar, and other 
instruments. (On aircraft with basic 
28-volt d-c systems, the increase in 
these loads has necessitated a change 
from small to large inverters.) 

21. Very heavy increases in lighting. 

22. Refrigeration system for cabin ground 
cooling. 


In the section following, the majority of 
the load figures given are taken from the 
personal experience of the authors but 
reference is made to airplanes that have 
types of equipment installed which make 
the ground loads much heavier. 
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Types of Aircraft Electrical Loads 


With this as a basis, we may now start 
out to classify the various load conditions 
which may be obtained in an airplane on 
the ground. These are, generally, 

1. Maintenance operations. 


2. Passenger loading. 
3. Engine starting and preflight. 


These conditions will be discussed in that 


order. 


MAINTENANCE 


Under this condition, every electric 
load in the airplane must be capable of 
being operated, not necessarily in the 
sequence that obtains when the airplane 
is in flight status, but in such sequence 
that maintenance personnel can check the 
operation of the equipment at their con- 
venience. During such operations, the 
lighting system and at least a portion of 
the air conditioning system should be in 
service, as maintenance operations cannot 
be carried on properly under adverse 
temperature and ventilation conditions. 
With these loads, we can expect a mini- 
mum 200 amperes, with peaks going con- 
siderably above this. 

In order to appreciate the fact that this 
estimate is not excessive, a brief résumé of 
the electric loads will be given in Table I. 
Under the heading of lighting, only those 
lights which are located in working com- 
partments are listed for the day condition, 
with partial cabin lighting added for night 
conditions. Under motors, one 400-cycle 
inverter is corisidered as being on to sup- 
ply power for the radio, instruments, or 
other a-c equipment, plus the ground 
blower for ventilation and some additional 
loading from various small actuators. 


Table |. Twenty-Eight-Volt Aircraft System 
Loads in Amperes—Maintenance 


Day Night © 
Lightingovcs ..tca, aoe Ra ests « Ober a oe 8: 
Rotary equipment....0..5.-..... LAOS ey hone, 140 
Electronic and miscellaneous...... 30....... 30 
Totaltigh tin cerntte tect Fai chepseors 205...-csemae 265 
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Only a small amount of load from the 
electronic devices is shown; this is mainly 
for filament heating of vacuum tubes. 

On airplanes that use a refrigeration 
system for ground cooling of the cabin, 
very heavy additional loads may be en- 
countered. These loads will run to 800 
amperes or more steady state, with very 
severe starting loads. Further, where 
wing flaps, landing gear, and so on, are 
operated electrically, maintenance con- 
ditions may require that these units be 
operated, not necessarily simultaneously. 
The heaviest load here is the landing 
gear, where the steady state current may 
be 400 amperes or more. For some post- 
war aircraft the minimum maintenance 
ground power loading may run as high as 
800 to 1,000 amperes. 


PASSENGER LOADING 


Of all the operating conditions in which 
an airplane finds itself, the passenger 
loading one is the most critical. Nothing 
should be allowed to happen which will 
disturb the equilibrium of the passenger; 
his feelings during this period are probably 
the deciding factor as to whether or not he 
will use airplane travel in the future. He 
must enter an airplane that is comfortable 
and well lighted, and in which the temper- 
ature is neither excessively high or low. 
Therefore, the ground power supply 
equipment must be able to supply all 
lighting, heating, and refrigeration equip- 
ment, in addition to equipment essential 
to flight. These latter items must be put 
into operation at this point, both for 
warming up prior to use in flight and for 
checking the electric system of the air- 
plane. 

In addition, all lights in the cargo holds, 
wheel wells, and other maintenance 
points may be on for last minute check- 
ups. The loads imposed by refrigeration 
equipment already have been noted, and 
if this equipment is installed the ground 
power supply must be capable of supply- 
ing it. This additional load is over 600 
amperes for two compressors and 200 
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Table Il. Twenty-Eight-Volt Aircraft System 
Loads in Amperes—Passenger Loading 


Day Night 

eigtitiipwes seer ot epee heer eeoO ABN Bis 160 

Rotary equipment.............-- WOO Kran aster 190 

Water and food warming.......... US5e a. aoe LOO 
Electronic devices and mis- 

Cellancotcn seria tors 20 yen Pacis 40 

Pest alia Pee tee oe eee iid ae DUD taco LO 


amperes for the condenser fan in one cur- 
rent model of airplane. 

It is entirely possible for the load under 
these conditions to be from 500 to 1,500 
amperes. A brief résumé is given in 
Table II to show the character and magni- 
tude of these loads on an airplane that is 
not completely electrified. 


ENGINE STARTING AND PREFLIGHT 


With passengers loaded, the doors may 
be closed, the engines started, and the air- 
plane finally moved out on the flight 
ramp. The period between the time the 
doors are closed and the taxi run to the 
flight ramp begun is a time when very 
heavy and variable loads may be applied, 
and still the electric power system cannot 
be disturbed to the point of discomforting 
the passengers. 

If the airplane is supercharged, that is, 
if the cabin is pressurized, the engines 
driving the supercharger are started first, 
bringing the pressure and temperature 
control system of the airplane into action. 


The loads here are relatively minor, con-. 


sisting mainly of small actuators, relays, 
and electronic equipment. The tempera- 
ture control system will already be in 
operation; however, the airfoil anti-icing 
and propeller anti-icing equipment well 
may be put into use. The loads for the 
latter equipment may be very heavy; 
not less than 200 amperes total. 

If the propellers are electrically oper- 
ated, pitch changes in this period may 
impose very severe loads, particularly if 
the propellers are reversed for test. The 
instantaneous current drain on the system 
by one manufacturer’s equipment is well 
over 1,000 amperes, dropping to 400 
amperes in one-tenth second. 


Figure 1. Block diagram of the electrical 
sequence of a saturable-reactor-controlled 
rectifier 


INPUT TO 
AIRPLANE 


Owen, Murray, Rosenstein—Ground Power Supply 


Aircraft engine starting loads are very 
heavy, although the initial current drain 
is not nearly so severe with the direct- 
cranking starter as with the old inertia 
starter. Steady state current per starter 
is around 200 amperes, with a peak of 800 
or more amperes. 

Upon starting, the engines are run up, 
and in most cases the engine driven gen- 
erators will come onto the line, operating 
in parallel with the ground power source. 
After warm-up, the engine speed may be 
reduced to a point where the generators 
will fall off the line. In any event, under 
ground operating conditions the generator 
cooling may be insufficient unless special 
ground cooling fans are installed, so that 
the generator cannot carry full capacity, 
and the ground power unit must be de- 
pended upon to carry the bulk of the load. 
This wifl be the case until the ground 
power supply is disconnected, and the 
airplane taxies out onto the flight ramp. 

Under these final ground conditions, 
the ground power supply must be capable 
of supplying a minimum of 600 amperes 
continuously, and possibly up to 2,000 
amperes. It must be emphasized here 
that if the ammeter of the power supply 
unit is watched, it rarely will go to the 
figures named, because the figures quoted 
here are possible maximums. However, 
a power supply designed for this load can- 
not be predicated on the lower figure, as 
the possible combination of loads that 
may occur is sure to overload the unit. 


Character of Aircraft Electrical 
Loads 


A large amount of thé load on an air- 
plane is purely resistive, such as lamps 
and heaters. For such loads, the change 
in current with change in voltage is linear, 
except in the case of lamps, where the 
lamp current at double voltage is about 
1.6 times normal current. 

The motor loads are mainly constant 
torque series motors, except for the fans, 
and the current remains relatively con- 
stant despite voltage changes. On series 
motors driving fans the line current will 
rise as the voltage rises, although not 
necessarily ina linear manner. Constant 
power loads, such as shunt motors driving 
fans and motor-alternators to supply 400 
cycle current, tend to decrease in current 
as the voltage rises. 

Most of the control systems in use 
in aircraft are independent of voltage 
changes, as they are ordinarily of the 
bridge type or the ratiometer type. 

From the foregoing survey, it will be 
seen that voltage changes will be followed 
mainly by current changes, due to the 
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high lighting loads experienced. This 
may become critical if the voltage change 
is large and of any appreciable duration. 


28-VottT D-C REGULATION 
REQUIREMENTS 


The aircraft generating system ordi- 
narily is adjusted to supply 28 plus or 
minus 0.25 volts on the bus, although the 
majority of the system components will 
work down to 18 volts with the exception 
of the motors which usually are rated 
down to 22 volts. The reason that a bus 
voltage of 28 volts was chosen is that the 
aircraft electric system is based on a 12- 
cell battery with a no-load fully charged 
voltage of 24 volts and a discharged volt- 
age of 18 volts. The 4-volt differential is 
assurance that the battery is fully charged 
and ready for use in an emergency. A 
regulated bus voltage of 28 voles gives a 
load point voltage of 27 volts, assuming a 
1-volt drop between the bus and the load. 

The ground power supply should be 
regulated so as to supply this same voltage 
at the bus, regardless of load changes, and 
since there are rather long leads from the 
power supply to the airplane, the voltage 
at the power supply must be higher by the 
voltage drop in the supply leads. Means 
must be incorporated in the power supply 
device for measuring the voltage at or 
near the aircraft bus and regulating at 
that point; regulation at the power sup- 
ply itself is useless, particularly where the 
loads are heavy and variable. 

The ground power supply should be 
capable of voltage regulation that at least 
equals that of the airplane’s electric sys- 
tem. That is, it should be capable of 
maintaining a voltage of 28 plus or minus 
0.25 volts on the bus from light loads to 
full load conditions. The voltage dips 
and overshoots due to the application of 
heavy surge loads should be of very short 
duration. The overshoots particularly 
should be of low order and short duration, 
because of the possibility of burning out 
lamps and other equipment of this char- 
acter. 


MorTor RIPppLE REQUIREMENTS 


The ordinary commercial motor is de- 
signed with wide margins on the magnetic 
circuit, but this is not true of the aircraft 
motor. Flux densities are high, and in- 
sulation is run at temperatures much 
higher than ordinary commercial practice. 
Nothing can be tolerated which will in- 
crease the heat generated in the motor. 
Ripple is particularly likely to be trans- 
lated into heat when the iron is operated 
high upon the saturation curve, and a few 
per cent ripple may be the difference be- 
tween successful operation and a burned 
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out motor. Ripple, whether produced by 
the commutator action on a generator 
or the a-c ripple of a rectifier, should be 
held down to very low values, probably 
the maximum allowable should be five per 
cent at full load on the unit, with less than 
one per cent at light loads. 


Rapio NoIs—e REQUIREMENTS 


A well designed aircraft electric system 
can tolerate a high level of radio influence 
voltage superimposed upon the bus with- 
out interfering with the operation of the 
radio equipment. This is done, of course, 
by proper filtering and shielding, and if 
the radio influence voltage (hereafter 
referred to as RIV) generators are located 
within the airplane the interference. is 
generally very small. If, however, the 
RIV generator is located on an external 
unit connected to the airplane by cables, 
the ground return path of the RIV may 
be through the negative cable, the air- 
plane fuselage, and through the airplane 
static ground device back to the genera- 
tor. In extreme cases, where the power 
supply is the rectifier type fed from com- 


mercial primaries, the RIV generator may 


even be back in the hangar, so that the 
ground return path of the RIV is the 
whole area in which the airplane is located. 


'The result is rather high field intensities 


which couple to the radio sets via the 
antenna. ; 

The only practicable method of elimi- 
nating this RIV is by adequate filtering on 
the power supply device. This may be a 
very large problem in itself if the power 
device has to furnish currents in the or- 
der of 1,000 amperes. Filtering a circuit 
supplying this current is no mean task, 
requiring heavy duty elements. In any 
event, the ripple voltage should not ex- 
ceed one per cent for a power supply de- 
signed to furnish power for radio check- 
outs, over this amount, the RIV may 
cause interference even in a well designed 
radio installation. 


POLARITY REVERSAL 


Some means must be provided to pre- 
vent a reversal of polarity of the supply 
source if the airplane generators can feed 
back into the source. This is not a cause 
of concern on rectifier units, but may be 
serious on a motor generator set. Such 
protection should be integral with the 
supply unit, and also should incorporate 


Figure 2. Saturable reactor windings 


provisions so that polarity reversal will 
not allow current to flow from the supply 
unit-to the airplane. 


PARALLELING WITH AIRCRAFT. 
GENERATORS 


Since the external power supply con- 
nects directly to the main bus, there is 
always the possibility that the ground 
power supply unit may be called upon to 
operate in parallel with the airplane’s 
generators. This will always be so after 
the engines are started, because for sev- 
eral moments before the ground power 
unit is disconnected the airplane’s gen- 
erators and the ground power unit must 
operate in parallel. While at the moment 
no need exists for provisions for correct 
load division between the two sources, 
the regulation characteristics of the 
ground power unit must not be such as to 
cause hunting between the two sources on 
heavy applied loads. This means that 
in general the load regulation of the power 
supply unit should be better and firmer 
than the aircraft generators, which should 
not be too difficult at the low aircraft 
generator speeds that will obtain on 
ground conditions when the ground power 
supply unit is plugged in. 


PORTABILITY. 


If the maximum use is to be obtained 
from the ground power unit, it should be 
capable of being used anywhere on the 
field; if necessary, being towed to the 
point of usage. In the case of a rectifier 
unit, this presupposes a power supply 
available at any location on the field 
where an airplane may be parked, which 
puts a very heavy load on the field facili- 
ties, since the power drain is so large that 
ordinary lighting wiring will not serve. 
A rectifier with a continuous capacity of 
800 amperes at 28 volts, assuming 80 per 
cent over-all efficiency, will require an 
input of nearly 30 kw, which if fed from 
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commercial 440-volt 3-phase secondary 
windings will draw nearly 40 amperes per 
phase. ; 

This phase of the problem will be dealt 
with more throughly in the next section of 
this paper. 


Ground Power Supply for Aircraft 


There are two general conditions that 
denote the status of any aircraft in serv- 
ice; ground operation and flight opera- 
tion. An aircraft in flight condition is 
operating under its own power and both 
electric and hydraulic systems are sup- 
plied from the main power plants, or 
engines, through transducers. In flight 
the aircraft is under the control of the 
flight personnel and does not represent a 
direct problem to the ground personnel. 
However, mechanical, hydraulic, and 
electrical components in the. airplane 
necessarily must be operated on the 
ground during loading, unloading, serv- 
icing, and maintenance when the air- 
craft’s power plants are not operating. 
Any of these conditions constitute ground 
operations and an auxiliary source of 
power is needed to supply energy to these 
components. Since this discussion con- 
cerns only the electrical phase of the 
ground operation conditions, the term 
ground power supply will identify a 
source of electric power external to the 
airplane, as it is accepted universally in 
aircraft. terminology. Also, since the 
rated bus voltage of commercial aircraft 
is 28 volts direct current, all ground power 
supply equipment described in this article 
is 28 volts direct current. 


TYPES OF GROUND POWER SUPPLY 


The two basic types of ground power 
supply are rotary equipment and static 
equipment. Rotating equipment con- 
sists of generators driven by several types 
of prime movers and static equipment 
refers to storage batteries and dry disk 
type rectifiers. 


ROTATING EQUIPMENT 


Many types of rotary converters are in 
use at the present time and a description 
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of these types is outlined in the following 
paragraphs. 

Aircraft generators sometimes are used 
for ground power supply by driving the 
generator with V belts from a standard 
induction motor or gasoline engine. The 
belt drive is used to step up the generator 
speed above driving motor speed since 
aircraft generators are designed for opera- 
tion at much higher speeds than stand- 
ard’ 60 (or 50) cycle motor speeds. The 
type 0-1 aircraft generator is designed to 
deliver its full load rating of 100 amperes 
at a minimum speed of 2,500 rpm, as is 
the type P-1, which is rated at 200 am- 
peres output. These two generators can 
be direct-connected to a standard 2-pole 
motor for constant speed operation at 
3,600 rpm on 60-cycle systems. Aircraft 
type reverse current relays and voltage 
regulators are used for protective devices 
and control. The use of aircraft genera- 
tors has not been very extensive because 
of cost and the problem of a special spline 
shaft coupling, together with a special 
bearing mount to prevent any radial 
loads from being imposed on the generator 
shaft, and a separate blower for adequate 
forced air cooling. 

D-c arc welding generator sets also have 
been modified for use as ground power 
anits by the use of standard aircraft regu- 


-Jators controlling the shunt field. Three- 


hundred-ampere arc welders require two 
regulators operating in parallel in order to 
handle the field current of the generator. 
Regulators of the older type, having a 
series of copper “‘fingers” for short-circuit- 


"ing sections of a multitap resistor, proved 


better for this service than the carbon 
stack type. However, these modified arc 
welders were only a substitute device and 
were very troublesome in service. The 
cause of most of the trouble with these 
machines was frequent failure of the regu- 
lators to parallel satisfactorily, particu- 
larly on heavy load conditions, resulting 
in one of the regulators being forced to 
handle most of the field current and con- 
sequently failing because of this overload 
condition. As soon as one regulator 
failed the other one also would fail very 
shortly. In the modification of these 
welders, the lowest tap on the series (or 
cross) field is used, and large load currents 
cause an additional voltage drop due to 
the cross field effect on the armature re- 
action of the main field, causing the regu- 


Figure 4. Circuit for remote sense voltage for 
control of regulated rectifier 
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lators to have more of a control problem. 
The only use of these modified arc welders 
has been as a last resort when better 
equipment is not available since an arc 
welder is designed basically as a constant 
current machine and even with the control 
modification its use’'as a constant potential 
machine has not been satisfactory. 

The foregoing two types of rotary con- 
verters are not used very extensively in 
commercial practice but during the war 
were used by the armed services because 
of the shortagé of adequate equipment. 
The latest designs in generators for use 
as 28-volt constant-potential machines 
tend toward more compact design by the 
use of higher grade steel in the magnetic 
circuits and welded frame construction. 
Some designers use the 2-bearing mount- 
ing where the prime mover and generator 
are supported only by the outer bearing 
point of each and are coupled rigidly to- 
gether to eliminate the center bearing sup- 
port. This method of construction is 
desirable only when the units are mounted 
on an adequate base and the mechanical 
coupling is of rugged design. 

The exciter frame generally is mounted 
on the generator shaft end and coupled to 
the generator shaft by a standard flexible 
coupling in order to be easily removed for 
maintenance of the generator. Some 
generators are operated at high speeds— 
3 000to 3,600 rpm—to achieve bettercool- 
ing and thus be able to operate the arma- 
ture windings at higher current densities. 
This is not a standard practice as the high 
speeds result in frequent bearing replace- 
ment and short brush life, together with 
excessive commutator wear. Recom- 
mended generator speeds for ground 
power service are from 1,400 to 1,800 rpm 
for the best compromise between effective 
cooling and mechanical life. Most gen- 
erators are of the 4-pole type with inter- 
poles for commutation, and straight shunt 
fields. The separately excited field in 
one design is operated at 125 volts in order 
to obtain a better amplification ratio and 
to keep the field current low, so that a 
single standard aircraft voltage regulator 
can beused. The exciter is a series gener- 
ator with the voltage regulating resist- 
ance in series with the exciter and gener- 
ator shunt field. This system results in 
very fast voltage recovery on load swings. 


Another method used to limit the 
amount of field current through the volt- 
age regulator is to connect an aircraft 
type voltage regulator in parallel with a 
fixed resistance in order to by-pass a por- 
tion of the field current around the regula- 
tor. This method is not desirable and 
reports from the field indicate unsatisfac- 
tory voltage regulation of this design. 
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The output circuit should have a reverse 
current relay, overvoltage relay, and an 
undervoltage relay for protective devices. 


GENERAL COMMENTS ON ROTARY 
CONVERTERS 


Compound generators are not desirable 
for ground power service because of the 
possibility of polarity reversal due to 
reverse current in the series field caused 
by the airplane generators feeding back. 
Normally the reverse current relay will 
clear the generator off the line but several 
cases have been reported where a relay 
failed to clear the generator and consider- 
able damage was done to the airplane 
electric system. 

Self-excited generators do not have as 
good voltage recovery characteristics as 
separately excited generators and are not 
recommended for ground power service. 
Until recently, generators for ground 
power service have not been made in 
ratings larger than 500 amperes. The 
problem of paralleling two generators 
for greater outputs involves the use of 
equalizing windings. 

Commutation ripple, while not large in 
magnitude, causes radio interference and 
rotary converters require filters in the 
output to limit the RIV. 


PORTABILITY 


It is necessary to keep the voltage drop 
in the d-c leads to the airplane as low as 
possible and for this reason ground power 
units are mounted on a portable chassis 
and brought to the airplane. Unfor- 
tunately, very few airports have a-c power 
available on the flight ramps and it is 
necessary to use gasoline engines as prime 
movers for the ground power supply, 
which constitute a fire hazard to the air- 
plane; especially so when the airplane is 
being supplied with gasoline at the load- 
ing ramp. For this reason, gasoline- 
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Figure 5. Performance curves of 1,000-am- 
pere 28-volt d-c regulated rectifier 


engine-powered ground power units are 
located not less than 50 feet from the air- 
plane which imposes a voltage drop prob- 
lem in the long d-c cables necessary. The 
use of large cables in parallel (0000-0000 
welding cable is standard) will keep the JR 
drop to a low value, but they are very 
cumbersome to handle. 


SraTic TYPE OF GROUND POWER SUPPLY 


The conventional lead-acid storage. 
battery was the first—and simplest— 
type of ground power. Two 12-volt 
batteries were installed in a simple box 
cart and used for starting engines and for 
maintenance work. The growth of elec- 
tric loads in-the modern aircraft and the - 
starting of large engines has outmoded 
thé use of the battery alone. The next 
step was a small generator with batteries, 
but this too is now obsolete. 

Dry disk metallic oxide rectifiers have 
been gainifg in favor as a desirable 
ground power supply. Its advantages 
are quiet operation, long life, and espe- 
cially the inherent high reverse resistance. 
Of the three commercial types of rectifiers 
namely, cuprous oxide, cupric sulphide- 
magnesium, and selenium, the selenium 
type has the most in its favor for ground 
power service—high inverse voltage and 
practically constant characteristics. Al- 
though the current density per plate is 
lower than the copper types, the addi- 
tional size of the selenium stack over a 
comparable cupric sulphide type is com- 
pensated by the higher voltage rating per 
plate. The selenium rectifier is a com- 
parative newcomer in the ground power 
field and rapidly is gaining over the other 
two types in the latest designs. 

The voltage regulation of a simple recti- 
fier system is poor, but this factor has not 
been important in ground operation on 
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older styles of aircraft. However, it is 


very unsatisfactory for the latest type of 


commercial transports, because of the 
more critical components. The design of 
a voltage-regulated selenium-type por- 
table rectifier is described later in this 
paper. Eight of these units are in actual 
service and reports indicate excellent per- 
formance; not only in servicing of com- 
mercial transport models, but in the start- 
ing of experimental engines where loads 
of 1,200 amperes at 28 volts are required 
for a period of 20 seconds. Performance 
curves of a 1,000-ampere 28-volt regulated 
selenium-type rectifier with resistive load 
are shown in Figure 5. 


RATINGS FOR GROUND POWER SUPPLY 
UNITS 


In determining the design rating of a 
ground power supply, the maximum 
ground operating load of the airplane 
must be considered. Even though this 
load rating may never be reached in serv- 
ice, the-load factor nevertheless must be 
taken as 100 per cent. This is explained 
best by the fact that even though the air- 
plane may represent an intermittent load 
condition, it is very possible that it may 
maintain its ground load condition much 
longer than expected and a power supply 
unit design based on 1/2-hour or even 1- 
hour rating will have a short life. The 
emphasis of consideration is not on the 
economics of the ground power supply 
design, but rather on the airplane. Where 
close to a million dollars investment in the 
airplane is compared to the investment in 
ground equipment and the possibility of 
loss of passenger confidence due to a fail- 
ure of ground power, or even the worse 
condition of failure of an electrical com- 
ponent in the airplane due to faulty op- 
eration of the ground power supply, the 
major consideration must be on an ade- 
quate rating and design for all possible 
expected conditions. Also, the invest- 
ment in ground equipment should be 
made with future requirements, so far as 
prédictable, in mind. 


FIELD PERFORMANCE 


Figure 6 is an oscillographic record of 
the control response time of a 1,000- 
ampere voltage-regulated portable ground 
power rectifier, and Figure 7 is the record 
taken with a 500-ampere gasoline engine- 
driven portable generator with a series 
exciter and mechanical aircraft-type volt- 
age regulator. These oscillograms were 
made during maintenance operations on a 
new commercial transport aircraft and the. 
current traces show an average load con- 
dition during ground operation. In both 
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cases, the load change was caused by turn- 
ing on one of the 400-cycle 115-volt 3- 
phase inverters in the airplane. ‘The re- 
sponse time of the rectifier-type ground 
power supply shows excellent control re- 
covery. 


Design of a Voltage Regulated 
Rectifier 


GENERAL REQUIREMENTS 


The specifications for a modern ground 
power supply already have been outlined 
in the first part of this paper. Of these 
requirements, one of the obstacles to the 
use of rectifiers has been that of voltage 
regulation. Normal no-load to full-load 
voltage regulation for the average sele- 
nium rectifier is 10 per cent to 18 per cent. 
Much of this regulation occurs in the first 
15 per cent of load. By use of bleeder 
loads, it is possible to reduce the regula- 
tion to approximately 8 per cent. How- 
ever, this is rectifier regulation alone and 
does not take into account the drop in 
either the a-c lines to the rectifier or d-c 
lines from the rectifier to the airplane. 
Considering the fact that the rectifier 
often will be operated at the end of a long 
power line, the need for compensation of 
the a-c line drop becomes apparent. 
Even with short cables, currents of 1,000 
to 1,500 amperes will give a 5 to 10 per 
cent voltage loss in the d-c leads from the 
rectifier to the plane. The over-all regu- 
lation of the unregulated rectifier easily 
becomes 20 per cent or more. 

The addition of an electronic control to 
the rectifier produces a ground power sup- 
ply with’ all of the desired regulation and 
operating flexibility. Variations in the 
a-c supply voltage can be corrected auto- 
matically, the inadequate natural regula- 
tion of the rectifier can be taken care of, 
and compensation for the drop in the d-c 
cables provided by this means. The elec- 


tronic control also furnishes a means offine ’ 
adjustment of the rectifier output volt- 


age. 


REGULATED RECTIFIER—BASIC 
ELEMENTS AND DESIGN 


The basic elements of a regulated recti- 
fier (Figure 1) are saturable reactors, 
transformers, selenium rectifiers, d-c 
power filter, remote sense circuit, and the 
electronic control. A ‘‘sense’”’ or control 
potential from the d-c output of the recti- 
fier is fed through the remote “sense” 
circuit to the electronic control. In the 
control this ‘‘sense’ voltage regulates 
the saturating current through the d-c 
coils of the saturable reactors. Thus the 
signal from the d-c output regulates the 
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Figure 6. Oscillogram of regulated. rectifier 
under actual service conditions 


a-c drop across the reactors which in turn 
governs the voltage applied to the trans- 
formers and the rectifiers. Should an 
increase in load tend to cause a drop in the 
d-c output, the control saturates the re- 
actors enough to raise the rectifier input 
voltage an amount sufficient to compen- 
sate for the load increase. 

The basic design of a regulated rectifier 
begins at the d-c output and works back 
to the a-c input. Adding the voltage 
drops through the filter choke and d-c bus 
to the required maximum direct voltage 
output under full load gives the peak 
direct voltage to be supplied from the 
rectifying elements. Using this figure 
and computing the drop through the 
rectifier cells, the designer then has the 
maximum alternating voltage the trans- 
formers must supply the rectifiers. Since 
the voltage to the transformers is con- 


trolled by the reactors, the primary trans- 


former voltage will be less than line volt- 
age. The saturable reactors must have 
a minimum impedance at full load and a 
maximum at no load. The reactor con- 
struction and total control range will 
govern the saturating current required of 
the electronic control. Control sensi- 
tivity will be predicated upon the neces- 
sary over-all voltage regulation. 

The design of the electronic control is 
straightforward. The “‘sense’” voltage 
from the remote sense circuit is first 
“derippled” by a low pass filter with a 
very short time constant. It is then 
compared against the voltage developed 
across a potentiometer that in turn is 
connected across a constant standard 
voltage obtained from a gaseous voltage 
regulator tube. By adjusting the poten- 
tiometer, the rectifier output voltage may 
be set where desired. The difference be- 
tween the “sense” potential and the 
potentiometer voltage is applied to the 
grid of a single-tube d-c amplifier. This 
amplifier, with a gain of approximately 
250 to 1, is the heart of the control and 
governs the phase of the thyratrons’ a-c 
grid voltage by means of an a-c phase 


shifting network. These thyratrons form - 
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a full wave adjustable rectifier to supply 
saturating direct current to the reactors. 

Many methods of varying the alternat- 
ing voltage supplied to the rectifiers were 
considered, among them being motor 
driven autotransformers, induction regu- 
lators, ignitrons, and saturable reactors. 
The response time of the induction regula- 
tor motor drive was considered to be too 
low. Ignitrons pose the problem of a 
cooling system—and with phase shift 
control would introduce more ripple into 
the d-c output. Saturable reactors seem 
the most economical solution, offering a 
simple, dependable, efficient system of 
voltage control. é 

To adjust the voltage to the 3-phase 
rectifiers, three reactors of the 3-legged 
type are used (Figure 2). The a-e coils 
of the outer legs are connected so that 
none of the a-c magnetic flux couples 
with the d-c coil on the center leg. How- 
ever, the d-c flux of the saturating coil on 
the center leg flows out of the center leg 
to divide and flow through the outer legs, 
reducing their magnetic permeability. 
By careful design and with the two a-c 
coils of each reactor connected in series, 
the total time constant of the reactors can 
be reduced to less than one second. 

Saturable reactors are quite efficient 
and yet a very wide range of control can 
be obtained. For example, a typical 
1,000-ampere 30-kw regulated ground 
power supply is capable of continuous 
voltage adjustment from 25 volts to 30 
volts. The output voltage is held within 
one per cent from no load to full load, and 
there is enough leeway left in the reactors 
to compensate for a 10-per-cent supply line 
fluctuation. This range of control is ob- 
tained with less than 350 watts of saturat- 
ing power. 

The no-load to fulltoad line demand 
characteristics of the rectifier and its 
transformers are rather convenient for 
operation with saturable reactors. At no 
load, the rectifier will demand from the 
line little more than the transformer 
excitation current. Since this excitation 
current is largely inductive, it will pro- 
duce maximum voltage drop across bes 
inductive reactors (Figure 3A). Under 
load, the transformer current is resistive 
which is fortunate, for to produce 95 per 
cent of the line voltage across the trans- 
former, it is necessary to reduce the re-. 
actor drop to a vectorial quantity which is 
not 5 per cent, but approximately 30 per 
cent of the line voltage (Figure 3B). 

Reactors must be designed between 
two limits. At full load the reactor 
impedance must be low enough to cause 
the reactor drop to be no greater than the 
vectorial difference between the minimum 
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line voltage that can be expected and the 
maximum required transformer voltage. 
For no load and a minimum d-c output 
voltage, the transformer excitation cur- 
rent through the unsaturated reactor 
must produce a drop equal to the vectorial 
difference between maximum possible line 
voltage and the minimum transformer in- 
put voltage. 


TRANSFORMERS, RECTIFIERS, D-C FILTER 


Because of the ripple requirements of 
the ground power supply, it is necessary 
to consider the over-all transformer, recti- 
fier, and d-c filter design. In the larger 
units (1,000 amperes or more), the recti- 
fier has been broken down into two sec- 
tions, each with its own 3-phase trans- 
former. The outputs are paralleled to 


give full rating. This arrangement re- . 


duces the size of the components and 
makes a compact assembly. Both trans- 
formers have primary and secondary 
windings connected in delta to give a 3- 
phase input to the rectifier. The recti- 
fiers are assembled into a 3-phase full- 
wave bridge which will produce a ripple 
voltage that is 5 per cent of the d-c output 
and with six times the supply line fre- 
quency. Filtering, therefore, is necessary 
to reduce the ripple content of the d-c 
power to the 1 per cent or less required 
of ground power supplies. 

Before using the 3-phase bridge with 
its 5 per cent total ripple, a 6-phase bridge 
giving a theoretical 1.4 per cent ripple 
content with a basic component of 12 
times the supply line frequency was con- 
sidered. Such an arrangement appears 
ideal at first glance, for not only is the 
ripple considerably lower, requiring less 
filtering, but also the ripple frequency is 
higher,-making filtering stilleasier. How- 
ever, experience has proved that 1.4 per 
cent ripple is obtained from the 6-phase 
bridge only under ideal conditions. It is 
quite common to find up to 3 per cent 
phase unbalance on 220- or 440-volt 3- 
phase supply lines. There is also the 
possibility of some small difference be- 
tween phases in the resistances of the 
rectifier elements or some small phase un- 
balance in the output of the 6-phase trans- 
former. The result is that while the 
higher frequency ripple components of a 
6-phase bridge may be only 1.4 per cent, 
there is a possibility of a 60-cycle compo- 
nent of as high as 1 or 2 per cent caused by 
phase unbalance. As conservative design 
necessitated a filter capable of reducing a 
3-per-cent phase unbalance to less than 
1-per-cent rms ripple, there seemed to be 
no justification for using anything other 
than the simple 3-phase bridge. A check 
of the filter requirements shows that a 
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filter large enough to reduce the 60-cycle 
phase unbalance will be more than ample 
for the 360-cycle ripple. 

Filter design for a regulated rectifier 
presents the problem of obtaining suffi- 
cient attenuation of 50- or 60-cycle ripple 
voltages when carrying very: heavy d-c 
currents with as low a direct voltage loss 
as possible. Although the electronic con- 
trol will compensate for the d-c drop 
through the filter choke, this voltage drop 
does represent power loss and forces upon 
the saturable reactors a greater control 
range to maintain the output voltage. 
While inductance is obtained from ad- 
ditonal turns, additonal turns mean more 
d-c resistance. A compromise is neces- 
sary. A typical ground power-supply 
filter choke will have a d-c drop of 1 volt 
when carrying 1,000 amperes. Since the 
resistance of the d-c load would be 0.28 
ohm at 100 amperes, the inductance of 
the filter choke does not have to be much 
over 0.002 henry to obtain the required 
alternating voltage divison between the 
choke and the load. By using a choke 
with a nonlinear air gap, it is possible to 
obtain a “swinging” choke effect that will 
give the necessary filtering between ap- 
proximately 100 amperes and full load 
without the use of filter capacitors. 


REMOTE SENSE CIRCUIT 


Even with large d-c cables, the ground 
power currents of 1,000 to 1,500 amperes 
probably will cause a loss of 1 or 2 volts 
in the cables from the ground power unit 
to the airplane. The electronic control 
of the rectifier automatically can correct 
for these drops if the controlling “‘sense’’ 
voltage ts taken from the ground power 
plug at the airplane. To obtain this re- 
mote “‘sense’’ potential, a pair of small 
auxiliary leads must parallel the d-c 
power cables from the rectifier. Con- 
sidering the hard usage ground power 
equipment normally experiences, these 
auxiliary leads could introduce the possi- 
bilities of equipment failure. For ex- 


2.15 SECONDS 
33.5 VOLTS 


Figure 7. Oscillogram of generator power 
supply under actual operating conditions 
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ample, the auxiliary leads could be bro- 
ken,- short-circuited, or reversed. Any 
one of these conditions would feed a false 
signal back to the rectifier. 

The remote sense circuit (Figure 4) is a 
simple arrangement to eliminate these 
possibilities. The potential at the end 
of the d-c power cables is brought back 
by a pair of light auxiliary leads through 
3-ampere fuses to the electronic control. 
A connection also is made from the d-c 
output terminal on the unit through 
small 0.4-ohm resistors to the electronic 
control. Thus, if the auxiliary leads 
should be disconnected or broken or be 
cross connected, causing the 3-ampere 
fuses to blow, the control still will receive 
a signal through the 0.4-ohm resistors. 


ANTIHUNT-RESPONSE TIME 


A glance at the block diagram (Figure 
1) shows that the regulated rectifier cir- 
cuit constitutes a positive feed-back sys- 
tem with the corresponding possibilities 
for hunting. Two major time constants 
are involved—that of the magnetic cir- 
cuit and of the electronic control. Per- 
manent stable operation can be achieved 
by adjusting the resistive values of either 
the magnetic circuit or the control. 

The response time of the unit will be 
governed largely by the time constant 
(L/R) of the d-c saturating circuit of the 
reactors. Since the control cannot antici- 
pate load changes, a variation in loading 
will cause an instantaneous change in 
output voltage. The control immedi- 
ately tries to return the direct voltage to 
its original value by saturating or un- 
saturating the reactors. When the time 
constant is kept well under one second, 
load changes are hardly noticeable 


CONSTRUCTION 


Ground power supplies can be made 
either stationary or mobile. Mobile 
units are the more popular for present 
day flight operations. However, station- 
ary supplies often are found in service 
hangars and if permanent “deplaning’’ 
positions are finally evolved along with a 
movement to eliminate service vehicles 
from the field, the stationary unit will be 
employed further. Remote “‘sensing”’ 
should be especially useful for the sta- 
tionary supply. 

The construction of a mobile 1,000- 
ampere regulated rectifier is shown in 
Figure 8. A 3-point type suspension is 
used with pneumatic tires. The me- 
chanical assembly is dictated by the elec- 
trical sequence. The cart is headed by 
the three reactors which are followed by 
the two power transformers. The second- 
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Figure 8. A 1,000-ampere voltage-regulated 
rectifier 


aries of the transformers feed into the 
selenium rectifier assembled into an air 
duct in the center of the cart. Following 
the rectifiers are the centrifugal blowers 
which pull air through the bottom of the 
cart, up through the selenium cells to be 
exhausted to the rear. For compact de- 
sign, two smaller blowers in tandem have 
been used instead of one large blower. 
The. d-c filter choke is mounted on the 
end of the cart. D-c output terminals 
are mounted under the base plate where 


they are protected from accidental colli- 
sions and short-circuiting. 


PERFORMANCE 


The operating record of regulated recti- 
fiers has been very satisfactory. Mainte- 
nance has been negligible. The selenium 
rectifiers offer indefinite life, while con- 
servative operation of the control vacuum 
tubes makes failures extremely rare. 
The ripple component of between one- 
half and one per cent allows interference- 
free operation of the most sensitive radio 
equipment. Voltage regulation is less 
than one per cent from no load to full 
load. Supply line fluctuations of up to 


ten per cent are compensated for. A 
1,000-ampere unit has provided good 
regulation on loads up to 1,700 amperes. 


Conclusions 


The very large increase in electric loads 
on aircraft now in production and the 
definite trend toward still larger loads 
has made it necessary to review present 
ground power facilities. 

The change to a-c systems in airplanes 
will be gradual with the result that d-c 
systems will continue to be used for some 
time. In view of this, larger d-c ground 
power capacity must be provided by some 
means. The method of doing this will be 
governed to a great extent by the condi- 
tions at the individual fields. Where 
adequate a-c power is available within 
reasonable distance of the field, the best 
long range solution appears to be the 
utilization of this power. The initial 
cost of providing proper a-c power on the 
flight ramp will be more than balanced 
by the flexibility, convenience, and lower 
operation and maintenance cost of units 
such as described in this paper. 
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A Simple and Inexpensive Method 
for Accurately Measuring Steady-State 
and Transient High Voltages 


H. L. LEVINTON 


MEMBER AIEE 


Synopsis: This paper presents a simple 
method for accurately measuring voltages 
present on high-voltage systems during both 
transient and steady-state conditions with- 
out modifying the conditions producing the 
voltage to be measured. An electronic 
amplifier having high input resistance and 
negligible circuit loading provides adequate 
current to operate magnetic oscillograph 
galvanometers (or meters and relays) in 
proportion to the input voltage obtained 
from capacitance voltage dividers. These 
may be transmission line switching-transient 
voltages, voltages across circuit breaker 
contacts, static capacitor transient voltages, 
or neutral displacement voltages. Fre- 
quencies ranging from direct current to a 
hundred or more kilocycles are within the 
capability of the device, although the actual 
value, determined by the indicating or re- 
cording instrument which it actuates, may 
be limited to a few thousand cycles. Limi- 
tations and problems encountered in the use 
of capacitance potential dividers are also 
briefly discussed. 


HIS PAPER presents a solution to a 
problem which has vexed power sys- 
tem engineers for some time, namely, how 
to record accurately voltage on high- 
voltage systems during transient and 
steady-state conditions, particularly 
where the measuring device must not 
modify the conditions producing the 
voltages to be measured and which would 
be considerably less expensive than a 
conventional high-voltage transformer. 
This’ solution to the high-voltage 
measurement problem resulted from diffi- 
culties which the Bonneville Power Ad- 
ministration encountered during 230-kv 
system tests several years ago, particu- 
larly during line-switching tests in which 
restriking occurred. Inaccurate and 
erratic results led to the development of 
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the device covered by this paper which 
had as its immediate objective the 
accurate recording of transient and 
steady-state voltages by electromagnetic 
oscillographs within the accuracy of po- 
tential dividers and the recording ability 
of the oscillographs. The device itself, 
which for clarity will hereafter be termed 
an amplifier, can have almost unlimited 
frequency response range, the records ob- 
tained being limited by the frequency re- 
sponse characteristics of the oscillograph 
galvanometer or recording device. Even 
with conventional oscillograph galvanom- 
eters, results generally will be almost 
as useful and valid as those obtained with 
sealed-tube cathode-ray equipment dur- 
ing system tests because of the compara- 
tively low rate of voltage change en- 
countered as compared with impulse test- 
ing rates of voltage change. 


Methods Used to Measure High 
Voltages 


High voltages on electric power systems 
are measured most commonly by means of 
potential transformers, capacitance po- 
tential devices, and infrequently, voltage 
dividers. 


1. Potential transformers give secondary 
voltages accurately proportional to the pri- 
mary voltage over a wide variation of 
steady-state alternating voltage and are very 
appropriate for normal operating conditions. 
However, they are very expensive in the 
higher voltage ranges, and of greater tech- 
nical importance; they may produce their 
own transients during rapid changes in 
applied voltage. These transients may so 
seriously distort the character and magni- 
tude of the secondary voltage that it does 
not represent the applied primary voltage. 


Levinton—Measuring High Voltages 


Another limitation is that potential trans- 
formers cannot respond, except momentar- 
ily, to direct voltages which may be present, 
such as the trapped charge remaining on a 
transmission line following charging-current 
interruption; potential transformers also 
represent drain paths for such charge condi- 
tions. 

2. Capacitance potential devices!.? are of a 
resonant character and being tuned to func- 
tion over one narrow band of frequencies are 
by their very nature not appropriate for the 
measurement of the range of frequencies 
encountered during high-voltage system 
transients. Although inherently not very 
accurate, potential devices receive wide use 
where their limitations are not troublesome, 
such as in switchboard voltage indication, 
synchronizing service, and in some relay 
applications. 


3. Voltage dividers for high-voltage meas- 
urement often have been considered as be- 
ing more suited to laboratory use than field 
test use, probably because resistance divid- 
ers were considered. For high-voltage 
applications, resistance dividers are usually 
cumbersome and require gréat care to mini- 
mize capacitance effects where alternating 
currents are being measured. However, 
capacitance dividers are comparatively sta- 
ble devices which, when noninductive and 
when having low leakage, are suitable for 
voltage measurement use over a wide range 
of frequencies including direct current. 
Voltage dividers are used with the amplifier 
device covered by this paper; capacitance 
dividers usually being employed for high 
voltages because of their more easy applica- 
tion, although either capacitance or resist- 
ance dividers may be used. Certain pre- 
cautions which are believed necessary when- 
ever capacitance dividers are used will be 
discussed later. 


Figures 1 and 2 illustrate some of the 
points which have been discussed so far. 
Trace 3 of Figure 2 shows a record of a 
trapped charge remaining on a transmis- 
sion line following the interruption of 
charging current without restrike; the 
trapped charge voltage corresponding to 
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Line switching test 


Figure 1. 


Phase A voltage from three sources 


the 60-cycle instantaneous voltage at the 
moment of capacitive current zero, when 
interruption takes place. This record was 
made by an amplifier energized from a 
capacitive voltage divider. The slow 
decay of this record resulted from three 
causes 


1. A high resistance across the grounded 
capacitance unit gave an RC time constant 
of approximately one second. 


2. The 230-kv transmission line leakage. 


3. Capacitance leakage which was negli- 
gible. 


The slight low-frequency oscillation on the 
trapped voltage record was induced by 
another phase as will be explained later. 
Trace 1 in Figure 2 shows the secondary 
voltage of a capacitance potential device 
connected simultaneously to the same 
phase as the amplifier of trace 3. Trace 2 
shows the general form of the secondary 
voltage to be expected from a potential 
transformer when subjected to trapped 
line charges. The potential transformer 
was not connected to the same phase as 
the amplifier used for recording trace 3 
because the potential transformer drains 
the line and modifies the test conditions. 
Not only does the potential transformer 
drain the line, but because of its induct- 
ance it produces line oscillation” because 
of the interchange of energy between the 
line capacitance and the transformer in- 
ductance. This effect on the line is shown 
by trace 3 in Figure 1’ where the low- 
frequency line voltage oscillation is 
shown clearly. This low-frequency oscil- 
lation also appears on the other phases to 
a slight extent by capacitance coupling 
between the line conductors as is shown 
in trace 3 in Figure 2. The three voltage 
traces of Figure 1 were obtained from 
three devices connected to the A-phase 
conductor. Trace 2 is the potential 
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transformer secondary voltage for the 
line condition of trace 3; and trace 1 isa 
record of the output voltage of a capaci- 
tance potential device for the same line 
condition-three entirely different records 
of the same phase-to-ground voltage. 

Summarizing, the true unidirectional 
voltage of the line following the interrup- 
tion of charging current (trace 3, Figure 2) 
is modified by the presence of a potential 
transformer to a low-frequency oscilla- 
tion voltage (trace 3, Figure 1) which the 
potential transformer reproduces as a 
distorted wave (trace 2 in Figures 1 and 2). 
The capacitance potential device output 
voltage records are also incorrect although 
very alike for both the unidirectional line 
voltage condition (trace 1, Figure 2) and 
for the low-frequency oscillatory line 
voltage condition (trace 1, Figure i} 
Furthermore, although no oscillographic 
illustrations are given in this paper, shock 
excitation of potential transformers from 
restriking conditions or from the more 
rapid rates of recovery voltage rise follow- 
ing fault clearance may produce second- 
ary voltage components of higher’ than 
60-cycle frequency because of leakage in- 
ductance and distributed capacitance. 
These components may prove trouble- 
some when investigating generator charac- 
teristics and line reflections. 


Capacitance Potential Dividers 


Capacitance potential dividers were 
chosen for use with the amplifier because 
of their convenience. Without any 
special installation, they are usually 
available in 230-kv switchyards in the 
form of bushing taps, carrier coupling 
capacitors, or even insulator units; when 
not otherwise available, special capaci- 
tance divider installations are installed 
easily. 

All of these installations result in higher 
voltage between ground and the lowest 
voltage point on the divider than can be 
used conveniently, the voltage generally 
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Figure 2. Line switching test showing 
trapped line charge on phase B (trace 3) 


ranging from 3,000 to 30,000 volts. 
Therefore, it is necessary to place supple- 
mental or auxiliary capacitance between 
ground and the tap point to lower the tap 
voltage to ground to a value ranging be- 
tween a few volts and a few hundred 
volts, depending on the nature and pur- 
pose of the installation. Auxiliary capaci- 
tance values range from 10 or 20 micro- 
farads when low tap-to-ground voltage is 
desired to 0.1 microfarad for higher 
values of tap-to-ground voltage. Exact 
values may be obtained from the equa- 
tion 


Cuy—7 ) 
Breda — 
ae as kay Genes 


where Eygy—g is the capacitance divider 
voltage from the high-voltage point to 
ground, Ep_g is the divider voltage 
from the tap point to ground, Cyy_r is 
the divider capacitance from the high- 
voltage point to the tap point, and Cr_¢ 
is the divider capacitance from the tap to 
ground. 

A few comments regarding the charac- 
teristics of the auxiliary capacitors are 
considered pertinent at this time because 
of inaccuracies which they can introduce. 
For high-voltage measurements the capaci- 
tance between the high voltage and tap 
points (Cy_ 7) is so much smaller than the 
tap-to-ground capacitance (Cr— g)that the 
variation of Cp_gover a fairly wide range 
will result in only second order variations 
in the current (I,) through the divider, or 
I, may be said to be determined by 
Cuy_r. Assuming that Cyy—r is a true 
capacitance and that its reactance de- 
creases directly with frequency (X,=1/2 
afC), I, will increase directly with fre- 
quency so long as the voltage magnitude 
remains constant. The tap-to-ground 
voltage (E7_¢), being the product of the 
current and the reactance of the tap-to- 
ground capacitor (I,.Xer—q@), Will be pro- 
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portional to the high voltage only when 
X,r—g decreases directly with frequency. 
However, if X,7 -¢ does not decrease 
directly with frequency for any reason, 
such as changing capacitance of the 
auxiliary capacitor with frequency, volt- 
age proportionality will not be main- 
tained. 

Cylindrically wound foil capacitors are 
believed to display this nonlinear charac- 
teristic even when the ends of the foil 
turns are connected together because pro- 
tective film cutouts connected across 
Cr_¢ set for 20 times Ep at 60 cycles 
have been punctured during rapid rates of 
voltage change on the system such as may 
occur with restriking or following a fault. 
These film-cutout punctures have not 
occurred when parallel plate capacitors 
such as mica capacitors have been used, or 
where the cylindrical foil capacitors have 
been shunted with mica capacitance to 
the point where the mica capacitor itself 
can hold the 60-cycle tap point voltage 
E,;_g« to a value below the film-cutout 
puncture value. The explanation of this 
phenomenon, which the author regards as 
most likely correct, is that the self-induct- 
ance of the foil capacitors forces the large 
instantaneous current value occurring 
during rapid voltage change to the outer 
layers of the cylindrically wound capaci- 
tor, producing a “‘skin effect” which 
momentarily decreases the effective ca- 
pacitance of the auxiliary capacitor, 
thereby raising its X,, which in turn 
raises the tap point voltage E7_¢ to a 
value sufficient to puncture the film cut- 
out even though the high voltage does 
not rise above normal. 

A similar effect, though to a lesser de- 
gree, may -occur with parallel plate 
capacitors. This has not been investi- 
gated due to lack of necessary equipment; 
however, qualitative data indicate that 
the mica capacitors are reasonably free 
of the effect discussed. It is believed that 
those using cathode-ray equipment to 
record very high rates of voltage change 
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Figure 5 (right). Bon- 

neville Power Adminis- 
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Weather resisting cover 
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by means of capacitor voltage dividers 
might well investigate the effects of this 
“skin-effect’” phenomenon on voltage 
measurement accuracy. 

Insofar as magnetic oscillography is 
concerned, the use of mica capacitors or 
mica capacitor shunting of foil capacitors 
is considered adequate~ because the 
effects discussed are far too rapid for the 


_ magnetic oscillograph to follow, and the 


mica capacitors are used merely to safe- 
guard the capacitor installation and to 
prevent film-cutout puncture. 

Returning to the problem of voltage 
measurement with capacitance potential 
dividers and assuming that suitable 
capacitors have been employed so that-the 
tap voltage is proportional to the system 
high voltage, it is desired to record the 
system voltage on a magnetic oscillograph 
for co-ordination with other quantities 
simultaneously recorded or measured. 
Again certain precautions must be ob- 
served. 

When constant voltage is applied to a 
capacitance voltage divider the current 
through the divider will vary with fre- 
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quency since the reactance of a capacitor 
decreases with frequency. Consequently, 
measuring devices requiring current for 
their operation will be supplied with a 
current proportional both to voltage mag- 
nitude and frequency. Therefore such 
devices are considered unsuitable for 


voltage measurement. 

Measuring devices requiring only 
voltage for their operation will respond 
only to voltage magnitude when con- 
nected across a section of a capacitance 
voltage divider because the voltage 
division ratio of a capacitance divider 
remains constant with frequency although 
the current through the divider varies 
with frequency. The presence of re- 
sistance in the measuring device will in- 
troduce both magnitude and angle errors 
in the voltage indications. Analysis of 
the vector diagram of the divider-measur- 


ing circuit shows that the indicated . 


voltage magnitude will be 
ae, 
VR+X? 


of the true voltage of the divider. 


Figure 4. Bonneville Power Administration 
oscillograph amplifier circuit diagram 


Rg- 50 OHMS 

Rg - 125 OHMS 

Rg - 1.0 MEG. 

Ry - 10 OHMS 

R, - 3500 OHMS 15 W 
Ro - 2000 OHMS 5 W 
R3 - 250:OHMS 2W 

Rq - 1000 OHMS 

Rs - 1.0 MEG. 

¢) - 0.1 MFO. 

Co - 0.1 MFD. 

SW, - D.P.ST 

SWp - S.PS.T. 

SWo - SPDT. 

F) - INSTRUMENT FUSE 
Fo - 10 AMPERE 

Lj - INDICATOR LAMP 
L2- INDICATOR LAMP 
VF 223 MALLORY FILTER 
VP 554 MALLORY VIBRAPACK! 
G- PROTECTIVE GAP 


4 


6V 
B BAT 


OSCILLOGRAPH ZERO 
INDICATOR 
(100 MICROAMP METER) 


AIEE TRANSACTIONS 


‘ 
— 


= ae oe 


*~ 
— 


H.V, CONDUCTOR 


H. V. 
BUSHING =~ 


CAPACITANCE 
VOLTAGE 
DIVIDER 


TAP 
FLEXIBLE 
META 
SHIELD 

GROUNDED J 

ae po 

N 
ae 


—— ee 


The angular displacement will be 


Xe 
é=tan-1— 

R 
where R is the resistance of the measuring 
device, X, is the capacitive reactance of 
the divider section across which the 
measuring device is connected, and @ is 
the angle in degrees by which the indi- 
cated voltage leads the true voltage. 

By making R very large compared to 
X, for the lowest a-c frequency to be 
measured, voltage proportionality will be 
obtained with negligible error at the low- 
est a-c frequency to be measured and with 
decreasing error as the frequency be- 
comes higher due to decreasing X,. At 
the same time, if the RC of the circuit (R 
of the measuring device in ohms times the 
capacitance C of the capacitance divider 
section involved in farads) results in a 
time constant of a second or more, the 
rate of exponential decay of the voltage 
of the capacitor section will be slow 
enough to permit reasonably accurate 
determination of direct potentials which 
may be applied to the capacitance di- 
vider. 

An example of the results to be ex- 
pected is the use of a measuring device 
having a resistance R of 1,000,000 ohms 
which shunts a 1.0-microfarad capaci- 
tance divider section C having an X, of 
2,650 ohms at 60 cycles. The voltage in- 
dication will be 


a TREX (true voltage) 
iz 1,000,000 
= ~/(108)2-+-2,650? (true voltage) 


or practically true voltage. The angle 6 
by which the indicated voltage leads the 
true voltage is _ 


Xx, : DE : 
tan~! 2 = taint OT = 0.15 degree 
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Figure 6. Method used to measure system 


high voltage 
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which again cannot be distinguished on the 
ustial oscillogram. The d-c time constant 
RCis 


(1,000,000 ohms) (1X 10~$ farad) = 1.0 
second 


During the time corresponding to one 
cycle on a 60-cycle base (0.0167 second) a 
direct voltage will decay only about one 
percent of its original value. 
Vacuum-tube circuits are readily 
adapted to the conditions indicated and 
provide a flexible means of meeting almost 
any desired operating condition. They 
are the basis of the Bonneville Power 
Administration amplifier, device. Before 
actually proceeding to a discussion of the 
amplifier it may be well to note that it is 
possible to meet the conditions without 
an amplifier if adequate capacitance, 
Cuy_7r, is available between the high- 
voltage bus and the tap point to result in 
a fairly high voltage value across large 
auxiliary capacitors Cr_g between the 
tap and ground.* For these conditions 
sensitive galvanometers in series with 
moderately high values of resistance may 
be connected directly across the auxiliary 
capacitors for voltage measurement. T his 
procedure often results in low deflec- 
tion amplitudes, low-response frequency 
range (due to the use of very sensitive 
galvanometers), limited application be- 
cause of the high value of Cyzy_7 required, 
and time constants so low that direct po- 
tential decay may be too rapid to permit 
accurate measurement across circuit 


_ breakers during opening operations. 


The Amplifier 


Any of a number of vacuum-tube 
circuits may be used for producing rela- 
tively large currents which are propor- 
tional to the voltage obtained from the 
capacitance dividers. These circuits may 
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represent amplifiers, bridges, oscillators, 
modulators, cathode-followers, and so on 
as may be desired, providing they meet 
the requirement of operating over the 
necessary range of frequencies with 
adequate accuracy. 

The Bonneville Power Administration 
device utilizes the amplifier-bridge type of 
circuit shown in Figure 3. This particular 
circuit, developed in January 1944, when 
materials were scarce, was designed to 
operate moderately sensitive magnetic 
oscillograph galvanometers from an am- 
plifier made from available radio parts. 
A further requirement was that the am- 
plifier could be operated from 6-volt 
storage batteries at locations where 
power sources including station batteries 
might be subject to transient voltage 
variations during staged tests. This form 
of amplifier is so simple and has given 
such good results that although a number 
of different designs have been considered, 
several duplicate amplifiers have been . 
constructed for use during tests. 

The bridge action of the circuit is shown 
in Figure 3. One arm of the bridge con- 
sisting of the tube cathod resistor Re, the 
tube internal resistance Ry, the load re- 
sistor R3, and the battery Eg; the second 
arm consists of resistance R; and battery 
E,. With no signal on the tube grid, the 
current through the galvanometer from 
one arm is balanced by the current in the 
other arm through adjustment of resistor 


Figure 7. Auxiliary capacitance box and 
bushing tap fitting 


Figure 8. Three types of bushing tap fitting 
used with the capacitance voltage dividers 
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VOLTAGE DIVIDER 
(BUSHING TAP & AUX. CAP.) 


R, until the galvanometer has zero de- 
flection. The application of a voltage to 
the grid changes the tube resistance, un- 
balances the bridge, and deflects the gal- 
vanometer. Positive signal voltages 
decrease the tube internal resistance and 
negative signal voltages increase the tube 
internal resistance, thereby deflecting the 
galvanometer in opposite directions from 
its null or zero grid voltage position. 

The tube also functions as an amplifier 
in that, while it produces an output cur- 
rent proportional to its grid signal voltage, 
it may be considered as amplifying the 
small signal current in its grid resistor 
R, circuit to a value sufficiently high to 
operate the galvanometer. The galva- 
nometer deflection may be controlled by 
grid voltage adjustment through capaci- 
tance divider proportioning or by replac- 
ing R, with a grid circuit resistance volt- 
age divider. The resistance voltage 
divider method is used in the Bonneville 
. Power Administration amplifier. Com- 
pensation of the resistance divider for 
wiring and tube capacitance effects 
normally is not required due to the com- 
paratively low frequency response limit of 
magnetic galvanometers; however, if fre- 
quencies above 10,000 cycles per second 
are to be recorded, this correction should 
be considered. Where deflection ampli- 
tude is adjusted by capacitance divider 
proportions, frequency effects are not in- 
troduced by the wiring or tube capaci- 
tances if R; is noninductive. 

Figure 4 shows the complete amplifier 
circuit. Type 6F6 pentode tubes are 
used because of their comparative linear- 
ity and insensitiveness to plate voltage 
variation when the screen grid voltage is 
kept constant by the two VR-105 regulat- 
ing tubes. The unby-passed cathode re- 
sistor also adds to the circuit linearity 
through its degenerative feed-back action. 
Two 6F6 tubes in parallel provide a 
linear galvanometer current of 18 milliam- 
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peres direct current which is sufficient to 
give 5.5 inches peak-to-peak deflection to 
a galvanometer having a sensitivity of 
6.5 milliamperes per inch. Larger tubes 
or more in parallel would require larger 
battery power sources and would de- 
crease the general portability of the equip- 
ment. The sensitivity of the amplifier is 
approximately 1.6 galvanometer milli- 
amperes per volt applied to the tube 
grids, 

It should be noted that the vibrator 
voltage supply is insulated from the am- 
plifier chassis except for the l-megohm 
resistor. This is required to prevent 
vibrator “hash” from appearing in the 
oscillograph trace. A separate 6-volt 
storage battery (battery B) energizes the 
vibrator supply, also for “hash” suppres- 
sion. The drain on this battery is approx- 
imately seven amperes with the vibrator 
supply adjusted for its maximum output 
voltage of about 325 volts under load. 
Another 6-volt storage battery (battery 
A) heats the 6F6 tubes and supplies bal- 
ancing voltage for the second bridge arm. 
Separate sets of 6-volt batteries are re- 
quired for each amplifier to eliminate 
vibrator ‘“‘hash.’”’ Similar instantaneous 
polarities of the input and galvanometer 


Figure 10. Meas- 
uring voltage across 


a circuit breaker SHIELD 
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Figure 


Figure 


\ MED: 
600 V. ke 
t COAXIAL 
CABLE 


9A (left). Test circuit for oscillogram of 
Figure 9B 
9B. Bushing E 4) and Ego while disconnecting 


switches are opened (see Figure 9A) 


circuits are indicated by the + marks, 
Figure 5 shows a front view of an amplifier 
with its weather-protective cover open. 
Instruction notes covering the amplifier 
operation are given in the appendix. 


Amplifier Uses and Results 


Figure 6 is a sketch showing the method 
usually employed to connect the amplifier 
to a capacitance voltage divider. The 
auxiliary capacitors and other accessories 
used are housed in a metal weather pro- 
tecting box. Various bushing tap fittings 
may be connected to the auxiliary capaci- 
tance boxes by means of conductors 
shielded from electrostatic fields by 
flexible metal tubing. Heavy ground 
wires are brazed to the two ends of the 
flexible tubing to overcome possible in- 
ductive effects due to the spiraled con- 
struction of the flexible tubing. The 
auxiliary capacitor box construction and 
three types of bushing tap fittings which 
are used are shown in Figures 7 and 8. 

Coaxial-cable circuits between the 
auxiliary capacitor boxes and amplifiers 
are to be preferred since they minimize 
the possibility of electrostatic or electro- 
magnetic effects. However, many suc- 


ca 


CONNECTION 


AIEE TRANSACTIONS 


eo. 


cessful tests have been made using spare 
control cable pairs in underground duct 
runs, only enough coaxial cable being 
used to run from the auxiliary capacitor 
boxes to the breaker control cabinet. 
Separate pairs of conductors were used for 
each voltage circuit with only one ground 
point (the respective auxiliary capacitor 
box) being used for each circuit. 

Although Figure 6 employs a bushing 
tap to form the capacitance voltage 
divider, any capacitors that have ade- 
quate insulation and suitable character- 
istics, as previously discussed, may be 
used; these include carrier-coupling ca- 
pacitors, static-capacitor units, and in- 
sulators. Where capacitor components 
have low values of capacitance and com- 
paratively large area, such as insulator 
units, considerable care must be exercised 
in shielding the divider from other electro- 
static fields in the vicinity. 

An illustration of the results to be ex- 
pected from amplifier-capacitance-volt- 
age-divider combinations is given by 
Figures 9A and 9B. The rectangular 
voltage trace obtained during the dis- 


Figure’ 11. Line-voltage measurement with 

amplifiers during the interruption of line 

charging current of 71 miles of 230-kv trans- 

mission line with extensive circuit breaker re- 
striking 


The rapidity of decay of overvoltages pro 

duced by the restriking and the voltages in- 

duced in other phases by a restriking phase are 
of interest 


connecting switch operation is due to the 
capacitance effect of the short section of 
bus and the oil circuit breaker bushing. 
As the switch first opens, the short bus 
and energized bus are at the same po- 
tential; the short bus having a d-c 
trapped charge corresponding to the 
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crest voltage and the energized bus 
still varying sinusoidally. No current 
flows becatfse at the instant of contact 
separation both bus sections have the 
same potential. A little later the 
energized bus voltage changes due to its 
60-cycle sinusoidal periodicity to the 
point where the difference in potential 
between the busses is sufficient to arc 
over the switch gap or “restrike.”’ The 
voltage of the short bus then changes with 
extreme rapidity, due to its low value of 
capacitance, to the bus voltage during a 
very brief flow of current of high initial 
magnitude. When the short bus reaches 
the voltage of the energized bus (neglect- 
ing high-frequency oscillations which may 
be present) the current flow ceases and the 
short bus again is left with a d-c charge 
until the bus voltage departs sufficiently 
to again break over the switch gap when 
the process is repeated. Since the dis- 
connecting switch is being opened, the 
voltage necessary for its gap breakdown 
increases, as may be seen from the oscillo- 
gram of Figure 9B, until the gap gets long 
enough to withstand the voltage difference 
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between the busses or double-crest volt- 
age. 

Amplifiers are especially convenient for 
measuring the voltage across circuit 
breakers during fault current or line- 
charging current interruption.‘ In this 
service a capacitance voltage divider is 
connected to each side of the circuit 
breaker; these may be made with the 
circuit breaker bushing capacitances. 
Auxiliary capacitance values connected 
between the two tap points and ground 
should be adjusted so that both dividers 
will have the same tap voltage when the 
dividers are energized by the same high 
voltage. An amplifier connected between 
the tap points, as shown in Figure 16, will 
respond to the difference between the two 
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voltages to ground. Due to the large tap- 
to-ground auxiliary capacitance and the 
low tap-to-ground voltage (usually rang- 
ing between 25 and 60 volts depending on 
the installation), no trouble should re- 
sult from the amplifier chassis not being 
metallically grounded. 

Another interesting use for the amplifier 
is the measurement of neutral-to-ground 
transient voltages on ungrounded systems 
or on equipment like ungrounded Y 
static capacitors. An amplifier connected 
to a capacitance divider between the 
neutral point and ground will give quite 
satisfactory performance without affect- 
ing the neutral circuit conditions. For 
this condition the capacitance divider 
should have as small ari effective over-all 
capacitance value as possible; in no case 
should this effective value approach the 
neutral-to-ground capacitance of the 
circuit being measured. If no physical 
neutral exists, three additional matched 
capacitors forming an ungrounded Y con- 
nection to the test circuit can be used to 
form the neutral. 

In all the previous discussion it has 
been assumed that some form of meter 
indication of the steady-state 60-cycle 
voltage is available as an oscillogram 
calibration reference. Where no calibra- 
tion reference voltage is available, either 
the voltage division ratio or capacitance 
value ratio of the voltage divider is 
necessary. The deflection of the oscillo- 
graph galvanometer for a known low 
voltage applied to the amplifier tube grid 
circuit then can be correlated with the 
voltage divider ratio to give a calibration 
corresponding to the high-voltage sys- 
tem. 


- Appendix. Amplifier Operating 


Instruction Notes 


Refer to Figure 4. 
1. Adjust Rp to a value approximating the 
galvanometer circuit resistance and place 
switch C in its T position. 


2. Turn the deflection control Rs to its L 
(zero) position. 


3. Turn the zero adjusting control Ry to 
its mid-position. “4 

A. Close switches A and B and allow at 
least five minutes warm-up time. 


5. Inspect the two VR-105 tubes; they 
should glow steadily. Fluttering indicates 
that battery B may not be charged, defec- 
tive VR-105 tubes, defective vibrator sup- 
ply, or defective 6F6 tubes. 


6. Adjust the zero adjusting control Ra 
and if necessary its series resistor Rg until 
the zero indicator (100-microampere meter) 
indicates zero. 


7. Turn switch C to its zero position to 
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energize the oscillograph galvanometer. 
Readjust the zero adjusting control Ry as 
necessary to return the 100-microampere 
meter to zero. 


8. Slowly turn the deflection control Rs 
toward its H (maximum) position until the 
desired oscillograph deflection is obtained. 


9. Recheck the 100-microampere meter 
zero, adjusting the zero adjusting control 
R4 if necessary. The meter now should be 
removed from the circuit. The zero should 
be checked occasionally during a long test 
and following each time that the amplifier is 
re-energized after being turned off. 


10. Important. Switch C should always be 
placed in its T position before the amplifier 
is turned on or off to prevent possible 
oscillograph galyanometer damage. 


Figures 12 and 13 show two types of 
amplifiers which obviate the need of special 
The static (zero signal) 


balancing voltages. 


TO HIGH VOLTAGE 


| 


COAXIAL 
CABLE 


plate current is kept from the oscillograph 
galvanometer by balancing the plate current 
of one tube against the plate current of the 
other tube. 

In Figure 12 the relative grid-cathode 
voltages of the two tubes are 180 degrees out 
of phase so the oscillograph galvanometer is 
subjected to a difference current whose 
magnitude is proportional to the voltage 
across capacitors C,. Due to the series 


Figure 13. Ampli- 
fier basic circuit num- 


ber 3 
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connection of these capacitors, their value is 
twice as large as in other forms of amplifiers 
without lowering the tap voltage. The RC 
time constant therefore is doubled which 
may be very advantageous for unidirec- 
tional voltage measurement. 

The circuit of Figure 13 is fundamentally 


OSCILLOGRAPH 
GALVANOMETER 


Figure 12. Ampli- 
fier basic circuit num- 


ber 2 


a dual amplifier in which the galvanometer 
responds to the difference between the volt- 
ages to the two grids; the same voltage on 
both grids results in zero deflection. If the 
grids are connected to the bushings on either 
side of a circuit breaker tank, the amplifier 
will respond to the voltage across the circuit 
breaker. De-energizing either grid causes 
the amplifier to respond to the line-to- 
ground voltage of the side of the circuit 


Discussion 


C. J. Tirk (nonmember; Westinghouse Elec- 
tric Corporation, East Pittsburgh, Pa.)? 
The author of this paper is to be congratu- 
lated for his work which demonstrates that 
reliable transient voltage records can be 
obtained directly on magnetic oscillograms 
during high voltage switching operations, 
thus avoiding the necessity in many cases 
of a more expensive cathode-ray-oscillograph 
setup. 

The usefulness of this method of amplify- 
ing the voltage available at the potential 
top of high-voltage circuit breaker bushings 
may be improved if an output at the oscillo- 
graph of 100 milliamperes or more can be 
obtained so that standard galvanometers 
with their higher frequency response may be 
used instead of sensitive or supersensitive 
elements. A standard galvanometer with a 
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breaker energizing the other grid. A 
points X and Y additional galvanometers 
may be connected in the same manner as in 
the amplifier of Figure 4. If this is done, 
one amplifier can operate three oscillograph 
galvanometers for recording the line-side 
voltage, the bus-side voltage, and the volt- 
age across the circuit breaker. 

Any number of similar circuits or their 
combinations can be developed, each having 
features which may be advantageous to the 
user. In most circuits of these types, care 
must be taken to provide a sufficient number 
of adjustable circuit elements so that not 
only can the zero signal tube currents be 
balanced out to give zero galvanometer de- 
flection, but the same value of high voltage 
should give the same galvanometer deflec- 
tion irrespective of the capacitance-divider- 
tube combination to which it may be 
applied. 
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sensitivity of 150 milliamperes per inch has a 
flat response to as high as 3,000 cycles per 
second, dropping to 60 per cent at 5,000 
cycles per second. 

The author may be interested in a new d-c 
amplifier circuit which has proved very 
satisfactory for this type of recording. 
Special advantages in addition to the in- 
creased output include a very high input 
impedance of 10 megohms to increase the 
time constant of the capacitance potential 
divider circuit, and also an arrangement for 
two inputs when voltage is being measured 
for instance, directly across a circuit breaker. 

The circuit is shown in Figure 1 of this 
discussion. Each of the vacuum tubes 
used is essentially two tubes in one envelope. 
The first 6S.N7 is used as a cathode follower 
with a high input impedance but no ampli- 
fication. The third stage likewise is used as 
a cathode follower with the oscillograph 
galvanometer connected across the cathodes. 
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Thus all of the actual amplification is done 
in the second stage. 

For convenience in field testing, all tubes 
are arranged to operate at the same plate 
voltage supply of 125 volts direct current, 
which is usually available from a station 
battery or generator. The filaments are 
operated from a standard 110-volt a-c 
source, while long-life dry batteries are used 
for the 135-volt d-c bias. 

The frequency response for this amplifier 
is flat to 8,000 cycles per second with a rise of 
about ten per cent at 20,000 cycles per sec- 
ond. With 5 volts d-cinput the output was 
linear over a range of —5 to +5 volts and 
—115 to +115 milliamperes. Magnetic 
oscillograph records of recovery voltage 
oscillations of 3,000 cycles per second during 
circuit breaker tests, using coaxial cable 
from a 115-kv bushing potential tap to the 
amplifier, showed excellent agreement with 
a cold cathode ray oscillograph connected 
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to a large capacitor divider on the same high 
voltage circuit. 

Doctors W. M. Leeds and W. M. Bru- 
baker provided helpful suggestions in con- 
nection with the design and application of 
this amplifier. 


H. L. Levinton: The adoption of sugges- 
tions presented in my paper and corrobora- 
tion of results obtainable by an oscillo- 
grapher with Tirk’s experience are indeed 
gratifying. 

Tirk demonstrates the circuit simplicity 
obtainable for any specific need. His use of 
dual tubes results in equipment compact- 
ness and more balanced aging and thermal 
effects. The use of the station battery for 
plate voltage supply may introduce some 
error in results during field tests due to plate 
voltage changes during heavy battery dis- 
charge periods occurring with some circuit 
breaker operations. The use of alternating 
current for tube heating purposes also may 
affect results where tests modify the station 
a-c service. Improved results and greater 
simplicity should result from powering the 
entire device from alternating current using 
conventional plate supply rectifiers and 
filters. Supply power could be obtained 
from any auxiliary a-c source such as clock 
bus or carrier-current emergency supply 
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equipment often included as station accesso- 
ries. This arrangement also would elimi- 
nate the need of the bias supply battery. 

In closing, I wish to stress that any num- 
ber of simple circuits or circuit combinations 
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D-c amplifier for magnetic oscillo- 
graph 


Figure 1. 


amay be developed for supplying measuring 


or control equipment with low voltages 
which accurately represent the steady-state 
and transient high voltages encountered on 
electric power systems. 
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The ‘Copperspun’’ 


Squirrel Cage Rotor 


G.R. ANDERSON 


MEMBER AIEE 


HE NAME “COPPERSPUN” de- 
T scribes a one-piece squirrel cage rotor 
cast of copper by a centrifugal process. 
The purpose of this paper is to describe 
briefly the method of fabrication and re- 
sults obtained. 

The original invention of the induction 
motor was a major factor in the early 
change from direct to alternating current. 
Since that time the squirrel cage type of 
induction motor has passed through a 
natural evolutionary development. This 
particularly applies to the design, con- 
struction, and manufacturing technique 
of the squirrel cage winding. 

The squirrel cage is the simplest of all 
windings, yet it must carry many thou- 
sands of amperes at low voltage and must 
be rugged in construction for both 
mechanical and electrical reasons. 


Many different types of rotor construc- - 


tions have been used through the years; 
some of the earlier types were designed 
with rotor bars soldered to circular end 
rings. Some rotors were made with bars 
bent and riveted together on each end. 
One type of rotor was a modified cast 
en bloc design in which copper bars were 
inserted in the rotor slots and the end ring 
cast around the extension of each bar. 
Other types of rotors using copper or cop- 
per alloys employ rolled bars, brazed with 
bronze or silver, soldered to brass or cop- 
per end rings, 


ee 


Figure 1 
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One-piece cast en bloc squirrel cage 
windings have been in production for over 
25 years. Several different methods of 
casting one-piece rotors are in use, such as 
gravity casting, pressure casting of one 
form or another, and centrifugal casting. 
The majority of rotors built by these 
methods used aluminum or low tempera- 
ture alloy metals. The use of copper and 
copper base alloys in the one-piece en bloc 
rotors has been produced successfully only 
in the last few years. 

There is no question regarding the prin- 
ciple that the one-piece cast en bloc rotor 
is the ideal construction. Limitations in 
its use have been entirely because of ma- 
terials or manufacturing processing prob- 
lems. 


YY 


Figure 2 


A. ee for Copperspun rotors 
B. Equivalent punching for cast aluminum 
rotors 
The magnetic flux density at X is approximately 
30 per cent lower than at X’ 
The magnetic flux density at Y is approximately 
12 per cent lower than at Y’ 


A. Typical double 
cage slot for Copper- 
spun rotors 
B. Equivalent double 
cage slot for cast alumi- 
num rotors 
The magnetic flux den- 
sity at X is approximately 
35 per cent lower than 
at X’ 

The magnetic flux den- 
sity at Y is approximately 
20 per cent lower than 


at Y’ 
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Aluminum or white metal alloys have - 
been used for one-piece squirrel cage 
windings with a variety of processing 
methods since the difficulties in manu- 
facture were not unduly restrictive with 
low melting point metals. These proc- 
esses, however, do not all produce the 
maximum in physical characteristics or 
electric conductivity. 

Centrifugal casting is a preferred proc- 
ess from the standpoint of grain structure 
and casting porosity. This is verified by 
the improvements that have been made 
in centrifugal casting of iron and steel 
such as the brake drums for automobiles 
to obtain a tough long wearing structure. 
The successful centrifugal casting of high 
temperature metal such as copper or cop- 
per alloys has been the result of the solu- 
tion of a number of manufacturing prob- 
lems involving the following basic require- 
ments: 


1. The laminated cores must be stacked 
and held under pressure in order to produce 
satisfactory slot recesses for the squirrel 
cage winding. 


2. Casting pressures must be sufficiently 
high to produce a dense nonporous structure 
of high conductivity and high strength. 
One. of the advantages of centrifugal casting 
is the fact that pressure is controlled easily 
by adjustment of speed. 


3. In the technique of casting, the copper 
must remain fluid a sufficient length of time 
to permit all recesses in the mold structure 
to be filled properly. 


4. The design of the winding structure 
should be such that where change in section 
occurs, fillets should be used to avoid stress 


‘concentration. 


5. There must be complete absence of fu- 
sion between copper and steel; otherwise 
there will be an alloying action between 
these elements that will cause a reduction 
of conductivity. 


In actual practice, compression of rotor 
laminations during processing may be ob- 
tained by several methods. One method 
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Figure 3. A finished Copperspun rotor prior 
to assembly on shaft 


in successful use employs air pressure 
against both ends of the assembled core, 
the pressure being maintained while the 
core is spun during casting. Another 
method employs centrifugal action to pro- 
duce a positive pressure against the core 
during casting. 

When centrifugal casting is used to ob- 
tain high density and ductile casting 
structures, the only limitation in the de- 
veloped pressure is the maximum speed at 
which the structure can be rotated. In 
actual practice, copperspun rotors are 
produced with centrifugal casting speeds 
running as high as 4,000 rpm. 

Maintenance of fluidity of metal for a 
sufficient length of time to fill completely 
all recesses in the rotor and mold structure 
is obtained by maintaining balanced tem- 
peratures between the various parts of the 
metal and mold structures. Molten cop- 
per at a given temperature requires a tem- 
perature relationship between the core 
and mold surfaces, in which the copper 
comes in contact, of a degree which will 
permit the copper to remain a fluid only 
for a sufficient length of time to fill com- 
pletely all recesses in structure. 

The use of high frequency induction 
furnaces for melting copper has been an 


excellent vehicle for the control of metal 
temperatures and maintenance of chemi- 
cal purity. Automatic devices in general 
industry use provide satisfactory control 
for core and mold temperatures to create 
the necessary balance for successful cast- 
ing. 

The shrinkage allowances for cast cop- 
per, thermal expansion, and modulus of 
elasticity all favor the use of copper over 
aluminum. As a result the problem of 
shrinkage and stress concentricity in the 
1-piece copper rotor is much less pro- 
nounced even though casting tempera- 
tures are practically doubled. Rotors 
should be designed with large fillet radii 
between the bars and end rings to give 
maximum ruggedness and strength. The 
high conductivity of the copper rotor with 
the resultant increase of magnetic sec- 
tions gives greater freedom in the design 
and shape of the rotor slot. 

The requirement for momentary fluid- 
ity in cast en bloc structures accentuates 
the possibility of fusion between steel and 
copper with the ultimate detriment to 
electrical characteristics of the copper 
windings. Thus, means must be pro- 
vided for the prevention of fusion and 
pickup of chemical impurities. This is 
accomplished by sinterizing a silicate sur- 
face to the laminated core and by design- 
ing the molds with nonferrous surfaces 
that come in direct contact with the mol- 
ten metal. This is particularly impor- 
tant where there is a flow of metal over 
the surface. The attainment in the con- 
trol of fusion in the Copperspun rotor is 
evidenced by the fact that conductivity of 
the order of 90 per cent that of pure cop- 
per is obtained in the cast structure. 


Fiaure 5 (right). The 
copper - squirrel cage 
winding disassembled 


from the magnetic core, 
illustrating absence of 
fusion 


This is nearly twice the conductivity of 
the purest aluminum. 

High slip squirrel cage rotors, such as 
required for hoist and elevator motors, 
are fabricated the same as pure copper 
rotors, by the addition of alloying ele- 
ments. Alloying is made in separate cru- 
cibles where quantity runs warrant or it 
may be accomplished for an individual 
casting operation by the addition of the 
necessary alloy agent prior to actually 
pouring. Experience has proved that the 
fabrication of a copper alloy rotor offers 
no particular complication and that con- 
ductivity can be controlled through a 
wide range with a single alloying agent. 

The advantage in the use of copper for 
1-piece squirrel cage rotors is apparent 
from the following metallurgical data: 


Plus features in Copperspun rotor 
Melting point of copper, degrees Fahren- 


TELE SS oe eps 1,900—2,000 
Melting point of aluminum, degrees Fahren- 
| Ves hope ot ener er pe Mire © EG Gee he OS 1,100—1,200 
Thermal conductivity Copper is 
Ol COPPEL agate cc See 100 twice as 
Thermal conductivity good a con- 
of aluminum*........ 52 ductor of 
Electrical conductiv- heat. and 
ity of copper......... 100 electricity 
Electrical conductiv- 56to]} as  alumi- 
ity of aluminum*.... 59° num 


Thermal expansion per degree centigrade: 


Note nearly 2-to-1 


Aluminum. .0.000024 
Steels... 55. 0.000013 


compared with steel 
with which it is 
combined in a rotor. 


* Copper... 5: 0-opo024 com for aluminum 


Modulus of elasticity (pounds per square 
inch): 

Cop petpmmns anasto reis 16,000,000 

I Nithbaabbayshiile sig oc MB oboe cane oO 10,000,000 


Nan ee ee SS 
*Expressed in per cent of same properties of copper. 
* 


Figure 4. A  Copperspun rotor in three 
stages of process: prior to casting, after cast- 
ing, and rough machined 
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Strength of cast copper: 


Tension. sane oer 22,000 to 25,000 pounds 
per square inch 
Compression....... 40,000 to 60,000 pounds 


per square inch 


Strength of cast aluminum: 

Pensiote eee ales 12,000 to 15,000 pounds 
per square inch 

Compression....... 12,000 pounds per 
square inch 


(From pages 559 and 560, ‘‘Standard Hand- 
book for Electrical Engineers.’’) 


The use of copper in 1-piece squirrel 
cage rotors not only provides a rotor of 
high mechanical strength but the high 
conductivity that is obtained permits the 
designer a greater freedom in choice of 
the electromagnetic circuit. Aluminum 
is not used in the stator because this would 
require slots nearly twice as large as those 
necessary for copper wire. By the same 
token, the slots and bars of the rotor can 
be considerably smaller with a resultant 
low magnetic density in the teeth and 
core of the rotor. This is more important 
in the design of Boucherot or double cage 
rotors. The high fluidity of copper per- 
mits a narrower neck in the slot between 
the outer and inner cages. This narrow 
neck in turn results in a reduction in the 
distance between the two cages; in other 
words, the lower cage can be brought 
‘nearer to the surface of the rotor. Asa 
result of the reduction in slot space of the 
inner cage, it is possible to obtain im- 
proved speed-torque characteristics with- 
out the necessity of resorting to devices 
such as criss-crossed rotor slots. Figures 
1 and 2 illustrate comparative slot sizes 
and shapes used for aluminum and copper 
rotors. 

The high conductivity of the Copper- 
spun rotor is also a factor in obtaining re- 
duced stray load losses:**Phe selection of 
slot combination is, of course, one of the 
major factors in control of stray losses, 
but since the use of high conductivity ma- 
terial permits a maximum freedom of de- 
sign, the shape and number of slots can be 
selected to best advantage. Further, 
stray load losses due to surface currents in 
the squirrel cage winding are reduced in 
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proportion to the increase in conductivity. 
It is possible to design the mold and 
casting structure to provide fans cast 


integral with the rotor. This is a general 
practice with aluminum rotors. The 
Copperspun rotor, however, is equipped 
with separately mounted fans. This per- 
mits complete over-all machining of the 
rotor and provides improved means for 
checking the quality of production and 
improving the dynamic balance of the 
finished product. 

The performance record of the Copper- 
spun rotor has been proved in service of 
the severest nature. One particular ex- 
ample is its application to reversing duty 
where rotor troubles are largely predomi- 
nant. The slightly higher weight of cop- 
per is more than offset by the increase in 
ruggedness and strength and the ability 
to withstand higher rotor temperatures. 
Further, the inertia of the rotor which is a 
major factor in the application of motors 
to reversing service is more dependent on 
the diameter of the rotor than on the 
weight since the inertia is proportioned to 
WR? which means that a reduction in di- 


Anderson—‘‘Copperspun”’ Squirrel Cage Rotor 


Figure 6. Centrifugally casting a Copperspun 
rotor 


ameter to obtain lower inertia is much 
more important than any slight reduction 
in weight. 

The salient features of the Copperspun 
rotor can be summarized briefly as fol- 
lows: 


1. A high strength rotor with a dense and 
ductile 1-piece copper squirrel cage winding. 


2. A rotor winding with a high melting 
point and no joitts. 


3. A rotor winding with low coefficient of 
expansion. ‘ 

4. A rotor winding of high conductivity 
(90 per cent with nonalloyed copper). 


5. A rotor winding of low porosity centrifu- 
gally cast. 


6. A true running rotor, finished machined 
dynamically balanced. 


- No Discussion 
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Calculation of Slot Constants 
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Brief History 


OWARD the close of the last century 

the need arose to predict the regula- 
tion of alternators, the performance of 
induction motors, and the commutation 
of d-c machines. By 1900, two general 
approaches to the theory of the induction 
motor had appeared: the idea of leakage 
reactances due to Gisbert Kapp and C. P. 
Steinmetz; and the idea of leakage fac- 
tors used by Andre Blondel, and Alex- 
ander Heyland about 1894. Blondel de- 
fined it as 


magnetizing current 


magnetizing current+ circle diameter 
while Heyland defined it as 


magnetizing current 


circle diameter 


Because of this some care is necessary in 
applying them. Behrend gave his for- 
mula in 1896 

CA 
p pilpete 

ue 
More elaborate forms were given by 
H. M. Hobart, H. Behn-Eschenburg, 
Cc. A. Adams, A. S. McAllister, R. M. 
Hellmund, F. M. Kierstead and others 
mostly by 1907. The concepts of slot, 
end-connection, zigzag and differential 
leakage all appeared by 1904 and are 
still in use. 

Formulas for leakage reactance were 
given by Adams, Arnold, and La Cour, 
McAllister, I. E. Hansen, and others 
before 1909. Henri Boy de La Tour, 
for example, gave the present standard 
formula for the slot leakage in rectan- 
gular slots prior to 1906. An extensive 
study was’ published by Rezelman of 
Belgium at the time of World War I. 
P. L. Alger in 1928 gave what is probably 
the last American effort in wide use. 
Others since then have studied more 
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special cases and done further work on 
differential leakage. Some rather com- 
prehensive work was published by M. M. 
Liwschitz during the last few years. 
H. M. Norman in 1934 studied the effect 
of saturation in tooth tops, tooth tips 
and slot bridges. 

Hobart, from measurements on models 
about 1904, established values for the 
leakage flux around the embedded and 
free lengths. These were 4 and- 0.8 
lines per ampere-conductor per centi- 
meter, respectively, for a depth to width 
ratio of about 3.5. They were used for 
calculating alternator regulation and 
commutation in d-c machines. Arnold 


and La Cour in Germany gave formulas 


for the inductance of short-circuited 
coils in d-c machines at an early date, 
and C. C. Hawkins of England published 
an extensive serial in the Electrical World 
during 1903-04. The present paper 
focuses attention on slot leakage. The 
emphasis will be on induction motors.’ 


Basic Assumptions 


All formulas for the slot constant in 
current use are based on the assumption 
that the principle of superposition applies ; 
that reluctance of iron is negligible; that 
conductors are very fine, in series, with 
zero skin effect; and that the slot leak- 
age fluxes pass across the slot in parallel 
straight lines. The Field brothers, A. 
B. and M. B., in 1905 and 1906, R. E. 
Gilman in 1920, W. V. Lyon in 1921, 
Putman in 1927, and others gave formulas 
for the effective resistance and leakage 
reactance of various conductor arrange- 


. ments when skin effect is present, all 


on the assumption that the slot leakage 
fluxes go straight across the slot. How- 
ever, E. Roth in 1927, and B. L. Robert- 
son and L. A. Terry in 1929, studied the 
problem with the aid of the La Place and 
Poisson partial differential equations of 
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mathematical physics on the assumption 
of one and two solid conductors in a slot, 
with zero skin effect. This method shows 
that the leakage fluxes in general do not 
cross the slot in straight lines and that 
the conventional method gives results 
for rectangular slots which are about 
four per cent low with the proportions 
they used. No one seems to have ap- 
plied this process to other slot or con- 
ductor shapes or when skin effect is 
present. Of course, at least for the 
smaller machines and for routine cal- 


‘culations on all sizes, such elaborate 


methods are too unwieldly. Adams in 
1907, Alger in 1928, and Liwschitz in 
1934 gave formulas for the slot factor 
in the case where the two layers in a 
rectangular slot carry currents which 
are not in phase, as in fractional pitch 
windings. The present paper gives the 
formulas for the slot constant on the 
conventional basis for most ordinary 
slot shapes. Those for elliptical, and 
rectangular or trapezoidal slots with 
one or both ends of semicircular shape 
seem to be new. All are based on the 
assumption of zero saturation, no skin 
effect, and that the leakage fluxes cross 
the slot in parallel straight lines. 


Resulting Limitations 


Because of the points indicated in the 
previous paragraph, the conventional 
method is incapable of giving perfect 
accuracy. Therefore, not too much 
should be expected from it. Only when 
circumstances demand, should specifica- 
tions call for very close tolerances. 
When these are required the conventional 
method must be supplemented by experi- 
ment, the results of skin effect must be 
taken into account, or more precise 
methods of calculation used if and when 
these become available. However, be- 
cause of its simplicity the conventional 


Paper 47-208, recommended by the AIEE commit- 
tee on rotating machinery and approved by the 
AIEE technical program committee for presenta- 
tion at the AIEE Middle Eastern District meeting, 
Dayton, Ohio, September 23-25, 1947. Manu- 
script submitted May 23, 1947; made available for 
printing August 11, 1947. 


A. F. PucusTern is consulting engineer with the 
Jeffrey Manufacturing Company, Columbus, Ohio. 
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method is extremely useful and has en- 
joyed wide use. 


Example of the Integrations Used 


To indicate the manner in which the 
formulas are obtained and to give some 
facility in their interpretation and use, 
the derivation for the case of a simple 
rectangular slot will be given in detail. 
For the other slot shapes and their vari- 
ous geometrical parts the process is 
similar, the principal difference being 
in the expressions for the permeance of 
the elementary leakage flux path, and 
the area in the slot below such path. 

Referring to Figure 1a, with the 
previous assumptions, magnetomotive 
force acting at any point y in filled part 


F=0.4rIn Xarea below path 
=0.4rInay - 
n=turns per unit of slot area 


permeance of elementary path at any 
point y 

area 

length 

_1Xdy 

be36 


elementary flux across slot at any point y 


d¢= Fd? 
=0.4rInydy 


turns interlinked with elementary flux at 
any point y 


=n Xarea below path 
=nay 


interlinkages with elementary flux at y 


= Nd 
=0.4rIn?ay"dy 


or for the filled part of the slot 
No=0.44In2a J 0’ y?dy 
$3 
=0.4rIn?a— 
3 


Next, replace » by N/ab then this be- 
comes 


N? ODS 
(N¢):=0. Aalaa? 5 rag 


=0.4rI N? kc (1) 
3a 


This sets the pattern for the filled part, 
which will be followed throughout for 
the other slot shapes. 

Similarly for the empty part b; 


N¢o=0.4rIn?ab*b; 
o=50P 
=0.4rInbh; 


or replacing n by N/ab 


(No)2=0.4aI <Xab, 


=0.40I N? x2 (2) 
a 


Figure 1. Rectangular 
slot shapes 


(a). Partly closed slot 
(b). Open slot 


(c). Semicircular ends 


(a) 


This sets the pattern for the unfilled 
parts. 

Noting that b; is the vertical height 
and a the width, by analogy we can 
write at once for the interlinkages of the 


tapered part 
a ‘) 
2 


= 0.4eIN?*X— 
; ate 


(No) 30.441 N? X7—~ ( 


(3) 


though this is approximate. A more exact 
expression for the tapered part is given 
later. 

And finally, for the interlinkages due 
to the slot opening 


(No).=04e10*X* - (4) 


The interlinkages for the whole slot 
then equal the sum, 


uw by 2c 42) (5) 


ng=o.4ern < 
ate 


The part in the parenthesis is called the 
slot constant and is designated by Ks. 
In the following work no separate symbol 
will be used when considering only the 
filled parts of a slot. In such cases the 
values for the .unfilled parts must be 


added to get the value for the whole slot.. 


For small air gaps, as in induction motors, 
the leakage flux from tooth top to tooth 
top around opening e is negligible, but 
for synchronous and d-c machines where 
large air gaps are used it is necessary 
to take it into account. Expressions 
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-it takes place in the slots. 


for this have been given by Arnold, 
Lamme, Liwschitz, and others. (This 
is not the customary zigzag leakage flux 
of induction motor theory.) 

Knowing the interlinkages per slot, 
the slot leakage inductance is 


or for the phase as a whole 


slots in series per phase 


Ls=L, 
! % branches in parallel per phase 


Outline of Usual Method for . 
Calculating Leakage Reactance 


If 


Lz=leakage inductance per phase due to 
the end connections 

Lzz=leakage inductance per phase due to 
the zigzag flux 

Lp=leakage inductance per phed due to 
the differential flux 


then the leakage reactance per phase for 
the stator is 


v1 =2nf (Lg tLeat+LzatLp) (7) 


A similar expression with Lp=0 applies 
to the rotor. The leakage reactance X 
usually is taken as the sum %+%2 
because we do not yet have precise 
methods of calculation. 

The actual relation is less simple than 
this. Different writers treat the cal- 
culation of X in different ways. All 
calculate (in effect) Lg, and Lg, for stator 
and rotor respectively. Some calculate 
Ly separately for stator and rotor, others 
charge all of it to the stator. The same 
is true of Lzz. The differential leakage 
Lp practically always is charged to the 
stator.- Only Lg is discussed in this 
paper. Nearly all writers ignore mutual 
inductance between phases, except when 
This is gen- 
erally permissible. 
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Effects of Tooth Saturation 


Except for the work of Norman, so 
far as known, little precise information 
is available. He gave a method for cal- 
culating the ratios of zigzag and slot 
reactances when saturation is present to 
the values they have when saturation is 
absent, In locked rotor tests, some use 
voltages low enough so that the currents 
are not too much above rated. Liw- 
schitz-Garik and Whipple on pages 213 
and 214 of their volume 2 gave some 
data which indicates that the locked rotor 
impedance of ‘a 600-horsepower 6-pole 
motor with squirrel-cage rotor is about 
4.42 ohms to neutral at 500 line volts, and 
3.71 at 1,500 volts, while values for a 75- 
horsepower 500-volt 106-ampere 10-pole 
50-cycle motor were about 0.58 ohm per 
phase at 106 amperes on 107 volts, 
and 0.37 ohm at 770 amperes on 500 volts. 
Norman’s example shows a locked cur- 
rent about 35 per cent higher than that 
indicated by the usual method. This 
was in a 7.5-horsepower 440-volt 1,800- 
rpm 60-cycle motor. 


When Stator Slot Shapes 
Are Unequal 


It occasionally happens that motors 
are built with slots of unequal shape and 


Kgs FOR CIRCLE 
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30 45 60 75 90 105 120 135 150 165 180 210 
; e; 


size. In such cases it is of assistance to 
have a way to obtain the resulting inter- 
linkages in a more precise way than just 
estimating it. However, this is not to 
be despised. 

The total interlinkages due to the slot 
leakage of a phase path are equal to 


0.421.) (NntK on) (8) 


m=1 


From this the leakage reactance can be 
found as before. 


Slot Constants for 
Various Slot Shapes 


For CIRCULAR SLOTS 

Figure 2 shows the slot constant repre- 
sented by the filled and unfilled parts of 
circular slots, together with their sum, 
all plotted as functions of the angle 4. 
Curve A is for the filled part alone, for 
which 


Ks = 
6:3 0; sin 261 6; cos 26; sin 46, 
3.8 4 2 32 


(9) 


in 26. 
Arar ) 


=area in filled part-of circle 


Figure 2. Circular 
and elliptical slot 
shapes 


A—Slot constant for 
filled part 
B—Slot constant for 
empty part 
C—Sum of curves 
A and B 
For the ellipse, mul- 
tiply all values by 
b/a 
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For the unfilled part 


(10) 


If the slot is full, 6, and @, both equal + 
and then K,.=0. Curve B in figure 2 
shows K,, as a function of 6; if 4: is con- 
sidered as equal to m. Curve C is the 
sum of curves A and B. To this must 
be added the part d/e for the tooth tips. 
The complete expression for the slot 
constant of the partly full slot then is 


d 
Ky=KatKat = (11) 


and for the full slot 


Roe 


d 
=0, = 12 
eae rhe 0.623-+- (12) 


When any of the slot constants, as TE 
or Ky, say, are written without a prime 
mark, it means that the slot is empty 
in the sections above the one indicated 
by the subscript and that the value 
represented is that due to the leakage flux 
which crosses the wound section desig- 
nated by the subscript (this part of the 
leakage flux interlinks with all conduc- 
tors in sections below the one considered). 
When written with a prime mark, as 
K,,'or Ky’, it means that some additional 
sections above it contain wire and that 
each of the primed values must be multi- 
plied by a reduction factor before taking 
the sum to find the slot constant for the 
slot as a whole. The details for this 
are given at appropriate points. 

Since the actual value of K, is somewhat 
higher (assuming no saturation) than 
that given by the standard assumption 
of a straight path across the slot, some 
writers have replaced the 0.623 by 0.66 
(Liwschitz) or by 2/3, so far as known, 
without explanation. In this and other 
cases where the walls are curved, one 
would expect this increase to be some- 
what greater than the 1/0.96 suggested 
by Stevenson and Terry. 


For ELLirTIcaL SLOTS 


The values read from curves A, B, and 
Cin Figure 2 apply if they are each multi- 
plied by 6/a, where b=half-diameter 
of ellipse at its vertical (usually the 
major) axis and a=that at its horizontal 
(usually the minor) axis. Then if the 
slot is partly full 


b d 
K,=-(Kat Ka) +7 (13) 
and if it is completely filled, 


K, =0.623 ore (14) 
a é 


1.3 


1.8 yi 22 2.8 
a3 
a2 
Figure 3. Curve for trapezoidal slots 


The ellipse may be constructed graphi- 
cally as shown, by making its horizontal 
width at any level equal to a/b times that 
of its major circle; by plotting it from 
its equation 


x? yy? 
a? bt 
or approximately by the method using 


arcs with two different radii. Still 
other methods are available. 


For RECTANGULAR SLOTS 


The value of K, most commonly 
used is that from equation 5 


be bye 267 ad 
Ks= Hgtloach 


3a a 
For the sloping parts, as the section of 
height c, it is more accurate when a is 
several times larger than e to take for the 
third term on the right in equation 15 


(15) 


(16) 


and similarly for the unfilled part by 
when the taper is large. 

If the upper part of the slot is an un- 
filled semicircle, the third term on the 
right in equation 15 has the value 
27/4, from equation 10. Liwschitz 
writes for this term, in our notation, 


1 e\? 
— gin—1l =| — 

3 sin { 1 (‘) 
For the slot in Figure 1b, Lamme gave in 


1911 


_ 2.67d+4a-+t 
— 
4s 


(17) 


(18) 
If the bottom of the slot is circular, and 


1318 


3.0 


it is filled with wire, K, can be found 
from Figure 4, as 


CL 
Gartaaale 


Figure 4 was taken from a paper by P. H. 
Trickey and extrapolated slightly. 

If the slot has semicircular ends as in 
Figure lc, it is convenient to divide the 
total area into the six parts indicated by 
the numerals in the small circles. Here 
the spaces 5 and 6 may be empty; or 
also 3, 4, and 5 if the slot is filled only 
to level y. In the latter case 4 is con- 
sidered as zero and the whole semicircle 


as space 5. This general idea is used also 
in other similar cases. 
K,,’ is obtained from equation 9 or 
Figure 2. 
1 
3 a*y3+ A ,ay?+A;"y (19) 
Ko=———— 
* a(ay+A;)? 
where 
A ne! r (20) 
15 


When the lower half circle is absent its 
area A,=0 and then 


1 

ean 

ae ae (21) 
a a(ay)? 3a 
For 3 

ke 
“== (22) 


This is zero if the slot is filled up to or 
beyond the rectangular part. 


For 4 
a= 
Pipe eet) 
6 see 28 4.82 " ad | 
2(Ai+As+Aj)? (23) 
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Figure 4. Curves for trapezoidal slots with 
semicircular bottom 


where 


E means the value for 6=6, minus the 
6, value for 0=6; 


TT 
6, ae and 6.=7 or slightly less as indicated 


1 
A,=area of lower half SE ae 


As =ah 
A,=area of filled part 4 


(24) 


If the slot, including the upper circle, 
is completely full, equation 23 becomes 


Ky= 
3 z nS 2 473 
ws Agr A,2 . w 1A2 
ES mie tg ee 
2(ah-+ar?)?2 


with K,, and K,, both zero. 
For unfilled part 5 of the upper circle, 
from equation 10, 


02— 0; 


Ks; = 2 


(26) 


If upper circle is completely empty Ks w= 0 
and then 


(27) 


or from equation iy 


"| 2 
Ka=5sin™ 4:-(5) 
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Slot constant when slot is completely 


full 


Meek (aie V+ 
SU NA+ At As 


AitA2 \? d 
LS Kgyt+- 29 
Ke (at4,)+ Sua (29) 


Where A, and A, each equal (1/2)zr’, 
A,=ah with A; and A; both zero. 

When spaces 1, 2, 3, and 4 are full with 
5 empty 


A ‘ 
Rega Re) soe 
Cae 


A,+As y 
Rae ees at 
Ges oa 
0.—6; d 


(30) 


where A, and A, have the values under 
equation 29, and A, has the value from 
equation 24. 

When spaces 1 and 2 only are filled, 
with 3, 4 and 5 empty, it is with #27 


Ay 
K,=Ksy Pa ) +K, nee 


(31) 


Ks FOR FULL SLOT 
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FORB 
8 16 17 1 


The presence of the lower circle has rela- 
tively little effect because K,,’=0.142, 
which is further reduced by the multiplier 
(A1/(A1+A2) J. 

Figure 5 gives values of K, for both 
rectangular and trapezoidal slots with 
semicircular ends when completely full, 
omitting the part d/e, over a range of 
values for 7;/72 from 0.5 to 2 for four dif- 
ferent slot depths chosen so that the 
distances between circle centers are, 
respectively, 1, 2, 3, and 4 times the 
diameter of the smaller circle. The 
curves were calculated with a 20-inch 
slide rule. 

The reason for the presence of the area 
ratios, as say in equations 27, 28, 29, is 
that the derivations always assume the 
presence of a total of N conductors in the 
filled part considered and those below it. 
This is discussed further in the appendix. 


For TRAPEZOIDAL SLOTS 

We consider the several cases pre- 
sented hereinafter. For Figures 6a and 
6b (which include rectangular slots), the 
standard expression which includes partly 
full and full slots is 


26, 2c 
eta, 


b 
K;=¢ 


a7 
dz a+43 ( ) 


where ¢ is read from the curve in Figure 3. 
Its value is given by 


pr a2 ‘ Seah a2" =. 
(a2+as)? —d:)? 


4 (a3 
a3” — ay? 
etary + 2a2(d2—a3) + 


a2* log. =| t (33) 


oneal 


Figure 5. Curves for trapezoi- 
dal slots with semicircular top 
and bottom 
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This expression is the ratio of K, for the 
filled part of a trapezoidal slot to b/a, for 
a rectangular slot. The general pro- 
cedure is the same as outlined under 
“Example of the Integrations Used,” 
with area 


1 
A oot, ky? 


and elementary permeance 


ee 
do+ky 


It applies also if the top is displaced rela- 
tively to the bottom, though less ac- 
curately. A simple expression for ¢ can 
be obtained as follows. 

In Figure 6a, let k’=x/y=tan a, and 
take y; equal to distance from apex to 
top of filled part 


ay 


' 2tan a 
and 


a2 


ae tan @ 


Area in filled part 
=A, =k! (yi? — 92?) 


and 
0.25(y14— y2*) — y2(91? — 92?) + y2"* loge 2s 
Ka= = 
? 2k’ (y1? — 92?) 
(34) 
when 
Kees a2 
==" = KyX— 35 
$= i facia meas See 


If the slot tapers in the opposite direction, 
Figure 6), take 


yates ot tan a 


with 


a2 


m9 tan @ 


aq 
2 tana 


ane 
area in filled part 
Az=k' (1? — 42?) (36) 
0.25(y1*—3x") — 120? — 92") $91" loge, 


ae Bk’) 
@7) 
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K 
j= jie 
h elie 
é) (38) 


If the slot has a semicircular end at the 
bottom as in Figure 6c, then 


© 
eens 


sin 20 
Av=re{ 0. 2 ') 


yn’ ="—-N sin a 


Baty 12 
TE ied: 


If slot is full to level y, Kg.’ is read from 
curve in Figure 2 or from equation 9, 


Kyo’ fo 

0.25(n'4— y*) —B(n1?— 9”) +B? loge = 
2k'(B—y*) 
(39) 
N— yo! 
K = 
. hes) 

2 (40) 


This is zero if slot is full to level 2’. 


2c ; 
Ky=— 41 
Wee (41) 


K,, is not present. 


Kg Se (42) 


For the slot as a whole 


A 2 
Kea Kal( 3 a] ) +Kyt+Ke+Kst Koo 
1 2 
(43) 


where K,, = 0 if slot is full to level yz". 
The sum of the first two terms 


is equal to Trickey’s F in his Figure 13. 
If the slot has two semicircular ends 
as in Figure 7a, the areas, 


sin 20 
Aare a 2 ‘) 


Az=k'(y)'2—y?) 


02 : 
A.-| ro 2) 
6; 2 
11—T12 
h 


k'= tan a 


sin a= 


" 
0; sate 
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and 
pose 12 
Pee 


Ky’ =value from Figure 2 or from equa- 


tion 9 
Kg’ = he 
0.25(9,4— y4) —B(y1'2—y2) + B? log, 
2k'(B—y*)? 
(44) 
for 
y= yo" 
— yp" 
K Qa 
ca 20) 
2 (45) 
ribbed ns 
= 
dy ‘a, 
aa ee 
Y, 
y 82 
(9 6 
Ya 
| 
(a) 


Figure 6. Quantities used in deriving formulas 
for trapezoidal slots 


(a) and (b). For slots with straight bottoms. 
(c). For slot with semicircular bottom 


For 4 when filled, with A =Ai+A2—A,’ 
where 


in 26 
Ad=rt{ a ) 


9193 (= :) A 
—+(—+- Jo+— 6?— 
8 22 


3 24 
sin 20 @cos 20 
4 2 sh 
A, cos 26 sin 40 
Ont atauee 32 


Ky= 


If part 4 is empty K,,=0. It is sel- 
dom necessary to calculate Kg, 


(47) 
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When upper circle is full 
K=0 oe (48) 


For the slot as a whole, when upper 
circle is partly or wholly filled, 


K=0 

and 

K =K (qextsa) 
so tN A+ Ast Ast Aa 


ee ( Ai+Az y 
?\ AitActAst As 


d 
KutKot7 (49) 


K;;=zero if slot is completely full 


When trapezoid is partly or wholly filled. 


Ay 


2 
743) +Kee+ 


Ks = Ka 
d 
Kss +Kss ae r; (50) 


When trapezoid is completely full up to 
level y,’ 


Ks, =0 


Figure 5 gives the values of K, for the 
range r2/7,=0.5 up to 2.0 when the slot 
is completely full, not including the 
term d/e. 

If the slot has semicircular ends as in 
Figure 7), we write, 


Le A 


h 


sin a= 
k'=tan a 


7 
ibe Fes 
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and the areas, 


Aare. in) 


Ar=k'(*— 91") 


K’,, is read from Figure 2 or cal- 
culated from equation 9 


E32’ = 
0.25(y4—91'4) + B(y2—y1'2) +B? log. * 
ela ie es tae a 


‘2k’ (B+y*)? 
(51) 


If trapezoidal part is full, replace y by 


, 


32+ 


— 
Ka aa 


(Hort) 
2 


more accurately 


il yo! 
Ks==, eX 5 
$3 OR! log, 7 (52) 
K,, from equation 23 or 46. Here 
part 4 will seldom be empty, but if so 
Ke, =i() 


63-6; 
2 


Ky = 


tr 0; 
a 53 
5 (53) 
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K;;=zero when upper circle is full 


Ks =- (54) 
é 


For the slot as a whole, when upper circle 
is full or partly full, 


Ky=0 


and 


K,=K {ear torerorn V4 
te PNA FAAS FAL 
A;+As2 y 
Ke! —————_ 
tee am ay 


d 
Kukst- (55) 


When trapezoid is partly or wholly filled 


Key = Beat = '4+KetK ty eg 
s Ss. Ai tA. Ss: o e 


(56) 


When trapezoid is completely full up to 
level yo’, K,; = 0 and Kg, is absent. 


Appendix 


The general procedure used in developing 
the principal formulas was outlined under 
“Bxample of the Integrations Used.” It 
remains to give the expressions used to rep- 
resent the elementary permeance and the 
area below an elementary flux leakage path 


Figure 7. Quantities used in deriving formulas 
for trapezoidal slots with semicircular top and 
bottom 
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for the less simple slot shapes, after which 
the integrations may be carried out in the 
regulation manner. 


For THE CIRCLE 


’ 


Length of elementary path=2r sin @ 
Width of elementary path=rdéX sin 6 
Permeance of elementary path=d?= 


1XrdeX sin @ dé 
2r sin 0 “9 
Area below elementary path=A 
= f%(2r sin 6) X (rd0X sin 6) 
= f %2r? sin? ode 


( sin 2) 
=17?| @— 
wy 


In finding the interlinkages this is taken as 
a variable A =f(@) for the filled part, and as 
a constant 


in 26. 
A; =o ) 
2 


for the unfilled part. 


For THE ELLIPSE 


Length of elementary path =2a sin 0 
Width of elementary path=bd@X sin @ 
Permeance of elementary path=d?= 


1Xbd9X sin 6 b dé 
Qasing a2 
Area below elementary path=A 
= f'(2a sin 6) X(bd0X sin @) 
= f°2ab sin? 6d0 


sin 20 
=abl o— 
ai ) 


This is equal to (a/b) times area in circle 
of radius 6 for same value of 6. As with the 
circle A is taken as variable, a function of 
6, for the filled part; and as a constant 


sin 26, 
Ay=ail 6,- 2 ) 


for the unfilled part, when finding the inter- 
linkages. 


For THE TRAPEZOID WITH SEMICIRCULAR 
ENDS 


For the lower circle Ka,’ is found in the 
same way as for the circle with 


1—Te 
h 


a=sin-! 
us 
Gs ne 


in Figure 7a or 


fTe—N 
e=sins 


h 
T 
OT aa 


in Figure 7b. Kx’ is zero if the lower circle 
is absent. 

For the trapezoidal part two approaches 
are possible, to count the variable y from the 
apex, with the length of elementary leakage 
flux path equal to 2k’y where k'=tan a; or 
else to count y from the top or bottom of the 
trapezoidal part with the length of elemen- 
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tary leakage path expressed in the form 
a+ky. The first of these was chosen be- 
cause it gives shorter expressions. For this, 
to find Ks. 


length of elementary path =2k’y 
width of elementary path =dy 
d 

permeance of elementary path=d on 
area below elementary path=A 

Ai +k! (1/24?) 
in Figure 7a or 
A=A,+k'(y?—’%) 


in Figure 7b where 


in 26 
ee (0.2 . ) 


Here the area A is taken as a variable 


=f(y) for the filled part 2; and as a constant 
with y=b when finding Ky, and Ks; for the 
unfilled parts above 2. 


For THE RECTANGLE WITH ONE oR TWO 
SEMICIRCULAR ENDS 


For the lower circle, Ks’ is found in the 
same way as for the circle, with #:=7/2. 
Ka’ is zero if the lower circle is absent. For 
the rectangular part, to find Kg, 


Length of elementary path=a 
Width of elementary path=dy 


1Xd 
Permeance of elementary path= ad 


Area below elementary path 4 =A,+ay 


where 
A; =— aT 
2 


Here the area A is taken as a variable 
=f(y) for the filled part 2, and as a constant 
A=A,+ab for the unfilled part 3. 

For the upper half circle to find Ky, of 
the filled part 4, the length, width, and 
permeance of the elementary path each are 
represented by the same expressions as for 
a circle, with the area below such path 


% in 20 
A=A,+A2+ n(o- ) 
2 


2 


This is a function of 6. To find Ks; of the 
unfilled part 5, the procedure is similar ex- 
cept that the area A containing wire 


Ch in 2 
A a4t4.+], rn (o- 2) 
2 


Discussion 


L. A. Doggett (Pennsylvania State College, 
State College, Pa.): The train of thought 
among designers has been for many years 
something like this: they start with a leak- 
age flux associated with a current and pro- 
ducing a quadrature voltage; they divide 
out the current and get a reactance; they 
divide out 2xf and get an inductance; they 
divide out 0.47? and get a permeance, the 
permeance of the leakage path. Then after 
making a mental note to watch out for 
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is constant. This gives the value of Ks 
in equation 29. If there is no upper half 
circle, values which fit the upper slot and 
tooth shape are substituted. See for ex- 
ample, equation 32. Of course, this slot 
shape is a special case, also, of the shapes in 
Figures 7a and 7). 


SLot CONSTANT FOR FILLED PART OF A SLOT 


The constant will be determined for the 
condition when the slot constants for each 
of the filled sections are known. The 
reason for the use of the multipliers in equa- 
tions 31, 32, 33, and so forth, is somewhat 
puzzling. In.deriving the formula for each 
slot section, it was assumed that the number 
of turns NV is both a variable and the value 
when the section considered (plus those 
below it) is full. For each such section the 
interlinkages are for the mth section 


Nom = 0.40I Nm? Ksm 


If we next consider NV as the total number of 
turns in the filled part of a slot, then for the 
mth section, the turns acting are 


Nm=NX 


area of section considered, plus those below it 


area in all filled sections together 
and therefore the total interlinkages 
No@=0.40IN*[Ks1'( )?+Kee’( )? + Koil 


parentheses are interpreted as the area 
ratios shown in connection with the different 
cases considered. 


Symbols 


C=Behrend’s constant=10 to 15 
L; =slot-leakage inductance for one slot, in 
henrys 
Lg=slot-leakage inductance for one phase, 
in henrys E 
Subscripts 1 and 2 are for stator and rotor, 
respectively. q 
m=mth slot of a phase-path belt 
m= mth section of a slot 
N=turns interlinked with the elementary 
flux at any point 
It is sometimes a variable and sometimes 
a constant. 
N»=turns in mth slot of a phase beit 
Nm=turns in the mth section of a-slot and 
those below it 
A=radial length of air gap 
¢=effective slot-leakage flux interlinked 
with the turns below any point y or 6 


¢=a coefficient from Figure 3 
7=pole pitch 
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partial leakages and correct for this situa- 
tion, they generally proceed to derive a 
formula for the permeance of the particular 
leakage flux paths under consideration. For 
example, Puchstein has done this for a wide 
variety of slot shapes. It is at this point 
that I would like to suggest the desirability 
of using flux plotting techniques. Once a 
line of stator and rotor punchings has been 
standardized by a manufacturer, it would 
be a relatively easy job to fix by flux plot- 
ting methods the effective leakage flux lines 
per ampere per inch for each punching, es- 
sentially a slot constant for each punching 
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The overhung slot, trapezoidal in shape and 
with rounded corners, presents quite a prob- 
lem to the designer bent on deriving a 
formula to cover this case. However, de- 
signers have had no difficulty in setting up 
a formula for a rectangular shaped slot. 
When using the flux plotting method the 


method of treatment of the two cases is 


identical, 

Flux plotting techniques have been de- 
scribed frequently in the technical literature. 
Designers do not seem to have made much 
use of flux plotting techniques, apparently 
preferring to rely on formulas. If some de- 


_ ATEE TRANSACTIONS 


~ 


— 


nite see OO 4 ge 


signer should want to give flux plotting a 
try, I might suggest references 1 and 2 of 
this discussion. 
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John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): The author’s formula 
is the one usually accepted. Slot perme- 
ances by this formula are too low. The 
method of integration presupposes flux 
paths equivalent to insulating partitions. 
These cramp the lines of force materially on 
the inside of slot openings, Lord Rayleigh* 
proved this fact. The term missing in the 
author’s paper is given in my 1915 paper.” 
Using the notation in Puchstein’s equation 5 
we find we should add a term 


Nos =0.4rI N?[0.6 login (a/e) —2(c/a) (e/a)?] 


to agree with curves calculated in 1915 and 
verified with water-trough experiments. 
The author’s equation 12 is almost cer- 
tainly low for a similar reason. The experi- 
mental arrangement I use for evaluating 


1000 CY 10V 


POTENTIOMETER 


Figure 1 


CRO =cathode-ray oscilloscope 
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equivalent permeances in regions where 
there is curl has given excellent results. 
The setup for the round slot would be that 
shown in Figure 1 of this discussion. Elec- 
trodes are shown as heavy black dots or 
sheets. The boundary is wood, the conduc- 
tor water, the source 1,000 cycles, 10 volts. 
The indicator is an oscilloscope, the potentio- 
meter Leeds and Northrup decade boxes. 
The resistances R are radio resistances of 


Figure 2 


10,000 ohms each. Flux lines are traced 
by means of the probe and a pantograph 
(not shown). The theoretical reason for 
this experimental procedure is in the 
equation 


curl H=div ¢ 
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figure 35, equations 55, 56. 


A. F. Puchstein: Doggett raises some inter- 
esting points. The flux plotting technique 
deserves to be known to designers better 
than it is. To make it usable, for any flux 
path, it is necessary to evaluate its per- 
meance, the area enclosed below it, the re- 
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sulting interlinkages, and their sum for the 
entire area. By this means the slot con- 
stants for different slot shapes would have 
to be worked out and tabulated in advance 
of need. No one has done this. To deter- 
mine them as needed requires too much time, 
and so the formulas for them have been 
preferred. 

This work is an example of the very useful 
finite-difference or step-by-step methods of 
integration. These enable us to obtain 
reasonably accurate numerical results with 
less labor and often in cases where none at 
all can be obtained by formal integrations. 
Such methods deserve to be known more 
widely by engineers. It is surprising that 
while they date back to the days of Euler, 
they somehow have failed to get into courses 
on engineering mathematics. The advent 
of machine methods of calculation of course 
will make obsolete many present ones, but 
it always will be desirable to have at hand 
feasible alternates. : 

It would be nice if Doggett could have in- 
cluded a sample of his process and the results 
obtained. 

In regard to the discussion by Douglas, 
it is true that the results for slot constants 
given by the standard approach tend to be 
too low for some slot shapes, as for example 
the circular slot, for which the standard 
value is 0.623. As pointed out in the paper, 
the figures 0.66 and 2/3 have been suggested 
by men of wide experience. 

Referring to Figure la of my paper for a 
slot with the proportions 


e=0.10 c=0.15 b=0.90 
d=0.05 b; =0.30 bg =1.50 


K;=2.200 from equation 15 or 2.303 if 
equation 16 is used. The correction sug- 
gested by Douglas would add 0.396, giving 
K,=2.2000+ .396 = 2.596, which is too high. 

“The test arrangement in his Figure 1 
would seem to be incapable of giving correct 
results. With the electrode at the top, the 
lines of flow would be like those shown in 
Figure 2 of this discussion, from top to bot- 
tom instead of across the slot. It, would 
have been well, too, if he had given some of 
the test figures. Finally, it is quite desirable 
when using expressions from classical vector 
analysis, as curl H=div ¢, to give a brief 
interpretation in order to show the ideas 
involved, because most engineers are not 
trained in this field. 
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High Altitude Flashover and Corona 


Correction on Small Ceramic Bushings 


W. W. PENDLETON 


MEMBER AIEE 


Synopsis: A marked improvement in 
corona starting voltage and flashover volt- 
age for small ceramic bushings has been 
obtained by the use of semiconducting coat- 
ings. This is of special importance for air- 
borne radio and radar equipment. The re- 
sults cover both a-c and d-c behavior for 
several sizes of solder-seal bushings. A 
sensitive oscilloscopic method detects dis- 
turbances at voltage gradients where the 
ionization-by-collision process begins. These 
gradients, far below the visual corona points, 
are calculated from graphical maps of the 
dielectric fields associated with the bushings. 


a Eee USE of modern radar equipment 
in aircraft has introduced high volt- 
ages which have resulted in corona and 
flashover problems, Freedom from 
corona as well as flashover is necessary for 


the satisfactory operation of both radar 
and radio equipment. One of the most 
serious sources of disturbances is the 
bushings associated with such components 
as transformers and capacitors. This 
problem is complicated further by the 
ever-present demand by aircraft design 
engineers for the lightest and most com- 
pact equipment. 

There are a number of possible methods 
for improving the corona and flashover 
behavior of ceramic bushings. Some of 
these are 


1. Design modifications of bushings. 
2. Pressurization. 

3. Shielding and air exclusion. 

4. Grading of stress concentrations. 


At sea level much can be done to im- 


TERMINAL Figure 1. Westing- 
G 
= house _ solder-seal 
DER bushing 
PORCELAIN : 
METAL FLANGE A. External view 
UNIT LID x B. Cross - sectional 
3 view 
B 
HIGH VOLTAGE 
LEAD 
GROUND LEAD OR CORONOX APPLIED TO 
IONIZATION PORCELAIN SURFACE 
DETECTOR 
HIGH LEAD > — — Sa OlU LEVEL 
eee eee, 
OIL IS HELD IN BUSHING 
PORE AT HIGH ALTITUDES 
GLASS JAR JAR LID MUST BE TIGHTLY 
GASKETED TO JAR. 
Figure 2. Test 
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mounting of bushing 
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prove the corona and flashover character- 
istics of bushings by changing their 
shapes and sizes. This involves either in- 
creasing the diameter to length ratio or 
designing the bushing so that the ceramic 
dielectric more nearly conforms with the 
electric field involved. Schwaiger! and 
Peek? have shown the effect of bushing 
shape on flashover behavior. The effect 
of increasing the diameter to length ratio 
will be discussed briefly in a later section 
of this paper. Both types of design 
changes give similar results and while 
they are quite effective at sea level, there 
is a sharp decline in flashover voltage as 
pressure is reduced until little improve- 
ment results in larger bushings.? Another 
objection to this method is that valuable 
space and weight are consumed by the 
larger bushings. ; 
Pressurization, in which the air sur- 
rounding the bushings is maintained at 
sea level pressure at all altitudes, would 
be excellent for securing adequate flash- 
over voltage but would not necessarily 
eliminate the corona problem, since 
small bushings exhibit low corona starting 
voltages even at sea level. However, use 
of this method in conjunction with the 
stress grading method discussed in this 
paper would be a possible solution to the 
problem of using very small bushings for 
the higher voltages (5,000 to 10,000 volts). 
Shielding and air exclusion as is done in 
aircraft ignition systems would eliminate 
all corona and flashover problems at all 
altitudes since the radial field passes 
through only solid insulation. However, 
certain disadvantages such as additional ~ 
cost, added weight, and associated com- 
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Figure 3. Corona 
detection equipment 


plications might make this method im- 
practical for use in commercial air-borne 
radar and radio installations. 

The present paper is concerned pri- 
marily with the fourth method for im- 
proving corona and flashover voltages by 
a grading of the stress concentrations with 
a semiconducting coating applied to the 
external ceramic surface of the bushing. 
It was found that, by this method, very 
small bushings could be made essentially 
free from electrical disturbance up to 
flashover voltage for high altitudes and 
that the flashover itself could be raised 
appreciably. The initial electric dis- 
turbance was detected by a sensitive 


oscilloscope method which showed that _ 


this disturbance occurred at voltages far 
below the visual corona point. A further 
investigation, beyond the scope of the 
present paper, would be necessary to de- 
termine what level of disturbance can be 
tolerated in typical radar and radio in- 
stallations. 


Description of Test Specimen and 
Stress Grading Compound 


A typical solder-seal bushing is shown 
in Figure 14. The length a was varied 
from 0.25 inch to 1.25 inches, while 
diameter c was changed from 5/16 inch 
to 15/16 inch. Length b extends below 
the oil level in the apparatus to prevent 
internal flashover. A _ cross-sectional 


Figure 4. Oscilloscope trace of corona dis- 
charge 
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sketch of this bushing is shown in Figure 
1B. In these bushings the zircon por- 
celain‘ is soldered to the flange and the 
cap by means of metallized bands on the 
ceramic. 

The test specimen is shown in Figure 2. 
The bushing flange was soldered to the jar 
lid which was gasketed tightly to a 4- 


ounce jar filled with oil. Before testing, . 


the specimens were inverted for a time to 
replace the air around the stud with oil. 
This test specimen simulates to a sufficient 
degree the actual apparatus. 

The use of a semiconducting material 
to grade voltage stress concentrations in 
high voltage electric devices is not new. 
For example, certain types of line in- 
sulators long have been treated with 
bands of semiconducting glazes and the 
insulators so treated show considerable 
improvement in radio interference be- 
havior.» This treatment is referred to as 
“radio interference protection” or simply 
“RIP.” Also, in high voltage machines 
semiconducting coatings on the coil end- 


_ turns are used to reduce the stress con- 


centrations at the coil surfaces as they 
merge from the slots.6. An organic base 
semiconducting compound called “Cor- 
onox’’6 was developed for this application. 


This material consists essentially of an 
organic medium in which a semiconduct- 
ing pigment is dispersed. The surface 
resistivity on application of the coating is 
controllable over a wide range by choice 
of the pigment used. 

The ideal material for grading stresses 
in ceramic bushings is a semiconducting 
glaze such as is being used in line in- 
sulators. The existing glazes, however, 
are too low in resistivity for satisfactory 
performance on small ceramic bushings. 
Preliminary experiments indicated that 
complete coverage of the ceramic surface 
of the bushing with a coating having a 
resistivity of the order of thousands of 
megohms per square unit surface is neces- 
sary for optimum performance. Since 
controllable glazes in the high resistivity 
ranges have not yet been developed, use 
was made of the easily controllable 
organic base semiconducting compound. 
The compound is applied readily by a 
dipping procedure on completely as- 
sembled bushings. It dries to a tack-free 
condition in a few hours without requiring 
baking. The resistivity of the compound 
decreases with increasing temperature. 
While the resistivity changes by a factor 
of five from —55-degrees centigrade to 
100-degrees centigrade, the required re- 
sistivity is not so critical that good per- 
formance cannot be obtained in this whole 
temperature range. The aging of the 
compound in this temperature range is 
quite small, the tendency being for the 
resistivity to decrease slowly when held at 
temperatures in the neighborhood of 100- 
degrees centigrade. A protective varnish 
coating usually is applied over the com- 
pound which not only improves the 
appearance but adds to the abrasion, 
fungus, and moisture resistance. Since 
the coating is organic, it is not recom- 
mended for direct exposure to weather. 


Sine wave peak alternating voltage (60 cycles per second). 
High altitude = 50,000 feet. 


ionization detector. Low altitude =sea level. 
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Table |. Effect of “*Coronox" on Corona Behavior 
Bushing Length, In. 
Voltage Diameter, — 
Type Coating Altitude In. 1/4 1/9 Siam 1 11/4 
Bare.n..ane nts EW (ete is a's Bag: aieted eta sare 3-200 Mead p00 eo, 200.2 3,000 
Alternating.... ) Coated...... Lows2heise B/seRE Se aka 14,200...13,400...13,400. ..11,800 
Base. dx kgs High: asec Gi iti ratio 1,200..° 1,800... 2,200... 1,600 
Coated........ RAG SH cae teres Bien aon: 1S OOO ene > . OO0u me 5,600... 6,200 
Bate tanec ows aeavsts. 5/16 5,300... 4,800... 3,000... 2,700 
DircetSens 28 Coated:...2.2< Low iroasuettee hCtEG eo 8,800... 7,000... 9,000... 6,800 
Bare ny-n ise ae er orteoics S fae Maca otatans 1 S00.e 2 S00! 2 S00! as 2,400 
Coated... 52. HATCH Pieters Ll Py CoR CTC 3,000... 2,800... 3,300... 3 , 700 
Bare scans Pw FS aisrstas i fein sia alo tos LOO ee Oa Riwien orersorsa 6,400. ..10,600 
Alternating . ae Goateds 35.5 SOW ar<.c « Aroies 7/16 ey ohne 9,900... 14,800 i etelakakete ch ohare a 14,400.. .13 ,400 
Baresiven see High. 55 cere: aes rie aa D) DOO ee OOO ie cares aos © 3,600... 4,600 
Coated: ...:..3 ML gla) ret exssabere LV ET ai Soro ic LOO eres Aig AOD ps ayracarsiaisheys a 4,200... 4,600 
Bare. dance Owe sete «s WIG deal ocwnies Wi DOO sac ko LOO aise Aaee edeys) + 20,000. .. 26,000 
Direct. . 5.3/8. ae Coated.” 2<,; LOW sine eer “BT eatin te 8,500...17,500.........--- 27,000. . .38,300 
: Bares Sen Hight sea LUG cn ae Oc 1,500. 3. 25500. 00 nck. = te 2,300... 3,500 
Coated...... NS KC ere eee WE Prone 2,500... 3,800. ...-.-...2: 2,500... 3,900 


Negative direct voltage. Values obtained by 
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CORONOX RESISTIVITY—MEGOHMS PER SQUARE UNIT AREA 


Corona Detection Equipment 


To detect the high frequency discharges 
produced by corona, a modification of a 
Quinn’ ionization circuit was employed. 
As shown in Figure 3, this consists of a 
number of air core inductances in series 
with the test bushing which allow power 
frequency currents to pass but block 
higher frequencies (especially above those 
of about 1 ke per second). Three induct- 
ances were used in order to cover the 
range of frequency from audio to radio 
bands. The high frequency currents were 
introduced to a cathode ray oscilloscope 
through a variable coupling capacitor. 
At the 300 micromicrofarad setting, 
which is the lowest capacitance, only the 
high frequency voltage appears on the 
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Figure 5. Effect of coronox resistivity on im- 

provement to a-c corona and flashover voltages 

at sea level and 50,000 feet altitude for a 

5 /16-inch-diameter bushing having a 1 /2-inch 
spacing 


screen. At higher coupling capacitances 
a 60-cycle sine wave with high frequency 
superimposed results. For corona point 
determinations, the lowest capacitance 
setting was used in order that the oscillo- 
scope gain could be raised to a value of 
sensitivity of 0.1 volt per inch of deflec- 
tion. At this sensitivity the a-c corona 
point could be determined to within about 
200volts. The d-ccorona point was defined 
much less sharply, because of the inter- 
mittent nature of the discharges, and 
therefore could be determined to within 


Figure 6 (left). A-c flash- 
over voltage versus spacing 


5/16-inch diameter 


N) 


Figure 7 (right). A-c flash- 
over voltage versus altitude 


5/16-inch bushings 
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A.C. FLASHOVER VOLTAGE—PEAK VOLTS 


only about 500 volts. A-c corona as de- 
tected by this device appears as a series 
of localized bursts of fuzz on the oscillo- 
scope horizontal line. This is illustrated in 
Figure 4 which is for a typical bushing 
tested at sea level. Similar traces were 
obtained at low pressures corresponding 
to high altitudes. 

The trace for d-c corona is not as 
definite as that in Figure 4 and could not 
be obtained with the usual photographic 
facilities. Besides being intermittent, 
unlocalized, and of short duration, the 
bursts of electrical disturbance on direct 
current were much less intense than those 


. for alternating-current. The intensity of 


the direct-current traces approached those 
for alternating-current only as the visual 
corona point was reached at a much 
higher voltage than that when the first 
disturbance appeared on the oscilloscope 
screen. 


Experimental Results 


Visual corona tests in a darkened room 
revealed that the discharges first appeared 
at the junction of the metal flange and the 
ceramic insulator. This is not surprising 
since high stress concentrations are to be 
expected where the bushing passes 
through the metal flange. This region of 
the first appearance of corona remained 
fixed irrespective of the pressure down to 
the region of glow discharge with either 
alternating or direct voltages. Increasing 
the diameter of the bushing raised the 
voltage somewhat at which it appeared, 
but did not change the position. Increas- 
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SEA LEVE 
COATED 


A.C.PEAK FLASHOVER VOLTAGE 


ing the length of the bushing had little or 
no effect on the voltage or the position 
where it first appeared. This is to be ex- 
pected since increasing the length of the 
bushing does not change the field con- 
figuration at the flange. 

One of the first problems was to de- 
termine the value of resistivity of the 
coating required for optimum  per- 
formance of the bushing. It was obvious 
at the beginning that even though a low 
resistivity coating might give the desired 
grading, the resistivity should not be so 
low as to cause excessive current drain at 
operating voltages or excessive heating at 
any test voltage imposed on the ap- 
paratus. This was investigated experi- 


mentally by applying coatings of varying> 


resistivities to the same bushing having a 
length of 1/2 inch and a diameter of 5/16 
inch. The results of this work are shown 
in Figure 5 for both sea level and 50,000 
feet altitude. The sea level data indicates 
that best results are obtained when the 
resistivity is in the range of from 5,000 to 
50,000 megohms, while the high altitude 
data points to a range between 1,000 and 
10,000 megohms. The best compromise 
value from the corona reduction stand- 
point for all altitudes between sea level 


Table Il. Average Percentage Increase of 
Corona Voltage as Detected by the Oscillo- 
scope Method 


————— 


Bushing 

Diameter, In. 
Voltage 

Type Altitude Sis. */16 
Die eS SS eS SS Se 
Alternating. ....... Lowaessc las BOO: elated 80 
Bligh ene. ere 200 vento 30 
Direct! ee ee Low’. eieeadas 1004S Uae. 50 
Mighoe acs. *e C | | ae eee 30 
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2 
BUSHING DIAMETER - INCHES 


PERCENTAGE REDUCTION IN FLASHOVER VOLTAGE 


Figure 8 (above). Effect of 

bushing diameter on flashover 

voltage for 1-inch flashover dis- 
tance 


and 50,000 feet, then, appears to be about 
3,000 to 5,000 megohms per square unit 
area. While these values of resistivities 
do not contribute much to the flashover at 
sea level, they markedly do improve the 
flashoverat high altitudes where it is much 
needed. . The lowering of the curves at 
the low resistivities in Figure 5 is at- 
tributed to heating of the coating, while 
the lowering at high resistivities is 
ascribed to insufficient grading of the 
stress. 

Using a semiconducting coating having 
a surface resistivity of approximately 
3,000 megohms per square, a set of eight 
bushings was investigated for corona and 
flashover behavior, with and without 
semiconducting coatings on alternating 
current and negative direct current and 
at sea level and 3.4 inches of. mercury. 
This latter pressure corresponds to the 
standard pressure at 50,000 feet altitude. 
Table I presents the values of corona 
voltage as observed with the ionization 
detector. As will be brought out in the 
discussion, these values are much below 
the visual corona points in every case. 
These values are quite conservative in 
that they are the lowest of five readings at 
each condition. It will be observed that 
some of these readings are erratic and not 
consistent. This must be expected since 
minor changes in the surface and shape at 
the flange produce major changes in the 
electrostatic field configuration. This 
fact made it necessary to show the effects 
of the semiconducting coatings on the 
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Figure 9. Percentage reduction in flashover 
voltage as a function of the ratio of bushing 
diameter to flashover distance 


, 


same bushings that were tested before 
treatment. 

Table II summarizes the readings in 
Table I by showing the average per- 
centage increase in corona voltage for each 
test condition. In general, for alternating 
and direct current, there is more improve- 
ment for the 5/16 than the 7/16-inch- 
diameter bushings. This is true because 
of the greater field concentration existing 
in the smaller diameter bushings. In 
spite of the fact that high altitude d-c 
visual corona was eliminated entirely up 
to flashover voltage, only 40 per cent in- 
crease in corona point was recorded with 
the oscilloscope method. As will be seen 
later, this small increase in corona 
voltage is inconsistent with the rather 
large increase in high altitude d-c flash- 
over voltage. 

Table III is a summary for the average 
percentage flashover improvement on the 
same eight bushings as used in corona de- 
terminations. Just as with corona volt- 
age, the semiconducting coating also 
raises the flashover voltage. At high 
altitudes adequate flashover voltage is 
very difficult to obtain.* Over 100 per 
cent increase in a-c flashover voltage and 
70 per cent increase in d-c flashover 
voltage are obtained for the 5/16-inch- 
diameter bushings at high altitude. 
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Figure 10. Reconciliation of d-c flashover 
data on bushings of various shapes and sizes 


The variation of a-c flashover voltage 
versus bushing length is shown in Figure 6 
for the 5/16 inch-diameter bushings. It is 
seen that at 50,000feet altitude a 1/4-inch 
treated bushing has the same flashover 
voltage as the l-inch uncoated bushing. 
This is also true at sea level. In Figure 7 
a similar comparison between these bush- 
ings is made on the basis of altitude. The 
middle curve serves both for the 1/4-inch 
coated bushing and for the 1-inch un- 
coated bushing. Assuming a 5,000-peak- 
volt maximum operating voltage, the 
coating allows the maximum altitude of 
the 1/4-inch bushing to be raised from 
10,000 feet to 30,000 feet. For the 1-inch 
bushing length, this change is from 30,000 
feet to more than 50,000 feet. 


Table Ill. Percentage Increase of Flashover 
Voltage Average Values for Four Sizes of 
Bushings 

Bushing 

Diameter, 

In. 
Voltage ———_——— 
Type Altitude 5/16 T/16 
Ritcesating Yee { Lowitibavelt 90a 40 
Eig his Siew a sae TO ie retains 50 
Diet ee es Moan In 20mareeen 20 
High @.comes WO eee 45 
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Tables IV and V give the voltages for 
essentially corona-free operation at 50,000 
feet altitude, and altitudes for corona- 
free operation at 5,000 peak volts, re- 
spectively. Both uncoated and coated 
bushings are listed for comparison. 

An investigation also was made to de- 
termine the relation between the di- 
ameter-to-length ratio and flashover. 
This was made on a series of bushings with 


_constantlengths but with diameter ranging 


from 5/16 inch to 15/16 inch. Figure 8 
shows the data taken at sea level and high 
altitude on these bushings which were 
both treated and untreated with semi- 
conducting coating. These data are ex- 
pressed in Figure 9 as a percentage reduc- 
tion in flashover voltage versus diameter- 
to-length ratio (D/L) assuming that a 
constant flashover voltage is reached at 
values of D/L greater than unity. 

The curves for both pressures are 
sufficiently close to be averaged as a 
single curve. This curve may be used -to 
determine flashover values for bushings 
whose ratios of D/L are less than unity 
and provide a means for correlating the 
data taken on bushings of various shapes 
and sizes. Figure 10 shows such a correla- 
tion between d-c data taken on the eight 
bushings discussed previously and on 
larger bushings tested by Fields and 
Cadwell. The ‘corrected’ points may 
be connected by a straight line from the 
origin which represents the maximum 
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Figure 11. Electric field in vicinity of flange 
for uncoated bushing—one-half inch in length 


which may be obtained by increasing the 
diameter-to-length ratio. The letters A 
to E in Figure 10 designate the bushings 
tested by Fields and Cadwell. A similar 
correlation for the a-c data can be made. 


Electrostatic Field Configurations 


To understand better the reason for the 
high stress concentration at the flange-to- 
ceramic junction and the effects of the 
semiconducting coating, two 3-dimen- 
sional field maps were prepared graphi- 
cally for the untreated and treated cases. 
These maps were prepared by use of the 
method of 3-dimensional field plotting 
described by Leonard.*® 

Figure 11 shows the field plot for an un- 
treated 5/16-inch diameter by 1/2-inch 


Table IV. Voltages for Corona-Free Opera- 
tion at 50,000 Feet for 5/16-Inch Diameter 


Bushings 

Bushing Striking Uncoated Coated 
Distance, In. Peak Volts Peak Volts 

0) QE octets ie mises teen OOO ie teed cai 2,500 

O {50 Tae 5c eee PE OOO at 35 static 3,500 

G.Z5r tetera: ste POO. scaler 4,500 

100. Sone cere OO) jue «5 aces 5,000 
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Figure 12. Electric field in vicinity of flange 
for coated bushing—one-half inch in length 


length bushing in the region of greatest 
stress, that is, at the junction of the 
flange and ceramic whose dielectric con- 
stant is 9. It is seen from this map and 
from the voltage distribution curve also 
shown in Figure 11, that the lower 7-8 


per cent of the untreated bushing sus- 


Table V. Altitudes for Corona-Free Opera- 
tion at 5,000 Peak Volts for 5/16-Inch Diam- 
eter Bushings 


_—————— eee 


Corona-Free Maximum 
Altitude, Ft 
Bushing Striking — 


Distance, In. Uncoated Coated 
DR Dee tec eenel aun pre 10; 000 55% oie 30,000 
CUM T(t ete canoer ee Cac POZO)! sere tetas 40 ,000 
Dap Oe moat ais 25. O00. smn dac 45 ,000 
MMI re ces ee 30,000. . ...,50,000 


tains 50 per cent of the total voltage. The 
major reasons for the great crowding of 
field lines at the junctions are 


1. The high dielectric constant of the 
ceramic. 


2. The sharpness and proximity of the 
metal seal. 


3. Change of direction of the field from 
radial to tangential or longitudinal. This 


1947, VOLUME 66 


\ 
in 


\\ 


results in very high gradients at the junc- 
tion even at voltages much below the 
flashover values. Thus, corona is initiated 
at this junction at very low over-all voltages. 


The second graphical field map shown 
in Figure 12 is for the bushing treated 
with semiconducting coating. In contrast 
to that observed in Figure 11, the voltage 
distribution shown in Figure 12 is nearly 
linear. The voltage distribution was 
calculated from the following equation 
derived from standard transmission line 
formulas®” 


E sinh Bx cos Bx+j cosh Bx sin Bx 


Eg sinh 61 cos BI+ 7 cosh Bl sin Bl (1) 
where 

1 Ys 
B= (3 wre) (2) 
and 


E=voltage at any distance x from cap 
Eg =total voltage 

J=length between cap and flange 

w =2 times frequency 

y=resistance per unit length 
c=capacitance per unit length 


The voltage distribution shown in 


Figure 12 neglects 


1. The distributed air capacitance to 
ground. 

2. The change in phase angle along the 
line. 


The error due to the former cannot be 
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Figure 13. Greatly magnified view of dielec- 
tric field in vicinity of flange edge for un- 
treated bushing 


large since most of the system capacitance 
is in the high dielectric constant ceramic. 
The phase angle changes by only 30 de- 
grees over the entire transmission line 
and this should not seriously distort the 
field plot, particularly in the vicinity of 
the flange where corona develops. These 
field plots present a fairly clear picture as 
to why the corona behavior of a treated 
bushing is much improved over an un- 
treated bushing. 


Discussion of Ionization Processes 


Corona is the name usually given to a 
visual electric disturbance in which ions 
excited by high gradients emit light in re- 
turning to their stable energy levels. In 
nonuniform fields, air may be stressed 
over a definite distance called the 
“Gonized layer” at or above 30,000 volts 
per centimeter, the gradient necessary for 
the complete breakdown of a uniform 
gap.2. The thickness of this layer varies 
directly with the radius of curvature of 
the electrodes and inversely with the gas 
density. Loeb! has found that the 
gradient necessary for the start of visual 
corona is more than four times the 15,200 
volts per centimeter necessary for the 
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initiation of the mechanism of ionization- 
by-collision. These gradientsare necessary 
to catse negative ions to shed their extra 
electrons and emit the light seen by the 
naked eye. 

However, as others have found,!?'¥ 
electric disturbance can be detected by a 
radio noise meter at about half the 
gradients required to give visual corona. 
Further, with a more sensitive device, 
such as that used for this work, electric 
disturbance can be detected at even lower 
gradients. Figure 13 is a greatly magni- 
fied drawing of the dielectric field in the 
vicinity of the flange for the untreated 
bushing. From this plot the distance to 
the first equipotential line was esti- 
mated; knowing the over-all voltage 
at which electric disturbance began as 
found by the ionization detector, it was 


calculated that the initiating gradient was | 


16,800 volts per centimeter. This is 
approximately the threshold value for 
the collision ionization mechanism. The 
calculation was repeated for the visual 
corona point, the resulting gradient be- 
coming 70,000 volts per centimeter or 
approximately the gradient necessary for 
the visual process. By use of Figure 12, 
the gradient for initial disturbance was 
calculated to be 15,800 volts per centi- 
meter for the bushing coated with semi- 
conducting material. Thus, it appears 
that the ionization detector is possibly 
twice as sensitive as the radio noise meter 
and detects the disturbance created at 
the very beginning of the ionization-by- 
collision process. As mentioned before, 
this disturbance may not be sufficient to 
distort radar signals and certainly will not 
impair radio reception. The difference 
between initial disturbance and visual 
corona at high altitude is much less than 


at sea level. This may be because of the 
increased thickness of the ionized layer. 


Summary and Conclusions 


Although other methods of improving 
the corona and flashover behavior of 
bushings are available, it may be shown 
that, within the voltage limit of 5,000 
peak volts, no one method can offer the 
following combination of advantages 
associated with the stress grading method: 


1. Allows the use of very small bushings, 
saving space and weight. 


2. Entails only slight additional cost. 
3. Does not require auxiliary equipment. 


4. Does not require design changes. 


Even in the voltage range from 5,000 to 
10,000 peak volts, this method, if used in 
conjunction with the pressurization 
method, may prove to be practical. 

From the data and associated experi- 
ments, the following general conclusions 
may be drawn: 


* 


1. Because of stress concentrations, visual 
corona first appears at the junction of the 
ceramic and flange on small solder-seal 
bushings. 


2. Coating a small solder-seal. bushing 
from cap to flange with a material having a 
surface resistivity of about 3,000 megohms 
per square unit area increases the high alti- 
tude a-c corona point by 200 per cent and 
raises flashover by 120 per cent. : 


3. The semiconducting coating eliminates 
d-c high altitude visual corona up to flash- 
over which is raised by 70 per cent. 


4. Sea level corona points are raised by 300 
per cent for alternating current and by 100 
per cent for direct current. 


5. Small coated bushings can be made 
corona-free at 50,000 feet for voltages up 
to 5,000 peak volts. 


6. Small coated bushings can be operated 
corona-free at roughly double the altitude 
at which uncoated bushings are about 
corona-free. 


7. The sensitive ionization detector used 
for determining electric disturbance detects 
initial ionization-by-collision process. 
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No Discussion 
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The Air Gap Reactance of 


| Polyphase 


P. L. ALGER 


FELLOW AIEE. 


Synopsis: This paper presents some new 
formulas for the differential leakage react- 
ance of distributed polyphase windings, such 
as those of induction motors and voltage 
regulators. Previous authors have used two 
distinct methods for evaluating the differ- 
ential reactance, but the results obtained by 
these two methods have been inconsistent, 
particularly for open slot machines. The 
overlap method is based on calculating the 
average overlap of the teeth on the primary 
and secondary, and then calculating the 
leakage through the zig-zag flux path ufider 
the combined influence of the primary and 
secondary ampere turns. The “differential 
method” is that of calculating the leakage 
by taking the difference between the total 
flux produced by the primary or the second- 
ary, and the fundamental sine wave of the 
flux. When the effects of flux fringing with 
open slots are included, the results obtained 
by the two methods are shown to be entirely 
consistent. The new formulas derived in 
this way are believed to be more general in 
application than any heretofore published. 
They show that the slot openings decrease 
the differential leakage reactance much 
more rapidly than they decrease the mag- 
netizing reactance. 


1 Bes subject of “The Air Gap Re- 
actance of Polyphase Machines” has 
been treated by several different investi- 
gators at different times during the last 
50 years. Different formulas for calcu- 
lating the zig-zag leakage of induction 
motors have been presented, some of 
which give considerably different results 
when applied to particular machines. 
eat eg 3 ce een aren net Oe 2. APN Be SESE 


Paper 47-209, recommended by the AIEE commit- 
tee on rotating machinery and approved by the 
AIEE technical program committee for presenta- 
tion at the AIEE Middle Eastern District meeting, 
Dayton, Ohio, September 23-25, 1947. Manu- 
script submitted June 5, 1947; made available for 
printing August 21, 1947. 
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voltage regulator engineering division of the Gen- 
eral Electric Company, Pittsfield, Mass. 
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One of the earliest investigators of this 
problem was C. A. Adams, who defined 
and described belt leakage reactance at 
the International Electrical Congress in 
St. Louis, Mo., in 1904,1 and published a 


formula for the average zig-zag leakage 


permeance in the AIEE TRANSACTIONS? 
in the following year. This formula is 


P,=w(ait+a2—1)?/6g (1) 


Somewhat later, Arnold, in Germany, 
presented the formula 


Pz = (te—Si)?/6gw2 (2) 


Although these two formulas appear to 
be quite different, they are identical for 
the particular case of equal numbers of 
rotor and stator teeth. The Arnold for- 
mula is a little more general, for it applies 
to a squirrel cage motor in which the rotor 
tooth may have any width between that 
of the stator slot opening and the stator 
slot pitch. 

In 1921, L. H. A. Carr in England pub- 
lished a very short article* on the zig-zag 
leakage of induction motors in which he 
considered the air gap leakage flux as if it 
were produced by a solenoid whose turns 
threaded through ‘the stator and rotor 
slots in such a way as to give exactly the 
same ampere conductors per slot as in the 
actual motor windings. He gave for the 
equivalent zig-zag leakage permeance per 
slot 


af t*—tq* 
S 6gwi?we 


(3) 
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This formula gives results different 
from those given by the Adams or Arnold 
formulas, except for the special case of 
equal numbers of rotor and stator slots 
and slot openings of negligible width. 
Within the limitations of the assumptions 
regarding the fringing flux, the formula 
applies generally to wound rotor poly- 
phase induction motors having integral 
slot windings, and large numbers of slots 
per pole. 

The derivation of each of the preceding 
formulas was based on analysis of the 
permeance and magnetomotive force 
variations of overlapping rotor and stator 
teeth. We, therefore, may speak of the 
general method as the tooth overlap 
method. 

Several other investigators, whose work 
might be classified under the tooth over- 
lap method have published papers on the 
subject, but these three formulas are 
representative. 

Later investigators have treated the air 
gap leakage reactance on the basis of the 
difference between the total flux crossing 
the air gap and the useful flux. The 
method is, therefore, called the difference 
method, and the air gap leakage reactance 
is called the differential reactance. Using 
this method, one of the authors derived, 
and in 1928 published,‘ methods for caleu- 
lating the belt and zig-zag components of 
the differential or air gap leakage re- 
actance of polyphase machines. Curves 
were given for computing the belt leakage, 
and the following formula for the zig-zag 
reactance was given: 


us 2X M 1 1 
Xp= vial A (4) 
where Xx is the magnetizing reactance 
and s, and s, are the numbers of primary 
and secondary slots per pole, respectively. 

This applies to machines having negli- 
gibly small slot openings. Also, it ap- 
plies specifically to wound rotor induction 
machines having many phases and one 
slot per pole per phase. For the afore- 
mentioned conditions and for the special 
case of equal numbers of rotor and stator 
slots, the preceding equation can be 
shown to be in perfect agreement with 
each of the formulas for zig-zag permeance 
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for stator slot as given by Adams, Arnold, 
and Carr. 

In using the difference method, it 
generally has been assumed that the slot 
openings would be equally effective in re- 
ducing the exciting and zig-zag react- 
ances. If this were true, equation 4 
would be true for machines having open 
slots as well as for closed slots. Later 


it was found, however, that in cases where ~ 


the slot openings were large, as is true of 
some induction regulators, this equation 
gives too high values. The authors were, 
therefore, led to study the effects of the 
slot openings on the air gap reactance, 
taking into account the fringing effects of 
open slots in different ways. In this 
study, the tooth overlap and difference 
methods both were used. The results 
and conclusions may be summarized very 
briefly as follows: 


1. The tooth overlap methods and the dif- 
ference method yield identical results for 
those cases where both can be used. 


2. The slot openings have a much greater 
effect on the zig-zag leakage reactance than 
on the exciting reactance. Their effect, 
therefore, should not be neglected in the 
case of open slot machines. 


3. The results of this paper indicate that 
the formula given in equation 4 should be 
modified as follows, to make it more generally 
applicable to open slot machines, and to 
include the effects of skewing. 


=i 2 = 
1) Feet 50? 6h 1 4%. 


_ wx 4 (6k, 
Arig 5512 5 so? 
(5) 


where F,, is a factor normally equal to 
one, but less than one for squirrel cage 
windings with straight slots; o is the 
ratio of angle of skew to one primary slot 
pitch; X, is the belt leakage reactance; 
and , and k» are the ratios of effective to 
maximum air gap length, due to the pri- 
mary and secondary slot openings, re- 
spectively, 


The Difference Method 


In the paper of reference,‘ expressions 
were developed for the differential leakage 
reactance of distributed windings acting 
on a smooth periphery, with the magneto- 
motive force of each coil concentrated in 
a slot opening of negligible width. In 
this case, each individual coil produces a 
rectangular flux wave, and the total volt- 
age induced in one phase is found by 
superposing the rectangles due to succes- 
sive coils and phases. Limiting the pres- 
ent discussion to the case of a polyphase 
winding with one slot per pole per phase, 
s slots per pole, and 100 per cent pitch (as 
in the case of a squirrel cage), the self- 
reactance of a single phase will be taken 
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Figure 1 
A. Flux produced by 


coil in end slots 
B. Flux density at rotor 
surface, determined by 
density of lines at rotor 
surface in A 
C. Assumed perme- 
ance as it appears at 
rotor surface 


FLUX PRODUCED BY COIL IN END SLOTS 


y ay ee 
FLUX DENSITY AT ROTOR SURFACE DETERMINED 


BY DENSITY OF LINES AT ROTOR SURFACE IN (A) 


Pp 
(Cc) 


ASSUMED PERMEANCE AS IT APPEARS AT ROTOR SURFACE 


asunity. This is represented by the volt- 
age due to the rectangular wave of flux 
due to a single full pitch coil. 

The linkages produced by phase B flux 
linking phase A, on this basis, are repre- 
sented by a similar rectangle of height 
cos m/s times as great, and of width 
s—2/s times as wide. The first factor 
takes account of the phase difference 
angle w/s between adjacent phases. The 
second factor allows for the fact that each 
coil spans s— 1 teeth, carrying positive flux, 
and one tooth carrying negative flux, pro- 
duced by an adjacent coil, giving a net 
span in common of s—2 teeth. The total 
linkages of one phase are represented 
therefore by the equation 

s—2 aw sS—4 Qa 
Ly;=1+ cos —+ cos—+....+ 
Ss Ss AY Ss 
(s—1)x 
s 


2-—s 
= Cos 


2 7 Qa 3a 
=1—-{ cos—+2 cos— +3 cos —+....+ 
iy s Ss Ss 
—1 
(s—1) cos cobs) 
Ss 


J- escheat (6) 
5 


or approximately 


ros +i5t.. :) (7) 


The fundamental sine wave of the rec- 
tangular flux wave produced by a single 
phase has an area 8/7? times that of the 
rectangle, (Figure 4A). The total sine 
wave linkages due to all the phases acting 


conjointly are s/2 times those of a single 


phase. Since the pitch and distribution 
factors of the one slot per pole per phase 
winding are unity, the fundamental sine 
wave linkages are equal to 


8\/s\ 4s 
=(SX5)-5 se 


*For derivation, see Appendix I. 
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Since only the fundamental flux wave 
can induce fundamental (or slip fre- 
quency) currents in the winding in the 
smooth rotor, L, represents the useful 
flux; and, therefore, the per unit differen- 
tial leakage reactance of the winding is, 
from equations 7 and 8 


Paras 


Serr sae approximately (9) 

This is the per unit differential react- 
ance of the winding in question, with re- 
spect to the winding in the opposite 
member of the machine, assumed to be 
the rotor. The rotor will also have differ- 
ential reactance with respect to the stator, 
its magnitude being determined by the 
number of the rotor slots, The total 
differential reactance of the machine then 
will be 


wtf 


the belt leakage being zero in this case. 

Before applying this method to the case 
of a machine having an open slot stator 
and a smooth rotor, we first should note 
the nature of the permeance and flux 
variations in the slots and air gap of typi- 
cal machines. Figure 1A represents an 
extreme case of a relatively wide slot and 
a very large air gap. 

The flux produced by one coil in the 
end slots is indicated in the flux plot, and 
from this plot we can determine approxi- 
mately the curve of flux density at the 
rotor surface, which is shown in Figure 
1B. For the space between but not in- 
cluding the end slots, this curve also repre- 
sents the air gap permeance as seen at the 
rotor surface. With such a permeance 
distribution along the rotor surface, a 
current carrying coil concentrated in 


(10) 


{This was derived in reference 4. 
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points under the centers of the end slots 
and on the rotor surface would produce a 
flux distribution as indicated in Figure 1C 
which is identical with that of Figure 1B 
except for the end slots where there is a 
slight discontinuity instead of a gradual 
reversal of the flux density. Therefore, 
as far as flux distribution is concerned, we 
can assume with negligible error that the 
coils all are concentrated in the centers of 
the slots. This assumption also is justi- 
fied as far as linkages are concerned, for 
nearly all of the flux which enters the slots 
enters the sides of the teeth without pene- 
trating the conductors. 

In Figures 2 and 3 are shown other ex- 
tremes of slot and air gap proportions, 
with the corresponding permeance curves. 

The greater we make the ratio of slot 
width to air gap length, the more nearly 
the permeance curve will approach that of 


Figure 2 


: NY (Te 


(8) 


pool 


PERMEANCE FOR SLOT (A) 


Figure 4B. The smaller we make the 
ratio of slot opening to gap length, the 
shallower the dips in the permeance 
curve, and the more rounded their shape. 


Reactance of Open Slot Machines 
by the Difference Method 


Formulas will be derived for the differ- 
ential reactance of machines with open 
slot stators and closed slot rotors, having 
slot permeance characteristics of four 
different kinds. 

Let us take, as our first case, B, that of 
an open slot stator with a closed. slot 
rotor, where the air gap permeance is 
taken to be sinusoidal, as indicated in 
Figure 4B. 


» (11) 


The total linkages produced by a single 
stator coil are simply equal to & times the 
linkages in the closed slot case, where & is 
the ratio of average to maximum perme- 
ance along the air gap, or 

Te o—P: 1 


——$$—— 


Po 


P,=P)—Pi(it cos 25x) 


The same expressions for total self- and 
mutual-flux linkages as in the closed slot 
case are therefore, valid, if the values are 
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multiplied throughout by the factor k. 


Therefore, for case B 


pee + (12) 
t x? 12512 eeeee 


The curve of flux density produced by a 
single turn is the same as that of the per- 
meance, or 


sop aan cos 251%) (13) 
Ps 
The amplitude of the fundamental sine 
wave of this is 


APIS Pie PL 1 
f eee es | (14) 
Py | Po (4512-1) 


and the total flux of this fundamental 
component is 


=*| Boa il 
OO aps |) eR ai(4s(%—1) 


8 1-k 
acres 


As in the closed slot case (case A), the 
per unit fundamental linkages are 


_ Fest 
Se 4 Qn , 
so that 


Aks, 1-—k 1 
ee 16 
case aa A Coot) eee 


The per unit differential reactance of 
the stator winding is then 
Le ree) 

Ls 122 k(4s:?—1) 


(17) 


To this, we must add the differential 
reactance of the rotor winding in order to 
obtain the total differential reactance of 
the machine. 

The smooth core rotor is assumed to 


(A) 


(B) 


PERMEANCE FOR SLOT (A) 


Figure 3 


(Ordinates of curve P proportional to density 
of flux lines at rotor surface in A) 


Alger, West—Air Gap Reactance 


have s, slots per pole, and sz phases. The 
balanced s, phase currents produce a 
magnetomotive force wave which consists 
of a fundamental revolving at synchro- 
nous speed with respect to the stator, and 
of rotor slot harmonic magnetomotive 
forces which revolve at other speeds. 
Only the flux produced by the funda- 
mental magnetomotive forces can induce 
line frequency voltages in the stator wind- 
ing when the machine is running. If the 
rotor is turned very slowly, the average 
voltage induced in the stator winding is 
determined by the flux produced by the 
fundamental magnetomotive forces only. 
The fluxes produced by the harmonic 
magnetomotive forces of the rotor will in- 
duce line frequency voltages in the stator 
winding for different positions of the 
rotor; but, as the rotor is turned, these 
voltages will reverse with respect to that 
caused by the fundamental magnetomo- 
tive force, and their average will be zero. 

The flux produced by the fundamental 
magnetomotive force wave of the rotor is 
not sinusoidal because it acts on a non- 
uniform permeance. Assuming balanced 
stator and rotor fundamental magneto- 
motive forces, the peak of the rotor funda- 
mental magnetomotive force wave is 
(4/2) (s1/2) =2s,/m times the (unit) mag- 
netomotive force of a single stator coil. 
The instantaneous flux density B; at a 
point a distance x from one side of a refer- 
ence stator coil is therefore 


25,P 
ee | sin (x —wt-+ 6) 
Tv 
where 
P,=P)—Pi(i+ cos 25%) (11) 


The instantaneous flux linking the refer- 
ence stator coil is then 


ante f sin (x —wt+6) [Po—Pidl + 
T70 


cos 251x) |dx 
or 


4 
ee (Po—P:) cos (wt—6) — 
Tv 


2 
a Pi f sin (x —wt+6) cos 2sixdx 
Tv 


0 

The first term of this expression repre- 
sents the flux that would link one stator 
coil if the permeance were uniform and of 
the valueP)—P;. The second term repre- 
sents the difference in the linkages caused 
by the nonuniformity of the permeance. 

Completing the integration, we get 


As;Po 1—k 

= —— —wt+é 

ae OS Beerreresnd ak ee 
i (18) 


The (unit) flux produced by a single 
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FUNDAMENTAL 


CASE A ke) 
zr 
Ss 
Pr 
a5 
w 
CASE B k= Po- Pi 


Po+ Pi : at 


2Po 


CASE C ke =0.50 


at 


w 

a. Q= RATIO OF AVERAGE TO 
MAXIMUM AIR GAP 
PERMEANCE 


Figure 4. Flux wave due to a single full pitch 
coil 


Case A. Closed slots. 
Case B. Open slots. Permeance sinusoidal. 
P=Py—P,(1-+cos 25X) 
Case C. Openslots. Permeance lower, but 
uniform across slot openings 
Case D. Open slots. Permeance uniformly 
varying from slot edges to zero at slot centers 
Case E. Open slots. Permeance concen- 
trated in equivalent tooth width, with zero 
permeance in equivalent slot width 
These diagrams show the flux wave form pro- 
duced by a single full pitch coil, as it appears 
to a closed slot winding, or smooth pole face, 
on the opposite side of the air gap 


Permeance uniform 


stator coil is Po, so that the per unit 
linkages produced by the fundamental 
rotor ae force are 


Aks, 
Dae iat ake ate aes 


Comparing this with equation 16, we 
see that equal ampere turns in the stator 


(19) 
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Figure 5. Relative val- 
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k= RATIO OF AVERAGE TO MAXIMUM PERMEANCE 


and rotor windings will induce equal use- 
ful fluxes in the opposite members. 
Therefore, the quantity L, corresponds 
exactly to mutual inductance in the case 
of two simple single-phase coupled cir- 
cuits; and, therefore, the total per unit 
differential leakage is 


Ly,+Li,—2Ls 


Dp im (20) 

From the nature of the equations, it 
seems obvious that for any permeance 
characteristics which can be expressed by 
a Fourier series, the quantity L, must be 
the same, whether derived from the stator 
magnetomotive force or the rotor mag- 
netomotive force. In short, equation 20 
is valid, regardless of the shape of the per- 
meance wave, 


It will be noted, however, that the 
physical characters of the second terms in 
equations 16 and 19 are quite different. 
In equation 16, the second term repre- ~ 
sents the linkages produced by a pair of 
revolving fields having the fundamental 
number of poles and the same speed of 
rotation, so they are actual additions to 
the fundamental field itself. These fields 


‘are due to the product of the primary slot 


harmonic magnetomotive forces, by the 
corresponding orders of harmonics in the 
permeance wave. However, the second 
term in equation 19 represents the link- 
ages of two harmonic fields of the same 
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numbers of poles and speeds of rotation as 
the primary slot harmonics, due to the 
product of the fundamental magnetomo- 
tive force wave of the secondary by the 
permeance harmonics of the primary. 
These harmonics induce fundamental fre- 
quency voltages in the primary and there- 
fore form a part of the mutual flux. 

Each rotor slot is assumed to carry 
5;/Sq times the current in each stator slot. 
The total linkage of one full pitch rotor 
coil, due to all of the rotor currents, is 


then 
ryesee 
2s. 2 


“| 
saa =-.CSe 
Sq |_ Se 
Aks, 
=H] a4 +...| 


in terms of the unit flux produced by the 
current in a single stator coil, From 
equations 12, 16, and 20, the total differ- 
ential reactance is then 


72 


12s? 


(21) 


w?X ny) 1 [ x*k+6k—6 i 
ee | S| S = 22 
B 12 [3( ak )+3] ( ) 
for case B. 


Case C. Permeance asin Figure 4C 


Here, as in case A, the value of Ly, is 


the same as in the closed slot case except 


multiplied by &. ens 
Aks, a1? 3 
Ly= x? [ +553 . | 
AIEE TRANSACTIONS 


Se ee 
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Table |. Walues of Differential Leakage Reactance 


Case Permeance Wave 
AEC DO) hatieee aay Astoie cial Uf g: Hae Oe Ponce = 
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*These ratios are shown in Figure 5. 


Also, as in case A 


Aks; 1 
Tae ec 
12 a l +i952¢ | 


As derived in Appendix II, by Fourier 
analysis of the case C diagram 


4ksi[_ _ 2(1—k) 
I; aaa aa Shee teas oS 
a [+ Soke? | 


whence, from equations 12, 16, and 20 


wXy| 1 (7k—-3 1 
Xp=—*| —( —]+—> 
m 12 Fe 4k \+5| 


-Case D. Permeance as in Figure 
4D 


(23) 


The formulas for L,, and L, are the 
same as in cases A and B. 
As derived in Appendix III 


Aks ?(3 —2k) 
L.=—| 1-+-———— +: :-:- 
; =| + Toges? + | 
whence 


(24) 


mXy[ 1 oe | 1 
Xp=——"| = ~ 
a dase Fat 16k +3| 
Case E. Permeance as in Figure 
4E 


By similar procedure 


Se? 24512 


mXy|k? 1 
Xp=-—*| —+— 
3 12 [E+ 


The equation for L, is derived in Ap- 
pendix IV. 

So far, the ratio of tooth width to slot 
pitch, w,/w, has been taken equal to 
0.50. The results for other values of 
w,/w can be found by combining the re- 


(25) 


1947, VOLUME 66 


Per Unit X p* Range of k 
2 
tee a el oak Mini tee es sete, ae a TORE 
12s? 
x? ( (r2+6)k—6 ; 
rece BE (eS een ec ae 1 
12s? kr? Poe 
x? (21k—5 
¢ sitet — A atol 
1252\ 16k ) Aine 
fee head pete) Sftoi 
12s? 4k 
x? (37k—21 sft 
ee perl Geers mule YR, Fee 
m2 (22k—9 = 
Ae rinten —— | —— os to 3 
12s2\ 16k ig 
3 
eres SD ..0 to 1 
12s? 


sults from equations 23 or 24 and 25. 
Considering Figure 4C, and letting 
w,/w = a, the flux wave is made up of the 
sum of a uniform wave of height Pi, and 
an intermittent wave of height (Po-P1). 
The per unit linkages are, therefore, 
= (L for case A+e5 x 
(L for case E but putting a for Rk) 


Hence, the differential leakage react- 
ance is 


aX [ at eV, | Oa 


12 ksy? SQ? 


D= 


which reduces to equation 25 if a = R, 
and to equation 10 if k = 1. 

The results are summarized im Table I, 
giving the factors by which the quantity 
?/12s,? in the formula for the closed slot 
case must be multiplied to give the correct 
values for the different open slot cases. 
These factors are shown in Figure 5. 

It is clear from this analysis that any 
opening of the slots, giving dips in the 
permeance wave, decreases the harmonic 
content of the total flux wave as compared 
with the fundamental sine wave for a 
winding embedded in the open slots; and 
therefore, decreases the pef unit differen- 
tial leakage reactance. Since in this 
analysis we have taken the number of 
phases equal to the number of slots, and 
the number of slots to be large, the lower 
order harmonics, or phase belt leakage 
fluxes, are eliminated, and the leakage flux 
is made up entirely of the tooth harmonic 
frequencies. The factors in Table I and 
Figure 5, therefore, do not apply to the 
formulas for belt leakage reactance. 

Since, in practice, w,/w = a, and k, are 
seldom less than 0.50 for rotating ma- 
chines, the several curves of Figure 5 all 
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can be represented to sufficient accuracy 
by the formula 


6k—1 


Reactance ratio= (approximately) 


(27) 


whence we conclude that the differential 
leakage reactance of a slot embedded 
winding is 


w2X 6k—-1 
Xp= =| (= 28 
(SS ) (28) 
where 
Xy=magnetizing reactance, correspond- 


. ing to fundamental sine wave of air 
gap flux. 
s =number of slots per pole. 
k=ratio of average to maximum air gap 
permeance, taking into account the- 
slot openings on the winding side of 
the air gap only. 


By this method, the slot openings on 
the other side of the air gap, if any, must 
be taken into account separately, as if 
each winding faced a smooth pole face. 
There are then two independent values, hy 
and ks, corresponding to the primary and 
secondary slot numbers, si and so, and the 


“configurations of their openings. The 


over-all average air gap permeance is 
equal to Aiko, and this factor enters 
linearly in the calculation of the mag- 
netizing reactance for the fundamental 
air gap flux, X y. 

The combined differential leakage re- 
actance of two opposing slot embedded 
windings, with s, and s2 slots per pole is 


therefore 
6ke—1 
+—; ) (29) 


60 


sy? $2 


2X [ 6ki—1 
Total pee a ( - 


The Average Overlap Method 


It is well known that the slot reactance 
in ohms of a full pitch, one slot per pole 
per phase, winding is equal to 


X,= MP, ohms (30) 


where P, is the slot permeance constant, 
or effective ratio of depth to width of slot, 
and M is a winding factor equal to* 


8x2fLgZ? 
10"ps 


f being the frequency, L the core length, 
q the number of phases, Z the number of 
series connected conductors per phase, p 
the number of poles, and s the slots per 
pole. 
Also, the magnetizing reactance of such 
a winding is 
DsMk 
mpg 


|) Se eee 


(31) 


M ohms 


*Derived in reference 4. 
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where D = air gap diameter, k = ratio of 
effective to maximum air gap, and g = 
the maximum air gaplength. Hence, the 
slot reactance may be expressed as a fac- 
tor times X yy 


X;=—— P;sXy (32) 


The zig-zag leakage reactance then may 
be calculated by equation 32, if the effec- 
tive, or average, permeance of the zig-zag 
flux path bridging one slot opening is 
known. 

In the paper of reference 2, Carr de- 
rived the following formula for the effec- 
tive zig-zag permeance per centimeter 
length of stator slot: 


t*—tq* 


2 = 
62w1?wWe 


(33) 


where 


paged 
2 


i Q1Wi + a2W2 


. This equation was given by Carr for a 
particular range of relative slot and tooth 


proportions. As shown in Appendix V, 
the equation holds for any combination of 
stator and rotor slot and tooth widths, 
provided the numbers of slots per pole are 
" not small. 

Substituting for w; and we their values 
aD/ps, and mD/ps2 in equation 33, we get 


Pyle nie 
12gp Sh 
Putting p, from equation 34 for p, in 
equation 32, the zig-zag reactance is found 
to be 
Qjdqr?X yy a? Ay” 
X,=——— (=+— 
m 12k (34%) 
The product a: a2, however, is merely 
the ratio of effective to total air gap 


length, which we have previously denoted 
by k. Hence — 


Xe = eed (+2) 


12 \s,? -sq? 


(34) 


(35) 


(36) 
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This is the final expression for the zig- 
zag reactance of wound rotor machines 


calculated by the tooth overlap method. 


Comparing this with equation 25, we 
find that the overlap method gives a pri- 
mary differential leakage identical with 
case E, Table I, varying in proportion to 
the square of a, or hi. 

Derivation of reactance formulas by the 
overlap method for types of permeance 
variation other than type E are consider- 
ably more difficult and laborious. The 
writers have applied the method to case 
C and to the special case of case D, in 
which P; = Po, and have obtained identi- 
cally the same formulas as have been ob- 
tained by the difference method. 


Zig-Zag Reactance of Squirrel Cage 
Machines 


The zig-zag reactance of a squirrel cage 
motor generally will be slightly less than 
that of the corresponding wound rotor 
motor. This is evident if we think of a 
squirrel cage winding as having been made 
by completely short-circuiting the end 
portions of a wound rotor winding. 


* Short-circuiting any two points of a net 


work in general will reduce the reactance 
of the network. 

The rule, which is stated in Appendix 
V, for determining the magnetic potential 


Figure 6 


difference between rotor and stator teeth 
in wound rotor machines, does not hold 
true for squirrel cage motors because the 
rotor currents will vary from slot to slot 
ina more or less irregular manner. How- 
ever, the averdge zig-zag permeance can 
be determined in a more direct manner if 
we consider the rotor teeth as being 
equivalent to isolated strips of steel sepa- 
rated from each other by an imaginary 
material of zero permeability. This pro- 
cedure is perfectly legitimate; for, if the 
squirrel cage resistance is zero, no a-c flux 
can link any bar of the cage and, there- 
fore, all flux which enters any tooth of the 
rotor from the stator must return to the 
stator from the same tooth. 


In this way, a factor, F,,, less than 
unity, may be derived, which should be 
multiplied into the expressions given in 
Table I, to obtain the net differential 
leakage reactance for a squirrel cage wind- 
ing without skew. It is evident that the 
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induced squirrel cage currents which cause 
this reduction in reactance set up revolv- 
ing fields of their own, which link the sta- 
tor winding, causing tooth frequency volt- 
ages to appear at the line terminals. 
These harmonics are the cause of the well- 
known effects of voltage ripples and in- 
creased stator iron losses, which occur 
when the squirrel cage has a much larger 
number of slots than the primary and is 
not skewed. If, as is usually the case, 
the slots are skewed approximately the 
width of one primary slot pitch, the value 
of F,. becomes unity, since the primary 
slot harmonics then induce no net volt- 
age and no circulating currents flow in the 
squirrel cage. It is hoped that these in- 
teresting relationships may be the subject 
of future papers before the Institute. 
They have been considered in a recent 
paper by J. H. Walker before The In- 
stitution of Electrical Engineers, London, 
England.® 


Extra Reactance Due to Skewed 
Slots 


Thus far in the discussion we tacitly 
have assumed that the slots are not 
skewed. If the slots are skewed, the re- 
actance is increased, because the phase 
angle of the voltage induced in the core 
length of a single secondary conductor 
varies through the angle a, making the 
net voltage proportional to the chord in- 
stead of the arc of the angle. 

The ratio of mutual to total reactance 
of the primary is therefore, (2/a) sin a/2, 
and the reactance due to skew is 


LL. — M? 
Ly 


4 a 
Sie te | pene 
( oe ) M 


giving the well-known formula 


aX 


12 


X skew i 


X skew J 


mwa 2X ay 
= approximatel 
1252 (appr y) 


where a = angle of skew in radians = 
wa/s;, where o = angle of skew as a frac- 
tion of one stator slot pitch. Combining 
this with equation 28, and adding the 
term for belt leakage, we get for the total 
air gap reactance of a wound rotor induc- 
tion motor 


Xp + 


512 $2? 


a 2 = 
~*a{ 1+50? 6ke *] 4X_ G7) 


and for a squirrel cage motor 


a ed (38) 
Sy Sa 
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Figure 7 


Summary 


The formulas derived in this paper. en- 
able the differential leakage, or zig-zag, re- 
actance of any motor or induction regu- 
lator to be calculated with good accuracy, 
whatever the width of slot openings and 
whatever the ratio of primary to second- 
ary slots. The basic formula for the 
total differential leakage reactance is 


D= 


val Chat 5o2 


ir 55,2 5592 


(5) 
where 


-F,,=a factor less than unity, expressing the 
effects of induced harmonic currents 
in a squirrel cage winding 

=1 for any wound rotor 
=] for a squirrel cage winding with o 
approximately equal to 1 

o =ratio of angle of skew to one primary slot 
pitch . 

X m=primary magnetizing reactance 


51, S:=primary and secondary numbers of - 


slots per pole 
Xp,=belt leakage, due to magnetomotive 
force harmonics caused by phase belts 
and irregular windings, to be calcu- 
lated as given in reference 4 
=0 for any squirrel cage winding 


There still remains much more work to 
be done before fully adequate formulas for 
_ the reactance of all types of rotating ma- 
chines are available. Two of the sub- 
jectsnot yet fully covered are the phenom- 
ena of induced squirrel cage currents, 
on which the value of F,, in equation 39 
depends, and the belt leakage reactance of 
irregular windings. | Liwschitz®’ has 
treated both these topics; but has not 
considered the effects of alternative pat- 
terns for irregular winding distribution, 
nor has he given his results in the alge- 
braic or per unit forms that are most con- 
venient for calculations. The wide differ- 
ences in viewpoints have prevented the 
authors from obtaining a clear comparison 
of the Liwschitz results for the effects of 
open slots on differential reactance with 
those of the present paper, so that more 
study should be given to this aspect of 
the subject. Kron® has given a general 
method for calculating the belt leakage of 
irregular windings, which could well be 
extended on the basis of the results in this 
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6k2—1 
ne ; 


paper. Finally, there is greatly needed a 
sound analytical treatment of the react- 
ance of end windings, based on the geom- 
etry of the end structure, and giving for- 
mulas from which the end winding forces 
on short circuit can be derived. It is 
hoped that all these topics may be con- 
sidered in future Institute papers. 


Definitions of Symbols 


Subscripts 1 and 2 refer to primary and 
secondary windings, respectively, unless 
indicated otherwise. 


a=ratio of effective tooth width to slot 
pitch. In final reactance formulas, 
ais numerically equal to k 

D=air gap diameter 

E=energy 

f=frequency 

g=air gap length 

k=ratio of average to maximum permeance 
along the air gap 

L=length of core 

L,=linkages in a full pitch coil due to funda- 
mental of the magnetomotive force 
wave of either member 

L,=linkages in a full pitch coil of rotor or 
stator due to all currents in the same 
member 

M=winding factor 

p=number of poles 

Py,P:= (Defined in Figure 4) 

P,=slot leakage permeance 

P,=zig-zag leakage permeance per slot 

s=slots per pole 

i=effective tooth width 

w=slot pitch 

Xp=belt leakage reactance 

Xp=differential leakage reactance 

X,= zig-zag leakage reactance 

X;=slot leakage reactance 

a=amount of skew in radians 

o =skew in terms of one stator slot pitch 


Appendix | 


T= sin 6+ sin 20+ sin 30+...+ 


sin (s—1)@ (39) 


Then 


dT 
pee 6+2 cos 20+3 cos 30+...+ 


(s—1) cos (s—1)6 (40) 


so that 
aiet [ef 24... e— 09 
2 : 
(eH eH 4... eo @— 9H) ] (41) 
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Since 7 
n=(s—1) * r(r8—} 1) 
a2 rl 
ff (eS — 999-1) (eG — DH —1) 

ee eee” = | 

ema _ 4-059 _1] (42) 
and 
dT — «0 


do 2(e” —1) (et? — ee @— 98 —1) + 


2(e —1) [se — ef? —(s—1)e- 6-99] 
€ _ 
1 


= {1 Sae\a 
2\ e2 —e 2 


s(e? Le 90) 9.4 5(e@—D10 4 ¢— @— 1)79)] 


[sO e— 318 = 


1 
area ey [2 cos s@—2s cos s@-2+ 


8 sin? - 
2 
2s cos (s—1)0] (43) 
If s@=7, this reduces to 
La =* [2—s+s cos 4] 
—— —s cos 
dé 2 
A0sin= = 
ans BG (4a) 
2isin2— 
2D, 
Figure 8 t) 
te 


From equations 1 and 40 


2dT 
== = 
: s d0 a5) 
Hence 
Tv 
L,==— ese? === ese? = (46) 
Ss 2s 
which verifies equations 6 and 40. 
Appendix Il 
For case C 
us 3a br 
4s Hs jas - 
par, | +P] +P,| eo Acnar 
Tv 3ar 
4s 4s 
(4s—1)4 
oe rs 
P| +P| (47) 
(4s — 3) 4 (4s — 1) 
4s 4s 
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Figure 9 


The fundamental sine wave of P is 


ay Mas 2P ee 
F=- P sin xdx =— (—cos » fi 
TSO us 0 


(48) 


(4s —1)r eS 4P, 
———— — cos ———— _ |+—_ 
As 4 Cy 


4P, 2(Po- 
bese ee CS) sec — 


vi 


The per unit fundamental linkages are 


4s Py (Po- P3) wv 
Lani Be CoP i Z| 


ey 
wr? 


Appendix Ill 


ole Sees approximatel 
—— roxim 
yr ihe y, 


(50) 


For case D 


3a us 


4 P 45 s $ 
= 3 ea “san —4P.se | 
Cus 


43 4s 


AP 
: wl an['t.. 


8 s 


(51) 
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The fundamental sine wave of P is 


Pe Tv 
= P sin xde. 
us 0 : 


ae 
(sin «—x cos of 


30 


P 4s gp 2 
= (cos | eee: (cos »| —_ 
wT w _3r 


8Pis ‘ f 
—— (sin x—x cos *) | + 
7 8ar 


— 
4s 


oar 


f 8Pis 4s 
(sin «—4x cos »| + 


oar 


8P a 8sP: : 
— (cos | +...= at ain = 
1 ues 


e 
T . Tv ‘ |+ 
As Ss 


oe ee Mee ioe: 
sin -+ sin es sin — — sin -+ 
Ss Ss 


s 


2(Po—P) ‘ T eae oT 
———— cos, — cos — 
. = As As 


16sP 2 
z (sin "+ sin Fos )e 
2 Ss Ss 


4(Po—Pi) P,) 7 Hem BOT 
ae sin = (sin ses See) 
Tv 
2 cos — 
8sP; 1 2s 
ane 8 
7 . 
et ss} sin | s ae 
2(P)—P. 
Cece) (52) 
Figure 10 ty Yi 


The total sine wave linkages for all phases 
are obtained by multiplying equation 52 by 
s/aPo, as before, giving 


rant 


128ks pee c-ciabas to] 


Appendix IV 


For case E 


(1+-k) a (3+) a4 


7) 28 28 
P=P,| +P.| Sess 
(Q—k)r (3—k)x - 


2s 28 


(53) 
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The fundamental sine wave of P is 


(1+k) 4 
2 wT , 2Po 2s 
=— P sin xdx=— (—cos x) 
wT fo T (1—k)r 
25 
“eee 
2Po (1—k)xr (i+k)r 
= cos ————— — cos ————+ 
T 2s 2s 
és G-Dn G+k)r ) 
——— — cos ————+ .... 
2s 2s 
4Py) . knf . _ oT 
ee sin (sin Sea sin = ani i 2 
—. 
sin 
2s 


The per unit fundamental sine wave link- 
ages are found by multiplying equation 53 
by s/mPo, giving 


ee es ae 
DAs 


-#)) approximately 


Appendix V 


Consider a symmetrical polyphase ma- 
chine having full pitch windings in both 
rotor and stator, the rotor position heing 
such that its winding axes coincide with 
those of the stator. For this particular 
position the belt leakage is zero, and the 
total air gap leakage reactance is zig-zag 
leakage. 

Figure 6 shows a stator and a rotor phase 
belt in the position for zero belt leakage as 
just stated. Equal ampere turns are 
assumed in rotor and stator. Between 
stator tooth 1 and rotor tooth 1 there will 
be no magnetomotive force drop, and we 
may take their common center line as a 
reference boundary. The magnetomotive 
force drop between any other two opposing 
rotor and stator teeth in the figure will then 
be proportional to the algebraic sum of all 
the ampere turns between the two teeth in 
question and the reference center line of the 
first teeth. For instance, between stator 
tooth 4 and rotor tooth 5, the magneto- 
motive force drop is 


: 4w 
4rnyi| 3 —-— 
WW 


where 
mt, =ampere conductors per stator slot 
and 


W2 ‘rotor slot pitch 
bee pk pes Sige eee Bee 
w, stator slot pitch 


Now the distance between the center lines 
of stator tooth 4 and rotor tooth 5 is 


Awe 


ote 1 


d= (3w, —4w») or (3 
3 : : Wi 
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Substituting this in the expression for the 
magnetomotive force drop, we get 


4a Nyly— 
Wi 


That is, the magnetic potential difference 
between any two teeth in the figure is equal 
to the magnetic potential difference per 
stator slot times the ratio of the distance 
between the two tooth center lines to one 
stator slot pitch. 

Stated in another way, the magnetic 
potential difference between any two teeth 
in coaxial phase belts is equal to 4xdmnu, 
where nz is the stator ampere turns per 
centimeter of air gap periphery. 

This simple rule makes it possible to cal- 
culate the flux distribution as completely 
and accurately as our ability to allow prop- 
erly for fringing will permit. 

By making use of this simple rule, we can 
determine the flux density between any two 
opposing teeth, and hence the magnetic 
energy, and this in turn is a measure of the 
reactance. In the following, an expression 
is derived for the average energy per tooth 
for all relative positions of a pair of opposing 
rotor and stator teeth, throughout one slot 
pitch. This gives the average zig-zag re- 
actance for the conditions stated and, 
therefore, also the average effective zig-zag 
leakage permeance per slot. Having a 
formula for effective zig-zag permeance for 
the particular conditions, we may assume 
reasonably that we can use this same value 
of permeance in calculating zig-zag react- 
ance of fractional pitch windings. 

For other noncoaxial positions of the 
rotor, belt leakage appears. This is super- 
posed on the zig-zag leakage and may be 
accounted for accordingly. 

An expression for the average energy per 
stator tooth can be obtained most easily by 
finding a formula for the average energy per 
slot of that member which has the narrower 
teeth, regardless of the slot pitch. By 
using this procedure we need study only 
two types of slot and tooth combinations 


1. In which the narrower tooth is narrower than 
the slot in the opposite member. 


2. In which the narrower tooth is wider than the 
slot in the opposite member. 


This will cover all possible slot and tooth 
combinations. 

In Figure 7 is represented a slot and tooth 
combination of the first type; that is, the 
rotor teeth are narrower than either the 
stator teeth or the stator slots. 

As the rotor tooth moves through one 
stator slot pitch, there are three regions to 
be considered 


1. Where the rotor tooth is entirely opposite the 
stator tooth. 


2. Where the rotor tooth is partly opposite the 
stator tooth and partly opposite the stator slot. 


3. Where the rotor tooth is entirely opposite the 
stator slot. 


We must integrate through these regions 
separately in order to get the average 
energy. 


Type 1 
Region 1 


O<x "57 (Figure 7) 
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Let the ampere turns per rotor slot be mztz. 
Then the potential difference between the 
two teeth is, according to the rule stated 
previously, 


tem (55) 


We 


The magnetic energy in the permeance P 
between the teeth is 


E,=—=— (56) 


Substituting for v and P their values of 
Amrnyigx /2 and tp/g, we have 


x 2t, 


Eq=21 (note)? owe? (57) 
2 


for the energy as a function of the rotor 
tooth position in region 1. 


(Figure 8) 


In this region the rotor tooth is partly oppo- 
site the stator tooth and partly opposite the 
slot. The permeance is 


ae (eet) (58) 
g 2 


so that the energy is 


2 i+t 
By = De (nisi)? = at x) (59) 
Dy 


Region 3 


ae es 
oe) 


Here the rotor tooth is entirely opposite 
the stator slot, so that it carries no flux, and, 
therefore, EZ, = 0. . 

The average energy of the rotor tooth flux 
through one stator slit pitch is 


4—t 
u hee 
E=—— x 
2 mia a 
0 
4+te w1 
+o 8 2 
E,ydx+ E,dx 
hat ate 
2 2 
Nolo)” 
as gal tta(th?-+h) (60) 
ZW." Wy 


The energy per stator tooth will be 
Ei=— Ep (61) 


and since mez = MmMlWe/wr, the average 
energy per stator tooth is 


4a (mit1)? 
= ——$<—— byte (hy? + fe? 62 
Ei SA pines ito (ty? + te”) (62) 


and therefore, the effective permeance per 
stator slot is, for type 1, 


hhta(h?-+t2?) 


Piaal 
e 12gw;?we 


(63) 
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TYPEr 2 (FIGURE 9) 
WShSh 
Region 1 


t—t 
ine 2 


This is the same as in type 1, region 1, and 
the equations are the same. 


The equations will be the same as for 
region 2, type l. 
Region 3 
th —te 
2 


t 
+1 Sx tt (Figure 10) 


In this region the rotor tooth covers the 
stator slot. There are two flux bands to 
consider. For the left hand band, the con- 
ditions are the same as for region 2, so that 
for this portion of the rotor tooth the energy 
is 


2 tott 
Eq =2n(neir)? 2 (44s) (64) 
> 


For the right hand band the potential 
difference is proportional to the distance 
from the center of the rotor tooth to the 
center of the right hand stator tooth. 


Wy —X 
v=4ani — (65) 
W2 
and the permeance is 
tg—h 
+x 
2 66 
ers ae (66) 
g 


The energy in the right hand band is then 
; (wi —xX) a 


2 


Eo = 20 (Noi2)? 5 —ntx) (67) 


gWe 


The total energy of the flux entering or 
leaving the rotor tooth at any position is the 
sum of equation 64 and 67. 


patents)? E (tt) rf 
gw? 2 


(w -» (2 —y,+x )| (68) 


The average energy during a relative 
movement of one stator slot pitch is 


4=b1 y, 
1 

E,= E,dx+ 

. w,/2 
0 
Bia: a 
2 2 

E,ydx+ E,.dx 


4ar(n2i2)” tile 7 
See (Fi 2 69 
toe 2A (t?+h?) (69) 


which is the same formula as the one which 
was obtained for type 1. } 
The expressions for the corresponding 


energy per stator tooth and the equivalent 
permeance are, of course, the same as in 
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type 1. From the fact that the expressions 
for the energy per tooth for stator and rotor 
are perfectly symmetrical, and also that 
they are the same for types 1 and 2 of slot 
combinations, it follows that the formula 
derived for the equivalent average perme- 
ance per stator slot in type 1 holds for any 
possible combination of slot and tooth 
widths, that is, the formula 


hile 


P\=———— 
12 gw ?wWe 


(t?+h?) (70) 
is perfectly general for full pitch wound rotor 
machines. This quantity when added to 
the slot permeance in the formula for slot 
reactance of the stator winding will give an 
additional reactance equal to the total zig- 
zag reactance of the whole machine. 

This formula approaches rigorous accu- 
racy, for the stated conditions, as the num- 
bers of slots per phase belt are made large 
and as the ratio s;/s, is made to approach 
but not equal unity. It seems obvious that 
for all practical purposes this permeance 
might be used in all cases as an addition to 


Discussion 


John F. H. Douglas (Marquette University, 
Milwaukee, Wis.): I wish to discuss for- 
mula 5 and in particular the term (6k—1)/5 
which occurs therein. In so doing, I wish 
to cite Carter’s first paper!, Carter’s second 
paper?, and a master of science thesis ‘‘An 
Analysis of Zigzag Permeance in Induction 
Motors,” by Kirkish, Marquette Univer- 
sity, Milwaukee, Wis., April 1935. 

Most engineers use the coefficients from 
Carter’s second paper for leakage as well as 
magnetizing current calculations. This is 
erroneous, since with zigzag leakage one of 
the flux components passes from a tooth of 
one polarity to one of opposite polarity. 
The double fringe permeance in this case is 
0.88 geometric unit smaller than in the 
other, where adjacent teeth have the same 
polarity. Kirkish made the correct use of 
these two permeances when slots are oppo- 
site teeth. 

No one before has defined clearly the 
boundary between slot leakage and zigzag 
leakage. Kirkish didso by starting zigzag at 
the slot opening. Thus conventional values 
of zigzag are augmented by a term, which is 
considerable when slots are opposite. In 
this zone Kirkish used the Schwartz- 
Christoffel transformation with great care. 

When zigzag permeance is plotted against 
the position of the rotor slot center by 
Kirkish result is like Figure 4 B, of the paper. 
The ratios of average to maximum perme- 


Figure 1. Kirkish's water trough 


1340 


the stator slot permeance to calculate the 
combined slot and zig-zag reactance, pro- 
vided the number of slots per pole is fairly 
large. This seems quite true if the rotor and 
stator windings have equal pitches, and it 
seems fairly reasonable to use the formula in 
this way even in the case of a machine hav- 
ing unequal rotor and stator winding pitches. 


References 


1. THe LEAKAGE REACTANCE OF INDUCTION 
Motors, C. A. Adams. Transactions, Interna- 
tional Electrical Congress (St. Louis, Mo.), volume 
1, 1904, page 706. 


2. Dersicn or INpucTION Morors, C. A. Adams. 
AIEE TRANSACTIONS, volume 24, 1905, pages 649- 
84. 


3. Zic-ZaG LEAKAGE, L. H. A. Carr. The Elec- 
trician (London, England), volume 87, July 15, 
1921, page 76. 


4, Tue CALCULATION OF THE ARMATURE RBACT- 
ANCE OF SYNCHRONOUS Macuinss, P. L. Alger. 
AIEE Transactions, volume 47, 1928, pages 493- 
513. 


5. Parasitic Losses IN SYNCHRONOUS-MACHINE 
DAMPER WINDINGS, J. H. Walker. Journal, In- 
stitution of Electrical Engineers (London, England) 
volume 94, part 2, February 1947, page 13. 


6. DirFERENTIAL LEAKAGE WITH RESPECT TO THE 
FUNDAMENTAL WAVE AND TO THE HARMONICS, 
M. M. Liwschitz, AIEE Transactions, volume 
63, 1944, October section, pages 1139-49. (See 
also the bibliography to this paper containing 42 
publications on the subject.) 


7. DIFFERENTIAL LEAKAGE WITH RESPECT TO THE 
FUNDAMENTAL WAVE AND TO THE Harmonics, M. 
M. Liwschitz. AIEE Transactions, volume 65, 
1946, May section, pages 314-20. 


8.. Tensor ANaLysis or NetworKs (book), 
Gabriel Kron. John Wiley and Sons, Inc., New 
York, N. Y., 1939. Chapter 12: Reactance Calcu- 
lation of Windings, page 296. 


9. Z1c-ZaG LEAKAGE or INDUCTION Morors, R. 
E. Hellmund. AIEE TRANSACTIONS, volume 26, 
1907, pages 1505-26. 


10. WercuseL, STROMTECHNIK (book), E. Arnold. 
Springer, Berlin, Germany, volume 5, part I, 1909, 
page 52. 


11. A Srupy or THE INDUCTION Moror (book), 
F. T. Chapman. John Wiley and Sons, Inc., New 
York, N. Y., 1930. 


12. Harmonic THEORY oF NoIsE IN INDUCTION 
Morors, W. J. Morrill, AIEE TRANSACTIONS, 
volume 59, 1940, August section, pages 474-80, 


ance are about 0.55 over quite a wide range 
of the ratios of slot width to gap. 

With regard to the chief conclusion of the 
paper, that slot openings reduce leakage 
faster than magnetising reactance, we cite 
the following figures from Kirkish’s thesis. 

We will use g in the same sense as in the 
paper, and define S; slot opening on the 
stator and S2 as slot opening in the rotor. 
Then for the case where S;=1/2Wi and 
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Wi=W2, Kirkish found values of zigzag 
permeance in excess of Adams’ by the 
amounts in Table I. 

Perhaps Kirkish’s greatest contribution is 
the one that may in the future lead to knowl- 
edge of current and flux ripples. Kirkish 
used a water trough shown in my Figure 1. 
This is a conjugate field, in which measured 
resistances give field permeances. With 
current supplied terminals 1-1’, voltages 
1-1’ or 2-2’ can be measured giving the per- 
meance P (including slot) and the mutual 
permeance Pj. With current supplied 
terminals 2-2’, the permeances P; and Po 
can be measured. Of course Piz checked 
P» very closely. Kirkish’s formula for zig- 
zag permeance was 


P,=(Pi—Ps) —(P)(Pa)-(P2) 


This is the figure for the resistance of the 
trough with electrodes 2-2’ short-circuited 
together. It is one of the consequences of 
Green’s theorem, generally unnoticed, that 
it extends network theory to fields. I wish 
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therefore to classify this equation (number 
17 in the thesis) as a major contribution. 
The term P, is the slot leakage. 
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M. M. Liwschitz (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): This paper is 
an important contribution to the field. In 
comparison with the paper published by 
Alger about 20 years ago, this paper takes 
into account two new factors, namely, the 
influence of slot openings, and the influence 
of skewing. However, the influence of the 
rotor currents on the leakage, as well as the 
leakage of the irregular, that is, fractional- 
slot windings, are not treated in this paper. 
The authors acknowledge that these topics 
are treated in my papers on differential 
leakage, published in the AIEE TRANs- 
ACTIONS in 1944 and 1946. Yet, they at- 
tach to my papers two “‘buts.”” One “but’’ 
is that I have ‘‘not considered the effects of 
alternative patterns for irregular windings.” 
I have treated in my paper the pattern for 
maximum distribution factor with respect to 
the main wave. This is the pattern which 
I and the Westinghouse designers normally 
use and the only one which is treated in de- 
tailin the literature. Occasionally, when a 
certain harmonic is to be avoided, we use 
another pattern, but only as an exception 
and, in my opinion, the layout of fractional- 
slot windings for maximum distribution fac- 
tor is the right one. Furthermore, the 
different patterns yield values for the differ- 
ential leakage which do not differ much from 
each other. 

The other “but” is that I have not given 
my results “in the per unit form that is most 
convenient for calculations.”” There are 
some designers who use the output current 
as unit current, and others who use the input 
current as unit current, while some designers 
still calculate in ohms. In order to satisfy 
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all of them, I have given my results in ohms. 
The designer can express my results in his 
units by dividing through by his unit im- 
pedance. 

The authors write in the summary: ‘‘The 
wide differences in viewpoints have pre- 
vented the authors from obtaining a clear 
comparison of the Liwschitz’s results for the 
effects of open slots on differential leakage 
with those of the present paper, so that more 
study should be given to this aspect of the 
subject.”” As a matter of fact, I do not see 
any difference in our general viewpoints. 
One of the mathematical expressions the 
authors used for the gap is the one I used to 
solve the problem of influence of slot-open- 
ings. However, there is a difference in the 
methods of attack of the whole problem and 


it is worth while to clarify this difference. - 


The authors as well as I consider the differ- 
ence between the real magnetomotive force 
wave and the main wave as the source of the 
differential leakage. The difference be- 
tweefi both methods of attack is the follow- 
ing: The authors split the sum of all har- 
monics into two parts, the first part being 
the zigzag leakage, which comprises the 
harmonics of high order, and the second 
part, the belt leakage, which comprises the 
harmonics of lower order. I, on the other 
hand, consider each harmonic individually 
andaddthem uptoasinglesum. Alger and 
West solve the problem of the differential 
leakage in two steps. They first consider a 
winding, which has only slot harmonics, and 
then superimpose the influence of all other 
harmonics. My solution requires but one 
step. : 

The separation of the harmonics into two 
parts is justified for normal machines with a 
number of slots per pole per phase which is 
not too small by the facts that skew, slot- 
openings, and damping by the rotor in- 
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stator harmonics. 


fluence the higher harmonics to a different 
degree than the lower harmonics. For this 
reason the division of the harmonics into two 
parts yields good practical results for normal 
machines. 

However there is no real boundary be- 
tween the harmonics of higher and lower 
order. The skew, for example, also in- 
fluences the harmonics of low order, when 
the number of slots per pole per phase is 
small. 

The method of individual treatment of 
the harmonics and of summing up their re- 
actances, as used in my papers, is applicable 
to any number of slots per pole per phase 
and also to abnormal machines. 

There is also another reason why I prefer 
the method of individual treatment of the 
harmonics. 

Table II of this discussion shows the har- 
monic chart of a 3-phase 4-pole squirrel cage 
motor with 72 slots in the stator and 58 slots 
inthe rotor. The harmonics are referred to 
a fundamental, the wave length of which is 
equal to the circumference of the armature. 


Table Il 
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O=slot harmonic. 


The choice of such a fundamental has the 
advantage that no harmonics, the orders of 
which are equal to fractional numbers, ap- 
pear in the chart. With this fundamental, 
the order of the main waveis 2’ = 2. The 
first column shows the stator harmonics. 
n' = 10 is the fifth harmonic of the stator, 
n' = 14 is the seventh, and so forth. 

Each stator harmonic produces a series of 
rotor harmonics. These are the horizontal 
rows. The paper by the authors considers 
the stator harmonics, without taking into 
account the damping by the rotor, and con- 
siders only the first horizontal row of the 
rotor harmonics, that is, the differential 
leakage of the rotor with respect to the main 
waveonly. Theindividual method of treat- 
ment of the harmonics leads automatically 
to the solution of the problem of the differ- 
ential leakage of the rotor with respect to the 
The knowledge of this 
leakage reactance is important, in order to 
calculate the dips in the torque-speed curve, 
the synchronous cusps, the dead points, the 
stray load losses, and the traveling forces 
which produce noise. 

The designer of small motors circumvents 
most of these troubles by making different 
stators and rotors and trying out various slot 
combinations until the best is found. The 
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designer of larger machines cannot afford to 
do this. He must watch the harmonics, 
and, not in lumps, but individually, since it 
is mostly one or, at the most, a few har- 
monics which produce the trouble. 

The method used in my paper for the 
determination of the effect of slot openings 
on differential leakage corresponds to the 
general method of attack. After a mathe- 
matical expression for the gap has been 
introduced, the influence of this gap on the 
individual harmonics is investigated. It has 
been found that in integral slot windings one 
slot harmonic of a pair may be decreased by 
the slot opening, while the other slot har- 
monic of the pair is increased, resulting in a 
relatively small change of the leakage of the 
pair by the slot openings. This contradicts 
the results obtained by the authors which 
treat all higher harmonics as a unit. The 
problem is much more involved than the ap- 
proximate formula given by the authors 
would indicate. The problem is similar to 
that encountered in the calculation of copper 
losses in a squirrel cage winding due to the 
harmonics. It has to consider the ratio be- 
tween slot opening and slot pitch, the ratio 
between slot-opening and gap, and the signs 
of the distribution and pitch factors of the 
harmonics, as has been done in my paper. 

There is another point to which the au- 
thors do not give enough attention. It is 
the assumption that the magnetomotive 
force has a stepped shape. It is shown in 
my paper that this assumption yields too 
high a value for the differential leakage. 

Considering the differential leakage of the 
stator, the skew increases this leakage, the 
rotor currents decrease it, the slot openings 
decrease its harmonics of low order and may 
or may not decrease its slot harmonics, and, 
finally, the assumption of a stepped shape 
magnetomotive force leads to too high a 
value of this leakage.. The taking into ac- 
count of all these factors, complicates the 
calculation of the differential leakage. This 
complication is not justified, because the 
method of calculation of the end-winding 
leakage is inaccurate and also because the 
saturation of the leakage paths is still an 
unknown factor. For this reason I have 
proposed, in my previously mentioned 
papers, to use a simple approximate method 
of calculation of the differential leakage 
which disregards these factors with opposite 
influence. 

For comparison, I have expressed my 
simplified formula in the authors’ terms. 
Equations 1 and 2 show the comparison of 
both formulas. 


_T ial Gann 
Diy 5si2 
6kz—1 
aii 1 
sit |x (1) 
Table Ill 


Three phases, 60 Cycles, Xu=1 
a 
Hp Poles Eql Eq2 


th Spe Se 


3/4... 6;.20-0513..0.0575) Semi- 

1 .... 4...0.0349..0.0372 Sk d closed 

5 ...- 6...0.0580. .0.0633 ewe slots 

71/2.... 4...0.0360..0.0388 

330, ...20..;0,0135..0- 0155 } Nok Open 

300.... 8...0.083 ..0.0837) skewed _ slots 
1341 


2 ee 2 
Xy= a [ore > (X22) a 


12 fd Kap’ nl n 


1 Sea 
Ke k(n =1) 4f1+(2) it (2) 
2 28 


Equation 1 corresponds to equation 5 of the 
authors’ paper.. The first term of this 
equation is the differential leakage of the 
stator. The second term should take into 
account the damping by the rotor, but its 
magnitude is not given. The third term is 
the influence of skew;-the fourth term is the 
differential leakage of the rotor, and the 
quantity X pis the belt leakage. In wound 
rotor motors Xg consists of two terms, 
which are to be determined from curves. 

In my formula, the first term is the differ- 
ential leakage of the stator, the second term 
that of the rotor, and the third term takes 
into-account the skew. The sum 


dey 
nl n 

is to be taken from the curves of Figure 2. 
Kapn is the product of the distribution fac- 
tor and pitch factor of the mth harmonic. 
n is the order of the harmonic with respect to 
the main wave. Ksk(n=1) it is the skew fac- 
tor for the fundamental wave which is in 
norimal machines approximately equal to 1. 
S is the skew in units of the rotor slot pitch 
Ts. Figure 2 applies to integral-slot wind- 
ings. Thecurves for fractional-slot windings 
are given in my paper.!. My formula is at 
least as simple as that of the authors. 

I have applied both formulas to several 
squirrel cage motors using in the authors, 
formula 1 for F3,, that is, neglecting the 
damping by the rotor. X y, is assumed to 
be equal to 1. The calculated results are 
shown in Table III of this discussion. The 
authors’ formula gives 10 to 15 per cent 
lower values for the differential leakage than 
my formula. I believe that the correction 
made by the authors for the slot-openings 
will yield values for the differential leakage 
which are too small. 

I have used my formula? since approxi- 
mately 1930. 

My formula is an approximation. Some- 
time, when our knowledge about the end- 
winding leakage and about the saturation 
of the leakage paths will be larger than now, 
a more exact formula for the differential 
leakage will be necessary. All the elements 
necessary for such a formula are given in my 
papers. 

I consider the method of treating each 
harmonic individually as being more promis- 
ing for an exact formula than that of con- 
sidering the harmonics to be lumped to- 
gether. 
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P. L. Alger and H. R. West: Weare in com- 
plete agreement with Douglas that it is im- 
portant to use the Carter coefficient for 
teeth of opposite polarity, rather than the 
one for like polarity, when using the overlap 
method to determine zigzag leakage. 

The thesis of Kirkish, to which Douglas 
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Table IV. Ratio of Additional Tooth Width 
Due to Fringing to the Air Gap 
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referred, and which he since kindly has 
loaned us, represents the only case of which 
the authors know, in which an exact deter- 
mination of zigzag permeance, based on ac- 
tual, rather than approximate, flux distribu- 
tion has been made. Since his results apply 
to squirrel cage motors and ours to wound 
rotor machines, a direct and accurate com- 
parison cannot be made without going be- 
yond the scope of our paper. In general, 
however, his results are in agreement with 
what we have found, which is that deriva- 
tions or computations based on actual or 
closely approximate flux distributions give 
larger values for the reactance than those 
based on the assumption of lumped perme- 
ance as in our case E. Specifically, he finds 
the zigzag permeance to be from 2 to 17 per 
cent greater than given by Adams’ formula 
(derived in his St. Louis Electrical Congress 
paper in 1904). 

A. A. Bennett, in some unpublished work 
done in 1938, derived accurate formulas by 
the Schwarzian transformation method for 
the fringing into a slot between teeth of 
equal and opposite potential (the end slot of 
a single coil) and compared these with the 
usual Carter formulas for fringing between 
teeth of equal potential (the slots enclosed 
within a coil). For a particular case, the 
fringing coefficients are compared in Table 
IV. 

These values verify the point mentioned by 
Liwschitz, that the assumption of a stepped 
shape for the end slot magnetomotive 
force yields too large a value for the differen- 
tial leakage, since the actual flux falls to zero 
at the middle of this slot, as indicated by the 


dotted linesin Figure1C This point is well 
taken. In other words, our use of the as- 
sumed permeance characteristic of Figure 
1C of the paper for the sinusoidal case B, in- 
stead of the actual characteristic, Figure 
1B, may give values which are appreciably 
too high. We can make the correction for 
case B by assuming a characteristic as in 
Figure 3 of this discussion which is the same 
as Figure 1C of the paper, except with the 
triangular areas a, b, c, and d, e, f, sub- 
tracted at the ends. The corrections to be 
made to the values for Lu and Ls can be 
shown to be (2k—1)/4% ‘and (2k—1)/ 
24s), respectively. Instead of equations 12 
and 16, we then have 
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changed (equation 21), we get for the per 
unit differential reactance for case B 
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The corresponding expressions for the con- 
ditions of cases C and EH, with the perme- 
ance tapered to zero at each end, are 
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This last expression, 6, corresponds to 
equation 26 of the paper. 

Substituting various values of k and a 
(noting that k = a), the corrected values of 
differential leakage due to the primary slots 
alone, are given in Tables V and VI in com- 
parison with corresponding values taken 
from Figure 5 of the paper. 

In all.these equations, 1 through 6, the 
value of k is taken as the average over the 
maximum permeance for a central slot. 
When allowance is made for the tapered 


Table VI. Relative Reactance for Cases C and E, Equations 26 and 6 
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ends, the true ratio of actual to maximum 
permeance over the coil pitch is somewhat 
smaller than this value of k. This accounts 
for part of the discrepancy between the for- 
mulas for sloping and straight end perme- 
ance waves. 

For large values of & (large air gaps) and 
small values of a (wide open slots), the indi- 
cated value of zigzag leakage is much smaller 
than that given by our recommended for- 
mula. However, under these conditions, 
the true fringing curve in the end slots lies 


well above the triangular shape used in these 


new calculations, so that the new values are 
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undoubtedly on the low side. Also, as 
Douglas has mentioned, the lowered value 
may be offset in part by the leakage flux 
which curls over between two adjacent rotor 
tooth faces under a wide slot. As Liwschitz 
points out, the sloping end of the permeance 
curve is only one of several offsetting effects 
that should be taken into account. 

So far as it goes, Table VI indicates that 
our final equation gives too high rather than 
too low results, contrary to the conclusion 
derived from the tabular comparison given 
by Liwschitz, and stated near the end of his 
discussion. 

On the whole, therefore, we do not recom- 
mend any change in our final formula, equa- 
tion 5. 

One reason why we have chosen to calcu- 
late the zigzag leakage separately, and have 
disregarded the belt leakage in this paper, is 
that Fs, can be taken as nearly 1 for the for- 
mer and as nearly zero for the latter, in the 
ordinary case of a squirrel cage rotor. This 
is true because it is customary to choose the 
secondary slot number and the skew so as to 
nearly eliminate induced secondary currents 
due to slot harmonics; while, on the other 
hand, the belt leakage voltages are quite 
effectively short circuited by the squirrel 
cage. 

Probably the inclusion by Liwschitz of 
belt leakage harmonics, which we omit, is 
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Figure 3. 
obtained by subtracting end triangles from 
sinusoidal distribution 


Sloping permeance distribution 


the principal cause of the slightly higher re- 
actance values he obtains. As he says, 
“We agree remarkably well on the subject 
as a whole. The differences between us 
arise from our deliberate choice of approxi- 
mations, which seem to us to be convenient 
and to be justified by our experience.” 

The test values given in Table VII for 
three induction regulators having wide open 
slots in both rotor and stator show that our 
new formula, equation 5, checks the tests 
very well, whereas much too large values are © 
calculated if the reduction in zigzag leakage 
due to slot openings is not taken into ac- 
count. 

In each of these machines, the rotor and 
stator winding pitches were the same, and 
the tests were made with the windings in co- 
axial positions, in which positions the belt 
leakage was zero. 
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A. High Precision Dynamometer 


for 


Small Motor Measurements 


J. E. DUFF 


MEMBER AIEE 


N THE DESIGN and development of 
small shaded-pole induction motors a 
great many of the design constants must 
be chosen on an empirical rather than a 
mathematical basis. This is due to the 
complex mathematical relationships in- 
volved as well as the relatively large size 
of such indeterminant factors as bearing 
friction. A designer of small induction 
motors must therefore be guided in his 
work to a large extent by previous data 
gathered from tests of other small shaded 
pole motors. Unfortunately, however, 
since shaded pole motors are usually 
small in size and power output, the study 
and measurement of their characteristics 
must be made by equipment sensitive 
enough to measure to a reasonable degree 
of accuracy the factors involved. 


Figure 1. High precision dynamometer 
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Electrical measurements readily may 
be made to practically any degree of ac- 
curacy desired but mechanical measure- 
ments of torque have in the past been 
limited by the minimum torque sensitiv- 
ity of conventional dynamometers of both 
the absorption and transmission types. 

The dynamometer discussed in this 
paper therefore is one which has been de- 
signed primarily to minimize errors due 
to mechanical weaknesses rather than 
electrical ones and has been restricted in 
its design to a unit which is satisfactory 
only for motors having speeds less than 
7,200 rpm and power outputs of less 
than 50 watts. The principles involved 
however could be readily applied to a 
larger design if such a unit were required 
but probably only at the expense of larger 
absolute error limits. 

In general all dynamometers may be 
lumped into two classes: absorption and 
transmission. However because some of 
the measurements of the constants of an 
induction motor require that it be driven 
from an external source while torque 
measurements are being made, the absorp- 
tion type was discarded. The absorp- 
tion principle can be applied however if 
desirable in the measurement of motor 
output. 

Among the various types of driving 
motors available for a small dynamom- 
eter of this sort the following may be 
listed: 


Series motor—a-c or d-c. 
Shunt motor—d-c only. 
Induction motor. 
Synchronous motor. 


Ses ae 


Both the series and shunt motor while 
having suitable characteristics as a dyna- 
mometer unit, among which may be listed 
their ease of control and wide speed 
range, suffer from the disadvantage of 
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using brushes and a commutator. While 
it is quite true that any friction developed 
by the action of the brushes merely adds 
to the torque reaction of the unit while 
serving as a generator and disappears as a 
factor when it is used as a motor, thebrush 
friction is not constant and may actually 
become so unstable in nature as to make 
consistent measurements impossible at 
very low torque values. ‘These two types 
therefore may be discarded. 

Both the induction and synchronous 
types have the restriction that in general 
they are relatively fixed speed devices. 
This is unfortunate since their lack of 
brushes would contribute materially to 
their stability. If however a source of 
variable frequency power is available then 
they become an ideal choice with the 
induction motor having the additional 
advantages of easy starting and reversible 
rotation. 

As a dynamometer unit the induction 
motor has characteristics which satisfy 
very closely the requirements imposed. 
When used as a motor it has the impor- 
tant advantage of good speed regulation 
under load. This becomes important 
when it is necessary to measure the fric- 
tion of small sleeve bearings. Such bear- 
ings under certain conditions of speed and 
lubrication may exhibit ‘a negative speed— 
torque characteristic and when this hap- 
pens, if the dynamometer drive has poor 
speed regulation under varying load it 
may become almost impossible to obtain 
accurate readings. 

When used to absorb power from a 
motor under test the induction unit may 
be used in two different manners both of 
which have certain advantages. If di- 
rect current is applied to its stator winding 
the driven induction motor will absorb 
power in its rotor in the same way that an 
eddy current brake does. However as all 
the power absorbed must be dissipated in 
the rotor, its capacity necessarily is lim- 
ited by its design. This difficulty may be 
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Figure 2: Dynamometer bearing and worm 
drive arrangement 


overcome within limits, by using the unit 
as an induction generator. 

Whether an induction machine oper- 
ates as a motor or a generator depends 
entirely on the relative rotation of the 
armature as compared with that of its 
magnetic field. Belowsynchronous speed 
it will act as a motor, capable only of gen- 
erating power; at synchronous speed it 
can neither generate nor absorb; and at 
speeds above synchronous it can act only 
as a generator pumping power out into 
the supply lines. 

Therefore, at a fixed shaft speed, an 
induction unit as a dynamometer can be 
made to drive the motor under’ test at 
torques up to the maximum of the unit, 
absorb power from the motor up to the 
same limit, or generate or absorb power at 
any value between these two limits by 
doing nothing other than controlling the 
frequency of the power supplied to the 
dynamometer. This extreme flexibility 
of the induction type of dynamometer is 
unmatched in any other dynamometer 
type and together with its inherent sta- 
bility and lack of brush friction make it 
ideal as a piece of laboratory equipment 
for highly accurate measurements of 
small shaded pole motors. 


\ 


Definition of Requirements 


Having established the type of dyna- 
tnometer it is now necessary to set the de- 
sired limits of accuracy, speed and power 
handling capacity so that various design 
factors may be ascertained. 

The question of speed range is a simple 
one since usually the 60 cycles per second 
performance of a 2-pole motor will give 
an upper limit of 3,600 rpm. However 
because of some special considerations 
the dynamometer herein described was 
designed with a maximum speed of 7,200 
rpm. Power absorption capacity was to 
be at least 25 watts at 3,600 rpm. 
Twenty-five watts was somewhat greater 
than necessary for the motors to be 
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Figure 3. Small output 
dynamometer use of 
scale and weights 


Calculations 
Horsepower = _ scale 
reading X multiplying 
factor X rpm X 10-§ 
Watts output = horse- 

power X 746 


INDICATING SYSTEM 


WEIGHT AND SCALE COMBINATIONS 


tested but since power handling ability 
decreases with a reduction in speed it 
was felt desirable to have such an upper 
limit in order to still be able to handle 
10 to 15 watts at 1,200 and 1,800 rpm. 
Torque sensitivity using the dyna- 
mometer as a generator was to be less 
than one per cent of the output of the 
motor under test. Inasmuch as this 
represents approximately 0.5 watt it does 
not, as will be shown later, represent 
much of a problem. 

When the machine is used as a motor, 
to obtain various data from the small 
motor under test, the torque require- 
ments become considerably more severe. 
Here again the speed requirements were 
the same (that is, 0 to 7,200 rpm) but 
the torques to be measured are now 
greatly reduced, since principally me- 
chanical losses are being measured. 
Rather than set a maximum percent- 
age of the torque to be measured as the 
upper limit of sensitivity it was decided to 
design for the best possible performance. 
As will be shown later the torque sensi- 
tivity is less than 0.02 watt or approxi- 
mately 8X10-% inch-ounce at 3,600 
rpm for this particular dynamometer. 
This represents almost a ten-to-one in- 
crease in sensitivity over conventional 
dynamometers of this size and enables 
measurements of a high degree of ac- 
curacy to be made. 


Description of Dynamometer 


Figure 1 shows the complete dynamom- 
eter, The dynamometer is mounted on 
a vertical bed plate which can be adjusted 
by means of a screw drive to either a high 
or low position for connection to test 
motors which operate with either upward 
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or downward vertically extended shafts. 
The main frame of the unit has four shock 


mounting feet to isolate vibration and 
each of the feet are adjustable in order to 
level the assembly. Leveling is indicated 
by the small dual spirit level mounted 
on the lower base plate of the frame. 
The frame itself consists of the lower base 
plate, two vertical machined ways, and 
an upper base plate. It was cast as a 
unit and carefully machined to preserve 
the proper relationships between finished 
surfaces. As may be seen in Figure 1, 
strength and rigidity have been empha- 
sized in the construction of the frame to 
the point where flexure of the mounting 
plates or ways relative to each other is a 
negligible quantity. Thisis an important 
characteristic if accuracy is to be main- 
tained. 

The dynamometer bed plate is also of 
heavy construction and carries all active 
mechanical and electric components of 
the dynamometer. The dynamometer 
unit itself is mounted in cradles attached 
to the bed plate and moves ie and down 
with the bed plate. 

An important feature of the lou power 
dynamometer and one which permits a - 
high degree of precision in making torque 
measurements is the dynamometer trun- 
nion bearing arrangement. This arrange- 
ment shown in Figure 2 functions as fol- 
lows. In the past! in some large dyna- 
mometers, oscillation of the trunnion 
bearing outer races has been used to re- 
duce the static or low speed rotary motion 
friction of the dynamometer trunnion 
bearings. This reduction in friction is 
accomplished by keeping the inner and 
outer races of the trunnion bearings mov- 
ing at some velocity relatively high as 
compared with their normal motion in 


1345 


5 VOLTS -60 CYCLES 


Figure 4 (left). Dyna- 
mometer electrical con- 
nections 


Figure 5: Dyna- 
mometer scale division 
derivation 


3% DOUBLE SHADING COIL ARRANGEMENT 
PROVIDES REVERSAL 


following dynamometer torque changes. 
The dynamometer herein described goes 
one step farther and not only provides 
high relative motion of the trunnion 
bearing races but is also so arranged that 
the dynamic friction so introduced is in 
opposite directions for the upper and 
lower bearings. 

Reference to Figure 2 shows that a 
total of five complete ball bearing assem- 
blies is required. Bearings A are the 
shaft ball bearings of the dynamometer 
with ball races fixed both to the dyna- 
mometer shaft and body. The trunnion 
ball bearings C are similar to those of A 
except for their larger diameter. C 
bearings are fixed to the outer portion of 
the dynamometer body and the inner por- 
tion of a: worm gear housing G. This 
housing, in turn, rotates in a sleeve guide 
and is driven by the worm W through 
small a-c series motors (these worm 
gear drive motors may be seen in Figure 
1). The fifth ball bearing T is a thrust- 
type bearing and supports the entire 
dynamometer assembly B. 

The whole bearing arrangement is ac- 
curately machined and aligned in order to 
keep the bearing friction to the least pos- 
sible minimum. The two worm gears G 
are constructed of laminated phenolic 
material, as this was found necessary in 
order to reduce gear noise and vibration. 

In operation, both the upper and lower 
worm wheels are driven in opposite direc- 
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tions at about 50 rpm through the 60- 
to-1 worm gear reduction drive. This 
bearing rotation (in opposite directions) 
tends to cancel out the static friction of 
the trunnion bearings and a more accurate 
reading of torque is secured. It should 
be emphasized that the use of these 
rotated trunnion bearings does not 
reduce any losses in the dynamometer 
bearings, it merely reduces the effect of 
the trunnion bearing position lagging be- 


hind the true torque value because of its - 


static friction. 

In order to compensate for any artifi- 
cial torque introduced resulting from dif- 
ferences in drag of the two bearings, re- 
versing means have been included as well 
as speed controls for the two worm-gear 
drive motors. The worm gear drive 
motors therefore may be reversed simul- 
taneously and the speeds adjusted if a 
significant change of reading occurs. 
During test runs it has been found that 
these readings do not vary to any appre- 
ciable extent and that the torque indicator 
(described hereafter) swings very freely 
without the slightest tendency to stick or 
drag. : 

The worm drive motors are small frac- 
tional horsepower a-c series 115-volt 
motors and the couplings from motor to 
worm gear are specially constructed 
rubber shaft units in order to allow the 
necessary universal action and also to 
minimize the transmission of vibration. 
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Tests have shown that best results can 
be obtained with the trunnion motors 
operating at full voltage. Rheostats are 
connected in series with the motors to 
allow speed control and no other adjust- 
ments have been found necessary. 

The indicator of the measuring device 
on the dynamometer is of the pendulum 
type and is shown in Figure 2. It is con- 
structed with a large 3-inch pulley at the ~ 
top and an indicating arm which supports 
the various weights needed for different 
scale ranges. The entire indicator is sup- 
ported by two high precision pivot bear- 
ings which are accurately machined and 
aligned. The indicator also is provided 
with counterbalance weights so that under 
proper adjustment the pointer will not 
cause motion as a result of its own move- 
ments. : 

The indicating scale occupies a dis- 
placement of 45 degrees at approximately 
6 inches from the pivot. Two scales are 
engraved on a stainless steel plate which 
is removable. The scale divisions are 
arbitrary units and when multiplied by 
revolutions per minute times 10~* give 
horsepower output directly. Both scales 
are divided sinusoidally due to the fact 
that the top pulley is of constant diame- 
ter. 

Since the indicating scales are sinusoi- 
dal in division and of the arbitrary cali- 
bration previously described, it was neces- 
sary to calculate their angular relation- 
ships accurately. The method for doing 
this is included in a brief appendix at the 
end of this paper. 

Additional fixed weights may be added 
to the pointer to change the available 
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indicating range. A sketch of the indica- 
tor together with a table of weight and 
scale combinations is presented in Figure 
3. Also shown is the maximum motor 
output in watts that may be measured at 
various shaft speeds and scale ranges. 


Electrical Details 


Little or no work of a complex nature 
was required in the electrical design of the 
dynamometer. The unit itself is a modi- 
fied 4-pole shaded-pole General Electric 
Company type KSP induction motor. 
The only change required, other than the 
bearing modifications described, was the 
removal of the shading coils. The shad- 
ing coils were then replaced by a pair of 
wound coils (one pair on each pole face) of 
ten turns of number 22 heavy “‘formex’”’ 
insulated magnet wire. The correspond- 
ing coils on the four poles are connected 
in series and the two circuits brought toa 

_single-pole double-throw switch mounted 
on the dynamometer body. By means of 
the switch therefore, one circuit of shad- 
ing coils may be short-circuited to ob- 
tain rotation of the dynamometer (when 
used as a motor) in a given direction. 
To reverse it, it is only necessary to 
throw the short-circuiting switch to the 
other position. 

The values of turns and wire size for the 
coils were determined by experimentation 
but were not found to be critical. The 
main polar windings are best left unmodi- 
fied but if desired they may be readily re- 
placed. Such a change would be desir- 
able if for example the principal use of the 
dynamometer was to be at speeds of less 
than 1,000 rpm (requiring low applied 
frequency). This may be done by keep- 
ing the product of field turns and fre- 
quency constant and choosing a wire 
size such as will keep the current density 
constant. 

Power is taken into the dynamometer 
by means of two fingers dipping into a 
double trough of curved shape which is 
filled with mercury. This trough cannot 
be seen in Figure 1 as it is mounted be- 
hind the dynamometer unit, Its end and 
terminals however are visible just to the 
left of the indicator system. The trough 
is milled from insulating material of a 
phenolic type and the two contacting 
fingers are made of a stainless steel to 
eliminate attack from the mercury. The 
two terminal screws seen in Figure 1 also 
serve as drain plugs for the mercury chan- 
nels. 

The two bearing drive motors are Bo- 
dine Electric Company type C-3 1/30- 
horsepower 115-volt 60-cycle models hav- 
ing a rated speed of 4,000 rpm. Here 
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again however the units used are not 
critical so long as the bearing races are 
rotated at approximately 50 rpm. 
Smooth operation of the drive motors to 
reduce the effect of vibration is essential 
however. 

Figure 4 is a schematic diagram of the 
wiring circuit of the dynamometer. It 
shows all the necessary electric compo- 
nents of the assembly with the exception 
of the source of variable frequency voltage. 
This may be obtained from either a vari- 
able speed motor generator set or an elec- 
tronic source of the oscillator-power am- 
plifier type. In order to avoid any difficul- 
ties due to possible wave form distortion, 
a variable frequency motor generator set 
is used at The Hoover Company. This 
unit is separately mounted in the labora- 
tory with a frequency control rheostat 
brought to the dynamometer setup. 


Performance 


The performance of the dynamometer 
is excellent. When used as a generator 
to absorb power its sensitivity is well 
below the 1 per cent of total torque men- 
tioned previously in this paper. Opera- 
tion has been smooth and accurate at all 
times. Normally the loading is that of 
the induction generator type, however for 
tests of starting torque it is necessary to 
excite the fields with direct current and 
use it as an absorption dynamometer. 
Heating is not excessive under these 
conditions if tests are not too extended 
in time. The dynamometer is not de- 
signed for continuous use as an absorp- 
tion unit however. 

A small clamp has also been added to 
enable tests to be made of locked rotor 
torque. This clamp may be seen in 
Figure 1 directly below the dynamometer 
reversing switch. By the use of this 
clamp the dynamometer rotor and stator 
are locked together thus allowing the 
motor stalled rotor torque to be measured 
directly. 

It is when used as a driving motor to 
measure bearing and windage losses 
that the full advantages of this dyna- 
mometer bearing arrangement appear. 
Even when using the lowest output 
scale, readings of torque may be repeated 
to within one scale division. At 3,600 
rpm this represents only 0.03 watt out- 
put. An interesting comparison may be 


had by turning off the trunnion bearing 


drive motors when such tests are being 
made. Without power to the trunnion 
drive motors the dynamometer torque 
indicator may be moved up or down 
scale manually five or six divisions with- 
out sufficient torque being developed to 
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overcome the static trunnion bearing 
friction and return the indicator to a 
true reading. With the bearing races 
being rotated however a displacement of 
less than one division will correct itself 
because of the torque unbalance. 

Loads up to nearly 40 watts may be 
handled by the dynamometer operating 
either as a motor or a generator at 3,600 
rpm and during some special test runs 
the performance was still satisfactory 
as an induction generator at 7,200 rpm 
at an output of 65 watts. 

In conclusion it may be said that the 
combination of the induction generator 
type of dynamometer together with a 
variable frequency power source and op- 
positely rotated trunnion bearings makes 
a very satisfactory dynamometer for 
small shaded pole induction motor test 
work, yet with the exception of the 
precision machine tool work required its 
construction is not excessively difficult. 


Appendix 


Figure 5 is a diagrammatic sketch of the 
pointer details from which may be de- 
rived the equations pertaining to the 
scale calibration. As a starting point 
equation 1 is the fundamental expression 
for horsepower output as a function of 
speed and torque: 


2xSX F 


{de ee 
33,000 X16 X12 


(1) 


where 


S=motor rpm 

X=radius of dynamometer pulley plus the 
radius of the connecting string in 
inches 

F=force on the connecting string in ounces 


But 

W=746 horsepower (2) 
Where 

W =watts output 

Therefore 


746 X2eSX F 


™33,000X16X12 
=740X10-* SXF (3) 


In Figure 5 
F(R+r) =ML sin 6 (4) 
Where 


R=radius of the indicator pulley 
r=radius of the connecting string 
M-=unbalance weight of the indicator 
L=radius of the unbalance Mf 

@ =angle of the indicator deflection 
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Solving equation 4 for F and substituting 
in equation 3 
Wa ee SX ML sin 6 
Roar 
But all values except W, S, and sin 
@ are constants and may be determined. 
Therefore 
W=KS sin 0 (6) 
Where 
740 X10-§ X ML 
R+r 


(5) 


Discussion 


G. Mott, Jr. (Electrolux Corporation, Old 
Greenwich, Conn.): I should like to ask 
three questions 


1. Do the trunnion bearings have a full comple- 
ment of balls or do they have four balls apiece? 
2. What lubrication is used for these bearings? 


3. What form of coupling is used to the motor? 
Is it coupled by means of a spline or by a solidly 
attached coupling? I ask this question because the 
expansion of a rubber coupling under centrifugal 
action puts end thrust on the motor bearings. 


J. E. Duff: In replying to these questions I 
should like to point out that the answers are 
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Therefore 
é=sin—1! (W/KS) (7) 


Or knowing the maximum watts output 
to be measured at a speed S the unbalance 
weight may be calculated for the maxi- 
mum scale deflection (recommended limit 
45 degrees). Then from equation 7 the 
scale may be divided into any number 
of divisions. 

By this method it is possible to obtain 
a dynamometer scale such that the prod- 


merely the procedures found to be satisfac- 
tory at the Hoover Company and do not 
necessarily represent the only satisfactory 
solutions. This is particularly true of ques- 
tion number three. 

1. The trunnion bearings are standard 
bearings in that a full complement of balls is 
used; they are, however, of the highest 
quality available commercially. 

2. In lubricating the bearings a fine, 
light machine oil has been found to be most 
satisfactory. It should be well filtered to 
remove any foreign material and replaced 
regularly depending upon the amount of 
usage of the dynamometer. 

3. A tubular rubber coupling is used in 
the dynamometer and has been found to be 
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uct of scale reading times speed times an 
arbitrary constant (10-* for this dyna- 
mometer) will give the power output of 
the motor under test in either watts or 
horsepower. 
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quite satisfactory as a coupling member. 
At the speeds and torques normally encoun- 
tered the effect of centrifugal force plus axial 
shortening due to the torque transmitted 
has been found to be small if reasonably 
heavy walled tubing is used. If, however, 
it is necessary to make extremely critical 
tests these effects may be eliminated almost 
entirely by use of the following procedure: 


With the motor under test operating on the 
dynamometer, adjust the spacing between the 
motor and the dynamometer to give the highest 
possible output (as indicated on the torque scale). 
Theoretically, if it can be assumed that the motor 
bearing losses are minimized by applying no end 
thrust, then this procedure will allow complete can- 
cellation of end thrust merely by changing the spac- 
ing. 
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N CALCULATING the reactances of 

induction motors, certain initial 
choices are made as to desirable pro- 
cedures and methods. The material 
given here is based on these premises. 


1. The fundamental calculations should be 
the same for either single phase or polyphase 
motors, modifying only the later steps in the 
process for the two types. 


2. The calculations should be based on 
permeances of the magnetic paths, for ease 
in handling many calculations in the same 
laminations. 


3. Only the slot, zigzag, and end connec- 
tion permeances will be used in determining 
leakage reactance. 


Slot Permeance 


The permeance of a magnetic circuit 
depends upon the area divided by the 
length of path. For convenience, the 
constant 0.4m inherent with magnetic cir- 
cuit calculations, will be absorbed with 
the permeance. Then in general, the 
permeance of a certain magnetic path 
will be defined as 
P=04nX2.54X area a fee 
length in inches 
This permeance expresses the lines per 
ampere per inch of conductor. 

In dealing with slots, it is well known 
that every line of slot leakage flux does 
not link with every conductor, the link- 
ages varying with the slot depth. In 
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cases of straight, parallel sided slots, the 
effective linkages are only one-third of the 
product of slot flux and total conductors. 
It can be assumed that the effective area 
of the flux path is therefore only one-third 
of the actual area. 

The permeance of the path of slot 
leakage flux is therefore, per inch of stack, 


pas.ie( ™) (1) 
a3 


This expression now gives the effective 
lines per ampere per inch. 

This assumes that only the air path 
offers effective reluctance in opposing the 
magnetomotive force, and that the lami- 
nations, no matter how highly saturated, 
are of zero reluctance. 

The term in parenthesis used in equa- 
tion 1 is called the ‘‘slot constant” and it 
expresses the effective linkages per inch of 
stack, per ampere. It can be calculated 
for all practical conditions of slot shape. 
Let it be denoted as K,’. No values will 
be given here as they can be found readily 
in published form. 

Going back to the fundamental expres- 
sion for reactance (X=2zfL) it follows 
that the inductance of the winding of any 
one slot per inch of stack is ®,c?10°. 
Where 


®,=the lines per ampere per inch per con- 
ductor 
c =the series conductors per slot 


This assumes that all lines link all slot 
conductors. 

Then for a total of S; slots, or S/n 
slots per phase in the stator, the total 
inductance of the winding per phase per 
inch of stack is 


S 
B,c10* (2) 
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If the total series conductors per phase 
are C, then 


n 
=C— 3 
Pee (3) 


and the inductance of the winding for all 
slots for L inches of stack becomes 


LC?—#,10-8 (4) 
Si 
Then 
®, 
x =2nf C10 *L (5) 
1 


Effective lines per ampere per inch have 
been given by equation 1 when the slot 
shape is considered through the slot con- 


stant. Then for L inches of stack, 
3.19LK,’ 
X= onjcmo-o2LX*) (6) 
1 


The preceding equation assumes that 
the conductors are all in series, carrying 
currents in the same phase relationship. 
If a double-layer winding of full pitch is 
used, the above formula is adequate. If 
short pitch windings are used, the current 
in coil side a Jags that of b by 6 degrees. 
Then the other side of b will be in a slot 
with conductors carrying current @ de- 
grees ahead of the current in 6. This 
means that the out-of-phase components 
of the voltages induced in the coils by 
leakage fluxes will cancel, but the in-phase 
components will be reduced. A correc- 
tion, developed by Adams," is used with 
equation 6. This can be read from his 
curves, or for pitches of not less than 50 
per cent, the factor (0.625p+0.375) can 
be used instead. Here p is the pitch as 
decimal fraction. See Figure 1. 


RotToR SLOT PERMEANCE 


On the assumption that there are Ss 
slots in the rotor, and that each bar per- 
pole-pair represents a phase, the rotor is 
always made up of a winding of unity 
pitch and distribution factor. 

Then to transfer a rotor value to stator 
terms, we can make use of the ratio of 
transformation 


_ WOK! 
-S 


(7) 


a? 
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Ky=the winding factor (Kp,Ka) for the 
stator 


Following the procedure given for the 
stator slot leakage, the rotor slot leakage 


reactance is then, in stator terms; with 
1/n of the total allotted to each stator 
phase 
3.19LK,”" 
Xam defCnk or =) (8) 
2 
wherein 


K," =the slot constant for the rotor slots 


In this equation, note the absence of 
any winding factor for the rotor, based on 
the full pitch which follows from S2/p 
rotor phases. Hence, no Adams pitch 
cotrection is needed for the rotor, but in- 
stead the winding factor of the stator 
squared is a fundamental part of the 
derivation. For convenience, it will be 
assumed that K,,? is equivalent to the 
Adams pitch correction. We then can 
combine the expressions for slot leakage 
reactance of both stator and rotor, into a 
final working formula 


X stor = 2af CnP,10-8 (9) 
Kee” 
=1] 2.00 £2) losasp+o379 
Sy S2 
(10) 


The so-called slot permeance, P,, con- 
tains too many extraneous factors to be a 
true permeance to the purist. Further- 
more, the theoretical constant 3.19, has 
been increased arbitrarily to 3.60 as an 
experience factor. 


SUMMARY 


The previous material on slot leakage 
has been presented in some detail for 
several reasons. The actual derivation 
is very similar to that found in many 
texts, except that the transition to the 
final form as a function of permeances 
may prove complicated to the novice. 

The additionof stator and rotor perme- 
ances, as used, is not strictly correct. It 
is of interest to note that the factor 
(K,,)? for the rotor is tacitly assumed tobe 
equal to the pitch factor correction. 
This enables the permeance to be calcu- 
lated as a constant of the lamination, re- 


gardless of winding factor, but should be 


an item for correction in extreme cases. 

No derivation of slot constants nor 
tables of values are given here as they are 
available in the literature. 


Zigzag Leakage 
As will be pointed out in more detail 
later, practice varies in regard to the use 


of zigzag leakage. The method shown 
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CORRECTION FACTORS 


0.8 0.9 1.0 


0.3°° 0:40 0.5 0.6 0.7 
b 


Figure 1. The Adams corrections for leakage 
reactance components as functions of pitch 


here follows that of Adams!* and it will 
need only the conversion from the original 
presentation, to the method of combined 
permeances, already covered in detail in 
the case of slot leakage. 

The working formula for combined 
stator and rotor zigzag leakage reactance 
is 


X zigzag = 2af C?n10-8P zz (11) 
8.5D «fT! +T¢" 
P2=———_| + - 0.5 PL 
fe Cart NEA" S 


(0.8p+0.2) (12) 
where 


S, and S,;=the number of primary and 
secondary slots, respectively 
A=the actual radial air gap length in inches 
=the primary tooth pitch in inches 
d” =the secondary tooth pitch in inches 
T,’ =the corrected primary tooth face 
T,” =the corrected secondary tooth face 


In order to determine the effective tooth 
face due to fringing, Adams makes use of the 
term 


é 
=0.641.47 log — 
f +147 log = (13) 


Table I. 


Effective Tooth Face From Fringing. 


This is used when */2A > 1. When this 
ratio is equal to or less than unity, he recom- 
mends 


e 
HU tare (14) 


In these equations f is the fringing band at 
each tooth side. Using these formulas the 
corrected tooth face becomes 


T,’ =actual tooth face+2 Af (15) 


A slightly modified method, put up in more 
convenient form, 1 isshownin TableI. Note 
that e’ or e” are the respective primary or 
secondary slot openings. 


End Connection Leakage. An empirical 
equation which has proved useful in prac- 
tice, gives a simple expression for perme- 
ance of the leakage flux paths around 
stator and rotor windings. 


» 
Pe=FKe(1.25)—0.25) (16) 


where 


\=the pole pitch in inches 
K,=0.45 for an end ring comparatively long 
in the axial dimension and extending 
considerably beyond the rotor core 
=(0.65 for an end ring of comparatively 
great radial length 


X,=2afCnP,10-8 (17) 


ToTaL LEAKAGE REACTANCE ~ 


For both stator and rotor, the total 
leakage reactance is 


Xo=2rf CnP LO (18) 
where 
=P.,+P22+Pe ? (19) 


MAGNETIZING PERMEANCE 


The magnetizing reactance is set up so 
that 


Xm=2nf C2nP 10-8 (20) 
0.32LXK jy? 
SS 21 
Pm PAK,S.F. CD 
and 


\=the pole pitch in inches 


Values of F 


Effective Tooth Face T, = Actual Face + F 


El 


Radial Gap-Length, Inches 
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AIEE TRANSACTIONS 


—— 


aoe 8 §@68* 


K,=a factor greater than unity, expressing a 
correction for air gap length due to 
fringing. See equation 22. 

S.F.=the saturation factor, defined as total 
ampere-turns for complete magnetic 
circuit divided by ampere-turns for 
the corrected gap length. 


To calculate Ky, use the corrected stator and 
rotor tooth faces as discussed under zigzag 
permeance. 


k= (22) 


The preceding value of reactance is similar 
enough to the usual presentation as to need 
no derivation. In using the value which 
limits the no-load current, it is customary to 
deal with total reactance, defined as follows: 


Xo = Xm+X1 
~2nfC2nP10-8 (23) 
wherein 
0.32DNK,,? . Py, 
Py= > +> 2 
RP RIGS a2 Cae: 


Polyphase and Single Phase 


In setting up the system of calculations 
described here, it was assumed that the 
values, once calculated for a lamination, 
would be useful for either polyphase or 
single phase motors. Actually a slight 
correction is required through the use of 
the pitch correction. All formulas previ- 
ously given are applicable directly to 
polyphase calculations for double-layer 
windings. But single phase windings are 
assumed to be of the concentric type, and 
the last term in each component for 
leakage reactance, as given, corrects for 
pitch in the lap type winding. There- 
fore, these terms must be discarded, A 
new correction for distribution will be 
shown. 

The previous equations involve n, the 
number of phases. In all single phase 
cases, 1 must be calculated as 2, including 
the use of X, and Xp. 


SINGLE PHASE CORRECTION 


Ideally, one over-all correction factor, 
as a function of winding factor, should be 
used for all components of leakage react- 
ance. That is, for total leakage reactance 


X (1-phase) =2xfC?(n =2) KP 110° (25) 
where 
K =a function of winding factor 


The use of such a correction, assumes that 
the influence of winding factor is equally 


- effective on slot, zigzag and end connec- 


tion components. 

The analysis of Appendix I, indicates a 
correction for slot and zigzag components, 
and a second correction for end connec- 
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Kor 


PHASE GROUP Qh 


END RING 


Figure 2. Diagrams illustrating the signifi- 
cance of the terms used by Arnold in calcu- 
lating end leakage 


tion components. However, one over-all 
correction factor, which tacitly assumes a 
division of the total reactance into definite 
components, has been found by long 
experience to be useful and reasonably 
accurate except on extreme values of Ky. 
Figure 3 shows such a curve for K. 


SuMMARY OF METHODS FOR DEALING WITH 
SINGLE-PHASE VALUES 


X =2nfC?(n =2)KP,10-* (26) 
Read K from Figure 3. 
P =1|3 6 i Be) (27) 
Sits) Sa wes So 
ow ter a y 
P2= ee 28 
FE (Sy) (Sa) ( NX" ce 
Xr 
Pers Ke (29) 


For greater accuracy, separate the correc- 
tions for winding factor 


X =2nfC?(n =2)P1,107* (30) 
P;=(27) XKegz (31) 


Pi (28) Kee (32) 
Read Ks, from Figure 3. 
P.=(29)Ke’ (33) 


Read K,’ from a calculated curve such as 
Figure 3. 


For total permeance: 


Xo =2nfC2(n =2) P1078 (34) 
EXX082" oP 

ae fL (35) 
PAR SPs 2 


Comparison of Methods 


It is of interest to note the treatment 
given leakage reactance by various writ- 
ers. The equations they present are 
given in Appendix III and are taken as 
far as possible from the original presenta- 
tion. (The presentation of Arnold was 
available only as notes.) This collection 
of formulas may prove useful, but in addi- 
tion it has been regrouped into slot, zig- 
zag, and end-connection components for 
comparison. 


SLot LEAKAGE 


Table II shows the result of grouping 
all of the like factors and combinations of 
factors making up slot leakage into a con- 
stant K and comparing results. That is, 
K includes all terms which are found in 
each writer’s analysis, such as number of 
turns, frequency, slot constant, the num- 
ber of rotor and/or stator slots and the 
length of stack. 

Comparison indicates that the values 
reduce to very much the same quantities, 
and that once the confusion of symbols is 
cleared away, writers agree on these cal- 
culations except for pitch corrections. 
The curve for this correction, used by 
Kuhlmann, is somewhat lower than that 
of Adams, while Gray’s correction is 
entirely different. Arnold corrects only 
the stator slot leakage reactance. 

Kuhlmann and Arnold. follow theo- 
retical considerations and consider the 
effect of pitch factor and distribution fac- 
tor in reflecting rotor slot leakage to 
stator terms. Rotor coil and winding 


Table Il. Comparison of Slot Leakage Reactance Equations* 


Adams}? Kuhlmann’ Gray* Arnold 
ae ee Dee ee SS ee eee 
Stator slot leakage.........- KEOk Giana aen BCU) wee wares 1 (EGY WAS oc olor K (9.57) 
Pitch correction........-..-> (a) re b ee Seer ca cos?@/2 ......+: (a) 

tf 
Rotor slot leakage.........- IKs(OF 6) nash K:29.57 aa We Sab K2(9.57)........K29.57(fe'fw’)? 
cjJw 
Pitch correction...........--+ (GB) sae es (b) rene 3 cos?0/2 None 


*(Like quantities grouped into a constant K are not to be confused with K used for single phase motors.) 
(a). From curve, Figure 97, Section 7, Standard Handbook for Electrical Engineers Fifth Edition. 
(6). From curve, Figure 143, Kuhlmann, Second Edition. 
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factors are considered unity for a squirrel 
cage. Punga and Raydt® present a slot 
leakage analysis identical with Arnold, 
with no correction for pitch. 


ZIGZAG LEAKAGE 


The equations for zigzag leakage show a 
greater variety. The only two that are 
of comparable form are those presented 
by Adams and Gray. As before, by 
grouping all of the common factors into a 
constant K;, we have the following com- 
parative results. 


x DNL 
Adams zigzag: (2.00 + \k 


1 


E Nan, 
Gray zigzag: [20 (~ 4+— ) fx 
Sj S2 


where \’ and X” are tooth pitches of stator 
and rotor, respectively; and S; and S2 are 
the number of stator and rotor slots, 
respectively. 

It will be noted that the influence of 
the number of rotor slots appears in 
Adams’ formula only due to the tooth 
pitch that results. In correcting for 
winding pitch, Adams uses the familiar 
curves of Figure 1; Gray uses the factor 
cos? 8/2. 

Kuhlmann’s zigzag reactance is a func- 
tion of the number of poles, slots, and the 
magnetizing reactance. No direct cor- 
rection for winding pitch is made as it is 
absorbed in the magnetizing terms. 


0.6 0.7 0.8 
WINDING FACTOR—Kw 


0.9 1.0 


Figure 3. An over-all correction curve for 
concentric winding leakage reactance 


Points shown are the theoretically correct 
values for correcting slot and zigzag com- 
ponents. The dots represent all cases of 
Appleman distribution; the crosses results 
from miscellaneous distributions. While the 
correction points for end leakage (K’,) are 
not shown, in all cases they were from 0.11 
to 0.15 less than the values of Ksz 
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Table Ill. Leakage Reactance of Sample Motor by Various Methods 


— EE 


R. and _ Punga and 
M. Adams Kuhlmann Gray Arnold Raydt 
oe ee a a a ee ee ee 
K Slot.gcsatyee eel S00 cate We 233%. eee W180. canitenejed sooo sea Stator 0.845......... 1.178 
Rotor 0.335 
Pitch 
Correction....... 0:3863's2.5<.0 HO; 8604S. pt BO OOD .rrieveiietie OFS884 i Recast: 0.86..........None given 
Pinal .23< echo le 2s one OG rare OF O85 ince ee Ont o4:. SOG. Been eas ete 1.178 
X Zigzag iver oa yoda eae Ohi, eet ote DOS 7, envere voters LSE aceyeae * OH hers aateleicars 1.100 
1.046 0.988 
0.574 0.474 
Pitch 
Correction-27. o. .0° 8225.5 02845.20... None given ..--'- ON88420 4. de ONS45. ai acts oherete None given 
Finals) s34,5cs ais fo 0S sate Tr OS ma sates nell tacremerehraey BeOUS irae. VPAGOW APSO Mee rect 1.100 
X Bad@ivea ow ata NaS Goleta LQ) i. eataes NOG: s.ecctescystee pod 4 OO starcisneteticele T 156 te pertreratoreter tree 0.592 
Pitch 
Correction....... On 2 Be OFC lamers rates Ono Onietterstotetet 07.8898 cscs None given....... None given 
Final soci: (ORCS SS see Ona! eaeeetinr eG atste Wnooms onc 1 295 1.156 Mion se.aaeLy4 
Xa Me cart ate ters Biv2S1 were se 31001 oe 0 2 enter ae Bey. CABS SB EGYAUN icJauesRaibo cate 2.870 


*Arnold’s exact method is multiplied by 2 as per Punga. 


**Arnold’s approximate method. 


The doubly-linked reactance of Punga 
and Raydt is closely allied to the zigzag 
analysis of other writers, although yield- 
ing numerical calculations unusually 
low, and with no correction for pitch. 


Arnold presents two forms of zigzag 
leakage equations. One is identified as 
an approximate method. The more 
accurate expression gives results which 
are about half of that expected, and the 
numerical work of Table III is multiplied 
by two in line with Punga and Raydt’s 
comment on Arnold’serror. The original 
form of the equations is given in the 
appendix. It appears that the correction 
is unnecessary with the approximate 
form. 


EnD LEAKAGE 


End leakage reactance, due to those 
lines of flux which link only the stator end 
coils, and those lines which link only the 
rotor end ring, does not lend itself to 
simple analysis. For this reason, the ex- 
perience of the individual author seems 
to play a major part in his choice of equa- 
tion forms. Arnold’s equations rely on 
the physical configuration of end coils 
and end rings, Figure 2, but give no pitch 
correction. Kuhlmann’s equation in- 
cludes the air gap diameter, but no direct 
account is taken of end coil or end ring 
shape. Adams and Gray rely on curves 
to supplement basically simple formulas. 


CALCULATED RESULTS 


Using the individual formulas of 
Appendix III the 2 hp sample motor has 
been calculated by all methods discussed. 
Results are shown in Table III. To 
obtain these values, originally grouped 
terms have been divided to produce slot, 
zigzag and end components for ease in 
comparison. In addition, it has been 
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necessary to convert the Punga and 
Raydt analysis from leakage flux in Max- 
wells to reactances. 


Appendix | 


Correction for Concentric Windings 


In polyphase motors, the analysis of 
Adams indicates that the stator winding coil 
pitch influences each of the leakage com- 
ponents to a varying extent. The same 
factor applied to all leakage flux components 
would be ideal from the standpoint of caleu- 
lation. 

In the concentric type windings used in 
single phase motors, with various numbers 
of slots per pole, the effective leakage react- 
ance varies as a function of the winding fac- 
tor, Ky. The important question is whether 
or not each component of leakage flux varies 
as the same function of Ky». 

For many years, the writers have used.an 
over-all correction curve, multiplying the 
sum of the leakage permeances by a single 
correction depending upon Ky. This factor 
is shown as a curve in Figure 3. The source 
is unknown, and its accuracy will be investi- 
gated briefly here. To do so, we will con- 
sider the leakage flux consisting of two parts. 


1. That portion which links the rotor only, giving 
rise to an inductance proportional to Kw. 


2. That portion which links the stator only, giving 
rise to an inductance proportional to the concentra- 
tion only, in case of slot and zigzag components,and 
proportional to the concentration times the pitch 
for end windings. 


As will be shown, the resulting formulas 
give very good agreement with the over-all 
correction factor as used with well dis- 
tributed windings, For more concentrated 
coils it gives higher values than used previ- 
ously, in good agreement with experimental 
tests. 


GENERAL FORMULAS 
Let 
number of conductors in r™ slot 


Ek. 
"total conductors per pole per phase 


(36) 


K;,=the correction for both slot and zigzag 
components 


AIEE TRANSACTIONS 


= 


Table IV 
(1) (2) (3) (5) (6) (7) 
Slots 0.045 M Kw Ku? K end 
M Equation 39 (2) + (4) Ksz Equation 38 
Ono 70 eee ONT 2a eta = 0-200 ents tetet1On00 eft 1000 Eth ho OD 0.52 
TS GO eee ae OR SS Oar ee nO NSU seize ron 0. 70 es, Pier OST aoe ese Ome 
nee ODO. Ba Some Ges Vat nein Dian soy icine pa peadorunihe one Gago S O96 aster. fae OSs 
WD vec featytxeayeis AOE PR OLODD 8 en OLA 28 creer O08 er tare yee ime ncl si 1.05 
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Ree Oe RIO Ae cpeiratO OOO ne ware crecen ae Op 465i aki ACO Dea: LSD cca eee ee 


‘ 


K,’ =the correction for end leakage 
p=the pitch as a decimal fraction 


Then 


Si Ike 
kan[2)) UR) ji22 (37) 


and 


St Ku? 
K=|2)) rexe)+ hz (38) 


To apply these general formulas it is neces- 
sary to select individual cases. These are 


(a). Windings distributed in the manner 
recommended by Appleman. 


(b). Distribution based on coils of equal 
turns. 


(c). Distribution based on coils of various 
miscellaneous percentages of turns. 


CALCULATIONS 


To illustrate the approach, the latter case 
mentioned will be calculated in detail. 

Assume three coils per pole on a concen- 
tric winding, each pole having Mslots. The 
number of turns in the outer and center 
coils is equal, and each is considered to bea 
100 per cent coil. The inner coil has 50 per 
cent turns. The problem is to calculate the 
corrections Ks, and Ke’. 


Coil Span Per Cent Turns 
1M Cbs toh er roregroha.8 orc tan ce Olona 100 
IS le Meet ACIS cee bis CRCHON CCIE 100 
INT Bicferoreta custo sia. tala lee: on slots) Sue's 50 
Dae 900.2 2 Oa 450° 
Kay == COS + — cos += co 


ae, ie eM, 
(39) 


m EP a ey BAY 

4 Fr (2) a oo 
) 
— 2 or o.0s5- a 
te 


For various values of slots per pole M these 
formulas are evaluated in column 2 of Table 


IV. 

M Mi /1\2._.M-1 /1\ 
eae i = ae oe = 
ea IGE M +(3) x 


M-3 /1\?. M-—5 
2x-—- +( — ) x2x —— 
SFT, +(3) aX = 


These values of K,’ are shown in column 7. 


CoNCLUSIONS 


The latter procedure shown has been used 
to investigate many cases and the points are 
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plotted in Figure 3. It would appear that 
on the basis of the assumptions made, no 
single valued function of ky is theoretically 
accurate as an over-all correction for all 
components of leakage reactance. How- 
ever: 


1. For Kw < 0.92, ali different cases investigated 
show an agreement within 5 per cent. These values 
are higher slightly than the correction curve used, 
but inasmuch as the correction Ke’ is alwayslower 
than Kez, the over-all result is to bring the effective 
correction by rigorous analysis, reasonably close to 
the curve shown. 


2. For Rw > 0.92, the values of Ksz for the same 
Kw but for different distributions, may differ by 
more than 10 per cent. Furthermore, a slight 
change in Kw (or error in calculating) causes a great 
change in Ksz and Ke’. Under these circumstances, 
for accurate work, cases of nearly concentrated 
coils should be calculated probably in detail rather 
than use the over-all correction. 


Appendix Il 


Calculating the Sample Motor 
Reactance 


Using the method outlined in this paper, 
the following significant terms are calcu- 
lated. 


Stator slot constant Ks’ =1.685 

Rotor slot constant K,” =0.947 

Stacking length used L=3.00 inches 

Air gap length A=0.018 

Tooth pitch, stator \’ =0.492 inch 

Tooth pitch, rotor \” =0.398 inch 
Stator-Tooth face, corrected T,’ =0.420 inch 
Rotor-Tooth face, corrected T,” =0.372 inch 
Pole pitch used \=4.43 inches 

Ring constant K,=0.65 


From equation 10 the slot permeance, stator 
and rotor: 


P;=0.74X0.863 or 0.64 
From equation 12 the zigzag permeance: 
P22=0.69 X0.822 or 0.57 


From equation 16 the end connection perme- 
ance: 


P,=0.723 X0.725 or 0.523 


As the series conductors per phase are 408 
for the 220 volt connection, it follows that 


X;=1.21 ohms 
Xz2=1.08 ohms 
X,=0.99 ohm 


Total leakage reactance =3.28 ohms, 
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MAGNETIZING REACTANCE 
The gap constant, allowing for fringing, is 
1.255. Then from equation 21 
0.32 X3.0 X4.43 X0.815 


% 32.0 
m™=750,018K1.255X1.2 — 


P 
Po=Pmt-> or 33.03 


Xm=60.8 and X,=62.8 


Appendix Ill 


Leakage Reactance Equations 


Some of the equations most commonly 
used for leakage reactance are presented in 
this appendix. They are listed as far as 
possible in the original authors’ terms and 
new symbols are identified directly after 
each equation. A given symbol has a par- 
ticular meaning in all the equations pre- 
sented by one author, but the symbol may 
change meaning when used by another 
writer. 


Leakage Reactance Equation for 3- 
Phase Squirrel-Cage Motors in Per 
Phase Terms 


Apams!3 
@,,,=slot leakage permeance of the stator 
slot 
3.2 
= eS. (40) 
Nspp 


in which Nspp’ is the number of slots per 
phase per pole in the stator, and K s' is the 
stator slot constant. 


by2=slot leakage permeance of the rotor 
slot 


3.2 
~ K," (41) 


in which Ngpp” is the number of slots per 
phase per pole in the rotor, and K PpISeeRe 
rotor slot constant. 


sot =rotor and stator slot leakage perme- 
ance 


= (®s01 =f ®sp9) K ps (42) 
where 


Kys is the correction for winding pitch 
Figure 1. 
@,, =zigzag leakage permeance 


= K pt (43) 


(43a) 


in which a; is the stator tooth tip divided by 
the stator tooth pitch and a2 is the rotor 
tooth tip divided by the rotor tooth pitch. 
Other symbols used are T; which is the av- 
erage tooth pitch of rotor and stator, 6 is the 
air gap, and kp; is the correction for winding 
pitch Figure 1. 


py =end leakage permeance 
= K 7K: 3 (44) 


where k; is the pole pitch in inches divided 
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by the length of stack, and ky is taken from 
a curve Figure 1. 


The total leakage permeance, Pe = ®slot + 


Dy + Dry (45) 
and the total leakage reactance, X¢ 
Xe=2nf2pLNepp?Pe10 (45a) 


where 


f=frequency 

p =number of pairs of poles 

Nepp’ =number of conductors per phase per 
pole 


KUHLMANN® 


Xstator = slot leakage reactance of the stator 


2.0flgm N? 


in which J, is the width of stack, k;' is the 
slot constant of the stator, fis the frequency, 
m is the number of phases, NV the total num- 
ber of series conductors per phase, and Ss 
the number of stator slots. 


Xrotor =slot leakage reactance of the rotor 


2.0flam N? 
ig 


where the new symbols K;" and S;, are the 
slot constant and the number of slots in the 
rotor respectively, 


f Bl w \? 
Xslot = X stator + X rotor Ks (48) 
f ert wr 


where fy and f, are the distribution factor - 


and coil factor of the stator winding, respec- 
tively, and the addition of subscript 7 means 
rotor valves. The pitch factor, ks may be 
taken from a curve.® 


Xz =zigzag reactance of the stator 
eo { E y 
CON Ss 


in which X,, is the magnetizing reactance 
and p the number of poles. 


(49) 


X7;=zigzag reactance of the rotor 


5 p \? 
=— XX, — 5 
6 -(§) Sey 
X,=total zigzag reactance 
=X set X yz (5 1) 
X,=end leakage reactance 
2fmN?DK, 
ee aa Nae 2 
1072p? Ge 


in which the new symbol, D, is the gap 
diameter. 


Gray? 
ie) ® 
X eq =2rfb;?c (co 3) pny | ele + 


2m 
(Sette, Sette), bio (63) 
ny n2 


where 


f =frequency 

bi =series conductors per slot 

c, =number of slots per phase per pole in the 
stator 
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C,=Number of slots per phase per pole in 
the rotor 


Ogee. : 
cos? 3 = pitch correction 


@=angle in electrical degrees between the 
pitch used and full pitch 

p=number of poles 

nm, =number of phases in the stator 

m.=number of phases in the rotor 

beLe 


Ny 


=end leakage permeance and can be 


taken from a curve’ 
®,=end leakage constant 
L,=length of end coils 


‘ ®,+® 
for the quantity (ee 


ny 


O:265N/ eel 2 
pga eae 
zZ e atic 1) 
3.2 
@, =— X slot constant of stator 
fe 


1 


where 2, is the stator tooth pitch, 6 the air 
gap, and C, and C2 are the Carter coeffi- 
cients; that is ; 


a tooth pitch of the stator 
effective tooth face of the stator tooth 
Ke tooth pitch of the rotor 
> effective tooth face of the rotor tooth 
®,+, 


ne 


for the quantity 


&s= ae < slot constant of rotor 
C 


2 
2 
1 
where » is the rotor tooth pitch and C, and 


C, are again Carter coefficients. 
L, =the gross length of the iron 


0.26 of 1, 
SCs \. Coe, 


Table V. The Coefficient of Doubly Linked 


Leakage‘ 
aS 
Number of 
Slots Per Number of Stator Slots 
Poleinthe Slip Stator Slots Greater Than 
Stator Ring Smaller Than Number of 
Rotor Motor Rotor Slots Rotor Slots ~ 
ee So ee ed es ge es Set 
6/9 .5..0.04162. 0.081 5. 3,. 8: 0.035 
G/12- 5 0022 TO 016. ra 0.0167 
6/15. 2 5.2020384 0. or OF0TISF mc ee 0.028 
9/15". on. 0020.022.5. OF01'35; sane. 0.0153 
12/15 an OS OLS2E oi 0.0096: eqs: 0.0100 
12/18....0.0138..... 0.008 ........0.0093 
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ARNOLD 


X,=leakage reactance of the stator winding 


phase 
2QxfZ? fg 

-| nf Le Kon t+}K22+— re)10°* 
PQs L, 


(54) 


where f is the frequency, Z the number of 
series conductors per phase in the stator, P 
is the number of poles, gs is the number of 
slots under each pole containing series phase 
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conductors in stator, L, s the gross length 
of iron and 


,=slot leakage permeance of the stator 
slot 

=3.19>slot constant (55) 

h,=zigzag leakage permeance of the stator 


Arnold gives two methods for calculating Az. 
In the approximate method 


ee eae (56a) 
eit ea 

in which ty” is the rotor tooth face, e’ the 

slot opening in the stator and A is the air 

gap. 

In the more accurate method, if ty” S’ 


ty” —e')? 
ds=3.19 ees (56b) 
and if 
ty” >n’: 
x’ — 4‘\2 
ano ees ’ Ra (56c) 


where ty’ is the stator tooth face, e’ is the 
stator slot opening, \’ is the tooth pitch of 
the stator and the double primes refer to 
corresponding rotor values. 


-=end leakage permeance of the stator 


U5 
=1.17( g- logio —— 
7 (« O10 a) 


where g, is the number of end connections in 
a phase group, /, the length of one conduc- 
tor, exclusive of its embedded length and 


U.=2(a+b) 
refer to Figure 2 fora and b. For Ky and 


K,, the pitch correction factors for slot and 
zigzag, refer to Figure 1. 


(57) 


X,=leakage reactance at the squirrel cage 
rotor in rotor terms. 


2 1.84D j 
=78 1] watt s Soe 
LN: sin are 
2N2 
2.4D, 
| ae 
O£10 | (58) 
where 


dn = Slot leakage permeance of the rotor slot 
=3.19 rotor slot constant 
,= zigzag permeance of the rotor 


(59) 


Again two methods are available for calcu- 
lating dz. 


ti—e" 
Approximately \,=3.19 Z = (60a) 
and, if ty’ <)’" 

ye")? 

Ne 

Mee BAK! (60b) 
and if ty’ > \” 

aly al 2 


where the symbols are the same as those 
used for stator zigzag permeance. For the 
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: 
» 


end leakage permeance term, D, is the mean 
diameter of the end ring, N2 is the number 
of rotor bars and for a and }, Figure 2. 


4 


X),=total leakage reactance 


4 Kas)? 
ie a as) tes 


xX: 61 
5 : (61) 


in which , is the number of stator phases, 
Kys and Kgs are pitch factor and distribu- 
tion factor of the stator winding respec- 
tively, Z is the number of series conductors 
per phase, and P the number of poles. 


PUNGA AND RayprT® 


The stator slot leakage reactance is 
Xs3=24fZ*Gqpry'110-* (62) 


where f is the frequency, Z the number of 
conductors per slot, g is the number of slots 
under each pole containing series conductor 
per phase, p is the number of poles and A,’ is 
the magnetic conductivity per inch of length 
of slot in the stator or 3.19 times the slot 
constant. The length of iron is /. 

The rotor slot leakage in stator terms is 


X753=2afZ*qprn"l10-*(KpsKas)* (63) 


where the symbols refer to the stator except 
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yn” which is the magnetic conductivity per 
inch of length of the rotor slot, or 3.19 times 
the rotor slot constant. The symbols Kp; 
and Kgs are the winding pitch factor and 
distribution factor for the stator, respec- 
tively. 

The stator end leakage is 


Xee=2afZ2q2phe'lg! 10-8 (64) 


where new quantities introduced are w,’, the 
smallest circumference of the cross section of 
the windings which belong together (see 
Arnold, U,), and /; the free length not in 
iron of a conductor to give 


1 f 
de = 117 (1086 +08) 
Ws 
The rotor end leakage in stator terms is 


Xpe=2nfZ2q2phe"ls"10-*(K psKas)? (65) 


where A,” is taken as 1.27 for squirrel cage 


and 1,” is aD and D, is the mean diameter 
of the end ring. 
The doubly linked leakage is 
Le, ce) 
Xg=20f—= oe = 19 (66) 
ST SP 


where 


@ is the flux per pole 


and E is the voltage per phase, and w the 
number of turns per phase. Imag. is the 
magnetizing current, S. F. is the saturation 
factor, and hg is the coefficient of doubly 
linked leakage, Table V. 
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The Application of Surge Comparison 


Testing Equipment to Fractional 
Horsepower A-C Stator Windings 


LLOYD W. BUCHANAN 


ASSOCIATE AIEE 


HE SURGE COMPARISON method 

of testing has been described by Foust 
and Rohats! and further developed by 
Moses and Harter? in preceding papers. 
This paper deals particularly with the 
testing of fractional horsepower stators. 
It makes an analysis of the voltage dis- 
tribution in the winding and compares the 
effect of the surge voltage to a 60-cycle 
voltage. Previous studies have pertained 
mainly to the detection of short-circuited 
turns or wrong number of turns in 3-phase 
and large machines. These tests are com- 
bined here with others into a quick and 
accurate procedure to include additional 
information relative to quality and ac- 
curacy of winding; with these refine- 
ments, the surge comparison test lends 
itself readily to production testing of 
small motors. 


Operation 


The surge comparison tester is a means 
of applying voltage of two motor windings 
and comparing them to determine if there 
are any discrepancies or breakdown in in- 
sulation. A surge of steep wave front is 
applied to the two windings connected in 
series and the voltage wave across one of 
them is recorded on an oscilloscope. On 
each successive surge the two windings are 
interchanged. If the two windings are 
identical, the trace on the oscilloscope 
will be the same for each surge. If the 
windings are different, the traces will not 
coincide; and since the oscilloscope 
screen retains the trace for a short period, 
two images will appear. The surges are 
of very short duration, measured in a few 
microseconds, and applied 60 times each 
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second. The energy supplied to the test 
windings is very low; consequently, the 
test voltage can be increased sufficiently 
to give a test of insulation without damag- 
ing the windings due to heating. The 
motor frames must be grounded; there- 
fore, if the windings are connected ac- 
cording to Figure 1 the surge causes a 
voltage stress of insulation between turns 
coils, windings, and ground. A simpli- 
fied circuit diagram of the surge com- 
parison tester is shown in Figure 1. 
A motor which has been found to be cor- 
rect and is retained for test purposes is 
referred to as the test standard and the 
motor being tested as the test motor. 
A charge is built up on capacitor Cl by 


MOTOR WINDINGS 


SWEEP AND 
TIMING 
CIRCUITS 


Figure 1. Simplified circuit diagram of surge 
comparison tests 


T,— Transformer 

Te—High voltage transformer 
V—V oltmeter 

C,—High voltage capacitor 
G,—Rectifier tube 
G.—Grid-controlled gas tube 
R,—Grid-leak resistor 
R-—Current limiting resistor 
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feeding the output of transformer 10% 
through rectifier tube G1. The voltmeter 
V can be calibrated in surge voltage. The 
voltage surge is released by a grid-con- 
trolled gas tube G2 and flows from point 
2 of the winding to point 1. On the suc- 
ceeding surge the synchronous switch has 
interchanged the connections and the 
surge flows from point 1 to point 2. On 
the first surge the oscilloscope indicates 
the voltage across winding 1, and on the 
second, across winding 2. 


Distribution of Voltage and 
Dielectric Stress of Insulation 


The voltage curve at various points of a 
winding is plotted against time in Figure 
2. A voltage surge of 2,000 volts was 
applied at point A, and point J was 
grounded. 

The motor used for these tests was a 4- 
pole 60-cycle 115-volt fractional horse- 
power motor having 82 turns in each pole 
of the. main winding, with three con- 
centric coils per pole. These curves are 
similar to those recorded in previous 
papers on stresses resulting from surges 
in transformers and other electric ma- 
chinery, and indicate that a distributed 
winding has little effect on the results 
from the surge. They also show that at 
one point the voltage slightly exceeds the 
applied voltage. Quite often, tests show 
the voltage at point B to be considerably 


higher than the applied surge for a portion . 


of the time. Curve K gives the voltage at 
point K on the auxiliary winding when 
the main winding is being tested. Voltage 
between the main and auxiliary windings 
can be determined from this curve. These 
curves can be determined for any winding 
merely by connecting the lead from the 
oscilloscope to the various points in the 
winding, instead of connecting it to the 
point between the windings. The resulting 
traces can be either plotted or photo- 
CRE) a> rae ARS S'S ee 


Paper 47-230, recommended by the AIEE commit- 
tee on rotating machinery for presentation at the 
AIEE Middle Eastern District meeting, Dayton, 
Ohio, September 23-25, 1947. Manuscript sub- 
mitted May 27, 1947; made available for printing 
September 2, 1947. ‘ 


Liroyp W. BucHaNan is design engineer for the 
Westinghouse Electric Corporation, Lima, Ohio. 
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MAIN WINDING MAIN WINDING 


K AUXILIARY WINDINGS 


Oo nA Cl” Sie Gr edie es 
TIME — MICROSECONDS 
Figure 2. Voltage distribution at various 
points of a winding resulting from a surge 
voltage 


graphed. Figure 3 is obtained by sub- 
tracting the voltage at one point of the 
winding from the adjacent point which 
has a higher voltage. It indicates the 
voltage across each pole. If a 2,000-volt 
surge test is applied to the motor of Figure 
2 the voltage between adjacent conductors 
in a slot may be anywhere from the 
voltage per turn of four volts to the 
voltage per coil of about 200 volts. These 
peaks occur during the first five micro- 
seconds for the motor which has a ter- 
minal connected to the surge source. The 
voltage per coil in the motor which has a 
terminal connected to ground reached 
approximately 130 volts with a peak of 
much longer duration. Since the motor 
windings are interchanged during the test, 
both windings are subjected to these 
voltages. 


Comparison of Breakdown of 
Insulation by Surge Voltage and 
60-Cycle Voltage 


The time duration of a voltage test is 
recognized by the National Electrical 
Manufacturers Association, and various 
curves have been recorded as to the effect 
of time on breaking down insulation. A 
test using a surge with a duration of its 
peak of the order of a few microseconds 
does not have thé same effect on insulation 
as a 60-cycle wave having the same peak 
voltage. A record of averages of a num- 
ber of tests on various insulation on a 
surge comparison test as compared to a 
60-cycle test is shown in Table I. 

It is necessary to use a surge voltage of 
approximately 1.7 times the rms or 1.2 
times the peak 60-cycle voltage to ob- 
tain comparative results. As the con- 
ventional 60-cycle 30-second breakdown 
voltage of number 22 enamel covered wire 
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is 88 per cent of its 1-second voltage, and 
the 30-second surge breakdown voltage is 
97 per cent of its 1-second breakdown 
voltage, it is evident that the effect of 
time of test is less for the surge test than 
for the 60-cycle test. It may be deduced 
from this that the application of a high 
test voltage by means of a surge compari- 
son tester does not damage a winding as 
much as a conventional test. The energy 
supplied by a surge comparison tester is 
very small, because a voltage is applied 
for only a small portion of each cycle. 
When a winding breaks down, there is 
little damage to adjacent conductors. As 
a result location of the fault is more diffi- 
cult, but repair is considerably easier. 


Ro mn Se Hite 
Po Colne Se ea 
SERBS Smeaa 
(Ce el 
ee 


Sy, 
SAE 
a: 


MINCG ad 
Wb axceceeee 
AEG Gaines wes 
O54 8 [2p IGR ECO ee o4 
TIME — MICROSECONDS 


Figure 3. Voltage across each pole obtained 
from Figure 2 


Test Methods 


Some of the more common faults that 
occur in windings are short-circuited 
turns, wrong number of turns, grounded 
conductors, short circuited between main 
and auxiliary wings, reversed coils, and 
reversed rotation resulting from inter- 
changing 2-colored or tagged leads when 
connecting them to the winding. For a 
large portion of single-phase fractional 
horsepower motors all of these checks can 


be made with a few simple tests on the . 


surge comparison tester. 

The surge comparison test is a means of 
comparing one winding to another. It is 
necessary to obtain a winding which has 
been completely checked to use as the 
test standard. This can be done by in- 
specting the first production winding by 
other means than the surge tester, or by 
retaining a stock of test standards. It is 
also possible to make a fairly complete 
test by comparing one-half of the motor 
winding against the other half. This is 
similar to the method of testing polyphase 
windings described in detail by Foust and 
Rohats,! whereby each phase is compared 
to another phase. If all phases are identi- 
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cal, the winding is correct, except for the 
possibility that the number of turns in all 
coils may be in error in the same amount. 

The test described for Figure 1 will 
check for number of turns, short-circuited 
turns, short circuits between main and 
auxiliary windings, grounded conductors, 
and, in most cases, reversed coils. Mo- 
tors having the wrong number of turns or 
a few short-circuited turns, will show two 
traces slightly apart as shown in Figure 
4B, indicating that the winding being 
tested is slightly different from the stand- 
ard. If two windings are compared and 
the traces coincide, shorting of one turn or 
decreasing the number of turns by one 
turn is easily detected. However, it is 
often difficult to segregate a 1-turn short 
circuit from allowable variations. Figure 
4 shows the oscilloscope traces of a num- 
ber of the more common faults. 

In small motor windings, the relation of 
the various voltages in the winding re- 
main constant. Therefore, the test 
voltage must be a compromise between 
several desired voltages. It is usually the 
voltage from winding to ground that 


Figure 4. Oscilloscope traces for several 
common faults 


A—Two windings identical—no fault 

B—One turn short-circuited 

C—Main winding grounded 

D—Main winding short-circuited to auxiliary 
winding 

E—Rotation correct and no reversed coils 

F—Rotation reversed 
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limits the test voltage. The test voltage 
can be specified to give a check of insula- 
tion from winding to ground, which is 
roughly equivalent to the National 
Electrical Manufacturers Association 
ground test. It iseoften feasible to deter- 
mine the test voltage to be applied by de- 
termining the surge voltage that will give 
a ground test equivalent to the National 
Electrical Manufacturers Association 
Ordinarily if this is done 
the turn-to-turn and main-to-auxiliary 
winding voltage is not excessive. 


specifications. 


To have an effective ground test, the 
surge voltage should be about 1.7 times 
the present 1-second alternating voltage 
tests or about two times the 1-minute 
tests. Usually, this will give a turn-to- 
turn voltage consistent with reasonable 
turn-to-turn test voltages. 


To check further for reversed coils and 
rotation, it is necessary to use a pickup 
coil located under each pole and to take a 
separate test with the pickup coil voltage 
fed to the oscilloscope. Location of the 
pickup coil with respect to the winding 
and the connections to the surge tester 
are shown in Figure 5. If the leads of the 
two stators to be compared are connected 
according to a prearranged code, either a 
reversed coil or reversed rotation will 
cause considerable divergence of the 
traces. Slight divergence can be neglected 
in this test, as location of the pickup coils 
is not necessarily accurate. The trace of 
this fault is shown in Figure 4F. Figure 6 
shows a photograph of the tester with a 


a 


SYNCHRONOUS SWITCH 
Th 


SURGE 
SOURCE 


MOTOR WINDINGS 
PICKUP COILS 


x 


yaAIN WINDING 


Figure 5. Location of pickup coils in relation 
to winding and method of connecting pickup 
coils for rotation check 
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Figure 6. Surge tester and test jig showing 
tester in production-line operation 


test jig arranged to hold the stators during 
test and locate the pickup coils. The test 
jig also insures that the motor frames are 
grounded.. Grounding of motor frames is 
necessary for the test and for the safety of 
the operator. The windings to be tested 
and type of test are selected by means of 
the push buttons and switches mounted 
on the panel of the tester. This eliminates 
the necessity of making different connec- 
tions to the stator during tests. 


Table |. Comparison of Breakdown Voltage 
Between Surge and 60-Cycle Test 


o 
3 oO r) 
Py oOs O48 
ES 84s 35% 
Insulation Bo -£# 3 Ss aae Ratio 
ee ees Be i ee EE ee ee 
Enamel covered 
number 22 wire..... 1.443 5330. (55408. .21..66 
Enamel _ covered 
number 22 wire... .30...2,940..5,420 
Enamel _ covered 
number 19 wire.... 1...5,660..9,800....1.73 
Cotton and enamel 
number 22 wire.... 1...4,460..8,040....1.80 
0.010 thick rag ‘ 
DADER foc vtiecte cists serene 3,525. .5,850....1.66 


Average 1.71 
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Summary 


The surge comparison test can be 
adapted readily to testing fractional 
horsepower motors quickly and in large 
quantities. The effect of time duration of 
the test is minimized, and switching 
surges resulting from the testing appara- 
tus are eliminated. The test applies a _ 
voltage stress to the winding, thereby 
showing any weaknesses. It detects 
short circuits, grounds, errors in turns, 
and errors in connections with a high 
degree of accuracy. Thus the surge com- 
parison test is a valuable method, of in- 
suring a quality product with small 
expense and little interruption of produc- 
tion. 
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Electric Drive for Aircraft 


GEORGE Cc. CROM 


NONMEMBER AIEE 


Synopsis: The use of large amounts of 
power in aircraft becomes a power-handling 
problem; and electric transmission from the 
turbines mounted in the fuselage, to the pro- 
pellers on the wings, has the same advan- 
tages as in handling very large amounts of 
power inindustry. The advantages of elec- 
tric power transmission are discussed, 
principally flexibility, reliability, ability to 
shut down prime movers, and lessened drag. 
Also the disadvantages—principally weight. 
An outline of an acceptable airplane and the 
calculation of fuel savings resulting from 
electric operation of a given flight plan are 
given, showing that it is possible to save 
enough fuel to cancel out the extra weight of 
the electric drive. Also, a discussion of 
weights of apparatus is given. 


A Power-Handling Problem 


HEN considering the design of very 
large high-speed propeller-driven 
aircraft from 250,000 pounds up to 500,- 
000 pounds, the large output required of 
the power plant, 25,000 horsepower and 
up, introduces several problems which are 
largely functions of the physical bulk of 
the power plant. 
The physical size of such power plants 
makes necessary the use of correspond- 
ingly large nacelles. There exists the 


SPECIFIC FUEL CONSUMPTION 


7,000 8000 9,000 10,000 11,000 12000 13000 
s 


Figure 1. Fuel consumption taken from 
General Electric Company data on I-40 engine 
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possibility that, if the nacelles were re- 
duced in size so their diameter was no 
greater than the depth of the wing, a 
significant increase in over-all aero- 
dynamic efficiency of the aircraft could 
be obtained. Therefore, some method of 
removing the prime movers from the 
wings becomes attractive. 

However, in large aircraft structures, 
wings and fuselage are flexible; and it is 
desirable to keep them flexible. It is 
difficult to transmit power mechanically 
any appreciable distance with flexible 
supports. In addition, the units of large 
turbine power plants should be operated 
somewhere near their lowest specific fuel 
consumption points; and with less than 
full load, it would be desirable to shut 
down some units so that the remaining 
units would be properly loaded. This is 
almost impossible to do with mechanical 
drives in aircraft. Clutches and flexible 
shafts or even hydraulic drives are heavy 
and hard to handle. Stopping engines 
and feathering the propellers directly 
connected to them is a rather unsatisfac- 
tory method of reducing power and is ex- 
ceedingly dangerous under combat condi- 
tions, as it attracts the attention of enemy 
fighters. 


Turbine Power Plants 


The development of gas turbine power 
plants with their light weight, high speed, 


- and high efficiency, which are desirable in 


large aircraft power plants, has intro- 
duced additional problems. 

The turbojet and turbopropeller engines 
operate at a minimum specific fuel con- 
sumption only over a limited speed range 
(Figure 1, which is taken from General 
Electric Company data on J-40 engine). 
Normal-rating of these engines as to 
speed and power usually is set near this 
point of minimum specific fuel consump- 
tion. Regarded in this light, turbines are 
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constant speed devices and therefore are 
suitable for driving alternators. 

Under usual operating conditions of 
bombers powered by reciprocating en- 
gines, the pilots make a given speed 
setting on the propeller governors and 
vary the speed of the aircraft by varying 
the output torque of the engine (and thus 
propeller thrust) through changes in 
manifold pressure. The range of allow- 
able governor speed settings is rather 
wide; in the particular case of take-off, a 
significant increase in engine speed above 
normal rated is allowed for short periods 
of time. 

In the case of direct-drive turbopro- 
peller engines, rotational speed for cruis- 
ing will be held within close limits to the 
point of minimum fuel consumption. No 
great increase in rotational speed, even 
momentarily as for control purposes, will 
be allowable due to structural consider- 
ations. The variation in propeller thrust 
will be accomplished by changes in blade 
pitch. Reduction gears will be needed to 
reduce the high turbine speed to the rela- 
tively slow rotational speed of large pro- 
pellers. 

The inertia of the turbine rotor at its 
high speed is higher than that of a recip- 
rocating engine driving a propeller. 
When starting turbopropellers, the load 
on the starter is higher than on usual 
engines, as the compressor load has to be 
carried by the starter, and the firing speed 
is higher, and it takes more power to 
swing the propeller at this higher speed. 


Electric Drive 


It seems evident therefore that the pro- 
peller and the turbine should be separated 
and should be capable of being connected 
and disconnected from each other. Also 


ge es ee ee Se 
Paper 47-215, recommended by the AIEE com- 
mittee on air transportation and approved by the 
AIEE technical program committee for presenta- 
tion at the AIEE Middle Eastern District meeting, 
Dayton, Ohio, September 23-25, 1947. Manu- 
script submitted July 11, 1947; made available for 
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Grorcr C: Crom is with the Air Materiel Com- 
mand at Wright Field, Dayton, Ohio. 
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it would be desirable to be able to operate 
any or all propellers from any or all 
turbines. The only satisfactory method 
known at the present time to shift around 
large blocks of power between prime mov- 
ers and loads is the electrical method 
which is in use throughout industry, giv- 
ing neat, simple setups, reliability of 
operation, high efficiency, and complete 
flexibility. In this case, since alternators 
and motors would operate at constant 
speed, the pilot can control the power 
setting, which automatically would con- 
trol the propeller pitch angle, by means of 
four levers (for a 4-propeller installation) 
or, possibly, by means of one composite 
lever. : 

The application of electric power trans- 
mission to aircraft is, however, difficult 
and beset with many limitations. The 
first, most important, and the hardest to 
design around is that of weight of the 
electric equipment used for transmission 
of power. 

Alternating current is used almost ex- 
clusively in transferring power and the 
frequency commonly used in this country 
is 60 cycles. This is due to the ease of 
transmission, ability to transform, and to 
the reliability, ruggedness, and simplicity 
of the induction motor. In planning to 
adapt electric power transmission to air- 
craft, it becomes obvious that the induc- 
tion motor should be used; but low fre- 
quencies are out of consideration as the 
equipment items become too heavy. 
Four hundred cycles or some frequency 
near it offers a maximum weight reduction 
and at the same time does not complicate 
apparatus design too much. The alter- 
nator design fits in well with the available 
gas turbine speeds of 8,000 to 12,000 


1360 


Table |. Calculation of Fuel Consumption for the Mechanical and the Electric Drives in the 
Case of the Projected Flight Plan 
Elapsed Time 
for Condi- Total ue 
tion, Hr Number of Engine Specific Consumed 
Flight ————“ Duration of Engines Shaft Fuel During 
Condition Start End Condition, Hr Operating Horsepower Consumption Period, Lb 
A. Mechanical drive; efficiency of engine.gearing 97 per cent 
Takeoff........ Ol 4 .2/aae Sea a ners tiene ates ih See rareyatas aor 220002 Sa. micen Ox'GO% sere 100804. 1,220 
Climb ceaater Wie. ..t/2. DIS TRAMED SH OOtGO CDAD OTto.0 8 13; O00 te etamens OGL sores 1.08.... 4,410 
(OrRAG sonnel 1/2 Gres EU Sis ere rca: Sem Cote 1G, ZOO... erates OS69D ae 1.08... .26,410 
Targets ao syaana 6 be ere Ou V IMSS OS CIO OER SiGO0 mp ettesaate OOS ees 120822... 00,610 
Craiseai ne mies 8 12 atrraicis Be es fone De ws So eee BiDOO Merce craters ON 69D%er 1.08....16,400 
@ruise sips. ece 12 VSP a orio Se OOO OD TIG DDO ICD. & 800%. cemrsthe 0.57 BB Neca 1.08... .12,080 
Landing. serie. 15 16 Lee estas: eucie site ele ainaateeererens BO0G05. foie TAGQN ae sets 1.00.... 5,410 
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revolutions per minute using four or six 
poles, letting the frequency be whatever 
is the result of the speed and pole choice. 

A 6-pole induction motor seems to be 
the most practicable, giving some speed 
reduction with a 4-pole generator. The 
design of 8-pole induction motors is more 
difficult for 400 cycles, but can be used 
with good speed reduction but some in- 
crease in bulk and weight. 


Propeller Motors 


Ratings of induction motors to drive 
large propellers at slow speeds will be 
about 6,000 to 10,000 horsepower peak 
power for five minutes, based on four pro- 
pellers per airplane and 250,000 to 500,000 
pounds gross weight. The five minute 
rating is the usual take-off rating -for 
maximum power. Diameters of such 
motors would be 28 to 34 inches, which 
can be buried in a wing or in a nacelle 
having a diameter equal to the wing 
depth. A block diagram of electric con- 
nections is shown in Figure 2. 

Very careful estimation shows that the 
unit weight of motors of these types with 
proper allowance for forced cooling should 
be near 0.4 pound per horsepower, based 
on six poles. 
nators based on 4-pole direct-driven 
machines within the range of 3,000 to 
5,000 horsepower peak rating should give 
a unit weight of 0.50 pound per horse- 
power. 

Control wiring and miscellaneous 
should give 0.15 pound per horsepower. 
Total unit weight therefore is estimated 
as 1.05 pounds per horsepower, from the 
alternator shaft to the motor shaft. 
Gearing from the motor shaft to the pro- 
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Similar estimation on alter- - 


peller shaft is not included as similar 
gearing would have to be incorporated in 
a turbine propelled drive, assuming there 
is no change in speed between the two 
comparable cases. 


Weight Discussion 


The net weight of the electric trans- 
mission is large and its use can be justified 
only when there is a saving in weight due 
to the benefits of the system or other 
valid and useful features. 

Due to the flexibility of the electric 


system the aircraft designer has more 


freedom as to placing of the propellers 
and their driving motors. There is no 
low frequency vibration due to the motor 
and usually a thin wing and nacelle can 
be used with the motors, with the turbines 
mounted in the fuselage and their exhaust 
carried outside to add some thrust. 
There will be a reduction of drag due to 
these facts which has been estimated by 
competent designers as having values of 8 
to 12 per cent. 

If the flight plan of the airplane in- 
cludes large changes of power, such as ex- 
tended cruise conditions at low power 
settings (see Figure 3), some turbine units 
can be shut down and the four propellers 
set for lower power sufficient to operate 
the remaining turboalternators at full 
load, thus reducing the specific fuel con- 
sumption when compared with four turbo- 
propeller engines. The larger the number 
of turboalternators on the aircraft, the 
greater the savings, as the number of 
power steps available will be larger and 
those in use can be operated at full load. 

Electric apparatus is limited in power 
output primarily in its ability to dissipate 
heat. It can stand severe overloads such 
as that required for take-off where the 
overload is necessary for only five minutes 
maximum. The continuous duty re- 
quired will be that of the normal design of 

_the electric motors, generators, and wir- 
ing. By reducing the generator and bus 
voltage for low power settings the four 
induction motors can be operated at near 


MOTORS 


ALTERNATORS 


CIRCUIT BREAKERS: 
Figure 2. Block diagram of electric connec- 
tions of motors to drive propellers 
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Figure 3. Flight plan worked out with aircraft 
laboratory, engineering division, Air Materiel 
Command 


full load current and thus have better 
power factors than if they were operated 
at full voltage and smaller load currents. 
The copper losses would be unchanged, 
but iron losses would be reduced. 


Aircraft Description 


The following tenative description of 
an airplane that could be used for electric 
drive purposes was sent out to turbo- 
electric manufacturers in May 1945 and 
June 27, 1945: 


(a). This is a high speed, (475-525 miles 
per hour) long range (6,500 miles) thin wing 
bomber to be driven by gas turbines located 
in the fuselage, giving approximately 80 per 
cent shaft horsepower and 20 per cent jet 
horsepower. Four propellers are to be 
located ahead of the wing and driven by in- 
duction motors. Total shaft horsepower 
25,000 for take-off, five minute rating. 
Cruise at 60-70 per cent maximum power at 
40,000 feet. Bomb load 20,000—40,000 
pounds. Gross weight 200,000 pounds, or 
larger. 


(b). Wings to have depth of 29 inches at 
deepest point, which is 100 inches from lead- 
ing edge. Nacelles to have same depth as 
wing and to project forward 7-10 feet. 
Propellers not greater than 24 feet diameter. 


(c). Turbines to drive 3-phase 400-cycle 
plus or minus 10 per cent alternators which 
will operate at constant speed at any fre- 
quency setting in that range, so they can be 
operated in parallel. Three-phase induc- 
tion motors to be connected in parallel to 
bus. Voltage line to line not in excess of 
2,000 volts. Motors and generators to be 
connected to bus by circuit breaker switches 
as needed so as to obtain maximum fuel 
economy. Pitch of propellers to control 
power delivered by motors and to include 
reverse pitch, all at constant speed. 


(d). Cooling of motors and alternators to 
be by fan on the ground and by fan and ram 
in the air. Power sensing devices will have 
to be available to the pilot so that he may 
control properly the angle of propellers 
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manually or automatically. Governors on 
turbines to control power as a function of 
speed or frequency. The relative speed of 
propeller blade angle change, power to 
motors and number of turboalternators 
operating is very important and is to be de- 
signed for best fuel economy, at all operating 
powers. 


Weight Estimates 


A flight plan, Figure 3, was worked out 
with aircraft laboratory, engineering divi- 
sion, Air Materiel Command. Com- 
putations based on this flight plan were 
made as described hereinafter and were 
distributed to those interested on October 
19, 1945. These data are largely the 
work of engineers of the Westinghouse 
and General Electric companies. 

Comparison of mechanical (four en- 
gines) and electric drive (ten engines) 
may be made as to weights of fuel con- 
sumed by each. The flight plan is taken 
as shown and power then is taken as shaft 
horsepower of turbine. Efficiency of 
electric dtive is taken as 92 percent. In- 
crease of drag with mechanical system is 
taken as 8 per cent. 

The calculations for the two types of 
drive are set forth in Table I. The 
formula relating fuel consumption to the 
other significant factors is as follows: 


where 


W =weight of fuel consumed in pounds 

P=engine shaft horsepower 

s=specific fuel consumption of engine in 
pounds per horsepower-hour 

t=time in hours 

d=drag factor, puré numeric 

e=efficiency of engine reduction’ gearing 
combined, where applicable, with 
efficiency of electric system 


The following comparison as to weight 
of fuel consumed then may be made: 


Total fuel consumed, 


mechanical drive 77,545 pounds 
Total fuel consumed, elec- 
tric drive 66,825 pounds 
Saving in fuel weight by 
use of electric drive 10,720 pounds 


The weight of the engines and the elec- 
tric equipment for the airplane described 
can be estimated on the basis of some data 
prepared by the Westinghouse company. 
The characteristics of a suitable turbine 
engine for this application are set forth in 
Table II. 

The alternators proposed for this appli- 
cation would be rated at 2,000 kw, 88 per 
cent power factor, 1,300 volts, 12,000 
rpm, and their weight has been estimated 
at 1,128 pounds each. The motors pro- 
posed would be rated at 6,400 horsepower 


Crom—Electric Drive for Aircraft 


at 1,300 volts and 80 per cent power fac- 
tor; their weight is estimated at 2,300 
pounds each. This aircraft would re- 
quire ten of the engines, ten of the alter- 
nators, and four of the motors. In 
addition, there would be electric cables 
and control equipment having a total 
estimated weight of 3,060 pounds. 
In summary, for the aircraft 


Ten alternators at 1,128 
pounds each 

Four motors at 
pounds each 

Electric control equipment 
and cables 


11,280 pounds 
2,300 
9,200 pounds 


3,060 pounds 


Total weight of electric 


system 23,540 pounds 


If it can be assumed that the low 
mechanical-drive turbines would weigh 
the same as ten electric drive turbines of 
equal total power output, the following 
further weight comparison can be made 


Total weight of electric 
equipment 
Fuel saving by electric drive 


23,540 pounds 
10,720 pounds 


Excess weight of electric 


scheme 12,820 pounds 


It is possible that other savings can be 
made through improved design of the 
electric equipment after the first samples 
have been made, as up to the present time 
apparatus of this type has not been built. 
It is believed that the present design is 
conservative. 

It is also possible that some savings 
may be made in gearing, as gearing in 
both cases was assumed to be the same; 
and the speed of motors was assumed to 
be the same as that of the generators. 
The combination of motor and gearing 
may have other values that result in 
lower weights. 

It was assumed that the four mechani- 
cal-drive turbines would weigh as much 
as the ten turbines of equal total power in 
spite of the fact that the smaller turbines 
operate at high speeds and might have a 
lower total weight. 

Reserve fuel weight for three hours also 


Table Il. Characteristics of a Turbine Engine 
Suitable for Use on an Electric Drive Aircraft 


Weight without accessories, Ib.........-+-+-- 600 
Weight complete, Ib........---.ees rere rree 1,750 
Dimensions, inches: 
OPS fal Were s anion OUD Hd op Go OUD UIROHD OUog 120 
Piamieter sa ace ce ese1s) sieuriniat= oie ale 915) e"sjejiei4i* 27 
Diameter over accessories.....--+++++-+-°- 36 


Specific fuel consumption at 40,000 ft, 350 
mph, including 20 per cent jet power (Ib 
per HP-he)/ leery gs oan vorrieleite se sosleresrsia inet 0.55 


ei ee 


Shp =shaft horsepower 
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would reduce the excess weight of electric 
equipment; also the weight of fuel tanks 
would be less for the electric equipment as 
the total fuel is reduced. 


Operation 


The alternators as they are started 
would be synchronized manually or auto- 
matically and connected to the bus. Not 
having any load connected to them, the 
starting problem is simplified over that of 
the turbopropeller engine. 

Probably it would be best to start the 
induction motors under reduced voltage 
and with a limited number of alternators 
connected to the bus. All four of the 
motors would be started one by one on, 
say, one or two alternators, with the pro- 
pellers set at position of minimum thrust. 
After the propellers are rotating at normal 
speed, the remaining alternators can be 
synchronized and connected to the bus. 
Governors of each turbine can be inter- 
connected by the flight engineer so that 
the turbines will respond to the demand 
for power at constant speed. 

The power delivered by the propellers 
is determined principally by the pitch 
angle for a fixed speed, including reverse 
pitch, and the propellers would revolve at 


substantially constant speed at all times, 
as the speed is fixed by the turbine 
governor on the automatic control. As 
the pilot advances the power control lever, 
the motors will deliver more power and 
that power will be delivered by the turbo- 
generators, following standard power 
practice. Simultaneously, in accordance 
with signals received from power-sensing 
devices (electrical), the propeller blade 
pitch will increase to absorb this power 
and convert it to useful thrust. 

Circuit breakers will have to be placed 
in between the bus and each motor and 
each generator and possibly in such posi- 
tion to sectionalize the bus, and will be 
operated by the flight engineer. 

Circuit breaker weights will have to be 
reduced below weights used in 60-cycle 
practice and may have to be pressurized. 
A 3-phase 4-wire system, with the neutral 
grounded so that loss of one phase will not 
disable a motor propeller unit but only 
lower its rating, seems to be the best. 

The details of the propeller and power 
control will Have to be worked out. The 
necessity for brakes to stop rotation of a 
feathered propeller will have to be stud- 
ied, as with no excitation of motor there is 
no retarding friction. Possibly, the ex- 
citation of one phase of the induction 


motor could be used as a brake. Rate of 
propeller pitch change will have to be co- 
ordinated with rate of power change of 
the governors and turbogenerators. A 
wattmeter will have to be in the line to 
each motor and an automatic or manual 
control will be necessary to change the 
propeller pitch angle in accordance with 
the wattmeter reading for a gwen power 
setting. ‘ 

It is anticipated that the flight engineer 
will start turbogenerators, excite their 
fields, synchronize, set governor limits, 
remove from bus, and shut down genera- 
tors in accordance with the schedule of 
power settings furnished by the pilot. 
The pilot would control the power deliv- 
ered by adjustment of the electric power- 
sensing devices that, in turn, act on pro- 
peller blade angle. = 


Conclusion 


In conclusion, the electric drive system 
can be used only on very heavy long range 
bombers having a wide power range in 
their operation. It is too heavy to be 
used on small aircraft, except where the 
flexibility resulting from its use can be 
shown to overcome the resulting weight 
increase. 
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A Capacitance-T ype Fuel-Measurement 
System for Aircraft 


D. B. PEARSON 


ASSOCIATE AIEE 


HE search for a fuel-measurement 

system more suitable for use on 
present-day and future aircraft than the 
conventional float-operated gauge has led 
to an investigation of the capacitance- 
type gauge. Several factors are respon- 
sible for this trend. In the first place, 
to eliminate the errors produced by 
changing fuels and by variations in 
ambient temperature, the energy content 
of fuel usually is determined in British 
thermal units per pound, rather than per 
gallon, Realization that the pound in- 
stead of the gallon is the more consistent 
unit for fuel-quantity measurements 
has made it essential for the search to 
center around systems that are sensitive 
to mass instead of to volume. Secondly, 
the desirability of reducing the errors in 
fuel-quantity indication caused by 
changes in airplane attitude, and the 
necessity for totalizing the contents of 
two or more fuel tanks on one indicator 
require that the fuel-measurement system 
be adaptable readily to totalized indica- 
tion. The fact that the capacitance fuel 
gauge requires no moving parts, particu- 
larly in the fuel tank, is a feature that 
increases the reliability of this type of 
equipment. Of the fuel-measurement 
systems developed up to the present 
time, the capacitance type has proved 
to be the most satisfactory one that 
incorporates these and other desirable 
features. 
A tle! Sh ee Sees EES ae 


Paper 47-216, recommended by the AIEE commit- 
* tees on air transportation, and instruments and 
measurements, and approved by the AIEE tech- 
nical program committee for presentation at the 
AIEE Middle Eastern District meeting, Dayton, 
Ohio, September 23-25, 1947. Manuscript sub- 
mitted June 19, 1947; made available for printing 
August 7, 1947. 


D. B. Pearson is an engineer in the aeronautical 
instrument engineering division at the West Lynn 
Works, General Electric Company, West Lynn, 
Mass, ; 
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General Description of Capacitance 
Method of Fuel Measurement 


The recently introduced method’ for 
analyzing measurement equipment is 
useful in gaining an understanding of 
capacitance-type measurement systems. 
All systems of this type may be classified 
into the three functional groupings of 
components, as illustrated by Figure 1. 

The primary detector is a varying- 
dielectric capacitor whose capacitance is 
a function of the quantity of fuel in the 
tank. Aircraft fuels in use at the 
present time have a dielectric constant 


Figure 1. _ Functional 
analysis of general 
capacitance-type _fuel- 
measurement system 
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Figure 2. Characteristics 
of fuel 


A—Dielectric constant 
versus density 
B—Dielectric constant 
density versus density 
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of approximately two, while air, or fuel 
vapor, has a dielectric constant of one. 
As the amount of fuel is varied from 
maximum to zero, the capacitance of the 
primary detector changes by a ratio of 
about two to one. 

The. intermediate means, which in- 
volves the use of electronic tubes, is 
capable of sensing the change in electric 
capacitance of the primary detector and 
converting it into a variation in output 
current or voltage suitable for operating 
the end device. ~It must perform this 
function as accurately as possible under 
extreme conditions of temperature, al- 
titude, humidity, and vibration, and over 
a broad range of supply voltage and fre- 
quency variations. The intermediate 
means may assume a variety of forms, 
and may include an electronic oscillator, 
amplifier, or a servosystem controlled 
by vacuum tubes. 

The end device may be one of several 
types of indicators capable of giving 
visual indication of fuel quantity. An 
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electromagnetic mechanism capable of 
driving a pointer over a scale is utilized 
in this device. 


Inherent Characteristics of 
_Capacitance-Type Fuel- 
Measurement Systems 


The capacitance-type of fuel-measure- 
ment systems are mass-sensitive rather 
than volume-sensitive devices because 
the ratio of the dielectric constant to 
the density of the fuel remains nearly 
constant as shown by curve B, Figure 
2.2 When the fuel-quantity indication 
is obtained in gallons, the errors pro- 
duced by changing fuel are in proportion 
to the difference in dielectric constant of 
the fuels used. When the temperature of 
the fuel varies, the density and dielectric 
constant also change, but again their 
ratio remains nearly constant. These 
characteristics are shown in Figure 3 as 
a function of fuel temperature for a 
typical aircraft-grade gasoline. Since 
the flying time of an airplane can be 
determined more, accurately from a 
knowledge of pounds rather than gallons 
of fuel available, the capacitance method 
has a definite advantage over volume- 
measuring systems. The desired in- 
formation is provided accurately for a 
wide variety of fuels and over a broad 
range of ambient temperature. 

It is often necessary. to totalize the 
outputs of several primary detectors. 
Limited instrument-panel space some- 
times makes it desirable to indicate the 
contents of several tanks on one end 
device. To minimize the errors in fuel- 
quantity indication introduced by changes 
in airplane attitude, it usually is neces- 
sary to place primary detectors at two 
or more points in one fuel tank. Figure 
42 shows the attitude errors obtained when 
first one and then three primary detectors 
were used in the same tank under similar 
conditions. Capacitance-type measure- 
ment systems are particularly well 
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Figure 3. Characteristics of a typical aircraft 
fuel versus temperature 


A—Dielectric constant 
B—Density 
C—Dielectric'constant density 


adapted to totalizing operations, as it 
is necessary only to connect in parallel 
the primary detectors whose capacitances 
are to be totalized, and to calibrate the 
measurement system properly. 

When float-operated fuel-measurement 
systems are used, excessive oscillation 
of the pointer in the end device often is 
caused by sudden motions of the fuel 
in the tank. Properly designed primary 
detectors used with the capacitance-type 
system permit sufficient damping to be 
incorporated to reduce this pointer oscil- 
lation to a satisfactory minimum value. 


A Specific System 


Several different measurement systems 
may be utilized to obtain remote indica- 
tion of fuel quantity by the capacitance 


method. The specific system described. 


in this paper was chosen because it 
achieves the performance required with- 
out introducing undesirable features. Its 
functional parts are shown diagrammati- 
cally in Figure 5. 
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Figure 5. Functional 

analysis of a specific 

capacitance-type fuel- 
measurement system 
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CHECK FILTER 
UNIT 


In this system the capacitance-to-cur- 
rent conversion is accomplished by an 
oscillator that is controlled by cylindrical 
capacitors in the fuel tank. The input 
to the oscillator is a direct current which 
varies with fuel quantity. A second 
oscillator also is used, whose input is a 
direct current that is independent of 
fuel quantity. Visual indication of fuel 
quantity is obtained with a conventional 
indicator which measures the ratio of 
these two direct currents. 

To obtain proper input voltages for 
this measurement system, a suitable 
rectifier-transformer combination may be 
used when a 115-volt 400-cycle-per- 
second supply is available. For air- 
planes with a source of 28 volts direct 
current only, a conventional dynamotor 
may be utilized. 

After several hundred hours of opera- 
tion, or after the vacuum tubes have 
been replaced, it may be necessary to 
readjust the empty and full-scale points 
of the end device. An adjustment unit 
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Figure 4. Airplane attitude error 


A—One primary detector 
B—Three primary detectors 
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is provided for this purpose. To permit 
an accuracy check of the measurement 
system at any time, in flight or on the 
ground, a calibration check unit may be 
included. These units are illustrated in 
Figure 6. 


Operation of the Oscillator 


The intermediate means, illustrated 
in Figure 7, consists of two tuned-plate 
tuned-grid oscillators, each of which 
has inductive coupling between the 
plate and grid coils. One oscillator oper- 
ates at a fixed frequency, while the other 
oscillates at a variable frequency con- 
trolled by the capacitance of the primary 
detector.. Two type 6J6 dual-triode 
vacuum tubes are used, with one triode 
of each tube in each oscillating circuit. 

Referring to Figure 8, Li and Cs form 
the resonant plate-circuit, while L, and 
the primary detector comprise the reso- 
nant grid-circuit forthevariable-frequency 
oscillator. R, and C, provide self-biasing 
for the two grids. The resonant fre- 
quency of the tuned plate-circuit remains 
fixed, but the natural frequency of oscil- 
lation of the tuned grid-circuit depends 
on the capacitance of the primary detec- 
tor which is a function of fuel quantity. 
Because the grid and plate-circuits are 
coupled, they must oscillate at the same 
frequency. With no fuel in the tank, 
the resonant frequencies of the two 
tuned-circuits are nearly equal, and the 
power required to maintain the oscilla- 
tions isa minimum. As the tank is filled 
with fuel, the natural frequency of the 
grid circuit departs gradually from the 
resonant frequency of the plate circuit, 
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Figure 6. A complete set of capacitance 
type fuel-measurement equipment 


and the power required to drive the oscil- 
lator increases. At a constant direct 
voltage, the direct current drawn by the 
oscillator is a measure of the power re- 
quired to maintain the oscillations, and 
is a function of the quantity of fuel avail- 
able. 

Again referring to Figure 8, the reso- 
nant circuits of the second oscillator are 
comprised of Ls, C:, Ly, and C4, while 
grid biasing is obtained by Ry and C2. 
The operation of this oscillator is similar 
to the first, except both tuned circuits 
are independent of fuel quantity. The 


Figure 7. ‘ Oscillator- 
filter unit 
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resultant frequency of oscillation and the 
power required to drive the oscillator 
remain constant for all values of fuel 
quantity. The variable direct current 
which is drawn by the first oscillator 
and which is a function of the fuel quan- 
tity, and the fixed direct current which is 
taken by the second oscillator comprise 
the two currents necessary for satisfactory 
operation of the moving-magnet ratio- 
type end device. 

The dual oscillator circuit provides 
many advantages for this measurement 
system. The errors produced by vacuum- 
tube aging and replacement are within 
satisfactory limits, since any differences 
in tube characteristics produce similar 
changes in each oscillator circuit. Life 
tests have shown a maximum change of 
approximately two per cent of full scale 
indication after 1,000 hours of operation. 
Because each circuit is affected in a 
similar manner, the changes produced by 
variations in supply voltage, ambient 
temperature, and relative humidity are 
minimized. 


Design Features 


Each primary detector consists of two 
concentric aluminum cylinders sufficiently 
sturdy to withstand normal shipping, 
installation, and operation conditions 
without damage. A group of three 
primary detectors with their connecting 
cables is shown in Figure 9. Spacing 
between the cylinders is greater than 
1/, inch, to prevent capillary action from 
holding either fuel or water between the 
cylinders. By varying the contours of 
the cylinders, or the spacing between 
them, the capacitance per inch of length 
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of the primary detectors may be varied 
over a rather wide range. This feature 
permits the distribution of the indicator 
scale to be somewhat independent of 
the shape of the fuel tank, which is a 
characteristic necessary for satisfactory 
totalization. If greater readability of 
the end device is desired at one or more 
points on the dial, it can be obtained by 
properly adjusting the capacitance per 
inch of the primary detector. 

For desirable indicator-scale distribu- 
tion, as well as satisfying one of the con- 
ditions necessary for totalization of fuel 
quantities, the curve of primary-detector 
capacitance versus  indicator-pointer 
travel should approach a straight line 
as closely as possible. This charac- 
teristic is necessary so that when totaliz- 
ing is done, each micromicrofarad change 
always will produce, as nearly as possible, 
the same indicator pointer deflection. 
Figure 10 shows this relationship for the 
measurement system described in the 
paper. 

Suitable damping is incorporated in 
the primary detéctors by restricting the 
rate at which fuel may enter and leave 
the concentric cylinder capacitors. The 
holes through which the fuel flows are 
small enough to prevent sudden changes 
in fuel level within the capacitors, but 
are large enough to render unlikely the 
possibility of clogging by solid particles 
in the tank. This feature provides 
satisfactory indicator pointer operation 
in rough air. 

To prevent the fuel-measurement sys- 
tem from producing interference in the 
radio equipment of the aircraft, suitable 
filters and shielding are used. The 
primary detectors, coaxial cables, and 
oscillator-filter units are shielded suf- 
ficiently well to prevent interference 
from direct radiation. The radio-fre- 
quency filter in the output leads of the 
oscillator unit prevents appreciable en- 
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Figure 9. Primary de- 
tectors with connecting 
coaxial cables 


ergy at radio frequencies from being 
conducted away from the unit. 

Best operation of this measurement 
system is obtained when the 115-volt 
400-cycle-per-second power supply of 
the aircraft is utilized through the recti- 
fier power unit. Absence of moving parts 
and reduced weight make this power unit 
more suitable than the d-c operated 
dynamotor. If 400-cycle-per-second 
power is not available, however, the fuel- 
measurement system can be operated 
satisfactorily from a dynamotor. 
quate radio-frequency shielding and filter- 
ing are incorporated in the dynamotor 
power unit. 

The end device is a moving-magnet 
ratio-type indicator, utilizing a sturdy- 
moving-mechanism construction. The 
moving-magnet assembly has a travel of 
100 mechanical degrees, while pointer 
travel of 300 degrees is obtained by a 
single set of gears similar to the type 
used successfully for many years in 
aircraft-engine tachometers. No _hair- 
springs, sliding contacts, or electric 
connections to its moving-mechanism 
are used. A small control magnet pro- 
vides off-scale indication at the zero end 
of the scale when no power is applied 
to the measurement system. Since the 
end device measures the ratio of the 
direct currents drawn by the oscillator 
unit, the indication is not dependent on 
the stability of instrument-type recti- 
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Figure 8. Circuit diagram of oscillator 


Errors in reading caused by paral- 
lax are eliminated by utilizing an anti- 
parallax scale, with the pointer and dial 
markings located in the same plane. 
When compared with float-actuated 
fuel-gauges on a weight basis, capaci- 
tance-type fuel-measurement systems are 


fiers. 


at a disadvantage. A typical capaci- 
tance system weighs approximately 101/. 
pounds as compared to 2°/, pounds for 
a float gauge. This disadvantage is 
partially offset when airplane-attitude- 
error correction or totalization of the 
contents of several fuel tanks are incor- 
porated into the measurement system. 


System Characteristics 


It is necessary for the fuel-measure- 
ment system to produce fuel-quantity 
indication that is as accurate as possible 
under various extreme operating condi- 
tions. Considerable work has been done 
to reduce the humidity and temperature 
errors of the measurement system to 
suitable values. The insulators in the 
primary detectors, and the forms for 
the oscillator coils and grid-leak resistors 
in the intermediate means are made from 
one of the recently announced polyester 
resins that is highly resistant to moisture 
penetration. Additional surface protec- 
tion against extremely humid conditions 
is obtained by an application of a mois- 
ture-repellent silicone on all surfaces 
where water might form a conducting 
path. After the oscillator coils and grid- 
leak resistors are wound, they are im- 
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CAPACITANCE OF PRIMARY DETECTORS AND COAXIAL GABLES 


IN MIGRO- MICRO FARADS 


Figure 10, 
measurement system 
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Figure 11. Typical 

errors in indication pro- 

duced by two standard 
humidity cycles 
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pregnated with this newly-developed 
resin to form an assembly that is ex- 
tremely resistant to moisture penetra- 
tion. Figure 11 shows the errors pro- 
duced by two humidity cycles such as are 
described by Army Air Forces specifica- 
tion 27558-A. 

The temperature error in the primary 
detectors is reduced satisfactorily by 
choosing the proper insulating resin, and 
by suitable design of the unit. The 
effect of temperature changes on the 
dielectric constant of the new materials 
is minimized by reducing as much as 
possible the area of contact between the 
insulators and the concentric cylinders, 
and by maintaining large spacings be- 
tween all metallic parts of opposite 
potential. 

Temperature compensation has been 
incorporated in the oscillator-filter unit 
and in the end device. Resistors with 
a negative temperature coefficient of 
resistance are used in parallel with either 
a copper resistor or one whose resistance 
is unaffected substantially by tempera- 
ture changes. Temperature characteris- 
tics are obtained that are approximately 
equal and opposite to those of the oscil- 
lator-filter unit and the end device. 
Tyqical temperature errors of the meas- 
urement system are shown in Figure 12, 
while characteristic voltage and fre- 
quency errors are shown in Figure 13. 
Tests in an altitude chamber show. that 
no change in indication is produced by 
pressures similar to those that exist up 
to 40,000 feet above sea level. 

It is desirable to have empty-and-full- 
scale adjustments for any fuel-measure- 
ment system readily accessible. The use 
of a separate adjustment unit permits its 
installation at any point in the airplane, 
making it possible for one operator to 
make the necessary adjustments. The 
full-scale-point adjustment has negligible 
effect on the zero point, so after the zero 
position has been adjusted to have no 
error, the full-scale point can be adjusted 
without need for rechecking the empty 
position. . 

To permit a check on the accuracy of 
the measurement system at any time, a 
calibration check device consisting of a 
capacitor and a relay may be used. 
When the relay is energized by closing 
a push-button switch at either the in- 
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dicator or the adjustment unit, the 
primary detectors and coaxial cables are 
switched out of the circuit, and the 
capacitor is connected in their place. In 
this way, a predetermined point on the 
indicator scale may be checked at any 
time. 

Power consumption of a characteristic 
capacitance-type gauge is about 18 watts, 
compared to 2 watts for a typical float- 
operated system. Most of the power in 
the former system is consumed in the 
heater circuit of the vacuum tubes. 

Satisfactory flight tests of several 
hundred hours have been conducted. 
These tests include trans-Pacifie and 
trans-Atlantic flights by commercial air- 
lines, as well as several tests in the United 
States by the Army and Navy. These 
tests have been made under actual service 
conditions and the results indicate that 
the measurement system discussed in this 
paper is suitable for aircraft use. 


Safety Features 


Whenever any aircraft instrument is 
not functioning properly, a positive in- 
dication of trouble should be obtained. 


A—Equipment at —40 
degrees centigrade 
B—Equipment at +75 
degrees centigrade 


TEMPERATURE ERROR -PER CENT 
OF FULL SCALE INDICATION 
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The most likely sources of difficulty in 
a measurement system of this kind are 


1. Short circuit of the primary detector 
2. Failure of a vacuum tube 
3. Power failure 


The likelihood of the primary detector 
becoming short-circuited by foreign ma- 
terial in the fuel tank is reduced by the 
large spacing between the cylinders. If 
a short circuit does occur at this point, 
the indicator pointer will move off- 
scale in the up-scale direction, indicating 
that this difficulty may exist. No per- 
manent damage is caused and when the 
short circuit is removed, the measure- 
ment system will function normally 
again. Difficulty of this nature in one 
system will not affect the operation of 
other fuel-measurement systems in the 
airplane. 

Should water accumulate between the 
cylinders of the primary detector, the 
indicator pointer will move off-scale at 
the up-scale end. The resistance of the 
water is low enough to cause the measure- 
ment system to act as though the primary 
detector were short-circuited directly. As 
in the case of a short circuit, no perma- 
nent damage is caused by the water, and 
when it is removed, the measurement 
system will function normally again. 

Tests have shown that sufficient energy 
is not available at the primary detectors 
to cause an explosion in the fuel tank ifa 
short circuit does occur at this point. 
The primary detector is connected in the 
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12. Typical temperature errors of fuel-measurement sys- 


tem, based on +25 degrees centigrade 


ERROR -PER CENT OF FULL, 
SCALE INDICATION 


A—105 volts, 400 
cycles per second 
B—120 volts, 400 
cycles per second 
C—115 volts, 360 
cycles per second 
D—115 volts, 440 


cycles per second 
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Figure 13. Typical voltage and frequency errors of fuel-meas- 
urement system, based on 115 volts, 400 cycles per second 
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low-energy grid-circuit, where the only 
power available is from the radio-fre- 
quency oscillator. Ifa short circuit in the 
primary detector occurs, the oscillations 
stop, and there is no energy available in 
the fuel tank. 

To provide safe failure, the heaters 
- of the two vacuum tubes are connected 
in series. If one heater burns out, both 
tubes are made inoperative, and the 
indicator pointer moves off-scale at the 
zeroend. Also, if a power failure occurs, 
the pointer moves off-scale at the zero 
end. 

With the push-button and calibration 
check device, the accuracy of the meas- 
urement system may be checked at any 
time. This feature, plus the automatic 
indication of primary detector short 
circuit, tube failure, and power failure 
already discussed, permits immediate de- 
tection of trouble in the measurement 
system. 


Conclusion 
Fuel-quantity measurement by a ca- 


pacitance method has been discussed and 
compared to the float-actuated system. 
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Several advantages of the capacitance 
method have been pointed out, including 
the absence of moving parts in the fuel 
tank and moving contacts in the meas- 
urement system. The capacitance meas- 
urement system is a mass-sensitive device, 
giving it an advantage over the float- 
operated gauge, since the present tend- 
ency is to require that the indication be 
in pounds. Because of these advantages, 
it is felt that the capacitance-type of 
fuel-measurement system will play an 
important role in this field in the future. 
The specific fuel-measurement system 
that has been discussed incorporates 
several valuable features. The large 
spacing between the cylinders of the 
primary detectors add to the reliability 
of the system. Automatic and im- 
mediate indication of primary detector 
short-circuit, tube failure, and power 
failure, plus the convenient and instan- 
taneous accuracy check, continuously 
provide information on the operation of 
the system. The reliability of indication 
is increased by the absence of instrument 
type rectifiers, indicator hair springs, 
sliding contacts in the measurement cir- 
cuit, and electrical connections to the 
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moving mechanism in the end device. 
The availability of large and small size 
end devices with 300-degree dials in- 
creases the versatility of the measure- 
ment system. These characteristics, and 
others mentioned previously, make the 
capacitance-type measurement system a 
superior means for obtaining remote in 
dication of fuel quantity in aircraft which 
require a high degree of accuracy and de- 


‘pendability in performing this measure- 


ment. 
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A Design Method for Capacitor 
Start Motors 


SHELDON S. L. CHANG 


STUDENT MEMBER AIEE 


N THE DESIGN of capacitor-start 
induction-run motors, items of impor- 
tance are the starting torque, starting 
current, voltage across the capacitor, the 
accelerating torque, and the amount of 


vibration before the switch operates._ 


Formulas have been developed for the 


various values at starting, as well as 


capacitors needed for maximum starting 
torque; the circle diagrams can be drawn 
to show vector relationships, as well as 
the foregoing values. However, scarcely 
any work has been published towards 
predicting the accelerating characteristics. 

In using such methods, it is tacitly 
understood that a starting winding has 
been assumed, and the problem then takes 
the form of calculating the starting 
characteristics. Unsatisfactory results 
requires redesign. An experienced de- 
signer usually has some idea about the 
maximum winding ratio that can be used 
without excessive vibration or too low 
accelerating torque before the switch 


operates. The ultimate result of the 
accelerating characteristics cannot be 
known until the motor actually is built. 
It is the purpose of this paper to show a 
direct method of design for the starting 
characteristics reducing the number of 
items which can cause readjustment or 
redesign, and to give a limitation on the 
winding ratio that would not result in 


undesirable accelerating characteristics, - 


considering the speed at which the switch 
operates. ; 

The system set up here is based on 
curves which not only save time, once 
they are prepared, but offer the additional 
advantage of enabling the designer to 
observe trends in his choice of values. 
That is, operation near maximum points 
and the possible influence: of changing 
certain parameters are observed readily 
when such curves are used. 

The problem of selecting ratios of 
parameters to be plotted in the form of 
curve sheets is not a simple one. The 


ee 
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Figure 1. A typical 
sheet of curves show- 
ing the relations be- 
tween the starting 
torque C;, the ca- 
pacitor voltage G, 
the winding ratio G, 
and the start wind- 
ing copper area 
R./X; for one value 
of R,,/X 


Rn/Xm=0.8 
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parameters which affect the character- 
istics are 


Main winding (assumed fixed) 

Stator resistance and leakage reactance. 
Rotor resistance and leakage reactance. 
Leakage factor. 

Starting winding (to be designed) 

Stator resistance and leakage reactance. 
Ratio of starting and main winding turns. 
Value of capacitance. 


It is believed that the combination of 
values which are used here in plotting 
these curves results in the minimum of 
preparation, with great flexibility in 
application. 

The system to be followed throughout 
assumes that the capacitor is known. 
Any method which gives a capacity as a 
final result may yield values which are not 
commercially available, and hence require 
redesign. A part of the brevity of the 
method proposed here results from the 
assumption that the capacitor is known. 


Curves for Starting Torque and 
Capacitor Voltage 


The equations of starting torque and 
currents from which the curves are de- 
duced are listed in the following: 


T= 2aI1,R2 sin 6zy synchronous watts 
(1) 

Is(Zs+Z.)=V (2) 

iptn—V (3) 


The rotor currents and the stator currents 
are different due to the presence of the 
magnetizing admittance. However, in 
case the magnetizing reactance is very 
large as compared with the rotor resist- 
ance and leakage reactance, which is 
true as a rule, it can be shown readily that 


I,= 4) Ral, 
Iy=V Kilm 


Paper 47-220, recommended by the AIEE rotating 
machinery committee and approved by the AIEE 
technical committee for presentation at 
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ton, Ohio, September 23-25, 1947. Manuscript 
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printing August 13, 1947. 
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To the same degree of approximation 
Zs = (Rista?K,R2+j(Xs) 

and 

Zm=(Ritk-R:+jX) 


It is always true when the motor is at 
standstill that 


Ory =Osm 


With this approximation introduced, 


equation 1 becomes 
Ts,=2ak,I,I Re sin 03m Synchronous watts 


225.4 


synchronous rpm 
sin Os, ounce feet 


X ak pT glmR2X 
(4) 


The problem of plotting a set of universal 
curves is to chose a minimum number of 
parameters to express the important de- 


0.8 


1.6 


Figure 2. Curves for determination of the 
magnitude and angle of starting current in 
main winding 


sign items. 
are 


The significant parameters 


The lagging angle of the main winding cur- 
rent On 

The leading angle of the start winding cur- 
rent 0; 

The leading angle of the start winding im- 
pedance 02 (without capacitor) 


The three angles are related to the motor 
constants as 


XxX me 

tan 6,,=——— =— 5 
PMT Oe Ea re (5) 

Xs Xs 
tan 6,=——_*——_ = —* 6 
aor Rysta7k;Re Rs &) 
er a Xe 
tan 0,=——-—_——_= 7 
ee SE ed 7) 


Equation 7 can be solved for a universal 
turn ratio constant 


Ea pe 
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(8) 
1 + tan 6; 


The actual turn ratio constant a is related 
to C, by the apa equation: 


EEE 


Equation 9 assumes that the leakage fac- 
tor of the main and start windings are the 
same. However, in case a very concen- 
trated start winding is used, the start 
winding would have higher ratio of leak- 
age to magnetizing reactances. In such 
cases, equation 9 should be modified by a 
constant multiplier. 

Let C2 be defined as the ratio of the 
voltage across the capacitor to the line 
voltage. Since this ratio is the same as 
the ratio of the reactance of the capacitor 
to the total start phase impedance, we 
have 


ee (9) 


X, 
C2=— cos 6; 
s 


(10) 


Eliminating X, between equations 7 and 
10 


R,; tan 6,+X¢5 
Rs sec 65 
=(tan 6,+ tan 62) cos 0; 


(y= 
(11) 


Substituting CW X,/X, C2 (V/X2),(V/X) 
sin @,, for A, I,, Im, respectively, in equa- 
tion 4, the result is 

225.4V2C,Cosin 0m SiN Oms k,Re 


syn. R.R.M.XVXX, <X 
ounce feet 


A) a 


(12) 
Apparently T,, can be written as 


C; ve A 7Re 
synchronous rpm Bee 6. tae 


T= 


ounce feet (13) 
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Figure 3. Curve for 
determination of the 
angle of the starting 
current in start 
winding 
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where 


C3=225.4C,Co sin Om Sin Oms (14) 


It should be noted that Ci, C:, and C3 are 
functions of the three angles alone. The 
starting torque is expressed as the product 
of a unit multiplier and C;. 


The grouping of constants so far can be 
summarized in Table I. It should be 
noted that while the starting torque and 
voltage across the capacitor are functions 
of seven independent variables, their 
universal values C, and C; are functions 
of three parameters only. The two pa- 
rameters R,,/X and R,/X, are fixed as soon 
as the rotor resistance and the copper 
areas per slot of the main and start wind- 
ings are fixed. The other parameter C; 
takes care of the variation of the turn 
ratio. The reduction of the number of 
significant independent variables makes 
possible the preparation of curves. 


Figure 1 shows the various possibilities 
of the curve method of design. Suppose 
after fixing the main winding, and rotor 
material, the designer finds that his R,,/X 
is 0.8 or very close to it. He then uses 
the curve sheet marked R,/X=0.8. 
Each solid line is a curve of starting torque 
plotted against turn ratio for a given 
amount of copper in the start winding. 
As the amount of copper increases R,/X; 
decreases and the starting torque is raised 
in general. The dotted lines are contours 
of equal voltage across capacitor, with the 
values of C, marked on each line. The 
chart not only enables the designer to 
choose a turn ratio to give highest start- 
ing torque for the capacitance and amount 
of copper he uses, but also enables him to 
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see the various possibilities of compro- 
mises, to determine what amount of cop- 
per he should use, and to select a point 
that gives reasonably high torque with 
low enough voltage across the capacitor. 
As most commercially available capaci- 
tors for capacitor start motors are rated 
at 115 volts, the values of C, are direct 
readings of the per cent of overload or 
underload as seen desirable for various 
purposes. 

The chart also enables the designer to 
figure out how his starting torque is 
effected by the use of a range of capaci- 
tances for the same start winding. This 
is the actual situation as the commercially 
available capacitors are marked for a 
range of capacitances and that of a single 
capacitor may be anywhere in the range. 
The dependence of starting torque on 
capacitance for a given winding is not so 
obvious from the chart alone. Equation 
13 shows that the starting torque is pro- 
portional to C3 times the square root of the 
capacitance, while equation 8 shows that 
for a given winding C is proportional to 
the square root of the capacitance. If for 
the range of C,, corresponding to the 
variation of capacitance, C; decreases as 
C, increases in such a way that C,C; is 
approximately constant, the designer is 
assured that the starting torques of his 
motors would be about the same though 
the capacitances used with the motors 
vary widely. An example of design using 
the charts is given later. 

Equations 8, 11, and 14 are used to 
calculate the curves. 6,, is fixed by the 
value of R,,,/X, 02 by R,/X, and a variety 
of values of 0, is assumed for each curve. 
As both C, and C, are independent of 8, a 
chart of curves of C, plotted against CQ 
with R,/X, as parameter is calculated 
once for all. The curves of C; plotted 


Table |. Grouping of Constants 


against C, have two parameters, R,,/X 
and R,/X,;. Curves with the same R,,/X 
are grouped on the same chart. Then the 
contours of equal C, are located on each 
chart individually, as the values of R,/X, 
for a given C; and different values of CG 
can be read from the chart of C2 plotted 
against C; with R,/X, as parameters. 

The useful ranges of R,,/X and R,/X; 
are hard to determine. In general 16 
charts covering a range of R,,/X from 0.5 
to 2.0 in steps of 0.1 each should be ade- 
quate. The values of R,/X, for each 
chart should be in the range of R,,/X to 
15+ R,/X. Any curve with R,/X, less 
than R,,/X is useless as it is scarcely neces- 
sary to use more copper in the start wind- 
ing than that in the main winding. The 
range of C, is determined by the curves 
themselves. As all good designs should 
yield a starting torque not too far from 
the maximum value with given material 
used, the range of C; should include the 
peak of the curves and adjacent values. 


Supplementary Curves for the 
Starting Currents 


Although the Ci-C:-C; curves described 
in the foregoing paragraphs will take care 
of the major part of the calculation, 
additional curve sheets are suggested as 
further aids in current calculations. 

To determine the starting current in the 
main winding: The angle 0,, and a con- 
stant C; (Ci=sin 0,) are plotted as func- 
tions of R,,/X in Figure 2. The main 
winding current is 


V 


Im = Ca 


(15) 

Direct reading of the start winding 
current phase angle: The magnitude of 
the start winding current can be calcu- 


INDEPENDENT UNIVERSAL UNIVERSAL DESIGN 
MOTOR CONSTANTS * PARAMETER ANGLES ea ce {TEMS 
LEAKAGE REACTANCE 
MAIN le . vinta vata cs ii So PIS TARTING 
WINDING 77 m/ m 3 TORQUE 
LOCAL RESISTANCE 
LEAKAGE FACTOR ace 
VOLTAGE 
COMMON Rs/Xs 2 Co ACROSS 
ROTOR RESISTANCE cSie CAPACITOR 
LOCAL RESISTANCE 
START 
WINDING (LEAKAGE REACTANCE@————=-= C—O 


ashe | 
CAPACITANCE 


* Turn ratio is not an independent variable. It is fixed as soon as the leakage reactances of both 


windings are fixed. ; 
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lated as V,/X,, but the phase angle is not 


yet known. Equation 7 can be rewritten 
into: 
1 /X = ; 
tan u-5(F-1)-— (16) 
Re\Xs Bs 
Xs Xs 


From equation 16, @, can be calculated as 
a function of C, with R,/X, as parameter. 
The result is plotted in Figure 3. 


CALCULATION OF TOTAL STARTING 
CURRENT 


With the foregoing component currents 
set up, the following procedure is the basis 
for determining the total starting current: 


Tp =V 12+]? +21 sm COS Oms 


riglte( =o 8 (17) 
oes TIL if “ i: COS Oms 


Figure 4. Curves for determination of the 
line current 


A constant C; is defined as 


Ip TNS i hes 
mela. ts \'4.0( 2 )cos Om (18) 
Cs i q+(£) + (7: )eos f 


It is plotted as a function of J,/I, with 
6,,; a8 patameter in Figure 4. Thus 


T= line Ce 


The auxiliary curves just mentioned 
are not necessary to the use of the funda- 
mental C,-C2-C; curves for fixing the wind- 
ing for a prescribed torque. Direct 
calculations can obviously be used in place 
of these Cy and C; curves. 


Limitation on Winding Ratio Due to 
Accelerating Characteristics 


Figure 5 shows the general tendencies 


of the accelerating torque against speed. 
Curve a shows a case of very low winding 
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ratio, the starting torque is low, but the 
motor is capable of producing high torque 
at higher speeds. Curve b shows a case 
of medium winding ratio. Curve ¢ 
shows a case of high winding ratio. The 
accelerating torque drops rapidly as the 
motor gains speed. The dotted line 
shows the single phase torque. 

It usually is considered satisfactory if, 
at the speed of switch operation, the split 
phase motor still has more torque than it- 
self running single phase. Therefore, the 
maximum turn ratio that can be used de- 
pends on the point of switch operation. 


TORQUE 


fo) SYNCHRONOUS 
SPEED SPEED 
Figure 5. Typical speed-torque curves of 
capacitor start motors with various winding 
ratios 


The higher the speed at which the switch 
operates, the lower the winding ratio 
should be. However, the switch operat- 
ing speed should not be too far on the low 
side from the speed of maximum single 
phase torque. If such occurs, the motor 
would not be able to bring a heavy load 
to full speed, no matter what the starting 
torque is. 

The voltage across the capacitor has a 
tendency as shown in Figure 6. Curve a 
shows a case of low winding ratio, curve b 
is for medium winding ratio, and curve c 
is for high winding ratio. It is essential 
to the longer service life of the capacitor 
that the switch should operate before the 
capacitor voltage reaches too high a value. 

Besides insufficient accelerating torque 
and excessive voltage across the capacitor, 
the vibration of the motor is also an unde- 
sirable consequence of too high winding 
ratio. The computation of accelerating 
torque and voltage across the capacitor 
is complicated enough, the vibration of 
the motor depends not only on the elec- 
trical but also on the mechanical structure 
of the motor. It is, therefore, not prac- 
ticable to fix the limit of winding ratio on 
an exact basis, though some sort of limit 
is necessary. A natural limitation is 
obtained from a study of the condition of 
operation of the motor. 

At standstill the start winding current 
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leads the main winding current by an 
angle of somewhere around 90 degrees. 
As the motor gains speed, the start wind- 
ing current vector swings downward and 
the main winding current vector swings 
upward. In an adequately designed 
permanent capacitor motor the two cur- 
rent vectors never cross, and the start 
winding current always leads the main 
winding current. However, in a capaci- 
tor start motor, in which the start wind- 
ing is cut off at running, high capacitance 
and high value of the universal winding 
ratio C, are desirable to produce high 
starting torque. As a result, the start 
winding current swings downward and 
finally ends in the fourth quadrant as the 
motor gains speed. At a certain speed, 
the start winding current and«the main 
winding current become in phase, and the 
motor operates as a plain single phase 
motor. Above this speed, the start wind- 
ing current lags the main winding current. 
It acts to reduce the torque instead of 
increasing it. 

The speed at which the two current 
vectors are in phase is the proposed speed 
of switch operation, considering the follow- 
ing reasons: 


1. At this speed, the motor operates as a 
plain single phase motor with an effective 
winding somewhere in between these two 
windings, carrying a current which is equal 
to v/a%Js2+Im?. Beyond this speed, the 
start winding acts only to reverse the motor 
and increase the watts. 


2. The torque at this speed is higher but 
not too much higher than the single phase 
torque, with a*J,2R, as a measure of the 
excess torque. 


3. The amount of vibration of the motor 
at this speed is about the same with or 
without the start winding. Above this 
speed the vibration would be excessive with 
the start winding. The effect of the angle 
between the two current vectors upon the 
amount of vibration is given in reference 1. 


4, The capacitor voltage, as a rule, begins 
to rise rapidly beyond this speed. 


Usually a manufacturer’s centrifugal 
switches are standardized, and a de- 
signer’s work is to fix the winding ratio at 
a value less or equal to the limit, so that 
at the speed of switch operation the two 
current vectors have not yet crossed each 
other. 


Curves for Limitation on the 
Winding Ratio 


In calculating the starting torque of a 
capacitor start motor, the leakage factor 
k, is introduced to take care of the effect 
of the magnetizing branch. While the 
same approximation is introduced to the 
equivalent circuit of a capacitor motor, 
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the latter becomes that shown in Figure 7. 
It should be noted that such approxima- 
tion holds only at high slip for motors of 
high magnetizing reactance, so that 
R,/(1 — S) is small compared with the 
magnetizing reactance, being the ratio of 
the actual speed to the synchronous speed. 

According to Figure 7, J,’ and J, can 
be calculated from the following equations: 


GV _ | RetRis rR. Xe ) 
ES a aN | eit ES Ry ENE ST 
a tf a? ea AVE i" 
Sk,R2 
Im 52 (20) 
and 
SR 
V= Inf Rte sax [nS Se ed) 
Since 
ils 


the condition that J,, and J, are in phase 
can be written as 
a1,’ 


i ne 
a 


(22) 


Where n is a real number. Substituting 
equation 22 into equations 20 and 21 we 
get 


GV __ J RetRis  rRe (Xe )| 
Lar a bas S -(2 ear y 


jlly’ SkpRe 
= 23 
ee ay 
and 
iI,’ k,R Sk,R 
y="* nf re ar ix |S (24) 


Eliminating V from equations 23 and 24, 
and equating the real and imaginary parts 
of the resultant equation, we get 


a | EBay ike | “| Rat al (25) 


x Sk;Ra, Sas, SER: 
Ee meet y, 26 
| * [eS Pt oe 
w 
oO 
<x 
Ss 
Oo 
> 
a 
— 
Ee as 
UO 
t 
a 
< 
1S) 
fe) SYNCHRONOUS 
SPEED SPEED 


Figure 6. Curves showing the capacitor volt- 
age versus speed of capacitor start motors with 
various winding ratios 
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In general R: is very small. TREY GS aS 
equal to R, if the same amount of copper 
is used in the main and start windings. 
Though this is not true, it can be assumed 
that the difference (R, + R,;)/a? — Ri is 
very small as compared with R; + k,R2/- 
(1—S). Neglecting the former, equation 
25 can be written as 


Substituting equation 27 in equation 26 
and simplifying the result 


Sk,Re 


F< (ta 
a 1—S? 


(28) 
The condition for the speed at which J, 
and J,, are in phase is therefore 

1—S? k,Re 


a ae 


a(1+a?) (29) 
Equation 29 is plotted into curves as 
shown in Figure 8. For a designated 
speed of switch operation and knowing 
k,R2/X,, the maximum winding ratio a 
can be read from Figure 8. If a winding 
ratio smaller than the maximum is used, 
the start winding current still is leading 
the main winding current at the speed of 
switch operation. 


An Example of Design 


The method described so far will be 
applied to the design of a 1/2-horsepower 
115-volt 1,725-rpm 60-cycle capacitor 
start motor. A starting torque of 100 
ounce feet is desired. 

The following values 
main winding are known: 


concerning the 


R 

X=2:87 =0.272 
R 

kp =0.935 = =0.61 

Then 

[see ghee Rg 

Soma ties 0.835 
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Besides these given values, the available 
capacitors are rated at 115 volts allowing 
20 per cent over rating. The switch 
operates at 1,400 rpm. 

From the chart marked R,,/X =0.8, 
the peak point of the curve for R,/X;= 
1.4 gives a value of C,=1.15. This is a 
proper point of operation because it 
utilizes the capacitor to 15 per cent over 
rating, which is about the highest within 
safety limits. 

Assuming equal leakage factor 


Xs=0X 


Figure 7. An ap- 


proximate equiva- 
lent circuit of the 
capacitor start 
motor 

and 

Ike, IS R; 

1g 8 _ pp,  =1.4—0.57 = 0.83 

Dion. BG xX 


The amount of copper used in the start 
winding as compared to that of the main 
winding would be 


Ry 

X 0.272 

= =—— =0.328 
Ris 0.88 

Xs 


or about a third of the amount of copper 
used in the main winding should be used 
in the start winding. 

If the designer has a capacity in mind, 
he may calculate the necessary C; to give 
100 ounce feet starting torque from equa- 
tion 13. Then choose a point on the chart 
with higher C; than necessary, read Ci, 
and calculate the turn ratio. If he does 
not know what capacitance to use, he 


Figure 8. Curves 
showing the highest 
allowable winding 
ratio as a function 
of the speed of 
switch operation 


0.01 


0.015 0.02 
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may determine it in the following way. 
The maximum C; on the curve marked 
R,/X,;=14 is 145. From equation 13, 
the maximum X, should be 


2 
x51 | = 12.83 


corresponding to a capacitance of 206 
microfarads. Then he finds from a list of 
available capacitors that the nearest 
higher capacity has a nominal value of 
245 microfarads. This should be the 
capacitor used. 

The peak point of C3 occurs at A= 0.72 
approximately. The turn ratio should be 


=0.72X Xe _0.72 108 0 
a=VU./ —- it 387 2 | 


To determine if a is within the permissible 
limit, calculate k,Ro/X,=0.152, S at the 
switch operating point is 1,400+1,800= 
0.78, Then read from Figure 8 that the 
allowable winding ratio is 1.27. There- 
fore, a lower C; has to be used 


-| 145X115? 
1800 X +/2.87 X 100 


CQ =0.72 alles 653 
Pa. VLAD 
The corresponding Csis 137, Cais 1.21 


137X115? 


1800 X+~/10.8X 2.87 


st 
103 ounce feet 
The result is 


Winding ratio a=1.27 


R 
— — 0.83 (fixes wire size) 
Ss 


Capacitor used = 245 microfarads 
Capacitor voltage =115X 1.21=139 volts 
Starting torque = 103 ounce feet 


The leakage factors of the two windings 
are assumed to be equal. In case they 
are not, two constant multipliers should 
be used in the winding ratio and starting 
torque equations, while the general proce- 
dure remains the same. 


0.03 0.04 0.06 0.08 0.10 045 0.20 
KrR2 
Xo 
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Conclusion 


In the foregoing material a system for 
designing capacitor start motors is de- 
scribed, in which the starting torque and 
capacitor voltage are used to determine 
the winding ratio, capacitance, and wire 
size. The use of curves allows the de- 
signer to observe the various trends and 
to pick up a favorable combination. 

By limiting the winding ratio below a 
certain value it is possible to delay the 
speed at which the start winding current 
crosses the main winding current until the 
switch operates. By so doing, excessive 
vibration, watts, and insufficient accelerat- 
ing torque can be avoided. The limit of 
the winding ratio is plotted against a 
combination of motor constants with the 
speed of switch operation as parameter. 


List of Symbols 


a =winding ratio 

C,=winding ratio constant 
C,=capacitor voltage constant 
C;=torque constant 

C,=main winding current constant 
C;=line current constant 

I, =Main winding current 

I;=start winding current 


I;’=—jals . 
“o*) 
Xo 


R,=main winding local resistance 

R:=rotor resistance in main winding terms 

R,s=start winding local resistance 

Rm» =Mmain winding apparent resistance 

R,=start winding apparent resistance 

R,.=capacitor resistance 

S=the ratio of actual speed to synchronous 
speed 


k, =leakage factor ( = 


Ts,=starting torque 

V.=voltage across capacitor 

V=line voltage 

Xo=main winding total reactance 

X =main winding leakage reactance 

X,=capacitor winding leakage reactance 

X,=reactance of capacitor 

Zm=Main winding apparent impedance 

Z,=start winding apparent impedance 

Z,=impedance of capacitor 

6m =lagging angle of main winding current 

6, =leading angle of start winding current 

Oms= angle between the two. currents 
(=On+6s) 

6. = leading angle of start winding impedance 


Reference 


1. THe EguivaLent CIRCUIT OF THE CAPACITOR 
Moror, Sheldon S. L. Chang. AIEE Trans- 
ACTIONS, volume 66, 1947, pages 631-40. 
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Aircraft Electric Power Protective 


Systems 
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VER-INCREASING demands on the 

electric power systems for aircraft 
have placed great emphasis on the need 
for soundly engineered protective equip- 
ment for systems using 28- and 120-volt 
direct current as well as those using 208- 
volt 400-cycle alternating current, or 
any modifications of these systems. 
The 28-volt d-c generator system had its 
beginning about 1941. High-voltage sys- 
tems, both a-c and d-c, just now are 
coming into use. Those of us who were 
actively associated with the growth of 
the 28-volt d-c system have realized for 
some time that added protective equip- 
ment is vitally necessary. With the 
_advent of higher voltage systems, either 
a-c or d-c protective features are even 
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more important. In general, the same 
fundamental requirements apply to the 
development of protective equipment for 
the higher voltage systems. Voltage 
increase also means system capacity in- 
crease; this places still more emphasis 
on the need for protective equipment. 
Many of the needed protective devices 
have been developed and are in produc- 
tion. Further development is being 
accelerated to keep pace with the needs of 
the industry. 


Analysis of Protective Requirements 


There are many types of possible elec- 
trical faults or failures. The end result 
of most of them and the classification of 


GENERATOR 
CONTACTOR 


«—__1GENERATOR 
CONTACTOR 


le DIFFERENTIAL PROTECTIVE RELAY 


Figure 1. Schematic diagram of differential 
current protection for generator and feeder 


Also method for connecting starter contactor 
circuit to differential protective system and use 
of dual contactors 
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their causes can be limited to a few basic 
fundamentals. 

System engineering, apparatus design, 
application, installation, and maintenance 
are the basic steps which must be executed 
properly if the electric system on a given 
plane is to be successful and free of criti- 
cism. Failure to:carry out diligently 
these requirements leads to equipment 
failures, faults, overheating, smoke, fires, 
explosions, panic, and loss of airplanes. 

System engineering and the protection 
for that system against the common 
hazards are considered problems which 
must be treated simultaneously. In the 
analysis of the system development, con- 
sideration must be given to parallel 
operation, electrical faults, overvoltages, 
generator overtemperatures, positive open- 
ing through the use of dual contactors, 
and no-battery operation. All of these 
items are related directly or indirectly 
to system and apparatus protection. 


Accurate Load Division 


For the most part, paralleling of 30- 
volt generators has been accomplished by 
exciting the paralleling coil of the voltage 
regufator from a potential drop across a 
negative lead resistor or the drop across 
the series winding of the generator in 
combination with a potentiometer. Volt- 
age drop across the negative lead re- 
sistor is exceptionally low and does not 
provide sufficient paralleling correction 
to the regulator coil. The use of much 
higher equalizer voltages, which are 
available from the series winding of the 
generator, is made practical by the use of 
a ttonlinear ballast in series with the 
equalizer connections. Without this 


Paper 47-222, recommended by the AIEE commit- 
tee on air transportation and approved by the AIEE 
technical program committee for presentation at 
the AIEE Middle Eastern District meeting, Day- 
ton, Ohio, September 23-25, 1947. Manuscript 
submitted July 7, 1947; made available for printing 
August 7, 1947. 
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Differential-current generator and 
feeder-protective relay 


Figure 3. 


Mounted in nacelle when used 
Does not contain contactor 


means an appreciable drop of the bus 
voltage will occur when the engine 
speeds are at wide differences. In this 
manner, high sensitivity for paralleling is 
obtained under normal operating con- 
ditions. This sensitivity falls off rapidly 
as the difference between engine speed 
increases, thus preventing serious drop in 
the system voltage. 

Remarkably accurate paralleling ob- 
tained with this system is shown in the 
test-load division tables which are part of 
this paper. Mock-up and flight test 
results show very conclusively that with 
the use of this paralleling system it 1s 
practical to make all regulator adjust- 
ments and settings with the use of a 
standard test stand. Further adjust- 
ments of the regulator on board the plane 
are unnecessary. This is of considerable 
economic importance. 


Electrical Fault Protection 


Protection against battery drain and 
reverse-generator polarity have been in 
use for many years. These two features 
have worked reasonably well where low 
capacity and low voltage were involved. 
Systems with higher voltages and capac- 
ities have demonstrated that additional 
fault protection is a practical necessity. 
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Figure 2 (left). Differ- 

ential-current generator 

protective relay and 
contactor assembly 


Mounted in nacelle 
; when used 


New provisions have been made for 
fault protection of the generator, gen- 
erator leads, generator feeder, and pre- 
vention of sustained overvoltages which 
indirectly result in the protection of 
other equipment. 


Differential-Current Fault 
Protection 


Protection against fault currents of 
100 amperes and greater in the d-c system 
is provided for by the use of the differ- 
ential-current relay. Differential-current 
setting of 100 amperes is used with the 
present 300-ampere 30-volt generator 
system. Lower differential-current ‘set- 
tings may be required and can be pro- 
vided. The a-c system also uses dif- 
ferential-current protection and the cur- 
rent values in most cases are much lower 
than those used for the d-c system. The 
alternating voltages being much higher, 
the current consequently must be lower. 
The d-c differential-current protective 
relays fundamentally consist of two 
straight conductors surrounded by a 
magnetic circuit of the proper length and 
proportion to provide a device having 
actuated electrical contact which is 
operated when the current in the two 


Figure 4 (right). Dif- 
ferential-current feeder- 
protective relay and 
contactor 
Mounted in fuselage 
when used 


Differential-current feeder-protec- 


Figure 5. 
tive relay and dual contactors 


Mounted in fuselage when used 


conductors is unbalanced 100 amperes 
or more. These relays are located in the 
main power circuit so that they will 
function to eliminate the fault by inter- 
rupting the proper control circuit for the 
purpose. The outstanding advantage of 
such a protective system is that it is 
responsive to fault conditions only and 
is not affected by transient power require- 
ments. Another very definite advantage, 
and perhaps equal to that of the first 
advantage, is that co-ordination of timing 


Table I. Paralleling and Load Division Tests, 4~Generator Mock-up 


Rom of Number 4 Generator Varied From 3,000 to 9,000 
Tested With Battery on the Bus 
No Load Readings Were Taken With Generator Disconnected From the Bus 


ee ee 


Generator Volts Bus Load Amperes Generator RPM 

No. 1 No. 2 No. 3 No. 4 Volts No. 1 No.2 No.3 No. 4 12-3 4 
28.0 ....28.0 ....28.0 ....28.0 ...... 2G) oe 0. .. Ny OL Ao. OV FB 3,000...... 3,000 
28.0 ..2.27.95....28.0 ....28.0 ...... Py Er ae 201....198....209....192.....3,000...... 3,000 
SB. 25-% - 28. eek ee ee 28-0 2. 198... .195....205....202.....3,000...... 5,000 
28.15... 28.1... 28.2 2228.4 = =. -5 eG a 195....198....206....201.....3,000...... 7,000 
28 2+. 2280 2228-8 ae ae es we Ue ee eRe 195....198....213....191..... 3,000...... 9,000 
27.9... 27.9.2. 27.85. 2.27. 89_- 2, re ERI a 198....204....213....187..... 3,000...... 7,000 
27.8 ....27.85....27.85....27.8 ...... 27.7 --198....204....215....179..... 3,000...... 5,000 
BT STD... BC hn = ed amie BA dan in 27.6 ......198....207....215....173.. .. .3,000......3,000 
26:2 ....26.2 ....26.3 ....25.2 .......26-1 ......-- 234.....252....259.... O..... 3,000...... 1,850 
26.4 ....26.4 ....26.4 ....26.2 ©... ..26.2 ......228....252.,..253.... 18....- 3,000... . . .2,000 
28.0... .28.0> ....28.0) 2. ..28.05.. . 2 <5 27.95...... 195. :..198....206....209..... 3,000...... 3,000 
28.1 ....28.2 ....28.0 ....28.25....-. 96.2 .o20.0 Oe5 Be. Bee Ooo. 3,000.25... 3,000 
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ed 


634 TOTAL LOAD AMPS. 


88FLD, AMPS-NO.4 GEN. 
1ELD RELAY OPENS 


FAULT APPLIED 285 FAULT AMPS. FAULT CLEARED 


28.0 BUS VOLTS 


53 AMPS—NO. 4 GEN. 
RRENT REDUCED & REVERSED ON FAULTED GENERATER 


390 AMPS/FEEDER CURRENT 


28.4 VOLTS-—NO. 4 GEN. : 


Figure 6. Oscillograph record showing op~ 

eration of differential-current protection when 

feeder has been faulted in a 4-generator sys- 
tem 


Four generators paralleled at 6,000 rpm; 
battery on line 

Fault applied at fuselage end of number 4 
generator feeder 


with other apparatus such as the reverse- 
current cutout is not required. Also, 
environmental conditions are not critical 
with this type of apparatus. The method 
of procuring differential protection with 
the a-e system is slightly different than 
the method used in the d-c system. 
Instead of parallel conductors being in 
a common magnetic circuit, current 
transformers are used to surround the 
lead. An unbalanced current in the 
leads will cause voltage from the sec- 
ondary of the transformers, thus operat- 
ing the necessary control devices to 
clear the fault. 
Effectiveness of the d-c  differential- 
relay protective systems has been demon- 
strated on mock-up tests to be a very 
satisfactory arrangement. On a 4-gen- 
erator mock-up, running at 6,000 rpm, 
a 237-ampere fault was applied at the 
number 4 generator B terminal. The 
field relay was opened by the action of 


Figure 7. Schematic diagram show- 
ing differential-current protection 
for 3-phase 208- to 115-volt 400- 

cycle alternator 


the differential-protective relay in 21/2 
thousandths of a second. Opening the 
field of the generator immediately elimt- 
nates the fault current from that gen- 
erator. The main contactor coil also is 
opened at the same time by the field 
relay. Opening the main contactor im- 


Table Il. Paralleling and Load Division Tests, 4-Generator Mock-up 


Two Regulators Set One Volt Low at No Load 
RPM of Generators Varied 
Tested With Battery on the Bus 
No Load Readings Were Taken With Generator Disconnected From the Bus 


Generator 
Generator Volts Bus Load Amperes RPM, 
No. 1 No. 2 No. 3 No. 4 Volts No.1 No.2 No.3 No.4 1-2-3-4 
1 2 eee Ee ae a oe ee ee ee 
QEEG¥ sas ec VY ANS. hls Ge, 25 OMFS a. PATA Sane ne 8 25.4 . at Ohio ale Ota ON sii 
2h Suceies Brat Weran c 27 Bo), Sere 218 a a. 27.78. A220 wera 1805. AGT: sevscats 
2822) Anes 2Sjlbxc.. 28). Bisa tials DR Diecast: 23.05% sete DAS els L895 anes 1865-3. 
285 by spans 28505... ae PASE Fe eee 28.05 27.95. 222% Parek: G2 eet. 183 poe 7 
28 tbat os QSeRoh ay we 28 Mn eh 28.0 28.0 a ee a WO Svar. USO ie. e 
28 sls cree PAS Us ie 283 Ue 8 28). Leora 28.0 Lair Rats 198)25, 021 Li 4es ss 
SIRS. tc 21 Sees OIE Soa ses QT Bie ees OA a fhe ce 5G SIGr are 198 es 43 192) cee 
Dore d evens Os Mere aS DE GO’. sites Peat (eA ABE OH (AG) seein DLO. ete 1925s 186. Sas 
OT BR Seo DAD nts DEAD MCE PA We ete eae Dk ee DIGS ae 186-320. Stee 
AT: Ovaenner Di Oa Rate DT. Oeneias DIO) ears DOSO. carcitncs UO Gites LO DB ae 1830: 
DA eae Vf pase eK DORD mines DRG! uke DORD: Fe ria Oe Oa: Cc Olea 
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mediately limits the current from the 
system to the fault. The oscillogram of 
this test indicated that 10 to 15 amperes 
flowed from the bus in the reverse direc- 
tion through the generator feeder, while 
237 amperes were flowing through the 
fault connection at the B terminal, 
proving that the faulted generator was 
supplying nearly all the fault current. 
The accompanying oscillogram, Figure 8, 
shows a fault at the fuselage end of the 
number 4 generator. Even in this case 
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TRIPPING RELAYS 


the reverse fault current is much less 
than the fault current supplied by the 
number 4 generator before the field relay 
opens the field of the generator. Some 
of the devices have been in actual flight 
tests, but no faults have occurred in flight 
to cause their operation. They have not 
produced any nuisance trips in the tests. 
Differential-current protection is trip 
free and reclosing of the contactor on a 
fault is prevented. Resetting closes 
only the field relay. If the fault still 
exists, the differential-current relay will 
trip the field relay before there is sufficient 
voltage to close the contactor through 
the polarized relay. 


Overvoltage 


Overvoltage conditions may be a 
result of several types of faults. For 
example, broken regulator leads, shorted 
terminals or leads, or any type of fault 
which will increase the current in the 
field of the generator beyond the control 
of the regulator. Maximum allowable 
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Figure 10. Contactor and relay assembly for differential-current 


protection for 3-phase window-heating alternator 


Figure & ‘Tremstoemer and relay assembly 
curem protection 
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img over-voltage relay connections for proper 

selectivity of an overvoltage genersior im a 
Gc system 
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breakers and other forms of current- 
limiting devices have been suggested and 
are being used in the field lead to the 
generator in some systems for over- 
roltage protection. These devices are 
set at relatively high current values to 
prevent nuisance trips. 

Oscillograph test records on four 300- 
ampere wide-speed generator mock-ups 
show that this type of circuit breaker 
offers very little protection. At a total 
load of 200 amperes on four generators, 
the number 3 generator regulator coil was 
open-cireuited, the resulting field am- 
peres of number 3 generator were 14 
A circuit breaker in the field circuit must 
be set higher than the 14 amperes as thisis 
a field current which easily can be reached 
under idling speeds and lew-operating- 


CONTACTOR 


TEMPERATURE 
COMPEN SATION 


weed 


Figure 12. 


Inverse time element overvoltage 
relay 


temperature conditions. Therefore, the 
circuit breaker offers no protection in 
this case. The overvoltage in this case 
from the number 3 generator was 46. 


Overcurrent on the number 3 generator. 


was 810 amperes. The overvoltage relay 
removed the number 3 generator from 
the system in one-third of a second. 
Without the overvoltage relay, the 810 
amperes on the number 3 generator 
would have burned it up in a few minutes. 

In a second test with a total load of 
800 amperes on a 4-generator mock-up, 
the number 3 regulator was open-cir- 
cuited. Field amperes rose to 11.4, which 
is less than normal when the generator 
is atlow temperatures. This is much be- 
low the value at which a circuit breaker 
can be set and prevent nuisance trips. 
Overvoltage on number 3 generator was 
36.3; number 3 generator amperes were 
919. The overvoltage relay removed the 
number 3 generator from the system in 
three-quarters of a second. Without 
the overvoltage relay, the generator 
couid be seriously damaged on take-off 
and burned out in a matter of a very 
few minutes. The oscillogram shown in 
Figure 18 is the test record. 

In order to make the overvoltage relay 
select the proper generator, the operating 
coil of the relay must be connected so its 
operating voltage is taken near the gen- 
erator terminals. Bus voltages are not 
increased by a fault condition causing a 
generator to have overvoltage nearly as 
much as the terminal voltage of the gen- 
erator. In order for the overvoltage 
relay to properly select the generator 
whose voltage is excessive, its operating 
coil must be connected near the terminal 
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volts of the generator. A schematic 
diagram accompanies this paper which 
shows satisfactory connections for the 
overvoltage relay. 


Generator Overtemperatures 


There are various causes for over- 
heating the generator, many of which are 
eliminated by better paralleling and 
adequate fault protection. Overloading 


VOLTS 


Figure 14. Curves 
showing the magnitude 
and duration of surge 
voltages above regu- 
lated voltage when the 
field of a 300-ampere 
generator is closed at 
speeds of 3,000 to 
9,000 rpm 
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Figure 13. Overvoltage static. voltage-time 
relay curve 


and insufficient ventilation are conditions 
which may be indicated by a thermal 
device incorporated in the generator. 
Such a device requires a current-sensitive 
heating coil, as well as a well-selected 
position in the generator. Such a device 
has been included in the generator and 
operates an indicating light as a warning 
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signal. The generator is not removed 
automatically from the system. Its 
loading may be controlled by the operator 
or pilot after the warning signal. 


Generator Reversed Polarity 


If the polarity of the generator becomes 
reversed, it is not available for use on the 
system. The polarity must be returned 
to a normal conditon by flashing the 
field before it can be used again. Nu- 
merous tests have shown that it is possible 
to reverse generators by interrupting the 


field current or passing reverse current 
through the generators under some oper- 
ating conditions. It is believed that 


' these reversals or failures of the generator 


to build up have been more in evidence 
than has been suspected. System tests 


Figure 16 (below). Oscillograph test record 

showing the operation of the overvoltage relay 

at 800 amperes total system load using four 
generators 


All generators paralleled, 9,000 rpm 
Battery on line 
Full field applied to number 3 generator 
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Figure 17. Schematic 
diagram showing over- 
voltage relay connec- 
tion for overvoltage 
fe from an alternator 


TEMPERATURE 
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Figure 15 (left). Oscillograph test record 

showing the operation of the overvoltage re- 

lay at 400 amperes total system load using 
four generators 


All generators paralleled, 9,000 rpm 
Full field applied to number 3 generator 


have shown that a very small current 
through a high resistor from the main 
bus through the regulator and field 
guarantees against generator reversed 
polarity. 


Generator Contactors 


Generator contactors have been de- 
signed and are in use which are prac- 
tically free from contact freezing. This 
development consists of using higher 
contact-operating force and inertia follow- 
up for the moving contact bar. Contact 
freezing is caused, in most cases, by re- 
bounding of the contacts from the initial 
make, drawing an arc, which results in 
the softening of the contact material. 
This softening is often sufficient to cause 
welding or sticking together of the main 
contacts. High operating forces and 
the inertia follow-up prevents contact 
rebounding and therefore eliminates freez- 
ing or sticking together. 


Dual Generator Contactors 


Using two contactors whose main 
contacts are in series in the power circuit 
has been practiced many years in other 
forms of transportation. They provide 
safety, reliability, and continuity for 
the electric power system. Dual con- 
tactors) whose main contacts operate 
independently, providing a total of four 
breaks, are very effective against a loss of 
either contact assembly or the generators 
from the system by backing each other 
up. It has been shown by system tests 
that single contactors with two breaks 
will not interrupt normal current under 
overvoltage conditions, which can be 
obtained from wide-speed-range gen- 
erators. Serious fires, burns, and smoke 
are results. Dual contactors de-ener- 
gized simultaneously will interrupt such 
current and voltages in very satisfactory 
manner. They are a practical necessity 
and are recommended strongly. 


Operation Without a Battery 


Some of the present protective schemes, 
which are self-clearing as a result of fault, 
operate from the battery voltage. How- 
ever, by the use of the latch-type field 
relay, a system is available for operation 
without the use of a battery. The only 
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Figure 18. Thermostat 
which is located inside 
the generator for over- 
temperature light signal 


Figure 19 (below). 
Main circuit schematic 
diagrams showing the 
location of differential- 
current protective de- 
vices for various de- 


grees of protection 
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time the attention of the operator is 
required is when there is a fault. The 
latch-type relay then may be reset elec- 
trically if there is any energy on the bus; 
if not, it may be reset manually. 


Concentrated BusVersus Distributed 
Bus 


A concentrated bus is one which is 
located in the fuselage at or near the 
wing center of the plane. Its length is 
generally less than two feet and consists 
of strap copper rigidly mounted. A dis- 
tributed bus extends well out into the 
wings, also fore and aft in the fuselage. 

A concentrated bus is preferable be- 
cause it offers several distinct advantages 
over the distributed bus in the way of 
protection, voltage regulation, parallel- 
ing, and power availability to all load 
centers in the plane. Protection of the 
distributed bus requires sectionalizing 
which materially increases weight and 
apparatus. Voltage regulation and par- 
alleling are difficult because of the bus 
voltage drops, and there is no common 
system voltage regulated point. A sec- 
tionalized bus generally feeds two or more 
load centers from each section. Fault 
at any one center cuts out all loads on 
that section. A rigid-concentrated bus 
properly installed avoids such hazards. 


Conclusions 


The following conclusions are reason- 
ably self-evident: 


1. Differential-current protective appara- 
tus offers fault protection at low as well as 
high currents. 


2. Differential-current protective appa- 
ratus requires no co-ordination with other 
devices in the power system, such as the re- 
verse-current cut-out. The timing of each is 
independent of the other. 


3. Differential-current protection responds 
to fault currents and nothing more. 


4. The use of dual contactors for circuit 
interruption on over-voltage is a practical 
necessity and is recommended strongly. 
They lend reliability and continuity of the 
generator being on the system the maximum 
amount of time and avoid electrical fire 
hazards. 


5. Single contactors have been designed 
within the last few years with freezing prac- 
tically eliminated, as proved by test in 
service. However, this type of contactor, 
as a single unit, will not interrupt possible 
overvoltages that may be obtained from 
wide-speed-range generators. 


6. Inverse-time-element overvoltage relays 
provide practical overvoltage protection. 
Fuses or circuit breakers in the field circuit 
are not adequate devices to cover the range 
of serious overvoltage conditions. 
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7. D-c systems having the required pro- 
tective devices should be operative without 
the use of the battery. 


8. The differential-current protective sys- 
tem is trip free and can be reset manually or 
remotely after a fault provided the fault is 
cleared. 


9. Means should be provided for prevent- 
ing reverse generator polarity, insuring 
greater continuity of the generator on the 
system. 


10. Concentrated bus offers many ad- 
vantages over the distributed type in the 
way of system protection and general oper- 
ating performance. 
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11. Faults at the generator positive termi- 
nal or anywhere along the generator feeder 
can be high currents from the faulted gener- 
ator and a very low reverse current drawn 
from the bus. The efficiency of the differ- 
ential-current protective system is not 
affected by these fault conditions. 
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Direct Coupled Oscillograph Amplifier 


DEAN R. CHRISTIAN 


ASSOCIATE AIEE 


Synopsis: Progress in the field of direct- 
inking oscillographs has made the develop- 
ment of a d-c amplifier very desirable. This 
paper describes the circuits used to obtain 
the characteristics desired in a d-c amplifier 
when it is used with a direct-inking oscillo- 
graph. The combination of these circuits 
resulted in the development of a direct 
coupled amplifier which is operated entirely 
from an a-c source. The amplifier has a 
very low drift rate and, mechanically, is 
readily portable. The performance of the 
direct-inking oscillograph and d-c amplifier 
is illustrated with chart records showing 
recordings of d-c pulsations and sine waves. 
The treatment of the subject matter is 
concluded with a description of an industrial 
application in the use of the oscillograph 
with a d-c amplifier. 


INCE the direct coupled amplifier 
which is the subject of this paper was 
designed primarily to operate in conjunc- 
tion with the Brush model BL-201 direct- 
inking oscillograph, a short description of 
the latter will be given first. The active 
element of this device, the model BL-902 
Penmotor, consists of a coil of number 44 
- wire, of 1,450 ohms resistance, mounted 
in the field of an extremely powerful 
permanent magnet. A lightweight pen 3 


inches in length is attached to the coil by 
Ink is fed 


means of a compliant member. 
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through the pen by capillary action, 
making an instantaneous permanent 
record on a moving paper chart. The 
sensitivity of the Penmotor is such that 
0.94 volt applied to the coil terminals re- 
sults in one chart-millimeter displacement 
of the pen. The chart width is 50 milli- 
meters, or +25 millimeters from the 
center line. When fed from a _ low- 
impedance source the frequency response 
of the Penmotor is that given by the light 
solid line in Figure 1. By introducing the 
frequency compensation shown by the 
dotted line in the figure, the over-all 
response of the pen can be made equal to 
that shown by the heavy solid line in the 
figure. To obtain the damping necessary 
for the faithful reproduction of transients, 
it is necessary to drive the Penmotor from 
a low-impedance source of not more than 
a few hundred ohms. 

Because the Penmotor will record any 
frequency ‘from 120 cycles per second 
down to direct current, the full capabili- 
ties of the instrument never can be fully 
realized when it is used with a capaci- 
tance-coupled amplifier. The loss of the 
very low frequencies in these amplifiers 
have at times made the interpretation of 
the resulting record difficult. Such a 
record is illustrated in Figure 2 which 


Figure 1. Average 
frequency response of 
Penmotor with and 
without frequency 
correction 


Christian—Direct Coupled Oscillograph Amplifier 


shows the form of a d-c pulse of long dura- 
tion recorded through a capacitance cou- 
pled amplifier. Due to R-C coupling net- 
works in the amplifier circuit, a decay 
from the peak value recorded on the chart 
begins immediately even though the 
steady voltage is still applied. Removal 
of the direct voltage introduces a similar 
peak and decay in the opposite direction. 
Improvements in the low frequency re- 
sponse of capacitance-coupled amplifiers 
are limited by the practical size of the 
coupling capacitors and their leakage 
resistance, especially where a number of 
stages are needed. 


In order to increase the sensitivity of 
the Penmotor, while at the same time 
taking full advantage of its ability to 
record d-c signals, a direct-coupled 
amplifier of the proper characteristics 
is absolutely necessary. There is, prac- 
tically speaking, no limit to the 
sensitivity which would be desirable in a 
direct-coupled amplifier for this use. At 
the same time, it is generally true that the 
higher the input impedance of such an 
amplifier, the greater will be its usefulness. 
The problem therefore simply resolves it- 
self into discovering what are the maxi- 
mum values of both quantities obtainable 
in an amplifier designed for commercial 
production. 


The basic problem encountered in any 
direct-coupled amplifier is “drift,” a 
phenomenon which manifests itself as a 
slow random variation in the output of 
the amplifier even in the absence of any 
applied signal at the input. When a 
signal is applied to the input terminals 
this random variation is apparently 
superimposed on it. Drift behaves in 
many ways like a low-frequency variety 
of shot noise, in that its source is in the 
amplifier tubes themselves, and in that it 
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Figure 2. Comparison of wave form of a 
d-c pulse between the input and output of an 
a-c amplifier 


is essentially random. It differs greatly 
from shot noise in its magnitude; however, 
where the shot noise in a good tube meas- 
ured over the entire audio band from 20 
cycles per second to 20 ke is normally 
equivalent to a signal of only a few micro- 
volts applied to the control grid, the drift 
in the same tube, measured from zero to 
20 cycles per second, in a period of 20 
minutes, easily may exceed one volt. 

Just as shot noise limits the magnitude 
of the audio signals which may be meas- 
ured with a given tube, so does the drift 
limit the magnitude of the d-c signals 
which can be measured with a tube used 
as a direct-coupled amplifier. It is 
obviously not practicable to measure a 
signal of two or three millivolts when it 
apparently has mixed with it a random 
signal of the order of hundreds of milli- 
volts. Consequently, the first problem in 
the design of any commercial direct- 
coupled amplifier is to determine the mini- 
mum drift rate which can be achieved and 
maintained in production. It is not 
sufficient to construct one amplifier which 
has a satisfactorily low drift rate; it is also 
necessary to know that the factors re- 
sponsible for its performance are repro- 
ducible; and not merely, as is often the 
case, good luck. 

Many factors result in drift in direct- 
coupled amplifiers. Foremost among 
these are changes in the plate and heater 
potentials of the low-level stages. Drift 
from this cause can be avoided, and the 
performance of such an amplifier greatly 
improved, by regulating the voltages 
applied to these stages. Even when this 
precaution is taken, however, it is com- 
monly found that a considerable amount 
of drift remains, caused by random 
changes in the emission from the cath- 
odes, and by temperature changes in the 
tubes, which has the same effect. 

The only practical remedy which ever 
has been advanced to overcome this 
residual drift is to use balanced circuit 
arrangements employing nearly identical 
tubes, so arranged that the drift in one 
tube is cancelled by the drift in the other, 
but at the same time yielding an output 
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signal when a signal is applied to the 
input. Many such circuits have been 
advanced, all having more or less merit, 
and all resulting in roughly comparable 
performance. Push-pull circuits are per- 
haps the classical example of such a cir- 
cuit, but their usefulness is limited by the 
fact that they normally require that 
neither terminal of either the input or 
output be grounded. 

Since in the vast majority of applica- 
tions unbalanced operation is required 
the basic circuit shown in Figure 3 was 


Figure 3. Basic bridge circuit 


chosen. Fundamentally, it is a bridge 
balanced circuit? in which all variables in 
the amplifying arm, including supply 
voltages and tube characteristics, are 
balanced against similar variables in a 
second arm of the bridge. In this type of 
circuit it is usual to make the cathode 
resistor of the tube Vi variable to obtain a 
zero output with no input to the grid of 
V;. In order that a more precise balance 
could be maintained, it was necessary to 
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age the tubes and then select them as 
matched sets to obtain like character- 
istics. The improvement in performance 
which can be achieved by aging and 
matching tubes is apparent from the fact 
that a pair of unaged tubes, chosen at 
random, may show a drift rate of over 50 
millivolts per hour in this circuit, whereas, 
by properly selecting aged tubes, the drift 
rate can be held at less than one millivolt 
per hour. An aging period of 1,000 hours 
at a plate current of about 50 micro- 
amperes is found to be necessary to assure 
relatively drift-free operation. 

In the final circuit design of the d-c 
amplifier (see Figure 4) it was necessary 
to use two such series-balanced stages 
cascaded off the same B supply bleeder 
(see Figure 4C) in order to obtain an out- 
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Figure 5. Frequency responses of d-c am- 
plifier and magnetic Penmotor with result- 
ing recordings of d-c pulsations 


Figure 4. Schematic wiring diagram of d-c 
amplifier 
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Figure 6. D-c amplifier 


put level large in comparison with B 
supply voltage changes. This voltage 
change in the B supply is even smaller at 
the grid of V; due to the loss of the signal 
through the voltage divider network. 
The small voltage change at this grid is 
compensated by a smilar change in an- 
other voltage divider network (originat- 
ing also from the B supply) which places 
the cathode of V; at the correct potential 
with respect to ground for coupling. 


Frequency Correction 


The balanced stages are followed by 
three stages (see Figure 4D) containing 
degenerative feed back and a cathode 
follower circuit to work into the Penmotor 
impedance. In addition, the feed-back 
circuit provides high frequency compensa- 
tion for the Penmotor. The frequency 
response of the Penmotor alone is essen- 
tially uniform from direct current to 30 
cycles per second, falling thereafter to 120 


cycles per second. The potentiometer 
and capacitor to ground in the frequency 
correction network tend to boost the high 
frequency end of the response. The 
capacitor by-passes the higher frequencies 
to ground, which results in less feed back 
at the cathode of V;, which in turn in- 
creases the gain of the amplifier at these 
frequencies. Frequencies higher than 
120 cycles per second may introduce 
undesirable effects in the Penmotor and 
in the output stage of the amplifier, such 
as heating of the Penmotor coil, and over- 
loading of the output stage. The attenu- 
ation of the frequencies above 120 cycles 
per second is accomplished by a resistor 
and capacitor both in parallel with the 
potentiometer of the frequency correction 
network. The resistor and the capacitor 
tend to boost slightly the high frequency 
end up to 120 cycles per second and then 
rapidly attenuate frequencies above 120 
cycles per second. 


Calibration and Power Supply 


A calibration circuit, shown in Figure 
4A, is included in the amplifier so that the 
pen deflection of the oscillograph element 
can be correlated accurately to the input 
voltage. An alternating voltage, filtered 
to remove possible distorted wave form, 
is obtained from the high voltage winding 
of the power transformer and then applied 
to the calibrating circuit. The voltage 
then is measured in relation to the recti- 
fied direct current flowing through the 
6H6 tube and meter. Filament power 
for the first two stages is obtained from a 
regulating transformer. The remaining 


filaments are operated from the filament 
winding of the power transformer. The 
B supply is regulated by means of voltage 
regulator tubes. The regulation of both 
supplies was incorporated into the ampli- 
fier circuit to obtain extreme precision of 
balance. 


Characteristics 


The normal sensitivity of the d-c ampli- 
fier used with the magnetic (Penmotor) 
recorder is one millivolt per one chart 
millimeter of displacement of the pen. Its 
frequency response is essentially uniform 
from direct current to 100 cycles per 
second.. Figure 5A shows a character- 
istic frequency response of the d-c ampli- 
fier and Penmotor obtained with a normal 
adjustment of the high frequency com- 
pensation. With this compensation, d-c 
pulsations and square waves are charac- 


VOLTAGE AMPLIFIER AMPLIFIER 


REGULATOR AND AND 
RECORDER RECORDER 


Figure 7. Diagram illustrating an application 
of the d-c amplifier and Penmotor in recording 
load characteristics of a d-c generator 


Figure 8 (below). Chartrecord showing load 
characteristics of d-c generator 
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terized by a slight overshoot at the start 
of the pulse and at the return to zero. 
See Figure 5B. This overshoot can be 
eliminated by gradually reducing the 
amplitude of the high end of the frequency 
range of the amplifier and Penmotor.’ 
This is accomplished by an adjustment of 
the high frequency compensation of the 
amplifier. See Figures 5C and 5D. 

Line voltage variation-from 110 to 130 
volts does not affect the zero setting of the 
d-c amplifier. Its zero-signal drift in 
terms of pen- displacement is not more 
than one chart millimeter per hour. 


Application 


The complete d-c amplifier, shown in 
Figure 6, is designed for use with the Pen- 


motor to make permanent recordings of 
many types of phenomena heretofore 
measured with the aid of complicated 
intermediate equipment. A permanent 
recording of a transientory nature is 
exemplified in the following application. 
A load is supplied by a conventional d-c 
generator whose inherent load character- 
istic is a drop in output voltage from no 
load to full load. Two d-c amplifiers and 
their associated Penmotors were used to 
record this characteristic by recording 
simultaneously the field current and the 
output voltage of the generator system to 
regulate the output voltage. Aschematic 
diagram of the setup and the resulting 
recording are shown in Figures 7 and 8B, 
respectively. From the record of Figure 
8B and that of Figure 8A the effective- 


ness of the voltage regulator can be 
evaluated simply by determining the 
speed of the response of the regulator in 
hundredths of a second. 


Studies of static or dynamic conditions, - 


such as strain, displacement, pressure, 
light intensity, temperature, direct and 
alternating voltage or current, and many 
others are simplified by the use of these 
instruments. 
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Using Air-borne Radar to Increase 
Airline Safety 
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INOR but significant modifications 
to existing X-band air-borne radar 
types have made it practical for the pilot 
himself to use radar for avoiding collisions 
with terrain, for emergency negotiation 
of ‘‘letdowns’”’ over terrain surrounded by 
hills, for avoidance of dangerous areas of 
precipitation (thunderstorms, freezing 
rain, hail, and snow) and its associated 
turbulence whether flying over land or 
water, and as weatherproof supplemen- 
tary navigational aid where water—land or 
other ‘‘contrast”’ exists in the echoes. 


Using the same modified X-band air- 
borne radar against ground responders 
(“racons” or ‘‘beacons’’), a simplified 
navigation system has resulted which 
improves the precision of flying in areas 
of high traffic density, provides a simple 
means of making multidirectional low 
approaches to an airport under conditions 
of low visibility, and provides a weather- 
proof stand-by en route navigation sys- 
tem. The continuous information on 
ground speed provided by air-borne radar 
provides substantial economies in long 
hauls by permitting quick selection of the 
most favorable flight levels. 


A procurement program for a suitable 
pilot-operated transport radar has been 
undertaken co-operatively by the Army, 
Navy, and an airline after one year of 
flight development and service test work 
by the airline. Nearly identical equip- 
ments will thus be supplied to National 
Air Transport Service,’ Air Transport 
Command, and those commercial air- 
lines who wish to use radar. 

Because air-borne radar indicates to the 
pilot immediately when it fails to operate 
or when it operates improperly, it is con- 
sidered inherently a self-checking or ‘‘fail- 
safe” device. This feature greatly en- 
hances its value. : 
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A survey of the scheduled airline acci- 
dents over a period of five years indicates 
a preponderance of fatalities occurring in 
accidents in which the aircraft apparently 
flew into a hill, usually at night, and ap- 
parently without the pilot’s being fore- 
warned. Some 500 hours of flight and 
service test using air-borne radar indi- 
cates that if the past accident pattern 
continues to prevail, air-borne radar is 
capable of saving 50 per cent of these fa- 
talities. 


Air-borne Radar for Avoiding Terrain 
Collisions 


During the fall of 1945, a group of air- 
line flight engineering personnel took a 
cursory glance at two types of air-borne 
radar. The result was disappointment. 


The APS-10, the first of those tested, 
was designed for the Air Transport Com- 
mand toward the end of the war, and 
produced a cathode ray picture that was 
difficult and ambiguous of interpretation, 
particularly over land. APS-4, the sec- 
ond to be tested, because of its distorted 
cathode ray presentation, was even worse. 

The winter of 1945-46 was witness to 
several horrible airline accidents which 
focused the attention again on some 
means of electronically ‘“‘seeing’’ obstacles 
and avoiding them. 

Working in close conjunction with an 
airline industry electronics laboratory, 
airline flight engineering personnel held 
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conferences to decide what operating 
requirements were needed of an air-borne 
electronic device in order to provide a 
simple and easily interpretable cockpit 
presentation of collision information. 
The standard polar-plotted information 
available in the APS-10 radar was se- 
lected, yet at the same time it was con- 
cluded that the radar itself must “look,” 
if possible, only through a narrow hori- 
zontal slit essentially in the plane of 
flight, much as one would look through a 
slit in a parapet or tank. 

From this it was decided to revert, as 
in the APS-4, to confining the energy of 
an all-around scanning radar such as the 
APS-10 to as narrow a beam as practical, 
spilling a minimum amount of energy 
downward. 

The result was a successful test flight 
on March 5, 1946, during which the engi- 
neering pilot flying under the hood, was 
able to pick his way through valleys in 
the Catskill region well below the levels 
of the peaks, using the radar as the sole 
means of navigation and avoidance of 
collision. 

Figure 1 shows the radar display tube 
showing the terrain mapping that the 
narrow or pencil beam produces. With 
this type of cathode ray presentation one 
is flying up the picture, and the center cir- 
cle is the point of zero range, or represents 


Figure 1. Terrain mapping with “pencil” 
beam 


A—Hudson River 
B—Level terrain near Hudson Rive- 
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Figure 2. Terrain mapping with energy spilled 
downward 


A—Hudson River 
B—Central Park on Manhattan Island 
C—Queensboro Bridge spanning East River 


the airplane’s position. The.thin circles 
are range marks, in this case 2-mile marks. 
The aircraft is flying approximately 4 
miles to the left of the Hudson River which 
shows on the radar “‘scope” as a jagged 
dark line. In the right forward sector 
the narrow pencil beam is picking up the 
level terrain near the Hudson River. 
Note in the left forward sector the echoes 
are stronger and that there is a deep 
shadow being cast by something approxi- 
mately 8!/. miles range. Also, there are 
some shadows at 45 degrees to the left. 

Perhaps the most significant fact of this 
type of radar presentation is the black 
area of no echo extending from the circle 
of zero range outward to the first echoes. 
This means simply that chere is that much 
clear air space to fly through before there 
is any danger of collision; in this case 
almost 4 miles. This black area has been 
named the ‘“‘safety circle,’ indicating to 
the pilot that he may proceed at his pres- 
ent level for the distance covered by the 
black area. The elimination of the en- 
ergy that normally is spilled downward 
was not done on the radar used in Figure 
2. Contrasting Figure 1 with Figure 2, 
it will be noted that in the latter, ‘‘the 
picture is painted” beginning immediately 
below the aircraft. Manhattan Island is 
shown clearly as a true map with the air- 
plane directly over the Hudson River, 
Central Park dead ahead, and the East 
River with the 59th Street bridge just 
beyond. Vet it is quite obvious that there 
is no simple, easily interpreted collision 
information available in this picture. 

In Figure 3 the airplane has moved 
from the position of Figure 1 about 4 
miles on the same heading. Note that the 
deep shadow at 45 degrees to the left in 
Figure 1 has now merged in Figure 3 
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Figure 3. Terrain mapping—‘‘pencil”’ beam 


A—Shadow merging with “‘safety’’ circle 

B—Echoes from higher peaks beyond first ridge 

C—Low level terrain on west bank of Hudson 
River 


with the safety circle, indicating that it is 
a body of water. Dead ahead at a range 
of some 5 miles is a strong echo casting a 
deep shadow beyond it. The pencil beam 
of the radar picks up a few more echoes 
located in this shadow which are probably 
mountain peaks sticking up above the 
first one. At a glance the pilot can see 
that there is a terrain ahead of him with 
which he is likely to collide at a range 
of 41/5 miles, and to the right about 20 de- 
grees is level terrain toward which he 
may turn with safety. 

If he does turn, however, and the radar 

is installed as originally intended with no 
attempt to stabilize its axis of rotation 
with respect to the earth, the picture will 
look like Figure 4. Since the axis of the 
radar would tip with the airplane when it 
banks, the beam, as it passed through the 
left sector, would look directly down at 
the ground—conversely, up into the air 
nthe right sector. Such a picture during 
a banked turn can be dangerous, so the 
transport radar is stabilized in roll, main- 
taining the plane of rotation of the pencil 
beam level with respect to the earth’s 
surface. This stabilization is done with 
components of a standard automatic pilot 
and is done in such a way that no azimuth 
errors occur. As you will see later, any 
azimuth errors introduced by attempting 
to stabilize the radar through the tilt 
control of the dish would be detrimental, 
in fact dangerous, to the operation. 

Figure 5 shows the “scope” taken with 
the aircraft about 2 miles closer to the 
hill in Figure 3. Now the pilot, keeping 
on his potential collision course, has pulled 
the nose of the airplane up to an attain- 
able climb angle. He does this to deter- 
mine if the radar beam will look over the 
hill with which he may collide. The pic- 
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ture shows that, although the echo from 
the level ground in the right quadrant has 
disappeared as a result of this maneuver, 
the hill echo now at 31/2 miles still is re- 
tained. Simply interpreted, this means 
that the pilot must turn away (can not 
climb over) to avoid the mountain. 

Figure 6 shows the aircraft with the 
nose level again, still on the same heading, 
the safety circle badly distorted in the 
left forward sector, a strong echo at 2 
miles with deep shadows beyond it, a 
collision imminent within 35 to 40 sec- 
onds. The significance of the safety circle 
perhaps can be seen most readily from 
this picture. Once the pilot learns to keep 
two or three miles of clear, black, air 
space out in front of him, he has a simple 
formula for avoiding terrain collisions 
and, perhaps even more important, taking 
the proper evasive action. 


Figure 4. Distortion of radar cathode-ray pic- 
ture caused by airplane turn with an unstabil- 
ized antenna 


A—Ground painting 
B—Radar beam scanning above ground level 
because of bank 


Figure 5. Terrain mapping “pencil” beam 
continued 


A—Terrain peak at or above extension of air- 
craft flight path 
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The evasive action is shown in Figure 7 
in which the airplane was turned some 30 
degrees to the right. Note that the hill 
is passing approximately 1 mile off to the 
left and the safety circle shows a little 
over 3 miles of clear air ahead and level 
ground beyond it. 

In April 1946, the series of plan position 
indicator (PPI) pictures just shown was 
taken simultaneously with photographs 
out of the cockpit window. These were 
published within the airline industry at 
that time. Subsequently, further inten- 
sive flight research was undertaken to as- 
certain the extent to which this informa- 
tion could be used by the pilot, and also 
what other functions the radar could per- 
form for the airline operator. 

As an example of typical simultane- 
ous photographs of the PPI “‘scope”’ and 
out the cockpit window, note that in 


Figure 6. Hill echo infringes upon ‘‘safety"’ 
circle, warning of imminent collision 


A—Echo from hill entering “‘safety’’ circle 


Figure 7. Terrain collision avoided by means 
of effective evasive action 


A—Clear path for three miles on course with 
level ground beyond 
B—Peak now has passed to one mile to left of 
airplane 
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Figure 8 the aircraft is being flown di- 
rectly at the top of a portion of Mount 
Washington (actually a few feet above 
the top so that it can clear it after the 
picture was taken) and note the extreme 
atrestiveness of the radar display at this 
point with strong, bright echoes within a 
mile and a half and deep shadows being 
east forward and beyond the first bright 
echo. 

The normal mountainous terrain type 
of indication that would be seen by a pilot 
letting down, for instance, from Pitts- 
burgh, Pa., into Washington, D. C., over 
the Allegheny ridges, is shown in Figure 
9. In this case the safety circle is almost 
6 miles, indicating adequate clearance and 
no need to consider evasive action for 
some time. If, however, evasive action 
were not taken and the letdown were con- 
tinued directly toward the top of the hill, 
Figure 10 shows the type of collision indi- 
cation that would confront the pilot just a 
few seconds before he hit the hill. 

After several months of experimental 
flight on a C-47 aircraft with the radar in- 
stallation shown in Figure 11 (the ‘‘bug- 
eyes” on a radome are installed to give 
the antenna room to move sideways as it 
is stabilized), an installation of the same 
type of APS-10 General Electric radar 
was made on a DC-4 air freighter operat- 
ing between Seattle, Wash., and Anchor- 
age, Alaska. Figure 12 shows the nose 
type of radome employed. A great deal 
of research had to be undertaken to ob- 
tain a satisfactory radome for this instal- 
lation, and as yet, although the transmis- 
sivity attained exceeds all other radomes, 
there are still spurious reflections of an 
annoying but not dangerous nature. This 
research activity is still under way to 
correct the faults of this radome. It is 
interesting. to note that little change of 
the aerodynamic contour results from this 
radar installation even though the scan is 
360 degrees and the antenna is stabilized 
for a total of 60 degrees in roll. The ac- 
tual angle through which the antenna 
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Figure 8. Comparison of ‘‘scope’’ picture and 

simultaneous photograph out of cockpit win- 

dow as airplane approaches top of Mount 
Washington 


To show the area photographed out of the 
cockpit window a V sector has been drawn 
on the PPI photograph 


looks without encountering airplane struc- 
ture is approximately 240 degrees. 

Figure 13 shows the first officer’s scope 
installation in this DC-4 air freighter. An 
identical installation is made on the left 
hand side for the captain. The radar 
controls are located directly on the control 
console between the two automatic direc- 
tion finders. 

The six months of operation of this 
DC-4 air freighter between Seattle and 
Anchorage resulted in a great deal of data 
being gathered, some of which has not 
been correlated. It was found that with 
the remarkably abundant land—water con- 
trast available along the coast of Alaska 
a great deal of navigating could be done 
with the search phase of the radar, as well 
as to use it for avoiding mountain peaks, 
particularly during the letdown into An- 
chorage. The pilots found that they were 
able and willing to make blind letdowns 
with the radar alone, provided, in the 
event the radar failed, they had a prede- 
termined heading on which to climb out 
safely. This phase of the collision pre- 
vention ability of the radar has yet to be 
exploited thoroughly. It is believed that 
only several years of actual line operation 
will disclose to what extent it can be used 
for the purpose of making an instrument 
letdown. Certainly it can be said at this 
time that it can be an aid to such a let- 
down but it does not seem right and 
proper to consider it as a primary means 
because of its possible failure. 

A word about airplane-to-airplane 
collision prevention. The creation of the 
safety circle as described heretofore, now 
has made it possible, while scanning the 
ground, to have at the same time a modi- 
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cum of protection against collision with 
aircraft flying level at or near the same 
level. This protection must be consid- 
ered strictly as a “crutch,” however, 
since the echo received from the aircraft 
is quite small and if missed for four or five 
scans, easily could travel through the full 
length of the normal sized safety circle 
before it would be seen. Furthermore, the 
airplane-to-airplane collision record shows 
that at least in the past there have been 
more collisions between climbing and de- 
scending aircraft than between aircraft 
flying level. Obviously the essentially 
horizontal scan with the pencil beam will 
not pick up such aircraft until they are 
much too close to be avoided. On the 
optimistic side, however, there are many 
cases when there is reason in the pilot’s 
mind to doubt that he is being protected, 
when flying blind, against other aircraft 
flying on the same track and at the same 
level. Under these circumstances, the 
pilot can derive a certain amount of com- 


Figure 10. Comparison of radar’'scope”’ pic- 
ture and simultaneous photograph out cockpit 
window 


A—Radar’ ‘echo from Mount Washington 
touches zero range a few seconds before air- 
craft would hit it 
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Figure 9 (left). “Let 
down” in mountainous 
region between Pitts- 
burgh, Pa., and Wash- 
ington, D. C. 


A—Ridge below  air- 
plane level six miles 
ahead on course 


Figure 11 (right). APS- 
10 radar chin installation 


installed in experimen- 
tal C-47 


fort from scanning horizontally with the 
radar to make sure that there are no air- 
craft at his level within approximately 5 
miles, the measured maximum range of 
the APS-10 radar on a tail-on small air- 
craft. 


Air-borne Radar for Avoidance of 
Dangerous Storms 


Long before the airline investigation of 
radar began, it was recognized by both 
the Army and the Navy that air-borne 
radar had considerable usefulness for 
detecting storm areas, presumably by re- 
flection from water droplets, and in par- 
ticular, when flying over water because 
of the elimination of groundreturn. How- 
ever, over land the assurance with which 
one would pick up the storm echo and dis- 
tinguish it from the ground echo was very 
low because of the confusion between the 
two. The creation of the safety circle 
through the use of a pencil beam made it 
possible, when over land and scanning the 
ground, to see storm echoes that fell in- 
side of the safety circle. Furthermore, 


by the simple expedient of raising the tilt 
of the beam so that the scan would be 
truly horizontal and would no longer see 
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the ground, nothing but storm echoes 
would be seen. 


The airline flight research program un- 
dertook to determine to what extent 
storm echoes could be seen, what droplet 
sizes could be seen and how far away, 
whether dangerous thunderstorm turbu- 
lence usually was associated with suf- 
ficient precipitation to show a radar echo, 
whether severe and dangerous icing con- 
ditions resulted from precipitation which 
would show a sufficient radar echo, and 
perhaps above all, to determine whether, 
when flying in areas of heavy precipita- 
tion, the radar would continue to provide 
terrain echoes from which collision warn- 
ing information could safely be derived. 

Many of these questions already have 
been settled at least on a research basis. 
They have yet to be settled once and for 
all as to whether the average line pilot in 
fact will use this ability of the radar. 

Figure 14 shows several mild thunder- 
storms. The range of the radar is set 
such that the two small storms, showing 
up almost as specks, are approximately 8 
and 12 miles away, respectively. It is 
significant that the storms in the right 
forward sector are seen one through the 
other. There is an echo within a few 
seconds of the point of zero range and, 
when the aircraft actually entered this 
echo, there was heavy rain and moderate 
turbulence. Note that the radar shows 
a channel of no precipitation slightly to 
the left of dead ahead which can be flown 
through. This actually was done and no 
heavy precipitation was encountered. 

The echoes from behind are bounces 
of the radar pulses off of the nacelles and 
down to the ground as the radar looks aft. 

Figure 15 is a more well developed 
thunderstorm with its characteristic 
“bay” or “cove” and its dumbell shape. 
In this particular case the pilot was able 
to see the thunderstorm visually and the 
time at which the radar echo coincided 
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with the point of zero range, was coinci- 
dent with the actual occurrence of heavy 
turbulence, rain, and hail. 

Figure 16 is a typical PPI picture of a 
storm while the aircraft is in the middle of 
it. This storm was approximately 4 miles 
in diameter and was accompanied with 
the usual heavy turbulence, heavy rain, 
some hail, and violent up drafts. 

Figure 17 shows a rain squall at 3 miles 
off to the right. Although this was not 
an icing condition, the photographs taken 
in heavy icing in the Alaskan area im 


1947, VOLUME 66 


Figure 12 (left). Nose 

radome housing APS-10 

radar in nose of DC-4 
air freighter 


Figure 14 (right). Typi- 
cal thunderstorm radar 
“scope picture 


moderate 
thunderstorms 
B—Two small thunder- 
storms at greater range 
C—Channel of no pre- 
cipitation 
D—Echoes from radar 
signal bouncing off 
engine nacelle 


A—Nearby 


many cases look almost exactly like Fig- 
ure 17. 

From the experimental flying and in 
particular from the DC4 service testing 
in the Alaskan area, it has been found 
that, in general, the density of the storm 
echo combined with a knowledge of the 
outside air temperature (anything below 
31 degrees Fahrenheit) can give adequate 
warning of dangerous ice. It is perhaps 
fortunate that ice accretion which nor- 
mally is not considered dangerous, fre- 
quently does not show as an echo at all or 


Figure 13 (left), First 

officer's radar “scope™ 

installation A in the 
DC-4 air freighter 


Figure 15 (above, right). 
Characteristic picture of 


well developed thun- 
derstorm 
A—Typical thunder- 


storm with characteristic 
dumbbell shape 
B—Ground clutter 
echoes showing with 
aircraft in nose down 
attitude 


Figure 16 (right). Typi- 

cal PPI picture of a 

thunderstorm while air- 

craft is in the middle 
of it 


Ayer—Air-borne Radar 


perhaps only as a little fuzz, whereas pre- 
cipitation from which ice accretion will 
be rapid and heavy produces a very 
strong echo at a considerable range. It is 
believed that most, if not all, dangerous 
icing conditions can be avoided with an 
operable air-borne radar. 

Likewise, dangerous hail which occurs 
in the Rocky Mountain and Allegheny 
areas during thunderstorms (sometimes 
with hail stones as big as baseballs) can be 
avoided with an operable air-borne radar. 

In any flight research 
safety methods or devices, one of the 


program on 


earliest questions to be asked about the 
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Figure 17. Rain squall three miles off to the 
right at A 


equipment is whether its use will produce 
new and unexpected hazards. UH, for 
instance, an air-borne radar leads a pilot 
into negotiations with mountain passes 
that otherwise he would avoid and then 
fails him when he gets into an area of 
precipitation, it might be safer to have no 
radar at all. Figure 18 is a PPI picture 
while flying in moderate-to-heavy rain 
and shows terrain echoes received clearly 
and distinctly through the rain. It has 
been determined that the range of the 
radar is reduced on the order of 10 per 
cent in the type of rain so far encountered. 
Admittedly torrential rain of high density 
with large droplet sizes and extending over 
a big area has not as yet been encountered 
during the tests. 

An eyen greater potential hazard that 
might result from the use of the radar 
would be to mistake a hill echo for a storm 
echo and to attempt to fly through the 
echo. For several reasons this confusion 
to the extent of our present knowledge, 
does not appear to be likely, but as long 
as there remains any possibility of it, the 
rule must be to avoid flying through all 
echoes unless the pilot is absolutely posi- 
tive that he cannot be below the level of 
any hills, or better still, cannot be in the 
vicinity of any hills. One reason that 
the confusion between terrain and storm 
echoes is not too likely arises from the 
fact that the average pilot is likely to scan 
above the horizon quite frequently when- 
ever there is a possibility of any storms. 
The very act of scanning above the hori- 
zon (by definition until_all ground echoes 
disappear) proves first, that it is safely 
above terrain, and second, that any echo 
that remains after having lost the terrain 
is likely to be a storm. This procedure is 
by no means infallible when flying below 
the level of hills in areas such as the Rocky 
Mountains. An infallible technique for 
distinguishing between hill and precipita- 
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tion echoes in such areas is one of the 
items yet to be developed from this flight 
research. 

The Malespina glacier in Alaska was 
found to give practically no echo at cer- 
tain altitudes and ranges, appearing 
much as a lake. It can be concluded 
safely that smooth ice-covered areas can- 
not be relied upon to return an adequate 
collision echo. It is hoped that areas of 
this sort are of sufficient rarity that they 
will not constitute a serious hazard and. 
can be treated as special cases. The ques- 
tion often has been asked whether snow- 
covered slopes would return an adequate 
echo. Certainly many mountains are 
snow-capped and it would be an unfortu- 
nate circumstance if the radar would fail 
to see them. 

Figure 19 shows Mount Rainier on the 
PPI at approximately 5 miles range with 
a strong echo.’ Abundant evidence from 
other snow-capped peaks indicates that 
the chances are very good for an echo of 
some sort being returned. 


Air-borne Radar as a Weatherproof 
_ Supplementary Navigational Aid 


We have noted from the foregoing that 
X-band air-borne radar appears to 
‘Jook” through fairly heavy precipita- 
tion. We know also that it looks through 
heavy snow and ice crystals. The service 
test of the radar has provided considerable 
evidence that St. Elmo’s fire, northern 
lights, and severe snow static have no ef- 
fect whatever upon the operation of the 
radar. These findings were to be ex- 
pected from the characteristic of the 
frequency. It is comforting to know that 
when all other navigational facilities in- 
cluding very high frequency are inopera- 
tive, some navigational assurance can be 
obtained from the radar. 


Air-borne Radar with X-Band 
Beacons 


Much was learned during the war 
about the precision homing possibilities 
of a responder located on the ground re- 
plying to interrogations from an air- 
borne radar. The airline flight research 
has taken up where this left off and de- 
veloped ‘‘beaconry”’ to a considerable ex- 
tent. 

Known, but perhaps not appreciated, 
were the possibilities of flying random 
tracks of the pilot’s choosing over only 
two beacons located on the ground. Fig- 
ure 20 shows the radar being flown be- 
tween Philadelphia, Pa., and Floyd Ben- 
nett Field, New York, with the Floyd 
Bennett beacon lying almost dead ahead 
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at a range of 58 miles and the Willow 
Grove (Philadelphia) beacon bearing 237 
degrees at 22 miles. Note that the 
position of the aircraft is, from easy in- 
spection of the radar “scope,”’ 16 miles to 
the right of the line between the two bea- 
cons. There is no navigational device in 
operation today that will provide this 
kind of immediate and continuous posi- 
tion information to the pilot. 

Figure 21 shows the aircraft being 
flown between the same two beacons, ob- 
viously intending to cross between the 
two, with its position 5 miles away from 
the centerline track between the two 
beacons. Again the easily digestible po- 
sition information is present at all times. 

Of equal significance to the track and 
position information provided by two 
beacons is the heading information which 
ordinarily is obtained from other instru- 
ments. Note in Figure 20 that the air- 
plane is headed slightly to the right of the 
New York beacon, whereas in Figure 21 
he is headed 58 degrees to the left of the 
New York beacon. Thus we have track, 
position, and heading information com- 
bined in easily digestible form in one in- 
strument. This information has never 
been combined before and the present 
procedure without radar: involves the 
scanning of several instruments to obtain 
it. It is apparent that enroute naviga- 
tion with radar beacons is basically very 
easy and precise. 

The same simplicity and reliability 
which makes en route navigation with 
radar beacons attractive, contributes 
mightily to the ability to navigate more 
precisely and hence more safely in con- 
gested areas of high traffic density. Re- 
call, if you will, that present day naviga- 
tion involves the mental digesting of in- 
formation from several dials into a mental 
picture of position. When describing tor- 


Figure 18. PPI picture with airplane flying in 
moderate to heavy rain shows terrain echoes 
through rain 
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tuous courses through congested areas 
with such an arrangement, even the ex- 
perienced and skilled pilot is subject to 
becoming confused. This inevitably 
causes him to wander off the desired 
track, which either creates a potential 
collision hazard or requires such wide 
separations be held between airplanes 
that the traffic handling capacity of an 
area is reduced greatly. 

In contrast, the radar navigation pic- 
ture utilizing beacons is the simplest form 
of complete navigational information in 
existence today. With a picture of that 
type available to the pilot, it is practically 
impossible for him to become confused or 
build up mental pressure. There is no 
need for continuously double checking the 
indications from several instruments. The 
radar is inherently self-checking. 

As an example of the almost fantastic 
precision available with even sparsely lo- 
cated radar beacons, flights were made 
every day for two weeks in July 1946, us- 
ing a beacon located at Grumman on Long 
Island and one at Floyd Bennett airport. 
Idlewild airport lies between these two 
beacons. During’ the July flights, instru- 
ment let-downs were made at Idlewild, 
not at Floyd Bennett or Grumman, using 
only these two radar .beacons, and the 
hooded pilot was able to ‘‘call” the instru- 
ment runway at Idlewild within two or 
three seconds in range; and to a lateral 
accuracy of one runway width to left or 
right. That this was not.an isolated stunt 
was proved by “calling” many other lo- 
cations on the terrain (such as a diving 
board on a lake in the Westchester area) 
located not closer than 10 miles from any 
radar beacon. 

Such extreme simplicity of navigation 
with its self-checking quality should lend 
itself to instrument low approaches. 
Early in June of 1946, several beacon ar- 
rangements were tried near an airport 
and it was found possible to line up with 


Figure 19. Mount Rainier at A, five miles at 
60 degrees 
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the runway with reasonable accuracy, 
starting the landing approach out of a 
standard rate 180 degree turn, finishing 
the turn approximately 2 miles from the 
end ofthe runway. The precision of these 
approaches, however, was not quite 
enough to permit descending to much 
lower than 200 feet and in less than 1 
mile visibility and still not have to make 
a drastic maneuver required. prior to 
landing. 

Again, the research personnel, after 
many nights of failure and after trying 
many beacon arrangements, came up with 
an idea for a ‘magnifying glass” to im- 
prove the precision, during the last two 
or three miles, of the approach to the 
runway. Figure 22 shows the trick that 
was used to add this precision. It con- 
sisted of sending out one additional pulse 
from each beacon with a delay on each, 
adjusted so that the second pulses would 
lie very close to each other in range. Be- 
cause the delayed pulses will always lie on 
a radial line from the center of the scope 
through the initial pulse, the two delayed 
pulses will show a greater off-course indi- 
cation when such exists than will the 
two initial pulses, simply because they are 
farther out the radius. 

An examination of each drawing in 
Figure 22 will make this clear. It is im- 
portant to note the combined heading, 
track, and distance information inherent 
in this presentation. 

The magnification of the angular dis- 
placement of the runway provided by the 
delayed pulses might appear at first to 
be misleading, but as they were flown day 
after day, it was realized that when look- 
ing from the radar picture out the window 
at the actual runway, the runway ap- 
peared to match the angle of the delayed 
pulses rather than the angle of the initial 
pulses. A little thought made it obvious 
why. The angle of the runway as seen 
out of the cockpit window also was exag- 
gerated by the foreshortening effect of 
perspective. 

This method of making low approaches 
to a landing runway under instrument 
conditions has several basic advantages, 
one of the most important of which is the 
fact that with readily available and easily 
moved facilities, multidirectional ap- 
proaches can be made, whereas with our 
present system of making instrument low 
approaches, it is either very difficult or 
impossible to make a straight-in approach 
on more than one runway at a given air- 
port. A good instrument approach be- 
comes a very dangerous one whenever 
maneuvers have to be made underneath 
an overcast. Hence the need for straight- 
in approaches on all runways. During 
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Figure 20. PPI beacon display 


A—Radar beacon at Floyd Bennett Field 
B—Willow Grove beacon (Philadelphia) 


‘some of the late 1946 demonstrations of 


radar beacon low approaches at Denver, 
Colo., small portable beacons about the 
size of a suitcase were used. Frequently 
the beacons were run out to the ends of 
the runway in an automobile at the same 
time that the airplane was taxiing out to 
take off. Invariably by the time the air- 
plane circled around and was ready to 
start an approach, the beacons would 
be set up, on the air, and ready to oper- 
ate. 

One other important feature of the ra- 
dar beacon low approach method is that 
it is completely self-contained. It needs 


- no cross-check device to make sure that 


it is functioning properly and not lying to 
the pilot. This cannot be said for any 
other device known or used today. On 
one evening during the July 1946 dem- 
onstrations in New York, 22 consecutive 
approaches were made at Grumman Field 
on a runway of moderate length with 
factory buildings on both sides. There 
were no other facilities available or used 
by which to double-check the radar opera- 
tion. The approaches were made under 
actual conditions of a 200 foot ceiling and 
one-half mile visibility, at night and in 
rain. The average interval between the 
approaches was 4 minutes and 20 seconds. 
The pattern described by the airplane 
was very similar to that described by the 
average training airplane taking off and 
landing for practice in clear and unlimited 
weather, namely, a flat elipse with one 
leg on the runway. . 
There is, of course, at present no glide 
path or descent information available 
from the radar beacon method of low ap- 
proach. Perhaps a glide path would be 
a convenience, but it does not appear to 
be a necessity largely because of the con- 
tinuous distance information provided 
by the radar. Heretofore from our pres- 
ent facilities we have had only “check- 
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point”’ distance information, and of late a 
glide path. On such a system the glide 
path is quite necessary. But when we 
give the pilot continuous distance infor- 
mation, he can let down to safe altitudes 
at safe known distances from the runway 
with impunity. Actually the absence of 
the glide path eliminates one job that the 
pilot normally has to do, namely, to 
control the aircraft very precisely in pitch 
during the descent. In the case of the 
radar beacons, he can descend when and 
how he chooses, providing it is known to 
be safe. 


Ground Speed Checks with 
Air-borne Radar 


For the first time in the history of com- 
mercial aviation, we have in air-borne ra- 
dar the means of continuously checking 
ground speed. For navigational pur- 
poses, this is an extremely vital piece of 
information. Few persons who have not 
had to navigate airplanes realize the vast 
difference in precision between navigating 
in the air and on land or sea. In the lat- 
ter two cases, the dead-reckoning process 
is relatively simple and usually quite pre- 
cise. But in the air, one has to cope with 
the unknown effect of cross, head, and 
tail winds. Unless very frequent position 
checks are available, neither the ground 
speed, nor the drift, and its affect on 
ground speed, is immediately apparent 
to the pilot. The result is that he may fly 
an hour or more at an unfavorable cruis- 
ing altitude where there may be head 
winds; yet at some other altitude there 
may be more favorable winds. 

With the radar, it is possible to pick out 
any handy target and measure the time 
that it takes to travel between, say two 
range marksontheradar‘‘scope’’,andfrom 
this, immediately determining the ground 
speed and the drift. The process takes a 
little over two minutes. If not satisfied 
with the ground speed, the pilot may 
change altitude and, in the space of an- 
other two minutes, again check his ground 
speed. Frequently experience has indi- 
cated the possibility of picking the opti- 
mum altitude, not just the better altitude, 
within a space of 15 minutes, whereas with 
the present day facilities, the optimum al- 
titude most likely never would have been 
found and the process of finding a better 
altitude would have taken perhaps hours. 

The effect of this ability on the econ- 
omy of airline operation can be very con- 
siderable. Although limited experience 
has been had up to the present time, the 
indications are that flight plans involving 
a 7-hour nonstop trip can be bettered by 
an average of 15 to 20 minutes, approxi- 
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Figure 21. 


A—Floyd Bennett Field 
B—Willow Grove beacon (Philadelphia) 


PPI beacon display 


re 


mately a 5 per cent improvement in 
speed, which in turn shows up as a very 
considerable improvement in the econ- 
omy of the operation. 


A Joint Army-Navy-Airlines 
Procurement Program 


Early in 1946, and after some of the 
basic advantages as well as the shortcom- 
ings of the APS-10 radar were realized, a 
program was started by flight engineering 
personnel of American Airlines to estab- 
lish operating requirements for a new 
transport radar. In the fall of 1946, 
these operating requirements had become 
sufficiently detailed to discuss with both 
the Navy and the Army. Several meet- 


ings were held from time to time and the 


outcome was a decision for a specification 
common to the civil, the military, and the 
naval requirements. Subsequently the 
Navy undertook to lead the procurement 
of aradar to these specifications. Consid- 
erable manufacturing talent has been 
called in upon occasion and at the present 
writing, suitable radars will be available 
to the commercial operators early in the 
spring of 1948. 


The ‘Fail-Safe’’ Characteristics of 
Air-borne Radar 


There is no one feature or characteristic 
of air-borne radar that can be considered 


more important and more likely to con-~ 


tribute to its universal adoption than its 
“fail-safe’’ or self-checking ability. 

When reliance is put on an instrument 
or device to furnish information concern- 
ing the position or attitude of the air- 
craft, no possibility of that information 
being wrong can be tolerated unless the 
fact that the information is wrong is con- 
veyed immediately to the pilot in easily 
recognizable terms. 
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For years our basic navigation device 
has been the aural radio range. The suc- 
cess of this device, in spite of all of its 
inadequacies, has been in large part due to 
the ability of the pilot continuously and 
automatically to check the fact that he is 
receiving the information from the cor- 
rect station, and in fact is receiving the 
information. 

The lack of success of many devices 
that do not have this automatic self- 
checking feature built in can be attributed 
usually to the fact. Many devices are 
not subject to being inherently self-check- 
ing. One of these is the standard meter 
indication by which we convey so much 
information to the pilot such as head tem- 
peratures, gyro compass heading informa- 
tion, and altitude. None of these indi- 
cations is inherently self-checking, there- 
fore the devices are duplicated where they 
are vital to the safety of flight. This pro- 
vides an opportunity for the pilot to check 
one of the identical instruments against 
the other, and, when there is a discrep- 
ancy, he at least is informed that one of 
them is incorrect, thus will revert to some 
other source of information. 

It is a most fortunate thing that the 
radar, partly because of its cathode ray 
type of presentation and the many inter- 
locking circuits, is self-checking in nature, 
what we in the airline business like to call 
“closed circuit.”” Any failure of the radar 
so far experienced has resulted in either 
no indication on a PPI, or a completely 
nonunderstandable one. * Many attempts 
have been made to “hash up” the radar 
information in an attempt to produce an 
unidentifiable lie. Only on one occasion 
has this been successful and this was 
chargeable in no way tothe basic char- 
acteristics of radar. 

The very fact that pulses are sent out 
by the radar and there is then a listening 
period during which time the echo is re- 
ceived, makes the radar basically closed- 
circuit and self-checking. 

No greater compliment could be paid to 
any: device upon which the pilot must 
rely for infallible information than to say 
that it is perfectly closed-circuit. It 
would be foolhardy to say that the radar 
were perfect in this regard, yet all data 
received to date indicates that it is. 


The Effect of Air-borne Radar on the 
Accident Record 


In order to evaluate the extent to which 
radar could help the airline industry 
achieve greater safety, it was obviously 
necessary to examine the accident record. 


_Many factors came to light as a result of 


this examination, perhaps the most un- 
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fortunate of which is that most any con- 
clusions can be derived therefrom, de- 
pending upon the group of accidents that 
are studied and upon the assumptions 
made in the study. 

In order to take the extremely con- 
servative view, all accidents of the sched- 
uled air carrier industry were chosen, 
omitting the nonscheduled and the mili- 
tary accidents as representing a phase of 
aviation in which the efforts taken to 
reduce the risk, and the means available 
to reduce risks, are not quite as great 
as in scheduled operations. The period 
taken was that from 1938 to 1945, during 
which it could be said safely that our 
navigational information remained ap- 
proximately static, and during which 
there was no great influx of new personnel 
or new equipment. 


Figure 22. Drawing showing radar cathode- 
ray display of two radar beacons with de- 
layed pulses during turn in to runway 


Me 


D 


Obviously out of all of the fatal acci- 
dents, many have been indeterminate in 
cause and many have been obviously a 
result of something entirely apart from 
inadequate navigational information. On 
the converse, there is a smaller group in 
which conjecture leaves one almost in- 
evitably to conclude that severe turbu- 
lence or other dangerous weather was 
the contributory cause, although no proof 
is available. 

Eliminating those upon which there 
can be any reasonable doubt and taking 
only those accidents in which it seems 
perfectly obvious that the pilot must 
have thought he was either in no danger 
of colliding with a hill or being destroyed 
by weather, we find that 11 out of the 31 
fatal accidents during this period could 
have been prevented had there been an 
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operable air-borne radar aboard. Of the 
380 lives lost in these accidents, 160 could 
have been saved. 

These conclusions are believed to be 
extremely conservative and it is believed 
that when the foreign operators, the 
nonscheduled operators, and the military 
transport operators are taken into ac- 
count, the percentage of lives which prob- 
ably could have been saved by air-borne 
radar will go from approximately 42 per 
cent in the foregoing study to approxi- 
mately 70 per cent. 

In conclusion, the round figure which 
is believed to be safe to assume in the 
event the accident record pattern re- 
mains about the sameasit has in the past, 
is a 50 per cent improvemient in respect 
of lives lost in air transportation if air- 
borne radar is installed and operating. 
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No Discussion 
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Aircert Runway and Approach Lighting 


G. M. KEVERN 


ASSOCIATE AIEE 


Synopsis: Rapid and extensive changes in 
airport lighting have been made within the 
last ten years. The necessity for providing 
elevated high intensity runway and ap- 
proach lights as an aid during low visibility 
conditions, both day and night, has been 
generally recognized. With the advent of 
adequate runway lighting, boundary lights 
and floodlights (for runways) have become 
unnecessary. The provision of high inten- 
sity runway and approach lights of the 
latest type results in a 10,000 per cent 
increase in power consumption per runway. 


Prewar Practice 


RIOR to the war a conventional air- 

port lighting system for a major air- 
port consisted essentially of boundary and 
obstacle lights, semiflush runway marker 
lights, and runway floodlights. The run- 
way marker lights were installed at 
approximately 200-foot intervals along 
the edge of the runway pavement. They 
were placed in under ground cast iron 
bases, and the top of the light protruded 
not more than three inches above the 


Figure 1. 
showing the high intensity type D-1, and 
the semiflush type AN-L-9 lamp assemblies 


Runway marker light installation, 
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pavement. These lights were similar to 
the type covered by Army-Navy-Civil 
Aeronautics Administration specification 
AN-L-9. The outstanding development 
connected with this type of unit was a 
program sponsored by the Army Air 
Forces to increase the crushing strength, 
so that the unit could withstand being 
run over by heavy aircraft. The success 
of the program is demonstrated by the 
fact the A N-L-9 assemblies will withstand 
100,000 pounds without damage, whereas 
most earlier types failed at 20,000 pounds. 
A comparison of the semiflush AN-L-9 
assembly with the elevated type D-1 high 
intensity assembly is afforded by Figure 1 


which is a view of the experimental instal-. 


lation at Arcata, Calif. It is evident that 
the AN-L-9 assembly is obscured easily 
by grass, dirt, and snow, and is very sus- 
ceptible to damage by snow plows, inas- 
much as it is not high enough to be visible 
to snow plow operators. 

The prewar semiflush runway marker 
lights almost invariably were connected 
in 6.6-ampere series circuits, with an 
individual circuit and moving-coil con- 
stant-current regulator for each runway. 
A 3-kw 230- or 2,300-volt regulator was 
the most common size. The control sys- 
tem was simple, consisting of a magnetic 
switch for each regulator, remotely con- 
trolled from the airport control tower. 
Prewar requirements were about 2 kw for 
a 6,000-foot runway, as either a 325- 
lumen series lamp or a 40-watt 115-volt 
lamp ordinarily was used, The 40-watt 
lamp was utilized wherever it was desired 
to use a series multiple transformer to 
isolate the lamp socket from the high- 
voltage series line. The use of a series 
circuit in lieu of a multiple distribution 
system results in an appreciable saving of 
copper, and elimination of serious voltage 
drop problems. 

Except for a certain amount of develop- 
mental work carried on by the Army Air 
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Forces and other agencies, high intensity 
approach lights were not used prior to the 
war. Several installations of neon ap- 
proach lights were in use at various air- 
ports, but these were of value only during 


light fog or haze, and as an aid in dis- — 


tinguishing a runway from other long 
parallel rows of light. 


Wartime Practices ° 


During the war three major develop- 
ments in runway lighting were completed. 
The first was the familiar portable field 
lighting set which was used by the Army 
and Navy all over the world. The 
development of this set was completed by 
various manufacturers co-operating with 
the Army Air Forces just in time to be 
placed in quantity production when the 
war started. This set consisted of 105- 
volt 10-watt (clear) and 25-watt (colored) 
lamp assemblies mounted. on cones, to- 
gether with interconnecting cable and all 
necessary auxiliary equipment. Figure 2 
shows one of these sets during the process 
of installation. The power required by 
this set was very low, being supplied by a 
115-volt 500-watt d-c power plant which 
was furnished with the set, A loop dis- 
tribution system was utilized, using 2- 
conductor number 16 300-volt cable, with 
molded rubber plugs for all connections. 
The cable was laid on top of the ground, 
or buried a few inches. Extremely good 
results were obtained, as moisture caused 
less trouble than had been expected. The 
most serious trouble was caused by ter- 
mites, which ate everything except the 
copper in the asphalt impregnated cables 
which were used when rubber was scarce. 

The second major item to be developed 
was the elevated or “snow” runway 
marker lights. During the first part of the 
war, rapid expansion of flight operations 
began to be hindered by the fact that 
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Installation of a type AN-S-2 
portable field lighting set 


Figure 2. 


semiflush marker lights were obscured 
easily by snow, dirt, and grass, and fre- 
quently were sheared off by snow plows. 
As the cone mounted portable lights were 
not subject to these defects, the logical 
step was to develop an elevated fixture 
which would be substituted for the semi- 
flush unit. Figure 3 illustrates a fixture 
in accordance with Army-Navy-Civil 
Aeronautics Administration specification 
AN-L-26, which consists of a base plate 
for mounting on the same cast iron base 
as was used by the semiflush assemblies, 
an easily broken fiber mounting column, 
a cone for daytime marking, and a fixture 
utilizing a 40-watt 115-volt lamp and 
specially developed lenses. This as- 
sembly requires no more power than the 
semiflush units, but isolating transformers 
must be used. This fixture rises above 
the snow and, therefore, can be avoided by 
snow plow operators, produces a threefold 
improvement in useful light output, and 
was found to present no hazard to aircraft. 

The third and most important develop- 
ment was the high intensity incandescent 
lamp assembly which is utilized for both 
runway and approach marking. This 
assembly, now known as the Army Air 
Forces type D-1, was the culmination of 
approximately 10 years of development 


_ by the manufacturers and the military 


services. This fixture, which is also 
mounted on standard AN-L-9 bases, 
stands approximately 26 inches above run- 
way pavement, and utilizes a specially 
developed 200-watt 6.6-ampere series 
lamp. The unit emits front and rear 
beams of approximately 40,000 candle- 
power (8,000 candlepower red) one degree 
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wide and two degrees high, measured at a 
candlepower value equal to 50 per cent of 
the peak candlepower. Each unit is 
mounted upon a notched aluminum tube, 
which easily fractures when struck by an 
airplane or other vehicle. 

Power supply and control methods for 
the type D-1/ installations were similar to 
those previously used, except that it was 
absolutely necessary to provide reduced 
brightness taps, to prevent blinding on 
clear dark nights. -Resonant circuit con- 
stant current regulators having brightness 
taps of 100, 30, 10, 3, and 1 per cent were 
developed accordingly and used to the 
exclusion of moving coil regulators. An 
average installation, consisting of a 6,000- 
foot runway and 2,400 feet of approach 
lights on one end, required approximately 
20 kw, which was supplied by three 7.5- 
kw 2,300-volt 6.6/5.5/4.8/4.2/3.8-ampere 
regulators. The lamp assemblies were 
connected directly into the series circuit 
on overseas installations, while isolating 
transformers normally were used in 


Figure 3. Elevated or “snow” runway 
marker light, type AN-L-26 
domestic installations. One of the regula- 


tors normally was connected to runway 
selector relays to provide power for the 
conventional lighting circuits on other 
runways. 


Postwar Developments 


The type D-1 lamp assemblies, when 
installed along the edges of the runway, 
and in the standard 2,400-foot parallel 
row approach lighting system, gave excel- 
lent service both overseas and in the 
United States. The widespread use of 
this system resulted in substantial savings 
of life and property by making landing 
possible under weather conditions which 
would have been considered unflyable had 
the system not been available. As might 
have been expected, however, occasional 
unsuccessful attempts were made to 
utilize the system during visibility con- 
ditions worse than those for which the 


Kevern—Airport Runway and Approach Lighting 


system was designed (one-quarter mile at 
night and one-half mile during daylight). 
During these lower visibilities, it was 
found that the electronic approach aids 
could not be flown with sufficient accuracy 
to insure that the airplane would come 
within the visual range of the extremely 
narrow beams of light emitted by the 
type D-1 assemblies.2 Development of 
wide beam units, therefore, was initiated 
by one manufacturer under a develop- 
ment contract from the Army Air Forces. 
A study revealed that sufficiently wide 
beams could be obtained for runway 
lighting without exceeding 200 watts, so 
no new power supply or control problems 
were introduced. 

On the contrary, the same study re- 
vealed that the approach light wattage 
would have to be increased from 200 to 
5,000, thus necessitating radical depar- 
tures from previous power supply sys- 
tems. The new system was installed by 
the Army Air Forces at the Landing Aids 
Experiment Station, Arcata, Calif., and 
proved quite successful by flight tests dur- 
ing heavy fogs. This system, therefore, is 
considered worth describing in detail. 

The approach light, which is illustrated 
in Figure 4, consists of a 5-kw 115-volt 
75-hour projection type lamp, a spherical 
reflector, an inner glass vertical condens- 
ing lens, an outer red plastic horizontal 


_ condensing lens, and a ventilating motor. 


It emits a beam having a peak candle- 
power of 25,000 (red), a width of 45 
degrees, and a height of 35 degrees. 
Figures 5 and 6 are views of the experi- 
mental installation at Arcata showing 
how the approach lights were raised up to 


Figure 4. Approach light, 5,000 watts, 115 
volts 
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runway level, above the low ground in the 
approach zone. 

Both optical characteristics-and loca- 
tion of these lamp assemblies were specifi- 
cally designed to overcome the defects of 
previous systems.? Flight tests, al- 
though not yet complete, prove that the 
system is a substantial improvement over 
previous systems. Figure 7 is an aerial 
view, taken at dusk, which shows the 
complete runway and approach lighting 
system at Arcata. 

The large amount of power required 
(180 kw) made the use of series circuits 
impracticable. Similarly, the distances 
involved, and the necessity for supplying 
exactly rated voltage at the lamp ter- 
minals, prohibited the use of a low voltage 
distribution system. A 3-phase 4-wire 
2,400/4,160-volt distribution system, 
therefore, was selected. Protection was 
obtained by the use of a separate fuse for 
each line, on each side of the approach 
path, in lieu of a circuit breaker which 
would de-energize the entire system when 
trouble occurred. This system provides 
the following advantages: 


1. Uses standard commercial equipment. 


2. Tapped transformer for each light per- 
mits adjustment of the lamp voltage to 
within + 11/4 per cent of rated voltage. 


3. Each transformer has a secondary cir- 
cuit breaker and a primary fuse. Trouble 
in any one light or transformer, is therefore, 
unlikely to have any effect upon the re- 
mainder of the system. Furthermore, the 
circuit breaker permits servicing of a lamp 
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Figure 5. Approach light towers at the land- 
ing aids experiment station, Arcata, Calif. 
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Figure 6. Approach light and transformer 
installation 


assembly without de-energizing the entire 
system. 


4. Transformers are connected line to 
neutral, with every third transformer being 
connected to the same phase. 


5. A maximum of reliability, therefore, is 
provided, as trouble in any one line will de- 
energize only every third light on one side. 
The lighting system will still be usable 
under all except the very worst visibility 
conditions. 


Some method of brightness control for 
every high intensity approach lighting 
system is mandatory. Brightnesses of 
100, 30, 10, 3, and 1 per cent eventually 
will be obtained on this system by means 
of a motor driven induction regulator. 
This regulator will be controlled from the 
airport control tower by the same type of 
5-point selector switch as is now used to 
control resonant circuit regulators on 
conventional series circuits. In addition, 
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Figure 7. View of the approach and runway 
lighting system, taken at dusk during a slight 
haze 


the regulator automatically will compen- 
sate for variations in supply voltage. 
This regulator will be similar to standard 
commercial feeder voltage regulators, 
except that it will be wound for 1,380/- 
2,400-volt 4-wire primary, 75 per cent 
raise and lower. 


Table |. Rheostat Settings 
Generator 
Brightness, Voltage, 

Per Cent Lamp Voltage Line to Neutral 
4) 6 a ae eee eee 

LOO ais canker PhLSo satiety sree 2,400 

SO sae te sees Dic nee oft okalele Se 1,570 

LOTR eae: TA Pearsall ateteee 1,130 

CR Sen aoe BLUME Seneraiey ac, 810 

Boe sate an ZO Ne ust ouciaterate 600 


Unfortunately, considerable delay was 
encountered in delivery of the regulator, 
so brightness control now is being ob- 
tained by manually operated field rheo- 
stats on the 600-kw 2,400/4,160-volt 
Diesel generator which supplies power for 
the system. The settings required are 
tabulated in Table I. 


Summary 


It is evident that the art of airport 
lighting is in a state of rapid flux. Ex- 
tensive changes have been made in the 
last few years, and many more changes 
may be expected within the next few 
years. Some of the most notable of the 
improvements already made can be sum- 
marized as follows: 


1. The abandonment of boundary lights 
and runway floodlights in favor of adequate 
runway marker lights. 


2. Recognition of the fact that high candle- 
powers are needed during low visibility 
conditions and that brightness levels as 
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low as one per cent are needed during clear 
dark nights. 


8. Development of the necessary bright- 
ness control equipment. 


4. Elevation of runway marker lights 
above grass, dirt, and snow. 


5. Increase in runway lighting power re- 
quirements from 2 to 16 kw, for a 6,000-foot 
runway. 


6. Increase in approach lighting require- 
ments per approach zone from 0 or 1 kw 
for neon lights to 200 kw. 


7. Recognition of the fact that low visi- 
bility landings cannot be made safely by 
electronic aids alone, but that high intensity 
approach and runway lights must be used 
to provide last minute visual contact. 
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In conclusion, it may be safely pre- 
dicted that civilian airports gradually will 
be forced to recognize and make use of 
the foregoing improvements which are 
already in effect at most Army and Navy 
fields. In particular the following 
changes in civilian practice are expected: 


1. Widespread use of elevated runway 
marker lights, as follows: 


(a). Cone mounted 30- and 45-watt 6.6-ampere 
units as parts of series lighting sets for small air- 
ports. 


(b). Conduit or cone supported 45-watt 6.6-am- 
pere ‘‘snow”’ lights, mounted on conventional cast- 
iron bases, for noninstrument runways on com- 
mercial fields. : 


(c). High intensity 200-watt 6.6-ampere units 
mounted on grooved aluminum tubes fastened to 


No Discussion 
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conventional: cast-iron bases, for all runways on 
which instrument landings will be made. 


2. Use of series circuits, with an individual 
6.6/6.6-ampere isolating transformer to feed 
each of the elevated runway lights. 


3. Use of high intensity incandescent ap- 
proach lighting systems in all approach 
zones in which instrument approaches will 
be made. 
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Aircraft Window Deicing 
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* 


re FORMATION of ice on the wind- 
shield of an airplane usually results in 
complete loss of vision within a very few 
seconds after icing conditions have been 
encountered. Although many methods 
for preventing the formation of ice have 
been used, nearly all have serious dis- 
advantages. Numbers of airplanes, com- 
mercial and military, are equipped with 
provisions for deicing windows, which will 
serve for average flight conditions, but 
which are generally inadequate for severe 
icing conditions. In addition to the 
problem of window icing, the condition 
caused by the formation of fog or frost on 
the inboard side of the windows presents a 
hazard which is much more than an ag- 
gravating nuisance and can become as 
dangerous as icing. 

A new type of heater formed by an 
electrically conductive film on the surface 
of the glass now promises to present an 
ideal solution to the problem of preventing 
icing and fogging of aircraft windows. 
The effectiveness of this new type of 
window depends to a great extent on the 
electric system used to control the opera- 
tion of the heater. It is the purpose of 
this paper to consider the factors involved 
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in the design of an effective electric sys- 
tem for this new method of window heat- 
ing. 


Methods of 
Heating Aircraft Windows 


There are various means used to pre- 
vent icing and fogging of aircraft win- 
dows. The following are among those 
methods: 


1. Hot air directed on the window or passed 
between a double section window composed 
of two plates with an air gap between. 


2. Resistance wires imbedded in the plastic 
of a laminated vinyl-glass window. 


3. Radiant heat (infrared) directed on the 
window. 


4. Freezing-point depressants, such as 
alcohol, applied to the outside surface of the 
window. 


5. Windshield wiper used in conjunction 
with a freezing-point depressant. 


One of the most common means of pre- 


Figure 1. Two-position on-off window heat- 
ing control circuit using a Wheatstone bridge 
and polarized relay 
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venting icing is hot air. A fairly success- 
ful system used on numerous commercial 
and military airplanes consists of two 
panels separated by an air space of 
approximately one-eighth inch. Hot air 
from combustion or exhaust heaters is 
passed through the air space between the 
two panels. The outer panel usually 
consists of a single plate of tempered glass. 
To improve strength and to provide ad- 
ditional insulation to reduce the quantity 
of heat dissipated into the cabin, the inner 
panel is laminated of one plate of glass and 
one sheet of vinyl plastic or one sheet of 
vinyl sandwiched between two plates of 
glass. The main disadvantage is the 
quantity of high temperature air which 
must pass through the air space in order to 
transmit enough heat to the outside 
surface of the glass to prevent icing under 
severe temperature conditions. There 
are the additional disadvantages of pilot 
discomfort from the radiated heat, and 
possible damage to the glass from stresses 
due to unequal heating. 

Imbedded resistance wires in the win- 
dow would seem to present an ideal solu- 
tion to the window-heating problem. 
However, it is impracticable to imbed the 
wires in the glass, making it necessary for 
these heating elements to be located in 
the vinyl plastic of a laminated glass- 
vinyl panel. The deicing ability of such 
construction is limited by local overheat- 
ing of the vinyl around the heater wires. 
Even though local heating is held within 
safe limits, some optical distortion results 
from the concentration of heat around the 
wires. In addition, there is the possibility 
of eye fatigue due to the closely spaced 
fine wires in the windshield. 

In general, the other methods of win- 
dow heating mentioned are more objec- 
tionable than the methods just described. 
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Figure 2. On-off control box with cover 
removed showing polarized relay, bridge 
resistor, and control relay 


Mounting feet are attached to the box by 
antishock mounts 


Further discussions of these methods 
therefore will be omitted. 


Windows Which Incorporate an 
Electrically Conductive Coating 


Glass manufacturers have developed a 
transparent electrically conductive coat- 
ing which can be applied to the surface of 
the glass to provide a heating element 
which promises to be superior to any 
method of heating windows now generally 
known.! A microscopically thin film of 
this material applied to the surface of the 
glass and processed at relatively high 
temperatures provides a durable electric 
conductor with a resistance of approxi- 
mately 125 ohms per square area as 
measured across opposite edges of the 
glass. Electric power can be applied to 
the coated surface by means of bus bars 
which are formed by painting strips of 
silver paste lengthwise along the edges of 
the coating to form silver conductors. 
These silver conductors also are processed 
at relatively high temperatures. Fairly 
uniform heating of the entire area of the 
glass results from the dissipation of elec- 
tric energy when current is passed 
through the coating. Heating is ac- 
complished without distorting visibility 
and with small loss in direct light trans- 
mission. Reflectance is about ten per 
cent as compared to eight per cent for 
ordinary plate glass. An iridescent 
appearance occurs from reflected light. 
Reflections are minimized and light trans- 
mission is improved by laminating the 
coated glass with another plate of or- 
dinary glass with an intermediate layer of 
vinyl plastic. 
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For a number of years laminated glass- 
vinyl window panels have been in general 


use on aircraft.”® Impact-tresistant 
panels of this type commonly are con- 
structed of a layer of vinyl plastic one- 
eighth to one-fourth inch thick sand- 
wiched between two tempered glass 
plates one-eighth to one-fourth inch 
thick. Such construction presents high 
strength against the impact of airborne 
objects such as birds or blunt heavy 
objects. Tests indicate that the impact 
strength drops off considerably when the 
temperature of the vinyl layer is below 70 
degrees Fahrenheit and above 130 de- 
grees Fahrenheit. However, the range 
of temperature at which maximum im- 
pact strength occurs varies with different 
types of vinyl plastics. 

The laminated glass-vinyl window 
presents the ideal construction for the 
glass on which the conductive coating is 
applied. By applying the conductive 
film to the inner surface of the outside 
glass plate, mechanical protection and 
electrical insulation is provided for the 
coating. For optimum transfer of heat 
for deicing, it is desirable to have the 


Figure 3. Three-position control circuit 


which provides high power, low power, and 
off positions 
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coating on the outer surface of the out- 
side plate. However, an exposed electric 
coating is not advisable from the stand- 
point of safety and durability. By 
locating the coating on the inner surface 
next to the vinyl layer, not only is the 
heat transmitted to the inside surface of 
the panel more satisfactorily for de- 
fogging, but the vinyl layer.can be main- 
tained within the temperature range at 
which maximum impact strength 1s 
realized. 

Many military airplanes require bullet- 
resistant window panels. These panels 
are laminated with multiple layers of 
glass plate and vinyl plastic to thicknesses 
from one to five inches. Most of the 
vinyl layers are less than 1/16 inch thick. 
The temperature of the vinyl layers has 
little effect on the bullet-resistant charac- 
teristics of these panels. The conductive 
film for deicing is applied in the same 
manner as for the bird-resistant panels. 
Under most conditions of operation, the 
temperature gradient is such that for the 
thicker bullet-resistant panels little heat 
will reach the inner surface of the inside 
plate. For this reason, some panels are 
being equipped with a defogging heater 
coated on the inner surface of the glass 
plate on the cabin side of the panel. The 
problem of controlling such a heater is 
simple, since the power requirement is 
small and fairly constant. A manual on— 
off switch operated when desired by the 
pilot appears to be sufficient. For some 
applications, it may be necessary to pro- 
vide a simple limit control to prevent the 
temperature from exceeding safe limits. 

At the present time, the method of 
heating windows by use of an electrically 
conductive coating is relatively new. 
With present processes and techniques, it 
is difficult, if not impossible, to produce a 
uniform conducting coating on the surface 
of irregular-shaped windows. Most air- 
plane windows are not simple rectangles, 
but involve trapezoidal areas and shapes 
with corners rounded to various radii. 
Theoretical considerations of the func- 
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Figure 4. Three-position control box with 


cover removed showing bridge resistors, 
polarized relay, control relays, and transfer 
relay 


tions of the conductive coating on 
irregular-shaped windows indicate that it 
is practically impossible to obtain uniform 
heating.! Thus, it can be seen that there 
is some possibility of overheating certain 
areas, even though the average tempera- 
ture is relatively low. This condition is 
not considered as too serious. However, 
a more serious condition, which has been 
reduced in severity but has not been 
eliminated entirely, is the localized heat- 
ing which occurs at the ends of the bus 
bars on curved end plates. Such a con- 
dition may result in bubbles in the plastic 
and fracture of the glass. The effect of 
this type of hot spot is minimized by 
locating the bus as near the edge of the 
glass as possible and by tapering the end 
of the bus.! Disregarding power and con- 
trol effects, the possibility of damaging 
the window from localized heating de- 
pends on the pattern and location in the 
airplane as well as the surrounding air 
temperature and air movements across 
the surface of the panel. Laboratory 
tests indicate that the possibility of 
damaging the glass is reduced when air is 
flowing over the surface of the panel, even 
though the average temperature of the 
glass surface is the same for both con- 
ditions.1_ Thus, it would appear that one 
of the most dangerous conditions occurs 
when the airplane is standing on the 
ground under still air conditions. To 
avoid this condition, power could be ap- 
plied only when the airplane is in flight. 
However, it is often absolutely essential 
that heat be applied to the windows before 
taking off to remove ice or frost to provide 
clear vision. 

For certain applications where weight 
and temperature gradient considerations 
permit, the thickness of the outside plate 
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of the window panel may be increased to 
3/16 inch or greater. The thicker plate 
permits the glass to be tempered to a 
higher degree. The increased temper 
combined with the thicker glass results in 
greater resistance to fracture, and in some 
cases, almost entirely eliminates the dan- 
ger of serious damage from stresses caused 
by localized overheating. 


Power and Control Limitations 


The power required for preventing icing 
varies considerably, depending upon the 
type of operations and the geographical 
location of such operations. Also, the 


‘window panel configuration, location, and 


angle with respect to the air stream have 
much bearing on the power requirement. 
Various power requirements ranging from 


_ 500 to 3,100 Btu per hour per square foot 


(147 to 910 watts per square foot) have 
been specified by aircraft builders and 
operators. 

The maximum power is limited some- 
what since the temperature gradient from 
the heater coating to the outside surface of 
the glass plate increases as the energy 
conducted through the plate increases, if 
all other conditions remain the same. In 
order to prevent excessive temperature 
gradients at high power inputs, the glass 
on which the conductive coating is located 
may be as thin as 7/64 inch. However, 
thicker glass is preferred when practicable 
to minimize waviness and provide higher 
strength. 

Although there must be a large quan- 
tity of power available to combat extreme 
icing conditions, average operating con- 
ditions for most aircraft require much less 
than maximum power. Tests have indi- 
cated that hot spot conditions are more 
serious when energy is being applied to the 
windows at a high rate, such as 2,500 Btu 
per hour per square foot, than at a lower 
rate, when ambient temperature and air 
conditions are such that the heat is not 
dissipated rapidly from the windows, even 
though the energy is applied for a shorter 
duration. Apparently the rapid dissipa- 
tion of heat under severe icing conditions 
in flight, when large quantities of air are 
passing over the window panel, prevents 
serious overheating. Thus, it would seem 
desirable to operate the window heaters, if 
possible, from a source which would sup- 
ply maximum power for severe conditions 
and an intermediate power for average 
heating requirements. 


There is no apparent reason for main- 


taining the vinyl temperature within 
closer limits than that of the temperature 
range over which maximum impact resist- 
ance is realized if the temperature gradi- 
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ent is such that the outside face of the 
panel remains above freezing tempera- 
ture. Thus, in many cases it is only 
necessary for the control to hold the vinyl 
within a range of 70 to 130 degrees Fah- 
renheit. The range of temperature varia- 
tion may be even greater for bullet-resist- 
ant panels since the temperature of the 
vinyl is not critical. However, it is desir- 
able to hold the vinyl temperature as low 
as possible since higher temperatures tend 
to aggravate any localized overheating 
conditions. 


Design Considerations for 
Temperature Control 


The first consideration in the design of a 
temperature control is for reliability and 
safe operation of the window heater. The 
ideal control is one which will maintain 
the vinyl temperature within the range at 
which maximum impact strength occurs, 
and at the same time, prevent the appli- 
cation of high voltage to the window 
heater under conditions when a high rate 
of power input may result in damage to 
the window. A control that would sense 
all combinations of conditions would be 
too complicated to be practical. A simple 
approach to the problem is an on-off con- 
trol, as shown in Figure 1, provided by a 
Wheatstone bridge and a polarized relay. 
Such a circuit will provide optimum relia- 
bility because it can be constructed with a 
minimum number of parts which are rug- 
ged and reliable. The operation of the 
on-off control is simple. The bridge is 
adjusted so as to balance at the desired 
window temperature. At all tempera- 
tures below the desired point, the bridge 
becomes unbalanced as a result of the 
change in resistance of the window 
temperature sensing element. The un- 
balance voltage output of the bridge actu- 
ates the polarized relay which energizes 
the control relay coil. The control relay 
causes power to be applied to the window 
by actuating the line contactor. When 


Figure 5. Control box shown in Figure 4 
being removed from shock mounted rack 
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Figure 6. Curves indicating relative sensi- 

tivity of a nickel alloy wire temperature sens- 

ing element as compared with a metallic oxide 
element 


Dashed line—Nickel alloy wire element 
Solid line—Metallic oxide element 


the temperature again approaches the de- 
sired value, the polarized relay is de- 
energized as the bridge becomes balanced, 
causing the power to be removed from the 
window. In this way, either maximum 
power is applied or power is disconnected 
entirely. The length of the on and off 
cycles is determined by the watts dissi- 
pated by the window. Although the on— 
off control provides a certain degree of 
satisfactory operation for many types of 
windows, it appears that for some panels, 
it is not desirable to apply power at a high 
rate for all conditions of operations. For 
this reason, a system with an intermedi- 
ate power position seems to merit con- 
sideration. Such a control, as shown in 
Figure 3, provides an intermediate power 
position by using a 3-position polarized 
relay. Cycling under mild conditions 
occurs between the intermediate power 
position and the off position. Full power 
is applied to the windows only under 
severe icing conditions and when cold 
windows are initially energized. For mild 
conditions, when power is first applied, 
high voltage is applied for a relatively 
short time, but after once being energized, 
the sequence of cycling must pass through 
the intermediate power position so that 
the window is not ‘“‘shocked’”’ with high 
voltage from the off position. The 3- 
position scheme is favored for some appli- 
cations at this time since it provides a 
more flexible control which can be easily 
adapted to a wide variety of systems. It 
is possible that additional experience with 
actual flight conditions will change the 
present picture entirely. If it is found 
that a 2-position control is adequate in 
applications where 3-position controls 
have been installed, the intermediate posi- 
tion of the control easily can be discon- 
nected, thus providing a simple on-off 
control, 
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Figure 4 illustrates a 3-position control, 
complete with transfer facilities for shift- 
ing from the main to the alternate equip- 
ment, which is being used for commercial 
and military airplane window heating. 
The unit is designed to plug into a stand- 
ard JA N-C-172 shock-mounted base. 

The necessity for applying heat to the 
windshield while the airplane is standing 
on the ground, when ice has formed ob- 
structing the vision, has been discussed 
previously. If future tests and operating 
experience indicate that under certain 
conditions it may be unsafe to apply full 
voltage when the system is energized 
initially, it may be necessary to provide a 
timing device which will allow only an 
intermediate voltage to be applied to the 
windows for a period of time considered as 
safe. Such a device can be connected 
easily into the 3-position control circuit 
and could be incorporated in the opera- 
tor’s switch. In some cases, a switch 
operated by the landing gear to discon- 
nect the high-power position of the con- 
trol when the landing gear is down pos- 
sibly would provide safe operation. 


Window Temperature 
Sensing Elements 


The temperature sensing element must 
sense the temperature of the vinyl as well 
as the temperature of the outside surface 
of the window panel. Since it is essential 
that the vinyl be held within a certain 
temperature range to prevent damage to 
the panel from overheating and to provide 
maximum strength for impact-resistant 
windows, the obvious location is in the 
vinyl plastic next to the heater film. In 
this location with 0.020 to 0.060 inch of 
vinyl separating the sensing element and 
the conductive coating, the element accu- 
rately senses the temperature of the vinyl 
and at the same time is near enough to the 
conductive film to provide rapid response 
to any tendency for localized overheating 
in the vicinity of the element. 

Some factors that must be considered 
when selecting a temperature sensing ele- 
ment are sensitivity, reliability, size, 
transparency, and adaptability to simple 
control schemes. Four types of elements 
have been considered for temperature 
sensing , 


Thermocouple. 
Thermostat. 

Metallic oxide element.5 
Wire element. 


Se 


Thermocouples are eliminated imme- 
diately as satisfactory sensing elements 
because of the complex control which 
would be required. Thermostats which 
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are rugged and reliable are not available 
in sizes small enough to be imbedded in 
the plastic of the window. Metallic oxide 
elements present the ideal units from the 
standpoint of sensitivity and adapta- 
bility. These elements are used in the 
form of disks ranging from one-eighth to 
three-fourths inch in diameter. Mini- 
mum thickness is about 0.050 inch. The 
faces of each disk are silvered presenting a 
convenient means for attaching leads. 
The main advantage is the high negative 
temperature coefficient of resistance. 
Tests have indicated that metallic oxide 
elements have excellent stability over long 
periods of time.’ The main disadvantage 
results from the fact that during manu- 
facture it is extremely difficult to hold the 
specific resistance within close limits. 
There may be as much as 20 per cent 
difference in resistance between units. 
Temperature sensing elements formed 


-from fine wire of nickel or other metals or 


alloys which have high positive tempera- 
ture coefficient of resistance are the most 
versatile. However, such elements are 
less sensitive than the metallic oxide ele- 
ments and are therefore less desirable in 
many cases. Wire elements must be used 
from necessity in most bullet-resistant 
windows where the vinyl thickness is 
0.060 inch or less. A satisfactory method 
of manufacturing such wire elements has 
been developed in which the fine wire is 
embedded in a small square of vinyl plas- 
tic. This unit after being laminated into 
a window panel presents little obstruction 
to vision. 


Selection of a Power Supply 


The size and configuration of most air- 
craft windows make the use of voltages of 
300 and higher necessary in order to dissi- 
pate sufficient energy for satisfactory 


Figure 7. Wire wound and metallic oxide 
temperature elements embedded in the vinyl 
layer of a laminated glass vinyl window 
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Figure 8. An 11-kva 3-phase 120/208-volt 

400-to-800-cycle 4,000-to-8,000-rmp en- 

gine-driven aircraft alternator designed specifi- 
cally for window heating service 


window heating under all conditions. 
Logical sources of supply for such voltages 
are engine-driven alternators or inverters. 
In many cases of both new and old air- 
plane designs, where the installation of 
the new window heating system is being 
considered, 120-volt 400-cycle inverters 
are available. In such cases, when the 
power capacity is adequate, the addition 
of transformers provides sufficiently high 
voltages for the window heaters. Gener- 
ally, the most efficient operation can be 
obtained from engine-driven alternators. 
This is especially significant where a num- 
ber of windows are to be heated, requiring 
large amounts of power. High voltage 
d-c machines are not favored because of 
difficulties encountered with commuta- 
tion. In addition, by the use of trans- 
formers, alternating current provides a 
mutch more flexible system. 

Aircraft engine-driven alternators can 
be provided with the high voltage output 
required for the window heaters. How- 
ever, standard voltage machines of 120 
volts or 208 volts output used in conjunc- 
tion with transformers are preferred. Al- 
though, in some cases, the use of a trans- 
former can be eliminated when using a 
high voltage machine, the hazard intro- 
duced by running high voltage leads from 
engine nacelles and the problem of pro- 
viding high voltage switching and protec- 
tive devices are objectionable. 


Special Considerations 


Because the function of the window 
heating system is of such a vital nature, 
it appears advisable to provide additional 
equipment for stand-by service in case of 
failure of the power system. Full advan- 
tage of the excess power capacity provided 
by stand-by equipment can be utilized for 
providing power to galleys, coffee makers, 


1404 


and other electric equipment which is not 
essential for the safe operation of the air- 
plane. A complete system, including 
transfer facilities, is shown in Figure 10. 
Only one control unit is provided since the 
control components are such that there is 
little possibility of any failure during 
flight. The control panel, being of the 
plug-in type, may be replaced easily 
within a few seconds if satisfactory opera- 
tion is in doubt. The transfer from one 
power system to the other is accomplished 
by a transfer relay within the control 
panel and transfer contactors, all actuated 
by the pilot’s or operator’s switch. The 
3-position control in Figure 10 changes the 
operating point of the regulator to provide 
high and intermediate voltage positions. 
The control removes power from the sys- 
tem by opening the alternator field cir- 
cuit. 


A ground fault protection system is pro- 
vided for the window heating system, as 
shown in Figure 11, to give complete pro- 
tection against ground faults within the 
alternator or grounded cables from the 
engine nacelle to the contactors in ~the 
fuselage. The alternator neutral lead is 
passed through a ring-type current trans- 
former at the ground point, and the 3- 
phase lines are passed through another 
ring-type current transformer at the con- 
tactor in the fuselage. The secondary 
windings of the two current transformers 
are connected in series and the operating 
coil of an a-c relay is connected across the 
transformer secondary loop circuit. 
Under normal conditions the balanced 
3-phase load on the alternator does not 
induce any voltage in the secondary wind- 
ings of the current transformer and there- 
fore has no effect on the ground protection 
relays. Single-phase loads applied to the 
alternator result in equal voltages being 
induced in the secondaries of the current 
transformers, but these voltages are in 
series around the current transformer sec- 
ondary loop, and therefore, the current in 
the two transformer secondary windings 
oppose each other and result in zero cur- 
rent. Any slight voltage which exists 
across the ground protection relay termi- 
nals, caused by unbalance in the resistance 
of the wiring, is far below the operating 
voltage of the relay. Yet, if a phase-to- 
ground fault occurs anywhere between the 
alternator neutral and the location of the 
line current transformer, it will cause the 
ground protection relay to trip as soon as 
the fault current exceeds the trip setting 
of the relays. A self-locking relay pro- 
vides trip free operation by preventing re- 
set until its coil is energized by throwing 
the operator’s switch to the “off” or 
“reset”? position. This relay sets up the 
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circuit so that the field relay and the con- 
trol relay coils are energized when the 
switch is thrown to the ‘‘on’’ position. 

On some systems, it is desired that the 
temperature of the vinyl be indicated on a 
temperature indicating instrument in the 
cabin of the airplane. Such an indicator 
is essential if a manual override switch ts 
required to provide manual control of the 
window heaters in case of emergency. A 
simple and efficient method of obtaining 
visual indication of window temperature is. 
to connect a small milliammeter, cali- 
brated in degrees of temperature, at the 
same points on the bridge circuit as the 
polarized relay in order to read bridge out- 
put current. With such a scheme, a 
switching arrangement disconnects the 
polarized relay and at the same time shifts 
the bridge balance in order to obtain zero 
bridge output current at the lowest read- 
ing on the meter dial. The indication 
must be only momentary since the control 
is inoperative when the polarized relay is 
disconnected. 


Conclusions 


Although the electrically conductive 
coating applied to the surface of the glass 
of an airplane window promises to be 
much more desirable than any previous 
means of window heating, difficulties 
sometimes are encountered under certain 
combinations of conditions, which pos- 
sibly can cause damage to the window 
panel due to hot spots and resulting un- 
equal stresses unless proper control is pro- 
vided. 

Although a simple on-off control is 
satisfactory for some types of windows, a 
3-position temperature control scheme ap- 
pears to minimize the possibility of 
damaging the windows by applying 
energy to the window heaters at a com- 
paratively low rate under average con- 
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Figure 9. An 8-kva single-phase 120-volt 

400-to-800-cycle 4,000-to-8,000-rpm engine- 

driven aircraft alternator which is being used 

as a power supply for window heating, radar, 
and radio applications 
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Figure 10. Circuit of complete window 

heating system including the transfer fea- 

ture for transferring the window heating 
load from one alternator to the other 


Provisions for connecting the idle stand-by 
equipment to nonessential loads are shown 


Figure 11. Ground fault protection control 
box with cover removed 


Mounted within this box are the alternator 
field relay, a-c control relay, and two d-c 
control relays 
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ditions. Application of maximum power 
is limited to extreme temperature con- 
ditions and when power is first applied to 
cold windows. Operating experience may 
indicate that a simple timing device which 
can be incorporated in the starting switch 
is required to prevent the application of 
maximum power when the windows are 
cold. 

Since the use of the electrically conduc- 
tive coating for aircraft window heating is 
relatively new, the scope of laboratory and 
flight tests has been limited. At present, 
installations are being made on both com- 
mercial and military airplanes. Only 
after considerable operating experience 
has been accumulated on these installa- 
tions, will sufficient data be available to 
determine the most effective method for 
controlling the window heaters. 
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It seems evident that with the perfec- 
tion of the control system and window 
manufacturing techniques, which will 
come with time and operating experience, 
this type of window heating will provide a 
safe, efficient, and reliable method far 
superior to any previous system of heating 
aircraft windows. 
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Discussion 


F. A. Glassow (Barber-Colman Company, 
Rockford, Ill.): The recommended system 
combines reliability and safe operation with 
simplicity and a minimum of weight. Al- 
though it is true that the use of electrically 
conductive coating for aircraft window 
heating is relatively new, several successful 
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applications have been reported. The 
experience gained from these installations 
and the pooling of ideas made possible by 
meetings of this nature are contributing 
greatly to the improvement of safety in air 
travel. 

Of particular interest in the control sys- 
tem is the polarized relay used in the tem- 
perature-sensitive Wheatstone bridge. Cer- 
tainly the sensitivity of the system depends 
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largely on the ability of the polarized relay 
to sense small unbalance of the bridge caused 
by slight resistance fluctuations occurring 
in only one leg of the bridge. The relay 
used in the circuit described by Mershon is 
operated with a power input of only 56 
microwatts and with a voltage of 0.07 
volt across its coil required to close the con- 
tacts. 

Since the contacts open when the coil 
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voltage is reduced to approximately 0.05 
volt, the bridge unbalance representing the 
differential of the system may be as little as 
0.02 volt. In a similar installation with 
simple on-off control the differential meas- 
ured in degrees Fahrenheit with thermo- 
couples taped to an actual windshield was 
observed to be as little as 3 degrees Fahren- 
heit at a control point of 115-degrees Fahren- 
heit. This performance was obtained using 
two metallic oxide disks in series to sense the 
window temperature; however, the input 
to each disk was held to 1/20 watt in order 
to minimize the effects of self-heating of the 
elements. Operating differentials of 12- 
degrees Fahrenheit have been observed 
using wire elements and a polarized relay 
with comparable sensitivity. This differ- 
ential, although broader, is adequate for 
windshield temperature control since it is 
well within the permissible range of 70 to 
130 degrees Fahrenheit. 

Until recently relay performance meeting 
these requirements of sensitivity could be 
obtained only with delicate instruments 


1406 


unsuitable for mobile installations where 
shock and vibration play a predominant role. 
The polarized relay used in these control 
applications combines electromagnetic prin- 
ciples in a unique fashion, eliminating the 
disadvantages of conventional instruments, 
yet permitting contact loading of 0.5 am- 
pere at 28 volts, direct current. Equally 
amazing is the fact that these relays, rang- 
ing in sensitivity from 40 microwatts to 
greater values, are factory produced with 
remarkable uniformity. Coil character- 
istics and calibration readily can be varied 
in production to provide correct detection 
in a wide range of bridge circuits. 

A consideration in the control,,systems 
which warrants discussion is the permissible 
input to the temperature sensing elements 
embedded in the window. Obviously, the 
more power that is introduced to the 
bridge circuit, the smaller will be the op- 
erating differential. Accompanied by this 
apparent advantage is an increase in the 
self-heating of the temperature sensing 
element which shifts the control point, 
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making necessary the use of a sensitive 
polarized relay which will operate with 
minimum power input to the bridge. An 
input which has proved successful with 
metallic oxide elements approximately 0.050 
inch thick is 1/8 watt per element. This 
small input to the sensing elements causes 
the .temperature-resistance characteristic 
of the element to be only about ten per 
cent lower than the characteristic without 
input, thus minimizing the effect of vari- 
able air velocity over the windshield. 
Somewhat higher inputs can beallowed when 
the sensing element is a fine resistance wire 
since its heat dissipating surface is consider- 
ably greater than that of the metal oxide 
element. 

It is extremely gratifying that this latest 
development in windshield deicing can be 
combined with a few simple electrical 
fundamentals to provide adequate control. 
Equally as important is the fact that vari- 
ations of the same control system are pro- 
viding the answer to many difficult control 
problems in modern aircraft. 
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Leakage Reactance of the Squirrel Cage 
Rotor With Respect to the Stator 
Harmonics and the Equivalent Circuit 
of the Induction Motor 


M. M. LIWSCHITZ 


MEMBER AIEE 


HE leakage of the rotor is considered 

usually with respect to the main waves 
of stator and rotor. Since the rotor of a 
squirrel cage motor is induced not only by 
the main wave of the stator but also by 
the stator harmonics, the leakage of the 
rotor with respect to the harmonics is also 
of importance. Each stator harmonic 
produces a series of rotor harmonics one 
of which has the same number of poles as 
the stator harmonic producing it, and is 
at a standstill with respect to the stator 
harmonic producing it, independent of 
the rotor speed. This particular rotor 
harmonic together with the stator har- 
monic causing it produces a main “har- 
monic”’ flux, just as the main harmonic of 
the stator and the main harmonic of the 
rotor produce the main flux of the ma- 
chine. The “harmonic’’. main flux and 
the currents induced in the rotor by it 
produce then an “induction motor” 
torque, exactly as the main wave and the 
currents of slip frequency induced by it in 
the rotor produce the main torque. of the 
machine. 


Leakage Reactance of the Squirrel 
Cage With Respect to the N’th 
Harmonic 


As pointed out, only one of the series of 
rotor harmonics produced by a certain 
stator harmonic is at a standstill with re- 
spect to this stator harmonic at any rotor 
speed and causes a parasitic “induction 
motor” torque. All other rotor harmonics 
of the series add up to the differential 
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leakage of the rotor with respect to the 
harmonic considered. 

It can be shown! that the differential 
leakage reactance of the rotor with re- 
spect to the m’ th harmonic is 


1 l, 
Xan! =~ fiQa espn! 10-7 X 
us gk, 


1 2 
—— } ohmsperbar (l 
kao (ase eee 
where _ 
ST 1 aL 1 
a ah (2) 
kexo \R2Qo+n 1 Fon Rh skn’ 
_ ns 
sin 
ea Os (3) 
aH n'r/Qz2 
fe ee 
Siig, — 
oT: 
Rskn! = ate (4) 
fe 
Q2 T2s 


The slot leakage of the rotor with re- 
spect to the m’ th harmonic can be calcu- 
lated from the usual formulas taking into 
account the skin effect. 

The slip of the rotor with respect to the 
n’ th harmonic is 


: = 
2/=1—-—— 1—s) (5) 
Ss ? (l-s 


where s is the slip of the rotor with respect 
to the main wave. Accordingly, the fre- 
quency of the rotor currents due to the 
n’thharmonicis 


fan’ =/[1-Za-9 | (6) 


Liwschitsz—Leakage Reactance of the Squirrel Cage Rotor 


and with this frequency the skin effect has 
to be determined. 

For the end-winding leakage of the 
rotor with respect to the 2’ th harmonic, 
the empirical formula 


0.18 


Q2 
X en! =fi — | 0.67(La—L x 
en a 7(Lp )+ 9 967? * 
sin? (an! =p/2) 


10-7 oh b 
sin*(a,"/2) | ohm per bar (7) 


can be used. The factor 0.18 has to be 
applied to machines with p> 1, the factor 


0.36 to machines with p=1. Further 
2r , (8) 
On! =— Nn 
n Q> 


The reduction factor of the rotor react- 
ance and resistance to the stator is 


4m, |NRapin’ |? 


RF),/= 
- Ook? sin! 


(9) 


Calculation of the ‘Total’? Induction 
Motor Torque 


For the calculation of the total induc- 
tion motor torque, that is, the torque pro- 
duced by the fundamental wave and har- 
monics, the equivalent circuit can be used. 

The n’ th stator harmonic induces in 
the rotor bars a current Ign’ which re- 
ferred to the stator is 
Me Nokapon'Rskn' 


(hh pe 
T' on =Ien! 


(10) 
my, NyRapin’ 


The voltage equation of the stator is 


Vi=(n1 +9 X se) Ni +jXm(n'= p) X 
Wh +1'2(n’ =v) | + 
FY Xn’ +l’) (11) 
n' =D 
The second term represents the counter 
electromotive force due to the main’ flux 
(n’=p). The third term represents the 
voltage drops due to the resultant har- 
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monic fluxes. Since the third term al- 
ready contains the harmonics, the leakage 
reactance of the first term must contain 
only the slot leakage and end-winding 
leakage. 

The voltage equation of the rotor for 
the main flux is 


i342 
0= | i =?) | ‘2(n! =p) + 


jxXm(n'= DP) Wi +L’ a(nt = p) ] (12) 
and that for the resultant »’th flux 
r , 
0 =(2 ix Wet 
Sin 
GXma' +L en!) (13) 


It can be seen readily that the circuit of 
Figure 1 satisfies the voltage equation of 
the stator as well as the voltage equations 
of the rotor. The number of harmonic 
circuits to be taken depends on the num- 
ber of harmonics to be considered. I, 
for example, for a 2-pole 3-phase skewed 
motor, the torques produced by 5th and 
7th harmonics have to be determined, 
only 3 circuits corresponding to n’=1, 
n'=5, and n’=7, have to be considered. 
If the equivalent circuit of Figure 1 con- 
tains a small number of harmonic cir- 
cuits, the leakage reactance of the stator 
harmonics not included in the equivalent 
circuit has to be added to Xig.. 

The equivalent circuit shown in Figure 
1 has been used by E. Arnold in 1909', 
in order to explain the influence of 
the harmonics on the operation of the 
induction motor. However, E. Arnold 
does not give a derivation nor does he 
show how to calculate the leakage reac- 
tances of the squirrel cage with respect to 
the harmonics. 


Figure 1. Equivalent circuit of the induction 
motor 


It should be noted that the equivalent 
circuit Figure 1 does not give any informa- 
tion about the synchronous torque occur- 
ring in the induction motor. It shows 
only the asynchronous (induction motor) 
torques. 

The main flux reactance for the main 
wave Xm(n’=p), in equation 11 is 


Xm(n' =p) = 4.06mi [MiRapi(n’ = Pp) ?X 
tle 
——— 10-8 ohms per phase 
pekcks 
and the main flux reactance for the n'th 
harmonic, Xp’ is 
Rapin’ z 
Xpa!= Xn an —t-| x 
n'  Rapi(n! =?) 
ohms per phase 


(14) 


For the harmonics the saturation factor 
k, can be assumed equal to 1. 


List of Symbols 


fi=line frequency 

f2=frequency of the rotor currents 

g=air gap 

kap = distribution times pitch factor 

ks, =skew factor 

k, = Carter factor 

ko= positive or negative interger including 0 

k, =saturation factor 

1,= effective core length 

L=total core length 

Ly=length of a rotor bar between end rings 

m=number of phases 

n'=order of the stator harmonic with re- 
spect to a fundamental whose wave 

‘ length is equal to the circumference 

of the armature (2p7) 

N=number of turns per phase 

p=number of pole pairs 

Q=number of slots 

r =resistance 

s=slip of the rotor with respect to the main 
wave 

Sn'=slip of the rotor with respect to the 
n’th harmonic 

s=skew (in inches) 

X =leakage reactance 

Xm=main flux reactance 

a=angle between two rotor bars 

7+=pole pitch 

rp’ =pole pitch in the middle of the end ring 

r;=slot pitch ; 
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Some Phases of Geteulation of Leakage 


Reactance of Induction Motors 


M. M. LIWSCHITZ 
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TT: object of this paper is to discuss 
some difficulties in the calculation of 
leakage reactance which make a theoreti- 
cally accurate method of calculation tedi- 
ous and therefore leads the designer to use 
a “practical”? method of calculation cor- 
rected by constants gained from tests. 
Four topics will be discussed 


1. Influence of slot openings on the differ- 
ential leakage 


2. Influence of skewing on the differential 
leakage : 

3. Influence of saturation of leakage paths 
on slot and differential leakage 


4. Influence of aluminum film on the rotor 
on leakage 


Influence of Slot Openings on 
the Differential Leakage 


The slot harmonics of first and higher 
orders constitute a large part of the dif- 
ferential leakage. Usually the assump- 
tion is made that the influence of the slot 
openings on the harmonics is the same as 
on the main wave, that is, that all har- 
monic fluxes are reduced by the slot open- 
ings in the ratio of one to the Carter fac- 
-tor. This is more or less correct for the 
harmonics of lower order but not for those 
of higher order. 

In order to determine the influence of 
the slot openings on the harmonics of 
higher order, the gap permeance is as- 
sumed to bet 


1 1 T 
= =2\ 5) SE ops 
usd itao es 
€, cos 20 — Po | (1) 
es 
‘This presumes that the fundamental wave 
has two poles with a wave length equal to 


2pr (for symbols see list of symbols). 
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With respect to the same fundamental 
wave, the z’th magnetomotive force har- 
monic is 


pea San (a ‘a x) (2) 


where 


Dh Rabe? 
vue? mN 22 5 (3) 
TT nN 


and, therefore, the 2’th field harmonic 


3.19 
6,7 =— F,,' sin (orn x 
g br 


‘ 
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pr pr 


(4) 
With the abbreviation 
3.19 
ies Fy = An! (5) 


it follows from equation 4 
bn’ =An! sin (at = «)+ 
pr 


Ape 


tw Dy £4 sin| et OnE x [+ 
sin| ot (C040) x t (6) 


Thus, due to the slot openings, the »’th 
magnetomotive force harmonic produces 
a series of pairs of traveling field. waves. 
One wave of each pair travels in the direc- 
tion of rotation, the other in opposite 
direction. Their respective velocities are 


Lai 
cO-+n! a = ; 


and 


Peet, 
-w 
cQ—n’' x 


Ca2. 3 Ih: (7) 
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These slot-openings waves may influence 

considerably those field harmonics with 

respect to which they are at standstill. 
The n’th harmonic has the speed 


Vn=— —=@ (8) 


Considering the orders of the slot har- 
monics 


n'y = + ROP (9) 


it follows that the slot-opening waves pro- 
duced by the main wave (n’=)) are at 
standstill with respect to the slot har- 
monics and these are the only waves 
which are at standstill with respect to 
each other. It follows further from equa- 
tions 7 and 9 that the slot-opening wave 
of the order c=1 is at standstill with re- 
spect to the slot harmonics of first order 
(k=1), that the slot-opening wave of 
the order c=2 is at standstill with re- 
spect to the slot harmonic of second order 
(k=2), and so on. 

Usually the slot-opening waves of the 
orders c=1 and c=2 have to be taken 
into account. From equation 6 

€ 
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7 Ves 
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pr ve 

and 
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Bs 
pr 


where J,, is the magnetizing current. ~ 
A(n'=p) 1S proportional to the primary 
current I;. The factor J,,/I, takes into 
account the fact that the amplitudes 
of the slot-opening waves are proportional 
to the resultant main wave, that is, to the 


x+y (11) 
Li 
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main wave produced by the primary 
and secondary magnetomotive forces to- 
gether (In). The angle W has to be in- 
troduced because I, is not in phase with 
I. 

The slot harmonics are 


bey’ =A(n'=ca+p) Sin [ (ote) = x| 
(12) 


and 


bs,” =A(n'= —cQ+7) sin | w+ c0-2) x 


LS 
= x] as) 


The ratio between the amplitudes of two 
waves which travel in the direction of ro- 
tation is 

A(n'=p) 


eae In €o_ 


Pee he ls 
A(n'=co+p) fi 2 


! ka(n'=0) | kp(n' =) x 
Ra(n' = cQ+7)_|LRp(n' = cQ+?) 
cQ+h Im €c 


ae (14) 


and the ratio between the amplitudes of 
two waves which travel opposite to the 
direction of rotation is 

a Im & 


 Aq'= —cat+p) hi 2 
Ra(n'=0) Rp(n! =P) 


= x 
i —¢cQ+ = bee —cQ+ =| 


oO SP Tae fe 
PAS 


A(n'=p) 


The magnitude of ¢, depends upon the 
ratio of slot opening to slot pitch and 
upon the ratio of slot opening to air gap. 
For open slots, ¢.=0.5 to 0.7 and & is 
negligible; for semi-open slots, ¢=0 05 
to 0.25 and €=0.05 to 0.15. 

The ratio of the distribution factors 
and pitch factors in the parentheses of 
equations 14 and 15 is equal to +1 or —1. 
The signs of these two ratios determine 
‘whether the slot-opening wave has the 
same sign as the corresponding slot har- 
monic thus increases the latter or has an 
opposite sign and decreases it. 

The application of equations 14 and 15 
to different machines shows that in cer- 
tain cases one slot harmonic of the pair is 
increased by a certain amount and the 
other is decreased by approximately the 
same amount while in other cases both 
slot harmonics of the pair are decreased 
by approximately the same amount. 

The magnitude of the differential (har- 
monic) leakage is determined by the in- 
fluence of all harmonics. A practical 
method o1° calculation of the differential 
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leakage can not consider each harmonic 
separately in the way just shown. If, 
in order to derive simple formulas for 
the differential leakage, it is assumed 
that the slot openings have the same 
influence on the harmonics of high and 
low order, inaccurate results may be ob- 
tained in certain cases. 


Influence of Skewing on the 
Differential Leakage 


The magnetic energy of the main wave 
and. harmonics is practically the same 
whether the slots are skewed or not, that 
is, the coefficients of self inductance of 
stator and rotor windings are practically 
independent of skew. Skewing changes 
only the magnitude of the main wave of 
the rotor, since this wave depends upon 
the mutual position of the stator and rotor 
slots. 

Skewing has the same effect as dis- 
tributing a winding. The skew factor is 
a distribution factor and can be derived 
in the same manner as the distribution 
factor of any winding distributed in slots. 
However, distributing a stator winding 
reduces the harmonic leakage of this wind- 
ing, while skewing increases the harmonic 
leakage of the rotor. 

The total reactance of an integral-slot 
stator winding, that is, the reactance due 
to the main wave and harmonics, is? 


x A ee al 10-7 = tom!) 
Me 9? au gk, n' 


n’=1 


ohms'‘per phase (16) 
The reactance of the main wave (n’=)) 


4 1 Rap(n'= >) \* 
Xn=— mAs Prle 10-1 faree=2) 
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ohms per phase (17) 


and, therefore, the reactance due to the 
harmonics, that is, the differential leakage 
reactance, ; 


4 1 
XG =Xy —Xim =a ma fii? Prleso-1y 
gk, 


Peegi Gr! 
n=l n! p 
ohms per phase (18) 


Equations 16-18 do not take into account 
the saturation or the damping of the sta- 
tor harmonics by the rotor harmonics. 
Each stator harmonic produces a series of 
rotor harmonics one of which has the same 
number of poles as the stator harmonic 
producing the series and is at standstill 
with respect to this stator harmonic, inde- 
pendently of the rotor speed. This par- 
ticular rotor harmonic reduces the stator 
harmonic producing it, just as the main 
wave of the rotor opposes the main wave 
of the stator. The damping effect of the 
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rotor with respect to the stator harmonics 
is greater the larger the number of slots in 
stator and rotor; it is also influenced by 
the chording. In a stator winding with 
two slots per pole per phase and a not too 
high number of rotor slots, the damping 
effect of the rotor on the stator harmonics 
can be neglected. In a two-pole winding 
with six slots per pole per phase and a coil 
span of 50 to 60 per cent, the reduction of 
the differential leakage reactance of the 
stator, as given by equation 18, is about 
40 per cent. 

However, this is true only for the non- 
skewed rotor. When the rotor is skewed, 
the interlinkage between the stator har- 
monics of the higher order and the rotor 
is reduced. Due to the poorer inter- 
linkage, the rotor currents produced by 
the stator harmonics of higher order be- 
come smaller and their reaction upon the 
stator harmonics is also smaller. Thus, 
skewing increases the differential leakage 
of the stator. The increase is from 10 to 
15 per cent as compared with the non- 
skewed rotor. 

The influence of skewing on the differ- 
ential leakage of the rotor is much larger 
than on that of the stator. 

Since the rotor winding is always a 
polyphase winding, the results obtained 
for the polyphase stator winding also 
should be directly applicable to it, if the 
proper values for the number of phases, 
number of turns per phase, and so forth, 
are introduced in equations 16-18. How- 


ever, this is true only with respect to equa- 


tions 16 and 18 but not with respect to 
equation 17. 


X,in equation 16 represents the react- 
ance which corresponds: to all fluxes in 
the air gap, that is, to the main wave and 
harmonics. It can be determined from 
the magnetic energy in the air gap due to 
the stator current. Since the magnetic 
energy practically is not influenced by 
skewing, equation 16 also applies to the 
rotor winding, phase belt as well as squir- 
rel cage winding. The left part of equa- 
tion 18 states that the differential leakage 
reactance is equal to the difference be- 
tween the total reactance and the react- 
ance due to the main wave. This is true 
for any winding and also applies to the 
rotor winding, whether the slots are 
skewed or not. 


Equation 17 for the reactance of the 
main wave can not be applied to the rotor 
of a skewed machine, because skewing 
changes the interlinkage between the 
stator winding and the rotor winding. 
The change in interlinkage is given by the 
skew factor. Therefore, equation 17 is to © 
be multiplied by &%x(n’=) when applied 
to a skewed rotor. The skew factor las 
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to be introduced as a second distribution 
factor. Thus, the main wave reactance 
of the rotor winding, when the slots are 
skewed, is 


4 tl, 
X. N22 1077 
[pola aa mahi 2 ies x 
[R*ap(n’ =p) Rs4(n! =p) | (17a) 
tae 
sin Qe 725 
BCD eae 
Beecctigh & 
Qe TQ (19) 


Applying equation 17a to the squirrel cage 
rotor for which 


1 
m= (Qe ie Rap(n'=p) =1 


the main wave reactance of the squirrel 
cage winding, per bar, is 


te 
“bake 


1 
Xim=— Ox sk(n’ = p) ohms (20) 
The currents of slip frequency produce in 
a squirrel cage winding the harmonics 


m'=keQo+p (21) 


where k; is any positive or negative integer 
including 0. Further, for the squirrel 
cage winding, Rapm’=1. Introducing the 
harmonics of the order m’ and Rapm’ =1in 
equation 16, the total reactance of the 
squirrel cage winding becomes 


In= © 
il 1 
Of 


2 
ohms (22) 
P&ke t= ne +1 


According to equation 18, left part, the 
differential (harmonic) leakage reactance 
is obtained by subtracting the main wave 
reactance X,,, from the total reactance 
Xx. Hence, the differential leakage react- 
ance of a squirrel cage. winding, per bar, 
when the slots are skewed is 


= ah tap TXR4’= 7) X 
sae < : pa ohms (23) 
Rsk (n! = p) ie=0\ 2 O41 
It can be shown that? 
Sa te we 
i= 0\ p 41 23 (n' = p) 
where 
ghee 
bwa9= 5, : (25) 
Q2 


Inserting equation 24 in equation 23, the 
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differential leakage of a squirrel cage 
winding, per bar, becomes 


i tl, 


Xua=—Oshi 


ME UNC B I re 
Te O77 XR sK(n! = p) X 


1 


£2? (n! = p) Rh (nt = Dp) 


- | ohms (26) 


Normally s 10 and — <1.25. With 


T 25 
Ls S 
these values the angle of: and aN are 
Qe Dediae 


relatively small and 


( 1 
£2? (n! = p)k..? (n! = p) 


It is seen from this equation that skewing 
increases the differential leakage of the 
squirrel cage winding in the ratio of one to 


EicH 
T2s 
slot pitch doubles the differential leakage 
of the squirrel cage winding. 

However, these are theoretical values. 
The skewing is totally effective only when 
the rotor bars are insulated. The oxide 
film on the rotor bars does not represent 
a perfect insulation and the additional 
differential leakage in rotor and stator due 
to skewing will be smaller than that given 
by equation 27. The amount of addi- 
tional leakage is different for die cast 
aluminum rotors and copper bar rotors 
and depends upon the manufacturing 
methods. The designer must resort to 
tests, in order to determine the percentage 
of the theoretical additional differential 
leakage due to skewing which he should 
use in his calculations. 


A skew equal to one rotor 


Influence of Saturation of Leakage 
Paths on Slot and Differential 
Leakage 


The calculation of leakage reactance 
usually is based on the assumption that 
the leakage paths are not saturated. The 
leakage reactance determined in this man- 
ner is divided then by a “‘saturation fac- 
tor’ which takes into account the satura- 
tion of the leakage paths at higher slips. 
For modern machines this factor lies be- 
tween 1.15 and 1.3 or even higher and the 
designer must resort to tests in order to 
determine its magnitude, since no ra- 
tional method for its calculation is known. 

One is inclined to assume that the 
saturation of the leakage paths occurs in 


the tooth tips in a manner similar to that _ 


in the bridges of closed slots. This as- 
sumption leads to the conclusion that the 
saturation of the leakage paths should be 
larger in smaller machines with semi- 
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Figure 1. Influence of aluminum film on 
rotor surface on motor torque 


closed slots in both machine parts than in 
larger machines having open slots in the 
stator. Experience shows that this is not 
the case and that the saturation of the 
leakage paths of a machine with open 
slots can be as high as that of a machine 
with semiclosed slots. 

A large motor with open slots in the 
stator and with the following data will be 
considered as example: 

800 horsepower, 8 poles, 3 phases, 60 cy- 
cles, 2,300 volts Y. Number of stator slots 
Q,=120. Number of rotor slots (squirrel 


cage rotor) Q2=98. Coil pitch of the stator 
winding =80 per cent, that is, ky=0.951. 


Corresponding to == =5 slots per pole 


8X3 

per phase, kg=0.956 and kgp=0.909. Bore 
diameter D=30.11 inches, single gap g= 
0.055 inch. The slot width of the stator 
slot is approximately 50 per cent of the tooth 


pitch. 
The per unit reactances of this motor 


calculated without taking into account 
any saturation of the leakage paths are 


Stator Rotor — 
Slot+-differential........0.0528....0.0605 
End —winding.......... 0.0345... .0.0274 

0.0873... .0.0879 


The total leakage reactance is 0.1752. 
The output current is I,,=149.7 am- 
peres. Therefore, the calculated locked 
rotor current at full voltage, without 
saturation, 


149.7 1 
= 855 amperes 


st tes 1752 


The two lowest points of the tested locked 
rotor characteristic yield an average cur- 
rent,. referred to full voltage, of 851 am- 
peres. The locked-rotor current tested at 
full voltage is Iz(sar)=1,200 amp. The 
saturation factor is 

1,200 


Ea ger as Al 
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Table | 
SE eS 
Calculated Tested 
Saturation Saturation 
Hp Poles Factor Factor 
Lj tS LS Ee 
Re een ichit.c Sen cap een dan W974. Dy hye eee ete 1.36 
Fs or eh. Sorel erent feo Olstele cs heusrae rs 1.36 
Dita keene Bictcvorsienteoyaree ar: Be es oo 1.4 
tata ta reOe Arts, ro otras 149s is. eek £0 
Tira aaa A ete doeBAro metas 1.32 
AQ SS a cieclsatoteite fe a Ree ras lc Wie metal soe 
1 OPE rei tane tee A a tee EASON ee aes. ee 
Nae Gites orca Bite aha: PAGGitdeere ens LesT 
Siete siete aa ae Giitrci ISS ee SNeranietas 1.33 
DL, Pyeus euciaetneges (sae Aor a cach ih cd Oem el oO 
OG eae kee ts Gis cretorericceuar 1.29, ie 
NOt cutee depen Gis Se inahneteaen A ih vedefetonsins ai 1.29 
BO roc scaunee Gina rons 1.14. » 1.125 
My. Sata E36 Bo Nees 
15 ie re 112. ..1.09 
WO BAciagacon | opp ho Uo 1.16 ak. 135 
SOO rer techno t Weasorenict 2.6 | ee A ae oto roe 1.41 


and the saturated leakage reactance 


0.1752 
X 1(sat) aa eae =(.1242 ohm per phase 


The decrease of the leakage reactance due 
to the saturation of the leakage paths is 
0.1752—0.1242=.051 ohm per phase. 

If the previously mentioned assumption 
is made that the saturation lies in the 
tooth tips, it would be concluded that in 
this machine with widely open slots in the 
stator the total decrease of the leakage 
reactance takes place in the rotor and 
that the saturated leakage reactance of 
the rotor is 


X (sat) = 0.0879 —(0.051 =0.0369 
phase 


ohm per 


This corresponds to a reduction of 58 per 
cent in the total leakage reactance of the 
rotor and to a reduction of 84 per cent in 
the slot plus differential leakage reactance 
of the rotor. 

From this the conclusion could be 
- drawn that in machines with semi-closed 
slots in both machine parts, the saturation 
factor can be as high as 1.6. However, 
this is not the case and the saturation 
factor of machines with semi-closed slots 
in both machine parts is not higher than 
that of machines with open slots in the 
stator. This indicates that the saturation 
of the leakage paths lies not only in the 
tooth-tips but in the tooth body. 

Experience shows that the magnitude cf 
the saturation factor depends upon the 
number of slots, the dimensions of the teeth 


and the air gap. It is influenced little by 
the coil pitch. A larger number of stator 
and rotor slots reduces the saturation fac- 
tor but increases the manufacturing costs 
and the stray load losses. The large influ- 
ence of the number of slots indicates that 
the slot harmonics play a part in the satu- 
ration of the leakage paths. A method 
of calculation of the saturation factor, 
worked out on the’basis of the harmonics 
of stator and rotor, gives satisfactory re- 
sults, as shown by Table 1 in which calcu- 
lated and tested values are compared. 
However, this method can not be con- 
sidered as entirely satisfactory yet from a 
theoretical point of view and further work 
is required before it can be published. 


Influence of the Aluminum Film 
on the Rotor on the Leakage 
Reactance 


Many manufacturers die cast the rotor 
of the smaller motors with aluminum 
alloy. After the die casting the assembled 
rotor is machined to size. This process 
normally produces a film of aluminum on 
the surface of the rotor which is detri- 
mental to the performance of the motor. 
The degree to which the film influences 
the performance depends upon stich fac- 
tors as continuity and thickness of the 
film. Figure 1 illustrates some effects of 
removing this film. 

Since the removal of the film is an addi- 
tional cost, the designer is reluctant to 
apply it on all motors. Therefore, an 
additional uncertainty is introduced into 
the calculation of the machine. 


Conclusion 


The topics discussed in the foregoing 
show that the present knowledge of the 
theory of electrical machines does not 
yield an exact method of calculation of 
the differential leakage and of the mag- 
nitude of the effect of saturation on 
the leakage reactances. Manufacturing 
methods introduce further uncertainties 
in the magnitude of the influence of skew 
and of aluminum film on the leakage 
reactances. These circumstances catise 
the designer to depend upon correction 
factors which are based on test on his 
particular machines. Thus not theory 


Discussion 


E. C. Barnes (The Reliance Electric and En- 
gineering Company, Cleveland, Ohio): 
Both in the paper and in the existing 
literature, rotor skew is referred to and 
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measured in terms of the slot pitch of 
either the stator or the rotor. While this 
approach is justified from the viewpoint of 
slot harmonics, there is evidence that from 
the standpoint of the fundamental wave, and 
lower order harmonics, skew should be 
measured in terms of pole pitch. 


=_ 
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alone but theory in connection with 
experience enables the designer to adapt 
the electrical machine to all possible 
kinds of applications and to meet the 
guarantees fixed by standards or by the 
customer, The program which has been 
made in the development of the theory of 
electrical machinery during the past 
years indicates that in the near future 
more exact methods of the calculation 
will be available. 


Nomenclature 


A,,'=defined by equation 5 

b»’=instantaneous value of n’th field har- 
monic 

c=order of the slot-opening wave 

fi=line frequency 

fn! =magnetomotive force, instantaneous 
value 

F,/ =magnetomotive force, amplitude 

g=air gap 

T=current 

Tn= magnetizing current 

T,=primary current 

hap = kako = distribution factor X pitch factor 

k,= Carter factor 

ks, = skew factor 

b=order of the slot harmonic 

ko= positive or negative integer including 0 

1, = effective core length 

m= number of phases 

m! =order of rotor harmonic 

n'=order of the stator harmonic with re- 
spect to a fundamental whose wave 
length is 2pr 

ns-= order of the slot harmonic of the stator 

N=number of turns per phase» 

Q=number of slots. : 


r'=ratio 
s=skew (in inches) 
t=time 


€,=amplitude of the slot opening wave 
r=pole pitch 

7;=slot pitch 

w=2fi 

X =reactance 

V=velocity 
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Several years ago, W. G. Hall made an 
experimental study* on the effects of skew 


Pe ee ee ee 


*“An Investigation of the Effect of Rotor Skew 
and Winding Pitch on Squirrel-Cage Induction 
Motor Speed-Torque Characteristics,” W. G. Hall. 
A thesis submitted to Case Institute of Technology, 
September 1942. 
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on induction motor performance. In 
analysis of the experimental data, he found 


that when skew was considered as a function _ 


of the fundamental pole pitch, the results 
were much more consistent and meaningful 
than when skew was considered a function 
of slot pitch. 

To investigate this further, I made a study 
of approximately 100 motor tests to deter- 
mine the effect on skew on pull-out torque. 
This study embraced a wide range of motor 
sizes, skew, and numbers of poles; and 
again it pointed out the necessity for con- 
sidering the skew in terms of pole pitch. 
This is particularly true when the skew is 
great. 

I do not argue that skew never should be 
considered in terms of slot pitch because it is 
necessary in the study of higher harmonics, 
however, experimental data appears to indi- 
cate that for harmonics of the order five and 
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lower, skew also should be measured in terms 
of pole pitch. 


M. M. Liwschitz and W. H. Formhals: The 
skewing aims exclusively at the reduction of 
the influence of the stator slot harmonics 
upon the rotor. The wave length of these 
harmonics is approximately equal to a stator 
slot pitch and, therefore, the skew is most 
effective when it is approximately equal to 
this slot pitch. Since the magnitude of the 
skew is determined by the slot pitch, it seems 
logical to express the skew in slot pitches and 
not in pole pitches, that is, in lengths of the 
main wave which practically is not in- 
fluenced by the skewing. 

The skewing influences considerably the 
differential leakage of the rotor and stator. 
Since the differential leakage is approxi- 
mately inversely proportional to the square 
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of the number of slots and the number of 
slots depends upon the pole pitch, a certain 
relation exists between the skew, the pole 
pitch, and the differential leakage, and. 
therefore, also between the skew, the pole 
pitch, and the pull-out torque. However, 
this relation is limited to a certain range of 
machines, and it will be different for small 
machines and large machines, for low 
voltage machines and high voltage machines, 
since size and voltage also influence the 
number of slots. 

We do not see an advantage in expressing 
the skew in terms of a secondary quantity 
instead of the primary quantity which de- 
termines its magnitude, that is, of the slot 
pitch. Such a method of expression of the 
skew. may lead to the result that inex- 
perienced designers will miss the primary 
objective of skewing and will choose a 
wrong skew. 
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A Variable-Speed Constant-Frequency 


Generator 


CARL S. ROYS 


MEMBER AIEE 


Synopsis: Starting with the theory of 
operation of a-c commutator machines, it is 
shown how either a single or polyphase 
generator can be built whose frequency is 
controllable and essentially independent of 
speed and whose general characteristics are 
similar to those of a d-c generator. Among 
the principal topics discussed are 


Voltage regulation. 
Parallel operation. 
Motor operation. 
Compounding. 


The generated voltage equa- 
tion. 

Compensating windings. 

Commutation. 

Self-excited operation. 


Te PROBLEM of generating electric 
energy with a variable-speed prime 
mover as the driving device, is inherent 
to internal combustion vehicles such as 
busses, boats and aircraft, for example. 
Although direct current has been gener- 
ally acceptable in the past, with the in- 
creased and more diversified loads being 
contemplated, many factors now favor al- 
ternating current for both generation and 
distribution. This requires the, mainte- 
nance of essentially constant frequency 
over a range of speed variation which, 
in many instances, is of the order of mag- 
nitude of several hundred per cent. 

The principal methods which have been 
proposed for accomplishing this are 


1. Generation of direct current and subse- 
quent inversion to alternating current by 
means of rotating machines. 


2. Generation of either direct current or 
varying frequency alternating current and 


ee 
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inversion by means of electron tube appa- 
ratus.? 


3. Variable-ratio-driven synchronous gen- 
erators.? 


4. Variable-speed constant-frequency get- 
erators, the subject of this paper. 


Theory of Operation 


It should be recalled that, although the 
frequency of either a synchronous or 
induction generator is dependent upon 
speed, the frequency observed at the 
brushes of a commutator-type rotor is the 
same as the stator frequency. This is the 
principle utilized in a-c series motors,*~§ 
variable-speed polyphase motors,”® and 
the Hull generator.® It will serve also as 
the basis for the generator under con- 
sideration here. 

There are several items which are 
unique in the a-c operation of commu- 
tator machines, which often affect both 
their design and performance. In gen- 
eral, such operation introduces problems 
whose solutions become more difficult 
with increased speed, voltage, and fre- 
quency. The more important of these 
are 


1. An additional voltage in a coil under- 
going commutation due to transformer ac- 
tion. 

2. Lower efficiency than a d-c machine due 
to stator core losses and larger stray losses. 
3. Low power factor field windings which 
require either a comparatively large amount 
of exciting voltamperes or the use of series 
capacitors. 

4, Frequency stability and control in ad- 
dition to voltage regulation. 


Although these introduced serious limi- 
tations upon the ratings and design of the 
generators at first, they have been lifted 
as a result of a series of theoretical and 
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experimental studies carried out by the 
authors. The present paper will be 
concerned chiefly with the theoretical 
aspects of the problem, experimental data 
being reserved for a later date. 


Generative Voltage 


If one assumes a sinusoidal time- 
variation in flux and neglects both tooth 
and commutator ripples, tt can be shown 
in a manner similar to that followed in d-c 
machine theory that the instantaneous 
phase voltage which is generated be- 
tween brushes, as a result of armature 
rotation, is given by* 

pZN 
60 mP 


It is seen from this that it is not neces- 
sary to maintain a sinusoidal flux distri- 
bution around the air gap in order to ob- 
tain a sinusoidal voltage. In order to 
minimize core losses, however, it is desir- 
able to use a distributed set of field wind- 
ings which will result in a close approxi- 
mation to a sinusoidal flux distribution. 
With the brushes on neutral, the ef- 
fective value of single-phase voltage is 


(la) 


® sin wt volts 


ern = (c.f.)(p b-) 


ZN 
Ep, = 0.353 (c-f.) agka ® volts (1b) 
60 m 
And for three phases 
ZN 
E,3=0.204(c.f.) vee ® volts (1c) 
60 m 


For the single-phase machine, equa- 
tion 1b constitutes the entire generated 
voltage between brushes since, as for a 
repulsion motor, there is no induced volt- 
age due to transformer action when the 
brushes are on neutral. 

In the polyphase machine, coupling 
exists between each phase of the rotor and 
all of the windings in the other phases of 
thestator. This gives an extra set of rotor 
voltages which sometimes is considered as 
arising from a rotating field cutting the 
rotor at synchronous speed. The value of 
this voltage for an m-phase machine can 
be expressed as . 


Em 2 Evol (14) 


* See Appendix I11 for list of symbols. 
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saa 


—-_ mp ——— 


> aa 


5 
- 
: 


Hence, the total generated voltage in the 
rotor is 


ee 


Ern volts (le) 


It is necessary to provide the stator 
with a set of compensating windings, 
which, when connected between the line 
and brush terminals of the polyphase ma- 
chine, will nullify the effects of magnetic 
coupling between stator and _ rotor. 
Otherwise, there would be induction 
motor action between the two and, fur- 
thermore, the voltage of the machine 
would reduce to zero at synchronous 
speed. 


Compensating Windings 


Although compensating windings are 
used in both single and polyphase ma- 
chines,4-®? their effectiveness in neu- 
tralizing armature reaction in the latter 
has been restricted to balanced conditions. 
Inasmuch as large single-phase loads are 
being planned for aircraft, a set of com- 
pensating windings whose usefulness is 
independent of any normal or abnormal 
load conditions would be required. At 
the same time, they should neutralize the 
voltages induced in the armature by the 
stator field. 

The arrangement of windings meeting 
both of these specifications is shown in 
Figure 1, the underlying development 
being given in Appendix I. As men- 
tioned there, this is not the only arrange- 
ment possible. It has been selected be- 


cause it results in a minimum amount of - 


slot space required for the windings, it 
being 2/+/3 times that required for the 
armature coils, assuming a common cur- 
rent density. 

Although windings for a 3-phase ma- 
chine are shown, compensating windings 
having these properties can be designed 
for any number of phases, the number of 
possible solutions increasing with the 


number of phases. In general, compensat- 


ing windings should be distributed uni- 
formly for optimum performance and, 
when properly designed, will reduce the 
reactance of the combined, armature- 
compensating winding circuit to the so- 
called ‘zigzag value of reactance.’’™ 
This is small in comparison with the 


synchronous reactance of an alternator. 


Special Problems 
in Communication 


In addition to the induced voltage re- 
sulting from the reversal of current 
through a coil while undergoing commu- 
tation, there is one due to transformer 
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action. This was listed under ‘“Theory of 
Operation.” From ordinary transformer 
theory, the effective value of this volt- 
age for a single-phase machine can be 
shown to be 


Eq =2.22(c.£.)fZ&/b volts (2a) 
=1.11(c.f.)pZNo/60b® volts (2b) 


When compared with equation 10, this 
gives 


Ea/En= ae (#) (2c) 


In a polyphase machine, the voltage is 


Self-Excited Operation 


SINGLE PHASE 


The schematic diagram for self-excited 
operation of the single-phase machine is 
given in Figure 2. The functions of the 
series capacitor in the shunt field circuit 
are 


1. To prevent d-c build-up. 

2. To control the frequency. 

3. To minimize the volt-amperes required 
for excitation. 


The approximate relations to be satis- 


Figure 1. Schematic diagram of \C 
a 3-phase self-excited generator 
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equal to that due to a rotating field cut- 
ting the coil at slip-speed giving, for n- 
phases, 


mmP N—N 


ELE, == 
onl Erm 2(p.b.)b N 


(2d) 


This becomes, for three phases and a sinu- 
soidal flux distribution, 


/3rm No— N 
Eg /Er3 = b : N (2e) 

Since equations 2d and 2e reduce to 
zero at synchronous speed, from the 
standpoint of good commutation, it may 
be desirable to design the polyphase ma- 
chine such that its synchronous and 
normal speeds are nearly equal. 

Finally, since commutating fields are 
not effective over a wide range of speed 
variation, it is necessary to limit the 
total induced voltage in the short-cir- 
cuited coil to a permissible value by 
means of the best combination of numbers 
of poles, commutator bars and turns per 
coil, type of armature winding, grade and 
thickness of brushes, and so on. 
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Ca 


fied in order to obtain sustained self- 
excited operation are derived in Appen- 
dix II. They are 


Ry+ Rat Ry =0X af (3a) 
a en (3b) 
fo=1/VLC (3c) 


It is obvious from these equations that 
the machine continues to build up until 
the generated voltage and the a-c resist- 
ance drops are equal and the frequency is 
equal to the resonant frequency of the 
circuit. 

It is shown also in Appendix II that the 
change in frequency under load condi- 
tions is given approximately by 


——— sin 0 ‘ (3d) 


THREE PHASE 


The schematic diagram for a 3-phase 
machine is given in Figure 1. Two im- 
portant differences between that and 
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diagrams previously published are to be 
noted, as follows: 


1. Series capacitors in the field circuits. 
2. Type of compensating windings. 


With regard to build-up, repeated 
experiments have shown that a small 
amount of either residual magnetism or 
initial excitation of any kind will start 
the process. Then for a given value 
of resistance and of capacitance in each 
circuit, the final, no-load steady-state con- 
dition consists of a balanced set of volt- 
ages of a given amplitude, frequency, and 
sequence, the last depending upon the 
connections and direction of rotation. 

There is a pronounced tendency for the 
machine to maintain balanced voltages, 
even under badly unbalanced load condi- 
tions. As a single-phase short circuit is 
approached, however, it changes sud- 
denly to single-phase operation, immedi- 
ately recovering upon removal of the 
fault. It is of interest to note that con- 
siderable current willflow through a single- 
phase short circuit. 


VOLTAGE REGULATION 


The voltage regulation at constant 
speed of both single and polyphase ma- 
chines is inherently better than for a 
synchronous machine. This results from 
neutralization of the armature reaction 
by means of compensating windings. 
However, the regulation is greater for a-c 
operation than for d-c, since the com- 
bined a-c resistances and leakage react- 
ances of the various windings involved 
are greater than their d-c resistances. 


Parallel Operation 


Single and polyphase machines of this 
type will operate in parallel, either with 
other machines or with a line, in a satis- 
factory manner, When two or more 
machines are involved, their common fre- 
quency will be some kind of a mean of the 
frequencies of the individual machines 
when operating alone; when one is con- 
nected to a line of controlled frequency, 
it will be equal to the line frequency. 

One feature worthy of note in connec- 
tion with parallel operation consists of 
the lack of any need of synchronizing be- 
fore making the final connection. Even 
for a 3-phase machine, before connecting 
it to the line, it is necessary only to obtain 
a reasonable approximation to the set- 
tings of the field resistors and capacitors, 
which, were the machine to build up, 
would give the correct conditions for 
synchronizing, that is, with the excep- 
tions of speed and phase position which 
are important. 
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Motor Operation 


Single and polyphase machines of this 
type will operate equally well as motors 
and generators, operation being similar to 
that of a d-c shunt generator. While 
operating as a motor, the resemblance to 
d-c operation persists in the starting and 
breakdown properties and in the speed 
regulation, provided that the field power 
factor is close to unity. Under this con- 
dition, the power factor of the armature 
circuit will be close to unity also. 

Although it is known that power factor 
adjustment is possible over a restricted 
range, the practical limit of this has not 
been determined as yet. It is certain, 
however, that a reduced power factor will 
result in a lowering in the starting torque 
and load-carrying capacity of a motor. 


Compounding 


In case series field windings were used 
in either single or polyphase machines 
while operating as either motors or gen- 
erators, the change in magnetization 
would result in a detuning of the field 
circuit. This would produce a frequency 
change in a generator or a reduction in 
the maximum torque of the motor, pro- 
vided that no compensating arrangement 
were used. Although no machines with, 
series fields have been built as yet, the 
general effect has been studied by-shift- 
ing the brushes of straight shunt ma- 
chines. 


Appendix |. Three-Phase 
Compensating Field Windings 


Referring to Figure 1, it follows from 
Kirchoff’s laws that 


(Zag t+ZratZealat+(ZatZwtZolor  . 
(LactLoet+Z ce) [,=E,+ Eyx+ E, (4a) 


I, =[,—I, 
Ip=Ih—-Iq (4b) 
Ic=I,—-h 
Iy+Ip+Io=0 (4c) 


Assuming a symmetrical machine and 
that it is possible to devise a set of compen- 
sating field windings which will neutralize 
the armature reaction at all loads, the fol- 
lowing relations hold: 


ZaatZoa+LZea = ‘aot LZoot+Leo 
=Zact+ZLret+LZe (4d) 


E,+ E,+ E,=0 (4e) 


These lead to the added relation, when sub- 
stituted into equation 4a, 


I,+h+1,=0 (4£) 
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Elimination of variables now gives, as 
one possible solution, 


I,-I 
Lena 
Ie2i6 
(jo 4 
b 3 (4g) 
Ig—I, 
‘ 3 


From these it follows that if compensating 
windings with one-third as many turns as 
there are turns per phase per pole on the 
armature are mounted and connected as 
shown in Figure 1, then the armature reac- 
tion will be counteracted under all load con- 
ditions. 

Hence, the armature-compensating wind- 
ing circuits will be noninductive, aside 
from leakage effects. Also, there will be no 
induced voltages between the line terminals 
of the machine due to transformer action 
with the shunt field windings. 


Appendix II. Conditions for 
Self-Excited Operation 


From Figure 2, the equations for the 
single-phase generator are 


(Zy+ZatZr PG 27 Xka on, vX ap) Ly+ 
(Za+Zp—2jXna)f=0 (Sa) 


—(Zp—jX )fy+ZI=0 (Sb) 


The condition for sustained self-excited 
operation can be taken as that assumed for 
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Figure 2. Schematic diagram of a single-phase 
self-excited generator 


operation of a vacuum tube oscillator ; 
that is 


|Z|=0 (5c) 

This becomes for no-load conditions 

ZpALat+Zp—jXe— 2X ta—V%X a= 9 (5d) 

Equating components 

Ryt+ Rat Re=rX az (5e) 

Xyt+XatXp—2Xta=Xe (Sf) 
AIEE TRANSACTIONS — 


Since 
KqtXp—2Xnax<Xy 


for a properly designed compensating field, 
equation 5f becomes, approximately, 


Xs=X, (5g) 
or 
w=1/V/LC (Sh) 


Under load conditions equation 5c be- 
comes, after obvious substitutions, 


RytRq’—vX ast j (Xp +Xq') Ra’ +jXa'| _ 


: é 0 
Gal rate 7 Aap) RitjX1 
(Si) 
Equating components and solving 
X1Rq'Rr-Xq/Z2 
Ok es ae ore er (83) 
Zy?7+ RyRg! +X 1X q' 
Assuming Xq’ small gives, approximately, 
X1Rq' Ry 
DIGI DG ee k 
uf f c ZP+RiR,’ (5k) 
Next, let 
1+ 
Q= =wo(1+x) (51) 


VLC 
Substitution of equation 5/ into equation 5k 
now gives 


X— X_-=e0(1 Ly =————__ = 2. 
f c= wo(1+x)Ly ee oo L px 
(Sm) 
Hence 
penne AL. XR,’ R,/ sin 0 
Wo fo 20,(Z?+ RiRa’) 22,0; 
pon) 
Discussion 


O. Krauer (General Aviation Equipment 
Company, Inc., New York, N. Y.): In his 
paper, Roys mentions the attractive possi- 
bility of operating a 3-phase unit near syn- 
chronous speed in direction of field rotation 
in order to avoid excessive bar-to-bar volt- 
age in the commutation zone. 

Roys also proves that the resultant volt- 
age in the armature approaches zero as the 
armature is approaching synchronous speed 
in the direction of rotation. Figure 1 of 
this discussion indicates the vector condi- 
tions existing in this range. It appears that 
at synchronous speed all the energy is sup- 
plied by the compensating field winding and 
it is difficult to imagine stable operations in 
this region if the unit is self-excited and 
completely disconnected from any other 
sources of power. It would be greatly ap- 
preciated if Roys could elaborate on this 
point. Specifically, it would be very inter- 
esting to learn whether or not stable opera- 
tion under these conditions at no load and 
under load actually was achieved. 

Stable operation appears feasible above 
synchronous speed and through the entire 
range where the armature is rotating against 
field rotation. However, in this instance the 
bar-to-bar voltage in the commutating zone 


s 
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Appendix Ill. List of Symbols 


p.b. = ‘phase belt factor”’ 
1/P 
sees Bdé 
a a/2 
Joi), Bes 


P =number of brush sets 
=2 for single-phase 
=number of phases for P23 
c.f.=chord, or winding pitch factor 
p=number of poles 
Z=number of armature conductors 
m=number of parallel paths 
=1 for simplex wave and 2-pole lap 
windings 
N=rotor speed in revolutions per minute 
No=speed of rotating field, or synchronous 
speed 
@=maximum instantaneous value of flux 
per pole, in webers 
Zry=RrytjX ry, for xand y=a, b, and ¢, is 
the mutual impedance between phase 
windings of armature. In this 


Ray is the result of copper and stray core losses 
Xzy is the result of leakage fluxes only 


E,, Ey, E,=phase voltages caused by the 
rotating field 

T,, Iz, Ic =line currents 

I,, I), [,=armature-phase currents 

Z,;=Ry+jX;=equivalent impedance of a 
shunt field circuit 


Zi,=RatjXq=phase impedance of the 
armature 
Z,=R,+jXzp=phase impedance of the 


compensating field 
Xqzx=mutual reactance between armature 
and compensating windings 


Xqg=mutual reactance between shunt 
field and armature 

v=speed in terms of synchronous speed 

fo=no-load frequency 

Af=change in frequency due to load 

La! =Zyt+LZy—23X a 

Z/ =Z;—jX¢ 

Z, = Ri +jX1 =impedance of the load 

sin 0=load reactive factor 


C,=quality factor of field windings 
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is large and limitations similar to those 
established for the single phase unit appear 
to exist. 


SINGLE-PHASEP UNIT 


In order to appreciate the governing fac- 
tors, let us consider a single-phase generator. 
Figure 2 shows a d-c generator and it is as- 
sumed that its entire magnetic circuit is 
laminated. If this unit is operated on a-c 
excitation the relationship between field 
current and terminal voltage remains unaf- 
fected because the voltage induced by trans- 
formation is cancelled within the windings 
and only voltage due to rotation appears at 
the brushes. Assuming that the generator is 
built with a maximum practical number of 
bars, it follows that the entire design is 
determined by the desired output voltage 
and armature speed and is unaffected by 
the intended operating frequency. It is 
evident then that for a given maximum flux 
density in the air gap, the bar-to-bar voltage 
in the commutating zone is proportional to 
the frequency and the commutating diffi- 
culties mount in this proportion. 

A single-phase generator intended for an 
output of approximately 3,000 volt-amperes 
was built and tested. The rated voltage is 
115, the speed range between 2,500 and 
8,000 rpm and the frequency approximately 
400 cycles per second. The bar-to-bar 
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voltage in the commutating zone is of the 
order of 20 volts. It was found that com- 
mutation was quite unacceptable. Tests 
over the entire frequency range from ap- 
proximately 80 cycles to 400 showed a con- 
sistent deterioration with increase in fre- 
quency. The armature was rewound for 
approximately 20 volts, one turn per coil. 
In this instance the commutation was ac- 
ceptable throughout the frequency range. 

It was difficult to. obtain good regulation 
under load. Evidently the leakage imped- 
ance of the armature is large enough to 
cause voltage collapse at approximately half 
load if operated at 400 cycles. The low volt- 
age armature was tested in conjunction with 
a transformer so that the field winding was 
energized from 110 volts as before. It was 
found that the additional transformer leak- 
age reactance prevented any operation under 
load. 

No particular difficulty was experienced 
in obtaining self-excitation although oc- 
casionally it was necessary to “tease” the 
circuit by switching capacitors. The wave 
form was excellent except for commutating 
ripples which can be filtered out without 
much difficulty. 

It was found that tuning for 400 cycles at 
low generator speeds was very much more 
difficult than at high speeds. This was at- 
tributed to the change in impedance of the 
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Figure 1. . Vector conditions in syn- 
chronous speed range 


$1, Se, Ss;—Shunt axis 
B,, Bs, B,;—True brush axis 
hy [2, ls-—Armature and compensating axis 
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shunt winding at different levels of the 
saturation curve. 

I wish to summarize my viewpoints on 
the subject as follows: 


1. Operation of single-phase units with bar-to-bar 
voltages in the commutating zone exceeding five 
volts is not practical at present and therefore low 
voltage armatures and step-up transformers appear 
to be required. 


2. Impedance drops in armature interpole and com- 
pensating windings present great difficulties. They 
are of the order of 5 times J R drop. 


8. The 3-phase unit appears to be subject to 
similar limitations due to apparent difficulties with 
operation near synchronous speed (in direction of 
rotation). 


4. The generator appears quite feasible and prac- 
tical for moderate frequencies such as 60 cycles but 
all difficulties mount at least in proportion to the 
operating frequencies. 


Carl S. Roys: Referring to Krauer’s re- 
marks pertaining to the 3-phase machine, it 
has been operated as motor and generator 
over a wide range of load and speed condi- 
tions. These included self-excited genera- 
tor operation at synchronous speed. Under 
no conditions were there any signs of either 
instability or power transfer due to trans- 
former action. As stated in the paper, the 
armature terminal voltages became zero at 
no load and equal to the armature imped- 
ance drops at load, for synchronous speed 
operation. 
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= sae 
Eo=-%CWr € 


As an aid to an understanding of the 
operation of the polyphase machine, con- 
sider the analogous transformer-generator 
combination shown in Figure 3 of this dis- 
cussion. In this, the two secondary wind- 
ings are connected in opposition. With the 
terminology used in the paper, the electro- 
motive force equations are 


(Z+-Z,’)I=E,+E;—E; (1) 
Eqo=E,+E,— (Za+Zax)l (2) 
E,o=E,—Z,'1=ZI (3) 


When E;=—E;, these become, respec- 
tively, 


(Z+-Z,')I=E, (4) 
Eqo= —(Zat+Zax)t (5) 
Ex=E,—Z,'I=ZI (6) 


Thus, the only change is in the voltage Egy. 

Obviously there is no transfer of power 
in the system due to transformer action, 
the total complex power delivered being 
given by, 


Before closing this part of the discussion, 
it is the authors’ belief that the popular con- 
ception that a “rotating field” actual rotates 
can lead to misleading results. It consists 
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Figure 2. D-c generator 


E.0—Induced voltage in equivalent phase At 
armature 

E4—Induced voltage in compensating winding 
phase 1 

wF—Field rotation=nsx/30 

wR—Armature rotation=n7z/30 
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Figure 3. Analogous transformer-generator 
combination 


actually of a stationary distribution varying 
in a fashion such that the positions of crests 
and nodes progress around the air gap. In 
this regard, it is similar to the case of waves 
on deep water, in which the water rises and 
falls without longitudinal motion. 

With this in mind, instead of assuming no 
voltages set up in the rotor conductors when 
moving at synchronous speed, it can be 
shown that the induced and generated volt- 
ages are equal and opposite. Hence, they 
cannot set up any current when acting alone. 
However, if an extra electromotive force is 
added, such as one which will neutralize the 
above induced voltages, for example, the 
instantaneous mechanical power~ will be 
proportional to the product of generated 
voltage due to rotation and conductor cur- 
rent, just as though the induced voltage 
were not present. 

With reference to the questions regard- 
ing single-phase machines, the authors 
understood that the machine which he dis- 
cussed was not provided with compensating 
windings. Under those circumstances satis- 
factory commutation could only be achieved 
under very restricted voltage and load 
conditions. 


The Hysteresis Motor—Advances 
Which Permit Economical Fractional 


Horsepower Ratings 


HERBERT C. ROTERS 


MEMBER AIEE 


Synopsis: The theory of the development of 
torque in a hysteresis motor is analyzed from 
both the hysteresis lag angle and total loop 
energy points of view. A new development, 
comprising the use of a closed slot stator in 
co-operation with a hysteresis rotor, which 
permits building hysteresis motors of high 
power output at high efficiency is explained 
qualitatively and supplemented by con- 
siderable quantitative experimental data. 
A new method of stator construction, per- 
mitting the use of closed slot stator lamina- 
tions assembled on a mandrel with non- 
magnetic bearing supporting spiders, wound 
externally in either a d-c type of armature 
winding machine or with form-wound coils, 
impregnated with a thermosetting resin and 
baked to form a unitary structure, is- de- 
scribed. The electrical design of the ma- 
chine is covered and quantitative data on 
both design details and operating charac- 
teristics are given on several models. 


HE hysteresis motor, as a practical 

type of power motor, is virtually un- 
known. Asascientific curiosity and as an 
unloaded synchronous motor it has been 
known and used for many years. Almost 
all prior art applications have been con- 
fined to driving clocks or other timing in- 
struments. The synchronous clock motor 
develops an inappreciable power output, of 
the order of from 5 to 10 milliwatts out- 
put. The input runs from 2 to 3 watts. 
The efficiency limits, therefore, range from 
a high of 0.5 per cent to a low of 0.16 per 
cent. A few larger hysteresis motors 
have been built but they do not appear to 
have assumed commercial importance. 
It is the purpose of this paper to describe 
changes in the art which have made 
practical synchronous motors of the 
hysteresis type of relatively large power 
outputs and high efficiency. Thus, some 
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of the motors to be described are as large 
as one-seventh horsepower with an 
efficiency as high as 73 per cent. De- 
velopmental models have been built with 
an output of one-fourth horsepower and 
dn efficiency of 80 per cent. The ad- 
vances in the art primarily responsible for 
this improvement in hysteresis motors 
are 


(a) The development of a method of 
eliminating spurious hysteresis loss in the 
rotor of the motor. 


(b) The development of a method of re- 
ducing the exciting current. 


The spurious hysteresis rotor loss, 
usually present in these machines, is pro- 
duced by an undulation of the space dis- 
tribution of the flux density of the rotor 
relative to the revolving field. This loss 
manifests itself as heat in the rotor, and in 
the usual prior art motor has been of the 
order of from one to three times the power 
output of the rotor. Inasmuch as this 


cy 


cD 
Figure 1. Iron rotor without hysteresis in 
magnetic field 
Roters—The Hysteresis Motor 


~ Ohio, September 23-25, 1947. 


loss is due primarily to variations in mag- 
nitude and angular velocity of the revolv- 
ing field, it can be eliminated by having an 
ideal revolving field. Such an ideal field 
can be produced only by a distributed 
winding in-a stator having an infinite 
number of slots with an infinitesimal slot 
opening. Practically, a reasonably close 
approximation to the ideal can be pro- 
duced by using a winding distributed in a 
finite number of slots, the openings of 
which are closed. Such a stator construc- 


tion used with the right geometrical pro- 


portion of slots will reduce the spurious 
hysteresis loss to a negligible quantity. 

The elimination of the spurious hys- 
teresis or parasitic loss of the rotor has 
a secondary benefit which is not at first 
obvious. First, in prior art machines the 
attempt has been made to minimize this 
spurious loss by using a large air gap be- 
tween the stator and the rotor, which of 
course, results in an excessive copper loss 
for excitation of the magnetic field. Re- 
duction of the parasitic loss by the use of 
closed slots permits the use of a short air 
gap and so greatly reduces the copper 
loss. 

The new permanent magnet materials 
available in recent years also have in- 
creased the available hysteresis energy per 
unit volume of material. While this factor 
enabled the reduction of the motors to a 
practical size, it had no effect on the un- 
acceptably low efficiency inherent in this 
type of motor. 

The sum net total effect of the elimina- 
tion of parasitic rotor losses, reduction of 
copper loss, and the improvement in 
magnetic materials makes the hysteresis 
synchronous motor comparable in size 
and efficiency with the ordinary induction 
motor. 

In certain applications when it is. 
feasible momentarily to overexcite the 
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rotor, it is possible to produce a state of 
permanent magnetization in the rotor 
such that the required exciting current is 
reduced greatly, resulting in a further 
diminution of the copper loss. 

Another important feature of this type 


rotor with hysteresis in 


lron 
magnetic field 


Figure 2. 


of synchronous motor is the absence of 
transient oscillations of the rotor upon the 
removal or sudden application of load. 
Effective damping is produced by the 
hysteresis loss associated with the oscilla- 
tion. 


Theory of Operation 


A. QUALITATIVE 


On the premise of an ideal magnetic 
field distribution it is a simple matter to 
calculate the performance of a cylindrical 
rotor up to the point of synchronism as the 
rotor goes through a normal magnetiza- 
tion cycle. As soon as synchronism has 
been reached the magnetic state of the 
rotor is unpredictable, being influenced 
by changes in mechanical load and varia- 
tion or surges in line voltage. An ideal 
magnetic field distribution in a hysteresis 
motor is one that will cause no undulation 
of rotor flux density; that is, when 
slipping behind the revolving field the 
flux density at any point in the rotor 
must follow a major hysteresis loop con- 
tinuously with no momentary recessions 
in flux density which would give rise to 
minor loops: likewise, when running at 
synchronism in a steady state, the flux 
‘density of any point in the rotor must re- 
‘main constant. This condition will be 
realized if the vector distribution of 
magnetomotive force from the stator is 
absolutely invariant, revolving as a whole 
at constant angular velocity, and if, in 
addition, the rotor turns at constant 
angular velocity in synchronism with the 
field. 

Assume in Figure 1 that we have a field 
as defined here revolving at an angular 
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velocity w, and a rotor within the field, 
which is slipping behind the field at S 
radians per sec. 

If the rotor exhibited no hysteresis the 
magnetization of the rotor would be in 
phase with the magnetomotive force of 
the stator, and the magnetic axis A—C of 
the rotor would coincide with the axis 
B_D of the field, as illustrated, and there 
would be no torque on the rotor. 

However, when hysteresis is present the 
magnetization of the rotor will lag behind 
the magnetizing force of the stator and 
the axis A—C defining the axis of mag- 
netization in the rotor will lag behind the 
axis of the stator magnetomotive force 
B-D, by an angle « as shown in Figure 2. 
Assuming .a sinusoidal field form, the 
torque on the rotor obviously will be pro- 


Figure 3. Flux den- 

sity- and magnetic 

intensity _relation- 

ships in a rotor of 

17 per cent cobalt 

permanent magnet 
steel, 


B in kilomaxwells 
per square inch; 
H in ampere-turns 
per inch; Hy’ = 955 


ampere-turns per & 36 hee 
inch peak mone S a = 


portional to the product of the funda- 
mental component of the stator mag- 
netomotive force by the fundamental 
component of the rotor flux and the sine 
of the angle of lag a. 

This condition is illustrated in Figure 3, 
which shows the hysteresis loop A for a 
permanent magnet steel rotor and the 
curve of instantaneous rotor magnetomo- 
tive force H derived from A for the 
sinusoidal rotor flux density wave B. 

These curves as drawn show the rela- 
tions in the rotor only and neglect the 
magnetomotive force consumed in the air 
gap and stator iron. The exciting mag- 
netomotive force wave H can be resolved 
into two fundamental harmonic compo- 
nents: sinusoid H,” in phase with the flux 
density wave, representing the real 
magnetizing component, and sinusoid 
H,’ in quadrature with the flux density 
wave, representing the real power com- 
ponent. The resultant of these two com- 
ponents is Hy the fundamental harmonic 
component of H. The angle of lag be- 
tween the flux density wave B and the 
fundamental component of stator mag- 
netic intensity Hy is the angle a referred 
to in Figure 2. 
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ENERGY LOSS PER CU. IN. PER CYCLE- JOULES 


3 3888=- 


The power converted from the elec- 
trical to the mechanical form per unit 
volume of rotor by virtue of hysteresis 
will be proportional to the following: 


P« BH/ « BHy sina 


For the purpose of quantitative illustra- 
tion the loop A of Figure 3 is an actual 
experimental loop obtained from a sample 
of 17 per cent cobalt permanent magnet 
steel (Simonds 81), and the magnetic in- 
tensity wave H has been derived from the 
loop A, and resolved into the harmonic 
components shown. The actual power 
converted by means of the hysteresis loop 
will be, 


Hy sin a 


TIS, 


P=4,44 fB watts per cubic inch 


(P-Multiply ordinates x 10 


Nh: 
A/G 


20 40 50 60 70 8090100 
MAXIMUM LOOP FLUX DENSITY-KMAX/SQ-IN. 
Figure 4. Hysteresis energy loss of commercial 
magnet materials 


1—Seventeen per cent cobalt, Simonds 81 
Q9—Same as 1, drawn at 300 degrees Fahren- 
heit 

3—Three per cent cobalt, Simonds 83 
4—Three and one half per cent chrome, 
Simonds 73 
5—Same as 4, drawn at 300 degrees Fahren- 
heit 

6—Allnico |, Simonds 
7—Allnico II, Simonds 
8—Alnico V, Simonds 
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where 4.44 fB represents the rms voltage 
per turn induced in the stator by the flux 
in one square inch of the rotor, and 


Hy sin a 
V/2 
Figure 5. Open 
ASN A and closed slot mag- 
LED EEE EEE, netomotive force 
distribution 


is the rms magnetomotive force per inch 
of rotor length in phase with the voltage 
induced in the stator. Assuming a fre- 
quency f of 60 cycles per second and 
using the numerical values shown on 
Figure 3, the following numerical re- 
sult is obtained for this steel when 
operating at a maximum flux density of 62 
kilomaxwells per square inch: 


255 
P=4.44<60X62x 10-5 — 
Rene aa 


= 29.8 watts per cubic inch 


The pattern of Figure 3 is correct only 
when the rotor is slipping or just. has 
accelerated to incipient synchronism, and 
represents the magnetic conditions giving 
the maximum torque. 

Disregarding any effects of eddy cur- 
rents in the rotor this is the maximum 
torque which just can be brought into 
synchronism. When the rotor is slipping 
the axis of magnetization of the rotor will 
remain at,a constant position with respect 
to the stator field, lagging by the angle a, 
but will be slipping with respect to the 
rotor; when synchronism has just been 
reached the rotor axis of magnetization 
will become stationary with respect to the 
rotor but will continue to lag the stator 
axis by a. 

When the torque load is removed from 
the rotor the angle a will close and the 
rotor will advance in phase until the axis 
of rotor magnetization coincides with that 
of the stator where the mechanical torque 
is zero. If the rotor is advanced beyond 
this position by the application of a 
driving torque the machine, of course, 
will become a generator. It is obvious 
that during this process the component of 
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voltage induced in the stator will shift its 
phase angle from a power absorbing com- 
ponent at full motor torque to a gen- 
erating component when the motor is 
driven. 

However, whenever the rotor is allowed 
to change its phase, as for instance, from 
the full load position with a hysteresis lag 
angle of a to the no load position, the 
magnetization of the rotor will be 
changed. ‘Thus, if it is loaded after hav- 
ing been allowed to run at no load, it will 
carry more load before it pulls out of syn- 
chronism than it previously was able just 
to synchronize. This is understandable 
because at no load the rotor axis of mag- 
netization is oriented fully to that of the 
stator and hence is magnetized more fully 
than when slipping. It is for this reason 
that accurate quantitative results must be 
predicated upon a known state of mag- 
netization. Such a state is most easily 
obtainable when the rotor is slipping. 


B. QUANTITATIVE 


The foregoing system of analysis is par- 
ticularly useful for obtaining a qualitative 
picture of the mode of operation. While 


Figure 6. Major loop with parasitic minor 
loop 


it can be used for quantitative calcu- 
lations of rotor torque as has been illus- 
trated, it is more convenient to use an 
energy method. Referring to Figure 2, 
as the rotor slips, the axis of rotor mag- 
netization sweeps around the rotor, alter- 
nately subjecting each particle of the rotor 
to full magnetization first in one direction, 
and then in the other, at a periodicity 
corresponding to the slip. 

The flux density-magnetic intensity 
relationship in each particle of rotor steel 
thus is described by a magnetic hysteresis 
loop, the various hysteresis loops for the 
various particles. being identical except 
that they are displaced in phase corre- 
sponding to the electrical angular position 
of the particles. Each particle will go 
through a complete magnetic cycle for 
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each pair of poles it slips by, and heat 
energy equal to area of the hysteresis 
loop for the particle will be released. As 
each particle of the rotor goes through the 
same maximum flux density, each will 
have the same loss and the total loss of the 
rotor per pair of poles slipped will be 


B=0 
W=V HdB joules 
B=0 


where 


B=0 
HdB 
B=0 


is the area of the hysteresis loop in joules 
per cubic inch per cycle, and V is the vol- 
ume of the rotor in cubic inches. 

This energy loss in the totor is trans- 
mitted from the stator through the agency 
of the magnetic field, as a torque times the 
speed of the field. The hysteresis power 
developed in the rotor will be 


B=0 
P=fV HdB watts 
B=0 


and the torque developed will be 
{VS HaB 


270 


= joules per radian 

where 7 is the rotational speed of the 
stator field in revolutions per second, or 
converting to conventional units 


VW, 
ra! “Fay X 8:86 


1.41 f VW, 
usin inch-pounds 


_ 22. 6 fVW,, 
——— ifich-ounces 
n 


where 


W),=area of hysteresis loop in joules per 
cubic inch per cycle 

V =volume of rotor in cubic inches 

n=rotational speed of stator field in revolu- 
tions per second 


UWA 


Figure 7. Distribution of flux in slot bridge 
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CLOSED SLOT 


1.250 DIA. 1.740 DIA. 


# 303 
STAINLESS 
STEEL 


Of this hysteresis power transmitted to 
the rotor, a portion, proportional to the 
slip, appears as heat in the rotor and the 
balance proportional to rotor speed -ap- 
pears as mechanical work at the shaft. 

In Figure 4 there are given curves of 
W,, as a function of the maximum cyclic 
loop flux density Bm for various suitable 
permanent magnet materials. 

From these data it may be seen that the 
power output that can be realized per 
cubic inch of steel is quite large. Thus, 
taking Bm = 70 kilomaxwells per square 
inch as a practical value for Bm, the fol- 
lowing powers can be obtained per cubic 
inch of steel at 60 cycles per second, under 
ideal field conditions. 
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Figure 9. Synchronizing torque as affected by 
slot openings 


Rotor of Figure 8C, 0.005 inch air gap; 
stators of Figure 8 
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Figure 8. Stators 
and rotors used to 
measure benefits 
obtained by closed 
slot stator construc- 


tion 
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Per Cu In. Pp, 
Steel Per Cycle Watts 
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Deviation of Synchronizing Torque 
Due to Undulation of Rotor 
Flux Density 


The potential outputs per cubic inch of 
rotor shown in Table I are predicated 
upon an ideal revolving field. The field 
form of an actual motor deviates from the 
ideal due to the following causes: 


A. Slot Openings 
B. Winding Distribution 


A. S Lor OPENINGS 


The most important factor in causing 
the synchronizing torque of a hysteresis 
motor to deviate from the ideal is the 
effect of open stator slots. These cause 
violent fluctuations in rotor flux density 
as the rotor passes from the short air gap 
under the solid tooth face to the relatively 
long and open gap under the slot opening. 
This results in the production of minor 
hysteresis loops superposed on the major 
loop. As these minor loops represent 
heat loss in the rotor, the energy for which 
is obtained as a mechanical drag on the 
rotor, they properly may be referred to as 
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parasitic loops and the consequent loss as 
parasitic loss. This loss was previously 
so large in hysteresis motors that it pre- 
sented a design limitation. 

In Figure 5A there is shown a section of 
an open slot stator with the windings of 
one phase group. Figure 5B shows the 
wave form of magnetomotive force de- 
veloped by the winding of Figure 5A. If 
the rotor has a very short air gap between 
it and the stator as shown in Figure 5A, 
the magnetomotive force available for the 
rotor directly under the teeth will be al- 
most the same as that shown in Figure 
5B because the reluctance drop in the air 
gap and stator yoke and teeth will be rela- 
tively small. However, between the 
teeth most of the magnetomotive force 
will be consumed in the reluctance of the 
long air path resulting in a reduction of 
the flux density on the surface of the rotor 
opposite the slots. This is illustrated in 
Figure 5C. Consequently, a point in the 
rotor will experience a periodic diminution 
of flux density as it passes under the slot. 
This undulation in flux density is inde- 
pendent of any wave-form distortion in- 
troduced by the winding arrangement. 
Thus, referring to Figure 6, each point on 
the rotor will describe a minor loop similar 
to that shown by 1-2 as many times per 
cycle of the supply as there are teeth per 
pair of poles when the rotor is running 
synchronously. 

The energy represented by these minor 
loops appears as heat in the rotor and re- 
flects itself as a drag torque on the rotor. 
The maximum synchronous power that 
can be developed is proportional to the 
area of the major loop ABCDEFA of 
Figure 6. The power loss due to the slot 
openings will be proportional to the area 
of the average minor loop 1-2 multiplied 
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Figure 10. Synchronizing torque as affected 
by slot openings 


Rotor of Figure 8D, 0.003-inch air gap; 
stators of Figure 8 
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2.500 DIA. 


2.000 DIA 


A 


by the number of teeth per pair of poles. 
Without special precautions this loss is a 
major percentage of the power developed 
in the primary loop. 

In some cases, where the slot openings 
are relatively wide and the air gap short, 
the minor loops can reach such propor- 
tions that their total area exceeds that of 
the major loop. When this occurs, the 
rotor will slip below synchronism, Equi- 
librium below synchronism is usually pos- 
sible with a solid rotor due to the increase 
in torque produced by eddy currents in 
therotor. Therefore, it has been the con- 
ventional practice deliberately to make 
the air gap between the stator and the 
rotor large so that the field between the 
slot openings is more uniform, thus mini- 
mizing the field distortion at the surface 
of the rotor to the extent where synchro- 
nous operation is possible. As stated be- 
fore this practice requires increased mag- 
netizing current and results in increased 
copper losses and reduced efficiency. _ 

The parasitic hysteresis loss caused by 
open slots can be practically eliminated, or 
at least greatly minimized, if an unusual 
type of slot construction is resorted to. 
This consists of closing the slots as shown 
in Figure 5D. In conventional induction 
and synchronous motors, closed slots 
would be considered very detrimental to 
the characteristics because of the result- 
ing reduction in power factor and output 
caused by shunting the flux away from the 
rotor. However, in the case of the hys- 
teresis motor, closing the slots produces 
advantages which far outweigh the dis- 
advantages just cited. Referring to 
Figure 5H, the effect of the closed slots 
will be to greatly reduce the dips in in- 
stantaneous rotor flux density in the inter- 
tooth space. The exact quantitative 
solution for the magnetic potentials along 
a closed slot would, of course, be very diffi- 
cult to obtain as they will vary with the 
degree of saturation of the iron. 

In Figure 7 let tooth A be at a higher 
potential than tooth B. Then, besides 
furnishing flux to the rotor, flux must flow 
from A to B through the slot bridge in 
order to establish a potential drop equal 
to the difference in potential between A 
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Figure 11. Four-slot 
stators used to show 
benefits obtained 
by closed slot con- 
struction 


and B. However, as the flux passing 
through the bridge is not sufficient to sup- 
ply that required for the rotor under the 
adjacent tooth edge of B, some must be 
supplied direct from B. Hence, there 
will be a point on the tip of tooth B 
slightly left of the center of the slot bridge 
which will be at a potential slightly less 
than that at center of tooth B. The re- 
sulting wave-form pattern will be similar 


number 27 wire per coil. Two rotors of 
different types, illustrated in Figure 8, C 
and D, were tested in each stator. 

In Figure 9 there is shown the synchro- 
nizing torque* developed by the rotor of 
Figure 8C in the stators of Figure 8, A 
and B, plotted as a function of the maxi- 
mum ampere turns per pole. These data 
show that the closed slot stator develops 
about 75 per cent more torque in the 
higher operating range for the same am- 
pere turns, and will develop a maximum 
synchronizing torque of 46.5 ounce-inches 
as compared to 26.5 ounce-inches for the 
open slot stator. 


Part of the increase in torque is due to 
the fact that with bridged slot construc- 


* By synchronizing torque is meant the torque the 
rotor can just pullinto synchronism. It usually is 
checked by pulling the rotor slightly out of syn- 
chronism by momentarily adding load, as for in- 
stance, with a finger on the brake wheel and seeing 
if the applied load is pulled back into synchronism. 


2 Phase, 2 Pole, |/2 Pitch, 4 Teeth, 1089 tk. 
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Figure 12. Synchronizing torque as affected 
by stator slot openings 


Stators of Figure 11, 0.008-inch air gap 


to that shown in Figure 5, which pattern 
obviously will have less parasitic hystere- 
sis loss due to minor loops than that of 
Figure 5C for open slots. 

Because of the difficulty of quantitative 
deductions, the most direct data on the 
benefits of closed slots can be obtained by 
experiment. For this purpose two identi- 
cal stators were prepared. The magnetic 
circuits of these stators are illustrated in 
Figure 8, A and B, and differ only in that 
one, Figure 8B, had the intertooth bridges 
milled away to make an open slot of con- 
ventional proportions. Both stators were 
wound the same; 2-phase 4-pole lap wind- 
ing of two-thirds pitch with 75 turns of 
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Figure 13. Stators and rotor used to measure 
the effect of the number of stator slots per pair 
of poles 


P—Permanent magnet steel rotor 
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tion the same magnetomotive force pro- 
duces a greater flux due to the lower reluc- 
tance of the air gap between the stator 
and rotor. However, the increase in 
torque due to this factor is a small part of 
the total improvement in synchronous 
torque. 

Besides the increase of torque noted 
above a very significant difference in the 
operation of the two stators is the limit of 
synchronizing torque. The closed slot 
stator will develop a maximum torque of 
46.5 ounce-inches at 500 ampere turns per 
pole. Increases in magnetomotive force 
above this value will cause the actual syn- 
chronizing torque to decrease. The open 
slot stator, however, will develop only 
26.5 ounce-inches maximum at 400 am- 
pere turns per pole and any further in- 
crease in magnetomotive force will de- 
crease the torque. Obviously, this great 
increase i maximum synchronizing torque 
of 75 per cent can be attributed only 
to the beneficial effects of the closed slots, 
because any change in flux due to the de- 
creased ait-gap permeance for the open 

slots can be made up by increasing the 
; magnetomotive force. 

Figure 10 shows a still greater difference 
between the closed and open slot stators 
when using the rotor of Figure 8D con- 
sisting of a thin shell of Alnico over a soft 
steel cruciform. This greater deviation 
undoubtedly is due to the difference in the 
magnetic circuit through the rotor. The 
rotor of Figure 8D has a combination of 
radial and circumferential flow of flux 
while that of Figure 8C is almost entirely 
circumferential. The radial component 
of the field under the cruciform arms of 


Figure 8D obviously will be subjected to . 


large fluctuations as the rotor passes from 
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tooth to slot because the radial thickness 
of the Alnico is about the same as the slot 
width. The very short air gap of 0.003 
inch also helps to intensify the field varia- 
tions. For this particular rotor the maxi- 
mum synchronizing torque developed in 
the closed slot stator was 438.5 ounce- 
inches as compared to 7.4 ounce inches for 
the open slot stator, at 720 ampere turns 
per pole, or an increase of 490 per cent. 
This is a case in which the motor design 


increases the power required for excita- 
tion, resulting in an over-all decrease in 
efficiency and output as compared to the 
closed slot design. 

Further data, showing the effect of slot 
openings on the synchronizing torque of a 
2-phase 1/2-pitch 4-tooth 2-pole stator 
are given in Figures 11 and 12. Figure 
11A gives all the dimensional data for the 
closed slot stator, while Figure 11B shows 
the same stator with the slot openings 


Table Il 
Avg Amp 
Coils Turns 
Slot in Effective 
Bridge Turns Series Over Pole 
Figure Thick- Per Per Coil Face Per 
8 Phases Poles’ Slots Bore, In. ness, In. Coil Phase Pitch Peak Amp 
Ae Saree 2 a ed an a 0.61965 .20ee OLO225 ser keul OM 2iotery ae om 2 ie padeastets tN gS atte. ie 648 
Bites aes 3 Qasr Pe i Nc Bes ee On GTOSE ices O%.0240), Sse S32 eae ie Se Signe agers 631 
Ganeiatae 2 Seen Die caesar Le eas O 62200 wae 002455 ina. : SOR cette Bion tatters Ag Maleregt OO a! 
Ds. ona 2 aye Olsitteegass O..6198'.;;.5 «de OxOZL5:, i wre DAO ences is Sanco ec lg. b ho Re 602 
with open slots has caused the effect of milled in. These stators are identical in 


the minor loop parasitic loss to assume 
major proportions. For this type of con- 
struction with any degree of practical ex- 
citation the limiting synchronizing torque 
was not reached. This characteristic 
with closed slots imparts a high degree of 
stability in a motor in the normal operat- 
ing range. 

It is interesting to note that the extreme 
parasitic loss in this case with the open 
slots could be reduced by increasing the 
airgap. A large air gap acts like a buffer 
and tends to minimize the fluctuations in 
flux density in the rotor due to slot distor- 
tion. However, an increased air gap in- 
troduces a higher gap reluctance and so 


Figure 14. Synchroniz- 

ing torque curves show- 

ing the effect of the 

number of slots per pair 
of poles 
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all respects other than the slots. Figure 
12 gives the synchronizing pull-in torque 
for each stator, as a function of the peak 
sinusoidal ampere turns per pole, when 
used with the same rotor. It will be 
observed that the addition of slots de- 
creases the maximum synchronous torque 
that can be developed from 1.04 ounce- 
inches to 0.44 ounce-inch, a decrease 
of 58 per cent. Also the range of 


magnetomotive force over which syn- 


chronism can be maintained regardless of 
torque, varied from 498 to 93 peak ampere 
turns per pole for the unslotted stator, and 
from 288 to 168 for the slotted stator, a 
decrease of 58.4 per cent. The efficiency 
of the two stators also will be in about ce 
same. porportion. 


Be aN UMBER OF SLOTS 


The number of slots per pair of poles 
and the distribution of the coils in these 
slo’s determines the wave form of stator . 
magnetomotive force. As the number of 
slots is incréased the wave form is im- 
proved, approaching a sine wave more 
closely. However, as the wave advances 
it will undulate in magnitude, causing the 


- magnetomotive force effective: under a 


given region of the wave to vary up and 
down about an average value. The ex- 
tent of these fluctuations will depend on 
the number of slots per pair of poles, de- 
creasing as the number of slots increases. + 
The actual variation in stator magneto- 
motive force for a 2-phase stator has been 
calculated from the instantaneous wave 
forms for a point on the rotor surface as it 
rotates synchronously with the field. 
This variation amounts to from 15 to 50 
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per cent of the average magnetomotive 
force for 12 and 4 slot stators, respec- 
tively. The actual flux density variation 
is reduced greatly below this figure when 
closed slots are used because the bridges 
between the teeth reduce the absolute 
magnitude of the variations. 

A quantitative analysis of the effect of 
changing the number of stator slots would 
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be very difficult, if not impossible, when 
closed slots are used. However, some 
conclusions can be drawn from carefully 
correlated experimental work. For this 
purpose a series of four stators, built to be 
identical, were prepared. These stators, 
illustrated in Figure 13, A, B, C, and D, 
have 4, 8, 12, and 16 slots, respectively. 
Their winding data are given in Table II. 

Each one of these stators was tested on 
a‘balanced 2-phase power supply using 
the rotor illustrated in Figure 8H. -This 
rotor is a plain annular ring of 17 per cent 
cobalt steel, 0.6104 inch outside diameter, 
0.375-inch inside diameter, and 1 inch 
long. 

In Figure 14 there are shown curves of 
synchronizing torque (as defined previ- 
ously) plotted against the average stator 
magnetomotive force effective over the 
pole face.* An examination of these data 
gives the maximum values of synchron- 
izing torque given in Table III. 

Application of field strengths in excess 
of those shown in the table cause the syn- 
chronous torque to decrease as may be 
seen by reference to Figure 14. If a com- 
parison is made at the ampere turns per 


* The torque of a hysteresis rotor like that of Figure 
13E is proportional to the maximum circumferen- 
tial flux density, which in turn is merely propor- 
tional to the maximum rotor flux. Therefore, when 
plotting Figure 14 the average value of magneto- 
motive force over the pole face was used for the axis 
of abscissas because this number is proportional to 
the average value of maximum rotor flux density. 
The average value is used because the wave form 
instead of remaining exactly invariant as the field 
sweeps around the stator undulates. Hence, the 
average value would be proportional to the major 
hysteresis loop at which the rotor is working, while 
the undulations about this average value would 
represent the minor loops which are superimposed 
on the major loop. -This average magnetomotive 
force was computed by finding the average of the 
instantaneous magnetomotive forces acting on each 
tooth of the pole face, averaged for different space 
positions of the field. 
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Table IV 


Synchronous Relative 
No. of Torque, Torque, 
Slots Oz-In. Per Cent 
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pole (193) corresponding to maximum 
synchronizing torque for the 16-slot sta- 
tor, we get Table IV. 

It is, therefore, quite advantageous to 
use the maximum possible distribution of 
the winding if one desires to develop the 
maximum possible power from a given 
rotor. A further study of Figure 14 
shows that for low magnetizing forces all 
stators are equally good. Another inter- 
esting feature is that the rate at which the 
synchronizing torque drops off as the 
magnetizing force is increased after the 
maximum has been reached, is roughly in- 
versely proportional to the number of 
slots. Thus, the torque of a 4-slot stator 
will fall off very rapidly if the magnetizing 
force is increased beyond that giving 
maximum synchronizing torque. 

The explanation of these benefits de- 
rived by using a larger number of slots per 
pair of poles appears to be associated with 
the saturation of the slot bridges. Refer- 
ring to the data of Table II, the compari- 
son shown in Table V may be made. 

These data show that the slot bridge of 
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a 4-slot stator will reach saturation when 
the effective magnetomotive force over 
the pole face is only approximately 25 per 
cent of that required in a 16-slot stator 
to produce saturation. When the slot 
bridge saturates, it is essentially the same 
as having an open slot because the satu- 
rated bridge has a permeability only a few 
times that of air. Under these conditions 
excessive parasitic loss occurs at relatively 
low excitations. The use of a larger num- 
ber of slots primarily enhances the effec- 
tiveness of the slot bridges because it 
places several of them in series, allowing 
them to perform their function of pre- 
venting pulsation in rotor flux density to 
much higher values of total pole magneto- 
motive force. 


Practical Construction Embodying 
Closed Slots and Distributed 
Windings 


A practical method of construction of a 
closed-slot: distributively wound motor 
with a short air gap which retains all the 
advantages of the closed slots, together 
with ease of construction, is illustrated in 
the section drawing of Figure 15 and the 
photographs shown in Figure 16. 

Figure 15 shows a cross section of the 
motor in which the various component 
parts are labelled. In Figure 16A, the 
various components which make up the 
stator are shown. The method of as- 
sembly and winding the stator is as fol- 
lows: Two brass spiders with sufficient 
laminations to give the desred stack 
length are assembled on a mandrel as 
shown in B. The spiders and laminations 
are a reasonably close fit on the mandrel, 
the clearance between the diameters be- 
ing between 0.0005 and 0.001 inch. The 
laminations preferably have been punched 


Figure 15. Cross section of motor showing 
unitary structure and single concentricity 
bearing capsule alignment 
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from a core plated stock and should be 
free of all oil or grease. The slots then 
are aligned if necessary and a suitable slot 
liner is placed in them. The mandrel as- 
sembly then is placed in an armature 
winding machine similar to those used for 
winding d-c armatures and wound with 
conventional lap coils, arranged in phase 
groups instead of being brought out indi- 
vidually as in d-c machines. If desired, 
the stack can be wound using preformed 
coils as shown in Figure 16C. After 
being wound the slots are sealed with 
wedges and the phase terminals brought 
out to lugs which may be located con- 
veniently in the slot wedge as shown in 
Figure 16D. Following the winding proc- 
ess the wound stator with the mandrel in 
place is heated to 130 degrees centigrade 
for about one-half hour to drive out any 
moisture and then is immersed, while still 
hot, in a thermosetting synthetic resin 
for about one-half hour, allowing the resin 
thoroughly to impregnate the interstices 
between the wires and the laminations. 
The stack then is removed from the var- 
nish and allowed to dry in air. Following 


Figure 16. Motor compo- 

nents 

A. Laminations and spider 

B. Laminations and spiders 

assembled on mandrel 

C.. Windings with pre- 
formed coils 

D. Complete stator as- 
sembly 

E. Bearing capsule and 

rotor assembly 
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Table VI 


Rotor Power, W Per Cu In. at 


60 CPS 


Base Price, 
Cents Per 


Hm, Amp-Turn Per In. 


Grade of Steel 


Bm =50 Bm=60 Bm=70 Bm=80 Bm =50 Bm =60 Bm =70 Bm =80 Lb 


31/2 per cent Chrome..... 9.1....13.0 pipe! 
31/2 per cent Chrome*.... 7.4...,10.6 14.1 
BS) percent cobaltecr cnaeee 10.5....14.4 .19.2 
17 per cent cobalt........ LOS st. SiO oe 
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Bm in Kilomaxwells per square nch. 


* Drawn at 300 degrees Fahrenheit for 11/2 hour after hardening. Drawing at this temperature reduces the 
energy level approximately 20 per cent, but will give complete temperature stability up to 300 degrees 


Fahrenheit. 


this the stator with mandrel still in place 
is baked in an oven until the resin has 
been set. After cooling the stator is 
placed between centers in a grinder and 
the outside of the laminations are ground 
slightly so that the yoke rings may be as- 
sembled easily on the stator. After as- 
sembly of the yoke rings the entire assem- 
bly is again dipped in the resin and baked. 
This process converts the assembly into 
an integral mass. The mandrel now is 
pressed from the completed stack. 
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The completed stator assembly is 
shown in Figure 16D. In Figure 16# 
there is shown a standard type of capsule 
self-aligning sleeve bearing assembly, em- 
ploying a porous bronze bearing sur- 
rounded by felt washers having a copious 
oil supply. Ball bearings also may be 
employed, in which case the ball bearing 
can be fitted into a housing which fits into 
the brass spider, or the outside diameter 
of the bearing may be chosen to fit di- 
rectly into the brass spider., 


F. Complete motor as- 
sembly without pro- 
tecting case 
G. Square motor as- 
sembly with outer pro- 

tecting case 
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Figure 18. Unit 804 hysteresis motor. Load 
characteristics 


Balanced 2-phase, 135 volts, 60 cycles, 3,600 
rpm, 50 degrees centigrade rise full load 


The rotor assembly also is shown in 
Figure 16E and generally consists of a hol- 
low cylinder of permanent magnet steel 
supported by a nonferrous spider pressed 
on the motor shaft. For special synchro- 
nous effects the rotor can be modified. 
A salient pole construction will give a ro- 
tor which synchronizes at a fixed phase 
angle with reference to the supply. 

The completely assembled motor is 
shown in Figure 16F, while the motor with 
an outer protecting case is shown in 
Figure 16G.* 

The unique feature of the method of 
assembly described is that the stator is a 


_ unitary structure requiring no external 


* This particular construction is the development of 
Frank W. Sceuweees. 
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Figure 17. Models 
of Table VII 


Figure 19 (below). 

Unit 803 hysteresis 

motor load charac- 
teristics 


Balanced 9-phase, 
130 volts, 60 cycles, 
1,800 rpm, 65 de- 
grees centigrade rise 


full load 
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frame for alignment, and the bore of sta- 
tor and the bore of the brass spiders or 
bearing holders are aligned automatically 
to a high degree of concentricity without 
machining. This alignment is so good 
that the air gap on the production assem- 
bly for a 1.75 inch diameter rotor 3 inches 
long is only 0.008 inch. Preproduction 
models have been operated with a 0.003- 
inch air gap. The main feature of the 
alignment obtained by this method of con- 
struction is that it depends only upon one 
concentricity, that of the bearing, assum- 
ing, of course, that the rotor is concentric 
with its own shaft. 

A short gap, which is commercially 


‘practical for the reasons described herein- 


before, is highly desirable from the per- 
formance standpoint as it reduces the re- 
quired exciting current and hence the cop- 
per loss. However, this reduction in cop- 
per loss is only a net advantage if the re- 
duction in air gap does not result in an 
increase in parasitic loss greater than the 
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decrease in copper loss.t In the usual 
motor with open slots the economical 
minimum air gap is limited by parasitic 
losses. However, in the construction de- 
scribed with closed slots the parasitic 
losses are so reduced that the usual limi- 
tation in the length of air gap is manu- 
facturing tolerance. 


Electrical Design 


The electrical design of a hysteresis 
stator of the type described is carried out 
in a manner exactly the same as for the. 
stator of any polyphase synchronous or 
induction machine. As already indi- 
cated, where it is desired to operate at 
high power levels, special attention should 
be given to the wave form of stator mag- 
To this end, within 
mechanical limits, the largest practical 
number of slots per pair of poles should be 
chosen. 


ee eee ae 


+ See United States patent 2,328,743. 
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Short pitched coils are also advantage- 
ous as they help improve the wave form 
while at the same time increasing the ease 
of winding and decreasing the length of 
the end connections. The stator slots 
of course, should be closed to avoid losses 
due to parasitics. The minimum thick- 
ness of the bridge rings will be determined 
by mechanical considerations, while the 
circumferential length of this minimum 
section should be made as short as pos- 
sible; that is, the thickness of the bridge 
ring should increase rapidly from the 
minimum, 

Regarding the magnetic circuit, the sta- 
tor tooth section must be designed to 


POWER: INPUT 
—T__| 


PHASE CURRENT - AMPERES xl00 
SPEED RPM x !/1o 
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Figure 20 (left). 
load characteristics 


Unit 804 hysteresis motor 


Single phase, 117 volts, 60 cycles 3,600 
rpm, 40 degrees centigrade rise full load 


Figure 21 (right). Unit 803 hysteresis motor 
load characteristics 


Single phase, 117 volts, 60 cycles, 1,800 
rpm, 55 degrees centigrade rise full load 


same flux density and requiring different 
magnetic intensities to develop this flux 
density. 

The economic working range of rotor 
flux density is from about 50 to 80 kilo- 


\ 


Table VII. Typical Cylindrical Rotor Hysteresis Motor Data 
General Design Data 

Stator Rotor* 

Min Slot 

Bridge Outside Outside Active Total Motor 
Unit thick- Diam- » Diam- Length, Air Gap, Volume, Weight, Lb 
No. Poles Teeth ness, In. eter, In. eter, In. In. In. Cu In. Uncased Cased 
SOLES. cn Dieoitta the 12s vy OLOUB I 2 12252 0.4285, Oe ROLO0Se. on Olga OuaTS 
SOD. iscethets Dh Rake a eam, 0.025 + LTS) OF GS ne ke) eee ON OOG =: COR 205 a ee ONGd 
SOA Tze ted vB he tie PARES ae O.02bF ces 00 teste dlltae mlx Omen OSO07- sate OL OGHERN nS) 
SOS Al weer Ais cna Spare 24 0.025 AO rae the oar ea ee OOO SEE oH GST EGS 9.5 
803 B...... DisetierwA 24 0.025 A OOM Sent O4 ori Ole. 0 008s nando) Ons 
ROS. crete Lihiviueats 4 0.025 2.50....0.875....0.50....0.008....0.225....0.69..... 1.12 


* Material—17 per cent cobalt, 300 degrees Fahrenheit draw, Simonds number 81. 


carry the rotor flux plus that of the bridge 
paths plus the usual leakage. The mag- 
netomotive force that must be developed 
in the stator must be sufficient to send the 
flux through the rotor, across the rotor— 
stator air gap, through the teeth, across 
the stator tooth to the yoke ring air gap, 
and finally through the yoke ring. The 
copper of the stator must be sufficient to 
. develop this magnetomotive force without 
exceeding a safe temperature rise. 

The initial design of the machine com- 
mences with the choice of rotor material. 
This choice is almost entirely an economic 
question. Referring to Figure 4 it is seen 
that there are many materials available, 
all having different energy levels for the 
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maxwells per square inch, excluding the 
Alnicos.* Table VI gives a tabulation of 
the power which can be developed per 
cubic inch of rotor steel with an ideal 
field, for various flux densities in this. 
range, together with the required mag- 
netic intensity to excite the rotor and the 
base price of the steel. 

The usual criterion in designing a hys- 
teresis motor is to make the dimensions 
such that the over-all cost is least, or to 
make its size a minimum: Efficiency is 
generally not a requiremetit, except as it 
influences the heating, or if the motor is 
used with a restrcted source of power. 
For a motor with an intermittent rating 
the greatest economy, both in size and 
material cost, results if the flux density is 
held high. The choice of a high versus 
low energy level steel depends on the cost 
of the rotor relative to the stator and how 
high the excitation can be raised during 
the period of operation. For machines | 
operating for very short times a minimum 
of size can be achieved by using one of the 
higher energy level steels operating at a 
high density. However, as was pointed 
* Owing to the high magnetic intensity required for 
magnetization, the Alnicos are more useful for spe- 

a designs, suchas the rotor of Figure 8D, where the 


soft steel spider produces a short radial path through 
the Alnico which is magnetized easily, 


Table VIII. Typical Operating Characteristics on 60-Cycle Balanced 2-Phase Power 
Hysteresis Motors of Table VII 


Net 
Output 
Temp Per 
Input Output Rise Cu In. 
; Cont of Active 
Phase Phase Phase Syn.* Eff... Un- Stall Rotor, Type 
Unit Speed, Cur- Volt- Power, Torque Power, Per cased Torque WPer  Bear- 
No. Rpm rent,Amp age,V W Oz In. WwW Cent Deg C Oza. Culn: ings 
801 ....3,600...0. 1545... 6385-5 6.6.3. 0-906 DHA Pot loneniecSOt se O906.5 20) 6.00 aLL 
802; te ed pOO0 a. On k2 Lan tel Gece Oli this §.15...32.0...48 226... 2k, wall 
804 =... 356008. 00416). 14a 24 ee ep oa e 20M ee sv alaee a8 ere ih eit . 25.3...Sleeve 
803 A....1,800.. 1.065. ..1380. 7.49.74) .43 14 (00:4 San Ol Bae GO”... OS. n. cao... oleeve 
803 B...3,600../.1.90 ...117...80.2...40.4 LOWS dod Gon hp 2 LOU, ...24.3.,.Sleeve 
805 <2 1.3, 6007.0 D186 OF oc inte LO) 264 This 2 BOL vei peddle. 117, Sleeve 


{In case with fan, + Not recommended for continuous duty unless fan cooled. 


* This is the torque the motor will pull into synchronism, 
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Table IX. 


Typical Operating Characteristics on 60-Cycle Single-Phase Power With Capacitor 


for Splitting Phase 
Hysteresis Motors of Table VII 


Net 
Output 
Temp Per Max 
Input Line Rise Cu In. Ca- 
Quantities Output Cont of paci- 
Un- Active Ca- tor 
: Cur- Volt- Syn.* Eff., cased Stall Rotor Type _ paci- Volt- 
Unit Speed, rent, age, Power, Torque, Power, Per Deg Torque, W Per Bear- tance, age, 
No. Rpm Amp v WwW Oz In. WwW Cent Cc OzIn. Cu In. ings pf V 
Slee so GU0eOnt Sle dil 7 fave 12006... 224 1a.6.°6o7 -. = 9060 -20.7 Sleeve. 7.1.75 
S02Re 3 5G00 0n1 SO. iidve ta) Sam lOO men g4De base OO LEM e. 22.00 Ball. 53. 1.58 
804... 3,600. .0.340. 117. .33.5.. 5.3 Ar he 24 Qe VEAL ea 520 17.7. .Sleeve...1.85..315 
8034A..1,800..1.02 ..117..81.5..30.6 "A087 ...00505,59 4.28.3) 7.25.5. ,Sleeve....3..55. .363 
SUSiao, 60021645 eT to eS Ss eed 62.4. 53. 26.8 = 17.0. ‘Sleeve. »..6.,00../375 
8055...8,600..0.154. $117. 13-8.. -290.... 2.40: 17-4. 30} .. 0:75-..10.7. .Sleeve....0..55. 300 


t In case with fan. 


+ Not recommended for continuous duty unless fan cooled. 


*This is the torque the motor will pull into synchronism. 


out in connection with Figure 14, opera- 
tion at high excitation levels is only prac- 
tical if the winding is well distributed in 
many slots. 


Data on Preproduction Models 


A. NORMAL OPERATION 


Operating characteristics have been ob- 
tained on six different models, differing 
widely in size and output, but all built in 
accordance with the procedures outlined. 
Figure 17 shows five of these models in 
perspective so that an idea of their rela- 
tive size may be obtained, while their 
principal data are tabulated in Table VII. 

In Table VIII there are shown the 
maximum synchronizing characteristics 
of these machines when operated on a 
balanced 2-phase supply for the tempera- 
ture rises indicated. The first five ma- 
chines tabulated show an average output 
of 23.4 watts per cubic inch of rotor, which 
by reference to Table VI for 17 per cent 
cobalt steel drawn at 300 degrees Fahren- 
heit shows that the effective average rotor 
flux density is approximately 62 kilomax- 
wells per square inch. These machines 
can be operated economically at higher 
power levels than those shown in the table 
if means for cooling, such as a fan, is em- 


80 3200) 


9 
ry) 


s 
EFFICIENCY % POWER WATTS 
fo} 


PHASE CURRENT 


———— 


ou 
SPEED RPM. 
Nn 
fo} 
to} 


= 
Nn 
° 


PHASE CURRENT AMPERES 
6 


3.04 Si VGiLery. 
TORQUE OZ.-IN 


1947, VOLUME 66 


ployed, or if they are operated inter- 
mittently. Figures 18 and 19 show the 
balanced 2-phase load characteristics for 
the unit 804 and the unit S03A motors, 
respectively. 

In Table IX data are given for the same 
machines wound for single-phase opera- 
tion using a phase-splitting capacitor. 
Figures 20 and 21 show the single-phase 
load characteristics for the unit 804 and 
the unit 803A motors, respectively. 


B. OVEREXCITED OPERATION 


The largest element of power loss in the 
hysteresis motors described is the excita- 
tion copper loss. This loss can be de- 
creased greatly if the motor is momen- 
tarily overexcited after synchronism is 
reached. Such overexcitation can be car- 


Figure 22 (left). Unit 804 hysteresis motor 
overmagnetized load characteristic 


Same data as Figure 18 except momentarily 
magnetized at 210 volts. Running voltage 135 
volts 


Figure 23 (right). Unit 803 hysteresis motor 
overmagnetized load characteristic 


Same data as-Figure 19 except momentarily 


magnetized at 200 volts. Running voltage 130 
volts 
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ried out by raising the voltage or current. 
Figures 22 and 23 give the load character- 
istics for the unit 804 and 803A motors 
after being overexcited as noted. These 
operating characteristics may be com- 
pared directly with those of Figures 18 
and 19, respectively, as both tests have 
been carried out at the same operating 
voltage on the same machines. 

In Table X there is given a breakdown 
of the losses of these two motors with and 
without overexcitation. A study of these 
data shows that not only is the copper loss 
reduced but the pull-out torque is in- 
creased. 

The benefits obtained from overmag- 
netization depend upon using the rotor in 
the same manner as an ordinary perma- 
nent magnet is used; that is, the rotor 
must supply magnetomotive force to its 
external magnetic circuit. Any con- 
dition of operation which tends to weaken 
the retained magnetism gradually will 
change the magnetic state of the rotor 
until it finally assumes those character- 
istics which it would have had if it had 
never been overmagnetized. Oscillation 
of the rotor produced by usual causes 
present in synchronous machines, or load 
surges, which momentarily change the 
phase position of the rotor, will cause such 
demagnetization. Hence, for stable oper- 
ation in the overmagnetized state it is best 


Table X. Comparison of Losses at the Pull- 
Out Point for Overexcited and Normally 
Excited Hysteresis Motors 


Sleeve Bearings 
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Unit 804 Unit 803A 
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if the inertia of the load is low and if the 
machine is not operated too close to the 
pull-out point. 


Discussion 


Benjamin Falk (Simonds Saw and Steel 
Company, Lockport, N. Y.): The author is 
to be congratulated, not only for the progress 
he has contributed to the development of 
economically rated hysteresis motors, but 
also for the lucidity of his presentation. 
This recent advance in design, no doubt has 
accounted for the present flurry of activity 
in the small motor field, particularly wher- 
ever low noise level or absolute synchronism 
is a prime requisite. Besides this net end 
result, it also has stimulated activity in the 
magnetic materials field. 

As Roters pointed out, the stator for a 
hysteresis motor usually is designed to pro- 
duce an exciting field that is substantially 
less than the accepted saturation value for 
the permanent magnet material in the rotor. 
Consequently, rotor calculations must be 
based on a flux density value measured at a 
peak magnetizing force comparable to the 
excitation produced by the stator. Up to 
the present time, however, the data on 
suitable magnetic materials have been con- 
cerned only with peak properties at satura- 
tion levels. 

Due to the fact that magnetic properties 
are highly susceptible to variations in heat 
treating, I might mention that every 
metallurgical process concerned with the 
production of uniformly high quality rotors 
should be controlled rigidly. It is a well 
known fact that annealing any magnet steel 
for a machining operation results in a loss of 
available energy—that is, the lower the 
annealed hardness, the poorer the final 
properties. Too, the method of annealing 
to achieve a desired hardness can be varied, 
yet one procedure may yield a perfectly 
useless magnetic material. 

In regard to hardening the machined 
rotor, the procedure should be chosen to 
achieve the maximum available energy from 
the steel. Every factor concerned with this 
process should be established carefully—the 
rate of heating, hardening temperature, 
soaking time at temperature, speed of 
quench, temperature and agitation of the 
quenchant, and subsequent aging. 

The choice of aging procedure for the 
hardened rotor will depend upon design and 
operating conditions as well as the metal- 
lurgical characteristics of the material. Due 
to the fact that magnetic characteristics 
change after hardening, even at room tem- 
perature, it is well to stabilize the magnets at 
a temperature of at least 212 degrees 
Fahrenheit. Roters chose 300 degrees 
Fahrenheit. In general, this temperature 
should be at least as high as the maximum 
operating temperature of the motor. 


B. E. Lenehan (Westinghouse Electric 
Corporation, Newark, N.J.): The hysteresis 
motor is essentially a machine of small out- 
put. Roters indicates how good design can 
raise the efficiency and output. Small 
machines are operated usually from single- 
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phase supply and the very large number of 
small hysteresis motors used for clocks and 
timers are so operated. The capacitor type 
motor gives polyphase performance and is 
the preferred type wherever efficiency or 
output from a given size is important. 
Where output is small, single-phase shaded- 
pole types may be used, although starting 
torque will be 10 to 20 per cent of the same 
frame as a capacitor type and pull-in torque 
less than half as much. 

When a hysteresis motor is operated on a 
single-phase field, there is, of course, no 
starting torque. The speed—torque curve 
shows very little torque until half speed is 
reached, when the torque rises to near the 


pull-in value, at which it remains until 


synchronism is reached. This condition is 
hard to analyze by methods used for single- 
phase induction motors, because the losses 
which are to be associated with each re- 
volving field component in the rotor are not 
easy to determine. For a given magnetic 
material, the area of a displaced hysteresis 
loop is about the same for the same change 
in flux density B. However, the value 
which is common to the two field com- 
ponents is magnetizing force H. The re- 
sult is that when the low frequency is near 
the crest value, the change in B resulting 
from the change in H at the higher fre- 
quency will be small as a result of satura- 
tion. The losses associated with the higher 
frequency will be reduced and so will the 
resultant negative torque. At half speed, 
the higher frequency is three times the lower 
and that is where the torque rises. The 
effect of an elliptical field is intermediate 
between the single-phase and polyphase 
types. 

The ability of a hysteresis motor to pull a 
high inertia load into synchronism is one of 
its outstanding advantages over all other 
types. 


C. H. Crouse (Robbins and Myers, Inc., 
Springfield, Ohio): Our experience with 
hysteresis motors has been with motors 
built in conventional construction, using 
standard stator laminations, bearing con- 
struction, and air gap lengths. A number of 
materials, laminated and solid, have been 
investigated for the rotor. A special chrome 
steel now is being used which represents a 
compromise choice from the standpoint of 
performance and economy. 


While such a construction does not result 


in the same power output per cubic inch of 
rotor material as that described by Roters, 
it was possible to produce a hysteresis 
motor which resulted in starting torques and 
synchronous pull-out torques equivalent to 
the torques obtained in reluctance syn- 
chronous motors of the same horsepower out- 
put. In fact, the starting torque is much 
greater than the value realized by the re- 
luctance motor of the same horsepower out- 
put and the hysteresis motor does not have 
the disadvantage of cogging (see Figure 1 of 
this discussion). 

It has been found that the concentricity 
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Figure 1. Performance curves 


Frame SKH 85HOL, 1/100 horsepower, 115 

volts, single phase, 60 cycles, 1,800 rpm, 

50-degree-centigrade rise, permanent split 
capacitor 

Torques in ounce-feet: full load, 0.466; 

synchronous pull out, 0.73; starting, 1.53; 

synchronous pull in, 0.71 
Locked rotor amperes, 0.66 


of the air gap is of major importance. Due 
to manufacturing variations, the hysteresis 
motor torques, especially the synchronous 
pull-out torque, will vary considerably with 
a very small percentage variation of air gap 
concentricity. Since the air gap used in our 
motor is approximately twice the air gap 
used by Roters and also since his percentage 
variation of concentricity due to manufac- 
turing variations would be much greater 


- than the value experienced in our motor, it 


would be interesting to know what Roters’ 


experience has been in comparing air gap 


eccentricity to torque variation. 


Herbert C. Roters: In reply to Crouse’s 
comments I would like to state that in our 
experiments on hysteresis synchronous 
motors we have not observed that the syn- 


.chronous pull-out torque varies with the con- 


centricity of the air gap. Our method of 
construction is such that we never have ex- 
perienced a change in concentricity suf- 
ficient to affect the results noticeably. The 
only concentricity affecting the air gap be- 
tween the stator and the rotor is that be- 
tween the bearing surface and the outside 
diameter of the bearing capsule. , 
We have found, however, that a great 
variation in pull-out torque will be obtained 
depending upon how the measurement is 
made. Thus, if the machine is allowed to 


run at no load and a torque load is applied’ 


gradually the pull-out torque will be much 
higher than if it is measured by finding the 
load which. causes slip just after the motor 
has pulled in a slightly smaller load from 


just below synchronism. To get uni- — 


formity we have made all maximum syn- 
chronous torque measurements after the 


motor has pulled a slightly smaller load Lear 


synchronism from a slight slip. 
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Performance Calculations 


on Shaded Pole Motors 


P. H. TRICKEY 


FELLOW AIEE 


N 1936, the writer presented a paper! 

on “An Analysis of the Shaded Pole 
Motor,” giving the fundamental circuit 
analysis, and deriving the equations for 
currents and torque at standstill condi- 
tion. This paper extends that work, 
deriving equations for performance under 
running conditions, and presenting a 
calculation sheet or form for readily per- 
forming the mathematical operations. 


Current Equations 


Figure 1 shows the diagram of the 
typical shaded pole motor with four cur- 
rent circuits, primary, shading coil, and 
the two rotor phases. Writing the equa- 
tion for each circuit consists of simply 
adding all the voltages induced or con- 
sumed in each circuit. 

Harmonics are considered only so far 
as they increase the reactances, 

It is assumed that the effective center of 
the shaded pole is 90 electrical degrees 
from the effective center of the main pole 
as shown in Figure 1. 
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Paper 47-219, recommended by the AIEE rotating 
machinery committee and approved by the AIEE 
technical program committee for presentation at 
the AIEE Middle Eastern District meeting, 
Dayton, Ohio, September 23-25, 1947. Manu- 
script submitted June 24, 1947; made available 
for printing August 15, 1947. 
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current equations. P 
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Rotor Main Phase 


Tom (Tom +-J%2m) —J Lh — Lem) Xmm— 
Sh — Tq Loa) X mat SheaX2a= 0 


Rotor Shaded Pole Phase 


Taq (Poa 5x2a) —§ Ui — La Tea) Xmat 
Sh — Len) X mm — STamX2m = 0 


For simplicity, the following defini- 
tions have been made 


X1 =X! + Xm +Xskm+Xom 
Xo1 =XnatXsratXva 

Xo, = Xmmt+X2m 

X03 =X mat Xa 

12= om =Toa 


Im =E/Xo2 


By using these definitions, dividing both 
sides of the equations by Xo, and group- 
ing in terms of the four currents, the fol- 
lowing equations are obtained in form 
suitable for determinant solution. 
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The solution of these equations in term 
of the currents is given in the appendix. 
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where 


U=Byy+ (1 —S?) Biz 

W =Boo+(1—S?) Bis 

By = (rr2/X 02) (12/X 02) (Xa +Xma)/Xo2 
B= (Xma/Xo2) (Xq/Xo2) 
Bs=(Xma/Xo2)(Xa/X02) (r2/Xo2) 
Ba=(ta/X02)(Xma/Xo2) 


Figure 1. 


of shaded pole motor 


Diagram of poles and rotor circuits 
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Bs = (1rq/X 02) (X03/X 02) 
Be= (ra/X 02) (X03/X 02) (Xmm/X 02) 
Bs=(rq/Xo2) (Xma/Xo2) (r2/Xo2) 
By=(ra/Xo2)(Xmm/Xo2)(12/X v2) 
Byo= (12/X02) (Xmm/X 02) (Xma/X 02) 
By = (r2/X02) (Xmm/X 02) (Xqt%atXma)/Xoe 
By2 = (Xma/Xoz)?— (Xos/X v2) (Xa+Xma)/Xo2 
Byz=(Xma/ X02)? — (Xoa/Xo2) (Xat%at 
Xma)/Xo2 
Bis = (Ximm/X v2) [ (Xma/Xo2) ee (Xos/X oz) x 
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Torque Equation 


The torque equation given in the pre- 
vious paper! applies equally well to the 
running condition. 


T35= 11.3p/f[Xmm(h—- Tym) conj Ing—XmaX 
(h—-Ig—Teqg) conj Ibm] in ounce- 
inches 


Figure 2. Equiva- i 
lent circuit of shaded 
pole motor 


Im=E+60 - cycle 
iron loss; Ipe=60- 
cycle iron loss+E 


where real terms alone give average start- 
ing torque. 

Breaking the current terms into their 
components and rearranging the coeffi- 
cient, the torque becomes 
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Iron Loss and Friction 


For the purpose of performance calcula- 
tions, the friction, windage, and odd fre- 
quency iron losses are subtracted from the 
gross output. In order to keep the cir- 
cuit equations from becoming any more 
involved and complicated, the fundamen- 
tal frequency iron loss was neglected in 
the derivations. However, it must be 
accounted for, and is included in the 
losses when calculating the input. It is 


corrected for in the current by adding an ~ 


in-phase component ~to the primary 
amperes. 
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Equivalent Circuit 


While the foregoing equations are 
based on the diagram and circuits of - 
Figure 1, the equivalent circuit as shown 
in Figure 2 is also helpful in understand- 
ing what is likely to take place when the 
constants are changed. 
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Calculation Sheet 


Figures 3 and 4 show pages 1 and 2 of a 
calculation sheet or form which has been 
devised to simplify the numerical com- 
putations, and on which a typical 10-inch 
fan motor has been calculated as an ex- 
ample. The sheets have been arranged to 
give a minimum number of slide rule 
settings. All vector operations have been 
eliminated. 

Items 93 to 101 have been added to 
page 2 simply as a check on the input 
calculations. 

The heavy line on the left hand side in- 
dicates those items which are necessary if 
only current and watts versus speed are 
wanted. The heavy line on the right hand 
side indicates those items which are neces- 
sary to calculate the output from input 
minus losses. This short cut cannot be 
used for the standstill condition. 

The friction, windage, and odd fre- 
quency iron loss should vary as a function 
of the speed. Usually it is sufficiently 
accurate to assume that these losses vary 
as the square of the speed. ; 

In item 79 the primary copper loss is 
calculated using J,, the primary current. 
It would be slightly more correct to use 
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Figure 3. Calculation sheet for shaded pole 
motors—page 1 


I,,, the line current, containing the iron 
loss amperes. However, this would de- 
stroy the exact check between item 85 
and item 99. 

Since the impedances and __ losses 
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used as a base for the calculation are 
subject to considerable error any way 
it was thought that the slight theoretical 
gain in accuracy was worth less than the 
numerical check on the input calculations. 
However, it is very simple to use item 20 
instead of item 18 for primary copper loss 
calculation, if desired. 

It is possible to use the method of the 
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previous paper! as an independent check 
on the standstill condition, as the deriva- 
tions have entirely different steps. 


Symbols 
In the previous paper! the symbols are 


defined and formulas are given for calcu- 
lating the motor constants from motor 
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dimensions. Attention is called to an Appendix Shaded Pole Winding 


omission. On page 1014, C, should be LGZEIX:) SEI ae ee 
[1.3320— sin? B/2]/sin? 6/2 Reference is made to Figure 1 and to the . GJN—Iq—ILnq)Xma=0 
circuit equations given in the previous 
paper.! Rotor Main Phase 
lusion s , 
Midegcge ae Fam tom +5X am) — ihr Fom) Xam 
Primary Winding 
r : Sh —Iq— Lea) X mat SleaX 2a =0 
ormulas have been derived for the — 7,(p, 4 jx,’)45(I,—Iom)XmmtihX 
running performance of the shaded pole (Xt pepe eae 
motor, and a calculation sheet devised for (XsratX nat Xva) +5 (hh —Ig— Lea) X Figure 4. Calculation sheet for shaded pole 
simplifying the numerical computations. Xma=E motors—page 2 
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Rotor Shaded Pole Phase 
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the equations in a form suitable for de- 
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Figure 5. Calculated performance curves of 


a typical shaded-pole 10-inch fan motor 
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Multiplying and separating the real and 
quadrature terms 
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Discussion 


H. B. Stone (Robbins and Myers, Inc., 
Springfield, Ohio): The author has con- 
tributed another needed milestone in the 
design of a shaded pole motor. The 
mathematics of the paper and its appendix 
are appalling and the average engineer 
would pass up the mathematical derivations 
and accept the final equations. In his 
first paper on shaded pole motors published - 
in 1936, Trickey presented his method of 
obtaining the various reactance values used 
in both papers. Some of these calculations 
were far from clear, and I had the feeling 
that on some of them the author was not 
too confident as to their dependability. 

A few of his statements should be ques- 
tioned. He states that harmonics are 
considered only so far as they increase the 
reactances; my experience has been that 
some field designs can and do have very 
pronounced harmonics, especially the third, 
which must be considered.. He also states 
it is assumed that the effective center of 
the shaded pole is 90 electrical degrees 
from the effective center of the main pole; 
that simplifies the problem and is a de- 
sideratum, but many times the angle is 
60 to 75 electrical degrees. 

Fundamentally, the shaded pole motor 
is the simplest of all single phase motors 
to build and the hardest to analyze from 
a mathematical standpoint. I wish the 
author had given an easy method of obtain- 
ing the maximum torque and idle amperes 
and watts, but with his present paper it 
should be possible to design this type motor 
and depend less on the ‘“‘cut and try” 
method. 


P. H. Trickey: Stone’s comments are 
good and to the point. Much more work 
needs to be done on the formulas for the 
motor constants. 

It is very likely that there may be con- 
siderable effect due to the harmonics in 
some designs. This particular design came 
fairly close to test results, but perhaps the 
constants were in error in a way to offset 
the harmonics. 

While it is true the analysis of this paper 


is limited to cases where the main pole and 


the shaded pole are 90 degrees apart, the 
average design is closer to 90 degrees than 
would appear at first sight, when considera- 
tion is given to the magnetic wedges and 
fringing, and to the fact that it is electrical 
degrees that are involved, not mechanical. — 
The case of any angle between poles should 

make a good subject for another paper. 
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Garchating Reserve Capacity Determined 
by the Probability Method 


GIUSEPPE CALABRESE 


MEMBER AIEE 


FUNDAMENTAL PROBLEM in 
system planning is the correct deter- 
mination of reserve capacity. Too lowa 
value means excessive interruption, while 
too high a value results in excessive costs. 
The greater the uncertainty regarding the 
actual reliability of any installation the 
greater the investment wasted. 


In the typical case of system generating 
capacity reserve, the problem not only 
concerns the risk of outage but also the 
economic balance between generator re- 
serve and tie capacity in providing against 
local outage concentrations. 

The complexity of the problem, in 
general, makes it difficult to find an 
answer to it by rules of thumb. The 
same complexity, on one side, and good 
engineering and sound economics, on the 
other, justify the use of methods of analy- 
sis permitting the systematic evaluations 
of all important factors involved. There 
are no exact methods available which 
permit the solution of reserve problems 
with the same exactness with which, say, 
circuit problems are solved by applying 
Ohm’s law. However, a systematic at- 
tack of them can be made by a “‘judicious’’ 
application of the probability theory. 

It is the purpose of this paper to de- 
scribe this application, which resulted 
from a study, undertaken some ten years 
ago, for the purpose of rationalizing the 


Paper 47-248, recommended by the AIEE power 
generation committee and approved by the AIEE 
technical program committee for presentation at 
the AIEE Midwest general meeting, Chicago, III., 
November 3-7, 1947. Manuscript submitted 
March 25, 1947; made available for printing 
September 18, 1947. . 


Grusepre CALABRESE is assistant engineer, system 
engineering department, Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y. 


The author wishes to express his thanks to K. F. 


Bellows (M’38) and P. Doane (A’26) for their co- - 


operation and contributions in the preparation of 
this paper. 


1947, VoLUME 66 


reserve practice of the company with 
which the author is associated. More 
specifically, the application to the particu- 
lar case of turbogenerator reserve will be 
referred to unless otherwise stated. Most 
of the conclusions, however, are general 
and may be extended to other cases. 

The qualification ‘‘judicious” is essen- 
tial because the results are subject to cer- 
tain limitations which it is well to enumer- 
ate. 


(a). It is assumed that forced outages of 
units are random events, independent from 
one another, governed by the same laws of 
chance governing the drawing of balls or the 
throwing of dice. A method will be given 
to check the general correctness of the 
assumed independence of forced outages of 
units. : 


(6). The probability theory aims only at 
foreseeing average performances. In the 
case under consideration, this means that 
the probability theory can predict only the 
average outage performance of a group of 
units during a long period of time. 


(c). The basic information on which pre- 
dictions for the future are made necessarily 
is obtained from previous experience of 
existing units. Some or all of these units 
may be of different design, or may have been 
operated under different operating condi- 
tions, or both, from those involved in the 
future. 


With the approximation set by these 
limitations it will be shown that for a 
given system, or portion thereof, and for a 
given reserve value, probability calcula- 
tions permit the prediction of 


1. The fraction of time during which loss 
of load may be expected to occur during any 
future period, 


2. The kilowatt-hour losses expected to re- 
sult from forced outages. 


The fraction of time as under (1) will 
be called the Joss of load duration or the 
loss of load probability, and for conveni- 
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ence may be expressed in terms of “so 
many days upon which loss of load may 
be expected to occur during a given num- 
ber of years,” say 10 or 100. This num- 
ber of days provides a first index for meas- 
uring and comparing service reliabilities. 

Otherwise the energy losses as under 
(2) may be expressed in terms of so many 
kilowatt-hours per kilowatt of installed 
capacity, or of maximum load, per year or 
decade or century, thus obtaining two 
other indexes of service reliability. 

It should be emphasized, however, that 
the calculated expected loss of load dura- 
tion (whether expressed as a fraction of, 
or in number of days during a given 
period) and the calculated kilowatt-hour 
losses per kilowatt of installed capacity or 
of maximum load, refer to the long range 
prediction and cannot be expected to 
materialize year in and year out. 

The choice of an appropriate level of 
service reliability, and thus of an appro- 
priate reserve capacity, in any particular 
case, will be based on any one of these 
indexes or combinations thereof. Neces- 
sarily, this choice depends on personal 
judgment and is affected by local condi- 
tions. 

Apart from the application of the 
probability theory to the determination of 
an appropriate absolute level of service 
reliability for a group of units connected 
to the same bus, there is another class of 
problem for the solution of which the 
probability theory seems especially well 
suited. This class of problems concerns 
the evaluation of the relative reliability of 
alternative plans. What is the relia- 
bility gained or lost by increasing or de- 
creasing the reserve capacity of a group of 
units?—by changing the size and connec- 
tions of ties?—by using a common header 
for a group of boilers? To the analysis of 
problems such as these, the probability 
theory is well adapted. It places, so to 
say, the alternative schemes in their 
proper relative positions from the stand- 
point of reliability. 

Briefly, the method of reserve deter- 
mination described in this paper pro- 
ceeds from the assumption that forced 
outages of units are random events in- 
dependent from one another and that 
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Figure 1. 


outage durations of units can be calcula- 
ted by the well known binominal expan- 
sion. With this in mind, the paper 
includes the following major items: 


1. Calculation of the average rate of forced 
outage of a group of units. This is the basic 
quantity of the method. 


2. Probability calculations of various out- 
age combinations. Binominal law. 


3. Check of the independence of the indi- 
vidual outages. This check is necessary in 
order to establish the practical reasonable- 
ness of treating forced outages of units as 
random events obeying the laws of chance. 


4, Probability of outages exceeding any 
given reserve. This is essential for the 
following three sections. 


5. Effect of connections on the probability 
. of outages. 


6. Probability of loss of load. 
7. Expected loss of kilowatt-hour output. 


8. Effect of interconnections of stations on 
their reliability. 
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Figure 2. Probable error of average outage 
rate 
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1. CALCULATION OF THE AVERAGE RATE 
oF FORCED OUTAGES OF A GROUP 
oF UNITS 


Consider the performance of a single 
unit during a long past period T. Dur- 
ing this period the unit has been in opera- 
tion the time S, and out of service, due to 
forced outages of the unit itself, and not 
for causes external to the unit, the time 
O,. The average outage rate of the unit 
is 

208 
O° S+01 
The sum S,+0, is the demand time.* If 
the unit has been in demand during the 
whole period, and there have been no 
scheduled outages, Si+0; is equal to T, 
otherwise S,+O, is smaller than 7. The 
outage and service times O; and S; may 
be expressed in hours or days. Though 
the use of hours seems entirely proper, 
days are used in this paper unless other- 
wise stated. A fraction of one day is 
called one day. 

Practical problems involve a group of 1 
units more or less similar among them- 
selves or which may be subdivided into a 
small number of subgroups containing 
similar units. 

If the ” units of the group are, or are 
assumed to be, similar in design and oper- 
ating conditions the outage rate of the 
individual average unit of the group is 
calculated with the formula 


O;+O2-+...+- Op... On 


$= (Si-O) + (Si-O) 4 aS PO 
esse Oo) 
O 
“S+0 © 


where O, is the total forced outage time 
and S, the total service time of the K” 
unit. O is the total forced outage time 
and S the total service time of all units. 
The service rate p of the average unit is 
obtained in a similar manner. Evi- 
dently p++-g=one. 

With a given amount of the units past 
performance available a series of values 
of g are calculated by adding each year’s 
forced outage and service times, respec- 
tively, to the cumulated forced outages 
and service times of the preceding years. 
If this leads to a stable value of g, that is, 
a value which changes little as S+-O in- 
creases, this value may be used to predict 
the expected future performance of the 
average unit. This is, this value of g may 
be taken as the average forced outage 
rate of all units, or simply the outage rate 


* This definition of demand time as the sum of time 
in operation plus time out on forced outage will be 
adhered to in this paper. 
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that may be expected to obtain during a 
sufficiently long period in the future, 
assuming that the units will be operating 
under the same conditions as in the past 
and that their performance will not be 
affected by aging. In this sense g may be 
called the expected forced outage duration 
or, more simply, the outage duration of the 
average unit during any future demand 
period, expressed as -a~fraction of the 
period. 

The stable value of g may also be looked 
upon as representing the probability that 
any unit of the group will be out due to 
forced outages, or more simply the outage 
probability, during any future demand 
period, 

More accurately the stable value of g 
should be corrected for the effect of future 
aging. This effect, if already present, 
may be detected by formal statistical 
methods or, graphically, by plotting the 
series of values of g obtained as previously 
stated. 

Needless to emphasize that the outage 
probability q is the ratio between time out 
on forced outage and demand time and 
yields no information whatever relative 
to the duration of each outage. 

The service rate, or service probability, 
or service duration, p of the units is ob- 
tained in a similar manner. 

The outage rate g is the basic quantity 
on which depends the whole prediction of 
the future performance of a group of 
units. It is, therefore, essential that the 
value of g be stable and corrected for 
trends, due to-aging or other causes. It 
is also necessary that its derivation from 
past records be checked for the assumed 
homogeneity of the group of units. To 
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Figure 4. Actual versus expected experiences 


with simultaneous outages (309 units, one year 
q=0.0164) 


this end the group should be divided into 
subgroups according to some or all of the 
following characteristics: size, type, 
speed, age, demand factor, and pressure. 
A value of g should be obtained for each 
subgroup which should be tested for sta- 
bility and trend as previously stated. 
How far this process of subgrouping 
should be carried depends on the amount 
of past information available. If there 
are no pronounced differences among the 
values and trends of the q’s of the sub- 
groups, one value of g may be used for the 
whole group, otherwise it may be neces- 
sary to consider two or more subgroups 
separately. Pioneering units as a rule 
form a class by themselves and need to be 
separated from the rest unless they are so 
diversified in size and location with re- 
spect to existing units that their effect 
may be neglected. Particular attention 
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Figure 5. Effect of error in outage rate on 
calculated reserve (248 units) 
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should be paid to the largest units be- 
cause their outages are the most signifi- 
cant from the standpoint of reserve. 

Figure 1 illustrates the graphical 
method just described. The dotted curve 
gives the forced outage rate for each year, 
The solid curve gives the plot of the 
values of g obtained by adding the yearly 
forced outage days and the operating days 
of all units, respectively, to the corre- 
sponding cumulated values of the preced- 
ing years. _Though the fluctuations of ¢ 
decrease toward the end of the period it 
cannot be said definitely that a stable 
value has been attained. The data for 
this figure were obtained in the very early 
stage of this investigation, from the 
limited and, from the standpoint of this 
paper, incomplete records on outages of 
the Consolidated Edison Company. It 
was then impossible to segregate the real 
forced outages from outages which could 
have been postponed to week ends or 
even to the overhaul season. For this 
reason the forced outage rate g=0.03 
adopted at that time was high. 

A further investigation of forced outages 
on several systems of boilers and steam 
turbogenerator units covering a period of 
six years resulted in the following outage 
rates: 


Steam turbine generators 
Below 1,000 pounds per square 


LICH eee Ser nee tse chem tie oe 1.0 per cent 
1,000 pounds per square inch 

ANCUOVEL sete maim eon toa 1.9 per cent 
Boilers 
Below 1,000 pounds per square 

ANCHE tote Ake sloth. waite ae elno per cent 
1,000 pounds per square inch 

andtover.s--.00 dearer et percent 


The experience data available for the 
determination of g may be that of a rela- 
tively small number of units covering 
several years, or it may be that of a large 
number of units covering only a few 
years, say one or two. In the first case a 
plot such as shown in Figure 1 may be 
drawn to make a quick check of the 
stability of g. In the second case no 
such check can be made and recourse 
must be made to statistical methods in 
order to check the stability of g. This is 
illustrated in Figure 2 relative to 1-year 
experience with 303 units having a calcu- 
lated averate outage of 1.98 per cent. 
Figure 2 gives the probable error of this 
average outage rate in function of the 
available data expressed in number of 
unit years. 

If we have 7 units, having a forced 
outage rate g, what is the significance of ¢ 
from the standpoint of future operation? 
Does it mean that during any future de- 
mand period D, in days, any given unit of 
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the group will be out Dg days, or does it 
mean something else? It means that 
during the period D, the units will be 
out on forced outage nDq unit-days with 
a probability approaching unity, that is 
certainty, as D approaches infinity. 
This means that as the number of units 
in the group increases the length of the 
period D necessary to attain a stable 
value of g, decreases and vice versa. At 
one extreme when the number of units 
is very large, a number of them equal to 
nqis out continuously day in and day out; 
as one unit is restored to service another 
one goes out on forced outage so that the 
total number of units out is always the 
same with a probability approaching 
unity as the number of units m approaches 
infinity. At the other extreme with only 
a few units in the group, the probability 
is that it will take a large number of years 
before a stable value of g is reached. In 
subsequent years the same average out- 
age rate may be expected to obtain during 
periods of the same duration with a 
probability approaching unity as the 
length of the period approaches infinity. 

From the standpoint of reserve capac- 
ity the average outage rate need not be 
determined very accurately, the question 
then arises; how accurate does it need be? 
The effect of variations of g on reserve 
requirements will be analyzed in the 
following section. 

Before closing this section, it seems 
appropriate to make a final remark re- 
garding the calculation of the rate of out- 
age of a unit composed of several elements 
connected in a series relation so that the 
outage of one element causes the whole 
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Figure 6. Effect of connections on reserve 
requirements 
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unit to be out. As an example, a turbo- 
generator outage may be caused by trou- 
ble in the boiler or boilers, or in the tur- 
bine or in the generator. In general a 
unit may be composed for several ele- 
ments a,b,c,d...in series, having, respec- 
tively, the outage rates qq, Yo, Yer Qa-- 

Each one of these outage rates is calcu- 
lated considering only the outage caused 
by troubles in the particular element and 
not in the other elements. The corre- 
sponding service probabilities or durations 
are, respectively, pg=one— qa; Po=1—; 
b-=1—q,, and so forth. The quantity py 
is the probability or the expected total 
fraction of the time that the element a 
will be in service during any demand 
period. During the same fraction of time 
pit is expected that the element b will be 
in service the fraction p,, so that the ex- 
pected total fraction of time that both ele- 


ments a and 6 will be in service during the | 


whole demand periods is pap. By ex- 
tending this reasoning to all the elements, 
the service probability p; of the units as a 
whole, that is the expected total fraction 
of time that all the elements will be in 
service, is pi=PaPoPcha-.. The outage 
rate g, of the unit as a whole is thus 


g=1—pi=1—PaboPba- 1. 


2. OUTAGE PROBABILITY OF COMBI- 
NATIONS OF UNITS CONNECTED 
IN PARALLEL—BINOMINAL LAW 


From the outage rate of individual 
units, calculated as described in the pre- 
ceding section, the outage probabilities or 
outage durations of the combinations of a 
group of units connected in parallel, such 
as a group of boilers connected to the 
same header, now can be calculated, 
assuming, as previously stated, that 
forced outages of individual units are 
independent from one another. 

By applying the formal rules of the 
probability theory the outage probabili- 
ties of the combinations of dissimilar 
units having individual outage rates qu, 
2, 3+ I++ -Gn are obtained by develop- 
ing the following product of binominal 
factors: 


(pbitgu)(pit+g2).. 


where 


-(de+Qx)--- (Pn+qn) (2) 


fi=1—MH, P2=(1—q), and so forth 


The general term of the expansion of this 
product is of the form p,f;...gqegr...and 
contains mq’s and (n—m) p’s. It repre- 
sents the probability that the e”, f”... 
units (m in all) be out simultaneously due 
to forced outages, and the remaining »—m 
in service, during any demand period. 
The quantity m takes, successively, all 
(n+1) values: 0, 1, 2...” and for each 
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value of m there are n!/{m!(n—m)!] terms 
in the expansion each corresponding to 
one combination of m units out of the 
total n. ¥ 

If the ~ units of the group are, or are 
assumed to be, all similar, the same outage 
rate gis used for all of them. In this case 
the product of binominal factors (equa- 
tion 2) degenerates into the following well 
known binominal formula: 


n! 
n n—1 . pl 22 
(p+)"=p"-+np oes 2) ae ia 
nl n—mqm n 

ae nae (3) 

where p=1—gq. 
The general term 
n! 

n—mgm 

fain ae 


of the expansion gives the probability, or 
expected duration, of having m units, 


Figure 7. Example 
of outage prob- 
ability curve 


OUTAGE PROBABILITY 


100 150 


aa 


ously due to forced outages, during that 
period. 

In general, equation 2 should find ap- 
plications in dealing with parallel feeders 
of different lengths, equation 3 in dealing 
with boilers, turbogenerators, and trans- 
formers. 


3. CHECK OF THE INDEPENDENCE OF 
THE INDIVIDUAL FORCED OUTAGES 


The assumed independence of outages 
of individual units now can be checked, 
with the aid of equation 2 or 3 by compar- 
ing past experience with calculated dura- 
tions. The period covered by the records 
should be divided into subperiods by 
determining the number of days on which 
the same number of units were either 
operating or in a state of forced outage. 
For each period the expectancy of each 
combination of units should be calculated. 
The summations of the calculated expect- 


PROBABILITY OF CAPACITY OUTAGE IN 
EXCESS OF VARIOUS MW 


TURBO GENERATORS. 
TOTAL AL COS MW MW 
couees ree RATE 2%) 


200 300 


MW OUTAGE IN EXCESS OF INDICATED VALUE 


simultaneously, on forced outage and 
n—m in service, during any demand 
period. 

The probabilities, or durations, ob- 
tained-from the two expansions (equa- 
tion 2 or 3) are expressed as fractions; 
when multiplied by the length of any de- 
mand period in days they give the expect- 
ancies or the expected total number of 
days that m units will be out simultane- 
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ancies for all subperiods, respectively for 
0, 1, 2, 3, 4...units out simultaneously, 
should be compared with past records and 
found in agreement. Figures 3 and 4 
illustrate such comparison. 

As previously stated, this independence 
of the individual forced outages is one of 
the basic assumptions of the method. 
Figure 3 pertains to the experience with a 


group of about 44 units over a period of — 
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13 years. It represents one of the first number m of them is mC. The outage more than two units out in a group of 


checks made of the method, at the very 
beginning of this investigation, on the 
basis of an outage rate g=0.03, obtained 
from the analysis of the outage records of 
the Consolidated Edison system, pre- 
viously referred to. Figure 4 pertains to 
1-year experience with approximately 300 
units. 

Both Figures 3 and 4 verify the as- 
sumed independence of the individual 
unit forced ‘outages. 


4. PROBABILITY OF OUTAGES IN ExcEss 
OF RESERVE 


When the units of a group are all of 
the same size C, the total capacity of any 


probabilities of the various combinations 
of the units of the group can be calculated 
as described in section 2. The outage 
probability of a capacity larger than mC 
is obtained by adding successively the 
outage probability of the individual com- 
binations from the one of maximum out- 
age (all m units out) up to and including 
the n!/[(m+1)!(n—m—1)!] ones of 
(m+1) units out. 

Tables I and II give the probabilities 
that, out of a group of units, m he out 
on forced outage for values of g equal to 
0.02 and 0.03, respectively, and for the 
various values of m and n. 
0.03 the outage probability of having 


Shhitichtiag — ae 


eight units is 0.00135. 

It will be understood that this does not 
mean that the actual number of days on 
which more than two units will be out 
simultaneously during say a 2-year period 
will be exactly 0.00135 X730=1 day. It 
means that 0.00135X365=1/2 day per 
year is the average rate which outages of 
more than two units would be expected to 
approach as the length of the period is in- 
creased. Actually, of course, such a con- 
dition may exist 10 days in one year and 
5 in the next and not at all in the next 28 
years. From the probability standpoint 
the chances are 135 in 100,000 that on any 
future day the condition will exist. 


Table Il. Probability in Million ths That Indicated Number of Units Would Be Out Simultaneously for Groups Having Given Number of Units 


When Outage Rate Is 0.03 
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Table Ill. 


Array for Combining Outage Probabilities of Two Groups 


Mega- 
Units watts 
Mega- Prob- 
Units watts ability 
Three 15-Megawatt Unit Groups 0 0 
Separately 
Os tanstreeks Onn OnGE26 73 crea -rae Ol tricteersyere OFF. 
Ale recone 15... .0. 084681... 22% Ue erereceye ane 15... 
De etalsteetsl <i’ 30.52. 20.,0G2619..% <2). SS iG ae 
Sao dois ae De O) 00002 Tenet. Sasiandee AOe os 


Prob- Mega- Prob- Mega- Prob- Mega- Prob- 
ability Units watts ability Units watts ability Units watts ability 
Three 22-Megawatt Unit Groups Separately 
0.912673 1 22 0.084681 2 44 0.002619 3 66 0.000027 
Combined Groups 

10.8329 720... A Sales =n 66....0.000025 
.0.077286...... Dierceratay he = ..81....0.000002 

.0.002390.. Oine : . 96 
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We are now in a position to make a 
first check of the question previously 
raised regarding the accuracy of the aver- 
age outage rate. The effect of variations 
of the average outage rate on the reserve 
required, for different values of outage 
durations, is illustrated in Figure 5 which 
gives the calculated reserve required by 
248 units for different outage durations 
at three different outage rates, namely 
1.80 per cent, 1.65 per cent, 1.50 per cent. 

If the units of the group are similar but 
not all of the same size, it becomes neces- 
sary to calculate for each value of capa- 
city rather than simply for number of 
units out. As an example, consider a 
group of three 15-megawatt and three 22- 
megawatt units. The outage probabili- 
ties for any number of 15-megawatt or 22- 
megawatt units may be calculated as pre- 
viously shown. The probability of, say, 
one 15-megawatt and two 22-megawatt 
units out simultaneously, a total of 59 
megawatts, is the product of the separate 
probabilities, namely, 0.08468 (one 15- 
megawatt unit out) by 0.002619 (two 22- 
megawatt units out). An array such as 
the one shown in Table III may be found 
useful. The process is completed by 
arranging the individual probabilities in 
order of capacity and cumulating the 
values as shown on Table IV. 

From column 3 of Table IV the proba- 
bilities of outages exceeding any reserve 
value now may be determined for the 
case under consideration. 


5. EFrectT OF CONNECTIONS ON THE 
PROBABILITY. OF OUTAGES 


Outage probabilites are affected by the 
manner in which the various elements of 
the equipment used for a given purpose 
are connected. Thus in the case of elec- 
tric energy generation, outage probabili- 
ties are affected by the manner in which 
boilers, turbines, and generators are 
arranged. In calculating the reliability 
of the supply to a given load, the arrange- 
ment of the transmission and distribution 


equipment such as feeders and trans- — 


formers must be considered in addition to 
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the generating equipment. In the case 
of hydro plants the supply of water is in a 
series relation with the turbines. The 
procedure that may be followed in mak- 
ing calculations for such cases will be 
illustrated by a discussion of the case of 
steam electric generation mentioned be- 
fore. Inan arrangement commonly used 
all the boilers are connected to a common 
header which supplies all the turbines. 
This arrangement is more reliable than the 
one whereby each turbine has its own 
boiler and no common header is provided. 
That this is the case may be seen of course 
from the fact that if no common header is 
used, the loss of the boiler of one unit and 
the turbine or generator of another unit 
causes the loss of two units. If a com- 
mon header is provided, under. the same 
circumstances, only one unit would be 
lost. For the numerical evaluation of the 
increase in reliability due to the common 
header, the boilers are considered separa- 
tely as a separate group and so are the 
turbogenerators. The outage rates of 
the individual boilers and turbogenerators 
are calculated as described in section 1. 
The outage probabilities for the various 
boiler and turbogenerator capacities are 
calculated as described in section 4. The 
outage probabilities of the station as a 
whole are calculated from these separate 
probabilities as shown in the following 
paragraphs. 

For the sake of clarity three cases will 
be distinguished. 


A. The total capacity of the boiler 
group equals the total capacity of the turbo- 
generator group. In this case a boiler 
outage of M, kilowatts will cause a station 
outage of the same amount provided that 
any outage that may occur simultaneously 
in the turbogenerator group does not 
exceed M, kilowatts. The corresponding 
station outage probability, or outage 
duration, is the product of the probability 
of losing M, kilowatts in the boiler group 
by the probability of losing M, kilowatts 
or less in the turbogenerator group. Vice 
versa, a turbogenerator outage of My 
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kilowatts will cause a station outage of 
M,, kilowatts provided that any outage 
that may occur simultaneously in the 
boiler group does not exceed M,, kilowatts. 
The corresponding station outage proba- 
bility is given by the product of the 
probability of losing M,, kilowatts in the 
turbogenerator group by the probability 
of losing less than M,, kilowatts in the 
boiler group. 

The outage probabilities, or outage 
durations of the whole station for all 
kilowatt values, are obtained by giving 
to M, and M,, all values from zero to the 
maximum in the boiler group and in the 
turbogenerator group, respectively. The 
qualification “Jess than” in the case of 
station outages M,, caused by turbo- 
generator outages M,, is essential in order 
to avoid adding twice the terms relative 
to M, a M. tg: 


B. The total boiler capacity exceeds the 
total turbogenerator capacity by M kilo- 
watts. In this case the first statement 
in the foregoing must be modified in the 
sense that a boiler outage My will cause a 
station outage of M,—M kilowatts, pro- 
vided that any outage that may occur 


Table IV. Summary of Probability of Out 
ages for Groups of Three 15-Megawatt and 
Three 22-Megawatt Units 
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Figure 8. Calculation of the probability of 
loss of load 


simultaneously in the turbogenerator 
group is equal to (M@,—WM) kilowatts or 
less. The product of the probability of 
losing M, kilowatts in the boiler group by 
the probability of losing (M@,—M) kilo- 
watts or less in the turbogenerator group 
gives the probability of losing (M,—M) 
kilowatts in the station. The second 
statement as under A has to be modified 
in the sense that an outage of M,, kilo- 
watts in the turbogenerator group will 
cause a station outage of the same amount 
provided that any outage that may occur 
simultaneously in the boiler group is 
equal to M+M,, or less. Correspond- 
ingly the probability of losing M,, kilo- 
watts in the station is equal to the prod- 
uct of the probability of losing M,, kilo- 
watts in the turbogenerator group by the 
probability of losing less than M+M, 
kilowatts in the boiler group. The quali- 
fication “less than” is necessary for the 
reason stated under A. 


C. The total capacity of the turbogenera- 
tor group exceeds that of the boiler group by 
M, kilowatts. In this case a boiler outage 
of M, kilowatts will cause a station outage 
of the same amount provided that any 
outage that may occur simultaneously in 


the turbogenerator group is equal to 


M,+M, or less. Correspondingly, the 
probability of losing 14, kilowatts in the 
station is equal to the product of the 
probability of losing M, kilowatts in the 
boiler group by the probability of losing 
(M,+M,) kilowatts or less in the turbo- 
generator group. A turbogenerator out- 
age of M,, kilowatts will cause a station 
outage of M,,—WM, kilowatts provided 
that any outage that may occursimultane- 
ously in the boiler group is equal to or less 
than M,,—M,. The corresponding out- 
age duration of (M,,—M;) kilowatts in 
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the station is equal to the product of 
probability of losing M,, kilowatts in the 
turbogenerator group by the probability 
of losing less than (M,,—M;) kilowatts in 
the boiler group. 

When M,—M or M,,—M, are negative 
they should be replaced with zero. As 
an illustration, calculations were made for 
a group of two turbogenerator units with 
various boiler arrangements assuming, for 
the boilers and the turbogenerators, a 
forced outage rate g=0.02. The arrange- 
ments considered were as follows: 


A, Each unit is supplied by a single boiler 
of the same capacity as the turbogenerator. 
No common header is used for the boilers. 


B. Two boilers are used as under A. The 
two boilers have a common header. 


C. Each unit is supplied by two boilers. 
Each boiler has a capacity equal to one-half 
the capacity of the turbogenerator. No 
common header is used. 


D. Four boilers are used as under C. The 
four boilers have a common header. 


E. Same as under D assuming the boilers 
to be 100 per cent reliable. 


The results of the calculations under 
case D are shown in Table V. 

The outage probabilities under the vari- 
ous conditions A, B, C, D, and E are 
plotted in Figure 6. It is of interest to 
note that the curves for cases D and E are 
almost coincident, indicating that, under 
the proper circumstances when the num- 
ber of boilers connected to a common 
header is large, the boiler outages may 
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be neglected altogether. Figure 7 gives 
the outage probabilities for the Hell Gate 
station of the Consolidated Edison Com- 
pany as calculated in the early stages of 
this investigation. With reference to 
this figure, it is of interest to note the large 
variation in the reliability gains for given 
increases in reserve at the various points. 
For instance, increasing the reserve of the 
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Figure 10. Effect of number of units on re- 


serve requirements for three values of loss of 
load probability 


From Figure 9 


station from 200 megawatts to 210 mega- 
watts decreases the outage probability 
from 0.0048 to 0.00185. However, further 
increasing the reserve from 210 to 230 
megawatts decreases the outage proba- 
bility from 0.00185 to 0.00175 only. In 
Figure 7 the probability curve is decidedly 
discontinuous. As the number of units 
increases this discontinuity decreases 
until, for very large systems, the proba- 
bility curve is almost continuous. 


6. PROBABILITY, OR EXPECTED 
DURATION OF Loss oF LOAD 


The ultimate purpose of providing re- 
serve capacity is to guard against loss of 
load. The work thus far described has 
dealt with loss of capacity only. The 
load of a station, however, undergoes 
hourly, daily, and seasonal variations. 
Any capacity outages, therefore, may or 
may not result in loss of load depending on 
whether the remaining capacity suffices 
to carry the load while the outage exists. 
In order to take this fact into account a 
load duration curve is needed in addition 
to the outage probabilities previously cal- 
culated. One such a curve is shown in 
Figure 8, where the ordinates are the 
ranked values of daily maximum load and 
the abscissas are values of the number of 
days, in the entire period, on which the 
indicated load exists or is exceeded, ex- 
pressed as a fraction of the entire period. 
If it is desired to make allowance for the 
possibility of carrying load at reduced 
voltage the load duration curve can be 
modified accordingly. 

Each of the finite numbers of loss in 
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capacity values 01, Os, Oz, ... Oz, Oxtr.-; 
obtainable with the various unit combina- 
tions, may be plotted down from the total 
capacity lines as shown by the horizontal 
dashed lines in Figure 8. Let A; be the 
time interval between the intercepts on 
the load duration curve of the two succes- 
sive capacity values O;, O,4;. For 
loads within the interval A,, loss of load 
occurs whenever the capacity outage ex- 
ceeds O,. Let P, be the outage proba- 
bility of outages in excess of O,. The 
product P,A, is the probability of loss of 
load, during the whole period, contributed 


by capacity outages exceeding O,. Other-' 


wise P,A;, represents the total expected 
fraction of the whole period during which 
loss of load will occur, due to capacity 
outages in excess of O,. In this sense, 
P,A;, may be called the loss of load dura- 
tion due to capacity outages exceeding 
O,. Inthe same manner the probabilities 
P,Ai, P2A2...of loss of load due, respec- 
tively, to capacity outages exceeding O01, 
Os, O3...may be calculated. The A,’ be- 
tween capacity values equal to, or smaller 
than, the peak time reserve are zero and so 
are the corresponding PA,’ probabilities 
The sum 


P,=PyA\t+P2 hot... +PpAy+... 


gives the total probability of loss of load, 
or the expected loss of load duration, due 
to all capacity outages, during the whole 
period. By plotting the outage proba- 
bilities P;, Po,...P,...a probability step 
curve is obtained as shown in the lower 
part of Figure 8. Evidently P, is equal 


to the area under this curve. The values 
of Figure 8 correspond to the group of 
units of Table IV assuming a peak load of 
67 megawatts. 

If the probability P, varies continu- 
ously with O,, as in the case of a hydro 
plant, or, for all practical purposes, in the 
case of a steam plant with a large number 
of boilers and turbogenerators, the step 
curve P;, shown in the lower part of Figure 
8 becomes a continuous curve and the 
expression of P, is equal to 


S "P,dt 


Otherwise, P, may be calculated noting 
that with a capacity outage Ox, loss of 
load occurs during the time # when the 
load exceeds the available remaining 
capacity. If p, is the probability of 
losing exactly the capacity O,, the prod- 
uct p,t, gives the probability of loss of 
load contributed by the capacity O, out- 
age. By considering all capacity values 
Oy, Oo,...Ox,...a second expression may 
be written for the total probability of loss 
of load as follows: 


Pe=Pitit pola t Pita we 


As before the #’s corresponding to capac- 
ity outages equal to or smaller than the 
peak time reserve are all zero and con- 
tribute nothing to the total probability of 
loss of load. 

The numerical calculations for the ex- 
ample of Figure 8 are given in Table VI. 
The first method is used in the upper part 
and the second in the lower one. The 


Table VI. Calculation of Probability of Loss of Load 


qd). (2) G) (4) G) 
Capacity Interval Probability Product of 
Outage of Time of Greater Column 3 X Column 4, 
Ox tk Ak Outage, Px PyAxc 
oe ie Oe eS ee oe 
BE Ng tray cteig Wiaysetee eNE, Udh MeheRelavedataepalin! ets OJ01ST 2 eieorieecsne 0) QO0504: 55 aie.< eerotetp eusiwacem (os 0. 
Ab eee cei oeraosas Oe01S vers exes: OM 92s ero eae 0. 0004805 rete tee 0.000092 
Fe ACR IO IU Orato Ol 21O, is eh siers 0. 185.55 So eee 0000258 canoe chs +tede eels 0.000048 
59 ORSOD. a eerect ta st O58U8 Sree teat 0.000038... ecameorceet ci 0.000011 
COR ake sess OLAS regis ess 0003 Je kaa ae ONOOOO1 2 ereceteie set ccccrtetaeioe 0.000000 
(3y Ro DU BO COON ae OAPUG Tatars a evens seek OwMG6-, eats rachetes OOOO OG onc = ony itea ca eiannie, arate hs 0.000002 
Vides Timi ccaeane meas OUD TD wea echotaae acre 0,088 Mam tess OHOOOOO Direc Savers serrata. eee 0.000000 
{SL yersiswiele eels is 2 1.000 : 
Probability of loss of load............+.-+--+ 0.000162 
(1) (2) (3) (4) (5) 
Capacity Number Probability Product of 
Outage of Units of Specified Column 3 X Column 4, 
Ox Out tk Outage, pk pktk 
AA nw, ofeietst tan int giao OND rcane ee GeO ea ePIC rete ema Ox 002390). sais.) stele alate 0.000000 
Q5 OR Ecsta, sae Six Sn eee ee OG. OSS Seen ONOO0U SS cae octane aerate = 0. 
[Ce aca oe 3. asearora OV 210s) casita 0000222 ecb ci st hecraere © = 0.000047 
BD) a cero pare cehsre Meare LS eee tara. cic LURE ae oie. s Sate atoe 0) O002 22 Ciaran ete siete erste 0.000088 
6B ssckecmemacn tener 3, aglvaweaye ete COR It arctan 0). QO0025s vei eehe ee te. 0.000018 
OFF. eee de ecient Al. teeth cedeiats Os7 Ge tere eee 0: 000002 weet ec eee = = 0.000001 
WAook Sever tetea versa ss sisars C Soe sate a OOS Scccommtetg onal 0: O0000T To. «.cupinatete 85% 0.000006 
Slaxarcegine nua A. ove be Meideiss 1 OOD chins... saptetes O)\QOO0O2raseere creer falas nitlere 0.000002 


Probability of loss of load.......-+-+++---+- 0.000162 ~ 
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total probability of loss of load, with the 
assumed 44-megawatt reserve, is 0.00162. 
Calculations for other reserve values can 
be made in a similar manner. 

In Figure 9, curves are given showing 
probabilities of loss of load as a function 
of total capacity in per cent of maximum 
load, and also as a function of maximum 
load in per cent of total capacity, for 
groups of different numbers of units of the 
same size, on the basis of a load duration 
curve of the same shape as that of Figure 
8, and outage rates of g=0.03 and g=0.02, 
respectively. 

From Figure 9, the curves of Figure 10 
have been derived to illustrate the effect 
of the number of units, and thus of the 
unit size for a given load, on the reserve 
requirements, for three values of loss of 
load probability based on a forced outage 
rate g=0.03. 

The product of the probability of loss 
of load P, by the length D of the period, 
in days, gives the expected total number 
of days D, on which load will be lost dur- 
ing the period under consideration. 

Changes in conditions due to changes 
in the total capacity (as may be caused by 
overhaul) or to wide seasonal variations 
of the load duration curve may be taken 
into consideration by subdividing the year 
into periods D,, De,.... The probabil- 
ity of loss of load of each period is calcu- 
lated as just described and the values P,’, 
P,’,...obtained. The expected loss of 
load days of the periods are, respectively, 
Peds, P2/Dao, ie .and their sum D,= 
(P;’D,:+P2'’Do+...) gives the expected 
total number of days of loss of load for 
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Figure 11. Calculation of expected loss of 
output for a capacity outage O; 
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the whole year. This of course does not 
mean that under the assumed conditions 
load will be lost D, days year in and year 
out. It means that D, is the per year 
average number of days on which loss of 
load is expected to occur over a reason- 
ably large number of years. The rea- 
sonableness of this number of years should 
be determined on the basis of the number 
of unit demand days necessary to obtain a 
stable value of the forced outage rate. 


A last remark in this section concerns 
the possibility of using the probability of 
capacity outage at peak time to determine 
the reserve requirements of a group of 
units instead of the more elaborate method 
of loss of load just described. The proba- 
bility of capacity outage at peak time de- 
pends only on the number of units and 
the rate of outage g. The probability of 
loss of load depends on these two quanti- 
ties and the load duration curve as well. 
It is then evident that there is no fixed 
ratio between the two _ probabilities. 
From a practical standpoint, however, 
particularly when dealing with a large 
number of units, preliminary calculations 
can be made on the basis of the proba- 
bility of capacity outages at peak time 
and a final check made using the more 
accurate method of loss of load. 


Calculations may be simplified by as- 
suming that the load duration curve is a 
straight line or portion of straight lines. 
Strictly speaking this assumption is not 
correct; it is justified, however, by the 
very nature of the problem. 


7. PROBABILITY OF LOSS OF 
KiLowaTt-Hour Output 


Some writers on service reliability have 
considered that kilowatt-hour output or 


- sales lost should be taken as the measure 


of service reliability. If this basis is to 
be used an assumption must be made as 
to the effect of a shortage of capacity. 
At one extreme, as for a single network, 
the entire load must be dropped. At the 
other extreme load may be dropped or 
added in such a way as to match exactly 
the available capacity. Figure 11 shows 
a load duration curve on an hourly basis. 
Under the second assumption above, the 
double-hatched area is proportional to 
the kilowatt-hours which would be lost 
as a result of.a capacity outage O, were it 
to last throughout the period. The sum 
of the single and of the double-hatched 
area is proportional to the kilowatt- 
hour loss under the first assumption above 
caused by the same outage O, under the 
same conditions. In either case the prod- 
uct of the probability, p,, of losing ex- 
actly the capacity O,, by the kilowatt- 
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Figure 12. Calculation of the effect of inter- 
connecting two groups of units on the loss of 
load probability of either 


hours represented by the relative area, 
gives the expected kilowatt-hour loss due 
to the particular outage. The summa- 
tion of the expected kilowatt-hour losses 
of all capacity outages O;, Oz...O,... 
gives the expected total loss of kilowatt- 
hour output. The effect of operation at 
reduced voltage easily may be taken into 
consideration. 

In order to obtain indexes of reliability 
this total loss of kilowatt-hour output may 
be expressed as 


(a). ‘Expected loss of kilowatt-hour out- 
put per kilowatt of installed capacity,’ by 
dividing it by the total installed capacity in 
kilowatts. 


or as 


(b). ‘Expected loss of kilowatt-hour out- 
put per kilowatt of maximum load,” by 
dividing it by the maximum load in kilo- 
watts. 


8. EFFECT OF INTERCONNECTING 
Groups oF UNITS ON THEIR LOCAL 
RESERVE REQUIREMENTS 


The preceding sections have dealt with 
the problem of determining the local re- 
serve of a single group of units. In this 
section an analysis will be made of the 
effect of interconnecting a number of 
such single groups on their local reserve 
requirements. 

The reserve requirements of two adja- 
cent groups A and B can be fulfilled by 
either one of two alternative methods 


(a). The two groups are isolated the one 


1447 


from the other and each group is provided 
with sufficient reserve to give the desired 
level of service reliability. 


(b). The two groups are interconnected, in 
which case the local reserve of each group 
can be decreased as each group can rely 
partially on the other group for its reserve; 
the more so the larger is the capacity of the 
interconnection, within certain limits. 


Let C, be the total capacity of group 
A, and C, that of group B. In order to 
evaluate the effect of interconnecting the 
two groups with a tie of capacity R on the 
probability of loss of load of either group, 
say group A, it is necessary to have the 
load duration curves of the two groups as 
shown in Figure 12. It will be assumed 
that the capacity of either group will be 
available for the other group provided it 
is not needed locally. 

If the two groups are not intercon- 
nected a capacity outage O,, in A, contrib- 
utes the amount p,t, (Figure 8) to the 
total probability of loss of load of group 4, 
as described in section 6. When the two 
groups are interconnected with a tie of 
capacity R, the same outage O, will cause 
a loss of load the probability Q, of which 
is composed of three parts calculated as 
follows: 


1. In the first place, irrespective of what 
happens to group B and to the tie, a loss of 
load will certainly occur in A during the time 
t,’ that the load of this group exceeds Cg+ 
R—O,. Evidently t,’ is the abscissa of the 
intersection on the load duration curve of 
the capacity O,—R measured down from 
Ca 


2. During the interval of time A;’=',— 
ty’, group A will have to call upon group B 
for a transfer Ri, over the tie, varying from 
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Figure 13. Illustration of the effect of tie 
capacity on the loss of load probability (curve 
a) and on the group reserve (curve 6) 


1448 


8 
o 
Lv 
8 
PROBABILITY OF LOSS OF LOAD OF EACH GROUP 


the maximum value R to zero. A loss of 
load will thus occur in group A, if simultane- 
ously to the outage O; in A, there occurs in B 
a capacity outage exceeding Oo= Co— 
(L’p+R:) irrespective of whether the tie is 
wholly or partially available or not. As 
seen from Figure 12, Ly’ is the load of system 
B in the interval A;’. The corresponding 
probability of loss of load in A is 


1 
Pi fir Podt 


where P» is the probability of losing in group 
B a capacity exceeding Oy. With steam 
units, due to the discontinuous character of 
the capacities corresponding to the various 
unit combinations of the B group, this in- 
tegral is actually equal to the sum of a few 
terms of the form p,P)A; and thus easy to 
calculate. 


3. During the interval A,;’, even if the 
capacity outage in B is less than Oy, a loss of 
load occurs in A if, due to a tie outage, it 
should be impossible to effectuate the trans- 
fer R, from B to A. The corresponding 


-probability of loss of load in group A is 


Px fra —P»)prdt 


in which pn is the probability of a tie 
capacity outage exceeding (R—R,), R being 
to total tie capacity. As before due to the 
discontinuous character of both tie and B 
capacities, this integral breaks up into the 
sum of a few terms of the form px(1—Po) 
ia At. 


Thus the probability Q, of loss of load is 


group A, with a ges outage O, in the 
same group, i 


Ox = bil fi’ + raise 
= pilte!+ > {P+ A—Po)pn} Af] 


Evidently 

DA,= A,’ 

and 

(Pot (1—Po)br)<1 


for the different values of P, and p,, under 
D, so that 


th’ + {Ppt (1—Po)bn} At<te 


Q; takes the place of p,f, of section 6. Its 
value decreases from the maximum Pt, 
to a minimum, as the tie capacity R in- 
creases from zero to a maximum value 
Ryo which, for the specified outage O;,, can 
be calculated as follows. 

From Figure 12 it is evident that as far 
as the specified outage O, is concerned, the 
tie capacity R used should satisfy the 
inequality 


R < (Ci —Ly'y (5) 


where L,', is the B load corresponding to 
tz’. This is because B has no capacity 
available to fulfill any transfer require- 


ment not satisfying the inequality, equa-- 


tion 5. The maximum tie capacity Rxo 
giving the minimum value of Q, also must 
satisfy the inequality. ‘ 
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Figure 14. Effect of tie capacity on the load 
that can be carried by each one of two inter- 
connected systems 


From Figure 12 and the expression of 
Q, it is seen that as R increases, t,’ and 
Q, decrease. Evidently the minimum 
value that #,’ can attain is zero. Two 
cases are thus possible as R increases, 
starting from the zero value and 4,’ de- 
creases from the maximum value i: 


(a). Before t;’ reaches the value zero, R 
becomes equal to’ Cy—Ly’y. In this case, 
the maximum tie capacity Rxo giving the 
minimum value of Qx is 


ko = Cy—Lr'n (6a) 
From this and Figure 12 
Oy = Ca Cy (Leta + Li's) (7a) 
(b). The quantity t,%’ becomes zero before 
R becomes equal to Cp and Ly’. In this 


case the maximum value of tie capacity Rio 
is that making ¢,’=zero. 


From Figure 12 


Rip =Lam—La =O, (Ca—Lam) (6b) 


where (C,—Lam) is the reserve at peak 
time. 


The outages O;, which give minimum 
probability of loss of load Q;, for the tie 
capacity values making ¢,’=zero, thus 
may be obtained from equations 6b and 5. 
They are those satisfying the relation 


On < O+ Ca— (Lam+Lom) 


where Ly, is the peak load of the A group 
and Lym is the corresponding load of the 
B group. From equations 7a and 76 it is 
evident, then, that for all outage O satis- 
fying equation 7) the maximum tie capac- 
ity is given by equation 6b. For all larger 
outages O; not satisfying equation 7) the 
maximum tie capacity is given by equa- 
tion 6a. From equations 7a and 7b the 
value of t,’ for the maximum tie capacity 
Ry may be obtained graphically by plot- 
ting a load duration curve sum of the two 


(7b) 


AIEE TRANSACTIONS 


load duration curves of Figure 12 and 
measuring O, down from the (C,+(,) 
capacity line to this load duration curve. 
The abscissa of the intersection is the 
value of t,’ being sought. 

As the value of the outage O,; increases, 
the maximum tie capacity R,, increases 
also, being at the most equal to C,—L,, 
where L,, is the minimum load of group 
B. From a practical standpoint it will 
suffice to determine the tie capacity on 
the basis of the outages O; giving the 
largest p,t, products, as shown by in- 
spection of calculations similar to those 
shown in the lower part of Table VI. 

Calculations for the B group are carried 
in the same manner. 

While in Figure 12 it has been assumed 
that the peaks of the two groups are 
coincident, this assumption is not neces- 
sary as any diversity between the two 
groups may be taken into consideration 
by drawing the B load duration curve in 
its proper relative position with respect 
to the A one. 

By way of illustration Figure 13 shows 
two curves calculated for two identical 
groups of four units, serving identical 
loads, assuming all units of the same size. 
Curve a gives the variation of the proba- 
bility of loss of load of either station in 
function of the tie capacity assuming a 
local reserve for each group equal to 80 
per cent of the maximum load. In this 
case the values of R,,, for the various out- 
ages are 


Tie 
Outage Capacity 
O, = 45...Ri = O 
Oz: = 90...R2 = 10 keto equations 7b and 6b) 
O3 = 135... Rao = 55 
O« = 180... Rao = 90. . (From equations 7a and 7)) 


Curve b gives the tie capacity necessary 
to obtain a probability of loss of load 
equal to 0.00046 with different local re- 
serve capacities. Both curves a and b 
are based on an average outage rate 
q=0.03 and a load duration curve of the 
same shape as that shown in Figure 8. 
From curve b it will be noted that the 
reduction in the reserve requirements of 
each system is approximately equal to the 
capacity of the tie so that the reserve 
requirements of the two systems con- 
sidered together are reduced by twice the 
tie capacity. Of course this is true up to 
the maximum useful value of the capacity 
(30 per cent of maximum load) but not 
beyond this value. In Figure 14 curve } 
of Figure 13 has been redrawn to show the 
load L that can be carried as a percentage 
of the generating capacity available. 
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Again it is noted that as the tie capacity 
increases from 0 to 24 per cent, the load 
that can be carried increases from 52 per 
cent to 76 per cent, that is, increases 24 
per cent. 

The method of analysis just discussed 
for the case of an interconnection be- 
tween two groups of units may be ex- 
tended to the case of a system of more 
than two groups. In general, it will be 
necessary to repeat the described calcula- 
tions for each tie, or group of ties, and the 
two unit groups into which it divides the 


system. In order to simplify calculations 
Figure 15. Exact 0-1000 

and . approximate 0-0800 pe Fecha |<) 
probability curves ace 


for a large system 


CTT 
GEOR NRRURERE 


in excess of Ox, when plotted on semilog 
paper, is replaced by either a straight line or 
portions of straight lines. 


2. The load duration curve also is replaced 
by a straight line, or portions of straight 
lines. 


Strictly speaking, neither one of these two 
assumptions is correct. However, it is 
believed that in most cases both assump- 
tions can be made without greatly sacri- 
ficing the practical correctness of the re- 
sults. 

By the first assumption the probability 
P;, of outages in excess of a capacity O; 


0.0020 


OUTAGE PROBABILITY 


q2.0-3 


0.0002 UNITS 


one 100 


it will be not only advisable but necessary 
to introduce some simplifications, the 
nature and extent of which must be 
judged by the case on hand. 


Approximate Method of Calculating 
the Probability of Loss of Load 


The method of determining the loss of 
load probability outlined in section 6 re- 
quires long calculations. The very na- 
ture of the problem, justifies, in most cases 
time-saving simplifications. For this pur- 
pose it is proposed that, whenever pos- 
sible, the following assumptions be made: 


1, The probability P; of capacity outages 


Calabrese—Generating Reserve Capacity 


FORCED OUTAGE RATE 


faces 
Hees ea 


anes 
Pe cal 
a 
ete] 
et 
ea 


200 
MW OUTAGE IN EXCESS OF Reve ‘aes 


300 


can be expressed by an exponential (or 
portions of exponentials) of the form 


P, =Ag iM 


where A and a are two constants and M 
has been used in place of O,. 

By both assumptions, the step prob- 
ability curve shown at the bottom of 
Figure 8 is replaced by a continuous curve 
(or portions of continuous curves) which 
is related to the maximum load L,,, the 
system capacity C, the reserve at peak 
time Ro=C—L,,, and the load factor / in 
per cent, by the relation 


—20(1—") mt 
P,=Ae~ 
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The probability P, of loss of load becomes: 
1.0 
P,di= 
0 
ee aRo 


1 
2o{ 1-5 Vim 


which is easy to calculate. 

The process is illustrated in Figure 15 
relative to a large system with 60 units 
totaling 2,592 megawatts. In this figure 
the probability step curve, for all practical 
purposes and in the range of capacity out- 
ages shown, may be expressed by the 
equation 


R= 


{i-emCras)nt 


Py =5.3e7 0.0192 


By so doing the probability P, of loss of 
load is given by 


—0.0192R l 
Pen BOC TL 1 —c-onal ins) | 

1—— JL 
( i) 7 


If the peak time reserve is 320 megawatts 
this becomes 


1 
P,= —_ 3 _<-*"(_i) 
1—— 


100 
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which for various values of / assumed the 
following values: ‘ 


a D 


1, Per 


Cent Pe 


70...0.000435 
90...0.001315 
95...0.00265 


100...0.01 (outage probability at peak time) 


Conclusions 


In concluding, it is believed that the 
method of probability should find a more 
extensive use than heretofore in the solu- 
tion of reserve problems. In this respect 
it is hoped that the material presented in 
this paper may be of service to those 
engaged in the determination of system 
reserve: 

As a large amount of past experience is 
required to make reliable predictions of 
the expected future performance of a 
particular group of units, it is hoped that 
the basic information collected under the 
auspices of the Edison Electric Institute 
soon will be made available. 

The discussion of the preceding sections 
has been limited almost entirely to the 
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case of generating unit reserve; it is evi- 
dent, however, that the conclusions 
reached may be applied to a variety of 
other problems in the electrical field and 
in other fields. 
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Synopsis: A description is given of de- 
velopments employing frequency division 
techniques by which the telephone-message- 
carrying potentialities of the coaxial cable 
system are realized. By these methods 
480 high quality telephone messages are 
prepared for transmission over the line 
and restored to original condition at main 
terminal points. At intermediate points 
appropriate groups of channels may be 
removed, inserted, bridged, or relocated in 
the frequency spectrum of the line. 


HE coaxial cable system, known as 

type L1, is the latest of the Bell 
System’s broad-band carrier systems to 
find large scale application in the nation’s 
long distance communication network. 
The increase in message carrying capacity 
of this system over its predecessors is 
enormous. As designed at present, the 
L1 system provides 480 long-haul message 
channels. By partially utilizing addi- 
tional frequency space which is not satis- 
factory for long haul circuits, an extra 120 
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short-haul channels can be provided. A 
maximum circuit capacity of 600 l-way 
channels on a single coaxial circuit is pos- 
sible as compared to 12 1-way channels 
per pair of wires obtained from earlier 
cable carrier systems. 

The telephone message carrying poten- 
tiality of the coaxial cable has required 
the development of concentrations of 
terminal equipment to prepare the mes- 
sages for transmission and to restore them 
to original condition at points where use 
can be made of large circuit groups. An- 
other problem involved in utilizing the 
cable’s potentiality is that of removing 
and inserting relatively small groups of 
circuits at many points between the 
principal message centers. 

Examination of the map shown in 
Figure 1 will indicate the extent of the 
coaxial cable network which it is planned 


Figure 1. Bell System coaxial cable program 
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to establish within the near future. It 
can be appreciated that the hundreds of 
messages traveling the main highway of 
the coaxial cable at any point may have 
their origins and destinations at widely 
scattered towns and cities, some located 
on the coaxial cable itself and some at 
great distances from the cable. The 
coaxial highway is so broad and will 
accommodate so much message traffic 
that many new developments were re- 
quired to provide the equivalent of en- 
trances, separated lanes, traffic circles, 
exits, and connnecting approaches of 
appropriate size such as would be needed 
for efficient and reliable use of a vehicular 
superhighway. 

Early developments looking toward 
wide-band usage of coaxial cables for 
telephone purposes have been described 
in previous papers.!? The present paper 
indicates the form which these develop- 
ments finally assumed when large scale 
production was undertaken. 

As indicated by the title, the techniques 
employed for multichannel use of the 
coaxial line are of the general class known 
as frequency division. Each individual 
channel is assigned a particular frequency 
band for its journey over the cable and 
other messages assigned to other bands 
are not permitted to disturb the first 
band either by their method of entry into 
or exit from the cable or by their common 
use of the cable and repeaters. 

The main telephone band of the Li 
system comprises line frequencies of 64 
to 2,064 ke. Within this band, 480 
single-side-band carrier-suppressed tele- 
phone channels are obtained. The voice 
frequency transmission band of each chan- 
nel is 200-3,400 cycles. A line frequency 
space of 4 ke between carriers is allotted 
to each channel, irrespective of the chan- 
nel location at line frequencies. The 
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accomplishment of this closely packed 
arrangement of channels throughout the 
whole usable frequency range presented 
a major technical problem. It is a result 
which appeared difficult to attain initially 
and is made possible by developments in 
the art of multichannel group modulation 
which were undertaken with this purpose 
in view. 

The repeaters of the L/ system trans- 
mit frequencies above 2,064 ke. It is in 
this range that additional short-haul tele- 
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by the design of the terminal equipment. 

Other factors affecting the excellence of 
transmission depend on the equipment 
used in common by a number of channels. 
Noise, interchannel interference, and 
variations of net loss with time are ex- 
amples. These are controlled partly by 
the design of the terminal equipment and 
partly by the line repeaters and other 
parts of the system. 

The amount of transmission distortion 
that can be permitted in the terminal 


Figure 2. Frequency division into super- 


groups, groups, and channels 
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phone circuits will be obtained along the 
route. This paper, however, is concerned 
primarily with methods of providing the 
480 long-haul circuits. 


Design Objectives for Terminal 
and Intermediate Equipment 


The general objective of the Bell Sys- 
tem broad-band carrier development is to 
provide facilities giving satisfactory trans- 
mission and reliable service for telephone 
circuits up to 4,000 miles in length. 
These long circuits may be made up of a 
number of links, that is, of shorter circuits 
connected together. Some of the links 
may be channels on the coaxial system, 
some may be channels on other broad- 
band carrier systems,?—* and still others 
may be on voice frequency or other types 
of catrier facilities. In the future, large 
numbers of the circuits in the plant will 
involve links on coaxial facilities. 

Some of the factors affecting the excel- 
lence of transmission of a carrier tele- 
phone channel depend primarily on the 
equipment individual to the channel. 
The variation of loss and envelope delay 
over the few thousand cycles of a channel 
band are examples. These, and the 
amount of the frequency shift of compo- 
nents of the speech, are controlled largely 
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equipment depends upon the amount of 
this equipment that will be included in a 
4,000-mile circuit. This can be con- 
trolled to a certain extent in the design. 
For example, the bard filters in the indi- 
vidual channels contribute most to distor- 
tion of the transmission-frequency charac- 
teristics of a channel. It is desirable for 
this reason, and also for reasons of econ- 
omy,to keep the amount of this individual 
channel equipment to a minimum in set- 
ting up long circuits. Thisis accomplished 
by providing arrangements at branching 
points that will permit interconnection of 
groups of circuits without bringing each 
channel of the group down to voice fre- 
quencies. This process of handling 
groups of circuits introduces other pos- 
sibilities of transmission imperfection 
such as noise and interchannel modula- 
tion. As it was desired to reserve most of 
the permissible allowance for these effects 
for the line repeaters, severe requirements 
were placed on the multichannel modula- 
tors and amplifiers in the terminal. 

With only 4-kc spacing between car- 


riers, the elimination of the unwanted - 


side band and the provision of adequate 
filter selectivity to keep the channels 
separated from one another would pre- 
sent a very difficult problem if these proc- 
esses were attempted at line frequencies. 


Crane, Dixon, Huber—Frequency Division Techniques 


These functions accordingly are per- 
formed in a frequency range better adap- 
ted to a solution of the filter problem. 
The frequency range selected for this pur- 
pose is 60-108 ke where filters having 
low-loss piezoelectric crystal units can be 
constructed. 

Terminal equipment for modulating 
and filtering a group of 12 channels in the 
60-108-ke range was developed and has 
been used since 1937 on 12-channel type 
J and type K systems. The design of 
this 12-channel terminal equipment was 
made with a view to ultimate use on the 
coaxial system as well as on the types S 
and K system. Such use requires, of 
course, that the coaxial terminal include 
additional modulating equipment for 
transferring the channels from the 60-108- 
ke range to the coaxial line frequencies. 

The required frequency translation is 
accomplished by two steps of group modu- 
lation. This has important advantages 
over the alternative of a single step of 
group modulation. It greatly eases the 
selectivity requirements on the filters 
needed in the group modulation steps, 
reduces the number of types of filters re- 
quired, and provides the means for as- 
sembling the channels into larger groups 
to facilitate entry and exit of channels 
from the line at intermediate points. 

Consideration of traffic requirements at 
intermediate points and relative complex- 
ity and cost of various terminal arrange- 
ments resulted in the conclusion that the 
original groups of 12 channels should be 
assembled into larger groups (super- 
groups) of 60 channels in the first step of 
group modulation. The second step of 
group modulation then assembles the 
supergroups of 60 channels to fill the 
entire frequency range of 2 megacycles. 
Thus, it is possible to effect entrance, 
exit, and transfer of circuits in blocks of 
1, 12, 60, or 480 channels. 

The frequency allocation conforming to 
this plan is shown in Figure 2. The 
numbers on the lines connecting the vari- 
ous blocks of channels indicate the carrier 
frequencies used in the steps of group 
modulation. The basic supergroup range 
312-552 ke, is arranged to correspond 
exactly to the location of supergroup 2 
at line frequencies. The space allowed 
between adjacent supergroups is meces- 
sary for the design of filters to select the 
supergroups at branching points. 

A variety of arrangements is necessary 
at the branching points. A supergroup 
can be blocked if desired: this permits 
removing the channels which are to ter- 
minate at that point without appreciably 
affecting the other supergroups and allows 
reuse of the frequency space in sections of 
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the cable beyond the branching point. A 
\locked supergroup can be broken up 
into smaller groups of 12 channels; some 
of these can be reintroduced into the 
cable without reducing them to speech 
frequencies while others are terminated. 
Complete supergroups can be relocated in 
another position or transferred to an- 
other coaxial system without reducing 
them to speech frequencies. Groups of 
12 channels can be separated from the 
coaxial cable and introduced into other 
systems without reduction to speech fre- 
quencies. 

Since the channels are packed closely 
together, and the line frequencies are 
relatively high, a high accuracy is neces- 
sary in the carrier frequency generating 
equipment. The carrier frequencies are 
derived as harmonics of a very stable 
base frequency. Methods have been 


Figure 3. Schematic of terminal circuits 
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developed for controlling the base fre- 
quencies at a number of points from the 
base frequency at one point. 


Modulators and Filters 


The principal components employed in 
making a frequency division system are, 
of course, modulators and filters. Figure 
3 indicates the arrangement employed in 
modulating and demodulating the 480 
long-haul channels transmitted over the 
coaxial cable. 


At the left, labeled channel equipment, 


are shown modulators, band filters, and 
amplifiers for 12 channels. This “‘chan- 
nel bank’’ is the same as used for initial 
modulating steps in the types J and K 
systems‘*'? and has been described else- 
where. Only one bank is shown. Forty 
banks are required for a full-sized coaxial 
terminal. The filters in the channel 
bank, which are constructed primarily of 
piezoelectric elements, pass only the 12 
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wanted single side bands in the frequency 
range between 60 and 108 ke. 

Each channel bank is connected to a 
group modulator as indicated in Figure 3 
under group equipment. The purpose 
of the band elimination filter is to remove 
completely any residual carrier at 92 kc 
so that a signal of this frequency of con- 
stant magnitude may be introduced 
directly ahead of the group modulator. 
This will indicate the transmission condi- 
tion of that group at any point where it is 
measured further along in the system. 
The band filters select a single side band 
of the modulation process. Since the 
lowest input frequency to a group modula- 

‘tor is 60 kc, adequate selectivity is ob- 
tained by filters constructed of inductor 
and capacitor elements. 

The outputs of odd numbered and even 
numbered filters: are multipled and the 
two sets are combined through a hybrid 
coil. The filters are designed with wide 
bands to minimize transmission distor- 
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Figure 4. Loss char- 
acteristics of typical 
filters 
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tion over the used portion. The cutoff of 
one filter falls within the pass band of the 
adjacent filter and would produce trans- 
mission distortion if they were multipled 
directly. Odd numbered or even num- 
bered filters, however, may be multipled 
satisfactorily and the balance of the hy- 
brid coil is adequate to prevent the 
irregular impedance of one set of filters 
from affecting the transmission band of 
the other set. 

Two sets of five group modulators are 
illustrated. A set of five (called a group 
bank) is required to feed each supergroup 
modulator. Forty group modulators, or 
eight group banks, are needed for a 480- 
channel terminal. Two spare banks of 
group modulators usually are supplied. 
Service may be shifted to a spare bank by 
first patching the second branch of each 
of the five channel banks into each of the 
five spare group modulators. The out- 
put of the spare group bank is then mul- 
tipled with the output of the bank being 
replaced. At this point, the supergroup 
modulator is being fed by two group 
banks in parallel. The output of the first 
group bank then is removed and the bank 
is free for servicing. This process can be 
accomplished without noticeable distor- 
tion to voice frequency carrier. telegraph 
channels if care is taken to insure that the 
phase relationships through the two banks 
involved are maintained properly. This 
requires that the carriers from the two 
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paralleled modulators come from the same 
source and that the cabling lengths from 
the source to the two modulators be held 
within specified lengths (depending on the 
frequencies involved). The length of the 
transmission cables from the patching 
points to the modulators must be simi- 
larly specified. This is one example of the 
care which must be taken in planning the 
physical arrangements for such a large 
amount of equipment. Since this equip- 
ment often is installed and put into service 
piecemeal, the whole installation must be 
planned carefully in advance. 

The carriers for the group modulators 
are chosen so that their used side bands 
(312 to 552 kc) are in an appropriate posi- 
tion to be used directly as supergroup 2 
or be modulated to a lower position for 
supergroup 1 and higher positions for 
supergroups 3 to 8, The supergroup 
carriers are odd harmonics of 124 kc. 

The supergroup arrangements, as 
shown in Figure 3, are similar to the 
group arrangements just discussed. 

The amplifiers indicated in various 
positions in the group and supergroup 
equipment are 2-stage amplifiers; these 
are feed-back stabilized and have low 
interchannel modulation. Amplifiers are 
required in general between each step of 
modulation. The multichannel modula- 
tors are operated at low transmission 
levels in order to reduce interchannel 
modulation products. The  signal-to- 
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noise ratios would be degraded if two 
steps of modulation were attempted with- 
out intermediate amplification. The 
single channel modulators, however, are 
operated at a higher transmission level 
and no amplification is required between 
channel and group modulators. 

All of the modulators and demodulators 
for the groups and supergroups (1 to 8) 
use copper oxide as the modulating ele- 
ment. The same units, in a ring circuit 
of four 3/16-inch-diameter disks, are used 
for all frequencies. The modulating loss 
(signal input to single-side-band output) 
varies from about 5.5 decibels for the 
lowest frequency group modulator (420 
kc) to 7.5 decibels for highest frequency 
supergroup modulator (2,356 ke). It is 
possible to use copper oxide at these fre- 
quencies, even with its relatively high 
shunt capacitance, by operating it in low 
impedance circuits and using series induct- 
ances to compensate for the capacitive 
reactance. The impedance into which 
the highest frequency supergroup modula- 
tor works is about 25 ohms. 

Supergroups 9 and 10, which are not 
yet in commercial use, are designed to use 
silicon as the modulating element. The 
modulating loss is about 5.5 decibels in 
the frequency range 2-3 megacycles. 
The availability of silicon rectifier units 
with controlled characteristics is a war- 
time development. The comparatively 
small capacitance of these units, as com- 
pared with copper oxide, makes them a 
superior circuit element at high frequen- 
cies. The circuit impedance in which 
these silicon modulators work well is 
several hundred ohms. 

In the group and supergroup modula- 
tors, the carrier power is high compared 
to the input signal (100,000 to 1 or more). 
In this way, the higher order modulation 
products, which could cause interchannel 
interference, are reduced at least 75 
decibels below the wanted second order 


‘products. 


The supergroup filters are inductor and 
capacitor type for the most part. Crys- 
tal sections are used in the supergroup 1 
and 3 bands to provide sharp discrimina- 
tion between them.and the supergroup 2 
band (which is also the input signal band 
for these supergroups). 

The variety of filters used for ali pur- 
poses, including carrier supply, is very 
large; There are high pass, low pass, band 
pass, and band elimination filters which 
select and reject carrier and pilot fre- 
quencies as well as the side bands. The © 
filters vary in bandwidth from a few 
cycles to almost the entire coaxial spec- 
trum of a few megacycles. A complete 
480-channel coaxial terminal, including 
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the normally supplied spares, contains 
about 1,400 filters. Of these, 116 are used 
in the carrier supply. A total of 1,086 
filters use piezoelectric plates. 

Some typical characteristics of filters 
used in the terminals are shown in Figure 
4, 


Carrier and Pilot Supply 


A high power carrier generating system 
operating from a single source is required 
to supply the large number of modulators 
used in a single carrier terminal. For a 
480-channel terminal, there are 480 chan- 
nel modulators and demodulators, 40 at 
each of 12 different carriers; 40 group 
modulators and demodulators, 8 at each 
of 5 different carriers; 7 supergroup 
modulators and demodulators, one at each 
of 7 different carriers (supergroup 2 re- 
quires no supergroup carrier). The 
derivation of all of these carriers from a 
single source is desirable. However, this 
imposes a requirement of extremely high 
reliability. 

A problem of first importance in carrier 
supply design is the accuracy of the fre- 
quencies. There is both an absolute 
accuracy and a relative accuracy require- 
iment. ’ 

Carrier frequencies and also pilot fre- 
quencies generated in the carrier supply 
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Figure 5. Schematic of carrier and pilot 
supply arrangements 


system are selected for use by filters, some 
of which by the nature of their design are 
extremely narrow. One example is the 
pilot selecting filters which are located at 
repeaters throughout the length of the 
coaxial cable. The frequencies gen- 
erated must remain within the passed 
band of these filters at all times. An 
absolute accuracy of the order of +10 
parts per million is imposed from this con- 
sideration. The supply as finally built 
has an accuracy about + 2 parts per 
million relative to standard frequency. 
Carrier frequencies at two different 
terminals must maintain a_ relative 
accuracy with respect to each other such 
that frequencies delivered over any chan- 
nel at the receiving end do not differ from 
the frequencies introduced at the trans- 
mitting end by more than a small amount. 
The amount necessary to secure satisfac- 
~ tory. transmission depends upon the type 
of signal to be transmitted. High quality 
program signals impose a severe require- 
ment. It is desirable that the difference 
should not exceed about 2 cycles per sec- 
ond for such service. Since there may be 
several links of program channels con- 
nected together, the permissible difference 


Crane, Dixon, Huber—Frequency Division Techniques 


! 

t 

AR} 

I 

LINE ' 

BieKCH\V\-{_ {2064 KC] PILOTS | 
DA aero ema anes és 
SPARE | 

FS 
a 
MODU- ' 
LATORS ' 

fa t 


SUPERGROUP CARRIER 
FILTERS AMPLIFIERS 


ANY 
COMBINATION 
OF FOUR 
SUPERGROUP 
CARRIER 
FREQUENCIES 


SUPERGROUP 
CARRIER 
GENERATORS 


in each link is somewhat less than 1/2 
cycle per second. To maintain +1/2 
cycle frequency difference at 2 mega- 
cycles it is necessary that +2.5 parts per 
10 million relative accuracy be secured. 

The desired absolute accuracy is ob- 
tained by designing a crystal controlled 
oscillator at a favorable frequency (128 
ke). The relative accuracy is achieved 
by designating the oscillator at one point 
as a master oscillator to control the fre- 
quency at other points. 

The general arrangement of carrier and 
pilot supply equipment at a large office is 
illustrated in Figure 5. If the office is 
controlled by a distant terminal, a fre- 
quency of 64 ke, supplied over the coaxial 
cable, is selected by a narrow filter, ampli- 
fied, and supplied to two frequency com- 
parison circuits. Here a comparison is 
made between the incoming 64 ke and the 
64 ke generator by the local circuits. 
These two frequencies are combined, split 
in phase, and applied to the grids of four 
rectifying tubes. The output of each of 
these tubes energizes one of the poles of a 
motor which moves a variable capacitor in 
the oscillator circuit, if the frequencies 
differ. If the local oscillator has a higher 
frequency than the reference frequency 
the motor revolves in a direction to lower 
the frequency, and vice versa. The motor 
moves as long as there is any difference in 
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frequency between the reference and local 
oscillator. If the incoming control should 
fail, the local oscillator continues to 
operate at its frequency at the time of 
failure. 

A frequency of 128 ke was chosen for 
the local oscillator because good low- 
temperature-coefficient crystals are avail- 
able at that frequency and because it can 
be subdivided in steps of 1/2 to obtain 4 
ke, which is the basic frequency desired. 
The circuits for producing fractional fre- 
quencies have been described previously.® 

Odd and even harmonics of 4 ke are 
produced in the carrier generator at 
sufficient amplitude to operate a number 
of channel modulators and demodulators 
connected directly to the channel carrier 
busses. 

Odd harmonics of 4 ke up to 612 ke also 
are derived from the same gerierator but 
further amplification, as indicated in the 
diagram, is needed to supply the group 
carrier busses. It will be noted that the 
group carrier amplifiers are provided in 
duplicate. Both of them are normally 
energized from one or the other of the two 
group carrier filters. Failure of one 
amplifier or its removal for servicing does 
not reduce seriously the amount of group 
catrier available. Even a short circuit 
which might occur accidentally at the 
output of one amplifier will not reduce the 
group carrier to an unworkably low 
amount. 

Supergroup carriers, which are odd 
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harmonics of 124 ke, are produced by a 
carrier generator operating at that fre- 
quency (which is an odd harmonic of 
4 ke). The supergroup carrier supply 
arrangements are, in general, similar to 
those of the groups except for the fre- 
quencies involved. 

The carrier power available on channel 
busses is approximately 10 milliwatts, 
sufficient to operate about 10 channel 
modulators and demodulators. The 
group and supergroup busses have about 
1 watt available which will supply 4 of 
these modulators and demodulators. 

The amount of carrier supply equip- 
ment shown in the diagram provides for 
120 channels in the channel carrier sup- 
ply section, 240 channels (5 group fre- 
quencies, 4 modulators and demodulators 
per frequency) in the group section and 
240 channels (4 supergroup frequencies, 
one modulator and demodulator per fre- 
quency) in the supergroup section. An 
additional 120 channels can be provided 
for in the channel section by connecting 
duplicate arrangements of the channel 
carrier filters and busses to the opposite 
sides of the odd and even hybrid coils 
where resistance terminations are shown 
in the diagram. These were omitted in 
the diagram for simplicity. 


The amount of equipment just de-— 


scribed provides carriers for one half of 
the 480 long-haul circuits on one coaxial. 
To take care of the additional 240 chan- 
nels, the equipment shown on the dia- 
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gram (with the exception of the 4-kc fre- 
quency supply section) is duplicated and 
connected as indicated to the frequency 
supply. 

The arrangements for providing the 
pilot frequencies used to regulate the 
coaxial line are shown in the lower part of 
Figure 5. Four frequencies are used; 64, 
556, 2,064, and 3,096 ke. Stability of 
frequency is obtained by deriving these 
frequencies from the same basic fre- 
quency source used for carriers. A high 
degree of stability of output in the 2,064 
and 3,096 ke supplies was obtained by de- 
signing the multipliers (which convert 516 
ke to these frequencies) to have a broad 
flat section in their input-output charac- 
teristic. A stable source of 64 kc, which ° 
is used both for line regulation and for 
synchronizing purposes, is obtained di- 
rectly from the 4-kc harmonic generator. 
A stable source of 556 ke is produced by 
modulating 88 ke and 468 ke, both of 
which are obtained from the same har- 
monic generator. 

The methods of insuring continuity of 
output are partially indicated on the 
diagram. All circuits involving an 
appreciable amount of apparatus are pro- 
vided in duplicate. Normally only one of 
the carrier generators is functioning. The 
other is biased to an inoperative condition 
by potential supplied from the transfer ~ 
circuit, All group‘and supergroup busses 
are monitored continuously by means of 
rectifiers which operate alarm relays. 
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The absence of carrier on any bus causes 
the alarm relay to release and produces a 
transfer from one carrier generator to the 
other. The second generator outputs 
reach the busses through different paths 
and carrier is restored. Other relays and 
lamps indicate the location of the dis- 
turbance which caused the transfer. A 
transfer from one generator to another or- 
dinarily will produce a phase shift of con- 
siderable magnitude in the carriers. 
Therefore, a transfer is not made in the 
ordinary course of maintenance. All 
vacuum tubes (except in the carrier gen- 
erators and frequency supply circuit) may 
be replaced without requiring a transfer of 
generators. 

In addition to the circuit arrangements 
to insure reliability and continuity of 
operation, great care is exercised in the 
design of the components and in their 
mounting, accessibility and ruggedness to 
reduce the chance of individual com- 
ponent failure and the chance of causing a 
serious interruption during the process of 
servicing. 


Branching Points and Inter- 
connection With Other Systems 


A variety of arrangements is required 
at intermediate or branching points to 
provide the necessary flexibility in branch- 
ing circuits off the main path eco- 
nomically. It was mentioned earlier that 
the frequency allocation of the system was 
chosen with these problems in mind. 
Space is left between supergroups to make 
possible the design of filters to block the 
transmission of some supergroups while 
permitting others to pass through a 
branching point. Filters have been de- 
signed for this purpose but not for all of 
the possible combinations. It is not likely 
that filters for a great many combinations 
will be required under arrangements to 
be used at branching points in the near 
future. 

The diagram shown in Figure 6 illus- 
trates some of the arrangements possible 
at a branching point. For simplicity only 
one direction of transmission is shown. 
Most of the supergroups arriving from the 
west cable are transmitted directly 
through the branching point to the east 
cable. Supergroups 1 and 2 are prevented 
from passing through the branching point 
by a high-pass filter which has a cutoff be- 
tween supergroups 2 and 3. The 64-kc 
and 556-kc pilots from the west are trans- 
mitted to the east through narrow band- 
pass filters. 

Supergroup 2 received from the west 
cable passes through the normal steps of 
supergroup, group, and channel demodu- 
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Figure 7. Rear view of coaxial terminal 
carrier and pilot supply equipment 


Left to right: Two bays of supergroup carrier 

supply (for 480 channels); third bay, group 

carrier supply (for 240 channels); fifth bay, 
pilot and 4-kc frequency supply 


lation, and provides 60 channels ter- 
minated at the branching point. Super- 
group 1 received from the west cable 
passes through supergroup and group de- 
modulation but as illustrated only one 
group passes through channel equipment 
for use at the branching point. The other 
four groups (12 channels each) are not 
demodulated further but pass through the 
branching point at 60-108 ke. Two of 
them are shown passing through L-L con- 
nectors to type L system group modula- 
tors which form part of supergroup 1 on 
the east cable. The other two pass 
through Z-K and L-J connectors to 
group modulators of types K and J sys- 
tems, respectively. 

Another type of branching point con- 
nection illustrated is that of supergroup 1 
from the north cable. This passes only 
through a supergroup demodulator. 
Since all 60 of these channels are assumed 
to be needed toward the east, the whole 
supergroup is passed through a super- 
group connector at 312-552 ke and con- 
nected to supergroup 2 modulator of the 
east cable. 

The various connectors referred to in 
the preceding paragraphs ‘consist pri- 
marily of filters. The Z-L connector is 
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composed only of band filsers since its 
function is to prevent portions of ad- 
jacent groups, which are not completely 
suppressed by the group band filters, from 
finding a path through the connector. 
The L-J and L-K connectors have both 
band filters and narrow band elimination 
filters. The band elimination filters re- 
move residual carriers and pilots of the 
J and K systems. The L-L supergroup 
connector performs a function similar to 
the L-L group connector but an amplifier 
is required with it to secure proper trans- 
mission levels. 

A more detailed picture of the arrange- 
ment of the connectors with relation to 
the other equipment is indicated on the 
general diagram of Figure 3. 


Voice Frequency Terminations 


Each channel of a coaxial system 
terminates as a 4-wire circuit at the jacks 
in the voice-frequency patching bay. The 
transmission levels at this point are the 


Figure 8. Transmitting and receiving high- 
frequency patch bays, each equipped with 
jacks for a 240-channel terminal 


Coaxial jacks at left connect to supergroups; 
conventional jacks, (spaced to reduce cou- 
pling) connect to groups 
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same on all channels and also are identical 
with levels of channels on all other types 
of broad band facilities entering the office: 
Any type of equipment normally con- 
nected to a 4-wire voice-frequency circuit 
can be associated with the coaxial chan- 
nels by cross connection to the jacks at 
the voice-frequency patching bay. Such 
equipment may include terminating sets 
for a 2-wire termination, 1,000-cycle 
signaling equipment, signaling equipment 
for toll line dialing, terminal echo sup; 
pressors, 4-wire switching pads, and voice- 
frequency telegraph terminals. 


Special Services 


A telephone channel can be used for 18- 
channel voice-frequency carrier telegraph 
or for facsimile and picture transmission. 
As the channels are designed primarily for 
telephone service the transmission re- 
quirements have to be considered when 
other uses are made of the channels. In 
picture transmission, for example, equal- 
izers must be provided for the delay dis- 
tortion introduced by the band filters in 
the channel banks. 

Program channels of various band 
widths can be obtained by merging the 
frequency space of several telephone 
channels. A single-side-band program 
terminal has been developed which uses 
the space of three message channels and 
provides an 8-ke program band and a con- 
trol channel. 

The coaxial system provides a flexible 
medium for realizing a variety of signal 
band widths for new services in the future. 


Figure 9. Supergroup demodulator panel 


Front view with cover removed 


The broad band of the line is subdivided 
by the terminal equipment into super- 
groups of 240-ke band width and groups of 
48-ke band width. Either of these bands 
can be used as a block or subdivided in 
any desired manner by the provision of 
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appropriate terminal equipment. An ex- 
ample of this procedure, applied to the 
group, is the -single-side-band program 
terminal referred to in the preceding para- 
graph. 


Maintenance Features 


Circuits which are carried in common 
along part of a coaxial route eventually 
may leave it and fan out over other routes 
to scattered points. Under these’ con- 
ditions, the removal of numbers of cir- 
cuits from service for the purpose of 
terminal maintenance tests would be very 
difficult to effect. Consequently the 
coaxial system is arranged so that most 
routine maintenance tests and a certain 
amount of trouble testing can be made 
with the equipment in service. The 
vacuum tubes used in the various ampli- 
fiers of the coaxial terminal can be tested 
for filament activity without removing the 
amplifiers in service. Likewise, the 


arrangement of the jack terminations of 


the spare group and supergroup equip- 
ment is such that manual patches can be 
made from regular to spare without in- 
terrupting service even momentarily. As 
the channels may be used for other 
services than telephony, the design of the 
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Figure 10. Group carrier supply distribution 
panel 


Front view with cover removed. Distribution 
cables to modulators are connected to solder- 
ing terminals in center 


maintenance features and the plant 
operating routines take into account the 
requirements of these services so that all 
are safeguarded adequately. 

Transmission testing and patching 
operations for equipment on the high- 
frequency side of the channel banks are 
concentrated at high-frequency patching 
bays. The voice-frequency terminations 
of the individual channels are concen- 
trated in voice-frequency patching bays. 
Transmission tests on the channel banks 
group and supergroup equipment, and 
also certain tests in the coaxial line can be 
made from the high-frequency patching 
bay. Testing equipment covering the 
entire frequency range is provided, 

Testing and patching is simplified by 
the standardization of transmission levels 
at the jacks of the high-frequency patch- 
ing bay. The outputs of all channel 
banks have the same transmission level 
and the outputs of all group banks are the 
same. 

Previous reference has been made to 
the arrangement whereby 92 kc is trans- 
mitted at low level over each group of the 
system. This tone is introduced as an aid 
to maintenance. A check on the over-all 
transmission of any group can be made at 
any time by observation of the level of the 
92 ke at the receiving terminal. 

The desired transmission levels at vari- 
ous points throughout the terminal are 
adjusted initially by means of pads in the 
various units of equipment and by the 
gain control potentiometers of the ampli- 
fiers. In general, subsequent service ad- 
justments» are confined to occasional 
changes of the gain control potenti- 
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ometers. The copper oxide units are suf- 
ficiently stable that no service adjust- 


ments for carrier leak balance are pro- 
vided. 


Photographs of Equipment 


A few photographs are included to indi- 
cate the general appearance of the equip- 
ment. Figure 7 is a rear view of a row of 
bays containing terminal coaxial equip- 
ment. Only five bays are shown in the 
figure. A complete 480-channel terminal, 
with spare equipment as normally pro- 
vided, would require 40 such bays. The 
types of equipment shown in the figure 
are, from left to right: two bays of super- 
group carrier supply, group carrier sup- 
ply, channel carrier supply, and pilot and 
frequency supply. 

Figure 8 shows the high-frequency 
patching bays where access to group and 
supergroup circuits is provided. 

Figure 9 shows a supergroup demodu- 
lator unit which is typical of the majority 
of terminal units. 

In Figure 10 is illustrated the design of 
one of the carrier supply distributing 
units. Fiber guards are placed over all 
portions of the circuits where short cir- 
cuits could cause failure of a number of 
channels. The accessible terminals, to 


“ 


which are connected cables running to 
modulators and demodulators, are pro- 
tected by resistances against serious re- 
sults of a short circuit. 


Conclusion 


The terminal equipment developed for 
the type L1 system represents a practical 
solution of the problem of getting the most 
out of a coaxial line in terms of telephone 
message handling capacity. By use of 
frequency division and single-side-band 
transmission, only 4 kc of line frequency 
space needs to be allotted to each channel. 
A total of 480 channels thus is made 
available within a broad band of approxi- 
mately 2 megacycles. The filter selec- 
tivities and carrier frequency stability 
requisite to this close packing of channels 
has been realized through developments 
in these fields, combined with the applica- 
tion of group modulation techniques. 
The methods used also meet the essential 
requirement of providing access to the 
broad band at intermediate points on the 
route so that groups of circuits may be 
added to or taken off the system as re- 
quired by traffic conditions. It has 
proved practicable to meet the transmis- 
sion and service requirements for long 
haul circuits. The methods described 


No Discussion 
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appear applicable to future coaxial sys- 
tems having wider bands than 2 mega- 
cycles. 
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Impedance Relationships of the 
Adjustable-Speed A-C 


Brush-Shifting Motor 


FRED BAUMANN 


NONMEMBER AIEE 


HE NEED for a dependable variable- 
Tes a-c motor with shunt character- 
istics has led to the development and con- 
stant improvement of the polyphase 
brush-shifting motor (Schrage type). 
This type of machine has satisfied most 
effectively many of the a-c variable-speed 
applications. Although the adjustable- 
speed a-c brush-shifting motor has been 
the subject of several excellent papers in 
the technical literature, nevertheless, there 
is a need for a simplified procedure of 
calculating its performance. 

The adjustable-speed a-c brush-shifting 
motor provides an ingenious method of 
obtaining adjustable speed with alternat- 
ing current. Its speed is adjustable 
within a given range for various conditions 
of load, including no load. Unlike the 
wound rotor induction motor, the slip 
energy is converted to useful work in- 
stead of heat dissipated in the rotor and 
grids 

It is the object of this paper to present a 
new and simple method of calculating the 
performanceofthe machine by the equiva- 
lent circuit method. Experience shows 
that the usual assumption of neglecting 
the reactance, which is mutual to the pri- 
mary and commutated windings, may 
lead to considerable error. The following 
analysis will show the part which each of 
the mutual and leakage reactances play 
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in determining the performance of the 
machine. 


The Machine Windings 


The a-c brush-shifting motor (Figure 1) 
is essentially an induction motor with a 
primary winding in the rotor and a sec- 
ondary winding in the stator. A third 
winding is placed in the rotor and con- 
nected to a commutator. A slip fre- 
quency voltage of adjustable magnitude 
and phase angle is taken from the com- 
mutator and applied to the secondary 
winding. At standstill the machine is 
simply a 3-winding transformer shown in 
Figure 2. 

At standstill the equations for the ter- 
minal voltages of Figure 2A can be 
written as in the following forms. : 


V; =ZyN,+Lele+Lisls (1) 
Ve =Zpl, +Zo2lo+Zosls (2) 
V3 =Z31 1 +ZaM> AZ 33: 3 (3) 
SECONDARY Vo 
WINDING 
COMMUTATED V3 
WINDING 
won 
Figure 2. Connections (A) 
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When the machine is running at a 
speed corresponding to a slip of S, the 
frequency remains constant in the pri- 
mary and commutated windings but 
varies in proportion to the slip in the 
secondary winding. The reactance of 
the secondary winding will be propor- 
tional to the frequency and therefore the 
slip. Equations 1, 2, and 3 may be 
written to hold for any speed as follows: 


Vi =Zy1, +Ziele +Zi3I5 (4) 
V, =Zulit+ Zole + Zosls (5) 
V; =Z3; 1 + Zosl: 2t+Zisls (6) 


To complete the solution of equations 
4, 5, and 6 it is necessary to find the rela- 
tion between V. and V; and also between 
I, and I;. The voltages Vi, V2, and 
are voltage drops. The voltage drop V, 
must be equal to the voltage rise —CV3 
shifted at an angle a. The angle a isa 
function of brush position while C is a 
function of brush spacing and ratio of 


Adjustable-speed a-c brush-shift- 
ing.motor 


Figure 1. 


SECONDARY 
y/ WINDING 


@® 
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Figure 3. Vector relationships of currents and 
voltages in the secondary and commutated 
windings 


commutated winding turns+secondary 
winding turns. Figure 3 shows the rela- 
tion of these voltages and currents... It 
may be seen that the commutator acts as 
a frequency. changer, phase shifter, and 
adjustable voltage source. 

The relation of voltages and currents 
shown in Figure 3 is 


Vi=C/2Vi= —TV, (7) 
I,=C/ — of,=T'l, (8) 


The solution of equations 1 through 7 
yields the following two simultaneous 
equations: 


V, =Z,,1,+ (Zi2+ T'Z,3) 12 (9) 


0= (Zit TZ) h+ (Zoo+ T’Zo3+ TZ; =F 


TT’Z;3)I, (10) 


Reactance Relations 


It is necessary to examine the imped- 
ances shown in equations 9 and 10. 

Ina 3-winding machine the flux paths 
in general can be resolved into seven dif- 
ferent paths as shown in Figure 4. 

However, since windings 1 and 3 are 
placed in the same slots of the rotor, two 
of the fluxes (@12 and @»3) shown in Figure 
4 can be eliminated. Figure 5 shows the 
flux paths which must be considered. 

The presence of $33 shown dotted in 
Figure 5 may seem out of keeping with 
the assumption of infinite permeability of 
the iron, but this component of flux is 
considered to correct for the difference in 
flux linkages between the flux produced 
by the current in winding 1 linking the 
conductors of winding 3 and the flux pro- 
duced by the current in winding 1 linking 
the conductors of winding 1. This is 
usually a small loss (remembering that 
ouAri, PwArXe, G3aXs, PirX ', Gna 
X,,) the impedances of equations 9 and 10 
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Figure 4. Diagram of flux linkages 


may be written by inspection of Figure 5 

as 

Za Ba j Xa ek ts, | 

Z2=jXm 

Z3=](Xm+X') 

Z2=jSXm 

Zo = R2+5S(X2+Xm) 

223 =jXm 

Zo =jSXm 

233 = Rs +j(X'+X3+Xm) 
Equations 9, 10, and 11 can be com- 

bined to yield the following equations: 

V,= (Ri +5X1 9X! 7X) 

GT'X'’+ 1 +T')jXm)I2 


T 
0=(iXut zp piX’ \iet 
R,+TT'R; jSXo+TT'(X'+X3) 
Din ato S+T 


IXmA+ rt] 


(11) 


(12) 


(13) 


Let us now arbitrarily substitute I, for 
I, according to the following equation: 


h=(1+T')I, (14) 


Equations 12 and 13 then may be 
arranged as follows: 


Vy = (Rit JXitjX'tjXm)A+T eX 


(1+ T’)jXmtTjX')h (15) 


“| PS iP Lats , 
(o-a+7 iXm+T 5X! + IX Jit 


Rot TT'R;  jSXo+ oe 
S+T S+T 


jiXmA+ r)) I, (16) 


With respect to the real and imaginary 
components of T and T’ 


T-—T’ +26 
“ ee py [oie ee, Ingle 
i( 1+T ) Gr) 
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eritee 


Meee 


=e Geet 


for the usual practical case where 


lal<1 
|b]<<1 

: : SH feed Ho) 
14+-T’)jXm+T'jX'|> —__— x’ 
CET THEO) Fe 


the term j(T-T’)X’/(1+T) is omitted 
and equations 15 and 16 can be rewritten 
as follows: 


Vi = [(RitjX1) 1+ 7) +gX'+ 
4AM )jXmt TIX I+ 
[A4+T)jXntT’. GX Nh 
O=(A4+T )jXmt+T 5X e+ 
Ee TT’R; jSX.+TT'X3—ST'X' 
S4+T S+T 


(17) 


IPX'HIX (+7) fh (18) 
Equations 17 and 18 are of the form 
associated with a 2-winding transformer 
for an induction motor, where the mutual 
reactance is 
JAAT) Xt T'5X! 


> 


The equivalent circuit of Figure 6, there- 
fore, satisfies the above equations. 

If T and T’ are expressed in terms of 
their real and imaginary components the 


(Ry +jX))(14T') 4jx" 
\ RotTT'R3 
S+T 


. SXpt+TT’X3-ST'x! 
S+T 


S j[(i+T’)xm+7’x’] 


Figure 6. General equivalent circuit 
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((1+a) Ry +bx,) +j [14+ a)x)-bR+X’] 


: : (s+a)(Sx2+C#x3-SaXx’)-b(R2+C#R3SbX’) 
Ne J (sta)2 +b@ 5, 


(I+a)-jlo 


(St+a)2+b2 


< 
x 
o 
+ 
E 
x 
> 
oO 
~ 
= 
— 
= 
+ 
<= 
x 
+ 
E 
x 
wy 
a 


(sta)(RotC#R3t+Sbx’) +b(Sx2 +C2X3-Sax’) 


Figure 7. General equivalent circuit showing 
real-and imaginary components 


equivalent circuit of Figure 6 will reduce 
to that of Figure 7. 

When the axis of the brushes is not dis- 
placed from the axis of the secondary, 
b=0. This condition results in the simpli- 
fied equivalent circuit shown in Figure 8. 

The similarity of the equivalent circuit 
of Figure 8 to the equivalent circuit of an 
induction motor is quite apparent. 
When a=0, it reduces exactly to the 
equivalent circuit of an induction motor. 
The no load slip will occur at s=a. Ifa 
is a positive number the no load slip will 
be above synchronous speed, and if a is 
negative the no load slip will be below 
synchronous speed. 

The calculation of losses and torque 
follows the same pattern as is used in the 
calculation of an induction motor by 
equivalent circuit. The torque in syn- 
chronous watts is ‘ 


R.+TT’R; 
= 2) ee ee 
T,=R,|Ih| ( ee: ae 
GSXe+ TT'X3—ST'X' 
StT ) (19) 
Or if b=0 
Ro+a?R3 
= I, 2. ———____ 
T: il — (20) 


With the aid of the foregoing analysis, 
reasonable accuracy can be expected. 


. $Xp+82X3-Sax” 
(ita)Rtjlit+ayxitxd 4 


S+a 


Figure 8. Equivalent circuit 
(b =0) 
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Figure 9.  Calcu- 600 
lated speed-torque- 
current curves with 500 
test points indicated : 
Zz 
41—Current «2400 
9—Torque 32 
3—Current >9 
“= 300 
4—Torque ae 
a=0.555; b=0 Ze 
{a 200 
fo 
rea 
ow 
x 100 
e 
0 
-100 
, ) 20 40 


60 80 100 120 140 (60 180 


PER CENT OF SYNCHRONOUS SPEED 


Figure 8 shows speed-torque-current- 
curves calculated for a 3-horsepower 4- 
pole adjustable a-c brush-shifting motor. 
While these curves are not typical of 
motors of larger sizes the test points show 
a good correlation with the calculated 
curves. 


List of Symbols 


V, =terminal voltage of primary winding 

V,=terminal voltage in secondary winding 
referred to primary winding 

V; =terminal voltage in commutated wind- 
ing referred to primary winding 

I,=current in primary winding 

I,=current in secondary winding referred to 
primary winding 

I; =current in commutated winding referred 
to primary winding 

Z,,=total impedance of primary winding 

Z,.=mutual impedance primary to second- 
ary windings 

Z,,=mutual impedance primary to com- 
mutated winding 

Zo. =total impedance of secondary winding 
referred to primary winding at stand- 
still 

Z; = mutual impedance of secondary to com- 
mutated winding in primary terms 

Z.3=total impedance of commutated wind- 
ing referred to primary winding 

Z».=total impedance of secondary winding 
referred to primary winding at pri- 
mary voltage and at slip S 

Z;=mutual impedance of secondary to com- 
mutated winding in primary terms at 
slip frequency 

Z.=mutual impedance primary to second- 
ary windings at slip frequency 

T=c/a=jb=vector brush position 

T’ =c/—«=—jb=conjugate of T 

a=per unit voltage applied to secondary 
winding from commutator 

a=phase angle of V; with respect to V2 

s=per unit slip, (L—S) per unit speed re- 
ferred to synchronous speed as an 
induction motor 

¢éu=total flux linking primary winding 
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¢2=flux linking primary and secondary 
windings : 

és =flux linking primary and commutated 
windings 

¢22=total flux linking secondary winding 

gos =flux linking secondary and commu- 
tated windings 

$33 = total flux linking commutated winding 

om = flux linking all windings 

R,=primary resistance 

R.=secondary resistance referred to primary 

R;=commutated winding resistance re- 
ferred to the primary 

X,=primary leakage reactance at primary 
frequency 

X’=mutual leakage reactance of primary 
and commutated winding referred to 
primary at primary frequency 

Xm=mutual reactance. corresponding to 
ém referred to primary at primary 
frequency 

X.=secondary leakage reactance referred 
to primary at primary frequency 

X;=leakage reactance of commutated wind- 
ing referred to primary at primary 
frequency j 
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Gaseous Insulation for High-Voltage 
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Synopsis: A group of halogenated gaseous 
compounds have been investigated to deter- 
mine their impulse (11/.x40-microsecond 
wave) and 60-cycle strength in uniform and 
nonuniform fields at pressures of 1, 2, and 3 
atmospheres. The scope of this investiga- 
tion was confined to bare electrodes, and 
additional testing will be required to deter- 
mine the behavior of these gases with vari- 
ous types of solid insulation. It hasbeen 
found that sulphur hexafluoride (SFe) 
possesses superior insulating properties for 
high-voltage apparatus, even at these rela- 
tively low pressures. Data obtained in an 
approximately uniform field indicate that at 
30 pounds gatige pressure this gas 
approaches the impulse strength of oil. 
Therefore, certain classes of high-voltage 
apparatus advantageously may use this gas 
for their insulation, if other properties are 
adequate. 


N RECENT YEARS several papers 
have been presented before the Insti- 
tute on the dielectric behavior of com- 
pressed gases. The fact that the dielec- 
tric strength of gases under certain special 
conditions can be superior to either liquid 
or solid insulating materials makes them 
very promising insulating media and has 
attracted the attention of many investiga- 
tors. 

Compressed air and nitrogen have been 
used in precision capacitors where low 
dielectric loss is essential, and compressed 
Freons have been used in X-ray trans- 
formers where reduced dimensions and 
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noninflammability are of primary impor- 
tance.® 
been operated indoors where the ambient 
temperature does not drop to a very low 
value. For outdoor equipment, a gas 
should be selected that will not require 
special heating auxiliaries to prevent con- 
densation at low ambient temperatures. 
Another very important requirement is 
that the gas have sufficient impulse 
strength to protect the apparatus from 


failure due to a lightning stroke on the _ 


transmission lines to which it is connected. 


Condensation of Gases 


The outdoor problem of condensation 
at low ambient temperatures obtains a 
ready solution from the gas SF, and there- 


PRESSURE (LBS/IN® GAGE) 


Figure 1. Saturated vapor pres- 

sure characteristics of sulphur 

hexafluoride, Freon 22, and Freon 
12 
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In general these apparatus have - 


fore will be discussed first. In Figure 1 
the saturated vapor pressure curves of 
three gases (SF,, Freon 22, and Freon 12) 
are shown. A gas cannot be operated at 
a pressure higher than its vapor pressure 
corresponding to the temperature under 
consideration. If the pressure were in- 
creased above the vapor pressure, the 
extra vapor probably would condense. 
The curves shown in Figure 1 indicate 
that sulphur hexafluoride can be operated 
at higher pressures than either Freon 12 
or Freon 22. Let us assume for instance 
that a given apparatus is filled with Freon 
22 at a gauge pressure of 150 pounds per 
square inch at a temperature of 40 degrees 
centigrade (point A). Also, impose the 
condition that the total quantity of gas in 
the system is unchanged. If the tempera- 
ture of the vapor is lowered from its 
initial value at A, the pressure will drop 
to some value at B where saturation con- 
ditions take place. Over this interval 
(from A to B) the dielectric strength of 
the apparatus will remain virtually un- 
changed, because the pressure decreases 
as a perfect gas following the change in 
absolute temperature. However, any 
further decrease in temperature will re- 


-10 ° 10 
TEMPERATURE (°C) 


Figure 2. Relation 
between _— pressure 
and temperature in a 
constant volume of 
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Figure 3. Cross section of the cell which has 
been used for comparing the dielectric 
strength of several gases 


sult in condensation and the pressure will 
follow the vapor pressure curve shown in 
Figure 1. With many gases the dielectric 
strength very closely depends upon the 
absolute pressure, so we may expect that 
the dielectric strength will follow a curve 
similar to the temperature—pressure curve 
of Figure 1. 

In the case of SFs, however, a gauge 
pressure of only 43 pounds per square inch 
at 30 degrees centigrade might be con- 
sidered a suitable operating condition be- 
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and 


tested values 


4 TEST VALUES 
® CALCULATED 


30 40 50 60 


cause of the high dielectric strength of this 
gas. At a temperature of +40 degrees 
centigrade, the gauge pressure would be 
30 pounds per square inch, having fol- 
lowed the path CD shown on Figure 1. 
In going from point C to point D, the SFs 
vapor pressure curve has not been inter- 
cepted, so no condensation will result. 
Figure 2 illustrates experimental proof 
that SF, behaves as a perfect gas over a 
wide region of practical application. 


Basic Elementary Concepts Regard- 
ing the Breakdown of Gases’ 


The electron early was regarded as the 
initiating agent in the dielectric break- 
down of gases. In traveling through a 
gas under the action of an accelerating 
field Fit is able to create new electrons by 
disruption of gas molecules upon collision. 
If electrons be liberated from a plate in a 
rarefied gas, the current which they carry 
from this plate to one parallel to it is a 
function of the voltage. As the voltage 
increases, at first the current follows in a 
nearly linear fashion. Eventually, it is 
believed to reach a constant or saturation 
value at iy. As higher fields are applied, 
the apparent saturation gives place to a 
new rapid increase of current with poten- 
tial, the current eventually increasing 
exponentially in the form of a spark. At 
this field strength, the electrons are pro- 
ducing a new pairs of ions per centimeter 
of path due to collisions with the mole- 
cules of gas. The current increases with 
distance in gas according to law 


4=19e%" 
where 


€ is the Naperian logarithm base. 

a is the quantity just defined. 

x is the length of path in centimeters. 
ip is the initial current. 


The quantity a is a function of pressure 
p and the field strength F. It depends 
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upon the ability of the electron to pick up 
energy from the field and the probability 
of its ionization once it has the energy. 
If Ey is the required energy to produce 
ionization, this condition takes place 
when the electron is accelerated over the 
mean free path distance \; to such an 
extent that 


Fed; = Eo 


where e is the charge on the electron. 
The mean free path distance is a function 
of pressure, namely, 


Bide a 
AL =Ao oh 
If \; is decreased by raising the pressure, 
F must be increased correspondingly in 
order to cause the same degree of ioniza- 
tion. 

Paschen discovered his famous law in 
1889, namely, 


Vs=f(p8) 


The sparking voltage is a function of the 
product of pressure and distance. This 
law also followed from theoretical exten- 
sions of Townsend’s theory. We find . 
experimental agreement with Paschen law 
for gases in uniform fields. As the pres- 
sure is decreased, the breakdown voltage 
decreases in a regular manner until the 
gas is quite rare and then the voltage rises 
again. The minimum breakdown voltage 
occurs at the “critical pressure.” Even 
in this region the law has been proven 
valid experimentally. 

If spark breakdown is dependent upon 
a local concentration of ions or influenced 
by the presence or deficiency of ions in 
any region, then for this electrode arrange- 
ment in gas, the law will not be obeyed. 
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Figure 4. Sixty-cycle dielectric strength of 

gases and number 10-C oil tested between 

two 1-inch-diameter spheres spaced 1/4 inch 

and at gauge pressure up to 30 pounds per 
square inch 
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Figure 5. Sixty-cycle dielectric strength of 
gases tested between tungsten rod and 1-inch- 
diameter sphere at atmospheric pressure 
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Figure 6. Negative impulse tests (11/.x40- 

microsecond wave), at atmospheric pressure, of 

several gases tested between tungsten rod and 
1-inch-diameter sphere 


Therefore, with gases or electrode con- 
figurations, that make space charge 
concentrations possible before final break- 
down, deviations from Paschen’s law are 
to be expected. 

In the original work, Townsend elabo- 
rated upon the collision process and intro- 
duced an ionization coefficient for positive 
ions causing further ionization by col- 
lision. From later experiments it appears 
that the positive ions do not cause signifi- 
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_ attendant 


cant ionization due to their collision 
with molecules. However, positive ion 
fields cause the creation of photons and 
ionization. So the second 
Townsend coefficient for positive ions has 
a place in modern physics though quite 
different from the original intention. 

Meek’s theory of positive streamer 
propagation’ suggests that the local field 
at the tip of the positive space charge left 
in the wake of an electron avalanche 
must be commensurate with the applied 
field for streamer propagation by photon 
processes. Since the shape and intensity 
of the streamer tip field are dependent 
upon the mobility and diffusion character- 
istics of the gas as well as the nature of 
the ions formed, it is not surprising that 
pressure changes in complex gases result 
in anomalous breakdown behavior. 


Description of Apparatus and 
Method of Making Tests 


A gas cell shown in Figure 3 was de- 
veloped for the purpose of making high- 
voltage breakdown tests on the following 
gases: : 


Ne 


F-12—(C F Cl.) 
F-13—(C F;Cl) 


Ki4—(C HD 
F-22—(C H Cl F,) 
F-23—(C H F;) 
SF, 


The bottom electrode was a 1-inch- 
diameter sphere at ground potential while 
the upper electrode was either a 1-inch- 
diameter sphere or a tungsten rod. The 
upper sphere was used for tests requiring 
a uniform field, while the rod provided an 
electrode for nonuniform gradients. This 
tod was 0.100-inch diameter and was 
rounded on the end to a 0.050-inch radius, 
thus providing a nonuniform field of 
known configuration. The separation of 
electrodes could be set accurately (within 
0.0052 inch) without losing any gas pres- 
sure, 

Since most of this test work was done 
during the war, halogenated gases were 
difficult to obtain and small volume test- 
ing became of paramount importance. 
About 5 liters of gas were required to fill 
the cell and tests could be run up to 350 
kv impulse. In a few cases external 
flashover required that the cell be im- 
mersed in oil. After each gas was tested, 
the electrodes were polished and the in- 
side porcelain wall was washed with soap 
and water and then with distilled water. 
Washing was quite necessary to remove 
the last traces of the halogenated gases so 
as not to interfere with ensuing tests. A 
vacuum drying procedure removed the 
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last traces of moisture and then a blank 
test was run with N, before admitting a 
new gas for test. It was decided that the 
gases first should be evaluated according 
to dielectric strength as determined by 
tests in a uniform field. In the small 
volume used the most satisfactory uni- 
form field possible was that provided by 
two spherical electrodes 1 inch in diam- 
eter, and spaced 0.25 inch apart. After 
some preliminary testing with N: at 30 
pounds gauge pressure, it was found that 
positive and negative impulse breakdown 
values agreed within 10 to 15 percent. 
This at least indicated a moderate degree 
of symmetry of the electrodes and was 
accepted as the most ideal field possible 
in the small volume. It offered strikingly 
contrasting phenomena when compared 
to the tungsten rod-sphere type of con- 
figuration. This latter configuration was 
selected after preliminary investigation 
because ‘‘anomalous breakdown decrease 
with pressure’ could then be demon- 
strated in a small volume of gas. Tests 
were made up to 2-inch spacing with this 
arrangement. Both types of electrodes 
were employed with impulse and 60-cycle 
voltage at 0, 15, and 30 pounds gauge 
pressure. The center line of the electrode 
system was approximately 3 inches from 
the porcelain wall. However, high-volt- 
age testing within a confined space seldom 
yields results identical with testing in 
unlimited space. The 1-inch setting is 
considered the most reliable source of 
data with the nonuniform field arrange- 
ment and is therefore used as a point of 
comparison among the gases. The num- 
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Figure 7. Positive impulse tests (1!/.x40- 
microsecond wave), at atmospheric pressure, 
of several gases tested between tungsten rod 

and 1-inch diameter sphere ; 
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GAP VARIABLE---~ 
UP TO 2 IN. 


3 IN. DIAM--4-7 


Figure 8. Test setup to obtain data at large 
gap spacings 


ULFUR 
HEXAFLUORIDE 


VOLTAGE (KV) 


Each interruption planned or otherwise 
causing a change of gas meant the loss of 
a small volume even when it could be 
withdrawn into a liquefaction cylinder. 
Fortunately nitrogen is a common gas 
and was therefore ideal for the many 
blank tests that were necessary to check 
the cleanliness of the cell. The data 
(points) shown on the graphs represent 
an average of three trials. All of the 
Freon gases except F-14 invariably 
showed some carbon deposit when the 
cell was torn down preceding a refill; 
nitrogen and SF, showed no deposit. 


A 500-kv Marx circuit was used for 
generating 11/:x40-microsecond impulse 
waves and breakdowns were observed 
with a cathode ray oscillograph. Frac- 
tional parts of the capacitor bank were 
used to facilitate tests in the lower voltage 
range. Sixty-cycle breakdowns were ac- 


Figure 9. Impulse and 60-cycle 

- spark-over and withstand voltages 

of SF, and air using 2-inch gap 

spacing in the test arrangement 
shown in Figure 8 


margin over air. This is of some interest 
because an increasing amount of equip- 
ment rated up to 15 kv now depends on 
air as an insulating and cooling medium 
at 1 atmosphere pressure. In Figures 5, 
6, and 7, 60-cycle, negative impulse, and 
positive impulse breakdowns are shown 
as a function of spacing in a nonuniform 
test field at atmospheric pressure. Here 
again, SF; and F-12 show marked superi- 
ority over nitrogen and consequently 
over air which is known to have closely 
the same breakdown values as nitrogen. 
On this basis it is apparent that using 
SF; or F-12 will allow the extension of 
gas-filled apparatus. SFs could be used 
for temperatures as low as —40 degrees 
centigrade in such an application but F-12 
would begin to liquify at —20 degrees 
centigrade, thus limiting its usefulness for 
wide application. In Figures 5, 6, and 7 
it is shown that in the nonuniform field at 
1 atmosphere pressure SF, is 2.8 to 5 
times as strong as N2 depending upon the 
type of breakdown. In the uniform field 
data of Figure 4, the 60-cycle breakdown 
of SF; is approximately 11/2 times that of 
Ne. Since the uniform field was within 
the confines of a small porcelain cell and 
utilized only 1/,inch spacing, it was 
decided that some tests should. be per- 
formed at a spacing of 2 inches requiring 
higher test voltages in the range of inter- 
est to design engineers. This test setup 
is shown in Figure 8: essentially it con- 
sists of two toroid electrodes looped 


NEG.POL. 
POS.POL.f CRITICAL 
SPARKOVER 
60- CYCLE 
crest spark (CREST) 
OVER 
z Se aaa 


IMPULSE 


through and placed at right angles to 
each other. Such a field configuration 


(RMS) 


5 10 
GAS PRESSURE (LBS./IN.2 GAGE) 


ber of breakdowns for the halogenated 
gases was picked judiciously in order not 
to change the character of the electrodes 
before a refill, because repeated testing 
has been reported as a cause for surface 
change in electrodes.2® Since a large 


number of identical tungsten rods were . 


available to us, frequent change, when 
convenient, was exercised and no change 
in the character of the rounded end was 
observed. The test chamber was com- 
pletely closed without windows. It is 
known that impulse breakdowns of air or 
nitrogen are affected by a closed vessel. 
In these tests this effect is shown by the 
fact that the impulse ratio for nitrogen is 
2.8 instead of 1 as would be expected 
from tests in open air. 
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complished with a 50-kv and a 150-kv/ 
300-kv cascade set. The wave form was 
close to sinusoidal, as indicated by rms 
and crest voltmeters. 


Discussion of Test Results 


In Figure 4 illustrating the 60-cycle 
breakdown in a uniform field, at zero 
pounds gauge pressure (1 atmosphere) 
the general superiority of the halogenated 
gases over nitrogen is illustrated, although 
at that particular pressure in the uniform 
field F-22 and F-14 are about the same 
value while F-23 is definitely lower than 
nitrogen. F-12 and SFs are definitely 


_ superior to Nz and may be considered to 


have approximately the same respective 


Camilli, Chapbman—Gaseous Insulation 


GAUGE PRESSURE — LB PER SQ IN. 


Figure 10. Impulse dielectric strength of 
gases P 


Test made between two 1-inch-diameter 
spheres spaced 1/, inch at gauge pressure up 
to 30 pounds per square inch 
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Sixty-cycle dielectric strength of 
gases 


Figure 11. 


Tests made between tungsten rod and 1-inch 
diameter sphere spaced 1-inch. Values for 
number 10-C oil also are shown 


would be practical in the design of some 
apparatus. SF. is compared with air in 
Figure 9 and at 1 atmosphere we see that 
it has 2.1 and 2.4 times the respective 60- 
cycle and impulse strength of air in the 
toroid electrode system. This test setup 
as indicated in Figure 8 was included in a 
rather large diameter porcelain shell. 
For this reason only the most promising 
halogenated gas (SFs) was compared with 
air; this seemed advisable due to the 
scarcity of Freons during the war. 
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In Figures 5, 6, and 7, the advantages 
of SF, over nitrogen in a nonuniform field 
are very pronounced. In design of 
apparatus such a field is avoided wherever 
possible but sometimes only a compro- 
mise is possible. A distortion of the field 
always is associated with boundary sur- 
faces between the gas and solid insulating 


barriers, wire insulation, and insulated — 


supporting structures. An isolated wind- 
ing or a bushing ground sleeve or tank 
part may provide the most sharply curved 
electrode so both polarities of impulse 
test are of importance in evaluating the 
performance of a gas in a nonuniform 


. field. Positive impulse polarity applied 


to the electrodes of sharper profile renders 
lower breakdown values for gases than 
does the application of negative impulse 
polarity. 

In the discussion of results thus far, 
the advantages over air or nitrogen at 
atmospheric pressure have been empha- 
sized because this is a promising field of 
application. As the pressure is increased 
some of these gases show even more pro- 
nounced advantages over nitrogen. 
Therefore, another question is posed; are 
any of the gases suitable for replacing oil 
in some high-voltage apparatus? 

In Figures 4, 10, 11, and 12 a compari- 
son of the various gases is shown in a 
uniform field and in the nonuniform field 
up to 30 pounds gauge pressure. The 
insulation strength of oil is indicated by a 
horizontal line on each graph, because it is 
affected little by pressure. The com- 
parison is made at 1-inch spacing in the 
case of the nonuniform field. This pro- 
vided a high level of breakdown and was 
not near the 2-inch limit of the cell. In 
Figures 4 and 10, SF. and F-12 appear 
most hopeful in the comparison of the 
various gases with oil in a uniform field. 
However, in the nonuniform field data of 


Figure 12 (left). Impulse di- 
electric strength of gases 


Positive wave tests made be-* 
tween tungsten rod and 1- 
inch-diameter sphere spaced 1 
inch. Positive and negative 
dielectric strength values of 
number 10-C oil are shown for 
comparison 


Figure 13 (right). Sixty-cycle 
dielectric strength of SF, gas 


Tests made between tungsten 

rod and 1-inch-diameter sphere 

(grounded). Dielectric strength 
of oil shown for comparison 
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Figures 11 and 12, F-12 suffers decreased 
strength with increase in pressure, both 
with 60-cycle and positive impulse volt- 
ages. Sulphur hexafluoride shows an 
increase in dielectric strength with pres- 
sure in Figures 4, 10, 11, and 12 and 
thereby at 30 pounds gauge pressure 
merits careful comparison with oil. 

The results of a more detailed com- 
parison between SF, and oil in a nonuni- 
form field are shown in Figures 13, 14, 
and 15. The tungsten rod was varied in 
position up to a distance of 2 inches from 
the 1-inch diameter grounded sphere and 
the resulting breakdown values plotted 
on these graphs. The tests were made at 
0, 15, and 30 pounds gauge pressure of 
SF;; finally, the same tests were made 
with the electrodes immersed in oil. The 
positive impulse polarity applied to the 
tungsten rod is the criterion of the lowest 
impulse strength for SFs; the polarity 
effect in the case of oilis negligible. Since 
either polarity is possible in field applica- 
tions, the impulse strength of the gas and 
the liquid should be compared upon the 
basis of their individual low polarity 
values as shown in Table I (at 1l-inch 
spacing). Table I isa comparison of data 
from Figures 4, 10, 18, 14, and 15. 

In actual apparatus, neither the uni- 
form field nor the severe nonuniform field 
will obtain; these conditions represent the 
extremes of the problem. Consequently 
SF, will not have the advantage of 115 
per cent 60-cycle strength shown in one 
case, nor the disadvantage of only 73 
per cent impulse strength of the nonuni- 
form field used for these tests. 

From the foregoing discussion, it ap- 
pears possible that at a pressure of 30 
pounds gauge the dielectric strength of 
SF; approaches that of oil. The deficien- 
cies in dielectric strength of SF¢ are small 
enough that special considerations of 
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spacing and control of dielectric field may 
place it upon equal footing with oil in 
some high-voltage apparatus. 

In Figures 11 and 12, which concern 
60-cycle and positive impulse breakdown 
in the nonuniform field, it is noteworthy 
that some of the halogenated gases show a 
decrease in dielectric strength with in- 
creasing pressure. F-12, F-13, and F-22 
do not exhibit a uniform rise in break- 
down strength with increasing pressures; 
in fact, their breakdown strength levels 
off or decreases. 

F-14, F-23, and SF¢ probably would 
exhibit ‘anomalous breakdown decrease 
with pressure’ at pressures above the 
range investigated with the nonuniform 
field arrangement. This phenomenon 
has been previously reported for halo- 
genated gases,»* and also for nitrogen.” 
These investigations have supplied at 
least a qualitative picture for the depar- 
ture from Paschen’s law, and it may be 
invoked again to explain the present re- 
sults. 

With more complex gases, space charge 
and its attendant slow diffusion preclude 
uniform behavior as the pressure is 
changed. A sharp electrode creates ion- 
ization and space charge prior to break- 
down and, for example, causes the well- 
known phenomenon of impulse time lag. 
This prebreakdown space charge some- 
times reduces the field gradient in the 
neighborhood of the sharp electrode to 
such an extent that the final breakdown 
value is raised considerably.** Finally, 
as the pressure is increased further, the 
breakdown value decreases until break- 
down begins to occur without any pre- 
ionization process.! It is thought that 
streamers from the positive sharp elec- 
trode progress across the gap creating 
photon ionization which in turn makes 
the streamers self-propagating. When 
the pressure is below this critical region, 
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shown for comparison 


preionization occurs first and the break- 
down streamer has to break out through a 
cloud of space charge before it causes 
failure by propagating itself across the 
gap. As the pressure is increased, the 
diffusion of the ions of space charge is 
decreased, so that streamer propagation 
may start at the positive electrode before 
any extensive space charge cloud is 
formed. The streamer formation and 
propagation process is quite rapid and 
begins as soon as an ionizing positive 
potential is applied to the sharp electrode. 
Electrons are directed toward it; and upon 
acquiring sufficient energy from the electric 
field, these lead to an avalanche moving 
toward the positive electrode. A rela-. 
tively slow-moving stream of positive 
ions are left in the wake, and until they 
diffuse throughout the volume they con- 
stitute an extension of the positive point. 
This filament extension propagates itself 
by causing photon ionization in the gas 
ahead and attracting new avalanches. 
With simple gases such as helium and 
hydrogen, diffusion is much greater so 
that such space charge anomalies are 
absent as a function of pressure. 


Additional Characteristics of SF 
and Physical Data® 


Sulphur hexafluoride is a colorless, 
odorless, tasteless, and noncombustible 
gas. The solid is a white crystalline 
mass; the gas is nontoxic. One of the 
most attractive features about its pros- 
pective application is that it is nonin- 
flammable and quite inert. It is stable 
when exposed to a silent electric dis- 
charge or when heated to approximately 
500 degrees centigrade. 

Good stability is shown when this gas 
is subjected to an arc at atmospheric 
pressure over a mercury surface in a glass 
bulb. After one hour of continuous arc- 
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ing about one per cent of the gas is decom- 
posed. Both the mercury (used for seal- 
ing) and the metal electrodes were at- 
tacked by the products of decomposition. 
Examination of the solution formed by 
collecting the gaseous decomposition 
products dissolved in water showed the 
presence of fluoride and sulphite ions. 


Dry sulphur hexafluoride has no effect 
on ordinary metals (copper, steel, silicon 
steel, and aluminum). Tests were made 
at 110 degrees centrigrade with this gas 
at a pressure of 50 pounds per square 
inch. Examination of the gas at the end 


of a long aging period showed no evidence - 


of decomposition. The metals had not 
changed either in appearance or weight. 


Aging tests made at 100 degrees centi- 
grade on kraft paper in the presence of 
sulphur hexafluoride show that at the end 
of the tests the reduction of the tensile 
strength is much less than when paper is 
aged in the presence of air. 


Chemical formulate... nee SFe 
Molecular weight............. 146.06 
Gas density relative toair..... 5.106 
Critical temperature, degrees 
Centigrade: .... cee 54 


Weight, pounds per cubic foot 
(at 20 degrees centigrade 


and 760 millimeters)........0.406 
Vapor pressure of liquid....... See Figure 1 
Melting point, degrees centi- 
Pag \sloe So pita ORIN © UO —50.8 
Table |. Comparison of Data 


Thirty Pounds Gauge Pressure 


———— Sse 


Uniform 
Field 


Nonuniform 
Field 


60 60 ; 
Cycles Impulse Cycles Impulse 


Oil, per cent,....100..... TOO ete. 100.235 100 
SFe, per cent..... Toda TOO Sos « Thee ee 73 


 T) ee 


Sublimation point, degrees 

Centigrade x4 cae sai es = oes: s —63.8 
Coefficient of thermal expan- 

sion of liquid (average — 20 

degrees centigrade to —50 

degrees centigrade) per 1 

degree centigrade........... 0.0029 
Refractive index of vapor, 

n20/D, 760 millimeters..... 1.000783 
Heat conductivity at 25 degrees centigrade 
7.1X10~5 calory per centimer per degree 

per second 
Coefficient of viscosity at 25 


degrees centigrade.......... 1.61X10-* 
Dielectric constant at 27.5 

degrees centigrade.......... 1.00191 
Summary 


Compressed gases have been rather 
slow in finding applications in high-volt- 
age apparatus, especially of the outdoor 
type. To compete with liquid insulation 
such apparatus had to be operated at 
relatively high pressures in order to have 
the dielectric strength of the former. 
However, the most serious drawback was 
the liquefaction that occurred at tempera- 
tures within the outdoor ambient range. 

Sulphur hexafluoride is now available 
and surmounts these two difficulties. It 
also merits consideration because of the 


Discussion 


G. C. Nonken (General Electric Company, 
Pittsfield, Mass.): The work of the authors 
represents a valuable contribution in pre- 
senting the data on a wide variety of halogen 
gaseous compounds. The ideal physical 
and chemical characteristics of SFs combined 
with its high dielectric strength make it a 
very attractive gas for a high-voltage dielec- 
tric. For ascore of years or more the chem- 
ists who were able to make fluorine made 
small flasks of SF. by direct reaction of sul- 
fur with fluorine. They marveled at its 
remarkable physical and chemical stability, 
but found no practical use for it. 

The curious phenomena of the decrease in 
breakdown strength of nonuniform field 
gaps with increasing gas pressure has been 
associated with the rate of diffusion of space 
charge of the positive ions. Since ion 
diffusion is inversely proportional to the 
square root of the molecular weight, it is of 
interest to plot the critical pressure at which 
the breakdown strength of these nonuniform 
field gaps start to drop off against the 
molecular weight of the gas. The data for 
this curve, Figure 1 of this discussion, were 
taken from the authors’ Figure 11, from the 
authors’ references 1 and 3, and from data 
by Goldman and Wul.! 

It is seen that these data lay close to 
similar curves for all of the gases shown here 
except SFs. 

A familiar characteristic of sphere gaps, 
when used in open air and spaced apart up 
to a spacing of one fourth their diameter, is 
that they have a unity impulse ratio. The 
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possibility of improving the design of air- 
filled apparatus at atmospheric pressure. 

Impulse and 60-cycle breakdown tests 
performed on a group of halogenated com- 
pounds in uniform and nonuniform fields 
indicate that sulphur hexafluoride has 
superior qualities over the Freons. Thus, 
this gas increases in dielectric strength 
with pressure increase until it merits 
favorable comparison with oil at 30 
pounds gauge pressure. 

The more important advantages of 
gaseous insulation, as maintained by a 
pressure of SFs, over liquid and solid 


’ insulation may be enumerated as follows: 


1. By using sufficient pressure, the dielec- 
tric strength of some gases may rival that of 
mineral oil. SF. accomplishes this at a 
lower pressure than any other gas explored 
thus far. 


2. Sulphur hexafluoride and other gases in 
general are not subject to permanent 
cumulative breakdown as is solid insulation. 


3. Sulphur hexafluoride is stable at high 
temperatures. Most important is the fact 
that it is nonflammable. 


4. Gases are generally self-healing after 
breakdown, except where a creepage path 
over solid insulation is involved. If de- 
composition of the gas results in a carbon 
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deposit, a permanent type of defect re- 
mains. This does not apply to SF; because 
no carbon is contained in its molecular 
structure. 
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CRITICAL PRESSURE IN POUNDS/SQ.IN. ABSOLUTE 


writers’ work on high pressure gas dielec- 
trics (reference 3 of the paper) shows a 
unity impulse ratio for nitrogen and other 
gases when tested between 6.25-centimeter 
spheres spaced 1 and 2 centimeters apart in 
a tank 4 feet in diameter, at pressures up to 


200 pounds per square inch. However, the 


authors’ Figures 4 and 10 show an impulse 


wee NS - 
- ~ Orr ys. e 


> 


ratio of 2.7 ron pefne at eect 


pressure when tested between 1-inch spheres 


spaced one fourth inch apart. The impulse ~ 


ratios of the other gases shown in these data 
are all greater than unity and vary between 
1.3 and 1.7. The writer suggests that this 
impulse ratio greater than unity, particu- 
larly for nitrogen, may be due to the close 
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Calculating Probability of Generating 


Capacity Outages 


W. J. LYMAN 


FELLOW AIEE 


HE SUBJECT of generating station 
capacity outages has been receiving 
an increasing amount of attention and the 


use of probability calculations to facili- 


tate these studies has been gaining ground 
steadily. A practical method for evaluat- 
ing outage probabilities is of considerable 
value, not only to aid in determining the 
proper amount of reserve capacity, but 
also in analyzing the effectiveness of inter- 
connections, studying the effect of adding 
large generating units on reserve require- 
ments, and miscellaneous problems of 
power station design and system opera- 
tion. 

A more extensive use of the probability 
theory for this purpose has been limited 
by the complex and time consuming cal- 
culations which are sometimes necessary. 
The binomial theorem and its application 
in this connection are fairly well known 
and when dealing with generating units 
of equal capacity, the calculations are 
relatively simple. However, very few 
systems have generators all of the same 
capacity, and the problem usually be- 
comes quite involved. 

The purpose of this paper is to present 
several methods which have been devel- 
oped to obtain an approximate solution 
to complicated probability calculations. 
Such approximate methods are believed 
to be useful in the absence of an exact 
solution which would require much more 
time, particularly in view of the fact that 
such calculations do not involve exact 
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data and are not expected to yield precise 
results, The basic data are equipment 
outage rates which obviously are based 
upon experience, which are different for 
different machines, and which vary 
widely from year to year. Even an exact 
determination of the probability of a 
certain capacity outage is, after all, only a 
statement of the limit which the average 
of future events will approach over a long 
period of time. The actual expectation 
for any one year, or even a period of five 
years, will vary considerably from the 
most probable mean value. Further- 
more, whether the allowable probability 
for a certain occurrence should be 0.0005 
or 0.00001 or some other value is largely a 
matter of judgment. Thus, methods 
which facilitate comparisons between 
various proposals and yield absolute 
values with reasonable accuracy have 
been found to be very useful. These 
approximate methods are intended to 
supplement rather than entirely replace 
the longer and more exact calculations. 


This paper will describe the following 
devices which have been useful in making 
generator outage probability calculations: 


1. A short-cut method applicable to a sys- 
tem with any number of generating units of 
different sizes. 


Table I. 


2. Equivalent failure rates for different 
types of turbine and boiler layouts. 


3. Method of combining two or more out- 
age probability curves for different systems. 


4. Effect on system outage probability 
curve of adding a generating unit. 


5. Approximation with different equip- 
ment failure rates. 


Hypothetical System 


In the examples to follow, failure rates 
of 0.01, for both turbines and boilers, have 
been used since extensive industry-wide 
surveys, over several years, have shown 
performance to approximate these values 
for medium pressure plants. Caution 
should be exercised in using actual failure 
figures for any one system unless experi- 
ence has involved enough machines over 
a long enough period to make the results 
statistically stable. This condition 
usually is not realized on a moderate 
sized system. 

For purposes of illustration, a hypothet- 
ical system has been used which is pat- 
terned closely on unit sizes for a typical 
system. The boiler and turbine sizes are 
as shown in Table I. 


Exact Method 


Since there are 66 units, the binomial 
expansion! would be (0.01+0.99)® as- 
suming that the failure rate for boilers 
and turbines is 1 percent. The expansion 
of this binomial will show the probability 
of different numbers of units being out of 
service at the same time, but will not give 
the corresponding capacity outages be- 
cause of the variation and unit sizes. 


Number of Units 


(B=Boilers; T=Turbines) 


Unit Size, Plant A Plant B 
Megawatts B 7, B T 


' Plant C 
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Table Il. Outage Probabilities for Plant B 


Six 30-Megawatt Boilers with Common Steam Header; Three 60-Megawatt Turbines 
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For example, three units out might result number of units. Table III illustrates through them. This procedure is justi- 


in capacity outages from 20 megawatts 
(two boilers and one turbine at plant C or 
D) to 190 megawatts for three large tur- 
bines. The outage probabilities, there- 
fore, have to be worked out using the vari- 
. ous combinations of unit sizes and also 
the fact that simultaneous boiler and tur- 
bine outages at the same plant do not add 
up (each plant has a common steam 
header). One straightforward method 
would be to determine the probabilities 
for each station separately and then com- 
bine them in groups of two. Table II 
illustrates how the outage probabilities 
can be computed for plant B. The other 
plants can be calculated in the same 
manner, plants C and D obviously being 
more complicated because of the greater 


how plants A and B can be combined to 
get the over-all outage probabilities. 
This total then can be combined with 
plant C and the combination in turn com- 
bined with plant D. The result of this cal- 
culation is shown plotted as an outage 
probability curve on Figure 1 (curve A). 
Strictly speaking this is a discontinuous 
curve. The only points which have 
actual significance are those at the cal- 
culated intervals. The points could be 
connected by a stepped curve wherein the 
length of each horizontal step would be 
the probability of having exactly that 
amount of capacity out of service. For 
practical purposes, however, it is usually 
more convenient to connect the points 
directly or to draw a smooth curve 


fied by the fact that capacities of the vari- 
ous units usually are rounded off to facili- 
tate calculations withtheresult that capac- 
ity outages between the calculated points 
are possible. Furthermore, conditions 
frequently arise where unit capacities may 
be reduced by troubles such as induced 
draft fan outages or poor condenser 
vacuum, thus also giving capacity outages 
between the calculated points. In the 
following discussion outage probability 
curves usually will be plotted as smooth 
rather than stepped curves. 


Short-Cut Method 


A much quicker method has been de- 
veloped whereby approximate outage 


Table Ill. Combination of Outage Probabilities of Plants A and B 
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*Product of 0.91352 for 0 megawatts at plant B and 0.0196 for 30 megawatts at plant A. 
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probability curves can be computed for 
any system no matter how many units, or 
how many different sizes of units are 
involved in a matter of one or two hours. 
This method is particularly useful for 
studies involving interconnected systems 
where the large number of units would 
make the exact solution tedious. It 
should be used cautiously, however, for 
determining small differences between 
different outage probability curves. 

Referring again to the binomial expan- 
sion for the 66-unit system, each term 
gives the probability for a certain number 
of units being out of service For ex- 
ample, the fourth term, which is 


66-65-64- 


rag (0-01)3(0.99)8 


shows probability of three units being out 
of service. The exponential portion of 
the term, which is equal to 0.00000053, 
gives the probability that any particular 


Table IV. Probability That Total Capacity of 


n Units Taken at Random Will Exceed Any 
Given Value 
ASSUMED NORMAL 


DISTRIBUTION CURVE 
o OF UNIT SIZES 


MEAN 
UNIT SIZE 
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where 


n=number of units out of service 
C=assumed value of capacity outage 
M =average size of all units 
o =standard deviation of all units 
Pe=probability that total capacity of units out of 
service will exceed C (column 12 in Table V) 
=shaded area under curve beyond a divided by 
total area undercurve ~ p 
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combination to three units is out of serv- 
ice. The coefficient, which is 45,750, 
gives the number of possible combinations 
of three units which can be made up from 
the 66 units. Obviously these groups of 
three units have widely varying total 
amounts of capacity and if we knew the 
proportion of these ‘possible combinations 
which exceeded any given total, we 
quickly could determine the probability 
of exceeding that value of capacity outage 
with three units out of service. A similar 
calculation for 1, 2, 4, 5, and so on, units 
out simultaneously would give the dver- 
all probability of exceeding any given 
total outage. 

At this point a statistical tool, namely, 
the normal distribution curve,? can be 
utilized to calculate the probability that 
any three units, for example, selected at 
random from the total of 66 units, will 
have a total capacity exceeding any given 
value. By calculating the mean and 
standard deviation of the unit sizes, a 
normal distribution curve is, in effect, 
fitted to the actual sizes. The standard 
deviation, or o, is the ‘‘root-mean-square”’ 
value of the deviation of the individual 
points from the average or mean value of 
all the points. If a unit is selected at 
random from the group, the chance is 
presumably 50-50 that it will be above 
average size. Furthermore, the chance 
is 0.159 that it will exceed the mean by 
more than o. The fact that the actual 
sizes do not fit exactly the normal curve 
is a source of error, but it has been found 
that unless they deviate ‘considerably 
from the standard curve, the final error is 
relatively moderate. If the unit sizes do 
not fit a normal curve reasonably well, 
they should be divided into two groups 
as explained later. 
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Figure 1. Outage probability curves 


Illustration of accuracy achieved by the short- 
cut method 

A—Curve calculated by exact method 

B—Approximate curve calculated by short-cut 

method using all 66 boilers and turbines with a 
failure rate of 0.01 

C—Approximate curve calculated by short-cut 

method using turbines only (20 units) with a 
failure rate of 0.011 

D—Curve showing effect of adding an 80- 

megawatt turbine and boiler unit to curve A 


Figure 2 shows the accumulated dis- 
tribution curve for the 66 units together 
with the fitted normal distribution curve.® 
In this case the mean is 19.7 megawatts 
and the standard deviation, o, is equal to 
14.7 megawatts. A standard table* of 
normal distribution curve functions (given 
in abbreviated form on Table IV) shows 
the probability that any unit selected at 
random from this group will exceed a 
given value. For example, the table 
shows that the probability is 0.159 that 
the capacity would exceed the mean plus 
the standard deviation (19.7+14.7=34.4 
megawatts). 

When a group of two or more units is 
selected at random, it can be shown by 
statistical theory that the probability 
that the average value for the sample will 
exceed any given figure also may be deter-- 
mined from a normal probability curve 
for which the standard deviation is ob- 
tained by dividing the standard deviation 
of the original curve by the square root of 
the number of units in the sample. For 
example, with four units out of service ¢ 
would equal 14.7++/4=7.35. Thus, the 
probability that the average of the four 
would exceed 34.4 (or that the total would 
exceed 137.6 megawatts) would be 0.0227 
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Table V. Calculation of Probability of a Capacity Outage ot 150 Megawatts or More on 66-Unit System (Generators and Boilers) 
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1 2 3 4 5 6 
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Probability of outage of 150 megawatts or more= 0.0000735 


(from Table IV) since this value is ¢ above 
the mean. 

Table V shows how this method may 
be used to compute the probability of hav- 
ing a capacity outage of 150 megawatts or 
more on the hypothetical system just 
described. The results of this calculation 
are shown in Figure 1 to compare with 
the exact probabilities determined from 
the long method. It can be seen that the 
error in the short-cut method is generally 
less than 8 megawatts, which is not over 
6 per cent in the range of probabilities 
usually considered. Several other checks 
have been made by comparing the short- 
cut method with the much longer exact 
method for calculations of other large 
power systems and the errors in all other 
cases have been below 5 percent. Onone 
actual system of 60 units and over 2,000,- 
000 kw, the error was between 4 and 5 per 
cent, In another actual system the error 
was found to be about 1 per cent. 

There are two sources of error involved 
in the short-cut method. The first is the 
fact that unit sizes do not follow exactly 
the normal distribution curve. The 
second error is introduced when boilers 
and turbines both are considered, since 
the short-cut method does not recognize 
the overlapping of boiler and turbine out- 
ages within the same plant. These two 
errors ordinarily tend to offset each other. 
The overlap problem may be minimized 
by considering turbines only and using an 
equivalent failure rate to include the effect 
of boilers (described in a later section). 
This also reduces the ‘‘non-normal” error 
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because the elimination of boilers, which 
are usually smaller in size than turbines, 
results in a more nearly normal distribu- 
tion curve. 

If the actual distribution of unit sizes 
departs markedly from a normal curve, 
it is desirable to divide the units into two 
groups, separating the large from the 
small units, obtain an outage probability 


curve for each group, and combine the two 
curves by the method described in the 
following section.’ It frequently is found 
that a few of the large units account for 
the major portion of the outage prob- 
ability. As an illustration, the four largest 
units in the 66-unit system described were 
found to account for more than half the 
probable outage. By calculating the 


ez 
z=: 
D> fe} 
Bs FITTED. NORMAL 
ow PROBABILITY CURVE 
WwW 
en 
oa 
2u 
= 
26 
| 
! 
Re ae 
| | STANDARD 
|_—__[__ DEVIATION 
70 
Ww 
: 60 
s c 
wy 50 
oe 
”n 
eE< 40 
S =| 
a 
& 
x 
+ w S 20 es . 
an 
3 ere 
Figure 2. Distribu- 2 10 m 
tion of unit sizes on anes | Soh 
66-unit system com- a 


pared with normal * 10 
distribution curve ; 


Lyman—Probability of Generating Capacity Outages 


30 40 50 60 70 80 


MEGAWATTS 


. 


AIEE TRANSACTIC 


. on, SE 


i Tyr teacher a4) 


pated Ard 


te 


eo pcb 


ea St 


(CURVES SHOW PROBABILITY OF CAPACITY OUTAGE EQUAL TO OR GREATER THAN AMOUNT SHOWN) 


ae 

=== 
SUS 

ku Fi 

AB 

i 


|| ERROR DUE TO COMBINING 
N 30 MEGAWATT STEPS 


EMI az tT MTT en 


2 eee 


= 
a 


Ss 
IV] 


= 

= 

AI 
\ 


: 


Naa 
: 

: 
=\ 
in 

Hy 


CAPACITY OUTAGE — MEGAWATTS 


10- 0.1 0.0! 0.001 


Figure 3. Combination of outage probability 
curves 


Demonstrates accuracy of combining curves A 


and B by method shown on Table VI 


exact curve for the four large units (a 
relatively short calculation), obtaining a 
curve for the remaining 62 units by the 
short-cut method, and combining the 
two curves, a result was secured which 
deviated less than 2 per cent from the re- 
sults of the exact method and required 
only a fraction of the time. This modi- 
fied short-cut method should be used 
unless the fit between unit sizes and the 
normal curve is better than that shown 
on Figure 2. 


Combining Outage Probability 
Curves 


It is sometimes desirable to combine 
the outage probability curves for two or 
more systems in order to determine the 
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effect of interconnections on the over-all 
reserve requirements. It is a well known 
fact that as power systems are combined, 
the probability of having any given per- 
centage capacity outage decreases; or 
conversely, for a given probability of out- 
age, the percentage of total capacity is 
reduced. Where two such curves have 
been worked out by any suitable method, 
they can be combined quite readily by a 
step by step process. This is somewhat 
similar to the method shown on Table III 
for combining two power plants. Ofdi- 
narily the two curves to be combined will 
not have the same size steps, or there may 
be so many small steps that the calcula- 
tions become very involved. Further- 
more, the steps may be of different sizes, 
or the curve may have been prepared 
without using the step method. In any 
event, arbitrary steps of equal size can be 
selected and fitted under the curves. An 
example is shown on Figure 2 where the 
two outage probability curves A and B 
are combined to obtain curve D. This 


is seen to match quite closely curve C, the 
exact curve for the combined system. 
The probability of any step of capacity 
outage can be determined by subtracting 
the probabilities read from the original 
curve as illustrated on Figure 2. Table 
VI shows the calculations in this sample 
case. 

The accuracy of the final result depends 
upon the number of steps into which the 
curves are divided. A larger number of 
steps increases the accuracy, but also 
increases the complexity of calculation. 
It has been found that if each curve is 
divided into 20 steps, the result will be 
within two or three per cent of the correct 
value. (The synthetic curve is usually on 
the low side.) 


Equivalent Failure Rates 


It is sometimes advantageous to cal- 
culate system outage probability rates 
using turbogenerator sizes only, together 
with a failure rate which will include the 
effect of boiler outages. The arrange- 
ment of turbines and boilers has a signifi- 
cant effect on outage probabilities. A 
hypothetical case has been worked out 
using 20 turbines of equal size with various 
boiler arrangements in order to illustrate 
this problem. 

Figure 4 shows three typical boiler 
arrangements together with the outage 
probability curves. It also shows curves 
to match each of the three boiler arrange- 
ments secured by using different outage 
rates applied to the turbines only. This 
case has also been worked out on the basis 
of one per cent failure rates for both tur- 
bines and boilers. 

Curves A and B show that the perform- 
ance of a unit type station with boilers. 
equal to the turbine sizes, and no steam: 
headers, can be matched almost exactly 
by applying a failure rate of 2 per cent to 
the turbines only, that is, 


P=(0.02+0.98)2° 


Megawatt Outage 0 


Probability—50-unit system........... 0.56 
30-Unit System 


-..-0.3616 ....0.0704....0.00752....0.000458....0.0000194.. . .0.00000061 
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Megawatts Probability 
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*Probability of total outage of 30 megawatts = probability of 30-megawatts out on 50-unit system and none on 30-unit system (0.3616 0.75 = 0.2712) +30 mega- 
watts out on 30-unit system and none on 50-unit system (0.2283 x 0.56 = 0.1278). 
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The exact solution would be obtained with 
a failure rate of 1.99 per cent, that is, 


P =(0.0199-++0.9801)° 


Curve C shows the outage probabilities 
with boilers the same size as the turbines, 
but with steam headers, and assuming 
the units are divided into four plants or 
groups. The probabilities in this case 
are reduced below those in case A because 
some of the multiple outages involve 
boilers and turbines in the same plant 
wherein the loss in capacity is less than 
the combined capacity of boilers and tur- 
bines out of service. Curve D shows that 
this performance can be matched closely 
by applying a failure rate of 1.7 per cent 
to the 20 turbines alone. 

Curve E illustrates the condition where 
boilers are one-half the size of turbines and 
the units again are divided into four 
plants using steam headers. Thus, there 
are five generators and ten boilers in each 
plant. Outage probabilities are reduced 
greatly compared with case C because of 
the larger number of smaller boilers. 
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Table VII.. Effect of Adding 80-Megawatt Unit to 66-Unit System Ehawe on Figure 1 


(Assume One Boiler—No Steam Header) 


i 


Capacity Out, 


a 


Megawatts Probability 
66-Unit New 66-Unit New Combined 
Outage After Addition System Unit System Unit Product System 
100 or more......-- CORI. 6 A = 
100 megawatts or more { OO0lor more. same BO pe orsya Oise Co nae erate: 
0.00949 
150 megawatts or more { 130 OF SOT: namie ORL mne te 0.000124 *0.98=0.000122 
70 or More: 05052 BOetoe +6 0.0301 X 0.02 =0.000602 
0.000724 
200 megawatts or more { 200 or more... 6. a Ue er 0.0000028 x 0.98 =0.0000027 
12 Qlopmotety. sara BO lnetsaewcteters 0.00100 Xx0.02=0.0000200 
=a 0.0000227 


the 1.1 per cent failure rate to the 20 tur- 
bines only. The result is shown by curve 
C on Figure 1 and it is seen that the exact 
curve, calculated by the long method, is 
approximated closely by the short-cut 
method applied to the turbines alone and 
using the equivalent failure rate. 

It is interesting to note from this com- 
parison that the unit-type installation 
requires about 30 megawatts more re- 
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Figure 4. Effect of various boiler—turbine 
arrangements on outage probability 


B, D, and F show equivalent failure rates to 
apply to turbines alone to include approximate 
effect of boiler outages 


This condition is closely approximated by 
applying a failure rate of 1.1 per cent to 
the 20 generators disregarding the boilers. 
Inasmuch as the hypothetical 66-unit 
system, as described, has about twice as 
many boilers as turbines, and is made up 
of four power plants, the outage prob- 
ability curve was calculated by applying 
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serve in order to provide the same service 
reliability as would be required with 
boilers one-half the size of turbines and 
interconnected with steam headers. This 
difference, amounting to 3.75 per cent of 
the system capacity, should presumably 
be matched against the lower cost of the 
unit-type station. 


Effect of Adding a Unit 


Plans to add a new generating unit, 
which possibly may be larger than any of 
the existing units, frequently raises the 
question as to the effect on reserve capac- 
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: 


ity requirements. Assuming that an 
outage probability curve for the existing 
system is available, it is usually a simple 
matter to adjust this curve to include the 
effect of the new unit. An example of 
this calculation is shown on Table VII, 
which shows the effect of adding an 80- 
megawatt generator and single boiler to 
the system shown on Figure 1. 

This method is based on the fact that a 
capacity outage of C megawatts can occur 
in only two ways; a C-megawatt outage 
on the existing system with the new unit 
in service, or an outage of (C-80) mega- 
watts on the existing system with the new 
unit out of service. The results are 
plotted as curve D on Figure 1 and the 
difference between this and curve A 
shows the effect of the new unit. In this 
case the capacity outage for a given prob- 
ability is increased about 22 megawatts by 
the new unit. This may be interpreted 
in terms of the reserve policy of the com- 
pany involved. Assuming that a mini- 
mum of 12 per cent of the installed capac- 
ity is maintained as reserve, this would 


mean that adding 80 megawatts of new — 


capacity should increase the allowable 
system peak load by 88 per cent of 80 
megawatts, or 70 megawatts (10 mega- 
watts less than the capacity of the new 
unit). Since the outage probability has 
been increased 22 megawatts, the new 
unit must be discounted by 12 megawatts 
in evaluating the capacity gained. This, 
however, must be tied in with the capac- 
ity of available interconnections. If 


-these are adequate to provide the addi- 
tional 12 megawatts in an extreme emer- ~ 


gency, the capacity discount, due to the 
large size of the new unit, could be dis- 
regarded. 


Combining Different Failure Rates 


‘It is sometimes necessary to recognize 
significant differences in the expected 


failure rates of different pieces of equip- 
ment. Moderate differences in past per-_ 
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formance probably do not warrant the use 
of a number of different rates in the 
probability calculations. Widely diver- 
gent experience, however, must be recog- 
nized. This can be done in using the 
binomial expansion by a method which 
permits using a uniform failure rate by 
varying the number of units in each group. 

In the general binomial P=(p+q)” the 
quantity pis the outage rate or the prob- 
ability that a unit will beout of serviceand 
gis the probability that the unit will be in 
service. For small values of p such as 
used in these calculations, it,can be shown 
that the values of the first few terms in the 
expansion are determined principally by 
the product 7p. Thus, if a certain group 
of units in the problem have a failure rate 


double that of the rest of the units, this 
can be handled by using the same value of 
p but using twice the number of units. 

This may be illustrated by comparing 
two cases 


Case I. Ten units; failure rate 0.02; np= 
0.2 


Case II. Twenty units; failure rate 0.01; 
np=0.2 


Outage Probability 
Number of Units Case I— Case II— 


Out (0.02+0.98)! (0.01+0.99)20 
Ossctat rere te suaae Q28iiP ree... a 0.8181 
a SB cap igen eos OSIGG 7a eee 0.1650 
Dol ntaitetevey si arate: OFO153 saeco ae 0.0158 
Se crarener=teaie aiisioss OO0OS tardatctse 0.00096 


This approximation is sometimes useful 
with the short-cut method where a num- 
ber of different types and sizes of turbines 
and boilers may be all grouped together in 
one binomial expansion. 
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Discussion 


E. S. Loane (nonmember) and C. W. 
Watchorn (both of Pennsylvania Water and 
Power Company, Baltimore, Md.): Ly- 
man’s suggested short-cut method interests 
us, because the longer method that we have 
used for developing the probability of avail- 
ability of various amounts of capacity is 
rather time consuming. 

The solid line curve (curve A) on Figure 1 
of this discussion shows the probability of 
unavailability of various amounts of steam 
capacity for the Penn Water-Baltimore- 
Washington system obtained by a detailed 
method of computation, taking into account 
the manner in which the various turbines 
and boilers are interconnected, their location 
in various stations, and other factors. The 
dash line curve (curve B) shows these same 
data computed on the basis of a shorter 
method in which the interconnections be- 
tween the various turbines and boilers on 
the actual system were disregarded. It was 
assumed in computing these data that the 
steam generating capacity was made up of 
combined boiler and turbine units of the 
same capacities as the various turbines on 
the interconnected system. The probabil- 
ity of unavailability of these combined 
boiler and turbine units was considered to be 
2 per cent as compared with 1 per cent for 
the turbines and 1.24 per cent for the boilers, 
individually, as used in curve A. The work 
required in computing the data for curve B 
was reduced greatly as compared with that 
required to compute the data for curve A. 
The difference between the two probabilities 
of failure to carry the load, computed from 
curves A and B, is of no practical signifi- 
cance. 

The circled dots on the diagram indicated 
by C thereon, were computed by the short- 
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cut method suggested by Lyman. The 
computations were based, as in curve B, on 
combined boiler and turbine units of capaci- 
ties equal to those of the actual turbines of 
the interconnected system and a 2 per cent 
probability of unavailability of such boiler 
and turbine units. The comparison be- 
tween these data and those shown by curve 
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Figure 1. Comparison of the results obtained 
by different methods of computing the prob- 
ability of unavailability of various amounts of 
system steam capacity 


A—The exact method : 

B—The same general method as for curve A 

but assuming combined boiler and turbine units 

C—The Lyman short-cut method applied to the 
assumptions for curve B 

D—The Lyman short-cut method applied to the 
system boilers and turbines 
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B is very close and the differences are of no 
practical significance. 

The crosses on the diagram, indicated by 
D, also were computed by the short-cut 
methods. In this case, however, all the tur- 
bines on the interconnected system, to- 
gether with all the boilers of capacity of 
10,000 kw or greater, were considered to 
have an average probability of unavail- 
ability of 1.1 per cent. This comparison is 
still very close and would be improved with 
the use of an average probability of un- 
availability of 1.0 per cent instead of 1.1 per 
cent as used in the computations. 

The computation of the data shown by the 
© circles and 5 crosses, together with the 
time required to understand the instructions 
for making these computations, required 
about 3 to 31/2 hours of our combined time. 
The possibility of obtaining satisfactory 
data on the probable availability of system 
capacity in such a short time is indicative of 
the real contribution made by Lyman’s 
paper. 

The data provided by this short-cut 
method are not in the exact form to be used 
in various subsequent calculations, such as 
the complete evaluation of the probability of 
failure to carry the load and the determina- 
tion of the relative merits of various alter- 
nate capacity installations. Such computa- 
tions are based on the probability of un- 
availability of various discreet amounts of 
capacity rather than the probability of un- 
availability of amounts of capacity greater 
than various specified amounts. The prob- 
ability of availability of amounts of capacity 
within specified ranges can be read from 
curves drawn through the plotted points. 
Such differences need to be determined very 
carefully from a curve plotted on logarith- 
metic paper, otherwise too great differences 
may be pyramided in subsequent calcula- 
tions. 
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The Application of Western Union 


Multiplex to 


Navy Radio 
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Synopsis: At the beginning of and during 
the war with Japan, the’ wide expansion 
of operations in the Pacific Theater over- 
taxed the Navy’s radio communications to 
a point where the need of additional com- 
munication channels became acute. The 
adaptation of a 4-channel Western Union 
type multiplex to a single-channel fre- 
queney-shift radio system appeared to be 
the most logical way to solve this problem 
quickly. Improvements in the radio and 
the use of the multiplex enabled the Navy 
to set up communication channels between 
the United States and all the principal 
naval bases in the Pacific. A 4-channel 
circuit was established between Washington, 
D. C., and Honolulu, T. H., and San 
Francisco, Calif., and Honolulu within 
approximately nine months after the be- 
ginning of initial tests. Other systems 
followed in close succession. 


F the many successful accomplish- 

ments of the United States Navy, 
the feat of providing adequate com- 
munication facilities for the conduct of a 
global war ranks high among those tasks 
acclaimed ‘well done.” Just prior to 
Pearl Harbor, the problems confronting 
Naval Communications became more 
numerous due to rapidly increasing mes- 
sage load to far distant outposts for opera- 
tional and administrative purposes, 
coupled with a growing usage of commer- 
cial cable and radio systems by other 
government agencies, notably the State 
and War Departments, At the time when 
most of the new Navy equipment was 
being allocated to the Atlantic area in 
support of our allies-to-be, there was 
available for Pacific coverage only one 
commercial submarine cable between the 
United States and the Philippine Islands 
with intermediate stations at Honolulu, 
Midway, and Guam, and a few Navy 
radio circuits which were single radio- 
telegraph channels operated manually or 
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semiautomatically with tape transmitters 
and siphon recorders. Full automatic 
operation of these channels by tele- 
printers had not yet become fully prac- 
tical. 

With the beginning of hostilities after 
the Japanese attack on Pearl Harbor, 
these Pacific facilities immediately be- 
came overloaded, and it was only a short 
time later that the Philippine cable was 
rendered inoperative by enemy action. 
The Navy immediately set about in- 
creasing the number of radio circuits in 
operation. 

When the allies took the offensive and 
began to regain bases previously captured 
by Japan, the message volume rose to 
even higher levels, and the building - of 
new circuits and modernization of the 
older systems by the use of printing tele- 
graph equipment could no longer satisfy 
the new requirements as rapidly as neces- 
sary. 

During the early part of 1943, the Navy 
Department asked the Western Union 
Telegraph Company to assist in expand- 
ing message capacity and improving con- 
tinuity of transmission over the existing 
Navy radio channels. Captain M. W. 
Arps, now retired, who was then officer in 
charge of the Cheltenham naval radio 
station, was assigned the duty of co- 
ordinating the planning and engineering 
of the project. The scope of the activity 
and the results achieved by the use of the 
Western Union multiplex on long Naval 
radio circuits are described in the follow- 
ing paragraphs. 


The Radio Systems 


The history of long-distance short-wave 


transmission shows that the most useful - 


radio systems fall into two general classes 
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of development. The first of these, in- 
tended for radiotelephony, comprise the 
single-side-band systems which conserve 
frequency spectrum and power to the 
highest degree. The most advanced de- 
sign provides two telephone channels, one 
on either side of the carrier frequency, 
which is not transmitted. The systems of 
the other group comprising the second 
class of development are intended for 
radiotelegraphy, and were originally of 
the keyed continuous wave type. For 
many years semiautomatic tape sending 
and siphon recording on paper tape were 
used. To overcome the frequent loss of 
signal caused by selective fading of the 
single frequency, it became conventional 
to employ a frequency deviation of about 
500 cycles in, the carrier frequency in ad- 
dition to the keying modulation. But 
when it became necessary to improve 
operation by connecting printing tele- 
graph equipment to the terminals, it was 
found that the presence of echo signals 
and impulse noise made automatic opera- 
tion impractical except on the very best 
circuits. Then followed a period during 
which terminal signal regeneration and 
antenna improvements, together with 
higher power, made possible the use of 
printers on a few of the better circuits. 
But these circuits were not dependable to 
the degree ordinarily experienced with 
ocean cable transmission. The invention 
of the error-proof printer, requiring seven 
instead of five code pulses per letter re- 
moved practically all of the remaining un- 
certainty,! but this required higher keying 
speeds for the same word speed, and rather 
complicated translation apparatus if 
transmission was to be integrated with 
systems employing 7-unit start-stop trans- 
mission, such as the teleprinter. Also, it 
should be remembered that space diver- 
sity reception was considered necessary to 
eliminate the effects of signal fading, 
Sige TI os Sg ee ee ee 
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Figure 1. Elementary theory of a 7-unit 
srart-stop telegraph system 


which required such values of antenna 
separation that the system could only be 
used on fixed circuits, and was not suit- 
able for transmission to air and surface 
ships of the Navy. 

The remaining significant improve- 
ment applied to Navy radiotelegraph 
circuits during the first years of the war 
was frequency-shift keying. In this sys- 
tem, one frequency is employed for the 
marking pulses, and another frequency 
approximately 850 cycles removed is used 
for the spacing pulses. Frequency-shift 
keying had been used on wire circuits since 
1938.2 The carrier has substantially con- 
stant amplitude, but the instantaneous 
frequency may vary abruptly or gradu- 
ally between the two limits. Hence it isa 
frequency modulation of the carrier fre- 
quency by a modulating wave which is 
obtained from the keying relay, but witha 
certain amount of shaping applied to the 
normally square signaling wave to reduce 
the band width required for transmis- 
sion. This type of transmission is dis- 
tinguished from 2-tone transmission in 
that a frequency-modulation detector and 
limiters are employed to convert the re- 
ceived signals into direct currents which 
operate the receiving relay.* The limiters 
act as fast automatic level controls which 
help overcome rapid fading, and without 
danger of raising the noise to the level of 
the signal, since the signal is transmitted 
constantly instead of intermittently. 
The system is relatively insensitive to im- 
pulse noise, and remains free of bias dis- 
tortion resulting from rapid level changes. 
However, it requires approximately the 
same band width as the single-side-band 
telephone system previously mentioned, 
as contrasted with the narrow band 
originally needed for a continuous wave. 
system. ay 

It should be mentioned that the radio- 
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telephone systems were multiplexed more 
easily, that is, made to carry several tele- 
graph channels, by frequency division 
methods, whereas the radiotelegraph 
circuits already consisted of single 
telegraph channels which could be 
multiplexed only by time division meth- 
ods. The former system suffered the dis- 
advantage that the available power of the 
transmitter had to be divided between 
several frequency bands, one for each 
telegraph channel, and the further dis- 
advantage that two or more tone fre- 
quencies had to be used for each marking 
or spacing signal to avoid the effect of 
selective fading. Therefore, it was wise 
that the Navy decided to adopt fre- 
quency-shift keying which resulted in the 
best signal quality available, and then 
found a means to speed up the message 
flow over this system. 


Initial Tests 


When we first started work on the 
problem, a high-speed teleprinter which 
was under test in Western Union’s New 
York laboratories was considered. It was 
thought that this machine would suffice 
for the interim of further research. One 
model geared to operate at 107 words per 
minute was dispatched to Cheltenham 
where it was placed under test. A dis- 
tributor transmitter making use of a pre- 
pared tape was used to originate the sig- 
nals, and circuits were set up on radio 
channels between Cheltenham and dis- 
tant points such as Honolulu and Balboa, 
C.Z., where the signals were “‘repeatered”’ 
back to the printer. These tests were 
satisfactory, but since Western Union was 
not tooled for production of these prin- 
ters, and only a few laboratory models 
were immediately available, it was neces- 
sary that we look for other ways for a 
final solution. Tests had already been 
started on the use of multiplex equipment 
and it developed that immediate de- 
livery could be made if standard equip- 
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ment could be used. A test using a 
standard Western Union 4-channel multi- 
plex was made over a Navy radio circuit 
between Cheltenham and Honolulu with 
the signals repeatered back to Cheltenham 
from Honolulu, and while the actual 
printing test was of short duration, it was 
demonstrated that the use of the 4-chan- 
nel multiplex was within the realm of pos- 
bilities. Further to test the system for 
printing margins, a circuit was set up from 
the New York laboratories over a wide- 
band-carrier channel to Washington and a 
Navy tone channel to Cheltenham, using 
the same radio system as previously used 
to and from Honolulu. Thesignalswerere- 
transmitted to New York over Navy tone 
and carrier channels. These tests enabled 
us to determine the weak points in the 
system. It also proved beyond all reasons 
for doubt that the application of multi- 
plex to radio could become a reality with a 
minimum amount of effort. During these 
tests Naval observers were picking out 
flaws in the radio equipment, and as a 
result, they made. recommendations on 
desirable changes in the standard Navy 
radio equipment. It also was suggested 
that consideration be given to the use of 
7-unit start-stop teleprinters for recording 
the signals at the receiving side of the 
multiplex system instead of the conven- 
tional 5-unit multiplex printer. This 
would permit the extension or “repeater- 
ing” of a single channel into another 
radio link or to some remotely located out- 
post without the necessity of manual 
handling. It also was considered desirable 
to use a recently developed fork corrector 
instead of the conventional mechanical or 
motor type of corrector for maintaining 
the proper phase relation between the 
sending and receiving multiplex terminal 
sets. Both the Navy Department and 
Western Union set out to accomplish the 
changes agreed upon, and in April 1944 
the first sets were installed in Washington 
and Honolulu. After the initial tests, that 
required less than a week, these two 
offices were interchanging messages at the 
rate of 60 words per minute per channel in 
each direction which is 240 words per 
minute over four multiplex channels work- 
ing on a single Navy radio channel. 
Other installations followed in rapid suc- 
cession. Practically all Naval bases of 
operation in the Pacific ultimately were 
equipped with this type of operation. 


The Baudot and International 
Morse Codes 


As a character of the Baudot code may 


have successive signal impulses of the 
opposite polarity, the maximum number 
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of cycles required to transmit the five im- 
pulses of a single character will be 2.5. 
All characters or functions of the Baudot 
code are transmitted in equal lengths of 
time, as distinguished from the Inter- 
national Morse code which requires differ- 
ing lengths of time for the transmission of 
different characters. Operating speeds of 
telegraph circuits usually are stated in 
terms of words per minute transmitted, 
the average length of the word being as- 
sumed as five letters and a space. In the 
Baudot code, therefore, 30 signal impulses 
must be transmitted to convey any such 
word to the distant point. In the Inter- 
national Morse code varying numbers of 
such impulses are required, depending on 
the word considered. A dot requires the 
time of two impulses; a-dash four; the 
interval between letters two; and 
between words two additional. It has 
been determined that a word repre- 
sentative of the average of 5-letter 
words is ‘Paris’ and the time of 48 
signal impulses is required to transmit it 
in Morse. The 4-channel multiplex 
system described in this paper and using 
Baudot code transmits 240 words per 
minute. From this ratio of length of 
codes, 30-48, it will be seen that the time 
length of the shortest signal impulse at 
this rate of transmission will be equivalent 
to the time length of the shortest signal 
jmpulse of the International Morse code 
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when transmitted at the rate of 150 words 
per minute. Or if stated in another 
manner, the highest fundamental signal- 
ing frequency used in the transmission of 
signals by a 4-channel multiplex operating 
at 60 words per minute per channel is 60 
cycles. The highest fundamental signal- 
ing frequency used in the transmission of 
150 words per minute International Morse 
code signals is also 60 cycles per second. 
The multiplex system, when sending a 
steady train of signal impulses which are 
successively marking and spacing, will 
produce, therefore, the same signal that 
will result from the transmission of a suc- 
cession of International Morse Code dots 
at the rate of 150 words per minute. 
The multiplex as applied to land line 
circuits® has been in use by Western 
Union since 1913. 


Synchronization Between 
Receiving and Sending Terminals 


It will be recalled that in order to main- 


-tain the brushes at the sending and re- 


ceiving ends of the system in synchronism, 
and in phase with each other, each of the 
brush arms on the distributor is driven by 
an impulse motor, this motor being con- 
trolled by a tuning fork which is equipped 
with suitable contacts. When the system 
is first put into operation, both the send- 


ing and receiving tuning forks are set at 
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as nearly as possible the same vibrating 
speed. Even with highly constant speed 
forks, some correction is necessary to 
maintain the position of the receiving 
brush arm with respect to the sending 
brush arm. A corrector system at the 
receiving terminal makes usé of the in- 
coming intelligence signal from the send- 
ing terminal to indicate whether the re- 
ceiving brushes are advanced or retarded 
with respect to the position of the sending 
brushes. This determination is made by 
using the points at which signal reversals 
occur. These signals are used to control 
the grid of a vacuum tube which in turn, 
through its associated control circuits, 
varies the current through a damping 
coil applied to the tuning fork, either to 
slow down or speed up the vibrations of 
its tines. 


Theory of the Multiplex as Applied 
to the Navy Radio Systems 


To make the multiplex system applica- 
ble to the Navy’s communications sys- 
tem, a start-stop 7-unit teleprinter was 
substituted for the conventional 5-unit 
multiplex printer. This substitution 
eliminated the necessity of manual re- 
transmission from a multiplex radio cir- 
cuit to a teleprinter radio circuit or a land 
line circuit. Because of the fundamental 
difference in operation of a multiplex 
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Figure 2. Multiplex system receiving theory 
showing one of four channels J 
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system and a start-stop system, it was 
necessary to provide means on the re- 
ceiving terminal distributor for con- 
verting the signals to the desired form. 
Figure 1 shows in theory a start-stop 
system. The distributors -differ from 
those of a multiplex system in that the 
brush arms are driven by an electric 
motor through a friction clutch. Both 
brush arms are driven at a constant speed 
by synchronous or accurately governed 
motors. The receiving arm is slightly 
faster than the sending arm so the start 
signal at the sending distributor will cause 
the brushes to leave the rest segment on 
the receiving distributor at the proper 
time thereby maintaining the phase rela- 
tion between the two stations. This sys- 
tem’ commonly is called a start-stop 7- 
unit system, five units being used for 
transmitting intelligence, and the other 
two for synchronizing purposes. The 
segment positions on the receiving face 
plate are such that the brushes rotate 
simultaneously over similarly numbered 
segments at the two terminals. Each of 
the individual selecting circuits at the re- 
ceiving terminals has a marking or spacing 
signal applied to it in accordance with the 
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positions of the keys at the sending end. 
In the multiplex system it was not pos- 
sible to initiate the start and rest pulses 
at the sending end, so to make it adapt- 
able to the Navy’s needs it was necessary 
that a storage means be provided at the 
receiving terminal in order that these two 
pulses could be inserted locally after the 
five intelligence pulses had been received. 

Assuming that the signals originate ina 
transmitter at the sending end in the 
multiplex system, Figure 2 shows the re- 
ceiving channel theory as finally de- 
veloped for the Navy Department. Asso- 
ciated with each of the four receiving 
channels were five storage relays, five 
6V6 vacuum tubes, five neon lamps, and a 
single 2050 vacuum tube. Common to 
all four multiplex channels were a polar 
line relay, a selector relay, and a second 
polar relay associated with a 6V6 tube 
and loud speaker. The polar line relay is 
used to receive the signals from the radio 
circuit. Applied to its spacing and mark- 
ing contacts are positive and negative 
battery, respectively. This relay, as it 
operates, applies a signal to the corrector 
relay, Figure 3, and also to a coil of the 
selector relay, Figure 2. The ground con- 
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nection through a capacitor and resistor to 
the line relay tongue merely acts as a 
spark protection circuit. The selector 
relay, which has three of its coils con- 
nected in series to the tongue of the line 
relay, together with the receiving rings or 
the distributor make up a terminal re- 
generation circuit. The purpose of this 
circuit is to regenerate the received signal 
which is finally applied to the grids of the 
selector tubes will be free of distortion. 
There is a limit, of course, to the distor- 
tion which may be present in the received 
signal and yet cause the selector relay to 
operate in accordance with the signal as 
transmitted. The terminal regeneration 
circuit does insure, however, that the 
grids of the selector tubes will have ap- 
plied to them a definite solid signal, even 
though the received signal has been so 
distorted that it has failed to operate the 
line relay in accordance with the trans- 
mitted signal. As the receiving ring 
brushes pass over the segments associated 
with the 6V6 tubes connection is made 
from the tongue of the selector relay to 
the grid capacitor and grid of the 6V6 
for that particular signal impulse. If the 
relay is in its marking position, the 


Figure 3. Fork corrector theory 
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capacitor will be charged negatively and 
the tube will be biased to cutoff. The 
neutral relay in the plate circuit therefore, 
will be de-energized. If the selector relay 
is in the spacing position, the capacitor 
will be charged positively and the tube 
will pass current. The neutral relay in 
the plate circuit then will become 
energized, 

Summarizing this operation, the incom- 
ing signal operates the line relay. which, in 
conjunction with the receiving rings, oper- 
ates the selector relay. The selector relay 
in turn, through the receiving ring, con- 
trols the operation of the signal storage re- 
lays. During each complete revolution 
of the brushes, the incoming line signal is 
broken down into individual signal im- 
pulses for each of the four channels which 
then are set up in the storage relays. The 
channel relays are operated by the vac- 
uum tubes. The multiplex signals now 
have been received and stored in the neu- 
tral relays and are ready to be sent to the 
teleprinter associated with the channel. 
The 5-unit code signals now must be con- 
verted into 7-unit code signals. This is 
done by controlling a thyratron tube from 
seven segments of a third ring on the re- 
ceiving distributor. Two of these seven 
segments provide the start and stop pulse 
used in the code, while the other five pro- 
vide the intelligence pulses. The ring is 
made up of 28 segments, and the segments 
are so located that their leading edges will 
be reached by the brushes, when they are 
rotating at the proper speed of 360 letters 
per minute, at 22-millisecond intervals, 
except that the interval from the leading 
edge of the following start segment is 35 
milliseconds. The thyratron tube and its 
circuits are arranged so that the thyratron 
for the channel is made either conducting 
or nonconducting immediately that the 
brush reaches the segment, and the length 
of the segment is not, therefore, a factor 


in the operation of the circuit. The rela- 
tionship between the segments of the re- 
ceiving rings, teleprinter rings, and local 
rings is shown in Figure 2, together with 
the connections for the B channel. 
Channels A, C, and D are not shown. A 
functional representation of the tele- 
printer rings also is shown, that is, the 
effective length of each of the segments in 
operating the thyratron tube and thus the 
receiving printer is indicated. 

The neutral relays associated with the 
channels previously described have two 
sets of contacts. One set is used to con- 
trol the operation of the thyratron for the 
channel, in accordance with the incoming 
signal, and the other set is used in connec- 
tion with a relay to cut off the trans- 
mission of blanks to the teleprinter when 
no intelligence is being transmitted over 
the channel. In order to prevent the 
transmission of these blanks to the re- 
ceiving teleprinter, it is necessary to pre- 
vent the transmission of the start pulse 
following the reception of the blank, and 
this second set of contacts on the channel 
storage relays with their associated blank 
cutoff relay and circuits do this. 

While the foregoing description outlines 


the transmission and reception of intelli- , 


gence in one direction, it can be seen 
readily that transmission and reception 
can be carried on simultaneously in both 
directions, either by means of a grounded 
duplex system, or by the use of a radio 
channel in each direction. The loud- 
speaker and its associated relay and tube 
are used to receive Morse code when test- 
ing and regulating the circuit from termi- 
nal to terminal. Printers and trans- 
mitters are disconnected automatically 
from the four channels when the control is 
switched to Morse operation. 

In addition to the terminal equipment 
outlined for handling message traffic be- 
tween two points, tape repeater equip- 


ment was furnished that made it possible 
to join one or more channels of one radio 
multiplex link with another multiplex or 
radio system without. the necessity of 
manual handling at the junction point of 
the different systems. Translation equip- 
ment also was designed and furnished so 
it was possible to use standard Navy 
start-stop cryptographic equipment for 
transmission to and reception from a 
multiplex channel. 


Navy records show that it was not un- 
common to maintain continuous 2-way 
transmission between Washington and 
Honolulu and between San Francisco and 
Guam over periods of 20 to 22 hours out 
of the day. This enabled them to handle 
240 words per minute in each direction on 
a single radio channel, or four times the 
number of words possible with a single 
teleprinter channel. Equal records were 
established in other radio links where the 
multiplex system was used. When the 
war ended the Navy Department was 
called upon to handle many thousands of 
telegrams for the Navy personnel in addi- 
tion to the heavy load imposed because of 
official Navy requirements. 
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Synopsis: Probability calculationsfurnisha 
useful means whereby the average frequency 
and duration of generator outages on a 
power system, as shown by experience 
records may be converted into a consistent 
measure of the expectancy of multiple out- 
ages upon which the provision of reserves is 
based. This paper gives the mathematical 
development of relatively simple formulas 
for this purpose and methods of calculation 
and of exhibiting the results in tangible form. 
Use of these formulas does not require 


- familiarity with technical probability mathe- 


matics. 


HE element of chance plays an im- 
portant part in the planning of ade- 
quate generating capacity for a power sys- 
tem. The peak load which has been car- 
ried is a certainty, but beyond that there 
must be capacity to care for future antici- 


pated loads and for outages of equip- © 


ment, both of which are uncertain. Past 
experience and good judgment are, of 
course, the basis upon which decisions to 
add capacity must be made, but the appli- 
cation of these to unknown conditions 
must include, either consciously or un- 
consciously, a sizing up of the chance 
which reasonably may be taken. The 
worst contingency which has happened in 
the past may be exceeded some time, or, 
on the contrary, it might have been so 
extreme that it is very unlikely to happen 
again. No matter what reasonable pro- 
vision is made, a chance is taken that 
sometime the system capacity may be in- 
sufficient, due to a possible combination 
of load and.forced outage of generating 
equipment. 

The use of probability mathematics 
offers a means whereby some consistent 
measure can be taken of these chances. 
Many practical operating men no doubt 
feel that their experience is a sufficient 


guide and look at probability calculations 
as an academic mathematical exercise. It 
must be agreed that the reserves which 
have been provided on most systems in 
the past, when a free choice was allowed, 
have been quite adequate.. With the in- 
creasing size of systems, the increasing 
cost of equipment, and the increasing 
scrutiny of cost of power, the possibility 
that the provisions madeon this basis may 
be larger than actually necessary becomes 
of greater import. Every excess kilowatt 
ofcapacity represents a drain of something 
like $15 per year out of the net profits of 
operation. It would seem that any sound 
means of evaluating the chance being 
taken would help to keep the necessary 
reserve to a reasonable minimum, and is 
therefore a worth-while guide to economy. 

The basis of probability studies is very 
simple. If something has happened only 
rarely in the past, it is likely to happen 
only rarely in the future. If the average 


frequency of its happening is known, that 


is, once a year or twice a year, it reason- 
ably may be expected to happen about 
that often, on the average, in the future. 
If two things each happen infrequently on 
the average, the likelihood of their hap- 
pening at the same time is still more re- 
mote. Probability mathematics merely 
uses these common sense ideas in alge- 
braic form andcombines them according to 
well established principles. Much of the 
apparent complication of the methods and 


. formulas is due to the desire for accuracy 


in order to include all eventualities which 
might have an effect on the result. Ap- 
proximations often may be made which 
are simpler and give a reasonably good 
answer, but the more complete methods 
are more dependable, if properly applied. 

One of the objectives of the develop- 
ment described in this paper is to offer a 
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method and formulas applicable to the 
study of generator outages which will be 
essentially accurate and yet will be very 
simple to use, even by one not familiar 
with technical probability mathematics. 
Another purpose is to exhibit the results 
by tangible conceptions which will be 
easy to grasp by those not accustomed to 
thinking of probability in terms of an 
abstract decimal. 


Conceptions of Generator Reserve 


There are, in general, three different 
conceptions of the purpose of reserve 
generating capacity. One is to provide 
for increase in load, particularly unex- 
pected increases beyond that which rea- 
sonably can be foreseen. The second is to 
provide for taking equipment out for 
scheduled overhaul. The third is to pro- 
vide for the loss of capacity due to forced 
outages of equipment. The first of these, 
unforeseen load, is subject to the same 
variables as those which govern the pre- 
dicted load and should reasonably be in- 
cluded as a margin in load forecasts. The 
chance of an extreme unexpected load 
being coincident with an extreme outage 
of capacity is, however, a small one. In 
the second case, margin between load and 
generating capacity to allow scheduled 
maintenance frequently is provided, at 
least in part, by seasonal variation in 
load, and scheduled outages for this pur- 
pose also may be controlled to a consid- 
erable extent. The third class, forced 
outages, are, however, subject to the 
chance of failure of equipment. Such 
outages are uncontrollable but may be ex- 
pected to follow in general the averages 
indicated by past experience. In this 
paper, generation reserve will be consid- 
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ered from this standpoint only, that is, 
emergency reserve. 


Basis of Probability Study 


The study of probable generation out- 
age for any individual system can be 
based best on the past records of the gen- 
erators on that system if these cover a 
reasonably long period. Local practices 
in regard to design of plants, type of 
equipment used, and maintenance sched- 
ules can make appreciable difference in 
the frequency and duration of outages. 
Where adequate records are available, it 
is likely that the characteristic average 
frequency and duration of individual 
generator outages will be quite definitely 
indicated. Usually, however, sufficient 
reserve will be wanted for the less frequent 
occurrence of multiple outages of several 
generators at the same time. Such emer- 
gencies will probably not have happened 
often enough to indicate any dependable 
average frequency. By using the average 
characteristics of individual outages as a 
basic probability, however, the probabil- 
ity of simultaneous outages of two or more 
generators can be determined by calcula- 
tion. Sucha probability is a more reliable 
measure of the likelihood of the occur- 
rence of these larger outages than is an 
average obtained from only a few actual 
cases. Also, by this means, the probabil- 
ity of extreme outages which never have 
been experienced can be indicated. 

“Probability” is a measure of the 
chance of a certain event occurring by the 
ratio between the number of events that 
can occur in that certain way and the 
number of total possible events. For ex- 
ample, the probability of finding three 
generators out at any instant chosen at 
random may be obtained as a decimal, 
such as 0.002. This would indicate the 
proportion of total time which would be 
occupied by such outages. It is believed, 
however, that a clearer conception of the 
necessary reserve is obtained by the 
average frequencyewith which outages of 
various amounts might be expected to 
occur, that is once in 20 years or once in 
30 years. This “expectancy” is the aspect 
which will be considered in this paper. It 
is obtained by the use of probabilities 
modified as will be illustrated later. 

It should be understood clearly that 
the calculation of expectancy is in no 
sense a prediction any more than is the 
use of average frequency of past occur- 
rences. Any conceivable outage may 
happen at any time, and, having hap- 
pened, may happen again a short time 
later. The figures represent the average 
frequency with which such occurrences 
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Table I. 


Calculations for Combinations of Two Sizes of Machines 


ee 


Machine Combi- 


Order nations, Megawatts Mega- E 
of j 30 50 watts ni ni Ej} 
he ee 1-3 ae One ae BO ooo 2 Ol ae 230501 G1 Ogee see 0.86118 
OMe ini Sota BO) eee 5d se eek 453059) S104 msc 2.32519 
s D6 ta ee Od cee BOL EE Soe £20, eee oe 0:4478 “105% seen 0.01791 
vee e tees Leo oecc eles. eee BOnceee, QE) ppnte O44 7S x 10 ere 0o0 Ce 
0.ci eee Tena ee 100% eon 29-16 ae one. 0.4478) SCO eee cae 0.13058 
Siete oe OP yo ee 90:meree S02 eee 0.02267 X 10-3........ 0.00018 
3 Se Dh Sees ee BD eee cee CSIR Sede an ee 0:02267 X 10-7..2...:- 0.00147 
i ee ae Aaa ake ie BeseeGon LBRO ea peo 0102267 5010-8 0.00397 
Op Seah ae Sie ee TSO eee 1570 ee 0202267, S€ 10-8. 9.220 0.00357 
ad ke Al a Oxo 120M eee 16:0" ete 0.00076 X 10-4........ 0.0000012 
Seth berets 1p tee ae 140... 172° 8k ee nee 0.00076 X 10-4.......- 0.000013 
pe peo Dis, eee oe, oe 160. Son actor Case Wa ees say a 000076 56 10senete es 0.000053 
eae tee 3 cea 10 ee ae 1250 Fees 0:00076 X 10-4.... 1. 0.000096 
(Vie Paka: AS Seon 200 eee 85023) ance 000076 10—*.., 5-15. 0.000065 


may be expected over a long period of 
time—a measure of the chance which is 
being taken that the reserve provided 
may at some time be inadequate. 


Mathematical Development 


The formulas shown later, as equations 
3 and 4, may be used for studies of genera- 
tor outage on any system without fol- 
lowing through their mathematical de- 
velopment if their accuracy is accepted. 
Their development will be given in the 
following section. 

As has been stated, the basic quantities 
used are the average frequency and dura- 
tion of individual generator outages deter- 
mined from past records. Assuming that” 
these show no characteristic variation 
with size, make, or age of equipment, 
which is the case with the records used in 
this study, let 


T=average period between occurrence of 
individual outages in terms of run- 
ning time 


total running timeof generatorson record 


total number of forced outages 
d=average duration of outages, or repair 
time 
total forced outage time for outages on 
record 
total number of forced outages 


It is assumed that the number of outages 
for any generator is directly proportional 
to its exposure, that is to the time which 
itis run, This will differentiate between 
the probable outages for machines run a 
great deal and those run only occasionally. 
By estimating future proportion of run- 
ning time, account can be taken of greater 
ot Jess expected use of the equipment. If 
boiler outages reduce the generating ca- 
pacity, they also must be included as out- 
ages of generation. 

T is the average time which may be ex- 
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pected to elapse between outages for each 
generator. If this should be two years, 
for example, it means that on the average 
once in two years of running time each 
generator may be expected to be forced 
out of service. If there are ten generators, 
all running continuously, the expectation 
would be five outages per year. If they 
run only 60 per cent of the time, on the 
average, the expectation would be three 
outages for each calendar year. 

The probability of outage for each gen- 
erator expressed mathematically is 1/T. 
T may be expressed in years (1/2), or in 
days (1/730), or in hours, or still smaller 
units, according to the use to be made of 
it, since once in two years is the same as 
once in 730 days. If the unit used is a 
day, the probability of a certain generator 
going out on some chosen day is 1/T (or 
one chance in 730 for the example given). 
It follows that the probability of its not 
going out on that day is 1—(1 /T), or.729 
chances out of 730. The complete proba- 
bility, or all of the chances both of outage 
and of no outage, therefore may be ex- 
pressed by the binomial 


(o-7+4] 


If there is more than one machine run- 
ning, each possibility for outage or no 
outage for any of them may occur in com- 
bination with each possibility for all of 
the others. For two machines there are 


sa 2 (729\? _531,441 
T) \730) 532,900 


chances of no outage 


1 LN 2X729 1,458 
T/T (730)? 532,900 


chances of a single outage 


1\? il 1 
ii (730)? 532,900 
chances of a double outage 
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(Reduced to years, the last figure indi- 
cates that once in 1,460 years both genera- 
tors might be expected to go out on the 
same day). If the process is extended to 
include: generators, it leads to the ex- 
pansion of 


4] 


to include all possible combinations of all 
n generators, each term of the expansion 
giving the probability of a specific number 
out together, that is 0, 1, 2, 3, and so 
forth. 

Since an outage lasts for an appreciable 
length of time, if the average duration d is 
longer than the unit of time being used 
(one day, for example) additional outages 
of other generators may occur on any of 
the days of this outage, creating a mullti- 
ple outage. Any possible combination of 
outage or no outage for the m generators 
on the first day may occur with any of the 
possible combinations on any of the suc- 
ceeding days during d. This leads to the 
inclusion of d with nm in the exponent of 
the binomial 


(eT (0 
Dar 


Each term of this expansion represents 
the chance or the probability of a certain 
combination of generator outages being 
initiated during a period d. The first 
term is for 0 outage, the second for single 
outages, the third for double outages, and 
so forth. This may be generalized as fol- 
lows: 


j=the number of the term after the first 
(for which 7 =0) 
=the number of generators out, or the 
order of the outage 
P,=the probability of an outage of order j 
C,"4 =the possible combinations of nd things 
taken j at a time 


Besant :) 

P=, ( *) € 

OY 
“jlnd—jy\ iT T 


_nd(nd—1)(nd—2). . (nd—j+1) 
¥ H(G-1)(j—-2).. 1 


1 \n4-4 ih j 
res () oa 


T and d must be expressed in the same 
units, that is, days, hours, and so forth. 
If the unit used is very small, their values 
become very large. Practically, outages 
occurring within the same hour could be 
considered simultaneous and there would 


be no reason for using a smaller unit such 
as aminute. The whole value of the ex- 
pression does not change greatly, as the 
unit is made smaller, since both the 
numerator and the denominator are in- 
creased. Any question of the proper unit 
can be removed, however, and the expres- 
sion much simplified if it is evaluated as 
the limit when the unit used approaches 
0. 


nd(nd—1)(nd—2) ... (nd —j+1) 
approaches (nd)! 


1 nd —j 
(1 -i) approaches (0)® 


The latter term is indeterminate but can 
be evaluated by means of derivatives to 


where ¢€ is the base of Naperian loga- 
rithms. 

The limit for the general equation (1) 
as the unit approaches 0 is therefore 


Dir) ly 
At>0, Paw € “(z) 
7 T 


dite 
-(%) =e” (2) 
Te agit 


P;is the probability that an outage of 7 
machines will occur during a period d due 
to outages initiated during that period. 
If all outages are of the same duration d, 
it also represents the probability that 
there are 7 machines out at the end of any 
period d involving machines which have 
gone out during that period. Outages of 
the order of j may occur during the period 
d as a result of outages initiated during 
that period added to outages existing at 
the beginning of the period but initiated 
previously, but these previous outages 


Table Il. Calculations Arranged in Order of 
Megawatts 
Of Equiva- Expected 
Event lent Number 
Mega- or Interval, in 100 
watts Of Event More Years Years 
(More (Too small 
than to be significant) 
4)...0.00000423.. 
200..0.000065 ..0.00007..14,150 
180. .0.000096 ..0.00017.. 5,900 
160. .0.000053 ..0.00022.. 4,550 
150. .0.00357 ..0.00379.. 264 
140. .0.000013  ..0.00880.. 263 
130..0.00397 ..0.00777.. 129 
120. .0.0000012 ..0.00777.. 129 ... 0.8 
110..0.00147. ..0.00924.. 108 ... 1 
100. .0.13058 | ..0.13982.. 7.2 14 
90..0.00018 ..0.14000.. Then 14 
80..0.09672 ..0.23672.. 4.2... 24 
60..0.01791 ..0.25463.. 3. Danie 2S. 
50..2.32519 ..2.57982.. 0.4. ...258 
30..0.86118 ..3.44100.. 0.3...344 
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will have elapsed before the end of d, if 
their duration is limited to that value. 
Since the period d was chosen at random, 
therefore, P; represents the probability of 
finding j machines out at any random 
time. This also applies, in general, to 
outages of various durations if the average 
duration is d. 

P; does not represent the probability of 
all outages of order 7 occurring during a 
period d as has been explained. The ex- 
pectancy of occurrance (or the average 
number per year) of all outages of order j 
is, therefore, not simply P, divided by d, 
but must be obtained by further calcula- 
tion. 

An outage of the order 7 occurs by an 
individual outage being added to an exist- 
ing outage of the order j—1. If the ex- 
pected number of such occurrences per 
year is represented by E,’, and the ex- 
pected total number of individual outages 
per year as determined by the average 
record is 1/T per machine or n/T for n 
machines, it follows that the probability 
that any individual outage chosen at ran- 
dom will be one which will create an out- 
age of order 7, by adding to existing out- 
ages, is E,’/(n/T). 

This individual outage which creates 
the outage of order 7 must fall at a time 
when there is found an outage of the order 
j—1. The probability of this outage be- 
ing found at any random time is shown by 
equation 2. Since the individual outage 
was chosen at random, the probability 
that it could be one creating an outage of 
order 7 is equal to the probability of find- 
ing an outage of order j—1 at the time 


If an “outage” is considered to refer to 
the whole group of individual outages, 
characterized by the largest number of 
machines out together at any time but in- 
cluding also the outages of lower order 
preceding and succeeding the time of that 
higher order, an outage thus created may 
be increased further by later outages to 
outages of higher orders than j, hence E,’ 
is really the expectancy of occurrence of 
outages of j or more, Ej+ 


Hence 


Ej+ 
= S— 
tre: n/T 


Since Ej, is the expectancy of occur- 
rence of outages of the order of 7 or more 
and Ey+n+ the expectancy of outage of 
j+1 or more, it follows that the expect- 
ancy of occurrence of outages of order of 
j only is the difference between these 
quantities. 


n\i di} -= 
E)=Ej+ —Egi+nt=\7r)Gopye 
a\itigs —e 
us tg Like 
o j) 
n\i dim es 
=) ere ane. 
T/) (j-1)" 


Use of Formulas 


nd 
7 nd 
er) ” 


The essential formulas are, therefore, as 
follows: 


For the expectancy of outages of 7 machines 
or more 


i gi ; nd 
n s ay 
bed cmd Nero asa: sats 3 
Fit len a 


For the expectancy of outages of 7 machines 
only 


nd 
Ne eee nd 


where 


n=number of generators running 
d=average duration of individual outages 
(in years) 

T=average interval between 
outages (in years) 
j=number of generators out at the same 

time 
€=base of Naperian logarithms, 2.7183 


individual 


An outage refers to the whole group of 
individual outages characterized by j, 
the largest number of generators out to- 
gether at any time during the continuous 
duration for the whole group. 

Equations 3 and 4 are simple algebraic 
expressions whereby the expectancy, or 
the average number of occurrences per 
year which are likely to happen, for out- 
ages of the order j (equation 4) or of the 
order 7 or more (equation 3) may be ob- 
tained, The reciprocals of these quanti- 
ties give the expected average period in 
years between such occurrences. 

The reserve generating capacity which 
is provided will be used fully whenever an 
outage equal to it occurs. It will be suffi- 
cient, of course, to take care of all smaller 
outages. It will be used fully, but will be 
exceeded by greater outages. An ade- 
quate reserve, therefore, will be such that 
it will not be likely to be exceeded except 
at very long intervals, long enough to war- 
rant taking a chance on this happening 
and dropping some load if it does. A 
reasonable interval might be once in 20 
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years, 30 years, or 50 years. The formu- 
las allow the reserve corresponding to any 
chosen criterion to be obtained. 

If all generators are of the same size and 
have the same characteristics in regard to 
running time, as well as frequency and 
duration of outages, equation 3 can be 
used directly to obtain the expectancy of 
outage of any number of them or more. 
Most systems, however, have a variety of 
generators and various practices in regard 
to operating them. By means of equation 
4, this variety can be taken into account. 
In general, the method is to calculate the 
expectancy ; for all possible combina- 
tions of machine outage for which the ex- 
pectancies are large enough to be signifi- 
cant, If these then are listed in order of 
size (total capacity out) and the expec- 
tancies summed progressively, the ex- 
pectancy for any specific amount or more 
will be obtained. The formula is based on 
n machines running continuously. To 
take account of different sizes and dif- 
ferent running times, the machines may 
be grouped according to size and running 
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Figure 1. Simple example of variation of 
amount of outage with expected average inter- 
val between outages 


System with six 50-megawatt and four 30- 
megawatt generators 


time, and » becomes a polynomial of their 
sum. 

The value of n equals ma-+-mb+ 
nec. . in which ma equals the number of 
machines of size a times their average use 
factor, 7b the number of machines of size 
b times their use factor, and so forth. 
This polynomial should be used in the 
quantity (n/T)’. The total » times aver- 
age use factor may be used in a be 
and [1—nd/jT}. 
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A simple numerical example will serve 
to illustrate the calculation with this 
formula. 


Simple Example of Calculation 


n\) dia | -F nd 
Ey a eee BW tae 
T) Gv! oT 


Assume ten machines, six rated at 50 
megawatts and four at 30 megawatts, 
with running times of 90 and 50 per cent, 
respectively, and an average running time _ 
of 74 per cent. 


n=0.74X10=7.4 
T =2 (once in two years) 
d=0.02 (average duration of outage about 


one week) 
_ nd _ i. XK 0,02 
e "=e 4 e774 = 0.98 
nd 
n T n nN 
te =" %0.93=4.6 
()< usd 10 
nd 
mV. 7 a 0,020.93 =0.456( ~ : 
Tr € mer teas 02 <0.93 =0. 0 
nd : 
n\id? 7 _® 9.0002X0.98 
T ih marta A X0.93 = 
, 3 
0.02325 (— 
10 
nd 


RNG tae 
=a ae ene 


4 
0.000775 (= 
10 


nd 
1—-— E 
ah ke BIS A al 
1 0.926 4.3059 — 
10 
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Since 0.00076 represents once in 1,300 
years it is obviously unnecessary to pro- 
ceed to higher orders. ; 

To obtain combinations of the two sizes 
of machines (refer to Tables I and IT) 


n =(0.9X6a+0.5X 4b) = (5.4a+26) 

n?=29.16a?+21.6ab+40b? ... 

n= 157.5a8+175.0a%) + 64ab?+ 868 

n= 850.5a4+ 1,259.7a3b + 699.8476? + 
172.8ab3+ 16b* 


The values from the tables may be 
plotted as shown in Figure 1. Figure 2 
shows a plot for a more extensive system 
with more generators of greater variety. 
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Figure 2._ Example of variation of amount of 
outages for system of 26 generators of various 
sizes from 10 to 75 megawatts 


Average size 47.2 megawatts 


Significance of Charts 


Such a chart indicates rather simply 
several significant facts. It shows, for 
example, the average frequency with 
which any given amount of reserve might 
be expected to be needed and to be ex- 
ceeded. On Figure 2, for example, 150 
megawatts will be used fully once in 13 
years but will be exceeded only once in 29 
years. The excess will be small, however, 
and 155 will be exceeded once in 35 years, 


- 160 once in 43 years, and so forth. Con- 


versely, if a criterion of once in 30 years is 
chosen, it appears that 155 megawatts is 
sufficient and 150 nearly so. If the cri- 
terion is once in 50 years, 160 is needed, if 
once in 100 years 185, and so forth. If, 
on the contrary, a reserve of only 100 is 
available, it may be expected to be ex- 
ceeded once in two years. 

It is interesting to note that the curve 
rises quite rapidly, the frequency being 
plotted to a logarithmic scale. This indi- 
cates that a more conservative criterion of 
frequency may be obtained by relatively 
small addition to the reserve but that 
large excess provision is likely never to be 
used. Conversely, frequent difficulty is 
to be expected if the reserve is much too 
small. 


Simple Approximation 


The broken curve on Figures 1 and 2 is 
plotted by use of equation 3 for E+, 
assuming 2 as the total number of ma- 
chines of all sizes times average use factor 
of all of them. The capacity correspond- 
ing to each value of 7 is obtained by 7 
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times the average size of all generators. 
An example of the calculation may be 
shown by using some of the figures given 
in the example plotted in Figure 1. 


m\i qi-1- na 
Bn -(4) Gait: 2 i (3) 


E gD NEES Bt n \8 0 
SS =0.02325( — ) =0.0094 
Sa Nayia, © 0.o2s2e( © 00945 


Kilo- 
j Interval watts 
Lei ot Gone ae OP 2 ON CALS ree tre tc. 2 42 
Hie) | aa eae Sp Ds VCALSEE MEAN: « ves «53 84 
See ARR TOGwsyeansy seer se ok oa: 126 


This is a much simpler calculation than 
the one illustrated for equation 4 and will 
give results sufficiently accurate for the 
purpose with many systems, particularly 
if the sizes of generators are not too far 
apart. It must be used. with some cau- 
tion, however, with systems of extremes 
in sizes and a check against the longer 
method is advisable, if practicable, to 
determine its limitations. It is evident 
that this curve corresponds very closely 
with the step curve on Figure 2 in the 
range of frequencies most likely to be 
considered, but on Figure 1 the agreement 
is not so good. This method, however, 
will givé an approximation of the result on 
most systems with much less calculation 
than the other method. 

When this shorter method is found sat- 
isfactory, by choosing a definite criterion 
for frequency, such as once in 30 years, a 
useful curve such as Figure 3 can be ob- 
tained quite easily. In this case Hj+= 
1/30=0.033, and by use of equation 3, 
the corresponding value of j and hence 
of capacity (j X average size) for any 
humber of generators may be obtained. 
The relation between j and x is not simple 
but by calculating E;+ for successive 
values of j, such as 2, 3, and 4, the value 
of j may be interpolated for any desired 
value of Ej} by assuming the curve 
plotted on semilog paper is a straight line. 
For example, if 7 lies between 3 and 4, 
values of Ej} for 7=3 and j=4 may be 
plotted and the value of 7 for E+ =0.033 
determined, or it may be calculated from 
the expression 


log D;—log Ds 


ae 
J hing Ds—log D3 


where D is the interval in years corre- 

sponding to the j given as its subscript. 
Such a curve as Figure 3 will show the 

increase in reserve necessary as generators 
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are added to the system. It also shows 
the amounts of reserve required for sys- 
tems of different sizes. The reduction in 
proportion of reserve as a system in- 
creases,. or is combined with another sys- 
tem, is indicated. For example, for 10 
generators, 130 is needed; for 20 genera- 
tors, 165; for 30 generators, 190; and so 
forth. For actual systems, the variation 
in average size and other individual char- 
acteristics, of course, must be taken into 
account but the possible savings in reserve 
for large combined systems are evident. 


Adaptations of Formulas 


Although the formulas as given apply 
specifically to steam generation for which 
the outage in kilowatts is likely to be of 
prime importance and the duration less 
so, they may be adapted to cases in which 
the kilowatt-hour outage is of considera- 
ble interest, as is likely to be the case 
where hydro generation is involved. The 
average duration of an outage of 7 ma- 
chines is inversely proportional to j, that 
is 1/2 as long for a double outage as the 
average for individual outages; 1/3 as 
long for triple, and so-forth. The kilo- 
watt-hours lost while 7 machines are out 
are therefore 


—~ Xj Xaverage size of generator = 
i} 


dXaverage size 


If the kilowatt-hours involved in the 
whole outage, including the time 7—1, 
j—2, and so forth, machines were out, are 
desired, it is 


dXj Xaverage size of machine 
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MEGAWATTS RESERVE 


Figure 3. Example of variation of required 

reserve with number of generators on the 

system, assuming average size of generator 
constant ' 


Outage expectancy once in30 years 
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The scale for megawatts on the figure may 
be changed to megawatt-hours by this 
factor and the curves then will indicate 
the expectancy of loss of kilowatt-hours. 

The formulas also assume the loss of 
capacity to be equally important at any 
time during the year. This may not be 
true, since loss at peak load time may be 
more important if there is ample drop in 
load at other times to allow for scheduled 
maintenance. However, if special pro- 
vision of capacity is made to allow for 
maintenance, outage may be more im- 
portant at off-peak seasons. In any case 
the chance of any occurrence during part 
of a year is proportionately less than dur- 
ing all of the year. 


eee 


1488 


The methods shown here’walso may be 
used for showing the expectancy of outage 
in any plant or any part of the system. 
They may be applied to indicate the ex- 
pected frequency of generator outage and 
some other contingencies, such as loss of 
important transmission lines, if the outage 
expectancy of the latter is known. There 
are other contingencies on a power Sys- 
tem, the chance of which can be measured 
to advantage by the application of the 
general processes outlined in this paper. 


Concluding Summary 


There are, of course, many factors 
which enter into the actual decision on the 


No Discussion 


Seelye—Outage Expectancy for Generator Reserve 


amount of generating capacity to be im 
stalled on a system. Some of these were 
mentioned in the early part of this paper. 
Experience and judgment are the essen- 


_tial requirements in correlating all of these 


factors. The study of the probability of 
forced outage offers a systematic means 
for analyzing experience in this phase of 
the problem and in judging the order of 
what reasonably may be expected. The 
methods developed in this paper are rela- 
tively simple to apply, even by anyone 
not specially versed in the subject, and 
show the results in tangible form. It is 
hoped that they may serve to promote a 
wider understanding and use of this help- 
ful tool. ; 
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Suddenly Applied Loads on a 
Variable-Ratio Frequency Changer 


G. K. CARTER 


MEMEER AIEE 


HE OBJECT of this paper is to pre- 

sent the results of a differential ana- 
lyzer study of the electrical performance 
of a variable-ratio frequency-changer set 
following the sudden application of load 
on the induction machine and including 
the case of sudden short circuit. This 
study was undertaken in order to provide 
information on the ability of such a set to 
maintain voltage, and on the manner of 
growth or decay of the load currents as 
determined by the magnitude and type 
(3-phase or single-phase) of the load im- 
pedance, by the operating slip, and by the 
operation of automatic controls. 


The primary application of these results 
is as an aid in the selection of proper re- 
laying equipment and settings and in the 
understanding of the performance of such 
relaying. The variable-ratio frequency- 
changer set differs from a synchronous- 
synchronous tie or from a conventional 
synchronous generator in that the induc- 
tion machine is self-excited, that is, it de- 
rives its excitation from the output termi- 
nals. Thus, depending upon the severity 
of the disturbance or the magnitude of a 
suddenly applied load, voltage either will 
be sustained at a relatively large value or 
will collapse completely. A compara- 
tively small increase in load thus may pro- 


‘duce a major change in the resulting cur- 


rent at a critical value, and it becomes dif- 
ficult to predict the exact course of the 
current at values near this point. 


Conclusions 


As a result of this study several conclu- 
sions regarding the ability of the induc- 
tion machine of a variable-ratio fre- 
quency-changer set to maintain voltage 
when subjected to the sudden application 
of load have been drawn. Theseare ° 
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1. For the machine studied, the amount of 
load which can be carried without collapse 
of voltage is of the following order of mag- 
nitude: 


Per Unit Load 


Kva Reactance 
at Unit on Loaded 


Condition Voltage Phase 


Three phase, 2.9 per cent slip, 

power-factor field resistor 

shorfcircitited << <ccrc. veins <i Teoze sn Oo 
Three phase, 5.9 per cent slip, 

power-factor field resistor 

short-cireniteds 3738 os ow este TOON er ln0G 
Three phase, 2.9 per cent slip, 

power-factor field resistor 

not short-circuited.......... <1 00. .°.>1.00 
Single phase, 2.9 per cent slip, 

power-factor field resistor 

short-circuited tts: m.seie sie 2.00.... 0.25 


2. The initial a-c decrement does not give 
a definite indication of whether or not volt- 
age will be sustained. 


3. While the d-c component has an ex- 
ponential decay, the a-c component does not 
appear to exhibit definite exponential decay 
rates. 


4. At lower slip, somewhat greater loads 
can be applied without causing the voltage 
to collapse. 


5. Short-circuiting the power factor con- 
trol field resistor at the instant of load appli- 
cation helps materially in sustaining the 
terminal voltage. 


Assumptions 


In reducing the transient equations to a 
form in which they are suitable for solu- 
tion on the differential analyzer cer- 
tain simplifying assumptions are made. 
These are 
1. The speed of the set is held constant 
during any one run. 

2. The set is initially operating at no load. 


38. The output current used for excitation 
is negligible. 
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4, Resistance and inductance of the ohmic- 
drop exciter and its input transformer are 
negligible. 


5. The load and power factor control field 
windings are coupled perfectly. 


6. The effect of saturation is considered 


‘only in the main induction machine mutual 


flux path. 


7. The power factors of the load, induction 
machine primary, and induction machine 
secondary circuits are equal. 


8. The power factor control field resistor 
can be short-circuited at the instant of ap- 
plication of the load; all other control set- 
tings remain fixed. 


Discussion of Results 


The results of this study are sum- 
marized by a group of curves, such as 
Figure 2, which illustrate how the enve- 
lope of the a-c component of the load cur- 
rent varies with time following the sudden 
application of load. The set is assumed to 
have been running initially at no load. 

In Figure 2, the load is shown in terms 
of the external reactance L,,, suddenly 
applied to the terminals of the induction 
machine for the 3-phase low-slip case with 
power-factor control field resistor short- 
circuited. This reactance varies from L,,, 
=0, the short-circuit case, to L,.,=2.0 in 
perunit. For L,,,=0.5 the a-c component 
of current is seen to be decaying continu- 
ously, while for L,,,= 1.0 it is still growing 
after 0.35 second. For L,,,=0.75, how- 
ever, the current settles down in about 0.1 
second to a steady value. Based on 1.0 
per unit terminal voltage, this limiting 
case corresponds to a kilovolt-ampere 
load of 1.0/0.75=1.33 per unit, since the 
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MACHINE 


OHMIC-DROP 
EXCITER 


resistance component of the load imped- 
ance is so small as not to affect the current 
magnitudes appreciably. Actually the 
steady state terminal voltage is not unity 
but is 1.00.75 =0.75 per unit. 

Table I shows values of the rms termi- 
nal voltage initially (at t=0) and at ¢=0.3 
second determined by multiplying the 
rims a-c component of current by the ex- 
ternal impedance. 

Both the cases L,.,=1.0 and L,.,=2.0 
have initial voltage dips but recover. Thus 
the initial rate of decay gives little indica- 
tion of whether or not voltage will be sus- 
tained. 

Figures 4, 5, and 6 show actual instan- 
taneous current versus time curves as 
drawn by the differential analyzer. They 
are for the short-circuit case and for the 
two cases surrounding the limiting case. 
Each of the figures consists of two curves 
marked phase a and phase 6. These are 
the phase currents of the equivalent 2- 
phase machine used in the analysis, and 


PER UNIT RMS CURRENT 


0.2 
TIME- SECONDS 
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Figure 1. Schematic 
diagram of variable- 


ratio frequency 
changer, 25-cycle 
side 


INDUCTION 
MACHINE 


initial values have been chosen such that 
in every case one phase current is sym- 
metrical while the other is fully offset. 

Figure 3 gives the d-c components of 
the currents whose a-c components are 
shown in Figure 1. All the curves are seen 
to be closely straight lines on semilog pa- 
per indicating an exponential rate of de- 
cay of the d-ce component. No such regu- 
lar decay is noted in the a-c components 
even in the cases in which the voltage col- 
lapsed. 

Figure 7 is similar to Figures 2 and 3 
for the case of suddenly applied single- 
phase load. This is likewise a low-slip 
case in which the power-factor control 
field is short-circuited upon application of 
load. Since one phase is still open-cir- 
cuited and thus able to provide excitation 
after the load is applied, voltage is sus- 
tained even for L,,,=0.25. Again on the 
basis of unit terminal voltage, the load 
which may be applied without collapse is 
1/2X1/0.25=2.0 per unit kva. The fac- 


Figure 2 (left). Rms eke 
value of a-c com- 8.0} 
ponent of load cur- 


Table I. Values of RMS Terminal Voltage 


a ————— 


Lezt I(t=0) ex(t=0) I(t=0.3)  er(t=0.3) 
OF ee Okan dees OM eee tetas fetes on 0 

OL 2b rine ole tee OSbS ere dts O Breas 0.35 

OSSO S51. Lad (rrr OnsaDanttest 120% cate: 0.60 

Ue tela belt pots Gore OBL eae. = I UPS. 8 ett corte 0.75 
LOOK OC. S20) sere 0.845.525. 0586-208 0.86 
2-008.) OF £08 em aa Of01 Gems ONS + weet 1.06 


tor 1/2 is included since only one of the 
two phases is carrying current. 

For this single-phase case both a-c and 
d-c components are shown on the same 
figure. 

Figure 8 is the response curve corre- 
sponding to the short-circuit case of Fig- 
ure 7, and Figure 9 that corresponding to 
Lent= 0.375. For each of these two cases, 
two runs each were made on the differen- 
tial analyzer. For one of these, initial 
conditions were so chosen as to give a sym- 
metrical current while for the other they 
were chosen to give a fully offset wave. 

Figure 10 records two cases, similar to 
two of those shown in Figures 2 and 3 ex- 
cept that the slip is twice as great as in the 
latter, Even for L,,,=1.0 the voltage is 
apparently collapsing. No case was taken 
in which voltage was sustained and it can 
be stated only that the limiting load is less 
than 1/1.0=1.0 per unit. 

In Figure 11 the same two loads as just 
stated are applied, this time to the low- 
slip 3-phase case but with the power factor 
control field not short-circuited at the 
time of load application. Here also the 


rent versus time— Vy 

effect of external 
reactance 40 

Three-phase load 
current 

No-load frequency 

=95 cycles per 2.0F 
second 

Power-factor field 


short-circuited at 


t=0 


PER UNIT RMS CURRENT 
fe) 


se 


Figure 3 (right). D-c 
component of load 


current versus time 04 


Three-phase load 
current 

No-load frequency 02 

=95 cycles per 
second 

Power-factor field 

short-circuited at ol 
t=0 


Carter, Maginniss, Rothe—Loads on a Frequency Changer 


x 
NY 


| 


0.1 0. 
TIME-SECONDS 


AIEE TRANSACTIONS — 


PHASE a 


1 
oa 


C 


nN 


PER UNIT LOAD CURRENT 
°o 


‘ 
id 


PHASE b> 


ie} Ol 0.2 03 0.4 0.5 
TIME - SECONDS 


limiting load is less than 1.0 per unit. 
The effect of short-circuiting the power 
factor control field is seen to be consider- 
able. 


Description 


The essential elements of the variable- 
ratio frequency-changer set considered in 
this paper and for which performance 
equations are derived in another paper! 
are shown schematically in Figure 1. The 
set contains also a synchronous machine 
(not shown in Figure 1) supplied in this 
case from a 60-cycle system and driving 
the ohmic-drop exciter, the regulating-ex- 
citing machine, and the induction machine 
all on the same shaft. 

In normal operation the stator termi- 
nals of the induction machine are con- 
nected to the 25-cycle system and also to 
slip rings on the ohmic-drop exciter rotor. 
Slip-frequency voltages are taken as indi- 
cated in Figure 1 from two sets of brushes 
(at angles designated as 6 and y in the 
performance equations) on the ohmic- 
drop exciter commutator to supply the 
power factor and load control fields of the 
regulating machine. The armature of the 
regulating machine supplies (through its 
commutator) slip-frequency current to 
the rotor of the induction machine. A 
more detailed description of a somewhat 
similar arrangement is given in reference 
2. 

- It is not essential that the regulating 
machine be driven at the 60-cycle system 
speed, but the other two must be so 


we. ae ee ee eee ee, le, 


‘ne 


—pet a= 
' 


“ “>> 


REVERSES +e rehe 


Figure 4 (left). Instantaneous 20 


values of load current in the 
two phases of the equivalent 18 
2-phase machine 1.0 
Lext =O 05 

Three-phase load current 

No-load frequency =25 cycles “ 
per second -05 
Power-factor field short-cir- an 
cuited at t=0 ; 
=5 


Figure 5 (right). Instantaneous 

values of load current in the 

two phases of the equivalent 
two-phase machine 


Pee =0,5 


Three-phase load current Lo 
No-load frequency =25 cycles 05 
per second 
Power-factor field  short-cir- 2 
cuited at t=O -0.5 

-1.0 
-1.5 
-2.0 


PHASE a 


PER UNIT LOAD CURRENT 
a 


-25 PHASE b 

-30 

-35 

ats 0.1 0.2 03 0.4 05 0.6 


TIME-SECONDS 


driven. The variable-ratio frequency- 
changer set thus forms a link which may 20 
be used_to transfer power between two 
systems which cannot be conveniently 


held always in synchronism. When, for ee 
example, the frequency of the 25-cycle 
system changes slightly, the slipfrequency 95 
obtained from the ohmic-drop exciter in- 
herently will change correspondingly, and 

the power and reactive output or input of 

the induction machine will deviate only ~°* 
moderately from the previous settings. Ps 
In addition, automatic controls are pro- 


° 


vided which may shift the angles 6 and y 
and the resistances in series with the 
power factor and load control field so as 


to bring the system back to the original 

load and power factor condition. The 10 
present paper is not concerned with this 
load-regulating feature, but only with ~ °° 


the transient conditions which may arise 


following fault or sudden load changes. ‘ 

Reference 3 presents a general discussion _95 
of frequenéy changers in which the char- 

-1.0 

5 


PHASE a 


PER UNIT LOAD CURRENT 


Figure 6. Instantaneous values of load current 
in the two phases of the equivalent 2-phase 


machine oe PHASE b 
ee =0,75 =25: 
Three-phase load current b 
= ee a 
No-load frequency=25 cycles per.second Ps 7 Ae a3 rae os 
Power-factor field short-circuited at t=O TIME- SECONDS 
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acteristics of this, and several other types 
are described. 


Analysis 


The purpose of this analysis is to record 


1. The transient equations of the variable- 
ratio frequency-changer as used in the dif- 
ferential analyzer setup. These equations 
are obtained from those derived for an 
equivalent 2-phase set by G. Kron.* 


2. A sample calculation of the initial 
steady-state conditions to give the initial 
integrator settings. 


3. The method by which saturation was 
taken into account in the differential 
analyzer setup. 


~ 


TRANSIENT PERFORMANCE EQUATIONS 
FOR DIFFERENTIAL ANALYZER 


In the following equations single primed 
quantities refer to one phase, and double 
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Figure 7. Rms value of a-c 
and d-c components of current 
versus time 


Single-phase load current 
No-load frequency = 25 cycles 
per second 
Power-factor field  short-cir- 
cuited at t=O 


Figure 8 (left below). Instan- 

taneous values of load current 

in the loaded phase versus 
time 


Lext =O (loaded phase) 
Single-phase load current 
No-load frequency =25 cycles 
per second 
Power-factor field resistor 
short-circuited at t=O 


primed quantities to the other phase, of 
the equivalent 2-phase machine. The 
equations as derived in reference 1 are 


Power Factor Control Field Winding 
Phase a 


0= (rsst+LssP)L 53 + LsahOal sx” + 
Lymopl. sa + Lgmop O31 2” al 
ki(cos B)e;,/+hi(sin B)e” (1) 


Phase b 


0=—- L331 g3’ + (rsg+-Lssh) Iss a 
LgmopOal. 32 + Lemp. sa” 7 
ki(sin B)e,’+ki(cos B)e,” (2) 


Load Control Field Winding 


Phase a 


0 =Lymopl ss’ + Lema al 5" + (12+ Lop) 52’ + 
LsoPOzI 2" +k2(cos B— cos y)er’+ 
ko(sin B— sin y)e,” (3) 


Phase b 


0=- Lm2P sl, 33° ae Lmobl an = Lop O31 ro oe 
(rea+Leop)Is2" —ko(sin B— sin y)e,’+ 
ke(cos B— cos ye," (4) 


Regulating Machine Rotor and Induction 
Machine Rotor 


Phase a 


0 = — Mp 0213’ — Mi p02] sa’ + 
[ratratrret Usitlat Lr) bo’ + 
[LrPO2+ (Isr tla +- Le) Pa 1T sx” — 

Mopl a’ — Mp3] x4" (5) 


Phase b 
bm? Myp021 53" — My pOrl sa" — 
[1102 a5 (Is an Vy 5 Ly) POs Wo : ae 


(rattrattet latin tLr)p Ua" + 
Mop6:I54'— Moplu" (6) 
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Induction Machine Stator and Load 
Phase a 

ey = By! +Z'T sy" 
= 4 (Tsp +-Lesb) 1 o4' + Mopl 1’ (7) 
Phase 6 


ey" = | OP a A Ped 
ie (rept Lesh) Leu" + Mopl 5" (8) 


Neglecting saturation everywhere ex- 
cept in M2 (the mutual inductance of the 
induction machine), neglecting leakage 
reactances in the load and power factor 
control field windings, and making the 
following substitutions: 


Im! =I 5q'+Iss' 
Ty" =I 50" +13" 


I,’ 7 Aad hrd 
I,” =I," —I," 
Wy’ a MI,’ 
v," =. MGI," 


r=fettattrn 
L=1lytlatlLys 

pe = PO2 — pO 

Lg =L 53 =Lsme= M, 


‘Wy 
iil 


t) om] 04 05 


02 03 

TIME- SECONDS 

Figure 9. Instantaneous values of load current 
. in the loaded phase versus time 


Lext = 0.375 (loaded phase) 

Single-phase load current 

No-load frequency =25 cycles per second 

Power-factor field resistor short-circuited at 
t=0 


AIEE TRANSACTIONS — 


— Ss ss DCU eee eee 


a 7" 


; 
4 
: 


the equations become 


Phase a 
O=Pg3l 53’ + Miplar’ + Mi pela” + 
hy (cos B)e,’+ki(sin B)e,” (9) 
Phase } 


O=7s3l 53" — Mi pola’ + MipI au” — 


ky(sin B)e,’+ki(cos Bye,” (10) 


Phase a 


O= — Pol 53+ (rso+ Mip)Im'’+ Mi pela’ + 
k2(cos B— cos y)e,’+ < 


k2o(sin B— sin y)e:” (11) 
Phase b 
O= — Poo) 53" — Mi pOl a’ + (152+ Mip)I a” — 
k2(sin B— sin y)e,/+ 
ko(cos B— cos y)e,” (12) 


Phase a 
0O=— Mi pel’ + (r+1p)Ig'+pv9' + 
(lal) pel” + pov" + (r+lp)I sy’ + 
(n+) pel,” (13) 
Phase } 
O= — Mip0I au" — (In +l) p6lg' — poy’ + 
(t+lp)Ig"+ pq" — (atl) pOl sq’ + 


(r+lp)Is4” (14) 
Phase a : 
Cp! = Egy! +Z'T gy’ = — (154 +lsap)Ies' + Ps’ 
(15) 
Phase b 
ep” = Ey" +Z"I 54" = — (rsatlsib) Isa” + Pho" 
(16) 


If it is assumed that 


Ey,=0 


2.0 second (5.9 per cent 
“et slip) 
& Power-factor field 
Ex ' short-circuited — at 
7] Ek ea Oe ee = 
a a t=0 E 
208 2 
fog x Figure 11. Rms 3 
values of a-c and d-c 2 
components of cur- © 
a rent versus time & 
Three-phase _—_ load 7 
current 
02 No-load frequency 
=925 cycles per 
second 
Power-factor con- 


0.2 
TIME-SECONDS 
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the currents J,,’ and J,,;” are eliminated, 
and the equations written in the following 
integral form, which was that used on the 
analyzer: 


if = bq —8 Sf 1q4’dt (17) 
to by" —5 fT y,"dt (18) 
Ig +L” 
Is,’ 


, 


= M,po fIm'dt—r f I,'dt— 
Wieck Sta aor Mlk 
Ug’ — (t+) pot fIg"dt+ S Iss"at} — 


po f y,"dt] (19) 
Igy +L" 
n=“ _[ Mp0 f'Iu"dt 
Vg ith, bL" ipo f” am’ dt+- 
(std) p0{ SIq'dt+ S Iea'dt} + 
POS vo'dt—r f'I,"dt—I,"] (20) 
1 
i; ire a! (21) 
i ee 1 v (22) 
o = 77, 


ieee 133 | (1422)> 
_ (rss +152) Mi Ts3 


Mipof In"dt—reaS Iu'dt — 


'ss 


& ki cos B+ks {cos B— cos ”\)x 


a? Ts2 * 

'—| — ky sin B+h:2X 
Ieq--L" a i ; 

{sin B— sin 73) 


ee 


—_—y,," 23 
4] eo 


Figure 10(left). Rms 

values of a-c and d-c 

components of cur- 
rent versus time 


Three-phase _—load 
current 
No-load frequency 


=949 cycles per 


trol field not short- 
circuited 
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Soy SETA ae 


Mip0 f In'dt—ro f Ind 


ise : 
({e sin 6+k2{sin 8— sin y 1)x 
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BY 


ctl (LS aaa 
Iss! $ rss pee 


L" 
kz{cos B— cos ”) ve | (24) 


Isg+L" 
STEADY STATE No-Loap INITIAL 
CONDITIONS 


The steady-state values required for the 
initial differential analyzer settings are for 
no load, normal voltage conditions. Then 
in equations 17-24 the load currents /,,’ 
and J,,” are zero, the load reactances L’ 
and L” are infinite, p is replaced by ja, 
and p@ by w,, where w, is the angular vel- 
ocity of the stator voltage and w, is the 
rotor angular velocity. Moreover, since 
everything is balanced and symmetrical 
it will simplify matters if equations 17-24 
are written in vector form. This is ac- 
complished by letting: 

[=I'+4jI" 
vow tiv" oe 


Making these substitutions equations 19 
and 20 are written 


¥9(@s—@,) = —j Mw, I+ 


[lap —1(ws— wy) irl, (26) 


v= Mil, (27) 


Substituting equation 27 into equation 26 


+ 7 Me(ws = @r) + [r+] (ws, )l—jJerlys] 
yo ey 
Mo, 
(28) 


All of the quantities on the right hand 
side of equation 28 are known. At least 
the magnitude of J, (which is the same as 
I,, at no load) is known to be the value 
necessary to give normal voltage on the 
saturation curve, namely, 190 amperes. 


AC COMPONENT —— 
DS COMPONENT ——— 


The phase of J, is given by J,’=0 and 
TI,” =190, or I,=7 190. The other values 
necessary to determine Jy are (all quan- 
tities are referred to the induction ma- 
chine stator) 


M,=0.1278 (normal voltage value) henry 
ws = 157.08 radians per second 
w,=161.56 radians per second 

1, =0.0000566 henry 

1=0.00218 henry 

7=0.029 ohm 

Mw, =1.115 ohms 


From these Jy, is determined as 


Ing =101+74.9 amperes (29) 


There remains another relationship con- 
necting I,, and y, (and consequently Iy 
and J,), namely, that which may be ob- 
tained from equations 23 and 24. Here 
both 7,. and 7,, are determined by a single 
rheostat setting. The two brush angles 
p.and y then must be adjusted by a.cam 
drive until the vatue of J,, obtained from 
equations 23 and 24 is the same as that 
given in equation 29. From equations 23 
and 24 we have 


Ts3 52 \@r 
ly = —— M,{ 1+— }—+ 
‘i (rs2-+1ss) ZA | ( “se 


r r 
bi “* w-| ki cos B+ 


is ’s3 


k2(cos B— cos »| Pot 


il sin B+2(sin B— sin |vet 
$3 


(30) 
where 


159 =0.0069 henry 


k, = — 0.00463 
ke= —0.00514 
Choose 


ts. =0.0551 ohm 
1.3 = 4.30 ohms 


corresponding to a given rheostat setting 
and 


B=128.1 degrees 
y =109.4 degrees 


corresponding to a given brush setting. 
Substituting these values in equation 30 
and remembering equation 27 


Iu =101+74.8 amperes (31) 


This value agrees with that of equation 29 
indicating that proper settings of the rheo- 
stat and brushes have been chosen. All 
initial conditions necessary to starting the 
analyzer solution are now determined. 

The a-c network analyzer may be used 
to determine these steady-state condi- 
tions, since the steady-state equations are 
representable by equivalent static cir- 
cuits as indicated in reference 1. 
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Figure 12. Magne- 
tization curve for 
induction machine 


TERMINAL VOLTAGE - VOLTS 


DIFFERENTIAL ANALYZER 
REPRESENTATION OF SATURATION 


In this study the currents J,’ and J,” 
were obtained from y,’ and y,” by means 
of the saturation curve, but in an appar- 
ently roundabout way. The known rela- 
tionship is 


Wg — MI, (32) 


since the machine is a symmetrical one, 
In this study flux is known and current is 
to be determined from it. Moreover, it is 
required to find the two phase compo- 
nents of J, In this regard, likewise be- 
cause of the symmetrical structure of the 
machine, 


1 
fe Sgt (33) 
ip P= 1 y u 

g Me g 


However, M, is a function only of the ab- 
solute value of ¥,. Therefore, it is first 
necessary to obtain this absolute value. 
On the differential analyzer, this involves 
using the vector table attachment which 
gives 


[Yo] =V vo +H” 


The quantity 1/M, is plotted as ordi- 
nate against |p, | as abscissa on an input 
table. Two multiplier tables are then 
used to multiply 1/M2 by y,’ and y,”, re- 
spectively, to give the required current 
components J,’ and I,”. 


(34) 


Nomenclature 


All quantities are assumed to have been 


referred to the induction machine stator 
circuit. 


e,=terminal voltage of induction machine 

Ey, =system voltage 

s3= power factor control field resistance 

32 =1oad control field resistance 

rs, =resistance of regulating machine com- 
pensating field 

rp, =resistance of regulating machine rotor © 
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Yr. =resistance of induction machine rotor 

s4=resistance of induction machine stator 

Z=R-+Lp=load or system impedance 

L;3=power-factor control field 
inductance 

Lemg=mutual inductance between power 
factor and load control fields 

L,=load control field self-inductance 

M,=mutual inductance between the con- 
trol fields and the regulating machine 
rotor 

1;;=leakage inductance of regulating ma- 
chine compensating field with re- 
spect to rotor 

1,,=leakage inductance of regulating ma- 
chine rotor with respect to com- 
pensating field 

L,2.=self-inductance of induction machine 
rotor 

M,=mutual inductance between induction 
machine rotor and stator 

Ls,=self-inductance of induction .motor 
stator 

1,,=leakage inductance of induction motor 
stator 

I,;=current in power factor control field 

I,,=current in load control field 

I;,=load current or induction motor stator 
current : 

I;;=induction machine rotor current 

p0;=speed of induction machine and fre- 
quency-changing exciter 

p0.=speed of regulating machine 

B, y=settings of ohmic-drop exciter brushes 

ki, Re=conversion ratios from load circuit 
to control field circuits due to trans- 
former and ohmic drop exciter 

Im=total excitation of regulating machine 

I, =total excitation of induction machine 

¥,=air-gap flux in induction machine 

r=resistance of induction machine rotor 
circuit 

/=leakage inductance of induction machine 
rotor circuit 

6=decrement factor 


self- 


Data 


Induction machine rating 


12,500 kw, 1.0 power factor, 6,600 volts, 
25 cycles, 6 poles ; 
Rated line to neutral voltage = 3,820 volts 
Rated line current = 1,093 amperes 
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Base impedance at 25 cycles=3.48 ohms 
Base inductance = 0.0222 henry 


Synchronous machine rating 
60 cycles, 14 poles, 514 rpm 


Induction and regulating machine con- 
stants 


1s4=0.025 ohm 

1;,=0.00188 henry 

r= fsst-tritT ea =0.029 ohm 

l=1..+1,,+1,2=0.00218 henry 

Lge = Lz = Lyme = M, =0.00690 henry 

6= : =13.30 per second 

1,,=0.0000566 henry 

ko = — 0.00514 

p§=e,=161.56 radians per second when 
synchronous machine frequency is 
60 cycles 


Initial rheostat and brush settings cor- 
responding to no load conditions at the 
two frequencies considered are 


25 cycles 24.2 cycles 
Slip = — 0.0286 Slip = — 0.059 
32 =0.0551 ohm 52 =0.0551 ohm 
153 =4.30 ohms fs3=4.30 ohms 


8=128.1 degrees 
y =109.4 degrees 


8=164 degrees 
vy =112 degrees 


Appendix. Check Calculations 


The initial value of the alternating cur- 
rent, either 3-phase or single-phase, can be 
approximated by 

Fine 
w(I+1,,4+L)Ipase 


Values calculated in this way compare with 
the differential analyzer results as follows: 


fee unit — 


L I I 
(Per i; (Three (Single 
Unit) (Calculated) Phase) Phase) 
OD saucers ECS DA eee DAZ Pes Es 5.42 
0.25) < hesee om reas Lek a OE 23 ee ae 2.32 
O°376 3-054 LTO ae as one eee 1.800 
O55) a2 55%, 2s ie: re 1.468 
Doli aa see 1h 2 1.072 
LL nage Nye Sees Ue Yee ae 0.846 
Di eievieiety at: 459 ots can, 0.459 


The d-c decrement can be approximated 
by 
BA ea 
I+1y+L 


which gives for the time to half of the initial 
value 


_log.2 U+/4+L) log, 2 
Sy es futR 


to-s 


Calculated and analyzer values of time to 
half value compare as follows: 


zs t t 
(Per t (Three (Single 
Unit) (Calculated) Phase) Phase) 
O42 Ss 1925. Sane ee Sees 0.112 
Oona O!06T4 >. ace 0068.3. 2 0.066 
0375.5 GO: 0684... 28 ees 5 ee 0.062 
O85 x eee, O50607 25s 0.062 
O75 eS: OC05S2s oe a 0.058 
111 ap ge rapeiaes 0.05693". ee 0.056 
Bee: a $e BO5the = Se 0.054 


Both the initial values and the d-c dec- 
rements check as well as the curves can be 
read. 
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Diffusion of Electric Current Into Rods, 
Tubes, and Flat Surfaces 


K. W. MILLER 


MEMBER AIEE 


Synopsis: Electric current density pene- 
trates or “‘soaks’’ into an electric conductor 
starting from the surface during current 
transients in a manner physically and mathe- 
matically analogous to thermal diffusion 
in transient heat flow. This useful concept 
is used to explain physically and evaluate 
numerically transient resistance and in- 
ductance of conductors subjected to rec- 
tangular current wave impulses. 


ESPITE the large amount of mathe- 
matical work of many investigators, 
it seems that there is still something more 
to add on the subject of skin effect and 
transient resistance of conductors carry- 
ing nonconstant electric current, particu- 
larly from a physical or descriptive 
viewpoint. 

Most of the published formulas for 
skin effect are for sinusoidal alternating 
cutrents, and the mathematics tend to ob- 
scure rather than clarify the actual phys- 
ical behavior of current distribution and 
redistribution. In this discussion we will 
consider the application of an abrupt or 
rectangular (Heaviside unit function) 
constant current suddenly applied to a 
conductor. We first will anticipate in a 
qualitative way what happens, following 
later with mathematical results for iso- 
lated conductors having plane surfaces 
or cylindrically circular symmetry. 

To some, the concept of ‘‘applying a 
current”’ (instead of a voltage) is not itself 
familiar. To those it may be helpful to 
conceive of a voltage applied to a circuit 
dominated by a pure resistance, large 
compared to the impedance of conductors 
which form the leads.. The resulting cur- 
rent in the circuit may be considered, 
then, as ‘‘applied”’ to the leads, which are 
“conductors.” 

When electric current is caused sud- 
denly to flow in a conductor, we find that 
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the current flows for the first instant en- 
tirely on the surface of the conductor as 
would be expected. Then, and surpris- 
ingly slowly at that, the current density 
“diffuses”? into the conductor, the direc- 
tion of the ‘diffusion wave” of current 
penetration being transverse to the di- 
rection of flow of the electric current. 
The laws governing the penetration of 
current into the conductor (see equations 
1 and 4) are mathematically identical 
with those for the temperature distribu- 
tion in transient heat flow by thermal dif- 


fusion. In fact, for copper, the electrical. 


diffusion constant is only about 11 times 
as fast as thermal diffusion. Numerically 
the coefficient of velocity of current pene- 
tration or diffusion for copper is 


h=11.6 centimeters per second /? 


The half-crest value wave front of cur- 
rent density will penetrate 1 centimeter 
into a copper conductor in about 1/75 
second; approximately 1/21 second is re- 
quired for l-inch penetration, and so 
forth. The velocity of penetration of the 
wave front decreases inversely as the 
square root of time and the distance pene- 
trated increases as the square root of time, 
that is, the ‘‘velocity”’ of current penetra- 
tion ot diffusion is not constant. How- 
ever, it will be found that velocity of pene- 
tration is unaffected by geometrical con- 
figuration and is independent of whether 
the current diffusion is “‘parallel’’ pene- 
trating from a plane surface, divergent 
spreading outward from an inside surface 
(say outward from the inner surface of a 
hollow tube), or convergent diffusing in- 
ward, say, from the surface of a solid rod 
conductor. In these various cases, only 
the crest value of diffusion wave (which 
crest remains fixed in place at the initiat- 
ing surface, line, or point) has its rate of 
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decay altered by the degree of geometrical 
convergence or divergence encountered 
by the advancing wave front of penetra- 
tion. 

As an instructive example let us con- 
sider an idealized electric circuit consist- 
ing of a thick tube of circular cross section 
enclosing a circular rod with mathemati- 
cally infinitesimal insulation of ‘‘zero 
thickness”’ separating the concentric con- 
ductor pair, Figure 1. Let us short-circuit 
together one end of this concentric con- 
ductor pair and suddenly apply a constant 
voltage E to the other end of the conduc- 
tor pair. At the first instant, current 
flow -will be restricted to infinitesimally 
thin adjacent surfaces of the two conduc- 
tors, schematically shown by + and — 
signs in Figure 1. There is, by hypothe- 
sis, no space for magnetic flux between 
the two conductors, and by well known 
electromagnetic laws no flux will be pro- 
duced externally or internally to the 
double opposite pair of tubular equal cur- 
rent sheets on the adjacent faces of the 
conductors. Therefore, even in this cir- 
cuit, which is ‘‘inductanceless” at zero 
time, the initial transient resistance is 
infinite due to zero thickness of current 
penetration and current must start at 
zero for any finite voltage application. 

Nature usually finds a way to avoid in- 
finities and abrupt energy discontinuities. 
Even if the inductance of a circuit due to 
flux outside of conductors is totally ab- 
sent or cancelled, as in the foregoing ex- 
ample, yet a truly ‘impulsive response” 
is still impossible due indirectly to the 
process of creation of magnetic flux 
within the conductor. Resulting zero- 
time initial transient resistance is always 
infinite and, for any finite applied volt- 
age, causes the current to build up from 
zero or alter in value smoothly and with- 
out discontinuity to the final state. 

It must be noted that the (rapidly 
diminishing) transient resistance to a 
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rectangular current wave application is 
infinite for only zero length of time—a 
mathematically indeterminate condition 
which can be resolved mathematically for 
the cases to be considered later. Ac- 
tually, exactly perfect rectangular current 
application never can be realized experi- 
mentally but the mathematical conven- 
ience of considering the rectangular cur- 
rent wave or Heaviside unit function is 
justified as a very close approximation to 
some practical cases and is one very in- 
structive from a physical viewpoint in 
understanding what actually goes on 
within the conductor. 

Transient resistance is discussed by 
Steinmetz! with, however, little emphasis 
on the physical behavior of the current 
penetration process and mathematically, 
chiefly from the standpoint of ‘‘equiva- 
lent” depth of penetration. Steinmetz 
did not analyze mathematically the ac- 
tion in circular conductors. Besides the 
example of transient resistance in steel 
rails under moving electric locomotives 
given by Steinmetz, transient resistance 
of conductors may be an appreciable fac- 
tor in many electrical engineering prob- 
lems. For example, the current—time in- 
terruption characteristics of fuses may 
be explained or initially predetermined 
for very short time current impulses. 
Resistance of heavy conductor leads to 
electric welders on intermittent operating 
cycles involve transient resistance due to 
finite velocity of electric current diffusion. 
The resistance of internal surfaces of radar 
wave guides when subjected to pulses or 
high frequency. ‘“‘square wave’ forms is 
still another field for application of the 
current diffusion concept. Transient re- 
sistance will afford a better understand- 
ing of the attenuation or rounding off of 
the wave front of a rectangular traveling 
wave, say, on a transmission line. 

With these preliminary remarks we 
proceed to examine the phenomenon of 
current diffusion in more detail: If we 
set up the differential equation for skin 


Figure 1. Transient current flow in adjacent 
surfaces of concentric rod—thick tube con- 
ductor pair 
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effect in a cylindrical conductor having a 
circular cross section (see, for example, 
reference 2) but leave the time derivative 
01/Ot general, not set equal to jw, we 
readily find 

o% 10: 

at — =—— — (1) 


where, in any consistent units, 


4=current density at radial distance x 

x =radial distance 

t=time 

v, p= magnetic permeability and specific 
resistivity of conductor material 
(both assumed constant independent 
of z, x, and t) (equation 1 may be de- 
veloped from the general wave equa- 
tion, in cylindrical space co-ordinates 
for an isotropic medium where, since 
the medium is a conductor, say cop- 
per, having negligible voltage gradi- 
ent within the metal, the displace- 
ment or capacity current term 
ykO*%1/Ot? is dropped from the right- 
hand side of the equation as a neg- 
ligible quantity; see, for example, 
references 5 and 8). 


If we set 
4ru = 


in equation 1 where / is a constant, it will 
be recognized? as identical in mathemati- 
cal form with that for 2-dimensional ther- 
mal diffusion for radial heat flow in a cir- 


cularly symmetrical rod or tube. For 
thermal diffusion 
h?=k/(cé) (3) 


where k, c, and 6 are, respectively, -heat 
conductivity, specific heat, and density 
of the material all in consistent units. 
Values of h, both electrical and thermal, 
for three common materials are given in 
Table I in centimeters per square root- 
second units. 

If we omit the (1/x)(0z/Ox) term on 
the left of equation 1, it reduces to the 
well known diffusion equation for parallel 
flow transverse to the plane surface of a 
semi-infinite solid, that is, 


ans (4) 


(which is equivalent to Steinmetz! equa- 
tion 10). 

The boundary conditions of present 
interest are simply that total current is 
zero until zero time, and constant, J, 
thereafter, that is, the integral of current 
density 7 over the total cross section avail- 
able for current flow is constant. When 
this area is infinite (or may be considered 
as approximately so for short times when 
penettation depth is small compared to 
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Table | 
SSS... eee eee ee es 
Diffusion ‘‘Velocity’’ h, 
Cm Per Sec 
Material Thermal Electrical 
COPPers cane atone DGS seco: eras aeons 11.6 
PAG ersa bia faara orc e's eeu Fs QS 1-0. Se ees eae 14.5 
SGN Gree) cuce, cs aleeer are eaves Os4T 3S e pee eee 1.9* 


* Value of u assumed constant at 1,000. 


the conductor cross section), solutions® of 
equations 4 and 1 may be obtained by 
the Fourier transformation whence we ob- 
tain 


i 
moral. enertt/ota—t_e- stan 8 
< \; 3 hv/ xt 6) 


for plane parallel flow from equation 4, 
and 


Feait B p/P ea 2'/ ant (6) 


pt Arh*t 


from equation 1. Equation 6 is for diver- 
gent diffusion of current density with total 
current, J, initially concentrated in an 
infinitesimal straight line filament in in- 
finite material, that is, equivalent to imi- 
tial current flow all concentrated along 
the axis of a solid cylinder of infinite ra- 
dius. 

The solution of equation 1 for constant 
total current (or heat) flow J starting to 
diffuse from the surface of a circular rod 


SS 


n=l 


Jolunt) mnt] (7) 
Jo(und) 


where 
Ji (und) =0 (7a) 


while the solution of equation 1 for con- 
stant total current starting to diffuse from 
the outer surface of a hollow tube is 


pola goats 
CrNo(unx)] een tan (8) 
where 
Ni(una) Ni(und) 
oO ere i ee 
pee 7 Eeees nt | oF 


Ji (un) 


Minx) \y o(HnX) (8C) 


Zan (un) = Jo(unX) -( 

In all equations 7 and 8, J and N are 
Bessel functions of first and second kinds, 
respectively, and of zero or first order ac- 
cording to subscript; 0 is the outer and a 
the inner radius (if any) of the circular 
conductor. Equations 7a and 8a deter- 
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CURRENT DENSITY 
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Parallel current penetration from 
plane surface 


Figure 2. 


mine the roots yw, and the latter equation 
the C,, ratios also. Equations 7, 8, and 
later dependent equations all are be- 
lieved to be new. Their derivation is te- 
dious and a bit tricky to avoid indeter- 
minate values at time t=0 and will not 
be given here. Equation 8, and other 
equations to follow, for the hollow tube 
reduces to equation 7, and others, for the 
solid rod when a — 0 as they should and 
all may be verified easily by appropriate 
differentiations and integrations. 

In the equations already given and 
those to follow, it is highly convenient to 
take advantage of the well known princi- 
ple of similitude and transform all equa- 
tions into dimensionless form by making 
the substitutions 


x=O6% 
x=x/b 


-() 


=fin/b 
n= bun (9) 


The resulting equations become functions 
of pure numeric quantities z, 7, and EZ, 
only, which, except for a scale factor, are 
each directly proportional to distance, 
time, and roots, respectively. Final nu- 
merical results tabulated or plotted as 
curves in terms of these pure numeric 
variables easily may be reinterpreted in 
terms of actual dimensions and materials 
for any specific problem by reference to 
equations 9. 

Equations 5 and 6, restated in terms of 
dimensionless variables, have been plotted 
in Figures 2 and 3 for three consecutive 
fixed instants of time in the ratio #=1/2: 
1:2. Figure 2 is for plane parallel diffu- 
sion, equation 5, and Figure 3 is for radi- 
ally divergent diffusion from the axis of a 
cylinder of infinite radius, equation 6. 
In both cases, we note that the current 
density—penetration curves are always of 
the same shape (in fact, half of the hump 
of the normal error or probability curve) 
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and differ for different instants of time 
only in vertical and horizontal scale. 
The wave front of current penetration 
typified by the point of half-amplitude 
for each curve (indicated by heavy dots) 


advances horizontally with a velocity ~ 


proportional to h/+/# and penetrates a 
distance d proportional to the square root 
of time, that is, 


dsin/PaO707 ala vAl4 


If we multiply the ordinates of the curves 
in Figure 2 by « and those of Figure3 by 
2az and integrate from <=0 to =m, we 
find total current flow is constant in time. 
We note further that all curves have hori- 
zontal slope at the origins =0 and at = 
c where they form long thin advance 
“toes” to the diffusion wave. (The infi- 
nite toes are the mathematical result of ne- 
glecting the negligible displacement cur- 
rent term in equation 1. These infinite 
toes are of trivial magnitude and, of 
course, physically impossible since they 
imply infinite velocity of propagation.) 

' The plane parallel diffusion case is one 
of practical importance in its own right 
(for example, surface of wave guides) and 
also useful later as a limiting initial ap- 
proximation to more complicated cases. 
The case of divergent radial current dif- 
fusion from a line axis is admittedly highly 
artificial and has only qualitative signifi- 
cance for us. It shows that divergence 
or increase of area available to diffusion, 
as the wave front expands over ever 
greater circumferences, has no effect on 
either diffusion wave shape or velocity. 
Divergent flow merely causes the ampli- 
tude to ‘‘attenuate’’ faster to conserve 
the total current constant equal to J. 
Indeed, although meaningless in electric 
current diffusion analogy, in a similar 
manner it readily is shown that a fixed 
quantity of heat, diffusing radially out- 
ward in three dimensions with spherical 
symmetry from an initial instantaneous 
point source into a homogeneous infinite 
solid, produces a temperature distribu- 
tion with profile shape and diffusion wave 
velocity exactly the same as given in 
Figures 2 and 3 for 1-dimensional diffu- 
sion with no divergence from a ‘plane sur- 
face and for 2-dimensional divergent dif- 
fusion from a line filament, respectively. 
In other words, by mathematical analogy 
we conclude that convergent or divergent 
penetration of electric current density by 
diffusion into a conductor occurs at the 
same rate h regardless of conductor con- 
tour—even of compound surface curva- 
ture. Only the time rate of decrease of 
“amplitude” or current density values, 
particularly the maximum value at the 
surface, is affected. 
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Therefore, with convergent diffusion 
or penetration of current density radially 
inward from outer surfaces of cylindrical 


‘conductors, we correctly expect the wave 


shape and velocity h/+/i of half-crest- 
value current density both to be unaf- 
fected until the advance toe on the wave 
front meets an internal tube radius or is 
“pinched out’? at the central axis in a 
solid rod where circumference available 
to the advancing wave front shrinks to 
zero. In either such case, as time pro- 
gresses, the current density piles up at 
such advance barrier and the current dif- 
fusion wave merges from a condition of an 
inwardly traveling wave into an interme- 
diate leveling off process and final state of 
uniform current density (see Figure 4). 
The thermal diffusion analogy is useful 
here. To a rod or tube of uniform (zero) 
initial temperature, a fixed finite quantity 
of heat Q is added to the outer cylindrical 
surface by exposing it to infinite tempera- 
ture for zero time, after which it imme- 
diately is covered with a perfect heat in- 
sulator of zero thermal heat capacity and 
zero heat conductivity. The thermal dif- 
fusion temperature profiles would be iden- 
tical as just described (and as shown in 
Figure 4) to those of current density when 
unit rectangular electric current suddenly 
is applied to the same conductor. Only 
the penetration velocity constant h/ is 
different. This thermal experiment is 
obviously difficult to perform! Likewise 
the mathematical solutions given by 
equations 7 and 8 for solid circular rods 
and tubes are very tedious to evaluate 
numerically for different radii for the in- 
termediate times ¢ of most interest be- 
cause of slow convergence of the mathe- 
matical series requiring many terms which 
exceed the extent of tabulated values of 
the Bessel functions. Computing the 
several terms required even by asymp- 
totic formulas’ is very laborious. Figure 4 
for the solid circular rod, equation 7, is a 
close approximation which illustrates the 
behavior, but should not be used for accu- 
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Figure 3. Divergent current penetration from 
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rate numerical evaluation of losses or in- 
ternal inductance for which more precise 
methods are available. 

Thus, Figures 2, 3, and 4 represent the 
current density diffusion penetration 
curves for a rectangular electric current 
wave applied to conductors under three 
different geometric configurations, (1) 
parallel diffusion from the plane face of a 
flat surfaced conductor, (2) radially di- 
vergent diffusion from initial current 
concentration along a straight line fila- 
ment, and (3) convergent diffusion radi- 
ally inward from the surface of a circular 
tod, respectively. We pause again to re- 
capitulate. What is it that “diffuses’’? 
Initially, during the transient, it is not the 
electric current itself but, imstead, the 
current density that diffuses. The electric 
current itself “‘propagates” in the direc- 
tion of current flow with a true velocity 9 


_ =1/+/pk (or a more complicated expres- 


sion for imperfect medium having resist- 
ance and leakage), wp and & being permea- 
bility and dielectric constant of the me- 
dium. Of present concern, the current 
density penetrates by ‘‘diffusion’’ from 
the conductor surface into the conductor 
section in a direction normal to the lines of 
electric current flow with a “velocity” 
h/+/t where h, given by equation 2, is a 
function of magnetic permeability and 
resistivity of the medium but is independ- 
ent of its dielectric constant. 

The diffusion constant h, about 11 cen- 
timeters per second ”*, is also a measure 
of the velocity with which the electrons 
migrate or diffuse in the conductor. Just 
as in a gas, the velocity of propagation of 
sound vastly exceeds the velocity of gase- 
ous diffusion, so in a metallic conductor 
the velocity of propagation of the wave- 
front of current vastly exceeds the elec- 
tronic diffusion “velocity” »=h/+/t. This 
diffusion starts as a sidewise penetration 
of current density from the conductor sur- 
face into its cross section, the entire sub- 
ject of this paper, and continues (in time) 
as an axialwise or currentwise diffusion of 
electrons which form the electric current 
itself. This is the physical picture. 
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Because current density cannot migrate 
across a surface boundary into noncon- 
ducting surrounding medium, 01/O0x must 
be zero everywhere at the conductor sur- 
face. Therefore, at any finite instant of 
time, after the indeterminate initial zero 
time instant, the current density is con- 
stant or uniform at and in a direction 
normal to the conductor surface. Cur- 
rent density does not drop off exponen- 
tially with “depth of penetration’’ for a 
rectangular current wave. All the mathe- 
matical solutions and Figures 2, 3, and 4, 
given for special geometric configurations, 
comply with or yield this result. 

One matter of prime interest in skin ef- 
fect problems is the effective increase in 
resistance. The “‘a-c-d-c resistance ra- 
tio,” or more properly here the ‘‘transient 
resistance” ratio for sudden application 
of constant current, is not a fixed quan- 
tity but varies with time after initiation 
of the rectangular current wave. Since 
the resistance ratio starts with an infinite 
and rapidly diminishing value, it is useful 
to define a cumulative time average ratio 
as well. Thus we define the quantities 


W= S,iodA (10) 
1 t 

Want f Wa (11) 
E Gg 

and the ratios 

K=W/PFR (12) 

Fe — Wag tte (13) 

where 


W =instantaneous value of resistance losses 
per unit length of conductor at time ¢ 

W,.=average value of resistance losses up 
to time ¢ ; : 

A =conductor cross-section area 

J=total current (constant after time #=0) 

R=d-c resistance of conductor 


Here K,, also may be considered as the 
ratio of total accumulated resistance 
losses to what the losses would have been 
for same time with uniform current dis- 
tribution: We utilize, in addition, the 
transformations given by equations 9 to 
put all quantities in dimensionless ratio 
form. We consider now the special geo- 
metric configurations one at a time. 

Squaring equation 5, introducing it into 
equation 10, and integrating x from 0 to © 
yields W and then introducing W into 
equation 11 and integrating on # gives Wo, 
for the case of plane parallel diffusion. 
We find 


W=2I 2 (14) 
Wa= uryit (15) 
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Because the distance co-ordinate x is 
infinite, these quantities have not been 
reduced to dimensionless ratio form. 
Here yp, p, and ¢ are permeability, specific 
resistivity, and time in consistent units, 
and J; is current per unit length of perim- 
eter of the conductor cross section. In 
this form equations 14 and 15 may be use- 
ful for use on wave guide surfaces and 
conductors of irregular cross section for 
conditions where 44/¢ is small compared 
to thickness and to surface curvature of 
the conductor under consideration. 

From preceding remarks we see that 
for very short times the outer surface of a 
rod or tube of circular section may be con- 
sidered as “plane” before penetration 
has proceeded very far. Thus, setting 
I,=I1/2xb in equations 14 and 15, and 
putting results in dimensionless form by 
equation 9, then equations 12 and 13 be- 
come approximately 


K=(1/2/2at)(1—1/k2), hv/t < (b—a)/10 
(14a) 
Ker= (1/-V/2at)(1—1/k2), h/t < (b—a)/10 
(15a) 


where k=6b/a=ratio of tube radii (k= 
e for solid rod). 

The accurate solution for loss ratio in 
solid circular conductors or rods is given 
by squaring equation 7 and substituting 
into equations 10 and 11. Here dA is 
2rxdx and integration on x is from 0 to b. 
After putting all quantities in dimension- 
less form, we obtain 


z= @ 


K=1+ )) e*# (16) 
n=1 
1 2z=>= 2 ‘> 
ac. ee eed =n") /(Qiin? 17 
Ke=1t+75 2 ( )/(@in) (17) 
Here u,, are the roots of 
JFi(un) =0 (18) 


and certain mathematical steps required 
in the summations are explained in the 
first part of the appendix. Equation 16 
is plotted in Figure 5, and equation 17 is 
plotted as the top limiting curves in Fig- 
ure 6. 

The transient internal inductance of a 
solid rod to rectangular current applica- 


- tion is given by the formula 


b=! = (e—#=")(2—e- Fs) / 


Ga (16a) 


which also is plotted in Figure 5 (for u= 
1). This is an instantaneous value; cu- 
mulative or average inductance is not here 
defined. 

For hollow circular tubes the square of 
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equation 8 is substituted into equations 
10 and 11. Again in equation 10, dA is 
2rxdx and integration is now between 
limits a and b, the inner and outer tube 


radii. Integrations are straightforward 
but tedious. We find 
K=1+ 
— (k?— ) — lem? (49) 
Re -( Zu(un) y 
n=1 Zu (ink) 
Kav =1+ % 
n= © (2-1) [ i= eee 
Re -( Zor (iin) ‘ Qun2ht 
Waal Zo (ink) 


(20) 


where as before k=b/a, other abbrevia- 
tions are given by equations 8c and 9 to 
13, and the roots p, are determined from 


ance ratio is unity from the start. Utiliz- 
ing these limiting conditions, two inter- 
mediate cases of thick tubes with radii 
ratio k=b/a=3/1 and 3/2 were evalu- 
ated. Further curves with other k ratios 
were interpolated. The final results for 
average or cumulative transient resistance 
are plotted in Figure 6 which may be in- 
terpolated for any tube radii ratio from 
solid rod to very thin-walled tube and for 
any conductor material and h/ values. 

As a numerical example of the use of 
Figures 5 and 6, suppose a constant cur- 
rent J suddenly is applied to a thick 
walled copper tube of 1/2-inch internal di- 
ameter and 3/2-inch external diameter. 


Transient and ‘cumulative transient re-. 


sistances and losses and inductance are 
desired, say, at time of 0.0001, 0.001, and 
0.01 second. Here k=3/1=3, h=11.6 


Figure 5 (left). K and L 


versus ¢ for solid rods 


Figure 6 (right). K,, versus 


t for rods and thick tubes 


tabulated values, interpreted by means of- 
equations 10 to 13, indicate that when 
this heavy tubular conductor is subjected 
to a rectangular current wave, the inter- 
nal inductance ZL (which is zero at zero 
time) increases from about 1/6 final value 
at 1/10,000 second to nearly full value 
(1/2 in absolute units) after 1/100 second. 
The instantaneous transient resistance K 
ratio, initially infinite, decreases from 3.6 
times d-c resistance to normal in the same 
time interval, 1/10,000 to 1/100 second. 
The cumulative average or total resist- 
ance losses from zero time to the same 
time intervals are 6.0 and 1.12 times the 
d-c resistance values. Since the d-c values 
themselves easily are calculated by ele- 
mentary methods, they will not be given 
here. 

By returning to equations 7 and 8 and 


AV Af 
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equation 8a which may be rewritten in 
dimensionless form as 


Si (ink) Mi Gin) — Si Gin) Mi Gink) = 0 


The second and major portion of the 
appendix (starting with equation 26) dis- 
cusses steps in evaluating equations 21, 
20, and 19. The numerical work is quite 
tedious but, fortunately, once performed 
is final once and for all. (Only equation 20 
was evaluated—Figure 6.) For short and 
intermediate times of prime interest, 
many terms of the series are required, just 
as many terms of a Fourier’s sine or co- 
sine series are required to fit accurately 
the sharp corners in a square or sawtooth 
wave form. For extremely short time the 
surface plane wave diffusion, equations 
14a and 15a, and for very long time the d-c 
conditions, respectively, are asymptoti- 
cally approached. For vanishingly small 
inner radius of hollow tube, the solid rod 
case applies; while for very thin tubes of 
“zero” wall thickness, the transient resist- 


(21) 
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centimeters per second”? for copper, b= 
(2.54X3/2)/2=1.905 centimeters outer 
radius. Therefore, by equation 9, t= 
(11.6/1.905)? x 0.0001 =0.0037 and 10 and 
100 times this at the three times desired. 
Entering Figures 5 and 6 with k=3 and 
i=0.0037, 0.037, and 0.37, we may pre- 


pare the following table: 

Time t, Sec=0.001 0.001 0.01 
f= (h/ bys eee. 0200370. Ov037en se OLSz 
IDs FicureS. as... (0208) eee (Ox23y eee (0.49) 
ABA ULEID acini (3 Cin de te. (CReSihi eres (1.00) 
Kav, Figure 6..... MS OY ae So | a2 


Strictly speaking, Figure 5 is for solid rods 
only but its use for hollow tubular con- 
ductors, particularly very thick walled 
ones and for very short times, is justified 
by considerations which were elaborated 
for Figure 4 and also by the close spacing 
and parallelism of the curves for R= © 
and k=3 in Figure 6. Therefore, the 
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utilizing the Duhamel integral, it is pos- 
sible to determine the current diffusion 
and transient resistance ratio for any cur- 
rent wave form whatever. In particular 
for sinusoidal current, one thus should 
obtain the known expressions for a-c skin 
effect in isolated rods and tubes previ- 
ously obtained by other investigators by 
more direct methods. Since this would 
serve merely as a check on the present 
work and would be very tedious, it was 
not attempted. However, of much more 
practical interest, a continuous square 
wave-form current could be considered as 
an infinite sequence of consecutively su- 
perimposed, uniformly timed, alternately 
plus and minus Heaviside unit waves. 
The resulting current density and losses 
could be readily built up, then, from solu- 
tions herein derived for flat surfaces and _ 
circular tubes or rods. Lastly it should 
be mentioned that by minor modifications 
of boundary conditions the solutions could 
readily be obtained to electric current 
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flow in concentric conductors, one side of 
the circuit or current flow starting to dif- 
fuse outward from the inner surface of the 
outer tubular conductor. There may be 
practical value in doing this for wave 
guides carrying high frequency square 
wave currents or current impulses. 

However, the primary purpose of this 
paper has been to show that skin effect is 
due to a true diffusion type of penetration 
of current density as it ‘‘soaks” into the 
conductor starting from the surface. 
Since the analogy with heat diffusion and 
temperature is mathematically exact, 
then the greater general familiarity with 
heat flow concepts can be brought to bear 
for intuitive understanding and solution 
of the corresponding electrical transient 
resistance problems. The diffusion con- 
stant h, easily evaluated numerically, be- 
comes then an immediate useful index or 
guide as to the velocity and depth of cur- 
rent penetration under any specified con- 
ditions regardless of conductor shape. 
Moreover, in some cases, difficult skin ef- 
fect problems actually might be solved 
approximately experimentally by heat 
flow and temperature measurement in 
equivalent thermal circuits. 


“Appendix 


In the derivation of equation 17 of the 
text, the lower integration limit =0 results 
in the infinite summation of the reciprocal 
squares of all the roots of Ji(um) each divided 
by 22 which latter may be factored out of 
the summation. This summation converges 
very slowly which is not true of the remain- 
ing summation in equation 17 which con- 
verges rapidly due to negative exponential 
factors. That the first summation reduces 
exactly to 1/(167) may be demonstrated as 
follows. 

Watson,® pages 498 and 15, gives the fol- 
lowing two expressions for Bessel functions 
of order p: 


2 p %= 0 
= SO [t/a 20 
mS (—1)"(2/2)2+2™ 
AC =e = (22b) 


Equating these two expressions, cancelling 
out common factors, then writing out the 
summation in explicit terms 


ff ee Ve eee 
(:- Jae! m\(p-+m)! 


g2 
11-| steep oe | (23) 


Taking logarithms of both sides and ex- 
panding 


U1. 2 
D>) pes ia: “ake (24) 


In all these expansions we have discarded 
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all terms in fourth and higher powers in 32. 
Cancelling 2? in equation 3, that is, equating 
coefficients for equal powers of z, and set- 
ting p=1 for the first order we find 


n= 2 


D> Wun?=1/8 


n=1 


(25) 


from which the 1/167 term in equation 17 of 
the text follows at once. 

Numerical evaluation of equations 19, 
20, and 21, or of equations 8 to 8c of the 
text involves values of the Bessel functions 
far beyond tabulated values. Use was 
made of the semiconvergent expressions 
given by Jahnke and Emde,‘ page 203. 


_ Adhering to their notation, by multiplica- 


tion, we readily establish, first, the identity 


Po(x)P1(x) + Qo(x) Qi (x) =1 (26) 
If we set 
Zau(x) = a) —( 22) wan (27) 


we also find by some trigonometric algebra 
and use of equation 26 


Zoi (x) © —V/2/xx/ [Pi(x) sin git 
Qi(x)cos ¢:1] (28) 
where 


P(x) =1+0.1171875/x? —0.1441956/x*+ 
0.676593/x8— ... (29) 


Qu (x) =0.375/x —0.10253906/x3+- 
0.2775764/x5 —1.993532/x7+ . 
(30) 


$1 oe iGl (31) 


Starting again with the asymptotic ex- 
pressions for Jp(x) and Np(x) given by 
Jahnke and Emde, page 203, again by the 
application of some trigonometric algebra, 
we find 


Jo) \ ~1 ( Qo(x) 
(2) ~ — tan E tan (2 ol 
where 


a ee 
gp=x—\ P 2)2 


Setting kx for x in equation 32 and equating 
yields 

J p(x) _Jo(kx) 
N,(x) Np(kx) 


(33) 


(34) 


which, with p=1, is the desired root rela- 
tion (equation 21) of the text. Substitut- 
ing equations 32 and 33 into equation 34 
then taking inverse tangent of both sides 
and recalling that tan~! is a periodic func- 
tion of period we obtain 


ae 
Pp (kx) 


-1 (Qe) 
tan (2 2) (35) 


We may substitute the semiconvergent 
series for Q and P derived in equations 29 
and 30 and expand tan! Q/P in series (or 


nar =(k—1)x+tan“ ( 
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see Watson,® page 506) and for p=0 or I, 
find 


Fe) Veet Oe 
ne ) =~ (x * 3(80)! 


34,336 24,046,912 iggy 
5(Sx)® | 7(8x)? 
Qi (x) 3 252 
-1 va = 
ae (22) Tx) 3p?! 
60,768 34,782,912, gy 


B(8x)5—«.7(8x)" : 


Equation 36 or 37 may be substituted into 
equation 35 and will yield a series of the 
type 


y=ax+b/x+c/x8+d/xo+e/x'+ ..- 
which may be inverted to yield ; 
x=y/a+B/y+y/y+8/y+e/¥+ .-- G9) 
where 

B=—b 

y= —a(b?+ac) 

= —a?(2b3+ 4abc+a7d) 


e= —a*(5b4+ 15ab2e+ 6a2bd+3a2c?+a°c) 
(40) 


(38) 


Utilizing these relationships, identifying 
coefficients a, b, c, . . . with their counter- 
parts we may carry out the inversion and 
obtain, finally 


ne k—-1 
ee o5-() 


100(k2+1)+76k it) - 
3 Skrn 


(ose ps ose Ex 
15 


k—-1\% 
maa 
Skrn 
as the nth root of the zero order equation 


Jo(x) No(kx) —Jo(kx) No(x) =9 (42) 


(41) 


and 
nr k—1 
agent gie) 
84(k?+1)+1562) tay 
(84(k?+ 1) Shen 


60,768(k*-+ 1) +101,088(k3+%) + 
118,368k? } 


5 


ie 
Ska) 


(43) 


- as the nth root of the first order equation 


Ji(x2).Ni (kx) — Ji (kx) Ni(x) =0 (44) 


Equations 41 and 43, though only semi- 
convergent, are highly convergent for in- 
creasing ” and for most ordinary (not too 
large) values of k=b/a. Often both will 
yield quite satisfactory numerical values 
even for the first root x, when »=1. The 
relation, equation 41, is not required for 
our present purpose, but both root relation- 
ships (equations 42 and 44) frequently are 
encountered in hollow tube problems so 
the explicit solutions (equations 41 and 43) 
both are recorded here. (In review of this 
paper in manuscript, Professor Dwight 
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kindly pointed out that the equivalent of 
equations 41 and 43 may be found in 
reference 7. This reference is not generally 
readily accessible, nor the form of the equa- 
tions there given as convenient for use as 
those given here.) 

We have now all the mathematical ap- 
paratus we require. The equations involved 
in our problem include 


Zu (x) = Jo(x) -(22) rive) 


(45) 


or its square, with argument (x;y) or (kin) 
where (x1m) are the mth roots of equation 44. 
Values are required for argument greatly 
exceeding published tables of Bessel func- 
tions. It is possible to substitute equation 
43 into equations 29, 30, and 31 and the 
results in turn into equation 28, but the 
algebraic result is very complicated and of 
no practical gain. It is best to proceed 
arithmetically in any particular numerical 
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problem by first determining k=)/a which 
reduces equation 43 to a numerical series 
in inverse power of . This easily is evalu- 
ated for the first m values (1=1, 2,3... 7) 
of the roots x,. These enable the first n 
values of P;, Q;, and ¢; of equations 29, 30, 
and 31 to be determined numerically for 
direct substitution into equation 28 with 
argument x, or kx. All the series converge 
very rapidly with increasing 2 and the values 
for the first, second, and third roots are 
usually within the tabulated values of the 
Bessel functions, and so can be improved by 
interpolation and trial solution of equation 
34 in such tables if required. The numerical 
work on which Figure 6 was plotted was so 
computed. 
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Tensorial Analysis and Equivalent Circuit 


of a Variable-Ratio Frequency Changer 


GABRIEL KRON 


MEMBER AIEE 


Synopsis: When two power systems with 
different frequencies are connected together 
through an asynchronous tie, the transient 
behavior of the tie under a sudden change 
of load on either side becomes of great im- 
portance. The paper derives by the ten- 
sorial method the steady-state equivalent 
circuit and the transient equations of a 
variable-ratio frequency-changer set con- 
sisting of an ohmic-drop exciter, regulating 
machine, and induction machine, when an 
unbalanced load is applied suddenly to the 
stator side of the induction machine. - A 
companion paper by Carter, Maginniss, and 
Rothe gives the results of the solution of the 
equations by the a-c network analyzer and 
the differential analyzer. 


The Tensorial Method of Attack 


HE conventional method of analysis 
| ee the visualization and under- 
standing of the simultaneous relation of 
fluxes, magnetomotive forces, and volt- 
ages in every part of an interconnected 
structure. Such a study is bad enough for 
any one particular machine, as an a-c 
commutator machine, and it becomes an 
intolerable chore when several machines 
are interconnected. The presence of an 
unbalanced load merely supplies a legiti- 
mate excuse for the engineer for not un- 
dertaking the analysis. 

The tensorial method of attack removes 
the necessity of keeping track of what goes 
on inside of each machine and reduces the 
study of a complex system of rotating 
machines to the study of a stationary 
network. (The latter may be viewed, 
however, not only from stationary, but 
also from moving reference axes, or from 
a combination of both types of frames.) 

In the tensorial method of attack at 
first all interconnections between the 
component machines are removed. If 
the equations of the latter are not yet 
known then a further simplification is 
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made by a return to a “‘primitive’”’ ma- 
chine, having neither brushes nor inter- 
connections between its windings. The 
equations of the latter are assumed to be 
known (to be found in reference 1) and 
are used as the starting point in the analy- 
sis. The equations of the primitive ma- 
chine itself have three basic forms (trans- 
formable into each other) depending on 
the reference frames assumed. 


1. In the “first” primitive machine all 
axes are stationary in space (or all rotate 
with the same speed). 


2. In the ‘“‘second”’ primitive machine the 
stator axes rotate with a speed different 
from those on the rotor. 


3. In the “polyphase” primitive machine 
only the forward rotating axes are kept and 
the backward axes are ignored. 


On these primitive machines of refer- 
ence 1 a salient pole is assumed on one 
member and asymmetrical windings on 
either the stator or the rotor. (When 
both members have asymmetrical wind- 
ings the analysis requires time harmonics 
and the equations of the primitive ma- 
chine assume more general forms, given 
in reference 2.) : 

Starting with the equations of a primi- 
tive machine for each of the component 
machines, the physical analysis merely 
consists of the establishment of a series of 
transformation matrices C, each showing 
a step in the interconnection of the wind- 
ings into a machine and in the intercon- 
nection of the component machines into 
the resultant system. The final equations 
are found by a manipulation of matrices. 

Although the analysis itself requires no 
visualization of any internal phenomena, 
the resultant equations (either after each 
step or in their final form) give a full, com- 
plete, and clear cut physical picture of 
what goes on inside of each machine. 


Kron—Tensorial Analysis 


The torque on each machine, the effect 
of their saliency, asymmetry, and other 
factors all are incorporated in the compo- 
nent tensors in an unambiguous manner 
to be brought into the open whenever the 
need for them arises. 


The Primitive System 


The system to be analyzed is given in 
Figure 1 (only one of the two phases is 
shown). For analytical purposes it can 
be broken up into five parts (the ‘“‘primi- 
tive” system) shown on Figure 2. 


Ohmic drop exciter. 
Regulating machine. 
Induction motor. 
Transformer. 
Unbalanced load. 


eater ORS bree 


Because of the unbalanced load each 
phase equation will have to be estab- 
lished. However, all machines are sym- 
metrical in structure and much labor may 
be saved in the analysis by assuming first 
a balanced load and setting up the equa- 
tions of only one phase of a balanced 2- 
phase system. Afterward the number of 
equations will be doubled by a routine 
procedure and the unbalanced load added. 

The logical reference frames to be as- 
sumed for the component parts before in- 
terconnection will be as follows. 


1. Stationary frames in the ohmic drop 
exciter and the Scherbius machine. 


2. Frames moving with the rotor in the 
induction motor. 


Since the unbalanced load will require 
stationary frames in the induction-motor 
stator, the foregoing sets of frames will 
be modified after the interconnections 
have been made. 

Each component part of the primitive 
system is itself rather complicated and it 
will be necessary to establish their equa- 
tions by starting with still more primitive 
systems and building up gradually to the 
patel ORS. a os Cs 5 SR Se Pa ES 
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assumed component systems. Since only 
one phase of a polyphase system is con- 
sidered, all primitive machines will be 
special cases of the so-called ‘‘polyphase 
primitive machine’ (reference 1, page 
179). 


The Ohmic Drop Exciter 


The fundamental frequency field im- 
pressed on the slip rings by the induction 
motor stator rotates in opposite direction 
to the exciter so that on the stationary 
brushes slip-frequency voltages are in- 
duced. These voltages are impressed on 
the stator of the regulating machine. 

If the induction motor stator reference 
frame is assumed to rotate with its rotor 
then slip-frequency voltages appear on 
the stator. Similarly if the exciter slip 
rings are assumed to be stationary, the 
voltages impressed on it are also of slip 
frequency. Hence, the exciter may be 
looked upon as a phase shifter changing 
the voltage e,, appearing across the stator 
of the induction motor into the voltages 
€s3 and é,. appearing across the two con- 
trol windings of the regulating machine. 
The matrix of transformation C changing 
€s; may be established in four steps 


1 The primitive machine representing the 
exciter consists of only one layer of winding 
on the rotor. Hence (Figure3qa) the matrix of 
transformation, changing the primitive 
polyphase machine with four windings into 
the exciter with one winding is 


d, 
C, S733] (1) 


This axis may be looked upon as the axis of 
the slip rings expressed along a stationary 
frame. 
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Figure 2 (left). The 
primitive system 


Figure 4 (left). The 


regulating machine 


' 
' 1 
' t 

‘ 


INDUCTION MACHINE 


83 So S$} 


sa +Ls3p Lema? 


the ohmic g) primitive 


Lsmab 


dr 4d, dr 


b) BRUSHES ADDED 


= 
‘= = 


c) INTERCONNECTION 


S| 
uf 


QO) PRIMITIVE b) RESULTANT 


The Regulating Machine 


Its primitive (Figure 4a) consists of 
three stator and one rotor layer of wind- 
ing. Its Zis 


r) 


LmaP 1so+Leob 


Lemp 


Myp 


LismiP LemiP 


tsitLysip 


M,p (6) 


Mi(p—jph) | My(p—jphr) 


2. The presence of the additional two sets 
of brushes at angles B and y on the same 
layer of winding (Figure 3b) may be ex- 
pressed by the transformation i= Ci’ where 


dvaed, d, 


i : 
a-dip ee] @) 
38. The interconnection of the brushes 


(Figure 3c) may be expressed as 1=C,i’ 
where 


(3) 


4. Hence the role of the exciter consists of 
the current transformation t= C,t’ 


ds; dye d, 
CG,=C,C.C; =d, eB | 6B — ly | 1 (4) 


or of the voltage transformation e’ = Cye 


(5) 


giving the voltages impressed on the con- 
trol windings as a function of the voltage 
appearing across the stator of the induction 
motor. With the use of these voltage equa- 
tions the exciter drops out of all future con- 
siderations. If the ratio of the transformer 
isk, then és, would be replaced by kegy. 
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M, (p —Jjp;) 


tnytLn 
(p —I6;) 


The matrix of transformation of the 
actual machine from Figure 4b, showing 
the rotation of a winding and of the 
brushes by 90 degrees and their intercon- 
nection, is 


$3 SS. S) 
ae 


(7) 


The resultant Z,’ is found by C,*ZiC. 


All constants are 1-turn quantities, 
hence the impressed voltages e will have 
to be changed by the turn-ratio matrix. 


(8) 


The Induction Motor 


The Z of its primitive is (Figure 5a) 


Z,=R,+Lop+ Gopo, 


s r 


“| rs+Lsp Mp | 
pata ease Soe 9 
2: M(b—jp) | t-+L,(p—jpee) e 


On both stator and rotor axes rotating 
with the rotor are introduced by 
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s r 
Pal) 


(10) 


cide 


Again as all constants are 1-turn quan- 
tities, the impressed voltages e are 
changed by the turn-ratio matrix 


(11) 


The resultant Z,’ is found by C,*Z,.C+ 
CAL pC. 


The Resultant System 


The two machines are interconnected 
by (Figure 6) 


(12) 


Before interconnection.the Z of the two 
machines is Z,;/+Z,.’ and after intercon- 
nection 


2" =C,(Z,'+Z2')C (13) 


The transient impedance tensor of the 
polyphase system with a balanced load 
Z,, is then 


S3 So 
Tes+Ls3(b+j p02) Lm2(P+JP9) 
Lymo( P+ p82) a+ Lso(p+jpar) 


Steady-State Equivalent Circuit 


During steady state the frequency of 
currents in all axes is of slip frequency 
s=1—v. Hence in the transient poly- 
phase Zall p become jsw and all p§ become 
vw. If also the frequency tensor n is in- 
troduced changing all actual current in 
the windings to the same frequency 


$3 So S| S84 
s3} 1/s 
S| IGS 
n= 1 
Ss) 1/s v2) 
S4 1 


the resultant impedance tensor is 


$3 So 


53 ee IX sme 


. Yr, . 
4 — +X 


nZ’=s 


The equivalent circuit is shown in Fig- 
ure 7. It automatically splits into two in- 
dependent networks, the first one giving 
the voltage E generated in the rotor cir- 
cuit of the regulator, the second giving the 


Ss) S4 


«4 Mp, = M,p6, 


The impressed voltage vector is 
$3 So 


at | bE tes ite) 
$3 


Ns 


and the current vector is 


$3 $2 Ss) $4 
I= (16) 


where 7 and e represent actual machine 
quantities and J and E£ represent quanti- 
ties reduced to one turn, stich that 
F e 
T=in and E=- (17) 
n 
The transient equations of the poly- 


phase system are then E=Z"J. 
Two cases will be considered. 


1. The steady-state equations without any 
outside load. 


2. The transient equations with an un- 
balanced outside load. 
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tattattrtlyjpA — M2(p+jp62) 
+ (Isit-lnt+Lr) (P+jPm%) 
— Mop PeatLeaptZy 
(14) 
Ss} $4 
| (15) 
induction motor performance. As usual 


the torques on the individual machine 
are given by watt inputs into the rotor 
circuits. 


Torque; =real of [°'E,*s/% 
Torque, =real of/*'E,* 


Effect of Unbalanced Load 


In introducing an unbalanced load, sev- 
eral steps will be necessary to change the 
transient Z of equation 14. 


1. Since the load is connected to the 
stationary stator axes of the induction 
motor, while the equations have been estab- 
lished for rotating axes, it will be necessary 
to change the latter. In order to avoid the 
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appearance of expressions such as e? in the 
new Z, it will be advantageous to rotate all 
four axes of the system by the same angle 0, 
with the matrix of transformation 


(20) 


The effect of the C is to change all p in 
equation 14 to p—jpH. The steady-state 
equations (19) and the equivalent circuit 
of Figure 7 remain unchanged. 

2. The complex quantities are changed to 
real quantities and the number of variables 
are doubled by the following transformations 
(reference 1, page 179). 


Ss} $4 


Talinnrs Tr... (19) 
cen =F eae Se. aie 
‘ —jXm2 
ey : y Xr 
Ss 
=i m2 sat JX oa 
(a). ¢=0'+ ji" 
(b). e=e'+ je” 
(c). garhjne ba (21) 
546 ne 


That is each element of the transient im- 
pedance matrix Z of equation 14 is replaced 
by four elements, thereby doubling its 
number of rows and columns. Now, for 
instance, es,’ is the impressed voltage on 
one of the phases and es,” is impressed on 
the other. 


3. When an unbalanced load Z’ and Z” 
(where each Z=R+Lp+1/Cp) is put in 
series with the stator of the induction motor 
(Figure 1) then the impressed voltage on 
axis s, is no longer Eg,’ and Es,” as shown in 
equation 15 but Ea and Eg where 


Ee =a! +12" 

Eg=Egs"+Ig4"Z" 

and where now Eg is the difference of po- 
tential appearing across the stator winding 
of the induction moter. On the other hand 
the voltages impressed across the two con- 
trol windings s; and s, are still functions of 


Eg, as in equation 15. 
It is possible to change Ey in all compo- 


= , eS 


b) MOVING AXES 
The induction machine 


a) PRIMITIVE 
Figure 5. 
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Figure 6. System 
to be analyzed 


O53 = Cs4 ene os ed 
Cs2* Css (<8 e”)¢ 3 igs 


nents of the impressed voltage vector to Ee 
and Fg with the aid of equation 22. Its 
effect is to add additional terms to Z in the 
columns of Js, and rows of so and 5». 


Figure 7 (right). 
Steady-state equiva- i : 
lent circuit -jg¢%Xn 1X3 a 


Figure 8. Resultant transient equations 


ee ‘(Eq cos B+ Eg sin aye. (— Eg sin B+ Eg cos 8) k!-[Ea(cos B—cos y)+ ee ‘[Ea(sin y—cos B)+ 
N33 Ns 32 


+ E,(sin B—sin y)] +Eg(cos B—cos y)] 


pe cos BZ’ 


S83 


Lsmop62 


Ns . 
k— sin BZ” 
Ne 


Ns. nN; 
=f pee LP a sin BZ’ on cos BZ" 


Ns ? N34). : ” 
Tt+-Lsop Loe i (cos B— cos y)Z che (sin y— sin B)Z 


= L262 


P+Lsop 


1p. 
ate L, iphr 


pte (sin y— sin B)Z’ 
nN 2 


eee (cos B— cos y)Z"” 
N 2 


r+lp lp0.+l appr 


r+lp 


—1p02—1,i pb, r+ip 


Path AZ’ 


Effect of Saturation 


If saturation in the induction motor is- 


considered, two additional steps may be 
made. 


1. The rotor current J*! may be replaced 
by the magnetizing current J?=/*!1—J“™ 
(since I?My» represents the air-gap flux yy) 
by the following transformation matrix: 


and find E=ZI=ZCI'. 
voltages E are not transformed. 


The impressed 


2. An additional variable ¥g= MI, may be 
introduced, representing the air-gap flux. 
Its effect is to add two additional columns 
to the Z matrix. 
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The equations may be simplified further 
by two steps. 


38. Is is replaced by a new 


variable 
Iy=Ig+tIs3 analogously to the previous 
step 
83 , 83 ” mM’ mM’ 
(24) 


4. The leakage reactances of the stator 
windings of the Scherbius machine are 
neglected, so that Ls33=Ls,=Lsmp. 


The Transient Equations. 
The resultant transient equations E= 


ZI to be put on the differential analyzer 
are shown as Figure 8, where ; 
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rutlsp+Z” 


r=fattattr 


and 


l=latlatls 
Yo’ =I,'’Me 
Vo" =I, "Me 
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Two-Stage Rototrol for Low-Energy 


Regulating Systems 


A. W. KIMBALL 


ASSOCIATE AIEE 


Synopsis: The fundamental principles of 
operation and application of Rototrols have 
been discussed in a number of papers and 
publications. These have dealt with a unit 
having only one stage of amplification of the 
control energy. Such machines have been 
applied widely during the last 15 years with 
excellent results. Recently a few applica- 
tions have arisen in which the control energy 
available was too small to provide satis- 
factory regulation. The use of a second unit 
operating as a control energy amplifier was 
then needed. The development of the 
2-stage Rototrol permits the use of only one 
machine in such applications. The simplest 
construction of this machine is a 4-pole 
design. It is a normal generator except for 
_ the field coils and armature connections. 
With such modifications this paper shows 
that the machine may be considered as 
three generators superimposed on one 
another. The output of only two of these 
is used in the machine under consideration. 
The analysis of operation and means of com- 
pensation for the resulting reactions are 
given. Tests of two designs show that high 
sensitivity and speed of response were ob- 
tained. It is concluded that the develop- 
ment of this machine provided a generating 
element for Rototrol systems which requires 
an extremely low value of control energy. 


HE first installations using rotating 

machines to perform regulating or 
control functions were made by Westing- 
house about 15 years ago. Some time 
later the generators of this type together 
with their associated circuits were called 
Rototrols. The name was coined using the 
first and last portions of the two words 
which described the system, namely, “‘ro- 
tating” and “control.’”’ Their perform- 
ance was so satisfactory that their use 
now has expanded into nearly all indus- 
tries employing electric machines. 


In order to perform the function of reg- 
ulating or controlling a system, it is neces- 
sary to measure the output obtained and 
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compare this to some predetermined 
standard or pattern. The control means 
then must provide the necessary action to 
correct the output when any deviation 
from the pattern occurs. It also must re- 
move any such action when the correct 
output is obtained. These intelligences 
are introduced into a Rototrol generator 
by means of windings on the field poles. 
When the comparison between the output 
and the pattern is: made inside the ma- 
chine separate windings are used for each 
intelligence. These are then called pilot 
and pattern fields, respectively. When 
the comparison is made external to the 
machine only one field then is required 
and it is called a control field. Thus, when 
the output does not match the pattern, a 
net excitation will exist which is used to 
initiate the required correction. Also, 
when the output is correct there is no net 
excitation resulting from the control 
energy and therefore no action is initi- 
ated. 

The pilot and pattern intelligences pro- 
vide a means of causing the Rototrol to 
change its output. However, since they 
neutralize each other when the correct 
output is obtained, some other means is 
needed to maintain the output at_this 
value. This is accomplished by a self- 
energizing field. It may be of the shunt 
or series type or a combination of both. 
In any case, the self-energizing field is so 
designed and adjusted that it is of just 
sufficient strength to supply the excita- 
tion necessary to generate sufficient volt- 
age to sustain itself. This can only be 
true over the range in which the satura- 
tion curve is essentially a straight line 
and operation of these machines therefore 
usually is limited to the air gap portion of 
the saturation curve. 

The foregoing is a brief statement of the 
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fundamental principles used in the usual 
design of Rototrols. Some systems re- 
quire deviations from them to obtain par- 
ticular characteristics. For instance, 
some applications may require a Rototrol 
output proportional to the control en- 
ergy. In this case, only partial or no self- 
excitation might be used. A number of 
papers and publications have been pre- 
sented discussing the fundamental princi- 
ples of operation and application of this 
type of control.” In general, Rototrol 
generators of this type employ standard 
parts in all respects except the field coils 
and, in some cases, special materials or 
treatments in the poles and frames. This 
class of Rototrols has been used for a wide 
variety of applications with very satis- 
factory results. 

Recently a few applications have arisen 
in which the control energy available was 
too small to utilize effectively in the stand- 
ard industrial Rototrols and additional 
amplifying means were necessary. For 
some applications the most satisfactory 
solution has been to use electronic equip- 
ment to amplify the control energy and 
also provide regulating and antihunting 
features while the output of the electronic 
system provides the control input for the 
Rototrol. For certain other extreme ap- 
plications two Rototrol units are oper- 
ated in cascade forming a very simple and 
satisfactory solution. This paper de- 
scribes a third method of handling regu- 
lating problems involving low control 
energy, namely, the design of a single 2- 
stage Rototrol which will give results 
similar to tandem or cascaded systems. 

The simplest machine of this type, and 
therefore the one chosen for analysis, is a 
4-pole design having a 4-pole multiple 
armature winding without equalizer con- 
nections. The stator is the same as that 
of a standard 4-pole generator except that 
no brush arm cross connections are used 


Paper 47-262, recommended by the AIEE rotating 
machinery committee and approved by the AIEE 
technical program committee for presentation at 
the AIEE Midwest general meeting, Chicago, IIl., 
November 3-7, 1947. Manuscript submitted 
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Fundamental electric and magnetic 
construction 


Figure 1. 


and the field windings are connected in 
an unusual manner. 

It is well known, and will be demon- 
strated, that if the main poles of a genera- 
tor having a multiple wound armature 
have unequal field strengths then differ- 
ences of potential are set up which cause 
currents to flow in the armature winding 
and balance the flux from all poles. Be- 
fore equalizers were invented, the correct- 
ing currents flowed through the brushes 
and brush holder cross connections. 

This condition is set up deliberately in 
the 2-stage Rototrol. The two north 
poles, P; and P; in Figure 1 for example, 
are unbalanced by the flow of current in 
the control coils which are on these poles 
only and so connected that one pole is in- 
creased and the other weakened. If 
brushes B, and B; were connected to- 
gether heavy currents would start to 
flow from one brush to the other. In the 
2-stage Rototrol we open this cross con- 
nection and this circulating current is 
made to flow through exciting windings on 
all main poles. These coils are deployed 
so as to build up the voltage of the gener- 
ator in the usual manner and form the ex- 
citation circuit of the second stage. Since 
their function is to force the voltage to 
build up in the second stage we call them 
“forcing coils.” 

If nothing further were done the circu- 
lating current flowing through the arma- 
ture and the forcing coils would produce 
a corrective magnetomotive force which 
would balance the excitation from the con- 
trol coils. This is undesirable and con- 
sequently other windings called compen- 
sating and opposing windings are added 
to the machine. It should be understood 
that these windings play no functional 
part in this machine but are only correc- 
tive. 

The compensating coils are located on 
the same axis as the armature magneto- 
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motive force and carry the same current 
which sets it up. Since they oppose it 
they are truly compensating coils. 

The opposition coils also are located on 
the axis of the magnetomotive force but 
they are excited by the current produced 
by it and its resulting flux. In this man- 
ner they tend to suppress the magneto- 
motive force, but cannot completely do so 
because their excitation is dependent upon 
the existence of it and its resulting flux. 

It should be understood that the brush 
holder cross connection between B, and 
B; and that between B, and By, are con- 
nections between points of equal poten- 
tial and are not short-circuiting connec- 
tions. The mid points of these connec- 
tions are used as the output terminals of 
the armature of the second stage. The 
main field coils of this stage whether 
shunt or series are connected in the nor- 
mal fashion and the machine terminals 
connected to its load. This is, of course, 
the field of the machine which it is used 
to excite. 


Fundamental Principle 


It has been stated that if the poles of a 
generator, having a multiple wound arma- 
ture, have unequal field strengths dif- 
ferences of potential are set up in the ar- 
mature. This can be demonstrated by 
setting up the equations for the voltage 
generated. : 

Figure 1 illustrates a machine of this 
type. The armature conductors shown 
outside the armature circle represent the 
conductors in the top of the slots and 
those inside represent those in the bot- 
tom of the slots. In writing the equations 
for the voltage generated between the 
brushes, the polarity of the flux must be 
considered since conductors under a south 
pole will have a voltage generated in 
them opposite to that generated in the 
same conductors when under a north pole. 
Also, whether the particular conductors 
cutting this flux are top coil sides or bot- 
tom coil sides must be considered, because 
like voltages in one coil would oppose and 


result in no net voltage. For example, 
if two adjacent poles were both north and 
of equal strength then no net voltage 
would be generated in an armature coil 
whose sides lie under these poles even 
though a voltage would be generated in 
each coil side. If a constant K is used to 
represent the physical properties of the 
machine including the speed of rotation, 
then its sign can be changed when chang- 
ing from a top to a bottom coil side. Thus 
if the sign of @ and K are both taken as 
positive when @¢ is north pole flux and 
conductors are top coil side, then we can 
write the following equations: 


E,=(+K)(+¢1)+(—K)(—¢2) 


=+K(¢:+ ¢2) 
E,=(+K)(—¢2)+(—K)(+¢s) 
= — K(¢2+¢s) 
E;=(+K)(+¢s)+(—K)(—¢s) 
“=+K(bs+¢1) 
E,=(+K)(—¢1) +(—K) (+41) 
= —K(¢s+¢1) 
where 


_ rpm X total armature conductors X poles 
armature circuits X 108 X60 


K 


¢@=flux in lines 


The voltage existing between brushes By 


and B; therefore becomes 


E,+ F,=K(¢it¢2—¢2—¢3) 
= K(¢:— 43) 


Also the voltage existing between 
brushes B, and By becomes 


FE, +E; = K(—¢2—¢3t+ ost.) 
= K(¢i— $2) 


Thus the voltage between brushes B, 
and Bz is dependent on the strength of 
poles P, and P; only and not affected by 
poles P, and Py. Likewise, the voltage 
between brushes B, and By, is dependent 
on the strength of poles P; and P, and not 
affected by poles P; and P3. This char- 
acteristic therefore provides a means 
whereby two independent generators may 
be superimposed on the original one. 
These three generators are 


1. Poles P; and P; and their brush arms 
B, and B;. 


CONTROL INTELLIGENCE FIRST STAGE 
INPUT CONTROL COILS - POLES P,&P3 ONLY 


Figure 2. Fundamental circuit 
diagram 
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B3 


~——LOAD CURRENT 
=-——-CIRCULATING CURRENT 
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Ss 


2. Poles P, and P, and their brush arms 
Be and By. 


3. Poles P, Ps, P3, and Ps with brush arms 
By, Ba, Bs, and By. 


Thus three stages of amplification could 
be obtained from one machine by prop- 
erly exciting the first generator using its 
output to excite the second, which in turn 
excites the third. 

Nearly all Rototrol systems operate on 
the tuned or balanced self-excited princi- 
ple and the only function of the input in- 
telligence is to control the output. The 
number of stages needed therefore de- 
pends on the amount of control energy 
available and the output required. Three 
stages are available in this unit if future 
applications should become such that 
additional amplification is needed. This 
discussion, however, is being limited to 
the 2-stage combination. 

The fundamental windings used in 
such a design are illustrated diagrammati- 
cally in Figure 2. The control intelli- 
gence is used to excite coils on poles P; 
and P;. These coils are so connected as 
to produce north-pole excitation on one 
pole and south-pole excitation on the 
other. The flux thus produced causes a 
voltage to be generated between brushes 
B, and Bs; which is used to excite coils 
on all four poles. 

These are the control coils for the ‘sec- 
ond or output stage of the Rototrol. 
They are divided into two sections, con- 
sisting of half the total turns on each pole 
in each section. The sections are then 
connected as shown, one half in series 
with brush B; and the other half in series 
with brush B3;. The common point of 
connection of these section forms one 
terminal for the output stage. The con- 
nection is made in this manner in order to 
neutralize any effect of the output cur- 
rent. That is, current flowing from B, to 
B, will make all these coils cumulative. 
However, load current flowing from both 
B, and B; and through the output circuit 
of the Rototrol will produce excitation on 
one section cumulative and in the other 
differential. Since each section consists 
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Figure 3. Distribution of cur- 
rent in armature coils 


A—With current in brushes 
BiB; 
B—With current 
BB, 


in brushes 


of an equal number of turns on each pole 
the coils neutralize each other resulting in 
no net excitation. The second or output 
stage consisting of all poles and all 
brushes is self-excited in the normal man- 
ner. This diagram illustrates the series 
type of self-excitation although the shunt 
type can be used if desired. The output 
circuit and the self-excitation is so de- 
signed as to be self-sustaining in the usual 
manner. That is, since the operation of 
Rototrols usually is limited to the straight 
line or air gap portion of the saturation 
curve, the self-excitation is so designed 
that the line representing it is coincident 
with the air gap line. In this manner the 
Rototrol thus is made capable of supply- 
ing sufficient excitation to itself to main- 
tain its output at any point on the straight 
portion ofits saturation curve. The func- 
tion of its control coils is thus limited to 
providing the means of causing the Roto- 
trol to operate at a given output or to 
change from one condition of output to 
another as required in the operation of the 
system being controlled. 


- 


Armature Reactions 


The flow of current in an armature 
winding produces a magnetomotive force, 


- usually called the armature reaction. This 


machine also produces these forces in the 
normal manner when output current is 


drawn. However, an unusual armature 
reaction occurs when the load current is 
zero but internal circulating currents are 
flowing. If we excite the control coils and 
connect between brushes B, and B3, leav- 
ing brushes B, and By open, a current will 
flow through the armature and this con- 
nection. The distribution of this current 
in the armature is shown in Figure 34. 
Only sufficient portions of the armature 
end turns are shown so that the winding 
can be traced. For analysis then, if the 
first stage control coils are excited by cur- 
rent J, a flux is produced in poles P; and 
P;. With clockwise rotation of the arma- 
ture this produces a circulating current 
Iz,z3. This current flows in the top and 
bottom coil sides as shown by the arrow 
points and tails. Note that the current 
under P, is flowing into the figure and that 
under P3 is flowing out of the figure in 
both the top and bottom coil sides. Also 
note that under poles P2 and P4, the cur- 
rent flow in the top coil sides is the oppo- 
site to that in the bottom coil sides. Thus 
the current flow in half of the armature 
winding is such as to produce a magneto- 
motive force in line with the axis of poles 
P,and P, and that in the remainder neu- 
tralizes itself. 

The magnetomotive force thus pro- 
duced is indicated as M, and it will result 
in a flux ¢2 in poles P, and Py. A voltage 
then is generated between brushes B, and 
By. With these connected a current 
Ip. 2, then will circulate through the arma- 
ture winding. Its distribution is shown 
in Figure 3B. Note that now the current 
under P, is flowing into the figure and 
that under P, is flowing out of the figure 
in both the top and bottom coil sides. 
Also note that under poles P; and P3; the 
currents flow opposite each other in the 
top and bottom coil sidesand thus neutral- 
ize. A magnetomotive force M: in line 
with the axis of poles P; and P; thus is 
produced which opposes the magnetomo- 
tive force of the control coils. Thus with 


CONTROL COIL 
INPUT 


COIL DESIGNATIONS 


1-M; COMPENSATING COILS-ON POLES P2AND Fy 
ISATING COILS -ONPOLES P, AND P3 


Figure 4. Diagram 
of coil connections §SHUN 
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2M2 
-3.M\ OPPOSITION COILS -ON POLES P2 AND P. 
OR SECOND STAGE-ON ALL POLES 
4 CONTROL COLS FO EXCITATION FOR SECOND STAGE—ON ALL POLES 
T TYPE SELF EXCITATIONFOR SECOND STAGE-ON ALL POLES 
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the brush arms cross connected in the nor- 
mal manner and no provision made to op- 
pose these reactions Is,s, and Ip, 
would reach such values that M2 would be 
less than the excitation of the control coils 
by just a sufficient amount to maintain 
the flow of currents Jp,2; and Iz._,. This 
would result in a very inefficient use of the 
control field energy. 


Control of the Armature Reactions 


Several means may be used to reduce 
the magnitude of M, and thus increase 
the output of the first stage. Some of 
these are as follows: 


1. Resistance connected between Bz and 
B,. This is effective but results in an un- 
necessary loss of power in the output of the 
second stage of the Rototrol since it would 
have to carry its output current. 


2. Opposition coils. These coils are 
mounted on poles P2 and P, and are excited 
by current Js,8, such that their magneto- 
motive force opposes M;. Such windings 
only partially can neutralize M, since it is 
the initial force which causes their exciting 
current [528, to flow. However, increasing 
the number of turns in these coils results in 
a decrease in the magnitude of Mj. 


3. Compensating coils. Compensating 
coils of either the pele face type or concen- 
trated pole type may be used. Those of the 
latter type are simpler and may be mounted 
on poles P2 and Ps, carry current [2B3, 
and oppose M; or they may be mounted on 
poles P,P;, carry current J2,B,, and oppose 
M;. This type of correction is most effi- 
cient from the standpoint of coil space. It 
can be made practically 100 per cent 
effective. 


Fundamental Circuit 


Figure 4 is a diagram showing the con- 
nections of all coils which might be used 
in this type of machine. - If a design using 
only eppositions as a means of controlling 


Figure 5. Armature current distribution with 
current in both armature circuits B, B,; and 


B; By 
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M, and Mz is to be used, when coils land 
2 would be omitted. Likewise, if the de- 
sign is to have compensation for M; only, 
then coils 1 and 3 would be omitted. Tests 
to date indicate that. a design having ap- 
proximately 90 per cent compensation for 
M, and M; in coils 1 and 2, respectively, 
and coils 3 opposing M, with approxi- 
mately 65 per cent of the effective arma- 
ture turns per pole give a minimum total 
coil space consistent with satisfactory 
operation. 

Self-excitation of the series or shunt 
type may be used in the second stage, as 
stated previously. Sometimes both are 
used, This usually occurs when series ex- 
citation is preferred and the output cur- 
rent is high. Under these conditions the 
tuning resistor would be large and there- 
fore undesirable. Slightly less than the 
full amount of series excitation required 
to produce a tuned output circuit there- 
fore is used and a shunt field added. The 
remainder of the excitation needed is sup- 


Figure 6. | Commutating coil 
connections and directions of 
magnetomotive forces 


A—With circulating current 
out B, and in B,, also out B, 
in B, with O load current 
B—Circulating current O and 
load current going in B, and B; 
and out B, and By 


plied by this field and all adjustments 
made with its rheostat. 


Commutation 


The method of analyzing the commuta- 
tion of machines of this type differs from 
that in standard multiple wound genera- 
tors because the current distribution in the 


armatureand between the brush arms does 


not bear a fixed relation for all conditions 
of operation. That is, the currents in the 
armature and from the brush arms are 
practically balanced when the control 
coil excitation is zero. However, when 
the output current of the Rototrol is zero 
and thecontrol coil is excited, a circulating 
current of perhaps as much as 25 to 50 
per cent normal may be flowing in the 
B,B; circuit and some other amount in the 
B.B, circuits. For the purpose of the 
analysis, assume the currents in B,B; and 
B.By, circuits to be of the same magnitude 
and the load current zero. The resultant 
current distribution in the armature is 
then as shown in Figure 5. Thus the en- 


Kimball—Two-Stage Rototrol 


(A) 


tire armature then produces a magneto- 
motive force in the axis located in the 
netural zones between poles PiP, and 
poles P,P; but none in the other two neu- 
tral zones. The problem then becomes 
one of producing commutating coils and 
their connections which will result in the 
correct polarities of poles and correct pole 
strengths to meet this condition as well as 
that occurring when only output current 
is flowing. 

The diagrams shown in Figure 6 illus- 
trate the system used. Each commutat- 
ing pole has four coils mounted on it. The 
two shown next to the armature are dupli- 
cates and the two on the outside are also 
duplicates. The two pairs, however, do 
not have the same number of turns. The 
coils next to the armature have 150 per 
cent of the turns required to balance the 
normal armature reaction obtained with 
balanced output current plus the turns 
required to produce the commutating 
flux. The coils on the outside have 50 per 


(B) 


cent of the turns required to balance the 
normat armature reaction obtained with 
balanced currents, The direction of flux 
produced in these coils by circulating cur- 
rents only is shown in Figure 6A. Note 
that all coils are excited such that no net 
excitation exists in the zone between main 
poles P, and P, and in the opposite zone 
between P3; and P, while all coils in the 
other two zones are such as to oppose the 
armature reactions as shown in Figure 5. 
The balanced or load current condition 
existing when the control flux is zero is 
shown in Figure 6B. In this case normal 
interpole strength and polarity is obtained 
since the outer coils oppose the inner coils 
in each case, thus producing the correct 
net turns needed to balance the armature 
reaction. 


Performance 


Two general designs of this class of 
machines were built to supply the excita- 
tion to and regulate the voltage of a 1,250- 
kw 3-phase 1,200-rpm a-c generator. One 
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of these had no M,; or M2 compensation 
coils, but reduced M, by opposition coils 
mounted on the poles Pz, and Py. These 
coils had approximately 165 per cent of 
the effective armature turns. The other 
design had coils with turns for approxi- 
mately 90 per cent compensation for MM, 
and M; and approximately 60 per cent MM, 
opposition. The turns required in the 
output of the first stage to control the 
second stage were much greater on the 
first design than on the second. The per- 
formance of both designs was satisfactory 
and practically identical. The Rototrol 
output required for proper performance 
of the systent varied from 1.8 kw to 10.8 
kw. This range was covered with a maxi- 
mum steady state control coil input of 
0.01 watt which was equivalent to a sensi- 
tivity of one-half of one per cent. The 
speed of response was such that, with a 
disturbance of 50 per cent rated load sud- 
denly applied, the system returned to 
the specified limits of within +3 per cent 
rated value in 0.4 to 0.5 second. 

Another application of a similar design 
was used to reverse a 1,500-kw 675-volt 
d-c generator. In this case, the Rototrol 
reached its reversed ceiling voltage in 0.25 
second, the main generator voltage re- 
duced to zero in 0.44 second, built up to 
90 per cent reversed voltage in 1 second, 
and reached full reversed voltage in 1.30 
seconds. This operation was obtained 
without overshoot. A replot of an oscillo- 
gram of this operation is shown in Figure 


fe 
Discussion 


The 2-stage Rototrol of this type is 
structurally very similar to standard 
machines. Its armature core, commuta- 
tor, brackets, brushes and brush rigging, 
poles, air gaps, and frame are of normal 
construction. When the values of con- 
trol energy available are low, it is neces- 


Figure 7. Transcribed oscillo- 


gram of reversal performance of 
1,500-kw 675-volt d-c gen- 
erator 


sary to use special processes in the manu- 
facture of the poles and frame to reduce 
the residual magnetism. 

The use of laminated frames, where re- 
quired, permits a higher speed of response. 

The brush position is no more sensitive 
than on normal machines. A shift of one 
bar each side of neutral was made experi- 
mentally on a design having 35 slots and 
105 commutator bars. This changed the 
tuning of the output circuit slightly but 
the commutation and performance was 
still satisfactory. 

No application has been made to date 
using more than a 2-stage design. How- 
ever, laboratory tests have been made 
with a 3-stage design in which the control 
energy is amplified twice before using it 
to control the output stage. This unit 
was not as inherently stable-as the 2- 
stage unit, probably due to the high am- 
plification and the time delay due to the 
additional stage. 


Conclusion 


This design of Rototrol provides a 
means of amplifying the control energy 
and thus permits the application of a 
single unit in systems having limited con- 
trol energy. As much as three stages can 
be obtained from a 4-pole machine. More 


stages could be obtained by increasing the 
number of poles and providing the proper 
field winding. 

The future of this type machine appears 
to be quite good as the existence of three 
generators in one set of parts will prob- 
ably permit more items of intelligence to 
be introduced into a system with only one 
generator. Another future development 
may be the production of the Rototrol 
and main generator in d-c systems com- 
bined in one unit. 
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Resynchronizing of Generators 


C. CONCORDIA 


FELLOW AIEE 


HE DESIGN of an electric power 

system ordinarily involves the deter- 
mination of the power limits of stable gen- 
erator operation both in the steady state 
and as affected by faults. In the usual 
stability study, the criterion of proper 
operation is that the generator shall not 
lose synchronism under the most severe 
fault that reasonably can be expected. 
Moreover, the generators, if possible, 
should be so chosen and so located that 
any one generator may be lost, if this be- 
comes unavoidable, without an intoler- 
able system disturbance. However, with 
almost all generators loaded to capacity, 
so that loss of a generator is to be avoided 
if at all possible, it becomes of interest to 
know whether a generator may not resyn- 
chronize spontaneously following a fault 
during which it has slipped one or more 
pole pairs, even though with the ordinary 
criterion it would be considered that the 
system is unstable and that the generator 
should be tripped off the line. Two ques- 
tions are then to be answered: first, how 
large can the system impedance (that is, 
the impedance to a point of maintained 
voltage as viewed from the generator 
terminals) be for spontaneous resynchro- 
nization, and second, if synchronism is 
likely to be lost what is the best way in 
which to relay the machine? 

A related problem is the loss of field 
excitation,!? as may be caused either by 
field or exciter short circuit or by acciden- 
tal opening of the field switch. If excita- 
tion cannot be re-established, there is of 
course no possibility of resynchronizing, 
so the machine should be tripped off the 
line as soon as feasible. It thus becomes 
of interest to determine the machine char- 
acteristics following loss of field with the 
object of obtaining the surest indication 
of when to trip the machine. In particu- 
lar, use of a distance relay has been pro- 
posed and it therefore becomes necessary 
to determine the variation of equivalent 
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-do not change with rotor position. 


M. TEMOSHOK 


NONMEMBER AIEE 


generator impedance during these disturb- 
ances. 

To determine the effects of the variables 
influencing the ability to resynchronize a 
generator after it has lost synchronism 
following a 3-phase short circuit, with sub- 
sequent clearing, is one purpose of this 
paper. A second purpose is to study the 
condition of generator loss of field un- 
der load. 

Upon sustained short circuit or loss of 
load, a turbogenerator will increase its 
speed above synchronous to a slip contin- 
gent on the turbine speed governor char- 
acteristics. The rate of change of slip is 
determined by the initial loading, genera- 
tor constants, inertia of the turbine-gen- 
erator set, regulator response, and gover- 
nor characteristics. 

Loss of field with a generator under 
load ahd tied in with a system results in a 
speed increase of the set, depending on the 
initial loading, generator constants, and 
impedance of the system connected to 
the generator. The rate of change of slip 
for a given load depends upon the inertia 
of the turbine-generator set, regulator re- 
sponse, and governor characteristics. 


Assumptions 


1. The generator is a round-rotor machine 
with two amortisseur circuits in each axis, 
direct and quadrature, and with a field cir- 
cuit in the direct axis for excitation, 
Mutual reactances between rotor circuits 
The 
two amortisseur circuits in each axis have 
been chosen to represent as well as possible 
the solid-rotor eddy current characteristics 
of a typical turbogenerator. 


2. Effects of saturation and hysteresis are 
neglected. 


8. Voltage regulator and exciter time lags 
are assumed to be zero. 


4, The generator terminals are connected 
to an equivalent system impedance which 
terminates in an infinite bus. 


5. The system resistance is assumed to be 
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one of two values, either 10 per cent or 15 
per cent of the system reactance. 


6. The system electrical time constant is 
assumed to be so much smaller than the 
generator time constants that on clearing 
of faults from the 3-phase short-circuit con- 
dition, the system currents instantaneously. 
become equal to the generator armature 
currents. 


7, All phase currents are assumed to be 
interrupted simultaneously on clearing of 
the three-phase fault. 


Method of Solution 


The General Electric Company differ- 
ential analyzer was used for the study. It 
was possible to set up the machine equa- 
tions and observe the stator currents and 
voltages, governor action, and field cur- 
rent. In addition the rotor position and 
rate of change in speed could be viewed. 
Voltage regulator action, rotor inertia, 
and speed governor time constant were 
varied. Effects on rotor acceleration of 
load torque, governor torque, and electri- 
cal torque could be viewed. 

Output plots were made of direct- and 
quadrature-axis stator currents versus 
time; rotor angular displacement and 
rate of displacement versus time; and 
rate of displacement versus displacement. 
Readings were taken of field current to 
allow an accurate plot of field current ver- 
sus time. 


Conclusions 


ile Resynchronization from the most un- 
favorable angle and with the maximum load 
considered is benefited largely by two fac- 
tors 


(a). Small system impedance after the generator 
is cleared. 


(b). Small inertia of turbine-generator set. 


2. Other factors favoring resynchroniza- 
tion to some degree are ; 


(a). Voltage regulator action. 
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C. M=2,667, T,=1/2 second, rr=normal, Z;=0.030+j0.20 per unit 


(6). Large speed governor time constant. 
(c). Small slip at time of fault clearing. - 


3. For a given system and load, resyn- 
chronization is determined principally by 
the machine angle at which fault clearing 
occurs. 


4. The system reactance with which 
spontaneous resynchronization can occur 
varies from 10 per cent to 30 per cent, de- 
pending upon voltage regulator action, rotor 
inertia, and speed governor time lag. The 
results agree in order of magnitude with 
those presented in reference 6. 


Figure 2. Effect of the initial load on the 
slip on loss of field with the generator having 
slip-torque relation illustrated by Figure 10 


Machine characteristics: M=4,000, T,=1/2 second, Z,=0.015+ B 


j0.10 per unit 
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A. Initial load and torque =0.85 per unit 


Figure 1. Effect of machine characteristics on 
generator slip following loss of field 


Generator initially supplying 0.85 per unit 
load at 0.85 power factor 


5. Voltage regulator action enabled resyn- 
chronizing on a system with impedance ap- 
proximately 5 per cent (on the machine base) 
larger than with no regulator action. 


6. Resynchronizing from 6.9 per cent slip 
after 1.5 seconds of fault application oc- 
curred with the same degree of ease as 
resynchronizing from 2.8 per cent slip after 
0.5 second. 
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unit 


7. Out-of-step performance of a generator 
on loss of field can be predicted from the 
steady state slip—torque curve of the ma- 
chine. 


8. Distance relay settings can be deter- 
mined for out-of-step operation due to loss 
of field and stator 3-phase short circuits, by 
viewing the equivalent generator imped- 
ance from the time of fault to the final 
conditions. 


Discussion of Results 


Loss OF FIELD 


With loss of field, resulting from short- 
circuiting across the generator slip rings 


Initial load and torque =1.00 per unit 
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Figure 5. 


Short-circuit currents in direct and quadrature axes on application of 3-phase 


short-circuit fault with initial loading of 0.85 per unit 


curve of Figure 10, the load torque was 
increased from 0.85 per unit to 1.0 per 
unit, theslip increased and the load torque 
supplied by the generator decreased to 
about one half.of the initial value. Figure 
2B illustrates the rotor slip versus time. 
The unsymmetrical variations are due to 
the natural frequency hunting of the set. 

Comparison of Figures 2A and 2B 
shows that near the hump of the slip 
torque curve (Figure 10), a slight increase 
in load, keeping all other factors constant, 
can result in a change from a condition 
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Figure 6. Direct- 
and quadrature-axes 
armature currents 
after clearing of 3- 


Pope 


of close to normal operation to one of 
fairly large system disturbances. 

The effects on rotor acceleration due to 
loss of field, set inertia, governor time con- 
stant, and field time constant are illus- 
trated by Figure 1. An appreciable time 
of from five to seven seconds exists in 
each case before violent out-of-step phe- 
nomena occur. 

The equivalent impedance of the gener- 
ator on loss of field as viewed from the gen- 
erator terminals is illustrated in Figure 3. 
With the aid of this information a dis- 
tance type relay can be set to act on the 
faulted condition. 


Three-Phase Short Circuit and 
Clearing of Fault 


Since rotor angle at the time of fault 
clearing is one of the most important fac- 
tors in resynchronizing, but is also the 
most difficult to control in practical op- 
eration, concentrated study was made 
with the rotor angle 6 the most unfavor- 
able, that is, 180 degrees or 360 degrees X 
n+180 degrees. This is the time the 
rotor is entering the motor region and 
is being given an additional acceleration.® 

In most of the cases studied, the load 
and system impedance before the fault 
remained the same after clearing of the 
fault. Ifasystem line was tripped during 
fault clearing the generator would be sup- 
plying a different power factor load to a 
new system. Ina comparison of two gen- 
erators clearing on a system of impedance 
0.030+-70.20 (per unit), one with a sys- 
tem impedance of zero before the fault, 
resynchronized; the other, which was 
feeding a system of 0.030+-70.20 (per unit) 
impedance before the fault, did not resyn- 
chronize. Basically this difference in per- 
formance is produced by the difference in 
system voltage for the two cases com- 
pared, and this difference in system volt- 
age in turn arises from the initial load 
power factor of 0.85 used in the study. 

The governor setting was chosen to 


phase short-circuit Hy Anes aie 
fault, with generator 
initial loading of 


CURRENT - PER UNIT 


0.85 per unit and 

stabilizing to a 

steady state load 

again of 0.85 per 
unit 


Run 111 
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Figure 7. Study of one generator resynchronizing and one losing 
synchronism upon clearing of a 3-phase short circuit 


Generator resynchronized when cleared on.a system imped- 
ance of 0.015-+j0.10 per unit, run 111 


B(above). Generator lost synchronism when cleared on a system imped- 
ance of 0.030+/0.20 per unit, run 112 
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give a 5.06 per cent slip for a change from 
85 per cent load to no load. Ona 3-phase 
short circuit the 5.06 per cent slip would 
be approached as generator losses are the 
only load. Figure 4 illustrates five cases 
of slip versus time, indicating the effect of 


Figure 9. 


a generator of a 3- 
phase short circuit 


rr 18 20 22 Ey 


and onto a system - 


set inertia, governor time constant, and 
regulator action. Note that for several 
cycles the electrical torque (losses) is so 
high that actual rotor deceleration occurs. 

To illustrate some of the phenomena 
occurring under fault conditions and after 


The generator equivalent terminal impedance variation with time upon clearing of 


a 3-phase short circuit 


clearing of the fault, Figure 5 indicates the 
direct- and quadrature-axis currents dur- 
ing a fault condition, and Figure 6, after 
clearing the fault. Figure 8 illustrates the 
generator terminal voltage after fault 
clearing. The voltage is less than unity 
at all times, and is slowly approaching its 
steady state value as the rotor is ap- 
proaching a stable position. 

Study of Figure 7A shows a typical case 
of resynchronizing, and Figure 7B, a case 
of loss of synchronism. Increase (positive 
slope) of 6 indicates the time the rotor is 
in the motor region, and decrease (nega- 
tive slope) of pd indicates time in the gen- 
erator region. Transition from one re- 
gion to the other occurs around time of 
zero slope, but the exact-time may be af- 
fected by other factors. A complete cycle 
of pd therefore indicates slipping of two 
poles. 


Under the most favorable conditions, 


A(below). Generator resynchronized when cleared on an equivalent 
system impedance of 0.015+j0.10, run 111 22 


B (right). Generator lost synchronism when cleared on an equivalent 
system impedance of 0.030+j0.20, run 112 
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resynchronization has occurred at the first 
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Figure 10. The slip—torque rela- 
tionship of a solid-rotor generator 
Hy ee ee with closed field as modified by 
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entrance to the generator region by the ro- SOE ae ieee ly 
tor. Under borderline conditions, the 
generator slipped 12 poles in one tested 
case before resynchronizing, and in a sec- 
ond case, 18 poles were slipped before the Figure 11. System 
diagram (A) and 


envelope of #6 versus time became posi- 
tive in slope, the criterion for loss of syn- 
chronism. 

A difficult problem presents itself in 
having relay action trip the generator 
when loss of synchronism will occur, but 
still not trip when synchronism will occur 
As in the loss of field case, Figure 3, the 
equivalent generator impedance as viewed 
from the terminals is given by Figure 9. 
Figure 9A is a case of resynchronizing and 
isthe same run as Figure 7A. Figure 9B 
is a case of loss of synchronism, and the 
same case as Figure 7B.- Study of these 
figures leads to several possibilities of dis- 
tance type relay settings. 


. 


Appendix | 


The system diagram is shown in Figure 
11A, and the equivalent 2-amortisseur 
winding circuit used is shown in Figure 11B. 
All values are in per unit. 

The basic equations of Park*> were used 
with modifications to adapt them to the 
differential analyzer. 


va=Taigte cos —Yaps— py, (1) 
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equivalent 2-amor- 
tisseur winding cir- 
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€g=e cos 6 (23) 


Appendix Il. Nomenclature 


Xaa=common mutual reactance for arma- 
ture, armortisseur circuits, and field 
winding in direct axis 


GENERATOR x 
TERMINALS STEM “SYSTEM INFINITE 
BUS 
THREE-PHASE 
(a) FAULT 


(B) 


%qq=common mutual reactance for arma- 
ture and amortisseur circuits in 
quadrature axis 

x%q=synchronous reactance in direct axis 

%qg=synchronous reactance in quadrature 
axis 

ig=armature current in direct axis 

ig=armature current in quadrature axis 

ég=armature voltage in direct axis 
€g=armature voltage in quadrature axis 

Wq=direct axis armature winding flux link- 
ages 

Yq=quadrature axis armature winding flux 
linkages 

d=angle between field excitation axis and 
armature voltage 

p6=generator slip 

@=angle between field pole axis and axis 
of phase a 

pé=rotor speed 

M=turbine-generator set inertia coefficient 

b=governor amplification factor = —16 

a=slope of prime-mover torque-speed 
curve = — To 

To=initial per unit torque 

T,=governor time constant 

iyg=current in quadrature-axis amortis- 
seur circuit 1 

iog=current in quadrature-axis amortisseur 
circuit 2 

iqg=current in direct-axis amortisseur cir- 
cuit 1 

dog=current in direct-axis amortisseur cir- 
cuit 2 

ira =field current in excitation circuit direct 
axis 

G(p) =operator relating field voltage with 
armature current and linkages in 
the direct axis 

xq(p) =operational impedance in the direct 
axis met by the current resulting 
from a change of terminal flux link- 
ages in the direct axis 

N=bp5/(T,p+1), governor characteristic 
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Wag =mutual flux linkages in the quadrature 
axis 

Voda =mutual flux linkages in the direct axis 

r,=armature resistance (total) 

r,=system resistance 

x;=system reactance 

x,=stator leakage reactance (total) 

E=voltage across field terminals 

p=d/dt 

Z,=1f,+jx;=equivalent system impedance 
as viewed from generator terminals 
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Ignitor Characteristic and Circuit 


Calculations 


D. E. MARSHALL 


MEMBER AIEE 


N IGNITRON is a gas electronic 
tube whose cathode is a pool of liq- 
uid mercury. In operation, electrons are 
emitted from the mercury pool and move 
to the anode. Their motion constitutes 
an electric current. The action, however, 
is not self-starting. The conduction is 
started by means of a rod of material, 
called the ignitor, of resistivity high com- 
pared with the mercury, one end of which 
is submerged into the mercury pool.! 
When a current is passed through this 
rod, the arc will start at the junction of 
the mercury surface and the resistance 
rod. If such a tube is connected in series 
with a source of alternating voltage and a 
suitable impedance, the arc can be made 
to start whenever the anode is more than 
a few volts positive, and is extinguished 
automatically at the end of each positive 
half cycle. Therefore, control of the phase 
of starting of the arcis possible. The tube 
then has properties similar to those of a 
thyratron with the advantages of the high 
electron emission and long life properties 
of the mercury pool. 

The current required to start the igni- 
tor and the resistance of the ignitor must 
be known in order that circuits can be de- 
signed which will fire the ignitor reliably. 
In certain cases, such as resistance weld- 
ing control, the load impedance is in ser- 
ies with the ignitor. The characteristic 
of the ignitor then limits the minimum 
loading which the tube will control satis- 
factorily. The firing current and voltage 
of an ignitor varies as a function of the 
constants of the circuit through which it is 
fired. 

Problems exist in describing the char- 
acteristics of the ignitors of these tubes in 
such a manner that the data can be used in 
_a practical way in estimating their per- 
formance under a particular set of circuit 
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conditions. Of interest to the circuit de- 
signer are questions pertaining to the 
power required to drive the ignitor, the 
current and voltage rating of ignitor driv- 
ing equipment, the energy expended, and 
other similar factors. These quantities 
may be calculated or estimated by the 
usual methods if the wave form, voltage 
and current of the ignitor firing pulse are 
known. The following material is in- 
tended to contribute to the solution of 
these problems. 


Characteristics of Ignitors 


The basic quantities involved in the 
description of the characteristics of an ig- 
nitor are shown in Figure 1. The volt- 
ampere characteristic of an ignitor as 
shown by an oscilloscope is shown in Fig- 


istics 


(o) 
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Figure 1. Funda- 
mental _— quantities 
used in describing 
ignitor  character-. 


ure la. The arrows indicate the direction 
of motion of the oscilloscope beam. The 
voltage across the ignitor increases with 
the current before the firing point is 
reached. This portion of the trace is usu- 
ally quite linear for present commercial 
types of ignitors, as their thermal time 
constant is usually large compared with 
their cyclic conduction period and, there- 
fore, their temperature and resistance re- 
main very nearly constant over any one 
period. For the purposes of this paper, 
the ignitor resistance will be assumed 
constant over the firing period. 

The time of motion of the oscilloscope 
beam from point to point on the diagram 
can be measured by blanking the beam 
periodically, thus furnishing a time scale. 
The velocity of motion when the beam 
travels upward depends on the constants 
of the circuit furnishing power to the ig- 
nitor. On the downward sweep the path 
taken and the velocity of the spot depends 
on the speed of transference of the positive 
pole of the arc from the ignitor to the 
anode. 

At some time during the upward travel 
of the oscilloscope beam, the ignitor will 
fire. The firing data are measured by ob- 
serving the firing voltage V, firing current 
I, and the time T as shown on the dia- 
gram. The ratio of the firing voltage and 
current is the slope of the linear portion of 
the diagram or the ignitor resistance dur- 
ing one ignitor conduction period. 

These quantities are not independent. 
The firing time and firing current are con- 
nected through the rate of rise of current 
in the ignitor circuit as determined by the 
circuit constants. The firing voltage and 
firing current are connected through the 
ignitor resistance which is mainly depend- 
ent on the ignitor temperature. 

The measured value of the firing volt- 
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Figure 2. Ignitor wave forms in a-c circuit 


HINREEE 
HAAR 


HS ee Saya eee 
4 Hie oe See e ee 


a 
8 


a oapese 
BP — me eee aa el SP 


° 
a 
° 


Pose foal 0d al a 
Ei ee Pcl 
Sone oaeee 


DEGREES FROM VOLTAGE ZERO 


age changes from cycle to cycle. Figure 
1b illustrates this variability.’ The ratio 
n/N represents the fraction of the large 
number of firing cycles observed in which 
the ignitor fired above a voltage V. We 
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Figure 4 (left). 
forms, 90 degrees phase retard 


Figure 7. 
typical ignitor ) 10 
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have chosen to denote for testing purposes 
as the maximum firing voltage V,, that 
voltage om the diagram corresponding to 
a value of n/N of 1/1,800. Thus, roughly, 
the ignitor firing voltage is not to be 
higher than the value V,, more than one 
cycle in 30 seconds when operating on a 
60-cycle system. 

Although V,, so defined corresponds to 
an appreciable probability of misfiring, 
which would be too large for commercial 
operation, it approaches very closely the 
value of maximum voltage at which the 
probability of misfiring is negligible. For 
example, in order to reduce the probabil- 
ity of misfiring from 1/1,800 to 1/7,200, 


(20° 140° 160° =: 180° 
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Figure 5. A-c wave forms, 
120 degrees phase retard 


Figure 3 (left). A-c 
wave forms, zero 
degrees phase retard 


Figure 6(right). A-c 

wave forms versus 

ignitor test wave 
forms 
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Figure 8. Volt-ampere a-c circuit charac- 
teristic 


Phase retard zero degrees 


the value of V,, for an ignitor normally 
measured at 90 volts would increase to 92 
volts. 

Because of the linearity of the volt-am- 
pere characteristic, the ignitor current and 
firing time are also cyclically variable. 
The maximum firing current J,, and maxi- 
mum firing time T,, corresponds to the 
maximum firing voltage. 

The product of the duty D as illustrated 
in Figure 1c, the firing voltage, firing cur- 
rent, and the time indicated from zero to 
firing current determines the energy put 
into the ignitor before firing. This en- 
ergy heats the ignitor and affects its 
resistance. In present commercial igni- 
tors, the temperature coefficient of resist- 
ance is negative, and the ignitor resist- 
ance therefore decreases as the energy 
put into the ignitor increases. 

The heating of the ignitor also is deter- 
mined by a number of other factors, such 
as the magnitude of the current conducted 
by the ignitron in which they are used, the 
efficiency of cooling, and the speed of 
transfer of the arc to the anode. These 
factors are not inherent in the ignitor, and 
therefore are considered in this paper to 
be minimized. 


Characteristics of Ignitor Circuits 


In considering the operation of the ig- 
nitor, the circuit employed to fire it also 
must be considered, as the wave form of 
the prefiring current influences the ignitor 
characteristics through changes in the 
factors described above. 

The circuit shown in Figure 2 is basic 
to a number of applications of ignitrons. 
For example, in the case of resistance 
welding the load circuit represents the 
welder transformer and the applied volt- 
age is that of the a-c supply. In the case 
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of anode-fired rectifier circuits, the load 
circuit represents the commutating react- 
ance and the applied voltage represents 
the commutating voltage. 

In terms of the quantities shown in Fig- 
ure 2, and neglecting the thyratron tube 


Figure 9 (above). 
Volt-ampere a-c cir 
cuit characteristic 


Phase retard 90 de- 
grees 


Figure 10 (right 

above). Volt-am- 

pere a-c circuit char- 
acteristic 


retard 120 
degrees 


Phase 


IGNITOR VOLTS 


Figure 11. Com- 

bined ignitor and 

a-c circuit charac- ee aaa 
teristic 
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voltage drop, the equation for the current 
wave form of this circuit can be written 
with the ratio of resistance to reactance 
(r/x) as a parameter as follows: 
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0) : 


The thyratron is fired at the angle ¢», 
the current through the ignitor increases 
from zero following the wave form shown 
by the dotted curve marked 7. The igni- 
tor fires ¢; degrees or T microseconds later 
at the value of current marked J. The 
voltage, since the ignitor resistance is con- 
stant, is of the same shape as the current 
and is shown marked e and at the firing 
point is marked V. The solid portion of 
the wave forms denotes the current and 
voltage of the ignitor. Immediately after 
firing, the ignitor current is zero and the 
ignitor voltage takes on a value depend- 
ent on its action as a probe in the arc 
stream. This voltage is of the order of 10 
volts, 


The circuit resistance used in the equa- 
tion must include the resistance of the ig- 
nitor, which is constant over one cycle 
but which varies from cycle to cycle de- 
pendent on the motion of the mercury in 
the tube or the temperature of the ignitor. 
The calculated wave forms are therefore 
to be considered as being representative 
of conditions prevailing during period of 
a single cycle. They will go through a 
variation over a longer period of time de- 
pendent on these changes in the ignitor 
resistance. 


The wave form is also a function of the 
angle @2 at which the controlling thyra- 
tron is fired. In Figures 3, 4, and 5, cal- 
culated wave forms are presented covering 
a range of r/x ratio from 0 to 10 for firing 
angles of d2=0°, 90°, and 120°. 

Figure 6a illustrates various portions of 
the foregoing data indicating certain pos- 
sibilities of ignitor current wave forms. 
These vary from the almost linear rise of 
current at ¢,.=120 degrees, r/x=1.0, to 
the extreme curved wave forms of ¢2= 
0 degrees, r/x=1.0, and ¢2=90 degrees, 
r/x=10.0. 

In this paper, the assumption is made 
that at least two of these wave forms can 
be approximated by linear triangular 
wave forms as shown in Figure 6b. Inthe 
case of the wave form shown in the center, 
the justification of the use of a triangular 
wave form equivalent would depend on 
the circuit voltage. If the circuit voltage 
is high compared with the maximum ig- 
nitor firing voltage, the ignitor will fire on 
the rising portion of the curve. If the cir- 
cuit voltage is not this high, the ignitor 
will fire on the flat portion. Under the 
latter condition, the variability of firing 
time will be relatively great. However, in 
most cases where this action is encoun- 
tered, the voltage is high enough to cause 
the firing time to be small. An extreme 
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case of such a wave form would be that of 
a rectangular wave form. The character- 
istic ignitor operation for this case has 
been considered by Dow and Powers,’ and 
will not be treated further in this paper. 


Characteristics of a Typical Ignitor 


Data taken on a typical ignitor designed 
for intermittent duty such as resistance 
welding control are presented in Figure 7. 
On this one diagram, we have presented 
the effect on the ignitor characteristic of 
the four variables previously mentioned, 
namely, the maximum firing voltage, 
maximum firing current, circuit time, and 
duty. The last two are shown as parame- 
ters. The wave form used was triangular 
as described before. The test results were 
observed with an oscilloscope equipped 
with atime marker. The ignitor was fired 
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Figure 12. Three-dimensional model, quarter- 
ing view 


at 60 cycles per second by power from a 
capacitor charged to a voltage consider- 
ably in excess of that required to fire the 
ignitor. The rate of rise of current was 
controlled by a variable reactor in series 
with the ignitor. The charge remaining 
on the capacitor at the firing time was 
shunted to the anode of the tube being 
tested when the ignitor fired. 

The curve is the locus‘of the maximum 
firing voltages and currents obtained by 
varying the ignitor circuit inductance. 
The operation duty was held constant at 
the values shown for each curve. The 
figures on the curves are the maximum 
firing times T,, in microseconds. 

The data are an average of a number of 
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tests. The minor curvatures shown may 
or.may not be of significance. This par- 
ticular ignitor remained at nearly constant 
resistance, 30 to 23.6 ohms, as the rate of 
rise of current was changed through the 
range shown when operating at the low 
duty of 3 per cent. The firing voltage 
correspondingly dropped from 350 to 135 
volts, the change being most rapid at the 
shortest times. 

At continuous duty or 100 per cent, the 
ignitor resistance was lower than at 3 per 
cent duty, due mainly to a decrease in 
firing voltage. It changed little until a 
firing time of 100 microseconds was 
reached. At longer firing times the maxi- 
mum firing voltage decreased to 60 volts 
and the current increased to 12 amperes. 
The resistance decreased considerably, the 
over-all change being from 22.3 ohms to 
6.4 ohms. 

These data were taken under ideal con- 
ditions of operation. The average igni- 
tron main anode current was low, thus 
minimizing motion of the mercury pool, 
and reducing heating of the ignitor by the 
arc. It is used here as being representa- 
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tive of the inherent cnaracteristics of the 
ignitor as influenced by its own makeup 
independent of design factors of the tube 
in which it isused. For purposes of circuit 
design, it would be necessary to consider 
the foregoing factors. However, the same 
form of presentation of the data would be 
possible. 


Volt-ampere Plot of Circuit 
Characteristics 


The data in Figures 3, 4, and 5 may 
be plotted in another form as presented in 
Figures 8, 9, and 10. With values of ¢; 
as parameters, the ratio of voltage across 
the total circuit resistance r to the circuit 
rms voltage 7i/E as obtained from equa- 
tion 2 is plotted as a function of the ratio 
xt/E. 

These charts may be used as follows: 
Assume that a certain ignitor is known to 
fire at the values V,, and J,,, and that it is 


Figure 13. Three-dimensional model, side 
view 
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to be used in an a-c circuit fired at a re- 
tard angle of ¢. degrees, having a react- 
ance of x ohms and a resistance of 7; ohms. 
The resistive voltage drop in the circuit at 
the firing point will be Vz+ImX(n+1)- 
The ratio of this quantity to the rms cir- 
cuit voltage becomes (ri/E) and it, with 
the ratio (xI,,)/E, will define a point on the 
chart. This point will lie between curves 
having parameters ¢; and'¢;’._ The angu- 
lar time from the initiation of the ignitor 
firing current until the ignitor fires will lie 
between these two parameters. Obvi- 
ously, the charts can be extended to as 
small a difference in parameters as de- 
sired. 


Combination of Circuit and Ignitor 
Volt-Ampere Plots 


Because of the variable nature of the 
ignitor characteristics, the foregoing ex- 
ample is an academic one. A closer ap- 
proach to the actual conditions can be rea- 
lized by a superposition of the ignitor and 
circuit volt-ampere curves. When this is 
done, it may be possible to find an inter- 
section between the two characteristics 
such that the circuit can supply the volt- 
age and current required to fire the ignitor 
in that particular circuit. The mechanics 
of finding this intersection can be ex- 
plained by an example. 

In Figure 11, we have replotted the 
data from Figure 10 for the specific case of 
an a-c control.circuit having the following 
data: 


Load circuit current = 40 rms amperes 
Supply voltage =220 volts at 60 cycles per 
second 

Angle ¢2=120 degrees 

Ignitor series resistor = 1 ohm 

Load circuit power factor =25 per cent 


A rough allowance for the voltage drop 
in the thyratron was made by calculating 
the data at 200 volts rms. The chart is 
drawn with an allowance for the voltage 
drop in the resistance external to the ig- 
nitor so that the vertical axis represents 
the voltage directly across the ignitor. 
The horizontal axis represents the current 
through the ignitor. The equivalent mi- 
crosecond parameters are shown on the 
circuit curves. The ignitor data from 
Figure 7 are shown drawn on the same 
curve. Consider first the case for 3 per 
cent duty operation. The two families of 
curves cross each other at several points. 
However, only the intersection of curves 
whose time parameters are equal repre- 
sents a true intersection where voltage, 
current, and time are the same for both 
circuit and ignitor. If such a point is 
found, these quantities can be picked from 
the chart. Obviously, unless a great 
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many curves are drawn representing a 
fine gradiation in time variation, an ap- 
proximate solution will be necessary. 
This may be done as follows 

Starting at the high-voltage points of 
the ignitor characteristic, which corre- 
spond to low firing times, follow the curve 
in the direction of decreasing voltage and 
increasing firing time. When the circuit 
curves are reached, continue to descend 
the ignitor curve until the ignitor firing 
times at the intersections change from less 
than the circuit time to greater than the 
circuit time. The solution lies between 
these two intersections. 

In this example, the solution lies near 
to 12 degrees delay. The ignitor maxi- 
mum firing voltage would be about 138 
volts and the current about 5.7 amperes. 

Considering the 100 per cent duty oper- 
ation, it is seen quickly that no solution is 
possible, as the longest time parameter on 
the ignitor curve is 450 microseconds and 
the shortest time parameter on the circuit 
curves where intersections occur is over 
600 microseconds. 

Since the method just described is ac- 
tually a 2-dimensional method of solving 
a 3-dimensional equation, it was thought 
that a 3-dimensional model might make 
the situation more clear. Figure 12 shows 
a photograph of a 3-dimensional model of 
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Figure 14. Com- 
bined ignitor and 
capacitor circuit 


characteristic 


the foregoing example. The envelope of 
the cardboard contours defines a surfacé 
characteristic of the circuit. The black 
wire represents a space curve character- 
istic of the ignitor. The intersection of 
the ignitor space curve with the circuit 
surface can be seen plainly between 10 de- 
grees and 12 degrees. The failure of the 
100 per cent duty ignitor curve to inter- 
sect the circuit surface can be seen easily 
even though the space curve for ig- 
nitor at 100 per cent duty was not con- 
structed, because its projection on the am- 
pere-time plane does not intersect the pro- 
jections of the circuit surface boundaries 
on the same plane. Figure 13 shows a 
view of the same model from the plane of 
projection used in the calculation. 

For certain purposes, plots of ignitor— 
time curves or ignitor current—time 
curves with ignitor resistance parameters 
may be compared directly with the time 
wave forms of the circuit. This method 
of projection was used as it was thought 
to be the most interesting representation 
of the ignitor characteristics. 

As an additional example, Figure 14 
shows the superposition of circuit and 
ignitor curves using the characteristics of 
the ignitor just described in combina- 
tion with a circuit firing the ignitor by a 
discharge from a capacitor. The circuit 
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constants are shown in the diagram. In 
this case, the ignitor fires in about 40 
microseconds at a maximum current of 
about 9.amperes for either value of 
duty. The maximum firing voltage 
varieS with the duty, being 250 volts at 


- 3 per cent and 180 volts at 100 per cent. 


The foregoing method has been tested 
with good results in checking the opera- 
tion of commercial ignitors over a consid- 
erable range of characteristics and in de- 
velopment work on experimental ignitors. 
It is adopted best to conditions where the 
available firing power is limited, but will 
be a guide to circuit design in all cases. 


Appendix 


Equation 1 in the text is derived in the 
form shown as follows. The differential 
equation for the current in the ignitor circuit 
of Figure 2 is 


di 
na tinV2E sin (3) 


The well known solution is 


/2E 


ar ‘ —1¢ 
ec FEE A sin ¢—x cos ¢)+Cje x (4) 


This can be written in terms of the ratio 
4/x ; 


ae =p 
oo @¢— cos¢]+CGe =z (5) 


If +=0 when ¢=¢, and dividing by x/E 
xi = +/2E dai 
Pa [(: sin @— cos +)- 
= + ni 
% oe 
Sm : 
(: sin ¢2— cos os) a mer 6) 
@ 


The constant 7/180 makes possible. the 
direction substitution of angles in degrees. 


References 


1. A New METHOD FOR INITIATING THE Catuope 
OF AN Arc, J. Slepian, L. R. Ludwig. AIEE 
TRANSACTIONS, volume 52, June 1933, pages 693-8. 


2. CHARACTERISTICS OF RESISTANCE IGNITORS, 
D. E. Marshall, W. W. Rigrod. Electronics (New 
York, N. Y.), volume 20, May 1947, pages 122-6. 

3. Icnriror CHaracteristics, E. F. G. Arnott. 
Journal of Applied Physics, (New York, N. Y.), 
volume 12, number 9, September 1941, pages 
660-9. 


4. Frrinc Time oF AN IGniTOR Type oF TUBE, 
W.G. Dow, W. H. Powers. AIEE TRANSACTIONS, 
volume 54, 1935, September section, pages 942-7. 


No Discussion 


AIEE TRANSACTIONS 


Present-Day Grounding Practices 


on Power Systems 


Third AIEE Report on System Grounding 
AN AIEE COMMITTEE REPORT 


HE AIEE subject committee on 
estas grounding practices has 
prepared this report on the grounding 
practices of power systems from'replies to 
questionnaires submitted to those elec- 
trical utilities, both public and private, in 
the United States and Canada, having a 
generating capacity of more than 10,000 
kw or having more than 10,000 customers. 

The report covers separately grounding 
practices on generating stations and on 
transmission and distribution systems. 
The scope of this survey is indicated by: 


Generating stations: 


460 systems operating at 11 kv and above 
33,752 megavolt-amperes in generating 
capacity 

972 generating units 
Transmission and distribution systems: 

567 systems operating at 22 kv and above 

119,081 miles of transmission and distri- 

bution circuits 

These figures indicate that information 
was obtained on about three fourths of 
the facilities in the classes investigated. 

Grounding methods are classified for 
generating stations according to the sta- 
tion layout, and for transmission and 
distribution systems according to the 
voltage class. Data are given as to size 
and number of systems, the ratio of 
phase-to-ground to 3-phase fault currents, 
and the sequence-impedance ratios. The 
principal characteristics of the grounding 
devices themselves are tabulated. The 
opinions of the utilities as to the impor- 
tance of 16 different factors in the ground- 
ing problem as applied to their particular 
systems, as well as the assigned reasons 
for their specific practice, have been in- 
cluded A particularly valuable part of 
the report reviews operating experiences 
including unsatisfactory operation, occur- 
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rence of double faults, and changes that 
have been made, are being made, or are 
contemplated. Trends in system ground- 
ing are discussed from current data and 
information from previous reports. 

The body of this report is arranged in 
two parts: generating stations and trans- 
mission and distribution systems. An 
appendix provides a list of utilities that 
supplied data. 


Paper 47-237, recommended by the AIEE protec- 
tive devices committee and approved by the AIEE 
technical program committee for presentation at the 
AIEE Midwest general meeting, Chicago, Ill., 
November 3-7, 1947, and the winter general meet- 
ing, Pittsburgh, Pa., January 26-30, 1948. Manu- 
script submitted August 14, 1947; made available 
for printing September 8, 1947. 


This report, which was prepared by the AIEE sub- 
ject committee on present-day grounding practices 
and is sponsored by the AIEE committee on pro- 
tective devices and its subcommittee on fault- 
limiting devices under the chairmanship of F. R. 
Longley, is the third report based by the AIEE 
upon replies to questionnaires distributed to the 
industry. The first report in this series was pub- 
lished in 1923! and the second in 1931.? 


Personnel of AIEE Subject Committee on Present- 
Day Grounding Practices: R. D. Evans, chairman, 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa.; A. A. Johnson, vice-chairman, West- 
inghouse Electric Corporation, East Pittsburgh, 
Pa.; J. E. Clem, General Electric Company, 
Schenectady, N. Y.; G. B. Dodds, Duquesne Light 
Company, Pittsburgh, Pa.; W. W. Eberhardt, 
Alabama Power Company, Birmingham; E, T. B. 
Gross, Illinois Institute of Technology, Chicago; 
P. A. Jeanne, Bell Telephone Laboratories, Inc., 
New York, N. Y.; E. W. Knapp, Shawinigan 
Water and Power Company, Montreal, Quebec, 
Canada; A. A. Kroneberg, Southern California 
Edison Company, Ltd., Los Angeles; W. W. Lewis, 
Union College, Schenectady, N. Y.; E. G. Norell, 
Sargent and Lundy, Engineers, Chicago, IIl.; 
H. P. St. Clair, American Gas and Electric Serv- 
ice Corporation, New York, N. Y.; W. T. Smith, 
Edison Electric Institute, New York, N. Y.; A. D. 
Caskey, member representing the committee on 
power generation, Public Service Company of 
Northern Illinois, Chicago; Edwin Hansson, mem- 
ber representing the committee on transmission and 
distribution, Pennsylvania Water and Power Com- 
pany, Baltimore, Md. 


The committee acknowledges the work of two 
former members, F. H. Hollister and H. E. Kent; 
also the many helpful suggestions of S. W. Hagerling 
and his assistance in tabulating the results of the 
questionnaire. 


. Grounding Practices on Power Systems 


The comparative use of the various 
methods of grounding at generating sta- 
tions is indicated by the following: 


Per Cent of 
Total 
Generating 
Grounding Method Capacity 
Solidiy, grounded sinc.5 ise ete ele eimai eres 25.7 
Resistance grounded..............+.-+5% 39.4 
Distribution transformer with second- 
ary resister grounded = 47.\..% <.jcc. «ela. 1.4 
Neutral reactor grounded.............-. 17.3 
Grounding transformer grounded......... 2.3 
Grounding transformer with neutral 
TESiston <LOUNGeG Maelo lars tele eel enee 4.6 
Potential transformer grounded.:........ 7.9 
Ground-fault neutralizer grounded....... 0.1 
Wigproundedecmierccs ctseim lati eicielelnistaleesioiets 1.3 
IMO tale Seti niche ses lat ape tehs) Oishs orsetone ouetieterieifes 100.0 


Grounding practices at generating sta- 
tions are classified as to layout. The 
three layouts, with their relative usage, 
are listed as follows: 


Per Cent of 
Total 
Generating 
Layout Capacity 
Wnit systems erect ered otele ee ere nie staf oer 3 39.4 
Common generator bus without feeders 
at generated voltage............+--0++ 21.5 
Common generator bus with feeders at 
generated voltage........-.+-++-+++++> 39.1 
Go ee CA SD MAC Perel Ot OGM RIG 100.0 


At generating stations with the unit 
system layout solid grounding is the pre- 
dominating method, being used for 
slightly less than half of the generating 
capacity; while neutral-reactor grounding 
is second in importance, being used for 
about one fifth. For layouts involving a 
common generator bus without feeders at 
generated voltage, the principal method is 
neutral-resistor grounding, which is used 
on about half of the generating capacity; 
while neutral-reactor grounding is used 
on one fourth. For layouts with common 
generator bus and with feeders at gen- 
erated voltage, neutral-resistor grounding 
is used on two thirds of the generating 
capacity. Mention should be made of 
the first reported application of a ground- 
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fault neutralizer to a generating system 
in the United States. 

In the section on grounding practice on 
transmission and distribution systems, 
for the purpose of conciseness only the 
five principal grounding methods were 
considered; namely, solid grounding, re- 
sistance grounding, reactance grounding, 
ground-fault neutralizer, and ungrounded. 
As the presence of appreciable cable mile- 
age in a system influences grounding prac- 
tice, a division was made on the basis of 
those systems having more or less than 
ten per cent of the total mileage in cable. 

The percentage breakdown by ground- 
ing methods of the 119,081 miles of trans- 
mission and distribution circuits is: 


Percentage of 


Grounding Method Total Mileage 
Solidly. grounded sic, coe. ee eee 77.9 
Resistance-grounded.................+- 4.6 
Reactance-grounded.............0-e008 6.4 
Ground-fault neutralizer grounded...... 6.8 
Ungrounded (i ).:25 hi, da. 4 vc werent 4.3 
Total (2). 5:55.05 clasts eto oa eee 100.0 


The foregoing figures show that the domi- 
nant grounding method for transmission 
and distribution circuits is solid ground- 
ing. For circuits with more than ten per 
cent of the mileage in cable, solid ground- 
ing predominates, and resistor grounding 
is the only other method used. 

Detailed data on grounding practices 
are given in tabulations arranged by volt- 
age class and grounding method which 
give per cent of systems, per cent of mile- 
age, average mileage per class, and maxi- 
mum mileage per class. The average 
length of transmission circuits per ground- 
ing point was found to be 63 miles. 

The most significant indexes of system 
grounding are the sequence-impedance 
ratios, -X0/X1, Ro/Xi, which are con- 
sidered at length in this report. These 
impedance ratios determine the ratios of 
the phase-to-ground to 3-phase fault cur- 
rents, and indicate the relative. overvolt- 
ages on sound phases during fault con- 
ditions. Data on sequence-impedance 
ratios at grounding points are given for 
about three quarters of both the generat- 
ing systems and the transmission and 
distribution systems. It is of consider- 
able significance that about 20 per cent 
of generating systems and about 15 per 
cent of transmission and distribution sys- 
tems that are solidly grounded, resistance- 
grounded, or reactance-grounded, have 
established limiting values for sequence- 
impedance ratios. It is also of interest 
that some utilities operating grounded 
generators or grounded transmission and 
distribution systems have established 


1526 


NTIAL TRANSFORMER AND 
UNGROUNDED 


RESISTANCE (1) 


100 PERCENT OF SYSTEMS 


1945 


1925 1930 1935 1940 


Figure 1. Relative use of grounding method 
on generators without feeders at generated 
voltage 


1. Resistance includes neutral resistors, 
grounding transformers with resistors, and dis- 
tribution transformers with secondary resistors 


2. Reactance includes neutral reactors and 
grounding transformers 


UNGROUNDED (3) 


ira 7100 PERCERT OF SYSTEMS pakecot 


1925 1930 1935 1940 1945 


Figure 2. Relative use of grounding methods 
on generators with feeders at generated voltage 


1. Resistance includes neutral resistors, 
grounding transformer with. resistor, .and.dis- 
tribution transformer with secondary resistor 


9. Reactance includes neutral reactors, 
ground fault neutralizers, and grounding 
transformers 


includes potential trans- 


formers 


3. Ungrounded 


minimum values for the ratio of Xo/X1 in 
order to limit ground-fault currents to the 
3-phase fault values and thus reduce the 
mechanical stress in machines and avoid 
circuit breaker duties being increased 
beyond that required for 3-phase faults. 

The most valuable and interesting parts 
of the report are those which summarize 
operating experiences. Of the 460 gener- 
ating systems, 64 report unsatisfactory 
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grounding experiences, 31 have experi- 
enced double faults, 86 have made 
changes of various kinds in grounding 
during the past 15 years, 35 are making or 
expect to make changes, and 40 see new 
trends in grounding practices. Of the 
567 transmission and distribution sys- 
tems, 63 report unsatisfactory grounding 
experiences, 53 have experienced double 
faults, 57 have made changes of various 
kinds in grounding during the past 15 
years, 39 are making or expect to make 


-changes, and 19 report new trends. 


These operating experiences are given in a 
number of tables which are supplemented 
by extensive notes. The operating 
troubles are difficult to summarize, but 
two types are outstanding; namely, ex- 
cessive fault current with  solidly- 
grounded generators and a large number 
of double faults on ungrounded or im- 
pedance-grounded transmission and dis- 
tribution systems. Where available, in- 
formation is given as to. changes in 
practices that have been or will be made as 
a result of adverse operating experience. 


One of the objectives of thi$ survey of 
grounding practice was to obtain informa- 
tion on trends. The questionnaire in- 
quired about new trends in grounding, but 
replies indicated only a trend away from 
ungrounded systems and were inconclu- 
sive in other respects. Certain trends, 
however, are indicated by using data from 
previous reports on grounding practices 
and data given in this report on operating 
experiences, length of time each system 
has been grounded in the present form, 
and the changes that have been made dur- 
ing the past 15 years. The trends are 
different for the different layouts of gen- 
erating systems. Others are evident for 
transmission and distribution systems: 

For generating systems without feeders 
at generated voltage, the trends are estab- 
lished without data from previous reports 
since this is the first report considering 
generating systems of this type. Data 
obtained in the 1947 report with correc- 
tions for changes during the last 15 years 
provide a basis for analyzing trends as 
shown in Figure 1. The curves show a 
decrease in both solid grounding and re- 
sistance grounding, and an important in- 
crease in reactance grounding. Potential 
transformer grounding, which as plotted 
includes a small percentage of ungrounded 
systems, show a smallincrease. Mention 
should be made of the introduction of a 
grounding method which uses a distribu- 
tion transformer with secondary resistor. 

For generating systems with feeders at 
generated voltage, the trends in grounding 
practices are shown in Figure 2. The 
points. on these curves for 1923 and 1947 
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are plotted from the corresponding re- 
ports. The points for 1931, however, are 
based on the 1947 report corrected for 
changes in the last 15 years, as these 
figures are believed to be more suitable 
inasmuch as the data given in the 1931 
report included some systems without 
generators. Figure 2 shows that between 
1923 and 1931 there was a large increase in 
the use of solidly-grounded systems, but 
that there has been a slight decrease since 
that time.* Resistance grounding de- 
creased somewhat between 1923 and 1931, 
but has increased since that time and is 
the dominant method when viewed in 
terms of per cent of systems or in per 
cent of the total generating capacity. 
The use of reactance grounding began 
after the 1923 report, and made a further 
important increase between 1931 and 
1947. The most significant change has 
been the reduction in the use of un- 
grounded systems. 


For transmission and distribution sys- 
tems, the trends in grounding are shown 
in Figure 3 which is plotted from data in 
the 1923, 1931, and 1947 reports. The 
data from the 1931 report, and data for 
practice at that time from the 1947 report, 
are in substantial agreement. Solid 
grounding was the dominant method used 
on transmission-and distribution systems 
in 1923 and its use increased rapidly until 
1931, but has made little relative change 
since that time. The use of resistance 
grounding on transmission and distribu- 
tion systems was not large in 1923 and 
has decreased slowly since that time. 
Reactance grounding began after the 1923 
report, and has made no noticeable in- 
crease since 1931. The use of the ground- 
fault neutralizer was starting in 1923, but 
its principal gain has been madesince 1931. 

Comparison of grounding practices in 
general suggests that the selection of the 
grounding method is a compromise be- 
tween the conflicting merits of effective 
grounding and high-impedance ground- 
ing. This compromise especially is 
shown in the many reported instances of 
the difficulty of selecting or maintaining 
the optimum value of neutral resistance 
for systems with feeders at generated 
voltage. A number of these systems re- 
ported several progressive changes in the 
value of neutral resistance in an effort to 
both minimize double faults and avoid 
excessive ground-fault currents. Effec- 
tive grounding minimizes the chance of 
double faults by reducing dynamic and 
transient voltages on sound phases during 

fault conditions, thus increasing the rela- 
tive margin of apparatus and line insula- 
tion, and reducing permissible light- 
ning arrester ratings. High impedance 
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grounding reduces possible ground-fault 
currents and thereby reduces damage at 
the point of fault, limits mechanical 
stresses and reduces burning of iron in 
machines, and avoids circuit breaker 
duties being increased beyond that re- 
quired for 3-phase faults. Operating 
experience presented indicates that on 
generating systems emphasis should be 
placed on reducing high ground-fault cur- 
rents, while on transmission and distribu- 
tion systems the emphasis should be put 
on reducing double faults. On trans- 


‘mission and distribution systems, double 


faults are reported for about four per cent 
of the solidly-grounded systems and for 
about one quarter of all ungrounded and 
high-impedance grounded systems. The 
data indicate that the occurrence of 
double faults is related to the type of 
grounding, being the least frequent on 
effectively-grounded systems, and the 
most frequent on high-impedance 
grounded systems of all types. However, 
that some of the reported double faults 
are undoubtedly the result of reduced 
insulation strength, as well as of excessive 
dynamic or transient voltages. 


Special Definitions 


The word ‘‘system’’ as used in this re- 
port includes lines and apparatus metalli- 
cally connected by phase wires and oper- 
ated at approximately the same voltage. 
Thus, two or more utilities, which are 
connected at the same voltage, are said to 
operate one transmission system. Cir- 
cuits which are connected by means of 
transformers are considered as separate 
systems. The introduction of series reac- 
torsorregulators between partsof asystem 
does not increase the number of systems. 
The terms used to describe the ground- 
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eae 100 PERCENT OF SYSTEMS 


1925 
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“Figure 3. Relative use of grounding methods 


on transmission and distribution systems 


* Ground fault neutralizer 
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ing; 


ing method of power systems in this re- 
port are based on those in AIEE Standard 
32, ‘Neutral Grounding Devices,”’ issued 
May 1947.8 

Some systems reported ‘use of combi- 
nations of two or more methods. Instead 
of making additional classifications, it 
seemed more practical to list such a sys- 
tem under one of the methods described. 


GROUNDING-METHOD TERMS USED IN 
CONNECTION WiTH GENERATING STA- 
TIONS 


Grounding method terms used in con- 
nection with generating stations are 


1. Solid. 
2. Neutral resistor. 


3. Distribution transformer with secondary 
resistor. : 


4. Neutral reactor. 
5. Grounding transformer. 


6. Grounding transformer with neutral 
resistor. 


7. Ground-fault neutralizer. 
8. Potential transformer. 
9. Ungrounded. 


Compared with previous reports, this re- 
port introduces three additional ground- 
ing classifications: potential transformer, 
ground-fault neutralizer, and distribution 
transformer with secondary resistor, In 
preceding reports, potential transformers 
were not listed as a separate grounding 
classification. Previously, the ground- 
fault neutralizer had not been reported on 
a generating system, but one instance is 
reported now. The distribution trans- 
former with secondary resistor is a 
grounding method‘: § which has appeared 
since the 1931 report. Instead of using 
a high-ohm neutral resistor directly in 
the ground path, a distribution trans- 
former is connected between the generator 
neutral and ground with a suitable re- 
sistor in the transformer secondary. 


GROUNDING-METHOD TERMS USED IN 
CONNECTION WITH TRANSMISSION AND 
DISTRIBUTION SYSTEMS 


Grounding method terms used in con- 
nection with transmission and. distribu- 
tion systems are 


1. Solid grounding. 

2. Resistance. 

8. Reactance. 

4. Ground-fault neutralizer. 
5. Ungrounded. 


In reducing the number of grounding 
methods to five, neutral resistors and 
grounding transformers with neutral re- 
sistor are classed under resistance ground- 
similarly, neutral reactors and 
grounding transformers are classed under 
reactance grounding. 
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Part |. Grounding Practices at 


Generating Stations 


This part of the report summarizes 
grounding practice at generating sta- 
tions operating at 11 kv and above. The 
data are arranged according to three 
different station layouts. 


1. Unit System. The unit system layout 
consists of a single generator supplying 
power toa step-up power transformer. The 
transformer may have a separate winding to 
receive the generator output, or it may be 
an autotransformer. In this type of system 
there are no power feeders at generated volt- 
age, except possibly for station auxiliaries. 


given for each method of grounding by 
systems, by generator units, and by 
megavolt-amperes. In addition, the 
total number of systems, the total num- 
ber of generator units, and the total mega- 
volt-amperes are included so that actual 
values may be obtained by multiplying 
by the per cent. 

Of the total 33,752 megavolt-amperes 
of generators reported, it is interesting to 
note that 45.4 per cent or 15,323 mega- 
volt-amperes are on systems which are 


have about three times as many genera- 
tors resistance-grounded as for the unit 
system. 

There are 24.9 per cent or 242 generator 
units which are operating on solidly- 
grounded systems. An indication of the 
actual number of solidly-grounded gen- 


- erators on these solidly-grounded systems 


can be deduced as follows. The unit sys- 
tems have 116 solidly-grounded gen- 
erators, the common bus without feeders 
at generated voltage has at least one gen- 
erator solidly grounded for each of the 13 
systems, and the systems with common 
bus with feeders have at least 26 more 
solidly-grounded generator neutrals. 
This gives a minimum of 155 generators 
which are solidly grounded out of the 
total_of 242 generators on such systems. 


Unit System 


Common Bus 


Common Bus 


No Feeders No Feeders With Feeders 
at Generated Voltage at Generated Voltage at Generated Voltage All Layouts 
Per Cent Per Cent Per Cent Per Cent 
Per Cent Generator Per Cent Per Cent Generator Per Cent Per Cent Generator Per Cent Per Cent Generator Per Cent 

Grounding Methods Systems Units MVA Systems Units MVA _ Systems Units MVA Systems Units MVA 
Solidly grounded.......... Ab: Degas BS). Brose ans: get eeu COR UE otic Sia ee S20 roo 2A ee ere Me ota Va SS e te (OSs. Mee wise 249). Sabre 25.7 
Nettral resistor; 2... 05.0.5 LSSiraers LSe oe ceere NOG Bae 2 Sew ates BY GUE netic 44.5.... 46.3..... aR echo COLG) aacu ce dOmornene Se See 39.4 
Distribution transformer 

with secondary resistor... 2.3..... Desens Sed pare Loe weet OLS teers ONT Pica Sie: ave aye Ceaceys eee eae oie Met ee WA Oetar eters OSes 1.4 
Neutral reactor. ....02.-.... 2V56 5 sass Ze Oras 20); Orrico Seal yee 1928 sevdies ZO Onieday ere ete e TS oSi cre 10:0): 50) EOS es DZ Dincielens 17.3 
Grounding transformer..,.. Ate Dios =A IRD oe ae ATS cr ee ley snc Oka onte LsBircrtse Oe Sveeres AB poten OnOnete On eetere Oa) tee. Pe 
Grounding transformer 

with neutral résistor. 95 a:teies lee ciel tare sate ees clare eters scleral aah Le Daas BZ Re note 4 Qcany 49th SOs cers Rape slatiseace AO) ects 4.6 
Ground fault neutralizer... sac sdawin sinter arciree clepaterec co Steactond haves ciole oie alah «Oeste eek e ae arene OnSicrexeper 0.4. cia. Ons ees, Oe 2iy see OPZ i sists 0.1 
Potential transformer. ..... LBnGhierrere LS 6) meres VBS are ehoyalneerdiotiovetara IS 45 Ee AOSV Saved dic Gara ets OS eer UBD a clot Oe Tic ecctera! Vi aBivsteate () 
Ungrounded). -: . 00. wet ONS tenes O58 ictal 0.4. sasnbsOk. sare SO siete IIE PRICING ESA 8 CUBE encom hte omer ante ee Ses 1.3 

Dota Vaven dc teenie store LOO OZ As LOOEO. ce. 1005}0..7. 1000) 2% TOOO Fs er LOOFO LOOT OSes 100.0..... 100.0....100.0.....100.0..... 100.0 
Total number of systema’. 45256' 5 2a. koa eee eo astae BL 1s, ol avechysie\s aietave arora emai EQS” Arpyersieveltee syafiece aves ckaronotte veterans 460 
Total number of genera- 

TOF MULES Packie cee one sree PAN ER AR METS CIO OC OOO. OCOL 288) teiaiivens dieses aE ee Lhe SOUT E SOR OT Oe e aoe 972 
Totalimvay, Aoi. scocurds aden ee ete aol ae LS G289 viajes iopsravesalieiceiminiessharerens tole (bg POO wre cistalist ote) eFolal dtsvalerecumeeteeveve LST 203 Bereieteeetetate dbshocd os: oe 00,002 


2. Common Bus With No Feeders at Gen- 
erated Voltage. This type of system has two 
Or more generators connected to the same 
bus which supply power to one or more step- 
up power transformers with no feeders at 
generated voltage, except possibly for sta- 
tion auxiliaries. 


3. Common Bus With Feeders at Generated 
Voltage. As the title implies, this layout is 
for one or more generators on a common bus 
supplying power to feeders at generated 
voltage. In addition, step-up power trans- 
formers may or may not be in use. 


The generating systems also are tabu- 
lated according to the nine grounding 
methods previously listed. 


Present Grounding Practice 


GROUNDING METHODS FOR DIFFERENT 
STATION Layouts (TABLE I) 


In Table I, under each of the three sys- 
tem layouts, a breakdown in per cent is 
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grounded through generator neutral re- 
sistors or devices introducing resistance in 
the ground path. Of generators supply- 
ing feeders at generated voltage, 69.7 per 
cent of the megavolt-amperes are on sys- 
tems which are resistance-grounded; this 
represents 27.2 per cent of the total re- 
ported megavolt-amperes. It is interest- 
ing to note that generators, on a common 
bus without feeders at generated voltage, 


Neutral reactor grounding accounts for 
a total of 17.3 per cent megavolt-amperes; 
about one fifth being on systems with 
feeders at generated voltage. Potential 
transformer grounding represents 7.9 per 
cent of the total megavolt-amperes, most 
of which applies to generators without 
feeders at generated voltage. 

A>total of 972 generator units (11 kv 
and above) having an average rating of 


Comparison of the Extent of Surveys of Generator Grounding (11 Kv and Above) 


Table Il. 


1923 Report 
Systems MVA 


1931 Report** 1947 Report | 


Systems MVA 


System Layout Systems MVA 
Supplying feeders at generated voltage....... Gar x Peer) ee Od cscs TG 2 lavalaras LR See 123.....13,203 
Supplying only step-up transformers......... Anh eset ¥ de Manette s suOal wreeE DUPBaD 
‘Total.teported #235. oS. tecleom aerate BRE 3” ERT cron: TAG. en LTS OR 460.....33,752 
* These types of data were not tabulated separately. 
** Includes systems at 11 to 13.8 kv, with and without generators. 
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34,600 kva were reported in the survey. 
The average generator size for the unit 
system is 52,000 kva. 


COMPARISON WitH Previous SURVEYS 
(TaBLEs II anp III) 


Two previous grounding surveys have 
been made, one was reported in 1923 and 
one in 1931. Table II shows the extent 
of these previous surveys as compared 
with the present survey. The 1928 re- 
port had 27 systems supplying feeders at 
generated voltage. The 1931 report 
covered 116 systems, with or without 
generators, supplying feeders at 11.0 to 
13.8 kv, and it is not possible to separate 
the systems with generators from the 
total. The present report covers 123 
systems having generators with feeders 
and, in addition, it covers 337 systems 
where the generators supply step-up 
transformers without feeders at generated 
voltage. 

Table III shows the only direct com- 
parison which can be made for the three 
surveys. It applies only to generators 
with feeders at generated voltage and, as 
stated in the foregoing, the 1931 data are 
not applicable because a part of the 116 
systems did not have directly-connected 
generators. 

Using data obtained fromthe re- 
cent questionnaire, it has been possible 
to obtain figures for 1931 which the 
committee believes represent the 1931 
generating systems with feeders; these 
figures have been included in Table III. 
One significant point from Table III is 
the decided decrease in the number 
of ungrounded or potential transformer 
grounded systems since 1923. 


Sequence-Impedance and 
Fault-Current Ratios 


The system characteristics that are 
affected by the grounding method may be 
expressed either in terms of the ratio of 
zero-sequence to positive-sequence im- 
pedances, or, less precisely, in terms of the 
ratio of phase-to-ground to 3-phase fault 
currents. These ratios are indicative not 
only of the ratio of phase-to-ground to 3- 
phase fault currents, but also of the 
magnitude of dynamic and transient 
voltages which may occur under un- 
balanced fault conditions. The impor- 
tance of these sequence-impedance ratios 
was analyzed in the AI[EE subcommittee 
report “Correlation of System Over- 
voltages and System-Grounding Im- 
pedances.’® Accordingly, information 
on sequence-impedance ratios was re- 
quested, and as some utilities were pre- 
sumed not to have these data available, 
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Table Ill. Comparison of Grounding Practices in the Three Surveys for Generators With Feeders 
at Generated Voltage 


1947 Report 


1923 Report 1931 Report? 1931¢ 1947 
Per Cent of 
, Per Cent of Per Cent of Per Cent of Per Cent of Generator 
Grounding Method Systems Systems Systems Systems MVA 
Solidly grounded............... LD TT teichodicic BEB eae tele Or. Citi epreltere QUAL SH crepeuists 14.8 
Resistance grounded?........... 4B. F oes ctereres OSS esti oeieie 0 Oa eee erro i} a etytaatb 69.7 
Reactance grounded?! 0) esis son vos cniestow mo L220 Rese HANOI ort hs QO Ota ca 13.5 
Grotind-fault neutralizer cejp.s iter vcr istcel ar einen mre er aT eke re eka OS arya Serene 0.3 
Wngroundedes tc cet. tai selec ere BOT avs nveheer sks 4A Om se asasiele LORO Fs a. etter. AO} fore sidan! is Bef 
Mota loin veriswueerte ti i yalajscsrnciots NOOR ON sretsicteeteis LOO! O) scierarenyere LOO BO yereyehe ren cvers LOOK Ovre rece steie 100.0 
Total number of systems........ 2 erie tetetcis) esetete LiG atiaacee oe Ol arava ate eed 123 


Total MVA 12,203 


EN ee ir ee ey ee re oe ee 
(a). Resistance grounded includes systems with resistor connected to 

1. Generator neutral. 

2. Grounding transformer neutral. 

3. Distribution transformer secondary. 


(0). Reactance grounded includes systems with neutral reactor or grounding transformer. 


(c). Ungrounded includes systems with no neutral devices or those connected to ground through potential 
transformers. 


(d). Includes all systems at 11 to 13.8 kv, with and without generators. 
(e). Deduced by the committee from 1947 data. 


the value of fault-current ratios also was 


requested. The practice of utilities in 
establishing limiting values for sequence- 
impedance ratios is tabulated, which pre- 
sents additional evidence of their signifi- 
cance, 

A synchronous generator normally is 
designed to withstand any currents that 
do not exceed the maximum phase current 
of a 3-phase short circuit at its terminals.” 
However, to limit winding currents to 
this value, for those faults involving 
ground a current limiting device usually 
is required in the neutral of those gener- 
ators which are grounded. For a gener- 
ator alone, the ratio of the phase-to- 
ground to the 3-phase short-circuits can 
be obtained from its sequence-impedance 


impedance ratios are not sufficient to 
determine the individual generator phase 
currents under fault conditions. 


RATIOS OF PHASE-TO-GROUND FAULT 
CURRENTS TO £3-PHASE FAULT 
CURRENTS AT GENERATOR TERMINALS 


Table IV is a summary of the ratios of 
phase-to-ground fault currents to 3- 
phase fault currents at generator termi- 
nals. The summary indicates that 81 
generator systems have line-to-ground 
fault currents greater than the 3-phase 
fault currents. It also lists 155 solidly- 
grounded generator systems. Even 
though the reported fault current, ratios 
range from 0.2 to 1.5 on these 155 solidly- 


grounded systems, it is possible, as 
pointed out in the foregoing, that the 


ratios. However, for interconnected ma- 
chines, the over-all system sequence- 


Table IV. Ratios of Phase-to-Ground Fault Currents to 3-Phase Fault Currents at Generator 
Terminals 


Number of Systems Replying 


Generators Without Feeders Generators With Feeders 


at Generated Voltage at Generated Voltage te 
Grounding Method* S R X GT GTR Total S R xX GT GTR Total Layouts 


ee 


Fault current ratios 


TROL SOL ee siersiers GY feproiesn o Giareictenal ete tetwtokstere te 62) Sere GA, Larne dis cintos Liaw enetsre stp ierere 19 
LRO=O SD rete etel site WD ai eters ep Mer Rh oeun monte AS Saokere Dis et oneteve Odea as igiats he's 14, 
038-061 05. 5 rs BB ing CLR Detects erates ele iiere SS erect Deira oh Gicrerefe 0 iaeaisnatios 4 
0.8=0..5). «0 stare 4 cass iseta, sete lait ieisesten hee PTR 5.5 OR De ateeiess aero ok 

Oe S—O GALS ae eraie bosnaatale stone Aceh Mereteleretel glee s Biteer ys GSS op Ores Wh. Sereaelenecarsiei rere 

O4=00 3122 ancteeieare SEERA a abo Bs silscsisvaretstes Oe Geis AW its cacelseepere 
OL S=O. 21 ave eelsivinie’s 2 ME Dis DBisie aioe ctete ele Gree retsirane a Leics 0 Ls fepeveiouie sere 
O20 alice vo attatctate Tiga RGitatete eralefatelic weerels LOS seiyepesirete (Procter tig Ml Ketaveis dh staterars 10. 
OnE Or Less steyeterers rectal Paty heey 4 on Lis ooa QO ietes a gets, o08 AB sk out Latest Dicwyerels 61 


* S=Solidly grounded 
R=Neutral resistor 
X = Neutral reactor 


GT =Grounding transformer 
GTR =Grounding transformer with neutral resistor 
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solidly-grounded generators will carry 
more current for a line-to-ground fault 
than for a 3-phase fault. The table also 
indicates there are 39 reactance-(reactor 
and grounding transformer) grounded 
systems plus 8 solidly-grounded systems 
which have line-to-ground fault currents 
of 0.6 or less of the 3-phase value. (The 
ratio of 0.6 on the average corresponds to 
an X)/X, ratio of 3.0.) Excessive 
ground current may result in mechanical 
damage to generator windings, whereas 
too little ground current on reactance- 
grounded systems may result in excessive 
transient voltages. 

Perhaps it should be pointed out that 
of the 155 solidly-grounded systems, 121 
.do not supply feeders at generated volt- 
age. This indicates that machines whose 
terminals are not exposed directly to the 
hazards of distribution circuits are con- 
sidered relatively safe from éxcessive 
short-circuit currents. However, faults 
at machine terminals are possible and 
so they should be given proper considera- 
tion. 

Out of a total of 119 resistance- 
grounded generator systems, 93 allow 0.1 
or less than 0.1 of the 3-phase fault cur- 
rent to flow for line-to-ground faults; a 
total of 15 allow 0.11 to 0.2 of 3-phase 
fault current; and the 11 others allow 
more. A total of seven grounding trans- 
formers with neutral resistors is listed, 
all of which limit the ground-fault cur- 
rents to relatively small values. 


REPORTED SEQUENCE-IMPEDANCE RATIOS 
AT GENERATOR TERMINALS 


The sequence-impedance ratios Ro/X1 


and X,/X, determined at the terminals of © 


the equipment forming the grounding 


path are tabulated in Table V. A 
total of 151 solidly-grounded systems are 
reported of which 145 systems have an 
X/X, ratio of three or less. Where the 
X0/X, ratio is greater than three, exces- 
sive transient voltages may be en- 
countered. All of these solidly-grounded 
systems, however, probably have gener- 
ator currents for line-to-ground faults in 
those generators which are solidly 
grounded, in excess of generator 3-phase 
fault currents. In some instances, as 
indicated in this report, these high cur- 
rents in the generator windings are un- 


desirable from a mechanical strength 
standpoint.” 

For neutral reactor grounding, 41 sys- 
tems have X)/X;, ratios of three or less. 
These ratios usually are considered satis- 
factory from a transient voltage stand- 
point. Where X,/X, is greater than 
three, and there are 25 reactance- 
grounded systems listed in this class, 
excessive transient voltages may be en- 
countered. 

Resistance-grounded generator sys- 
tems, of which 92 were reported, have 
R)/X;, ratios of 20 and up for 72 systems, 


Table V. Reported Sequence-Impedance Ratios at Generator Terminals 


Number of Systems Replying 


Generators Without Feeders at 


Generators With Feeders at 


Generated Voltage Generated Voltage bere 
All 
Grounding Method* R GTR Total R GTR Total Layouts 
Sequence-Impedance Ratios Ro/X1 
(We | eS ee areas Aor arene Gr Ae wints aoc 6 avo ob Livisarderevsreveleuere eceteners Leas 1 
1. 1-28.20) coo facets Soe sto Raia eee ere tare Li Se societies AS Mestre <ttomske 1 
2.1-3.0 
3.17420 2a ae ee DR cicteatatedharcs eres Ws roherasa etal: oetea: eager ete cata e eepe sane abate tense Pere Rereeettars 1 
4.1-5.0 
oe Coy 1 ee Seren en ranean Seton Conon yum com st.o Dic cdots ops orks wise te stets 3 
10:20) Oa aeasieete te De artene ate a MA a ree MBSR GAC Oe PEL Py tee CO eae Gc Rictseere mae 19 
20 andy. foe meee een BO 5 Gan eC as Soo teae es Ae acs thanwiae wie ae Pat. Sidateras Biba laro eteeee 73 
Grounding Total 
Method* Ss x GT Total Ss x GT Total All 
Xo0/X1 Layouts 
OHM Ol eres = OT 2 Gircecaasleanien sts 63) Sashes 14 fie 10M Aen yee neta 25: asehr sha 88 
14-2) On Se ctor QBasic ois Asha seee eens wl ererkotee Biases Ss wistleterg inane we CC raaerrirs ac 49 
2 A350 erect SGA nore Bis Stersiacsvelerteperons AQ nsec Otte rare St ofobe 1 ac Daisies onatatare 51 
3.1=45 0. arte Denes CE ici SOC Or Giese atets Vases Di tiovarsterepateschohateeees Devs Sorters 8 
4 1=550 cose onions Deaton B sess dare halts eteieae ls (te inet Onin moc e Sop haan sos s 7 
DL LOO aremvenctasteosintetare A Fes asveie rn otetsyaiette ce A GAO 1 ieee Se Sie frevciate Bf Phvats te Sts eee 12 
1053-20 2052. ascent Seo Ditemes yes Drsreteitenn ise Dissaysievene Liha tereneae Le OBE Fa 9 
QO Bd "BD ios inrete eee aon os al tere bY eee BD ANooe wrens eeree OD avenes Seed Bisons (he eae Gi ners 8 


*S = Solidly grounded 

R= Neutral resistor 

X = Neutral reactor 

GT =Grounding transformer 

GTR =Grounding transformer with neutral resistor 


(a). 


For one system Ro/X1=56 and Xo/X1=—25 because of cable sheath capacitance. 


Table VI. Summary of Replies to Questions “Have Definite Sequence-Impedance Ratios for Grounding Been Established?” If so, ‘What Are the 


Ratios?” 


Number of Systems Reporting 


Unit System Common Bus 


No Feeders at Generated Voltage 


No Feeders at Generated Voltage 


Common Bus 


With Feeders at Generated Voltage 


Systems Systems Systems Systems Systems Systems 
With With Other With _ With Other With With Other 
Grounding Method No Yes Ratio ¢* Ratios** No Yes Ratio ¢* Ratios** No Yes Ratio ¢* Ratios** 
Solidly pgrounded s 220 su, al. tees tetera OD iene 21 eae 16 .2:oceoe Gariateratots PR te ie aces j ae eisisexste Dy areptacatexs UB wiateeymlncie cals 6 
Nettraliresiston as a. omissions arctan DBie siaie. Lsceretavesajelieye\a «1g iyol ete sleterer strata hiate DAN rs Bt beeen #0 TO OPPO NC Ble Li alohe ol aistatet Aaystere/a LO Mistertat Vals teratsieyefe) © e1a.e od 
Neutral feactoni sins iss ais oreo Hetemaleltiat a LO} chev ala crater ets Saat crests Ue Sante cine (pe aes cts ie gdavis 7oacHooItasce SOG’ Saist Sarees) 
Grounding transformer............... is leis als od cabome ln os telavaisteraiepsreieclotenhs letras RSAC tod ODODE ORE HOMO S OIG or ar ll 
Grounding transformer and neutral 
LESISCOL 5 sio3 nfo :5- io/ehe wie le ols REVO ae: w ake Die 5 (a'« xb org) seia) olatwte eleva sal erstelePaetetetetatetie Wotan) lic aferaletntors ee te TasUseONaOon GUO a AITASOD 6 


* Ratio ¢: “Effectively grounded” with Ro/X:1<1 and Xo/X1<3 as defined in AIEE Standard 32-1.05, issued May 1947.8 


** Other Ratios: 


(a). Five systems Xo/X1>1. 
(6), One system Xo/X1>1. 
(c). One utility has made an effort 
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to limit Xo/X1 to values less than 10 
to 1 or 20 to 1, depending upon rela- 
tive value of capacitive reactances Ci 
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and Co.® 
(d). One system Ro/X1<10; X0/X1<1.7. 
(e). Two systems Ro/Xi<1; Xo0/X1<5. 
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ratios of 10.1 to 20 for 14 systems, and 
the remaining 6 were less than 10.1. 
Normally, such ratios of Ro/Xihave been 
considered satisfactory from an over- 
voltage standpoint.® 

Analysis of Tables IV and V leads 
to the same conclusion; a high ratio of 
X0/X, for a reactance-grounded system 
means a low line-to-ground fault current 
as compared with the 3-phase fault cur- 
rent, and conversely. For most re- 
actance-grounded systems where Xo 
equals X), at the point of fault, the line- 
to-ground fault current is equal to the 
_ 3-phase fault current. EBs 


ESTABLISHED SEQUENCE-IMPEDANCE 
RATIOS 


The questions ‘‘Have definite sequence- 
impedanee ratios for grounding been 
established?” and, if so, ““What are the 
ratios?” were asked in the questionnaire. 
The results are given in Table VI. A 
total.of 321 systems answered the first 
question, 250 as “no” and 71 as “yes”. 
Of the 71 systems, 50 gave the ratios and 
39 ofthese are “‘effectively grounded”’ ac- 
cording to AIEE Standard 32? having 
Ro/X1<1 and Xo/X1 <ase ; 

In Table VI it should be pointed out 
that 30 of 149 solidly-grounded systems 
have established sequence-impedance 
ratios, whereas of a total of 151 solidly- 
grounded systems reported in Table V, 
145 had Xo/X; ratios of three or less. It 
appears, therefore, that a large percentage 
of the solidly-grounded systems have se- 
quence ratios in the “effectively 
grounded” class even though they are not 
considered in a premeditated fashion 
as being “established”, For reactor 
grounding, about 57 per cent of the sys- 
tems consider sequence ratios. 


Time RATINGS AND VOLTAGE CLASS OF 
REPORTED-NEUTRAL GROUNDING 
DEVICES 


Time ratings on reported neutral- 
grounding devices as shown in Table 
VII vary over a wide range; in fact, 
from 1 second to continuous. The table 
includes 102 resistors. Time ratings for 
80 of these vary from 1 second to 5 
minutes; 53 of these had a time rating of 
1 minute, and 8 had a time rating of 2 
minutes.. A total of 117 neutral reactors 
were reported which varied from 5 seconds 
to continuous, with 56 for 1 minute and 


32 for 10 seconds. The other devices are _ 


so few in number they are not summarized 
here. 

The voltage class of reported neutral 
grounding devices for generators is 
given in Table VIII. Of 88 neutral re- 
sistors reported, 49 have line-to-line volt- 
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Table VII. Time Ratings of Reported Neutral-Grounding Devices 


Number of Grounding Devices Reported 


Unit System 
No Feeders At 
Generated Voltage 


Common Bus 
No Feeders At 
Generated Voltage 


Common Bus 
With Feeders At 


Grounding Device and Time Rating Generated Voltage 


rewire la TESIStOLIN Sais a ie ierete orci atl orsiels wiledscal a alate aiciaveterelaistorels.c eceleie lee shares cye.s a tanMistare  eyeacis nett = 
secon dinsrahosiitelexsieka vin autoyaieve IG odie DCO Soe ee SOOO eae Re ror it 
DOL SCCOMGS eyes ale yoia/eietsisiataic!oisisorcisieferel ciel ots] svelsioie once she Pes BRL D OHOE Ls Spe scrtevensiehe Mreyels 3 
SS SCCOUGS nieve cht tre ete STS Eee ore e eS erSPn ahs olevebaioveeta c's a o'cipie wid siecayespie @ ie ele deg a eceie are orl 
AQ Seconds\.,(5.s siete Ba Fe OA Bet Oe Bie, Ea SPORES Oe POPC EL QOI ROR AE TER ICO ERO eee RA ° 1 
45 seconds..........+. alee elatelopeverete wne¥ei sie ecst4)5,9 MeParavOR NOMA ASL sieve areetS vaheciers ot chsrols totatereverevere elke 2 
1 minute..... ARcuntcto acing: MDa ae cae rae 8 Maras sexerstevelere cclere's:s MSs SA Mvateratejeyetar eters stots 33 
PESEUETUISLOS te emetenetedersiate aoe es elatid ov ohare, sioksieTs inte ena Dravestoret in igus venenel d, ste ws holeher ols ieioeiave os iauakeriote 2 
Pe A IWUITUITEES Notre Meperseeie atare elec sie olsrerelalare/oretere stele 1 
eRe eye Sie 247) on Bin ba GHORO GOD OCIO te cacIde on OCn IOS OO Cog C DUOC > ODO CIO O CDCIICRI Ot IIe 4 
Ort ted \. 2) < mise « Pe Oa ters rare" oeLs: aiavshe eis ie ate ere totes oimistene sioner Baarle attic he sselectatona 3 
Winireported mercras tier tice attivle otteialeletieterciste ef-s 2. weVtenete samrstderetaiers EO MICIE a etetatcts/ ete 13 


Distribution transformer with second- 
ary resistor: 
Com tintOusiers «atete <ioieterena ial ofa ere tel aise ab cherean ate sus jetetersieceteves sane Lesh ee 
Neutral reactor: 
PISCCONGS He citlove: cloheyeiatera osm heisieieiers (avelse"sle]0is0 elms s\0's e'¥ieve 5 


Unreported...... secacduanters avendegtababal sia eieh sel teers Tota cayetote siete oceterotenereest ccelsvare a cle rebetensheusicietein eters 


* Grounding transformer: 


Mlimmintste Te aiatciece srele a voeie oles o elerete,orera Pia ransonars: sanstanate's ott ee vietnate Liz, 


Unreported......... Sh Kg Pa Benes unieictts eaters Sig Win aie orchala “o'er .oforal atute ata elelepwtle. staltcacters * FOC 
Grounding transformer with neutral 
TESIStOL.» s.cleisblasls SR OCT Tate ralaiaad ters sy chaitons ceiaichstiars’ slates = ole absreneys EA CCU Oe b 


Ground-fault neutralizer: 
Continuous............ A Ae aise OOOO MODOC sefolenaarsier cs stale/oterators Seal e(aiaisielsis he sie isheunlere 1 


(a). First resistor burned out; rating was changed from 30 seconds to 120 seconds. 

One system experienced trouble with a neutral resistor of 7.5 ohms and a second unit of 7.5 ohms was added 
in parallel. 

One system has grounding transformer operated normally in parallel with generator grounded through neu- 
tral resistors. 

Seven water boxes used as neutral resistors. 

One system has neutral resistor which is by-passed 40 seconds at 1,200-ampere ground current. 
switch automatically opens when current falls to zero. 


By-pass 


(b). On interconnected systems resistors are in each phase ahead of grounding transformer. Zo per phase 
is 43.3-j24.3 including 40-ohm external resistor in series with each phase. 

The ground current normally is limited to approximately 1,700 amperes. Of this amount 400 amperes are 
supplied by a zigzag grounding transformer at one station, 800 amperes from another station, and 500 am- 
peres from a third. 

(Refer to AIEE Standard 32, ‘‘Neutral Grounding Devices,” issued May 1947, for information on recom- 


mended time ratings.) 


Table VIII. Reported Voltage Class of Neutral-Grounding Devices for Generators 


Common Bus 
With Feeders At 
Generated Voltage 


Common Bus 
No Feeders At 
Generated Voltage 


Unit System 
No Feeders At 
Generated Voltage 


Grounding Device 
and Voltage Classes ‘ 


we 


Neutral resistor 


Weimesto lines ccsc)screreie sbi ole eet a wie ee Ne sie e Salereh Uretale Mie eae aRene¥ei cher 5 Oavatsvayens 0, aelomslelet 33 
Wane-to-nemtialas ieee cis) ai elec mince sdaletesie etalacohe REO OO cape certain (eaaeinad a aterehsietble goo. 
OATES ae cae sty PwC LOE D ACOTETS OF aC ou Spat lice creme se akotatotetaeretete eats tists Ss chele See 


Distribution transformer with second- 
ary resistor 
Wime=to-linte) cia. eres ie er elshe/ ainlece aie Syeig ate ehasaene Bcaveth Oiaisohtiis ietore 
Neutral reactor 
Line=toline die estiss ssiecaleteteen iyeroets Oe pistatee Or eln epeteratstceteiaiel ste iets WM SM srtarerstescvois + ele ors_ oan 16 
Mine to-netittal cay, esieie eisai ccieters sialon oer orctod. 
Grounding transformer 
Line-to-line..... araie 
Grounding transformer with neutral 
resistor 
Transformer 
Line-to-line...........% 
Resistor 2 
Line-to-line....... FE SOO a OOo CAIDA EDD OGL Or NOeY 
Vine -fto-newtral. ....\s oj sistas s\eeie = ale plereisieiers 
Ground fault neutralizer 
Line-to-neutral... 


see eee pee eee teres renee 


(a). Three resistors have line-to-neutral voltage rating but are mounted on insulators for line-to-line volt- 
age. . , 
(Refer to AIEE Standard 32, ‘‘Neutral Grounding Devices,” issued May 1947, for information on recom- 


mended insulation class.) 
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age class, 34 have line-to-neutral voltage 
class, and 5 have special ratings. Of 59 
neutral reactors, 53 have line-to-line volt- 
age class and 3 have line-to-neutral volt- 
age class. Of the remaining 36 miscel- 
laneous devices, all except 4 have line- 
to-line voltage ratings; the 4 are rated 


It is noted that apparatus insulation, 
relaying, and damage at the point of fault 
stand out as being the most important, 
and these are also the highest rated as the 
reason for present practice. These fac- 
tors give a general idea of the complexity 
of the grounding problem. Many 


\ 
\ 


V 
in 5-year steps; namely, 0 to 5 years, 5 to 
10 years, 10 to 15 years, and 15 years up 
for each type of system and each ground- 
ing method. These data are summarized 
for all types of systems and all grounding 
methods as follows: 


line-to-neutral. utilities did not give reasons for present Qto 5 years.............-:- 94 systems 
practice, presumably because no one fac- 5 to10 years................ 83 systems 

Factors AFFECTING GENERATOR tor could be assigned or because the 10to15 years................ 47 systems 
Grounpinc (TABLES IX aNnp X) answers were not available. Loxyearsitip te. ae eee 179 systems 
The questionnaire listed 16 factors The factors rated as important for each "Total: sacha Seen oe 403 systems 


which usually are considered as affecting 
grounding practice. The utilities were 
requested to check, for each grounding 
method, the factors considered as impor- 
tant, as well as those factors which were 
the final reason for the grounding method 
selected. The following table gives the 
final results without regard to type of 
system or the method of grounding. 


type of system and for each grounding 
method are given in detail in Table IX. 
The interpretation of some of these im- 
portant factors may be difficult. For 
example, under solid grounding, 29 sys- 
tems stated that mechanical stress in 
equipment windings was important; 
nevertheless, these systems are solidly 
grounded and the answers may mean that 
mechanical stress was a point requiring 


Of this total, 318 systems, or 79 per cent, 
still are operating with the same ground- 
ing method which was applied when the 
system was new. It is interesting to note 
from Table XIII that 86 changes in 
grounding practice have been made in 
the past 15 years; this number added to 
the 318 systems which have not been 
changed gives a total of 404 which com- 


Number of Replies eee. pee example, ree pares well with the 403 systems noted. 
Basses SOE ae spears = Digiiet pee ee It is surprising that 39 systems, involv- 
Midas ee Le = fer Pe at Be ae ete peer a ing at least 39 generators, have been 
actors in stem roundin an ractice . . . 
4 x oe ue Sy Sr eee Be: solidly grounded within the past 10 years 
Speman. aoe erie ae RECN ae oe eka ; in view of ASA C-50 and its predeces- 
Apparatus insulation.............212......36 eee ue a ace © ae oe sors? which requires impedance in the 
tate pnt RT Tene ULTIMO Py i 6 Sr ks vac A 
Mechanical stress in equipment caci type OF system and tor each: groune™ . is less than the subtransient reactance: 
welding Mio at asta caer aaa Gc anc 25 ing method are given in detail in Table 
Cable insulation PéichacdHopaddéowsts Pools Oe 5 X. This table is very sketchy because 
Operating procedure Rals ates late serene LOB a acents 3 : UNSATISFACTORY GROUNDING 
ee = breaker interrupting a a the questions were not answered for a 
ilovolt-amperes...........:...104...... XPERIENCE 
Double or consequent faults........ POS Tecyerere 3 more than half of the systems. 
Positive-sequence voltage during : “ : 
faults-.%/ vat conan Meee a 19 : The question ; Has any grounding prac- 
sie ibe voltage gradient =f - IME THE PRESENT CROUNDING Mutnop tice beer! unsatisfactory? = was auswered 
CONSIGEFATION seeds otal lohereloievateyale =O Ene tate ete 
Lightning protection............. 92. saws 8 Has BEEN UsepD by 448 systems and 64 answered “‘yes”’. 
AES # aa Sega setae ‘ A breakdown given in Table XII shows 
nductive co-o) MATION... 2... eee ee Db wene ‘ . . 
Stability ule. ee Crees 4 Table XI gives the length of time that that 43 systems gave reasons which 
Adapt aloitity te <atceets shes eee , the present grounding method has been briefly are explained in footnotes. One 


460 systems covered in report 


used. This table gives the length of time 


definite conclusion which can be gleaned 


Table IX. Summary of Reported Opinions on the Factors Affecting Generator Grounding Rated as Important 


Number of Systems Replying 


Resistor DT & SR Reactor 


Pot. Tr. Ungrounded 


Grounding Method Layout* 


(a). Apparatus insulation.............. SO eS OneeOn oh On al 2 crndisakisiereasere D2 Ei cclad sero cule ater Y Hera BRAC Os ty Laas al crstesraiels shee a prabioterstereeeseaber ee ce 2 
(O)ie Cabletinsilation ts cis «sti cree mage ZN ee or Joep Egan Wee Ie hn We aioe lors criettic Be ete Bieoerretece Mist ata aeretsiete S Aigenictacacho concde Dietetics reat shere lates ete 1 
(c). Mechanical stress in equipment 

WALLIN DS 21,. srolsietcies Veneta ricisveleraiveta UGcpemetie (Onpee Ocak earea) als Aatarerete ey sssiets 22 Dag cha cOs aan PERSP AID iL ete 2 tmp hetseis ets's sme eets Ae Taye atorie ae Lissa 
(d). Circuit breaker interrupting kilo- 

volt-amperes.........+.+4 pe eens 1G so Air O pba pele tercieral ete ee a cai6 SBR: eae eae ycici ns Bio's aeteleeisene De ieetate eelolohete ee DS aches iteiter ate rare! 
(ey meStability iy. t eecistoresne iste erste iors Bisrs aisa Obiasele BSc O oct ston a asec Ane A rei alia Diaxt tele ote (oy ater enemerels Dir Stor tate CA DASA iS POEO orn ciel! 
(f). Positive-sequence voltage during 

faslts 7, ce ercieisie tcinie Sardi ors treet BBs eect Dire E eit oe eee nrc O Mold conten, val Gir Lietetel nat Sskegeberers Brinton Distal pcieniowbyctorcys ate DV, See A Bo iok eee ete atevaer ests 1 
(g) is; “Relaying .\5\... <5 stor vreteisinieeletelotele OD LON SLS er. Veter devel Oeil eroretshel sts Di Berg’ oisia Bla sch x's a9 aleiere sats Wl stays OletaFitvai weer Agric pave,e¢ i ravataalsisteee eres sess 2 
(4) “Arcing grounds (00.8 cer. «seats = seine {53° Tem Gop: ot lee Us Pree? Seis yee ste all UA ae DD SG aye 4 cise Sioue Mirae isis tetoie Whack AO Scie era: apace Sie. state teen eet ete teTs Wiete 1 
(i). Double or consequent faults....... Orato LO loin Oe cll Opens eee reat yA EY Jato RPE OE CO 3 
(j). Lightning protection.............. 26 BiG 188s 1s ccetecielancgteee As Oates FET es cai: MPNIATE OIC D ssatetnichederefenendte Yaseen Siska Pe Ns.» aio. sperle avs il 
(Rk). Inductive co-ordination........... Dl sh cerareintktonerte eek Whee oS odaldletelt hel storaaanetentelctot« Saee oao aos Gis! sna spat ateese oe eter at otal eNote ta Res Rietouepheersteterere ee i bey Ue B 
(}). Adaptability to interconnection..... Qc Ls: Bes cQay Has. Mee iesteriekeeloeiterneriens Use al0,jofaue esol e\aNenete'se evoiotoishege Meme adiale one Bee irdersie fois Pikevabetiate aie atte ie 1 
(m). Operating procedure.............. LOe Sa Lae al Sieh eens creree etareiere Ditalerae cous Baie ow letersi ope ons aleve SEPAe st eeucistee ete Pee Tinted a save sieiate deqrerers 1 
(@).e8Equipmentcost:sirecis ape tae sei by Gegeamee. Sas eese 1G Joey be Pera ly LO oe A WE ic teh aes etehions tyee ue Oke icy stetalevetevarciete Seeker F sue leas Gilierealaiocs eiviave isierevereus eleuaiene 1 
(0). Safety from voltage gradient con- 

siderations ).:. sje ss senor ees ae 12.4620 6.7 225001 LO ne Sereetarte aes A 2S aedowts sate Lb asaiaatets siaciete > ate lsat y einiaivionrtatelltcLtemr a ela isieeyaleseieneeaate Acie 
(2). Damage at point of faults... 5 clee cA 0) Bs) Onn 2Ss sede. G0 ce Oeil ore tieletaie L Olsteit canalO nets Sietaa) ale ace Ld cc Becotosrerrignac eh aici O vis ic e162 ites Mugen 
(g). Other considerations.............- ape a CEO Hie Rte ji i AAR hea Bee fein Ok, ihe et siclatire we Seta archaea ois aLaigtetate estes AGinia anise Sree ‘ 


*Layout: U=Unit system; no feeders at generated voltage. 


CF =Common bus; with feeders at generated voltage. 


C=Common bus; no feeders at generated voltage. (See footnote to Table X) 
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Table X. Summary of Reported Reasons for Present Generator Grounding Practice 


Number of Systems Replying 


Solid Resistor DT&SR_ Reactor GT&R Gnd. Fit. N. Pot. Tr. Ungrounded 


Ground Method Layout* Vem Ch aU CrCh ote C.Chal:..CoCKky UeC CFU . Cy icky U2 C. CR) UC, CF UC CE 


(a). Apparatus imsulation............0 TAs SREP eras ictelhisie oie evenetsneracaiattons te cola ecexeatels 1 
(hype Cable ansilation roy. cis clas caterers ote a eee es Wee are rcrersierarets 3 
(c). Mechanical stress in equipment 
Say AECHOIT 2S ee oeene  Aiiateiel set sie ishs iefersue <.51e Dpeisicvotstouetpiats LOAM Lt ysraeierausletereicveis: octets his seri oe cc ence NAVE CIPI EF s1 sic s (ora lavarreyeiie: ete ouavetorer ele! eve lotars eisleiaVaralevevslejere}a ote 1 
(d). Circuit breaker interrupting kva.... 3 ...... Bese 8 icnd Zs. one CncucBoDT ode Sieve cL cv exarslaloLabeucns eqehere’oisttelavetaie ot etelclene. 0islaioie fousle cieleieleletele lore lheieleieversys ooo 
(Gis, “RAITT S pegs gaia oaceetoe Maca SoD ac aopoMduboomdns od Wer tee lecerer ote hem Palicgere cis! (oy saviscausiaveh 1 
(f). Positive-sequence voltage during 
ETS OG Hed DOC DOOM OE CDS ODO UG io fe cisier eV pth oPeiiste o\cba sree ee UE oe cas ciao AOro.cioialo COS 1 
(jn LY Ch arta 3 oem coro SoD bOCuO Ot EY ape cndanc, Sees abt ance tO dO nino OaDOnOmO reer Lnsoklaroxso. 
Cp BAL CINE STOUNCS. icicle tens o1s.2) svolerela sre) el Ae caida ctesLivcrenetotere Lie Aeack 
(i). Double or consequent faults............. ES cettalle cc ipiceens ismoiese 2 
(j). Lightning protection.............. 8 
(k). Inductive co-ordination........... Sie sianteere TAs eserars: cittetal Dakshetelote Syd dveete tore Reare ole: ss Dis eas shouslele sie 2 
(l). Adaptability to interconnection.... 1 ...... 1 
(m). Operating procedure. .. 6.2.22. cee cee cee ener eer eect eee e nase secre eens rene ee ester neretseeeneteceseeeerreeretcees A efaictectavelers 2 
(iyemBauipment Coste ois cesta toe cro incia iste sche Velo + es elel o\vleieisiec) eis, @ s/eim oo sinina sso olbivivivjcleie sisie icine ivipie\e.s alele,s/eieieieleleieisie)sisieie'sy+ os 1 
(0). Safety from voltage gradient con- 
SA STALIONS sey ons) aysiu ey al ol abel 5) ats lel oi os evel eset okeve)-ollocsiiolel el alae! sisisyepe st eh e\e\oreleie MUeperayefevetovavessfah svchctsy eisitiotatelctc els <f ele ln-e svelers efcusletelerevevareiacaretensnanete 1 
(p). Damage at point of fault........... 1 pe Rcatrecichc arr SAL O aT Bic sharevevgeesavaleussnyel ejave tiele GR AEE Oe Ae CCD ORE Sct De ORA AO IGG Usp COGS 2 
(q). Other considerations,............- baa CE CN 1h ae atatavata Patel cia. ciotayete eles OE PAS Ay Whar Mal rarsiasactarriers Se rage ere iri he I AR ‘ 
*Layout: 
U=Unit system; no feeders at generated voltage. C=Common bus; no feeders at generated voltage. CF =Common bus; with feeders at generated voltage. 
(a). Seven systems grounded. Generator neutral neutral for 4-wire 3-phase distribution system. (g). One system changed to reactor grounding in 


1928 on basis of it being equal to resistor in effec- 
tiveness and less liable to burn out. 


(d). Three systems—reduction of surges. 
(e). Five systems—limit ground current. 
(f). One system gave for use of neutral resistor 
reasons a, b, h, i, and as compared with isolated 
neutral, and reasons c,f,k, and p as compared with 
solidly-grounded neutral. 


as part of measures to protect from lightning surges 
from the high voltage side of the transformer. 


(b). One system reports that manufacturer felt 
solid grounding of machire required. 


(hk). One system—reduction of surges. 


: (4). One system operated ungrounded to reduce 
c). One system was solidly grounded to provide service interruptions from ground faults. 


- 


Table XI. Length of Time Present Grounding Method Has Been Used 


——==— 


Number of Systems Replying 


ee 


When New 15 Years Up 10-15 Years 5-10 Years 0-5 Years 
Grounding Methods U (@) CF U Cc CF U Cc CF U Cc CF U Ce) CF 
Solidiyserounded Pare ceieiels tcie.s 416106) svaielete uel wlevein eve) « DO net Loairee OS vee WO rere a latent Oyeere ote Oise ete et. sie 6 WR aiaei Oo Deiievarexs's A eisrevons PANE abe Di athasieil 
INGEra resistOnenr se. cen aa cicle te cic ttensies nieiste sels LG See 26 Ne NSG.. Se ae i amteu le Faicroiens) oesicrcae dl oterers Eton Shs s aie LOK aise Gierauniis Deseret Binjetsnare DW stove 7 
Distribution transformer with secondary 
LESISLOMs ie vee inlere cue ein iaie tsigerssiee < sisis es ee viele Se ee ee IM cle ete, sere are ls Coqurens 6) sore. 0c on eas isviep ofouey ey ePelieh «  s/'ayaumrot eis. eteiielsieleveleveusyeyens Gs dino 1 
INettralireactornsn sieeve ciolsrelt eye sls ietate Tels: s\ slevolelerstote Ee feacel Giateelema corals wiskalege t state nie (ers Ginette onto chews lazetere’ susie Hieeaaedci Bin hssere A sia cetsuer Dewetevals isan cng TREO C 3 
Grounds adit net raliz ernie ccits olerelcteketerete te) sielele! olcle.s o's ass wie Vo lel efeiiel elicisiin e)elejs w sanveie’ «6/0 See 9 PNR oO ei ov er a oir CGrSe Ene tL rte Shades WIE COU 1 
Grounding: transformers ct .j.(c cee ene fe ce cs > syste siete Siete Bee ine NM Rcrcarstes AE LAR Se alates 6 Seca tene Uh nete.0, lee seis 1 tes Arona Di Rescbeisie be eset, TRISTS 2 
Grounding transformer with neutral resistor............. i wat dace, ssoyere isi. tee panes Mire Jeo cl eee ota Mel ioc parscormin cb. 1 
Potential transforimers, <<) ate ice oriole) sole ol sesoieisjonel sie. sts Oat te ater tee G tin Gomeleemo, dec Ia ace pero ceo UGeretehesaors persevere Diatcadeeste 8 
Urge Oriri ed aeyey sete) st oieeoiet= «leisy ete toreust=ighe +) vers) oliense Dies ata A avecersi er iassa ore Des tions Mae arose per toaeeT a Lo Mer Gch cteieds wistisisrsnalomte Listers 1 


U=Unit system—no feeders at generated voltage. C—=Common bus—no feeders at generated voltage. CF=Common bus with feeders at generated voltage. 


* It is interesting to note that a number of recently installed machines are solidly grounded in s 


relative to limiting unbalanced-fault currents in generation by means of suitable neutral impedance.’ 


from these notes is that solid grounding 
gives too much fault current and, there- 
fore, grounding devices to reduce this 
current are being applied. 

In reviewing 48 cases, the question 
arises as to whether some of these un- 
satisfactory cases should be attributed to 
something other than the method of 
grounding. To clarify this would re- 
quire analysis in detail of each unsatis- 
factory case. The following types of 
questions may be asked: 


1. What is the condition of circuit and 
equipment insulation, particularly on sys- 
tems which have substantially full displace- 
ment of the neutral on line-to-ground faults? 


2. Is the relaying properly set to remove 
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faulted circuits and equipment promptly 
and positively? 


3. Are the double faults likely to have been 
caused by two lightning strokes occurring on 
two separate feeders at about the same time? 


One system which is ungrounded has 
frequent insulation breakdowns and plans 
to ground distribution transformer neu- 
trals. This method of grounding, under 
certain circumstances, may create danger 
of burning distribution transformers and 
may be difficult to relay satisfactorily. 

Table XII also gives the answer to the 
question ‘‘Any trouble coincident with or 
consequent to ground faults elsewhere?’’ 
A total of 411 systems supplied answers to 
this question and 31 were ‘‘yes’. It 
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pite of ASA Standard C50 Paragraph 3.130 dated March 29, 1943, 


should be noted that of the 104 systems 
with feeders at generated voltage, there 
were 18 systems for which double faults 
were reported. Footnotes give some de- 
tail on 16 of the total of 31 cases reported. 

Of the four ungrounded systems which 
reported double faults, three noted 
changes, one changed to solid grounding, 
one to resistance grounding, and one ex- 
pects to ground the neutral of distribution 
transformers. 

Five resistance-grounded systems re- 


’ port a number of double faults. Two of 


these changed to solid grounding but 
changed back to resistance because of ex- 
cessive fault currents. One resistance- 
grounded system had a resistor flashover 
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On a line-to-ground fault, and another had 
a flashover in a cell after the failure of a 
breaker. Another system increased the 
ground-fault currents from 400 to about 
1,700 amperes in several steps. On this 
system double or consequent faults still 
occur infrequently, lightning arresters 
have failed, and occasionally fuses have 
been blown on potential transformers con- 
nected line-to-ground. 

Two systems with resistors in neutrals 
of grounding transformers indicated co- 
incident faults. One system decreased 
the resistor from 15 to 5 ohms and has 
had no further trouble. 

In spite of the larger number of systems 
reporting coincident faults elsewhere with 
resistance grounding, it appears that those 
systems operating ungrounded have more 
coincident faults. At least it can be said 
that ungrounded systems experiencing ex- 
cessive coincident faults usually added 
some form of grounding device. 


CHANGES IN GROUNDING PRACTICES IN 
THE Past 15 YEARS 


Table XIII gives the number of systems 
reporting changes in practice in the past 
15 years and the troubles with previous 
practices. Of a total of 429 systems, 86 
indicated that changes had been made, 
and 63 gave some detail on the changes. 

The footnotes of Table XIII show two 
trends, one that solid grounding is being 
replaced by some form of impedance 
grounding; and two, that ungrounded 
systems also are being replaced by some 
form of grounding. The changes, how- 
ever, do not conform to a logical pattern. 
Of the 22 systems which abandoned solid 
grounding, four changed to reactors, five 
to grounding transformers, five to resis- 
tors, and eight to potential transformers. 
Of the ten ungrounded systems changed, 
one changed to solid, two changed to 
resistance, two to reactance, one to dis- 
tribution transformer with secondary 
resistor, four to grounding transformers, 
and one to a ground-fault neutralizer. 
Three systems changed from reactance 
to resistance grounding. Nine systems 
changed from resistance to potential 
transformers. Most. of the remaining 
changes concerned adjustment in resistor 
ohms or troubles associated with the 
grounding devices. 


CHANGES BEING MADE IN GROUNDING 
PRACTICE 


Table XIV gives the answers to the 
question ‘‘Any change in grounding prac- 
tice being made?”’ Of 416 replies, 35 are 
“ves” and 28 gave explanations shown in 
the footnotes. The table indicates that 
a total of 19 systems have solid grounding 
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Table XI!. Unsatisfactory Grounding Experience 


Summary of replies to question, ‘‘Has Any Grounding Practice Been Unsatisfactory?” 


Unit Systems Common Bus Common Bus 


No Feeders At No Feeders At With Feeders At Total 
Generated Generated Generated All 
Voltage Voltage Voltage Layouts 
Grounding Methods No Yes No Yes No Yes No Yes 
Solidly grounded. .... cjatatace ctoratere ests tates NOG Se ce Foie ers nie a beer ae + 20 ee 16S Son cee 139)...es23 
Weutral'resistor:j2 7. ce tote oeioe Dries errnen CAR BESERY- cpio! Pyeaeee 4D So eu OS sR ae 97... 5..28 
Distribution transformer with second- 

ary resistOrs.; cac/seemene : Ropar We A edaraeds siiorat Wihis eo. 5, ocenstaner ate avstavereratela eel sretovaters ome] 
Neutral reactors ee SOOM CEC Reine Le oaode s1S wee Bh eanen 9D oh aeeneGo de, eVeric 6: 7. 
Ground fault netitralizer. 0000)... a eee ee RBS Et ielaceleisere Nermorsers iatecentlicnte e etters apt, | 
Grounding transformer..............-++ Seto see Goneeste ora PE Cts 1 me inayat 
Grounding transformer with neutral 

FESIStOT kee ey tpareieve Sepa vis metho eer sieietr rae teste reee sisis, slare’eieyst” Sta pideetote eterers w BANS oeret ohne arcane ne Re ee 
Potential transformer...........++..++- Siete wake ne TT ohitecaatis epee a nrcoee nretoteerion 20) 
Ungrounded..........% Siaaiehatle spauyerstels 272 1S rer Ae tarerereisioil steie Becavicn 0 arcinieie ae ener 

Total all methods...... a bya Sisto st aitedtere Z24 ces De » aipveientis OB a sete RON cleo Odo eee 0) mete sie 384....64 
Summary of replies to question, “‘Any trouble coincident with or consequent to ground faults elsewhere?” 
Solidilys grounded yaun.e= ace emer 104 sie 4 cic AO siswrastac ioe mists 2 limsyorune pl SOmanaad 
Weutral resistor: a \qsccienia rele claan Ae ae ?: EBD 2a AO et BAe LOR ERer tere 80....15 
Distribution transformer with second- 

ALY. LESIStOL .facsieoace olepo ie ne sisue( aug gota vam, MO croysife mus loreie-siereys de ada ucay ones detenras fet svete tal otctatcPetel taney acted 
Neutral reactor........... Suste) ochsuete ens! a ePtOE wen ha heatte bveieiee LSpia we cette onl Oa, Mi Beate oeioe 
Ground fault neutralizer........ ateseteretsaistarelenstsiountt) siciets Sie ays wiaieliais, Sierstereyeie Dib, aicts: 3 atone Aataretelee ee 
Grounding transformer..:.............. Blea CE Ws Dnesweeee 1 een Mies Bitte L6u. aL 
Grounding transformer with neutral 

Fesistory i.e ce eae ete nae eee Sach eters siateloids Mtapel cnecancrorpta ohoye tl ciate. aes craerners Biter 
Potential transformer. (jo. cucesis he aetna B8ui55. 02 rae sjerars (iA Econ TIAL Photogenic et Srna 
Ungrounded........ BP Reece re ae Ae era eee aN 

Total all methods........ siclatcleretctstors 2202.5 1D! 4 ahiecieis TAcrciisee) eeisiscGOealOn Leeeteno SU staae ok 
(a). Two systems had too high ground current and changed from solid grounding to neutral resistor. 


One system reports ground current too large, disrupting house service. 


(b). Two systems, initially resistance-grounded, experienced over a few years a number of multiple faults 
at the same or different locations as a result of a ground fault. Solid grounding was resorted to for a few 
months, but this resulted in extensive damage in underground cables at the fault location. The systems 
then were changed back to resistance-grounded. 


(c). One system found operation unsatisfactory initially because of telephone interference, and later be- 
cause of excessive stress in machine windings and conductor burning. Wave trap was installed in neutral 
of generator causing interference, and reactor was installed in the neutral of three other generators. 

Two systems of 147 megawatts and 313 megawatts abandoned solid grounding in favor of resistor grounding 
in order to limit stress on equipment and to limit damage resulting from fault. 

Interconnection with another system increased ground-fault currents with original solidly-grounded neutral 
on a single-phase frequency-changer set beyond maximum capacity of the machine winding. 

One system with 12 generators now operates with one unit grounded through neutral resistor. This change 
was made because of unfavorable operating experience with only one generator solidly grounded. 

One system found solid grounding gives too severe a burden on generator under line-to-ground faults. 
Reactor to be installed in generator neutral. 

One system found grounded Y autotransformer caused excessive ground currents in generator. 

Five systems changed from solid grounding of generator to grounding transformer because of serious inter- 
ference to communication systems. 

One system experienced trouble with a neutral resistor of 7.5 ohms and a Second unit of 7.5 ohms was added 
in parallel. 


(d). One system experienced harmonics which produced telephone interference. Reactors at far end of 
system flash over occasionally which is attributed to coincident or consequent faults. Grounding trans- 
former is being considered. 

Two systems have neutral wave trap to minimize zero-sequence harmonics which caused telephone inter- 
ference. One wave trap consists of one tuned element and one reactor in series for the higher harmonics. 
Flashovers were experienced as a result of lightning and surges making it necessary to install a by-passing 
resistor in parallel with the wave traps. This is done by a contactor which is operated from a gap which 
breaks down on overvoltage. The contactor drops out when the ground current disappears. In the other 
installation, three tuned wave traps are connected in series between generator neutral and ground. High 
transient voltage at the neutral of one generator connected to the bus and operated ungrounded was experi- 
enced, and this led to the installation of a lightning arrester between that machine neutral and ground. 


(e). Two systems had resistors of an ohmic value which allowed a current in excess of resistor rating. Re- 
placed with resistors of higher ohmic value. 
Nine systems formerly operated with neutral resistors changed to potential transformer grounding to pre- 


vent burning of generator iron during generator faults. 


(f). One system previously grounded through neutral resistor had bus fault which caused melting of 
resistor. 


(g). One system views operation as doubtfully satisfactory because of appreciable damage resulting from 
failures to ground of generator cables, 


(h). Two systems experienced double or consequent faults with an original installation of a 4-ohm neutral 
grounding reactor. Consequently reactor was replaced with a 4-ohm resistor. 

One system formerly grounded through neutral reactor. Neutral bus failed with reactor in service. Neu- 
tral resistor installed in 1934. Reactor still available for emergency use. 


(4). One system considers satisfactory operation questionable because appreciable damage has resulted 
from failures to ground of generator cables. ; 


(j). Originally the 25-cycle system was operated at 6.6 kv ungrounded. The usual troubles inherent to an 
ungrounded system such as double faults and difficulty in locating faults were experienced. When the 
system was reconnected for 11.4-kv operation, two zigzag sets were installed to give approximately 400 
amperes ground current. While faults then could be located more easily, double faults were still frequent, 
partially due to relaying and partially due to 6.6-kv cable on the system. As improved relaying was in- 
stalled and as more stations were added to the system, the ground current was increased to 800 amperes, 
then to 1,200 amperes, and finally to the present value of 1,700 amperes. As operated now, all generating 
stations are assured of at least two or more ground sources. 


; (continued on page 1535) 
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Table XII (continued) 


Double or consequent faults still occur infrequently on this system, particularly when the initial fault occurs 
on a tie feeder whose clearing time on a ground fault is 1.0 second or more. At such times lightning ar- 
rester failures on overhead lines have occurred and occasionally fuses have blown on potential transformers 
connected line-to-ground. 


(k). One system previously used 15-ohm resistor in neutral of grounding transformer and experienced a 
considerable number of double cable failures. Resistor reduced to five ohms in 1929 and no double faults 
in cable encountered since. 


(J). One system now solidly grounded experienced trouble when ungrounded from arcing grounds causing 
phase-to-phase faults or short-circuited turns resulting in excessive burning of windings and iron before 
breaker cleared. 


(m). One system has a practice of 30 years standing of clearing faults manually. 
are frequent. Plans to ground transformer neutrals on distribution system. 
System was initially isolated neutral, but double-cable faults dictated change to grounded neutral. 


(n). One system experienced a line-to-ground fault on one phase and failures of lightning arresters con- 
nected between other phases and ground at remote points. 
One system experienced unsatisfactory operation because of aged insulation. 


Insulation breakdowns 


(0). One system suffered machine failure—lightning caused flashover in 132-kv line. 
One system suffered flashover on grounding resistor. 


(p). One system suffered flashover on an old bus in a concrete cell after failure of breaker in this structure. 
One system experienced a few cable failures coincident with ground faults elsewhere. Resistors may be 
changed from 1.5 ohms to match cable on system. 

One system has experienced apparatus failure coincident with ground faults elsewhere, an automatic oscil- 
lograph has been installed to facilitate further study of these conditions if they recur. 


(q). One system states that coincident failures have not been proved. 


Table XIIl. Number of Systems Reporting Changes in Practice in Past 15 Years and the 
Troubles With Previous Practices 


=o 


Unit Systems Common Bus Common Bus 


No Feeders At NoFeeders At With Feeders At Total 
Generated Generated Generated All 
Voltage Voltage Voltage Layouts 
Present Grounding Methods No Yes No Yes No Yes No Yes 
Solidly grounded.......... SRO CLIC GE LOT Saar a eas = rea pice D1 E S40 HOO 141s 
INeutraloresistor soya -crcitiae oss sasietsi slot orale LD eNOS cola: OF Nepean Sst Sik 1 De oe ee 82....30 
Distribution transformer and secondary 

EOSistOfeas risa ccc siete Saxsioters stele 3 ele Dene AS cr onmieperseagrts 19) Pitre oe es ew Paprsege ii) 
Neutral reactor............ eg ocae es ee ity ce eee cee 14h el trachea Sek ano) shee s Citas 
Ground fault neutralizer...... Bree ete roto teste Citic at ORE AS | ies AIR EIR R ne Ri ee. acheter cate ee 1 
Grounding transformer............-. RS cals. sistas Soe wens 1S Deo Om cw osiare Sra 10 
Grounding transformer and neutral re- 

BISLOL eso ois's's oie « CIRO oki MoO oan dand Aenea Late tet arora stele 1 Ait es niste 2 4 
Potential transformer............ Gen ek 5 23 bos oes 4 SES ere De eae asi oe 29 18 
ETO Qik ease eb bso Oude Gaasapos Dr Varotescsente Fo PIS 2 Dab istetete 6 8 2 

213 BLP eis 60 ABW SBE 70 CY Aono 343 86 
os oe Ve Eee eee ee eee 
(a). One system now solidly grounded experienced trouble when ungrounded from arcing grounds causing 


phase-to-phase faults or short-circuited turns resulting in excessive burning of windings and iron before 
breaker closed. One system installed neutral wave trap. ; 


(b). One system operated two. generators and one frequency changer set solidly grounded for over 15 
years. About six years ago, two generators were added grounded through reactors. 


(c). Two systems had resistors of too low current rating. Changed to resistor of higher ohmic value. 
Two systems, initially resistance-grounded, experienced over a few years a number of multiple faults at 
the same or different locations as a result of a ground fault. Solid grounding was resorted to for a few 
months, but this resulted in extensive damage in underground cables at the fault location. 


(d). One system formerly grounded through neutral reactor. Neutral bus failed with reactor in service. 
Neutral resistor installed in 1934. Reactor still available for emergency use. 

Frames of grounding resistor to have better insulation. 

Two systems experienced double or consequent faults with an original installation of a 4-ohm neutral 
grounding reactor. Consequently, reactor was replaced with a 4-ohm resistor. 

Two systems had resistors of an ohmic value which allowed a current in excess of their rating. Replaced 
with resistors of higher ohmic value. 


(e). Initial cast-iron resistor rated at 20 seconds was short-circuited by melting during a prolonged bus 
ground fault. The resistor was replaced by the present stainless steel design rated at five minutes. Im- 
proved bus differential relaying also has been added. 5 

One system changed from ungrounded neutral to neutral resistor. 

One system solidly grounded for more than 25 years added neutral resistor in 1945. 

Two systems of 147 megawatts and 313 megawatts abandoned solid grounding in favor of resistor grounding 
in order to limit stress on equipment and to limit damage due to fault. 

Interconnection with another system increased ground-fault currents with original solidly-grounded 
neutral on a single-phase frequency-changer set beyond maximum capacity of the machine winding. 
System initially was isolated neutral, but double-cable faults dictated change to grounded neutral. 

One system with 12 generators now operates with one unit grounded through neutral resistor. This 
change was made because of unfavorable operating experience with only one generator solidly grounded. 
This station was placed in service in 1922, The turbogenerators were 6,900-volt, 3-phase, Y-connected. A 
7-ohm (hot) 5.7-ohm (nominal) neutral grounding resistor was installed with circuit breakers so that any gen- 
erator neutral could be connected to the grounding resistor bus. Only one generator was grounded at a time. 
In 1941, a 13,800-volt 3-phase Y-connected turbogenerator was added; and the 13,800-volt bus was con- 
nected to the 6,900-volt bus by two Y-connected 2:1 ratio autotransformers with delta tertiaries. The 
neutrals of the autotransformers were solidly grounded. A neutral grounding resistor also was provided 
for the 13,800-volt system. Consideration was given to arcing line-to-ground faults on the systems in the 
choice of the neutral grounding resistors. The 6,900-volt neutral grounding resistor was changed from 5.7 
to 2.85 ohms. An 8.35-ohm resistor was chosen for the 13,800-volt system. A rough calculation indicated 
that such values would afford favorable ratios of Xo/X1 and Ro/X1. Since the calculations were made, sev- 
eral distribution autotransformers witli solidly-grounded neutrals have been added. The resulting ratio of 
Xo0/X1 ind Ro/Xi appear to be less favorable. Preah 
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which will be changed; 12 to reactors, 2 
to a resistor, 1 to a grounding trans- 
former, 1 to a potential transformer, and 
3 unknown. The other changes do not 
follow a consistent pattern. One unit 
system now grounded through a reactor 
is considering a lower ohm reactor or a 
resistor, and. another unit system 
grounded through a reactor is considering 
a distribution transformer with second- 
ary resistor. A  potential-transformer- 
grounded unit system also is considering 
the distribution transformer scheme. 
The remaining changes are all different; 
but in three instances, the changes are in 
the direction of reducing the impedance 
of the ground path. 


TRENDS IN GENERATOR GROUNDING 
PRACTICE 


The question was asked ‘‘Any new 
trends in grounding practice?” That 
these replies were not conclusive is indi- 
cated by Table XV. Certain trends, how- 
ever, are evident from the information in 
the report, particularly from the length 
of time each system has been grounded in 
its present form and the changes which 
have been made in the past 15 years. 
The trends are different for generator sys- 
tems supplying step-up power trans- 


-formers with no feeders and generator 


systems supplying feeders at generated 
voltage. 

Trends on grounding methods since 
1931 for generator systems without feed- 
ers at generated voltage are shown in 
Figure 1 and summarized as follows: 


1. Solid grounding decreased from about 
56 to about 38 per cent of the total systems 
of these types. Nine systems changed from 
solid to some other form of grounding. 


2. Reactance grounding increased to about 
20 per cent from about zero per cent. Three 
solidly-grounded systems changed to reactor 
grounding, three reactor-grounded systems 
changed to resistors, and three reactor- 
grounded systems changed to potential 
transformers. 


3. Resistance grounding decreased from 
about 33 to 22 per cent. Nine resistor- 
grounded systems changed to potential 
transformers and three reactor-grounded 
systems changed to resistors. However, 
there recently has been a definite trend to- 
ward the use of a distribution transformer 
with secondary resistor in the generator 
neutral. 


4. Potential-transformer grounding in- 
creased to about 15 per cent from about 7 
percent. Eighteen systems changed to po- 
tential transformers from some other form 
of grounding. Six of these potential trans- 
formers were provided with secondary re- 
sistors. 


5. A trend is indicated to grounding de- 
vices which take a small current for-line-to- 


Table XIII (continued) 


(A. One system changed from potential transformer grounding to distribution transformer and secondary 
resistor. : 

(@. Onesystem chanced from ungrounded to provide ground-fault indication and to improve machine pro- 
tection. 

(2). One system changed from solid grounding to reactor grounding to give mechanical protection for 
generators. 


(@. One system with two generators was solidly grounded for 15 years before the reactor was installed. 


(fp. ‘Two systems changed from solid to reactor grounding in order to limit ground-fault current. 
One system changed from ungrounded in 1942. 


One system of 115 megavolt-amperes and ten generating units, three of which were equipped with neutral - 


reactors, were srounded with any one of the three units having neutral reactors. Two reactors are tuned 
ss wave traps, but the third isnot. These are by-passed with 10-ohm resistor during faults. 


(®). Changed from isolated neutral to ground-fault neutralizer. 
(. Ome system installed grounding transformer banks for ground relay protection. 


(zs). One grounding transformer was replaced with larger size to obtain higher fault current and lower 
sequence ratio. 

Two ungrounded systems added in transformer neutral grounds. 

Five systems changed from solid grounding of generator to grounding transformer because of serious inter- 
ference to communication systems. 

One system grounded additional transformer neutrals to reduce the Xo/X1 to less than five. 

(See also footnote 7, Table VI). 

(=). One system previously grounded through neutral resistor had bus fault which caused melting of re- 
sistor. 

One system previously used 15-ohm resistor neutral of grounding transformer and experienced a considerable 
number of double cable failures. Resistor reduced to five ohms in 1929 and no double faults in cable en- 
countered since. 

One system previously grounded through power bank. 


(0). Nime systems formerly operated with neutral resistors changed to potential transformer grounding to 
prevent burning of generator iron during generator faults. 

Six systems removed neutral reactors or solid-ground connections and applied potential transformers loaded 
with secondary resistors. 

(@). Three systems changed from solid grounding. 


(g). Qe system origimally solidly grounded. 
Qne system removed generator ground in order to reduce stress on generator winding. 


Table XIV. Replies to Question “Any Change in Grounding Practice Being Made?” 


Unit System Common Bus Common Bus 
No Feeders No Feeders With Feeders 
At Generated At Generated At Generated Total All 
Voltage Voltage Voltage Layouts 
Grounding Methods No Yes No Yes No Yes No Yes 
Solidly grounded. .............-- TOG scat Le LS Se 5 eee Pl yee See NS BE ce aoe pK Ae 19 
Neutral resistor. ..........--.-.. i RE 33. im ¢ 2 eee Gh2s ea. 10422 22. Cs 
Distribution transformer with 
secondary resistor. ...........- Ge Shows date Sous Lev Serea res cas Gin ce ee eee 7 
Neutral reecine®. 2.6.5 2 cn aetuat. 3 Sie. ot Sees Sf. Weeos ewan EC Ria, a) nn : rere Whe cs oe 
Grouund-fault weutratters. 226. OS. Se ee ee ee eee je mr A! 
Grounding transformer..........- nde Saren Sree Gio. j eee gi Renee 1 
Groundme transformer with neu- 
taal sestiine. 25. Sab non noes een eee ne or ee Gone ae Lien, 
Potential transformer............ 27...... i Leer y Pee ee a re SoRE odes eee BSP aa 1 
ifepromeded. . | 2. 22a ee hee Se SS ras ye eee eee pee A G2 Pe 
po Be ee a ee ey in cy gah aoe (Ce Rem c ee So... EL cg See Bee 35 


(s). Seven systems considering neutral reactors to limit mechanical stresses on generators. 
One system:—nentral reactor to be imstalled. 

One system—reactors being considered. 

Two systems considering change from solid grounding to resistor grounding. 

One system considering change from solid grounding to potential transformer grounding. 


(®). One system probably will install 2 neutral bus and one or two af seven machines will be grounded. 


(2). One system found solid grounding gives too severe a burden on generator ufider line-to-ground faults. 
Reactor to be imstalled in generator neutral. 

One system experienced harmonics which produced telephone interference. 
fiash over oceasionally which is attributed to coincident or consequent faults. 
beimg considered. 

One system considering change to neutral reactor to limit line-to-ground fault currents. 

One system to minimize mechanical stresses in generators on ground faults will install neutral reactor in 
generator neutral with solid grounding of step-up transformers giving a lower ratio of single-phase to 3- 
phase fault currents. 


(@. One system is addimg arresters and capacitors on neutral connection. 
(2. One system expects to reduce neutral resistor from four to two ohms in connection with other changes. 


(). Ome system is considering resistor or reactor of lower value. 
One system is considering distribution transformer and secondary resistor. 


Reactors at far end of system 
Grounding transformer is 


(2). One system is considering low neutral impedance. 

(%). One system considers establishing additional grounding points. 

(). Duplicate ground-fault neutralizer on order. : 

@. One system changed from ungrounded to obtain relay and fuse protection. When additional genera- 


tors are added. generator neutral-resistor will be installed to provide more ground fault current for better 
relay and fuse co-ordimation. 


(®). Ome system is considering change to distribution transformer and secondary resistance grounding. 


@. One system proposes to limit single-phase fault currents to 60 per cent of 3-phase value. 
One system bes practice of 30 years standing of clearing faults manually. Insulation breakdowns are 
frequent. Plans to ground transformer neutrals on distribution system. 
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ground faults such as potential transformers, 
potential transformers with secondary re- 
sistor, and distribution transformers with 
secondary resistor. 


Trends on grounding methods since 
1931 for generator systems with feeders 
at generated voltage are shown in Figure 
2 and are summarized as follows: 


1. Solid grounding decreased from about 
32 to about 20 per cent for systems of this 
type. Ten systems changed from solid 
grounding to some other form. 


2. Reactor grounding increased to about 
12 per cent from about 5 per cent. Ap- 
proximately 20 per cent of the new systems 
during the past five years were reactor 
grounded. 


8. Grounding transformers increased to 
about ten per cent from about five per cent. 


4. Resistance grounding increased to about 
51 per cent from about 44 per cent. Six 
solidly-grounded systems changed to resis- 
tors and two systems changed from potential 
transformers to resistors. (Resistance 
grounding includes resistors and grounding 
transformers with neutral resistors.) 


For all generator systems, regardless of 
the station layout, certain definite trends 
since 1931 can be obtained from the in- 
formation in this report. 


1. A definite decrease in the use of solid 
grounding. 


2. A definite increase in the use of react- 
ance grounding. 


3. A definite decrease in the number of 
ungrounded systems. 


4. A definite usage of sequence ratios in 
determining the adequacy of grounding 
methods. Seventy-two per cent of all sys- 
tems reported sequence-impedance ratios, 
and of this number, 22 per cent had estab- 
lished definite ratios. 


5. Atrend toward less ground-fault current 
in order to reduce damage at point of fault. 


(For Table XV, see page 1537) 
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Table XV. Summary of Replies to Question ‘Any New Trend in (Generator) Grounding 


Practice?” 

Unit System Common Bus Common Bus 

No Feeders No Feeders With Feeders 

At Generated At Generated At Generated 

Voltage Voltage Voltage 

Grounding Methods No Yes No Yes No Yes 

Solidly grounded............. Ret ev AA Ahn, wih a2 EOS... decors Bee iT OE Acre Get Lene felere LOM. eRe. 36 

Netitral resistor... .j./4= «2. an TOet bE eeso on ONO Wve nosonencodde BERG onc h anacacs Creo TOE fe 

Distribution transformer with secondary resistor..... Weanouc AW rarer 1 

Neutral reactor........ Co oipacirsa ontucinod ooddn aan (SS Se QOR tens Wirecg oo LORS aoe 10 
Ground fault neutralizer............ PTS Cee Dae cost is Nels taVo6s (atov ela) evade) sizrosaiet aceretaeherssa10ud 1 
Grounding transformer......... reat atten Shhecate es Saket eyeus Cee gcc in sins ibe. a lecWieceretenatsuenacevens Us 
Grounding transformer with neutral resistor.........-.-.0022seeeeees Ue iexste: signatPets ccesstete 6 

Potential ‘transformer aeiterincrcicicierele « «sss iele.nielolepacese.s le eee ATI ee {ARADO Ae BesenOricn OOo ae ee 
Ungrounded........ Pearce MORE altace Core a onamerotetaliehe ork ieee Di sever sparse aeuel een a ciara syeisvitaeaieta 1 

aObAL ote eiersuonttse ote ahs OG aisiets fe tMors: cesar! aie fare Bese DOG. svste te 228i Pee Cf: Seton Oras 88. se 12 


(a). One system considering change to resistor grounding. 
One system will install a neutral reactor. 
Three systems see trend to neutral devices which limit ground-fault currents to 3-phase fault current values. 


(b).. Three systems see trend to limit ground-fault currents to less than 3-phase fault current values. 


(c). Resistor grounding for the purpose of limiting overvoltages. 
Six systems see trend to limit ground current. 


(d). Four systems see trend to distribution transformer and secondary resistor. 


(e). One system sees trend to resistor grounding. 
One system sees trend to reactor grounding for limitation of ground fault to 3-phase short-circuit current 
value. 


(f). Seventeen systems indicate that they will consider distribution transformer and secondary resistor be- 
tween generator neutral and ground for future installations. 


(g). Two systems indicate that they will consider distribution transformer and secondary resistor between 
generator neutral and ground for future installations. 
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Part Il. 


Grounding Practices on Transmission and 


Distribution Systems 


This part of the report summarizes 
grounding practices on transmission and 
distribution systems at 22 kv and above. 
The practices are tabulated with respect 
to the five grounding methods as outlined: 
namely, solid grounding, resistance 
grounding, reactance grounding, ground- 
fault neutralizer, and ungrounded. Data 


SUMMARY OF GROUNDING METHODS FOR 
ALL SYSTEMS 


The over-all summary of grounding 
methods irrespective of voltage class and 
amount of cable is given in Table XVI. 
The table alsoincludes the total mileage of 
the systems for each of the five grounding 


methods. From this table, it is apparent 
that solid grounding is the principal 
method in use, this method having about 
eight times the number of systems and 
about 11 times the mileage of any other 
grounding method. Also given in Table 
XVI are corresponding data selected from 
the 1923 and 1931 reports. 


SUMMARY OF GROUNDING METHODS BY 
VoLTAGE CLasses (TABLES XVIIA, 
XVIIB, XVIIC, anp XVIID) 


The principal methods of grounding 
have been tabulated with respect to volt- 
age class, as it was thought by the com- 
mittee that principal interest would center _ 
about the grounding practices that apply 


Table XVI. Summary of the Three Surveys of Transmission and Distribution System Grounding 


At 22 Kv and Above 


1923 1931* 1947 
Report Year 
Systems Miles of Circuit Systems Miles of Circuit Systems Miles of Circuit 
Grounding eo ee = ee ee. ee es 
Method Number PerCent Number Per Cent Number PerCent Number Per Cent Number PerCent Number Per Cent 
a ec ne ee 
Solidly grounded. ............ <2 See 43.625. 233, 3555-2 S480 2. oe ji baer Tact sae 34,980... WOS4e aoeas: ANSE Roe 7329... 22, ABs. coe 
Resistance grounded.......... p2 ee, 14. 6 en! 3, GIG. ee ee bees wee pS ey RE recta 4 495 IBIS Sues Sake oie ats 6.624.056 ,456.... 46 
Reactance or grounding 
transformer grounded....... Oona | is. DD je Sateen Stare Fe aR 1,075 yA: Nay Sona bis 6.25 cee egoes 6.4 
Ground-fault neutralizer. ...... Paes ie ee 100. . OS. Sere 2 xe ae Be oe BO) onsets 5:3... | 8,083 6.8 
Ringrusinded .¢ . 0. ocean one nn rf ee 38.6.... 5,068. . pe ee rs eee Cy a ee & $5524. 5.00 SO ec ee wale 59 eee = OOi soe LLG 4.3 
Bi Ey ee acta 300.6. ....21 49... 108-0 --s22.6 556-2 see 100-0552. 440782. «,:.. LOOLO: Sse. sO Ene ote 100.0....119,081....100.0 


* This summary does not include systems at 22 kv as these data could not be separated from those for lower voltages in the 1931 report. 
** Ground-fault neutralizers were included under reactance grounded in the 1931 report. 


on grounding practices also-are classified 
with respect to eight voltage classes which 
have been selected so as to avoid divisions 
at the standard insulation classes or near 
the usual operating voltages. A further 
classification has been made with respect 
to the amount of system mileage in cable. 
Originally it had been intended to form 
three groups according to the ratio of 
cable mileage to the total mileage: 
namely, zero to two per cent, two to ten 
per cent, and ten per cent and above. 
However, there were few systems in the 
range between two and ten per cent. 
Accordingly, the classification adopted 
includes “aerial” systems with cable mile- 
age less than ten per cent of the total, and 
“cable” systems with cable mileage 
greater than ten per cent of the total. 


Grounding Method Summaries 


The principal information in the replies 
to the questionnaires has been sum- 
marized in the tables which are included 
in thisreport. The discussion of various 
phases of grounding is arranged under 
paragraph headings with the principal 
supporting data identified by reference to 
the pertinent table. 
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Table XVIIA. Grounding Method of Transmission and Distribution Systems Tabulated 
by Voltage Class 


SSS 


Per Cent of Systems by Voltage Class Totals 
Reactance or Ground- Number 
Report Ky Solidly Resistance Grounding Fault Per of 
Year Class Grounded Grounded Transformer Neutralizer Ungrounded Cent Systems 


1923... 

1931.. 

1947... 

1947. 41-60 2-275 100.0. ee ak DP antes 
GE eee: 6B 0. eee gL A er Su 
131-165..... 100 0 4ep eres Qe eens 


* Ground-fault neutralizers were included under reactance grounded in the 1931 report. 
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Table XVIIB. Grounding Method of Transmission and Distribution Gortems Tabulated by 
Voltage Class 


Per Cent of Mileage in Voltage Class 


Totals 

Reactance or Ground- = ee 

Report Ky Solidly Resistance Grounding Fault Per Mile- 

Year Class Grounded Grounded Transformer Neutralizer Ungrounded Cent age 
22-30) sikne BOO ae tenes DUO a arsabeteloi s:- Oras = sons US Bacon SO ROE sitet 100... 4,226 
31-40 .:... Bieta raves siateioes = Oe tniceeiiens hem adicis 6 Bins OF Pee ats ALT S revelers 100... 1,357 
NODE ge SEG cinco! (ecm piiowa Ol epetoet rere te Oe ire oreicraieiets Le Gisroteseberace 22'5 OR ats sist - 100... 6,220 
Ol ODI osc BBQ ees sect 1 es ior Ors is iocelatste On engi ae Cay ar Se Se 100... 3,392 
OS T3800 vitae yo hate 2 al oe ous Teas Ale aig code Osborne cine couse OinWelsvstsvoie sre Wie Boatid 100... 5,270 
131—-165..... Gi Aciate casieasie ON Meare eystnc sete OPTS 5 Soysyeicttc Oi eat eek cs ASE Ge ateres 100... 1,184 
23-33. ..... SO} Gave ctersies BBs Diaterere oye otior ES se iectiieleers MP Wreveiey tee Qa tener 100... 8,022 
34-44 ..... QA 'Oine diate sys (ia ecicketaors jee as toe BSc herais RTGS OBES 100... 4,556 
1931... 49-66 ....< Ow Oletecte senses BIBS Sarena titi MraO wtstanahcotstats 6d ha ear WB S2 trees 6 100...17,265 
100-110..... DoE Ooms ieeas (Date Re it ARM Sovsus holace ee Megiaic ae Oj rale tices 100... 9,075 
120-182..... LOO Oars. as isl~ Qi ara felctetelotere OP ger ctarerton. lors ch Cee fetete, sis fers On aaite et 100... 2,752 
184—220..... 89 SAS Rearatelone LOWS etelerictets) i saBtatsercurte Sheet myabaniererciste Ova Le 100... 2,402 

Aerial Systems (Cable Less Than Ten Per Cent of the Total Mileage) 
22-30 _..... GOO sc <.2e ater Dir Ase acces soisieys UE igodean cee Gin Store sxeeseve IGG )sevecs 100 8,039 
31-40 ..... 5G). 4s ecccevereise Oi sconeautiate Ee Ss cepacia 20 Oia ayeterarerss YG sean 100. ..21,578 
41-60 | s6665 WSs Oi aaierevetoats DL cithasslcunverevevere ae oAtoa ae AAG avirsiemes 1 Ee eee 100. ..12,419 
YG, BUSS Gegoc STsSe stor aes GWE Ain ebian DeTias sak eine i Dene star eatsere PTA ROS ee 100. ..22,142 
93-1380 ..... BO LAE eRe oi.0,2 ae etn ea Ae DRe aide ree CA aeterciaicte OMe Re trysices 100. ..25,887 
131-165..... SAD ss area. Orsi seta siete PRUE Ba neoaG LoS onigistenes Oia erate sicce 100...14,296 
166—230..... OGn tacit cela CE we OO ODUD Ob or Scan One e sicats ON Sterietere 100 5,868 
231-—Upien eres UR OR Bane eaters OR vererstets ai <i(ets O?-7N, sereeecnt (iti Agrro.cter OP eeis.cierao 100 799 
Cable Systems (Cable More Than Ten Per Cent of the Total Mileage) 

22=30." Fein cis TS. Givhrs cisioane 2B aba sis alee SOs Sotercrecopeun i SPS B ERS ac ON. sitaers 100 5,726 
31-40. ..... CAG See A 1 ee Ter ecimiers cities OMmoria sears’ Olegars ss rasis-sr OP rsines 5 100 1,683 
1947...:41-60 <.... JOOL OR Tas. crete OP Fevenctacatet sy (Oe tah OV Wel ahevers:sre Oe anatir ac 100... 43 
61-92. 292. as GL WICere cre ova 38 Oetetasetapetei ots Oia. vociaire niche Oe seisiers «(Set Oy eyeterciss 100. ;. 398 
131—165..... LOO OSs wrcreisinie UM caseyeoro Opt Ar coteret ccs Ope takers cers O ere ata sve 100 211 


* Ground-fault neutralizers were included under reactance grounded in the 1931 report. 


Table XVIIC. Grounding Method of Transmission and Distribution Corer: Tabulated by 
Voltage Class 


Average Mileage Per System* 


Reactance or Ground- 
Report Ky Solidly Resistance Grounding Fault 
Year Class Grounded Grounded Transformer Neutralizer Ungrounded 
Pepe Uae an Saar DUS ic cies state ois SAD Neale mice teiaiaate Takats he tier niglte mre alin jo) o fn tasbiia%e a:rekels ca 171 
Fy Ae he Mire eae Case han de le ctiat sliss'e/fel GPEIM as OM. Sede: w lolis!'s 6! ar opesfeum a Taileie t's) seals! aap eb, ielleasi-s,:0\felier eyed 95 
1923..... 41-80% Lowe's ices: C7 en eo A ene vic» og, Site vege an is's OO ceo ain Scrate 342 
Gh eae SUD ire ale wis/stearle AOE Ree ousieteytanate, ovelstebeis 3) = hale ais, vie (ora pialoyer Seve. cre 153 
§3=130) sewers BOOS ioe hietonaists 802 
159 StF Sens D2 Dean NE Te Ate otetvalocctere Msitistne fare ate scsia meta cine ole o.s,0 es -aneteerare 518 
PATS tee om cre CAS crrtetrcrciars. > DSoiw .srtels wake DO arprew aie sens es eratsicus ope eras 73 
ee ea coo ne Ts Dae oo NOES act. CRORE MRC O ICE ORE Soiiale olsleamenere PEE Wave foseceet ele cher 34 
TOZTEee ee 45-66. 0% cls seis BOOE Wise edema GOD ae coaterslovs PAS Tes S Act ope Re bao ace nend GOD 328 
LOOHLIO® fi 68 ocetee HOO mmaierloraie orenis ere avere asersueie re ots SRD isis coktercre casters *% 
UZO=932 oeeheieiaes Sp AMEEA aaa L a eiy meta notte rede aasdnae isis eyiogeNellsiberniie-«, cue) #1 mi'oi tT ausie a # 
184-220. vccisc esis BOS soe weno DB dees <a Peare ay ailelets sverepousretoleareys @is * 
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* Average mileage equals total mileage in class divided by number of systems in class. 


** Ground-fault neutralizers were included under reactance grounded in the 1931 report. 
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to systems of the same or about the same 
voltage class. The data are arranged in 
two groups, ‘“‘aerial’”’ and ‘“‘cable”’ systems, 
as defined previously. Data also have 
been included in Table XVII giving the 
corresponding information from the two 
earlier reports. The data in Table XVII 
have been arranged in four parts: Part A, 
in terms of per cent of the total number of 
systems; part B, in terms of per cent of 
the total mileage; part C, in terms of the 
average mileage per system; and part D, 
in terms of the maximum mileage per 
system. 

On “‘cable”’ systems, solid grounding is 
predominant and resistance grounding is 
the only other method in use. On 
“aerial” systems, solid grounding is also 
predominant in all voltage classes, and 
especially in the highest voltage classes. 
Ungrounded and _ reactance-grounded 
systems are principally in the 22-30-kv 
and 31-40-kv classes. The ground-fault 
neutralizer is used mainly on the inter- 
mediate and lower voltage systems, and 
its mileage, while small in comparison 
with solid grounding, slightly exceeds 
that of any other grounding method. 

The maximum system mileage for most 
voltage classes and for all classes above 60 
kv occurs with solidly-grounded systems, 
and reaches a maximum of 2,835 miles for 
one 138-kv system. In the 31—40-kv 
class, the maximum system length is 
1,427 miles which occurs with a ground- 
fault neutralizer system. It is worthy of 
note that the maximum mileage of un- 
grounded systems is low in comparison 
with other methods in almost every volt- 
age class. 


AVERAGE Circuit MILEAGE PER 
GROUNDING Point (TABLE XVIII) 


The average mileage of transmission 
and distribution circuits per grounding 
point is about 63 miles for all voltage 
classes and for all grounding methods. 


Sequence-Impedance and 
Fault-Current Ratios 


The system characteristics that are 
affected by the grounding method may be 
expressed either in terms of the ratio of 
zero-sequence to positive-sequence im- 
pedances, or less precisely, in terms of the 
ratio of phase-to-ground to 3-phase fault 
currents. These ratios are indicative not 
only of the ratio of phase-to-ground to 3- 
phase fault currents, but also of the mag- 
nitude of dynamic and transient voltages 
which may occur under unbalanced fault 
conditions. The importance of these 
sequence-impedance ratios was analyzed 
in the AIEE subcommittee report “‘Corre- 
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lation of System Overvoltages and Sys- 
tem-Grounding Impedances.’® Accord- 
ingly, information on sequence-impedance 
ratios was requested, and as some utilities 
were presumed not to have these data 
available, the value of fault-current ratios 
also was requested. The practice of 
utilities in establishing limiting values for 
sequence-impedance ratios is tabulated, 
presenting additional evidence of their 
significance. 


SEQUENCE-IMPEDANCE RATIOS REPORTED 


The ratios of the zero-sequence im- 
pedances to the positive-sequence sub- 
transient reactances, the ratios R)/Xi and 
X,/Xi, as measured at the terminals of the 
equipment forming the grounding path, 
are tabulated in Table XIX. The ratio 
R,/X, is tabulated for resistance- 
grounded systems only, while the ratio 
X,/X1 is tabulated for the solidly- 
grounded and reactance-grounded sys- 
tems. In the case of reported resistance- 
grounded systems, the zero-sequence re- 
sistance is much higher than the zero- 
sequence reactance. The actual values 
of R,/X; are distributed widely, both 
above and below the ratio of 20. These 
data show that 95 per cent of the reported 
ground points are “effectively grounded” 
as defined in AIEE Standard 32-105.* 
For those remaining locations not ‘“‘effec- 
tively grounded” on solidly-grounded 
systems, and for most locations on resist- 
ance- or reactance-grounded systems, 
higher dynamic voltages will occur and 
higher transient voltages are possible. 


RaTIO OF PHASE-TO-GROUND FAULT 
CURRENTS TO 3-PHASE FAULT 
CURRENTS 


The ratios of phase-to-ground fault 
currents to the 3-phase fault currents at 
the terminals of the equipment forming 
the grounding path are tabulated in Table 
XX. This table includes the results 
for only the solidly-grounded, resistance- 
grounded, and the reactance-grounded 
systems. These fault current ratios were 
obtained for about 74 per cent of all 
grounding points reported. For about 
55 per cent of reported grounding points, 
the phase-to-ground fault currents are 
greater than the 3-phase fault currents. 
For these locations the circuit-breaker 
capacity usually is determined by the 
ground fault instead of 3-phase fault con- 
ditions. In general, the interpretation 
of Tables XIX and XX is the same. 
When resistance can be ignored, a fault- 
current ratio equal to or greater than 0.60 
corresponds to a ratio of Xo/X; equal to or 
less than three which is an “effectively 
grounded” system. 
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Table XVIID. Grounding Method of Transmission and Distribution Systems Tabulated by 
Voltage Class 


EE _ _______ 
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* Ground-fault neutralizers were included under reactance grounded in the 1931 report. 


Table XVIII. Average Number of Miles of Circuit Per Grounding Point 
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ESTABLISHING SEQUENCE-IMPEDANCE 
RATIOS OF THE SYSTEM AT GROUNDING 
Ports (TABLE XXI) 

The utilities were asked whether se- 
quence-impedance ratios for the system 
had been established for faults at the 
terminal of the equipment forming the 
grounding path, and to state the ratio if 
one had been established. Sixty-nine 
systems reported having established se- 
quence-impedance ratios. Thirty-seven 
of these, nearly all of which operate 
solidly-grounded systems, have estab- 
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lished ratios of Ro/X,;<1 and X0/Xi <3, 


which ratios define “effectively grounded”’ 
systems as described in AIEE Standard 
32. These maximum values of the se- 
quence-impedance ratios are established 
by the Standard for the purpose of limit- 
ing transient and dynamic voltages under 
ground-fault conditions. 

For 16 systems a minimum value of the 
ratio of X/X1 equal to one has been 
established. The reason as given in a 
number of instances for this practice is to 
limit ground-fault currents to values 
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Table XIX. Reported Sequence-lmpedance Ratios at Terminals of Equipment Forming the Grounding Points 


Sequence-Impedance Ratios Reported 
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Figures are in number of ground points. 


Table XX. Ratios of Phase-to-Ground Fault Currents to 3-Phase Fault Currents at Terminals of Equipment Forming Ground Path 


Current Ratios Reported 
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Figures are number of systems 

*(a). Xo/X1>1. 

(b). Xo0/X1<5, 

(ec). Xo/X1<1. 

(d). Several 110- and 66-kv systems report use of 


equal to or less than 3-phase fault current 
so as to avoid increased circuit-breaker 
duties. 


Characteristics of Neutral Devices 
CHARACTERISTICS OF NEUTRAL RESISTORS 


(TABLE XXII) 


A total of 68 neutral resistors is re- 
ported in use on transmission and dis- 
tribution systems at 22 kv and above, 
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delta-star transformers in parallel with solidly- 
grounded star-delta transformers for control of 
X0/X1 ratio. Sequence ratios usually are not 
given. : 
(e). A 220-kv system reports the use of reactors 


these being principally in the 22-30-kvand 
61-92-kv classes. Of the systems report- 
ing data on the ratio of the voltage drop 
through resistors during a ground fault to 
the normal line-to-neutral voltage, 17 
gave ratios of less than 0.10, and 35 gave 
ratios greater than 0.90. The insulation 
classes of neutral resistors are about 
evenly divided between line-to-line volt- 
age and line-to-neutral voltage classes. 
The most common time rating is ten 
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; 


in the neutrals of some of the transformers for 
control of fault currents. The transformers so 
grounded are operating in parallel with solidly 
grounded ones at the station, and are equipped 
with disconnects for solid grounding. 


seconds; 31 are rated ten seconds or less; 
25 are rated for more than ten seconds up 
to and including one minute; and 4 are 
rated for times longer than one minute. 
Six neutral-grounding resistors are water 
boxes. In one instance, the ohmic value 
of the neutral-grounding resistor was se- 
lected to give maximum braking effect 
under fault conditions on water wheel gen- 
erators at the sending end of a 220-kv 
transmission system. 
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Table XXIl. 


——= 


Characteristics of Neutral Resistors Used on Transmission and Distribution System 


Nee a 


Figures Represent Number of Devices 


i eee 
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(a). One device—home-made brine tank; four devices—water boxes. 
(b). One device—water rheostat. 
(c). Neutral grounding resistor selected for maximum breaking effect on generators during 220-kv un- 


balanced faults. 
(d). Thirty-three kilovolt rating. 


CHARACTERISTICS OF NEUTRAL REACTORS 
AND GROUNDING TRANSFORMERS 
(TABLE XXIII) 


A total of 47 neutral réactors and 
grounding transformers is reported. 
Characteristic data were received -for 
only a few of these. 


CHARACTERISTICS OF GROUND-FAULT 
NEUTRALIZERS (TABLE XXIV) 


Data are reported on 42 ground-fault 
neutralizers. The voltage class of these 
neutralizers is the minimum standard 
voltage class which is equal to or greater 
than the system line-to-neutral voltage. 
Table XXIV shows one unit with a one 
minute rating, 28 units with ten minute 
ratings, six with an ‘‘extended time’ rat- 
ing, and two with continuous ratings. 
AIEE Standard 32 has established ten 
minute ratings and “‘extended time”’ rat- 
ings and also the voltage class as previ- 
ously stated for ground-fault neutralizers, 
which conforms with existing practice. 
Little information was given as to the pro- 
cedure followed in the event of a sustained 
ground fault. However, the information 
indicates that the majority of systems em- 
ploy devices which short-circuit the 
ground-fault neutralizer permitting 
ground relays to select the faulted feeder. 


Grounding Factors 


OPINIONS AS TO THE IMPORTANCE OF 
GROUNDING Factors; ASSIGNED 
REASONS FOR PRESENT PRACTICE 
(TaBLES XXV AND XXVI) 


The questionnaire submitted to the 
utilities listed 16 factors affecting the 
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selection of the grounding method and 
asked for an indication of opinion as to 
the importance attached to these factors 
with reference to the system under con- 
sideration. Some replies listed many 
factors as important; others, only a few. 
Each of the 16 factors is rated as impor- 
tant for some solidly-grounded, ground- 
fault neutralizer, and reactance-grounded 
systems. A few factors were deemed un- 
important on ungrounded systems. 

The utilities also were asked to assign 
reasons for their current practice in terms 
of these 16 factors. Many utilities did 
not reply to this question, presumably be- 
cause it was difficult to assign a particular 


Table XXIll. 


reason for their practices. However, it is 
of some interest: to list the 16 factors in 
system grounding and to give the number 
of replies for all methods of grounding and 
all voltage classes. 


Lene 


Number of Replies 


_ Assigned as 
Factors Rated Reason for 
in System Grounding Important Practice 
eee 
Relaying... eam eee ot DOS. aateeies 89 
Apparatus insulation......... 230-n ola sraies 62 
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Circuit breaker interrupt- 
ing kilovolt-amperes....... 48 vals ateenote 8 
Mechanical stress in 
equipment windings....... DATS epor to 2 


Total number of systems 
in report = 567 


Of these 16 factors, relaying, apparatus in- 
sulation, arcing grounds, lightning pro- 
tection, equipment cost, and double or 
consequent faults are listed most fre- 
quently as important for each of the vari- 
ous grounding methods (except un- 
grounded systems). 

The information contained in the fore- 
going tabulation and in the supporting 
Tables XXV and XXVI indicates 
clearly the complexity of the grounding 
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Characteristics of Neutral Reactors and Grounding Transformers Used on 


Transmission and Distribution Systems 


a D 


Figures Represent Number of Devices 
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(b). 


tailed information. 


One utility uses power transformers Y-connected on the 34-kv side instead of grounding transformers. 


Most of the devices in these voltage classes are on the systems of a utility which did not submit de- 
One utility classed as reactance grounded has some transformers grounded through 


neutral reactors and the remainder either solidly grounded or ungrounded. Neutral reactors are used in 
locations of heavy power concentration to limit the short-circuit kilovolt-amperes of faults involving 
ground to values equal to or less than the 3-phase short-circuit kilovolt-amperes. In some locations, faults 
involving ground are limited by ungrounding the neutrals of one or more transformer banks with the others 
solidly grounded. 
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problem, the large number of important 
factors, and the wide variety of circum- 
stances which influence the choice of 
grounding method in an individual case. 
While some factors such as relaying, appa- 
ratus insulation, arcing grounds, and 
equipment cost are always factors of im- 
portance, other factors, such as inductive 
co-ordination, are usually unimportant 
but may become the assigned reason for 
the practice in a particular case. It is 
evident from the replies that most of the 
factors are important, even though the 
method of grounding may be dictated by 
only one of the factors. 


Review of Operating Experiences 


EXPERIENCE WITH GROUNDING 
METHOD ° 


In Table XX VII arelisted three questions 
and replies relating to operating experi- 
ences. In response to the first question, 
“Has any operating experience been un- 
satisfactory?”’, 424 systems replied, and 
63 of these reported trouble. In response 
to the second question, ‘‘Any trouble co- 
incident with ground faults elsewhere?’’, 
53 systems out of 413 replying indicated 
that troubles of this kind had been ex- 
perienced. Causes of unsatisfactory 
operation detailed in the notes include 
inductive ‘co-ordination, excessive fault 
current, poor relaying, insufficient ground 
current, voltage dips and loss of synchro- 
nous motor loads, and difficulty of syn- 
chronizing the closing of by-pass switches 
of ground-fault neutralizers. In a num- 
ber of instances, two or more types of 
trouble are reported for a single system. 


It is evident from the foregoing that 
double faults (including coincident and 
consequent faults), being reported 53 
times, are the principal cause of the un- 
satisfactory operating experiences re- 
ported. This is somewhat difficult to 
reconcile with the fact that double faults 
and arcing grounds were not listed as espe- 
cially important among the grounding 
factors in Tables XXV or XXVI. It 
may be suggested that while most other 
grounding factors can be evaluated with 
fair precision, the magnitude of transient 
voltages and the probability of coincident 
faults easily are underestimated. It is of 
interest to note that on a basis of the ratio 
of those systems reporting double faults 
to the total number of systems covered in 
the report, about one fourth of the 
ground-fault neutralizer systems, un- 
grounded systems, and_ resistance- 
grounded systems reported double faults, 
whereas less than four per cent of solidly- 
grounded systems reported this trouble. 

The third question, “Any grounding 
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Table XXIV. Characteristics of Ground Fault Neutralizers Used on Transmission and 
Distribution Systems 


Figures Represent Number of Devices 


System Ky Class 22-30 31-40 41-60 61-92 93-130 131-165 
Total devices reported........... CRRA Acree Dae emicsmee So averereere nr ae Deeloricc tees Vion iseienisetsroisis 2 
Ohmic drop/ VzL-v 

71-80 per cent......... Ais chats tenis eieve se ote 's ols aisle Heea aacele.s 1 

‘ST—100) per Cent’. cicvisis.. saves eels Doeheeatee sso 4 
Voltage class? 

ine to Netttralo.. oic6ss< siccn.s Beha sz aivie Ge 6 shaseaics Daketetersjsre isis Dias suetate ayeteitre Mqodoank. aadr 2 
Time rating 

One minute....... Povey evoretat\eletevevenn tal aretelavetalelepenetarereetenet alla 1 

STON Mist teEste c:o5o)s ciel elobsiolc sie. ers a5 SOO RES PS er oreveteloueyere Zi leleistetele sats PA SOON OTS Oleic cisfetersste ste 2 

Extended time cysicac cw cieiais setts a se wislels sce s Lt Git. a bhona OO oC OUD SOOUDL SMaUae 1 

CONnEINUOUST a oiccle cic sicicts os Shosscopdcds 2 


(a). On one system, three power transformer banks are arranged for grounding and one zigzag grounding 
transformer is provided. Normally the grounding transformer neutral and two of the power transformer 
neutrals are connected to three separate ground fault neutralizers. All four neutrals are arranged to be 
shunted automatically to ground after a fault has existed for five seconds. The one ground fault neutralizer 
on a power transformer bank is solidly shunted to ground. The other two ground fault neutralizers and 
the one normally free neutral are shunted through 100-ohm reactors. 


(b). Although 30 of these devices were reported to be line-to-line voltage, it is the understanding of the 
committee that all are line-to-neutral voltage class. Until recently, only the circuit voltage has been shown 
on the nameplate. 


Table XXV. Factors in Transmission and Distribution System Grounding Practice Rated as 


Important 
Reactance or Ground- Total 
Solidly Resistance Grounding Fault Un- All 


Grounded Grounded Transformer Neutralizer grounded Methods 


(a). Apparatus insulation...... DUBS o<tencts Dior cree eects UD isreravohsvatevetners Bh ciore eueterevaus W sGioeeee 239 
(b). Cable insulation.......... BSr ncisvo eure Vdaveytetecervie late releleretsstete i ayo serciaceidon ceca. 61 
(c). Mechanical stress in 

equipment windings..... DIES Bo aoee Beormirroncrkse Etencieleistereceets 1 Ee SER ARSD ODIO: COGS ho 25 


(d). Circuit breaker inter- 
rupting  kilovolt- 


BUIDELES eeiereisieis op sieisi cee Si eecaracsiaror iene Waro podatiaoc ils Soaaoarecn Laie aie cevailo se lal aiersfeie srs, 48 
(he Stability). <cpersusiste,si< nis, tyere OO keictem ieee Atalecomtaioraetert Dietiosiste tes Se ad us AD OOOO Ere 59 
(f). Positive-sequence 

voltage during faults..., 41......... UES cemalatese Bieteiisudens Brava d Olshatay sesjsusicolw sisal ame etal 65 
(gs, Relaying... one ices ssc D38tn sees e iY ay Baie Qh wae see 1S Sieeeee. : eee ices 293 
(h). Arcing grounds........... WGG yy crcteh ovale vie Ue crete cenerar et cats 2S Wa caisin afsisieincs ZO Foiewtelensisie PIO TE, 223 
(i). Double or consequent 

fattltS oreictaiwevavctecicistelonc: DOF ercis esters 9). .<Toteerevalieisie Dictate sevsie ate Ae rashes Heteets Do Attess 119 
(j). Lightning protection...... UY Barats allen Savscnrerete ears a BS hoctnitesialsple LE ASRS are Tonos 140 
(k). Inductive co-ordination.... 35......... ED ietacc rors fersteress deaeleterskeusccvsisye Oe vere eeersreiers Sarceeitires 66 
(). Adaptability to inter- : 

COBNECHOHE ...5,s:<)etels 010 Ufoiooo0nn0T WM ctstansteteletereisre Diciaketsleiereroiste I ryniolo cg a.d.0% Gilera: everene 87 
(m). Operating procedure...... ABM ciets.cieuece DL siovavevereretenetety Se aT S.disve cieleveres T eteaidre RtaKe 67 
(n). Equipment cost.......... NED vatita wale terol 2 win eacc eye. cveretors bictae sevoxererotens LOD arAs sisters i Ret ats 133 
(0). Safety from voltage 

Gradient considerations. 5.) 07.s's sciwis « oo «10.0 ss cleisin sisis EP AGUG OOO OC Alas crore iatejsysie%sia\s.e.3 Pale ce 85 

(p). Damage at point of 

fatty isieletelstoteraxctere Bib socogaric Me rstorsleveiclete Met srevatelesisteets Ueno sone Dirsneer 65 

Number of systems in 
TEPOLb ies ic os bretsie see elsie © ATGin rsttorteis OD catavesctejere avers Bo seve ofenstoretntert DO Aoovel sense OLN denote oe 567 


Figures represent number of systems replying affirmatively. 


device been inadequate or caused replies in five year intervals up to 15 
trouble?” was intended to review per- years, and, in addition, to state whether 
formance of grounding devices in them- the present method was applied when the 
selves. Eleven cases of inadequate or system was new. Their replies are sum- 
unsatisfactory grounding devices are re- marized in Table XXVIII. 

ported. Of the specific troubles reported, 
three involved insufficient thermal capac- 
ity in the devices (one resistor, one 


reactor, and one grounding transformer). InTableXXIX are listed the affirmative 


“i replies to three questions concerning 
LeNcTH OF Time GROUNDING METHOD i ianget ineigcounding -practiceas “Any 


Has Bren Usep (Tastx XXVIII) changes in grounding practice during past 


The utilities were asked to indicate the 10-15 years?”, “Any change in grounding 
length of time that the present grounding practice being made?”’, and “Any new 
method had been used, arranging their trend in grounding practice?” Of the 


CHANGES IN GROUNDING PRACTICES 
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changes in grounding practices during the 
last 15 years, the following are reported: 


Ten from ungrounded to solid grounding. 


One from grounding transformer to solid 
grounding. 


One from ground-fault neutralizer to solid 
grounding. 


One from solid grounding to resistance 
grounding. 


Five from solid grounding to ground-fault 
neutralizer. 


One from solid grounding at the source to 
grounding on the distribution system. 


One ground-fault neutralizer system divided. 


Two decreased values of neutral resistance* 


Of the changes being made or contem- 
plated, the following are reported: 


Two from solid grounding to ground-fault 
neutralizer. 


One from solid grounding to reactor ground- 
ing. 


Two from ungrounded to grounding trans- 
former. 


Table XXVII. 


* 


Table XXVI. Factors in Transmission and Distribution System Grounding Given as Reasons for 
Present Practice 
Reactance or Ground- Total 
Solidly Resistance Grounding Fault Un- All 
Grounded Grounded Transformer Neutralizer grounded Method 
(a). Apparatus insulation...... BOS askance Dees emesis Ls cisus sare eieren LARC isc. a0 62 
(b). Cable insulation.......... DP oae otis Waste t.dORo fe ele Siiate wise’ viete oka muni hie een aiate - Wes 21 
(©). Mechanical ‘stress: 110/55). c.. weep isemieiatae «ecianis nye atayebetaas cic etacie etaatrslecaee Peace con SSBC 
equipment windings..... Qi rrveisio Mey cokers veavs sa fiatetade rs coe lacngevecs eae seis ROneTe distwis see hi Sitinas Meee 
(d). Circuit breaker inter- 
rupting kilovolt- 
AMPELES se isc ees sis ae cs A stintahe airs B Sicisietvsis sates sie. Ose & woh ar erohe Sh) aetetererealetereta aortas Boag =) 
(e).. ‘Stabilityg. sc oes ene ea SD kw iexsisiogs orate eneferaneys ereteteterete Ils corerencye Kien weaweeS 8 
(f). Positive-sequence 
voltage during 
faults cites Series orue ea ro erortharts OS eatacte ats ake OEY totecte ca pai eva cafe' wie7é Martek O 
(g). Relaying........ Re eS hic mc i Non eishows eters Daebiane Nate itis. raves e(tie lees wl wea anmoe 
(4): Arcing grounds... 5..6..00~ BO Mo nse Be hisrns Uateyelete 8) Reeue. weeaionis wieete Atv iulsetiabe Cia ate 48 
(i). Double or consequent 
PAGES eerie stererersseisietots iy (eran eo Ar caisvenete eFersiers Wicca, srareacte'eraeel yeh igters Ris erefereh® Lisle at area 
(j). Lightning protection...... ot cece Diam seepneteiceets CSR Bk nee Aivaleiccareeterelerete ciple ern 
(k). Inductive co-ordina- 
aT ene Wits SS HOH Groce Oiseciscerstas 2A A en a P Pinmaysteyeio See Seas snetaya/ aiarereh LO 
(). Adaptability to inter- 
CONMECHION  .). ciets cieee eis DF Acie: Bhar oupiehave lalwlaisis' eiedete (eheeten skal eae or aie raree Do werck <ul: 
(m). Operating procedure. ..... AR iccareies ate eets Weleysieieteyels ibe roivehaint I eiaionuvaae AS iciciclacs 10 
(n). Equipment cost.......... Sot etre Phan ae Poe a bse afar niaseats’are ehetalstete Mw Listes -. 35 
(0). Safety from voltage 
Gradient considera- 
CONS sear ack ae Wiss: 2S Gp erap 5h oy alors foils; 5s, Stal SIGS] ore he oer e) mtetet cumeTatecanebebaloy cite teeters Sareieksers ie 
(~). Damage at point of 
faulty. cies Bron Shar Dit is scchenate Dict ets Gre hie eos Meta ineieie winters : Ms Dict nates eave 
(q); . Other. considerations... :anieeo een oe Gt oe eee Gomera cin be 
Number of systems in 
reporte.cusewk aces ca LO COC, Jo oa cia a gee eueyenereretorater ens BO crete Been Lia erates 567 


(a). 


To limit current in expulsion protector tubes. 


(b). Expected line to ground faults to be self clearing. 


(c). Excellent lightning performance. 


Figures represent number of systems replying affirmatively 


All Figures in Number of Systems 


Experience With Grounding Methods 


2. Any trouble coincident with ground faults else- 


3. Any grounding device been in- 


1. Any grounding practice been unsatisfactory? Yes. where? Yes. adequate or caused trouble? Yes. 
Ground- Ground- Ground- 
Voltage Resist- Fault Un- Resist- Fault Un- Resist- Fault 
Class Kv Solid ance Reactance Neutralizer grounded Solid ance Reactance Neutralizer grounded ance Reactance Neutralizer 


131-165 Pia be ticle, Aatittete. valarah slelay teene eres 
GEOR L  & es dotorporcpoocmabennocoooduuoGCo0 
Total yes’s* 23. och oo O!s.cisieratoe SB Pa ccits ersisinis 


The above figures are totals of the positive answers. 


Total) noe pect ks so sp eeen wea waste 20 Sua cate ce 


eens Yi Rotor Be sone kD 


Below are shown the totals of the negative answers for comparison. 


Soc PA SR VAL eye © PP ah ope Se 


Series UE igaar Aas 
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(a), One system has two solidly-grounded points 
and an additional point where the neutral of a 
2,500-kva transformer bank is grounded through the 
230-volt winding of a 5-kva 6.9-kv to 115/230 volt 
single-phase 25-cycle distribution transformer 
which has a 2,000-volt breakdown strength are gap 
across the high winding, thus giving high normal, 
but low fault zero sequence impedance, necessary 
for inductive co-ordination as well as protection. 


(b). One company states that two yearsexperience — 


with solid grounding on 46- and 60-kv systems al- 
lowed too many bad voltage dips and loss of syn- 
chronous motor load. A second grounding point 
is to be added to the 69-kv system. 


(c), On one ground point in five on a system, in- 
ductive interference was unsatisfactory with a solid 
ground; distribution transformer was placed in 
neutral, to be cut out when ground current exceeds 
five amperes. 


One ground-fault neutralizer system in the 41- to 
60-kv class previously had grounded neutral but this 
was unsatisfactory on account of frequent trip- 
outs during sandstorms. 

(d). 
kv system. One neutral grounded through fuse at 
customer station. Fused ground difficult to co- 
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One station solidly grounded on 126-mile 66-. 


ordinate with instantaneous and inverse time re- 
lays. System not adequately grounded. Numer- 
ous equipment failures are result of line-to-ground 
faults. Opening of circuit breaker at grounded sta- 
tion and blowing of fuse at customer station leaves 
arcing ground on system. Studies under way on suffi- 
cient grounding, relaying, and faster circuit breaker 
operation. Trend to lower impedance grounding. 


(e). Two systems in the 93- to 130-kv class were 
previously solidly grounded but this was unsatis- 
factory, so they changed to ground-fault neutralizer, 
One system in the 93- to 130-kv class changed from 
solid grounding to distribution transformer in the 
neutral on account of inductive interference. 


(f). One utility, operating a very large system at 
154 kv, originally grounded all transformers. Later, 
all, except one transformer bank at the main re- 
ceiver station, were isolated from ground to reduce 
ground-fault current. 


One utility operating a 154-kv system with all 
transformers solidly grounded reports that it con- 
siders X2 too low at one large substation. It also 
reports that no change is being considered. 


One system distribution transformer in neutral, is 
cut out when ground current exceeds five amperes 
to avoid inductive interference. 
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‘failures, 


(g). One system with one third of its mileage 
cable reports 75-ohm resistance in neutral connec- 
tion limit available relay current to such a low value 
that efficient ground relay operation was not ob- 
tained. With the high resistance the neutral shift 
during single-phase-to-ground fault conditions is 
excessive, quite frequently going outside of the 
delta. This resulted in excessively high voltage to 
ground on unfaulted phases and the consequent 
Bus flashovers and cable failures have oc- 
curred coincident with or consequent to ground 
faults elsewhere in the network. Resistance in 
neutral will be lowered to 18.75 ohms or lower 
value if operating experience in other sections of the 
system with this value of resistance is satisfactory, 
and if approval of the telephone company for this 
procedure can be obtained. Resistance will be 
lowered to some value less than 18.75 ohms subject 
to same conditions. © 


(hk). One system in the 41- to 60-kv class used solid 
grounding until 1930 when it changed to 150-ohm 
resistor which was changed back to solid grounding 
in 1944—because of bushing and lightning arrester 
failure when resistor was in service. 


(continued on page 1545) 
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Table XXVII (continued) 


(i). One system reports that prior to 1931 the 
60-ky 25-cycle system, principally a radial system, 
was grounded through resistors whose combined 
ohmic value was approximately double the present 
value. These values of resistances proved inade- 
quate because of the occurrence of multiple faults 
at the same or different locations, resulting from an 
initial ground fault. In 1931, the circuits were 
rearranged in the present form and additional 
grounds were added, both to reduce the system 
resistance and to facilitate relaying. This arrange- 
ment has reduced the occurrence of multiple faults, 
from an initial ground fault, to approximately two 
per year. It would be desirable to solidly ground 
this system if it were not for the close proximity of 
the 60-kv 25-cycle and 110-kv 60-cycle circuits, 
which affects the inductive co-ordination and relay- 
ing. ° Some studies now are being made to see if a 
further reduction in grounding resistance can be 
made from a relaying standpoint. 


(j). One system reported excessive fault current. 
One utility reports, ‘‘We used to operate with delta- 
connected lines ungrounded and had trouble with 
transient overvoltages. This caused failure of some 
of our station equipment including arresters, bush- 
ings, and so forth. Also, we had trouble with 
relaying, selectivity, and clearing ground faults 
from lines. Grounding and ground relaying im- 
proved clearing time of some types of faults.” 
All 132-, 69-, and 33-kv 60-cycle systems now are 
solidly grounded except one 33-kv system ‘‘where 
we got in trouble with harmonics generated by 
transformer bank. We used ground bank there.” 
Grounding transformers also are used on the two 
33-kv 25-cycle systems, 


(k). One utility reports grounding transformer 
“Not entirely satisfactory. Insufficient ground cur- 
rent. One grounding transformer burned out.’’ 


(1). On one system, the grounding transformer is 
inadequate, flashovers occurred on system other 
than faulted portion. 


(m). One system which changed from solid 
grounding has three ground-fault neutralizers 
operated in parallel and automatically shunted in 
five seconds. Ty’pe of construction is such that arc 
extinction by the ground-fault neutralizer has not 
been successful. The relaying of three parallel 
neutralizers is not successful. Many simultaneous 
faults have occurred. Plan to operate with a solid 
ground, except to obtain experimental data from 
time to time. 


(n). One system had difficulty in simultaneous 
closing of by-pass switches. 


(o). Arrester failures are reported on a 230-kv 
system because of switching surges. 


(p). Two systems in the 23- to 30-ky class now 
ungrounded plan to ground their systems over a 
period of years. Both use automatic feeder re- 
closing. One company plans to ground through 
zigzag grounding transformers, the other plans to 
use star-delta grounding transformers. One com- 
Pany gives as the reason for the change a certain 
amount of trouble from flashovers and telephone 
interference. The other company stated the same 
reasons plus coincident faults and relaying. 


One system in the 23- to 30-kv class, now reactance 
grounded, reports that it has been its practice to 
operate 26-kv feeders radially and ungrounded in 
order to improve continuity of service to its custo- 
mers by permitting operation with one phase 
grounded. This method of operation has given 
some trouble from flashover on insulation and from 
telephone interference. Its present trend is to in- 


stall zigzag grounding transformers and automatic 
feeder reclosing on existing feeders, whenever re- 
habilitation work is done at a substation. 

One system in the 22- to 30-kv class, now reactance- 
grounded, reports a gradual change during past two 
years from an ungrounded—to lightly grounded— 
to solid grounding. Numerous instances of trouble 
on ungrounded and lightly grounded such as ar- 
rester failures, apparatus failures, multiple faults, 
and so forth. Replaced neutral resistors in some 
cases with reactors and finally short-circuited out 
the reactors. Trend is toward better grounding— 
always looking for ways to im rove grounding. 
(q). One system reported relaying not positive and 
arrester failures. The trend is to ground with 
grounding transformer. 

One system in the 22- to 30-kv class was initially 
ungrounded but was changed to solidly grounded 
because of trouble with arcing grounds. A ground- 
fault neutralizer is on order and will be installed 
as soon as received. 

(rv). One system in the 31- to 40-kv class reports 
that before solid grounding many instances oc- 
curred of multiple faults, at the same or different 
locations, from an initial ground fault. 

(s). One 31- to 40-kv-class syste-u now solidly 
grounded was unsatisfactory when t.agrounded. 

On one system in the 31- to 40-ky class isolated 
neutral was unsatisfactory because of the number of 
interruptions—seven years ago tuned reactor in- 
stalled—new device installed 1946—system di- 
vided for two devices. 


(t), A 52-kv system 62 miles long reports change 
from ungrounded to solidly grounded ten years 
ago. Ungrounded system caused arcing grounds. 
Equipment failures and flashovers were result of 
ungrounded system. 

A 55-kv delta system reports line-to-ground faults 
are difficult to locate and must be cleared manually. 
Faults frequently spread to other phase wires at 
remote points on the system, with occasional 
equipment damage. Insulation levels must be 
maintained high. Replacement of pin-type insu- 
lators with suspension type has improved operation 
and reduced pole top fires. Future plans include 
installation of zigzag grounding transformers of 
sufficient capacity to stabilize the neutral and to 
permit ground faults to be isolated by means of 
ground relays. Same comments apply to a 66-kv, 
a 45-kv, a 33-kv, and a 22.5-kv system, except 
that troubles are less marked on these smaller sys- 
tems. Trend is toward a grounded system, 

(u). One system in the 61- to 92-kv class had 
apparatus failures from consequent faults prior to 
installation of grounding bank with neutral re- 
sistor. 

One utility, which has been operating its 63-kv 
system for more than 15 years with star-delta 
grounding transformers, originally operated with 
isolated neutral and ground selector. Its early 
experience of many coincident faults on different 
lines led to the present grounding scheme. Opera- 
tion definitely was improved by the change in 
grounding practice. 


(v). One solidly-grounded system in the 61- to 
92-kv class was unsatisfactory when ungrounded. 


(w). System converted from 7.5/15-kv 2-phase 
to 26-kv 3-phase. Terminal. cable failures 
consequent to line-to-ground faults. System 


grounded at input stations, Proper apparatus and 
equipment grounding is under study. Soil condi- 
tions are such that Xe is probably in excess of 
10,000 meter-ohms. Electrolytic arresters were re- 
placed with spillgaps. 

(x). One system had a failure of lightning arresters 
30 miles from fault location and plans to establish 
additional ground points as opportunity presents 
itself. 


One system reported that tuse holders and circuit 
breaker failed at same time at different locations. 
One system reported that an -airbreak switch 
failed at same time as line failed to ground at a dif- 
ferent location. 


(y). One 115-kv system with 458 miles of open- 
wire lines has been operated for 20 years with 
metallically separated lines and only one solidly- 
grounded transformer bank at the receiver station. 
Trouble frequently has been experienced from flash- 
overs at the generating station when the grounded 
transformer bank was separated from a faulted line 
out of the generating station. It now is planned to 
ground all transformers at the generating station, 
but to maintain the metallic separation between 
lines. 

One generator winding failure coincident with 
ground fault on 110-kv system. 

A. One system reports trouble from coincident 
faults occasionally due to local conditions such as 
dirty or weak insulation. 

B. One 33-ky system using a 22.6-ohm zigzag 
grounding transformer experienced a few failures of 
weak insulators during line-to-ground faults. 


C. One system which changed from _ solidly- 
grounded neutral to ground-fault neutralizer in 
1943 had occasional coincident insulator flashovers 
at different locations—not a serious problem. 


D. Coincident failure from insulation reduced due 
to dirt conditions on one system. 

One system which installed a ground-fault neutra- 
lizer to improve inductive co-ordination has had 
some trouble with old insulators flashing over. 


On one system at 33-kv one type of new 37-kv 
lightning arresters has failed during ground fault 
causing change to 40-kv arresters. 

One system reported some failures of weak insula- 
tion. Some additional difficulty with ground-fault 
relaying. Lost some defective bushings after 
ground-fault neutralizers were installed. Two bus 
flashovers under adverse weather simultaneous with 
line flashovers. 

Fifty per cent of a system was solidly grounded be- 
fore addition of ground-fault neutralizer. Multiple 
flashovers occurred when ground bank was tempo- 
rarily out of service, Ground-fault neutralizers have 
been added. May install additional ground banks 
in future. 

E. One system experienced bus insulator flashover 
coincident with line-to-ground fault 110 circuit 
miles distant. 


F. Three 23-kv systems report equipment failures 
and replacing arresters with spillgaps. Consider- 
ing installation of zigzag or grounded star-delta 
grounding transformers. 

One system experienced frequent arrester failures 
resulting from multiple grounds and may install 
grounding bank in future. 

G. One ungrounded system in the 31- to 40-kv 
class had had trouble with multiple faults. 

H. One system reports lightning arrester failures 
consequent to ground faults and is going to solid 
grounding to avoid the difficulty. 

I. A 66-kv system, delta-connected for intercon- 
nection phasing, reports outages somewhat more 
frequent. Lightning arrester failures from remote 
ground faults. 


J. One system reports that a circuit breaker failed 
to clear a ground fault, causing the grounding 
resistor to overheat severely and blowing out the 
windows in the resistor room. The resistor was 
not permanently damaged. 


K. One system reported grounding device has 
insufficient thermal capacity. 
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One from ungrounded to solidly grounded. 


One from ground-fault neutralizer to solid 
grounding. 


In reply to the questioa on new trends, 
little information was given, perhaps be- 
cause no trend, or rather no new trend, 
was apparent. Most of the replies appear 
to be restricted in their application to the 
system under consideration, and these do 
indicate a general trend toward better 
grounding. 
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Trends in Transmission and 
Distribution System Grounding 
Practices. 


One of the principal objectives of this 
report was to determine whether any new 
trends could be found in grounding prac- 
tices. This question was included in the 
questionnaire, but the replies were not 
conclusive. Efforts also were made to 
determine trends by a comparison of 
corresponding data from the three sur- 
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veys. Figure 3 ant Tables XVI and XVII 
were prepared using these data. From 
Figure 3 and Table XVI, it is evident that 
solid grounding has been the dominant 
method since the 1923 report, that the 
important increase in the use of solid 
grounding was made between 1923 and 
1931, and that little increase in relative 
use has occurred since that time. The 
use of resistance grounding has been on 
the decrease since the 1923 report, espe- 
cially since 1931. The use of reactance 
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grounding was negligible in 1923, and then 
increased rapidly until the time of the 
1931 report, with little relative change 
since then. The ground-fault neutralizer 
method was new in 1923; its use was not 
widespread in 1931 and was not sepa- 
rately listed in the 1931 report; however, 
this method has made important in- 
creases since that time. Undoubtedly 
the most significant change has been the 
continued decrease in use of ungrounded 
systems. 


The trends in the various voltage 
classes can be analyzed by reference to 
Table XVII. For example, the most strik- 
ing change is in the 22-30-kv class where 
it will be noted that a full 60 per cent now 
are grounded solidly whereas two thirds 
of the systems were ungrounded in 1923. 

The trend in the average mileage of 
transmission and distribution systems is 
toward shorter lengths in the lower volt- 
age classes and longer lengths in the 
higher ones. The maximum system 


mileage has increased, the highest value 
now reported being 2,835 miles for one 
138-kv solidly-grounded system. Men- 
tion also should be made of the 1,427- 
mile ground-fault neutralizer system in 
the 31-40-kv class. For ungrounded and 
resistance-grounded systems, the change 
in maximum mileage with the years has 
been adecrease. For reactance-grounded 
and ground-fault neutralizer systems, the 
trend has been to increase the maximum 
mileage since the 1931 report. 


Table XXVIII. Length of Time Present Grounding Scheme Has Been Used and Was Method Applied When Station or Grounding Device Was 
New 
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Figures are in number of systems. 


(The Combination of a Numeral and a Letter in Parenthesis Re 


Changed in Last 15 Years 


ee en ee 


Table XXIX. Changes in Grounding Practice 


Superscript Note) 


On Which Changes Are Being Made 
or Contemplated 


presents the Number of Systems Which Follow the Practice Detailed in the Lettered 


Reporting New Trends 


a 


Ground- Ground- Ground- 

Voltage Fault Fault Fault 
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So ER ee a ee eee 


Figures are in number of systems. 


(a). 


(b). Changed from ungrounded delta to grounded 
Y at a higher voltage. 


(c). Changed from grounding transformer to 
solidly grounded. 


(d). Changed from solid grounding at the source 
to grounding out on distribution systems. 


(e). 


(f). Changed from solid grounding to resistance 
grounding. 


(g). Changed from solid grounding to ground-fault 
neutralizer. 


(h). 


Changed from ungrounded tosolidly grounded. 


Decreased value of neutral resistance. 


One ground-fault neutralizer system divided. 
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(i). The operation of a 220-kv 50-cycle ground- 
fault neutralizer system was discontinued after a 
few years of successful operation when the system 
was increased to two circuits tied metallically to a 
large system with solidly-grounded neutrals, One 
lightning arrester failure was experienced during the 
switching out of a faulted line section. 


(j). Change to be made from solid grounding to a 
ground-fault neutralizer. 


(k). A 132-kv system reports control of fault cur- 
rent distribution by opening (oil circuit breaker) 
the tertiary of 287.5/132-kv autotransformers. 
The growth of this system is‘expected to make neces- 
sary the installation of reactors in the neutrals of 
step-down transformers, 


(l). Change to be made from radial ungrounded 
26-kv feeders to grounding transformers. 
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(m). One system sees a trend on lower voltage 
systems from ungrounded to lightly-grounded to 
better-grounded systems. 


(n). See trend to solidly-grounded system wherever 
practical. 


(0). One system séés trend to replace delta-con- 
nected and grounding transformer banks with 
solidly-grounded neutral banks. 


(p). One utility is considering adding open-ground 
wires and solidly grounding. 


(q). One utility plans to ground system over a 
period of years. 


(r). One utility states that future systems will be 
solidly or impedance grounded. 


‘ 
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One important change during the last 
15 years has been the increased impor- 
tance attached to sequence-impedance 
ratios, which in response to the question- 
naires were given for over 70 per cent of 
the grounding points. It is also signifi- 
cant that more than ten per cent of the 
_ systems have established definite se- 
quence-impedance ratios. 

A review of grounding practices on 
transmission and distribution systems 
indicates the following: 


1. A continued dominance of solid ground- 
ing. 
2. Atrend away from ungrounded systems. 


3. A trend away from the use of resistance- 
grounded systems. 


4. A trend toward limiting ground-fault 
currents to the 3-phase fault current values 
or less. 


5. A trend to greater use of ground-fault 
neutralizer systems. 
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Appendix. List of Co-operating 
Utilities 


Power Companies 


Alabama Power Company, Birmingham, 
Ala. 

Albuquerque Gas and Electric Company, 
Albuquerque, N. Mex. 

American Gas and Electric Service Com- 
pany, New York, N. Y. 

Appalachian Electric Power Company, 
Roanoke, Va. 

Atlantic City Electric es, Atlan- 
tic City, N. J. 


Blackstone Valley Gas and Electric Com- 
pany, Pawtucket, R. I. 

Boston Edison Company, Boston, Mass. 

Brockton Edison Company, Brockton, 
Mass. 

Buffalo 
Buffalo, N. Y. 


California Oregon Power Company, Med- 
ford, Oreg. 

Cape and Vineyard Electric Company, 
Cambridge, Mass. 

Carolina Power and Light Company, 
Raleigh, N.C. 

Central Arizona Light and Power Com- 
pany, Phoenix, Ariz. 

Central Illinois Electric and Gas Com- 
pany, Rockford, Ill. 

Central New York Power Company, 
Syracuse, N. Y. 

Central Ohio Light and Power Company, 
Findlay, Ohio 

Central Power and Light Company, 
Corpus Christi, Tex. 

Central States Electric Company, Cedar 
Rapids, Iowa 

Cincinnati Gas and Electric Company, 
Cincinnati, Ohio 

Cleveland Electric Illuminating Com- 
pany, Cleveland, Ohio 

Commonwealth Edison Company, Chi- 
cago, IIl. 

Commonwealth and Southern Corpora- 
tion, Jackson, Mich. 

Connecticut Light and Power Company, 
Waterbury, Conn. 

Consolidated Edison Company of New 
York, Inc., New York, N. Y. 

Consolidated Gas, Electric Light, and 
Power Company of Baltimore, Baltimore, 
Md. 


Dallas Power and Light Company, 
Dallas, Tex. 

Dayton Power and Light Company, 
Dayton, Ohio 


Delaware Power and Light Company, 
Wilmington, Del. 

Detroit Edison Company, Detroit, Mich: 

Duke Power Company, Charlotte, N. C. 

Duquesne Light Company, Pittsburgh, 
Pa. 


East Shore Public Service Company of 
Maryland, Salisbury, Md. 

El Paso Electric Company, El Paso, Tex. 

Empire District Electric Company, Jop- 
lin, Mo. 


Georgia Power Company, Atlanta, Ga. 
Gulf Power Company, Pensacola, Fla. 
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Niagara Electric Corporation, — 


Gulf States Utility Company, Beaumont 
‘Tex, 


Hartford Electric Light Company, Hart- 
ford, Conn. 


Idaho Power Company, Boise, Idaho 

Illinois Power Company, Decatur, Il. 

Illinois Northern Utilities Company, 
Dixon, Ill. 

Indiana and Michigan Electric Company, 
South Bend, Ind. 

Indiana Service Corporation, Fort Wayne, 
Ind. 

Indianapolis Power and Light Company, 
Indianapolis, Ind. 

Iowa Electric Company, Cedar Rapids, 
Iowa 

Iowa Electric Light and Power Company, 
Cedar Rapids, Iowa 

Iowa-Illinois Gas and Electric Company, 
Rock Island, Ill. 

Iowa Power and Light Company, Des 
Moines, Iowa 

Iowa Public Service Company, Sioux 
City, Iowa 


Kansas Gas and Electric 
Wichita, Kans. 
Kentucky and West Virginia Power Com- 


pany, Ashland, Ky. 


Company, 


Louisville Gas and Electric Company, 
Louisville, Ky. 


Metropolitan Edison Company, Reading, 
Pa: 

Minnesota Power and Light Company, 
Duluth, Minn. 

Mississippi Power and Light Company, 
Jackson, Miss. 

Missouri Power and Light Company, 
Jefferson City, Mo. 

Missouri Public Service Corporation, 
Warrensburg, Mo. 

Monongahela Power Company, Fairmont, 
W. Va. 

Montana Power Company, Butte, Mont. 

Mountain States Power Company, Al- 
bany, Oreg. 

Montaup Electric Company, Fall River, 
Mass. 


Nebraska Power Company, Omaha, Nebr. 

New Bedford Gas and Electric Light 
Company, New Bedford, Mass. 

New England Gas and Electric Associa- 
tion Service Corporation, Boston, Mass. 

New England Public Service Company, 
Boston, Mass. 

New Hampshire Gas and Electric Com- 
pany, Portsmouth, N. H. 

New Jersey Power and Light Company, 
Newark, N. J. 

New Orleans Public Service Company, 
New Orleans, La. 

New York Power and Light Company, 
Albany, N. Y. 

New York State Electric and Gas Com- 
pany, Binghamton, N. Y. 

Northern Indiana Public Service Com- 
pany, Hammond, Ind. 

Northern States Power Company, Min- 
neapolis, Minn. 

Northwestern Electric Company, Port- 
land, Oreg. 

Northwestern Public Service Company, 
Huron, S. Dak. 


Ohio Power Company, Canton, Ohio 
Ohio Public Service Company, Elyria, 
Ohio 
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Pacific Power 
Portland, Oreg. 

Pennsylvania Power and Light Company, 
Allentown, Pa. 

Pennsylvania Water and Power Com- 
pany, Baltimore, Md. 

Philadelphia Electric Company, Phila- 
delphia, Pa. 

Plymouth County Electric Company, 
Plymouth, Mass. 

Portland General 
Portland, Oreg. 

Potomac Edison Company, Hagerstown, 
Md. 

Potomac Electric Power Company, Wash- 
ington, D.C. 

Public Service Company of Colorado, 
Denver, Colo. 

Public Service Company of Indiana, 
Indianapolis, Ind. 

Public Service Company of Northern Il- 
linois, Chicago, Ill. 

Public Service Electric and Gas Com- 
pany, Newark, N. J. 

Puget Sound Power and Light Company, 
Seattle, Wash. 


and Light Company, 


Electric Company, 


Safe Harbor Water Power Corporation, 
Baltimore, Md. 

San Diego Gas and Electric Company, 
San Diego, Calif. 

Southern California Edison Company, 
Los Angeles, Calif. 

South Carolina Electric and Gas Com- 
pany, Columbia, S. C. 

Southern Colorado 
Pueblo, Colo. 

Southwestern Gas and Electric Company, 
Shreveport, La. 

St. Joseph Light and Power Company, 
St. Joseph, Mo. 


Power Company, 


Toledo Edison Company, Toledo, Ohio 
Tucson Gas, Electric Light and Power 
Company, Tucson, Ariz. 


Union Electric Company of Missouri, St. 
Louis, Mo. 


United Illuminating Company, New 


Haven, Conn. 
Utah Power and Light Company, Salt 
Lake City, Utah 


Virginia Electric and Power Company, 
Richmond, Va. 

Washington Water 
Spokane, Wash. 

Western Massachusetts Electric Com- 
pany, Springfield, Mass. 

Western United Gas and Electric Com- 
pany, Aurora, Ill. 

Wisconsin Power and Light Company, 
Madison, Wis. 


Power Company, 


Municipal 


Burbank Public Service Department, 
Burbank, Calif. 

Detroit Public Lighting Commission, 
Detroit, Mich. 

Eugene Water Board, Eugene, Oreg. 

Glendale Public Service Department, 
Glendale, Calif. 

Kansas City, Kansas, Board of Public 
Utilities, Kansas City, Kans. 

Pasadena Muncipal Light and Power De- 
partment, Pasadena, Calif. 

City and County of San Francisco, Public 
Utilities Commission, Hetch Hetchy Water 
Supply, Power and Utilities Engineering 
Bureau, San Francisco, Calif. 

Seattle, Washington, Department of 
Lighting, Seattle, Wash. 

Tacoma, Washington, Tacoma, Wash. 

Los Angeles Department of Water and 
Power, Los Angeles, Calif. 

City of Cleveland, Cleveland, Ohio 


Power Districts and Authorities 
Bonneville Power Administration, United 


States Department of Interior, Portland, 
Oreg. 


Grand River Dam Authority, Vinita, 
Okla. 

Imperial Irrigation District, Imperial, 
Calif. 

Metropolitan Water District of Southern 
California, Los Angeles, Calif. 

Nebraska Public Power System, Western 
Division, North Platee, Nebr. 

Nebraska Public Power System, Eastern 
Division, Columbus, Nebr. 


Tennessee Valley Authority, Chatta- 
nooga, Tenn. \ 
Turlock Irrigation District, Turlock, 


Calif. 
United States Bureau of Reclamation. 
Denver, Colo. 


Parker Dam Power Project 
Wyoming Interconnected System 
Colorado—Wyoming Interconnected System 
Colorado-Big Thompson Project 
Shoshone Project 

Boulder Canyon 

Central Valley (Shasta) 
Columbia Basin 

Fort Peck Project 

Rio Grande Project 

Central Valley Project 

Minidoka Project 


War Department, United States Engineer 
Office, Fort Peck, Mont. 


Fort Peck Dam Power Development 


Utilities in Canada 


City of Winnipeg Hydro-Electric System, 
Winnipeg, Manitoba 

Hydro-Electric Power Commission of 
Ontario, Toronto, Ontario 

Aluminum Company of Canada, Mon- 
treal, Quebec 

Saguenay Power 
Tle Maligne, Quebec 

Winnipeg Electric Company, Winnipeg, 
Manitoba 

Shawinigan Water and Power Company, 
Montreal, Quebec 

Quebec © Hydro-Electric 
Montreal, Quebec 


Company Limited, 


Commission, 


a EES 


Discussion 


W. R. Brownlee and J. A. Elzi (Common- 
wealth and Southern Corporation, Jackson, 
Mich.): It is believed that the reduction in 
equipment costs made feasible by effective 
grounding is of much greater importance 
than might be indicated by the data pre- 
sented. This is especially true for trans- 
mission and distribution systems. In this 
connection, the statement that “High im- 
pedance grounding—avoids circuit breaker 
duties being increased beyond that required 
for 3-phase faults’? may be subject to mis- 
interpretation, since such duty increase is 
avoided if the zero sequence reactance at the 
point of fault is not less than the subtrans- 
ient reactance, which obviously is not “high 
impedance” grounding. 

It is believed also that the per cent of 
solidly grounded transmission and distribu- 
tion systems very well might be somewhat 
higher than reported if it were not for the 
fact that where systems were designed origi- 
nally with delta-delta transformers, solid 
grounding cannot be justified economically 
and grounding banks have been used. 

Referring particularly to generator 
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grounding, the objectives might be grouped 
as follows: 


1. Minimizing the likelihood of faults through ade- 
quate surge protection, 


2. Avoidance of double faults caused by arcing 
ground effects. 


3. Prevention of mechanical damage to generator 
winding ‘when ground faults occur at or near the 
terminals. 


4. Limitation of damage to generator copper and 
especially iron when generator faults do occur. 


As might be expected, certain of these ob- 
jectives are conflicting. The report points 
out that some of those using solid grounding 
of generators are alert to mechanical stress 
considerations and calls attention to section 
3.30 of ASA Standard C50 which requires 
that short-circuit currents on any phase of a 
generator be limited to that of the 3-phase 
short-circuit current. However, 
pulse strength of standard generator wind- 
ings is presumed to be (ASA C50, section 
2.124) no more than the crest value of the 
60-cycle test wave, so that the application of 
generator arresters for adequate impulse 
protection requires an “effectively 
grounded’”’ system. If both of these limi- 
tations are taken at face value, then the 
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the im- - 


choice of generator grounding is indeed a 
narrow one. ‘ 

The probability of double faults, espe- 
cially those where a fault on insulators, 
cables, or bushings may result in a generator 
winding failure, may be reduced materially 
through relatively high resistance ground- 
ing, although evidence in the report indi- 
cates that still further improvement may be 
effected through solid or low reactance 
grounding. It is doubtful if there is any 
advantage from this standpoint of reducing 
grounding impedance below the “effectively 
grounded” value. 

The increasing trend toward low reactance 
grounding of generators is probably in- 
fluenced by the more recent installation of 
3,600-rpm generators, in which the end 
turns of the wider coils are more difficult to 
brace and which are likely to have a zero- 
phase-sequence reactance of one-third to 
one-fifth of the subtransient reactance in- 
stead of about one-half of the subtransient 
reactance as is common with 1,800-rpm 
units. It is noteworthy that the addition of 
a neutral reactor’sufficient to make the zero- 
phase-sequence reactance of the generator 
(and reactor) equal to the subtransient re- 
actance of the generator will limit the cur- 
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rent in any generator winding to the three 
phase value regardless of the characteristics 
and magnitude of the connected system. 
That is, the specified current value will not 
be exceeded even if the generator should be 
connected to an infinite capacity delta sys- 
tem. In the popular ‘unit’? system this 
usually will result in a ratio of system zero se- 
quence reactance to system subtransient re- 
actance of about two or slightly greater. 

: The committee’s conclusion that “‘Operat- 
ing experience presented indicates that on 
generator systems emphasis should be placed 
on reducing high ground fault current .. .,”’ 
is open to some question. Objective 4 of 
this discussion, ‘limitation of damage,’’ may 
be approached either by a reduction in fault 
current magnitude or by the rapid and posi- 
tive disconnection of faults. It has been 
recognized that in the case of the conven- 
tional single winding generator the use of 
high neutral impedance may seriously inter- 
fere with the operation of differential relays 
for faults other than on the generator ter- 
minals. It seems significant that the con- 
sideration of “relaying’’ tops the list both in 
the number of users who feel its importance 
and the number of those giving it as a reason 
for the grounding practices employed. In 
view of the large majority of users having 
solid or low reactance grounded systems, it 
is safe to conclude that they also feel that a 
relatively heavy fault current cleared posi- 
tively and rapidly will result in less damage 
than a reduced fault current cleared slowly 
or perhaps not at all. 


M. M. Samuels (New York, N. Y.): The 
great diversity of grounding methods used 
on our power systems, from the generator to 
the meter and lighting fixture, as brought 
out by this comprehensive and elaborate 
committee report, is additional evidence, if 
any is needed, that we still know very little 
about grounds, that we are still unable to 
handle this specific feature of power system 
design with the same engineering compe- 
tence and engineering certainty that we 
handle other parts of system design. We 
have direct grounds, resistance grounds, re- 
actance grounds, and ground relays. Tests 
indicate that ground currents do not flow in 
the direction of the circuit but that voltage 
gradients are distributed almost uniformly 
in all directions from a ground conductor. 
This would seem to indicate a capacitance 
feature, and yet very little experimentation 
has been done with capacitor grounding. 
We know less about what goes on in the soil 
near a ground conductor than we do about 
what goes on in the clouds. An enormous 
amount of analytical study, testing, and 
operating experience is called for before we 
can handle grounding in a real engineering 
manner. 

The report shows an enormous amount of 
work done by the committee and the con- 
tributing power systems. But after digging 
through the report, the numerous tables, and 
still more numerous voluminous footnotes, 
the qttestion arises: So what? There is 
practically no answer. The design engineer 
who bases his engineering on statistical data 
relating to what other design engineers did, 
is not worth his salt. The fact that many 
systems, even the majority of systems, use a 
certain method or abandoned another 
method is no evidence that the first method 
is right and the second is wrong. Even a 
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report that trouble was experienced when a 
certain method was used, is no evidence that 
the specific method is to be condemned in all 
cases or even in selected cases, as long as 
there is no report of a detailed investigation 
of the cause of the trouble in each individual 
case. The design engineer should not base 
his designs by merely concentrating on pre- 
venting something from happening that 
actually happened, because something that 
happened once or twice never may happen 
again but other things may happen. The 
design engineer must consider all things 
that possibly could happen in his specific 
case. The committee has done a pioneering 
job in establishing the various methods ac- 
tually in use and classifying these methods 
systematically. Now it is suggested that 
the committee tackle the next step: 

1. Exhaust all analytical procedure for each of 


the methods and present the analysis in a complete 
systematic form. 


2. Establish all possible definite conclusions and 
recommendations based on the analysis. 


3. Establish those conclusions which cannot be 
drawn from the analysis. 


4. Establish all possible experience records in rela- 
tion to item 3 and attempt to crystallize recom- 
mendations based on such experience. 


5. Establish what cannot be determined without 
further tests and then proceed with those tests. 

It is important that we guard ourselves 
against continuing the use of engineering 
methods merely for the reason that the 
method has been in common use. Some 
actual cases will serve the purpose of illus- 
tration. A number of years ago it was cus- 
tomary to install a set of choke coils in each 
circuit at each station. When a lightning 
arrester was ordered by catalogue number, a 
set of choke coils always was included even 
if they were not mentioned in the order. 
These coils were merely rated in amperes. 
For each ampere rating there was only one 
size without any consideration of the char- 
acteristics of the circuit. To the young 
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engineer of today this would appear as sheer 
nonsense. It was only after some bad boys 
in the engineering profession who do a little 
original thinking now and then raised the 
question of the possibility of reflection that 
tests were made which showed that the coils 
are not only useless but may be harmful in 
some cases, because the tests showed in some 
cases higher voltages on the station side than 
on the line side. The practice of using such 
coils was dropped on short order every- 
where. And yet, if an AIEE committee 
made a survey among power systems at that 
time the report would be that all power sys- 
tems use choke coils. 

In the early days of outdoor substations it 
did not seem natural to place pin insulators 
with the axis in horizontal position. They 
were mounted at 45 degrees, with the result- 
ing complications in disconnecting switch 

mechanisms and station design all around 
until one engineer started raising questions 
about wet flashover. Tests were made by 
all insulator manufacturers, which showed 
that the wet flashover of an insulator with 
the axis horizontal is never less than one 
with the axis vertical. The 45-degree 
mounting was established definitely as an 
unnecessary piece of nonsense, but, believe 
it or not, it is still in evidence here and there. 
Thus is the force of tradition. Let us be- 
ware of following general practice blindly. 


V. J. Cissna (Tennessee Valley Authority, 
Chattanooga, Tenn.): I wish to protest 
against the continued practice of the protec- 
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tive devices committee in using X0/X1; 
R)/ X1 ratios as the criteria for degree of 
neutral grounding. These ratios first were 
proposed by R. D. Evans and S. H. Wright 
in their paper ‘‘Power System Voltages and 
Currents Under Fault Conditions,’’ pre- 
sented in March 1931.! The curves pre- 
sented in that paper have been reproduced 
in the books ‘“‘Symmetrical Components” by 
Wagner and Evans and the ‘Westinghouse 
Electrical Transmission and Distribution 
Reference Book.” A derived curve giving 
voltage rise on unfaulted conductors was 
used as Figure 2 in the protective devices 
committee’s report? presented in January 
1948. 

The curves of Figure 2 of the correlation 
report and the various other curves were 
made assuming resistance in the positive 
and negative sequences to be negligible and, 
consequently, are not general, and have no 
application whatsoever on circuits having 
appreciable resistance. For example, as- 
sume a circuit in which Xi = X2 = Xo = 
R, = R, = Ro. From Figure 2 of the cor- 
relation report it appears that an unfaulted 
phase to neutral voltage of approximately 
130 per cent would exist during a single 


phase-to-ground fault whereas there would, 


be no overvoltage at all. If X%1 = X2 = 
Xpand R; = R. = Ro = 3 Xi, the Figure 2 
curves indicate an unfaulted phase voltage 
of approximately 167 per cent while, ac- 
tually, there is again no overvoltage. 

I believe that the committee should dis- 
card the Xo/X1; Ro/ Xi ratios for deter- 
mining overvoltages and for defining a 
solidly grounded neutral system. I also 
believe that a solidly grounded neutral sys- 
tem, or more properly, an effectively 
grounded neutral system, should be defined 
by the voltage rise on the good conductor or 
conductors during ground faults and that 
the protective devices committee should 
specify the permissible rise. 

When the allowable voltage rise has been 
established, curves are useful in determining 
the voltage rise on unfaulted conductors 
and this writer has devised the curves of 
Figure 1 of this discussion for that purpose. 
The curves which are general for inductive 
circuits use impedance ratios and separate 
curves are drawn for various difference 
angles (angles of departure in Figure 1) be- 
tween the positive and zero sequence im- 
pedance angles at the point of fault. If 
135 per cent of rated system voltage is se- 
lected as the maximum allowable fault volt- 
age, Zo/Zp ratios could be as much as 4.5/1. 
Approximately 135 per cent voltage is ob- 
tained from Figure 2 of the correlation re- 
port when Ry/ X; = 1 and Xo/ Xi = 3 and 
this appears to be a very reasonable fault 
voltage to adopt as the standard for an 
‘effectively grounded netttral system.” 


REFERENCES 


1. Some Errects oF UNBALANCED Fautts, R. D. 
Evans, S. H. Wright. EvectricaL ENGINEERING, 
volume 50, June 1931, 415-20. 


2. CORRELATION OF SYSTEM OVERVOLTAGES AND 
SystemM-GRrounpING Impepance, AIEE Committee 
on Protective Devices. AIEE TRANSACTIONS, 
volume 62, 1943, January section, pages 17-24. 


W. W. Lewis (Union College, Schenec- 
tady, N. Y.): In V. J Cissna’s discussion, 
he mentions a previous report presented 
in 1943. Cissna criticizes the previous 
report in that R, and R, (positive and 
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negative sequence resistances) apparently 
have been ignored, thus giving higher calcu- 
lated overvoltages due to line-to-ground 
faults than would be found if these resist- 
ances were present. 

The values published in the 1943 report 
were intended to be conservative and to give 
outside limits of overvoltage resulting from 
line-to-ground faults. In those cases where 
R, and R» are appreciable, such as on dis- 
tribution circuits with the fault remote from 
the station, then overvoltages on the un- 
faulted conductors would be reduced, and 
anyone who wished to do so could take ad- 
vantage of this fact. 

However, there still would be the possible 
condition of a fault near the station, and 
this would have to be reckoned with in deter- 
mining whether or not the system were effec- 
tively grounded. Hence the conservative 
criterion still remains the one suggested in 
the 1943 report, that is, a system may be 
regarded as effectively grounded if the ratio 
X,/ Xi does not exceed 3 and the ratio 
R,/ Xi does not exceed 1, regardless of any 
values assigned to R,; and Ro. 


S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The committee is to 
be complimented for compiling such a com- 
prehensive summary. This report is well 
worthy of careful study. 

Generator grounding practice is an impor- 
tant part of the problem of machine protec- 
tion, which can be classified simply as fol- 
lows: 


I. Protection of Machine Against Fajlure 


A. Transient overvoltage protection—accom- 
plished most completely by modern surge voltage 
protective equipment at the terminals of the 
machine. 


B. Overcurrent limitation for external faults— 
realized by using impedance in neutral. In case of 
reactance grounding by keeping Xo/ X1 equal to or 
greater than 1 for the machine branch of the circuit, 


II. Protection of Machine Against Excessive Dam- 
age After Internal Failure 


A. Accomplished primarily by accurate fault de- 
tection and prompt and reliable clearing of machine. 


B. Accomplished secondarily by limitation of 
ground fault current to low values. 


In order to obtain a high degree of pro- 
tection against failure (item I) it may be 
necessary to sacrifice some protection 
against damage after failure (item II). For 
example, when relatively low reactance 
grounding is used a lower rated voltage pro- 
tective means may be used whereas high cur- 
rent may be obtained if an internal fault 
does occur. It is evident therefore that the 
problem of grounding depends considerably 
upon the relative emphasis placed on protec- 
tion of a machine against failure as compared 
with the protection-of a machine against 
damage after failure. This relative empha- 
sis may depend upon individual experience 
or even viewpoint and accounts for much of 
the divergence in practice. The trends 
shown in the report can be credited to a 
much better understanding of the problem 
based both on analysis and experience. 

This report states that ““Where Xo/ X, is 
greater than 3, and there are 25 reactance- 
grounded systems listed in this class, exces- 
sive transient voltages may be encountered.” 
This statement is somewhat misleading as 
ratios of X)/X, in the range from 3 to 10 
do not necessarily lead to excessive voltages. 
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Excessively high voltages do not appear to 
occur until a value of X0/ Xi higher than 10 
is obtained. At these higher ratios, it has 
been shown in reference 8 of the report that 
transient overvoltages due to switching may 
become quite vicious, possibly sufficiently 
severe to damage protective equipment. 
Therefore, values of Xo/ X1 from 3 to 10 for 
reactance grounded systems can be expected 
to give satisfactory performance, although in 
this range it normally will be necessary to 
use a protective means having a voltage rat- 
ing greater than that allowable when 
Xo0/ X1 > 3.0. 


Eric T. B. Gross (Illinois Institute of Tech- 
nology, Chicago, Ill.): It was of great in- 
terest to me to listen to the discussion pre- 
sented by M. M. Samuels, and I would agree 
with him that nobody should conclude from 
this report that certain grounding methods 
are being continued only because they have 
been in use for some time past. It is with- 
out doubt that a real engineer will not ac- 
cept past practice blindly, and the introduc- 
tion of ‘‘new” methods is proof of the fact 
that the majority of engineers does ask the 
question ‘“Why and when do we ground sys- 
tems at all, and what method is best in eack 
particular case?” 

The report shows the existence of certain 
sound trends as clearly indicated in Figures 
1, 2, and 3. There is a trend away from 
solid generator grounding, as indicated in 
Figure 1; there is also a trend away from 
ungrounded transmission systems, and a re- 
markable increase in the number of resonant 
grounded! systems (GF N systems), as indi- 
cated in Figure 3. 

It should be emphasized, however, that a 
study of the complete report which includes 
all the tables and the very important foot- 
notes leaves the reader sometimes guessing 
(as happened also to some of the members 
of the subject committee when they tried to 
analyze the answers to the questionnaires), 
and one sometimes will conclude that an 
obsolete method may have been continued 
for lack of unsatisfactory experiences—if 
there were no primary disturbances to cause 
trouble, any grounding method becomes 
“satisfactory,” as so well emphasized by 
Samuels. 

The footnotes are an important part of the 
report. In many cases they provide the 
only means to a full understanding of the 
statistical data, or they help to correct a 
false impression which the statistical data 
alone may give. As an example, in Table 
X XVII, part 1, there are six cases of “un- 
satisfactory ground fault neutralizer prac- 
tice’? mentioned; however, footnotes (7) 
and (0) indicate troubles which have nothing 
to do with the operation of the ground fault 
neutralizer as such; footnote (m) is of a 
similar nature, at least it is not quite clear 
for what reason arc extinction should not be 
successful since the type of pole or tower 
construction has hardly any nfluence on the 
voltage across the path of arcing.! There- 
fore, if only the GF N practice as such were 
considered the number of unsatisfactory 
cases would be four or three instead of six, 
as given in the table. 

Another point which deserves emphasis 
is the increased use of very high impedances _ 
(up to the impedance of a potential trans- 
former) in the neutrals of generators, in par- 
ticular those without feeders at generator 
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voltage. Tests have shown that there is a 
distinct advantage in the reduction of gener- 
ator ground fault currents, in as much as 
burning damages are reduced considerably; 
in addition the sensitivity of a special ground 
relay scheme can be made considerably 
higher and also more reliable than the con- 
ventional differential protection would pro- 
vide. Some engineers prefer solid or low re- 
actance grounding of the generator neutral 
in order to make differential protection oper- 
ate on ground faults as well as on faults be- 
tween phases. An analysis of all the com- 
ponents of such a scheme reveals, however, 
that some of the conclusions reached are 
erroneous. An independent ground fault 
relaying scheme is in all cases reliable, much 
more sensitive, will cover grounds inside the 
generator winding and quite near its neutral 
point, and damage and repair will be reduced 
considerably if the ground fault current is 
reduced as much as possible. This seems 
to be one of the cases in which Samuels ad- 
vice should be followed not to repeat previ- 
ous practices. The reduction of otherwise 
high ground fault currents will be advan- 
tageous in many respects. 


REFERENCE 
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A. A. Johnson: In replying to all of the dis- 
cussions on this report, I would like to state 
first of all that the data represent the facts as 
obtained from the answers given in the ques- 
tionnaires. The results or conclusions are 
not the opinions of the committee except 
where it is so indicated. 2 

Brownlee and Elzi pointed out that the 
choice of generator grounding is very narrow 
if the generator must be effectively grounded 
because of the assumption that the impulse 
strength of the windings is not more than the 
crest of the test voltage. At present there 
are no standards covering impulse strength 
_ of generator windings. Experience has 
shown, however, that ungrounded or resist- 
ance grounded generators have been pro- 
tected well by the use of special rotating ma- 
chine lightning arresters and surge capaci- 
tors. In fact the report shows that 45.3 per 
cent of all generators are resistance grounded 
and 9.3 per cent are grounded through po- 
tential transformers, a ground fault neu- 
tralizer, orare ungrounded. Thereport cer- 
tainly shows that most operating companies 
have no hesitation about using a grounding 
method which requires the application of 
line to line rated lightning arresters. In 
fact the trend is toward less effectively 
grounded generators systems where it is pos- 
sible to do so. 

Brownlee and Elzi also state that the con- 
clusion “‘Operating experience presented 
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indicates that on a generator system empha- 
sis should be placed on reducing high ground 
fault currents ...’’ is open to some question. 
Perhaps this conclusion is questionable, but 
nevertheless it represents the trend as ob- 
tained from the data. Certainly proper 
consideration should always be given to the 
speed of operation of relays and circuit 
breakers as the fast and proper operation of 
this equipment is very important. The 
method of grounding may or may not allow 
high speed operation of relays and circuit 
breakers as relay co-ordination and the type 
of intelligence used for relays will affect the 
speed with which action can be taken. All 
factors affecting the protection of a system 
must be considered when any method of 
grounding is applied. 

I think that the discussion presented by 
W. W. Lewis answers in large part the ques- 
tions raised in Cissna’s discussion. I might 
add that the sequence ratios in the report 
were requested primarily to get a record of 
the practice with respect to transient volt- 
ages. Cissna’s discussion refers largely to 
the dynamic displacement of the voltage 
during unbalanced faults to ground and not 
to the ratios as used with reference to tran- 
sient voltages. As Lewis has pointed out, 
the ratios neglecting R, and Rp» give safe 
results for application work. Of course, 
where more accurate results are desired or 
where R, or R, are large with respect to 
other constants, the voltages should be cal- 
culated. A‘curve such as that shown by 
Cissna would be helpful. 

Commenting on the discussion by M. M. 
Samuels, the protective devices committee 
and the fault limiting devices subcommittee 
have known for some time that a guide for 
the grounding of generator and transmission 
and distribution systems was desired. 
However, before such a guide could be pre- 
pared it was necessary to know the existing 
grounding practices. The present report 
gives the practices and work has been started 
on the preparation of guides for the ground- 
ing of generator systems and transmission 
and distribution systems. These guidescover 
the voltage classes covered in the paper. 

The discussion by Gross re-emphasizes 
the need for a real study of the problems 
associated with the grounding of power sys- 
tems. The report contains a number of in- 
consistencies with respect to grounding prac- 
tices and, therefore, one cannot conclude 
from the data in the report what the proper 
grounding method should be. It is hoped 
that the guides on grounding of generator 
and transmission and distribution systems 
will be a step forward in outlining proper 
grounding procedures. 

S. B. Crary’s comments on the report 
summarized the problem of protecting gen- 
erators and transmission and distribution 
systems very well. However, several points 
might be added to his discussion. Relative 
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to the protection of machines against failure 
(part A) it is stated that the transient over- 
voltage protection is accomplished most 
completely by modern surge voltage protec- 
tive equipment at the terminals of the ma- 
chine. This is certainly true except that I 
believe the surge protective equipment 
should be looked upon as the last line of de- 
fense in the protection of amachine. Where 
possible the grounding method should be 
such that transient overvoltages are limited 
to such values that the surge protective 
equipment does not have to function. The 
grounding device should serve not only to 
limit possible fault currents involving 
ground, but it also should have such char- 
acteristics as to limit transient overvoltages 
to values less than the test voltages applied 
tothe machine. Under part B of protection 
of machine against failure it is stated that for 
reactance grounding the ratio Xo/ Xi should 
be equal to or greater than one for the ma- 
chine branch of the circuit. This will limit 
the value of current in the machine winding 
to a safe value, but a limitation should be 
placed on the maximum value of Xo/ Xi in 
order to protect machine windings against 
possible excessive transient overvoltage. 
Such a ratio has been established as Xo0/ Xi 
equal to a maximum of three. Here again 
the X,)/X1 ratio is established at such a 
‘level as to limit transient voltages to values 
below the protective level afforded by surge 
protection on the terminals of the machine. 

Under part II of Crary’s discussion, part 
A states that this can be accomplished ‘‘pri- 
marily” by accurate fault detection and 
prompt and reliable clearing of machine. 
I think that a limitation should be placed in 
this category also which states that Xo/ Xi 
ratio should be equal to or greater than one 
in order to protect the windings against 
mechanical damage. 

Crary’s discussion also states that for 
ratios of X,/ X, in the range of 3 to 10 do 
not necessarily lead to excessive voltages. 
It is further stated that excessively high 
voltages do not appear to occur until them 
value of X)/X, higher than 10 is obtained. 
It is further stated that above a ratio of 10 
transient overvoltages due to switching may 
become quite vicious. In view of these 
statements, therefore, it would appear that a 
ratio of X,/ X, of 3 to 10 might be question- 
able, particularly near the upper value of 
this range. It is believed, therefore, that a 
ratio of three is a safe conservative figure 
and should be used as a guide wherever pos- 
sible. 

I would like again to express the appre- 
ciation of the protective devices committee, 
the fault limiting devices subcommittee, and 
the working group for the co-operation re- 
ceived from the utilities in supplying 
answers to the qttestions in the question- 
naire. Because of this co-operation the re- 
port was possible. 
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Tis the purpose of this paper to present 
results and conclusions drawn from a 
study of switching surges including the 
effects of line voltage and length, lightning 
arrester, circuit breaker, and system 
characteristics. This information should 
be of value in the design of future high- 
voltage long-distance transmission sys- 
tems. 

An important element in the cost of 
high-voitage transmission systems is the 
level of insulation used in the transmission 
lines and terminal equipment. Rational 
reductions in insulation result in appreci- 
able economic advantages. 

A primary requirement of insulation is 
the ability of the insulation to withstand 
transient overvoltages, particularly those 
caused by lightning. On lines, overhead 


ground wires and low tower footing re- ’ 


sistance are used to assure that the im- 
pulse level ordinarily will not be exceeded 
by lightning surges,” whereas on terminal 
equipment, the use of properly located 
lightning arresters is considered essential. 

Based on the experience of the higher 
voltage systems, outages due to lightning 
are not expected to increase with further 
increase in system voltage.’ It is known, 
however, that the operation of lightning 
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arresters in some systems is caused more 
frequently by switching surges than by 
lightning surges. Information, therefore, 
is desired on the severity of switching 
surges with regard to voltage magnitude 
and duration, and arrester discharge 
phenomena that could be experienced on a 
future transmission system of greater 
length and operating at higher voltage 
levels than the present-day maximum. 


Nature of Problem 


The condition most conducive to 
severe switching surges occurs when the 
arc is permitted to restrike across the 
parting contacts of a circuit breaker 
attempting to interrupt line charging 
current.4 The time and number of re- 
strikes are usually random in occurrence 
when the circuit breaker does not include 
effective arc-controlling means for the 
lower current values. 

For convenience, the events associated 
with such restriking can be assumed to 
have four phases as follows: 


I. The initial conditions of the line at the 
instant of the first current interruption. 


II. The period between the first current 
interruption and the first restrike of the arc. 


Figure 1. Simulated 
high and low volt- 


age switching— 
connections for 
TO a 
LINE miniature system 
SECTIONS 


With switches 4, 5, 
and 6 open high- 
voltage switching of 
line is simulated. 
With switches 
closed low-voltage 
switching of line is 
simulated 
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Of interest in this period are (a) the rate of 
rise of voltage across the circuit breaker con- 
tacts, as determined by the variations in the 
voltage on the generator side of the circuit 
breaker and the variation in voltage on the 
line side, and (6), the rate of recovery of the 
dielectric strength of the circuit breaker. 
The variation in voltage on the line side will 
be determined by such factors as the redis- 
tribution of energy on the line, and the effect 
of connected apparatus such as a trans- 
former (high or low side switching of line) 
or circuit breaker construction (absence or 
presence of shunting resistance across the 
parting contacts). 


III. The period from the first restrike to 
the operation of the lightning arrester. The 
nature of the resulting switching surges is of 
interest during this interval. 


IV. The period of lightning arrester opera- 
tion. Of importance in this phase are the 
magnitude and duration of lightning arrester 
current and voltage insofar as a measure of 
duty and a measure of protection are ob- 
tained. : 


Assumptions 


The analyses were made using a repre- 
sentation of the circuit in miniature.® 
The assumptions involved are these 


1. The miniature system is representative 
of high-voltage systems having solidly 
grounded neutrals. In this study the line 
to line operating voltage is 360 kv. 


2. The transmission system in miniature is 
shown schematically in Figures land 2. In 
Figure 1 the sine wave generator represents 
a generating station providing excitation 
through the step-up supply transformers to 
line sections simulating various lengths of 
transmission line up to 400 miles in length. 
The transmission line is open-circuited at 
the receivingend. With switches 4, 5, and 6 
open, switches 1, 2, and 3 representing cir- 
cuit breakers simulate high-voltage switch- 
ing of the line on the high side of the supply 
transformers. With switches 4, 5, and 6 
closed, switches 1, 2, and 3 simulate low 
voltage switching of the line on the primary - 
side of an autotransformer insofar as the 
effects of the magnetizing reactance of the 
grounded neutral line transformers are ob- 
tained on restriking phenomena between the 
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charged line and supply voltage, and on the 
trapped charge and surges of the line. The 
effects of leakage reactance were neglected. 
Switch 7 was used to determine the effect of 
an open or closed delta with the line trans- 
formers on the system for low-voltage 
switching. Switch 8 was used to close the 
lightning arrester circuit when switching 
surge voltages reached the value correspond- 
ing to the spark-over voltage of the gaps in 
the station-type lightning arresters. In 
Figure 2, a complete line section of the 
transient analyzer is shown. The values of 
line capacitance and inductance are equiva- 
lent approximately to 10 miles of high-volt- 
age transmission line. By means of short- 
circttiting leads, the effect of some variations 
in line resistance and ground impedance can 
be observed. 


8. The lightning arrester is simulated as 
described in Appendix I. The average 
breakdown voltage of the lightning arrester 
gaps is 2.4 times the normal crest line-to- 
neutral voltage and all gaps spark-over at 
this voltage. 


4. In this study there is only one lightning 
arrester located at the sending end of the 
transmission line. 


5. The transformers are represented in 
miniature as described in Appendix II. As 
indicated there, the miniature 2-winding 
transformers are equivalent in 3-phase kilo- 
volt-ampere rating to the surge impedance 
loading of the lines at 8360 kv. The trans- 
formers are nonresonating. 


6. The restriking of the arc in the circuit 
breaker is accomplished by the opening and 
closing of mechanical switches (switches 1, 
2, and 3 of Figure 1). All circuit interrup- 
tions are made at a normal or natural fre- 
quency current zero. The arc drop is zero. 
There is no shunting resistance across the 
interrupting contacts. 


7. Unless mentioned otherwise, switching 
operations occur on one pole with the other 
two poles open. 

8. The switching operation can be either 
of one of two types; namely, high-voltage 
switching between the high side of the trans- 
former and the line, or low-voltage switching 
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of the line on the low-voltage side of an auto- 
transformer. 


9. Lines to be switched are 100, 200, 300, 
or 400 miles in length. 


Phase I. Initial Conditions 

Interruption of 60-cycle charging cur- 
rent of a lumped capacitance at a current 
zero occurs with the voltage at crest, re- 
sulting in a storage of energy in the 
capacitor proportional to the square of 
this voltage. In the interruption of line 
charging current at a current zero, how- 
ever, the line voltage is not necessarily at 
crest value and will depend upon the 
resistivity of the line and ground return 
and the length of line switched. Also, the 
magnitude of the voltage at the interrup- 
ter is not distributed uniformly along the 
line but varies as a consequence of the 
space phase displacement of the 60-cycle 
line-charging voltage along the length of 
the line and of the increase in voltage 
from the flow of the line charging current 
through the line inductance. 

For a 400-mile line with R,/X,= 
0.138, Ro/Xn=4.50, Xp/Xn=4, Xoo/Xa 
=1.6, zero value of the charging 
current lags the crest value of the voltage 
by the order of 30 degrees. For lines 100 
to 400 miles in length with R,/X,=0.13, 
R/ Xn =(0.13, Xp/Xn= I Sy Ge = IEG: 
the instant of current zero at the in- 
terrupter is practically in phase with the 
crest of the voltage. 

In Figure 3 the upper curve shows the 
energy trapped on the line in per unit of 
the energy trapped on the 100-mile line. 
The comparison was made by taking the 
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Figure 3. Initial energy trapped on line in 
per unit versus length of line opened on 
charging current 
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energy as proportional to the squared 
value of the final steady-state uniform 
voltage—as recorded by an oscilloscope— 
existing on the miniature line after inter- 
ruption of line charging current at a 
current zero. Practically, the 100-mile 
line is charged at a uniform voltage equal 
to the crest value at the interrupter. The 
curve holds, substantially, for lines with 
the range of parameters given in the pre- 
ceding paragraph. 

As a further comparison in Figure 3, the 
lower curve shows the per unit energy if 
each length of line were charged uni- 
formly to the crest voltage at the circuit 
breaker. This curve is of interest in that 
it represents the energy stored on a 
lumped capacitance equivalent to a given 
length of line. 


Phase II. Initial Recovery Voltages 


Initial recovery voltages are discussed 
under two groups on the basis of (1) high 
voltage switching or (2) low voltage 
switching. 


Group | 


Using the interrupting switch on the 
high-voltage side of the transformer be- 
tween the transformer and the line, high- 
voltage switching is simulated. For no 
terminal equipment connected to the line, 
the voltage variations across the switch 
for a 100-mile line and a 400-mile line are 
shown in the two lower curves of Figure 4 
as recorded by the cathode ray oscillo- 
scope on the miniature system. Because 
of the initial nonuniform energy distribu- 
tion of the longer line, greater average rate 
of voltage rise and greater peak recovery 
voltage are experienced. 

These results show peak voltages of two 
or more times the normal crest line-to- 
neutral voltage across the interrupting 
switch occurring a half cycle after inter- 
ruption, where time is measured from the 
crest of voltage wave at or in the immedi- 
ate neighborhood of the current zero of 
interruption. 


Group 2 


Connecting a saturable reactor on the 
line side of the interrupting switch, low- 
voltage switching is simulated. For no 
other terminal equipment connected to 
the line, the voltage variations across the 
circuit breaker for 100- and 400-mile lines 
are shown in the upper two curves of 
Figure 4. 

In Figure 5 are shown the maximum re- 
covery voltage and the time to maximum 
voltage as functions of line length and 
various values of circuit parameters. 

In oscillogram 189-11 of Figure 8 is 
shown the ferro-nonlinear oscillation in 
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the line voltage at the sending end for a 
100-mile line. 

On the basis of these results and numer- 
ous other observations, it is indicated 


(a). That after a time delay of the order of 
a two or three thousand micreseconds from 
the instant of interruption of charging cur- 
rent at a current zero the effect of the trans- 
former saturating causes a sudden reversal 
of the recovery voltage. 

(b). That the maximum recovery voltage 
across the interrupter during the first half 
cycle from the time of crest voltage at inter- 
ruption will be of the order of normal line to 
neutral crest voltage or less. 

(c). That the maximum recovery voltage 
across the interrupter during the interval 
between the first half cycle and the first 
cycle and a half from the time of crest volt- 
age at interruption will be of the order of 
twice normal line-to-neutral crest voltage or 
less. 

(d). That the results from traveling wave 
phenomena on equivalent lines and from 
circuit oscillation phenomena using lumped 
capacitance are in general agreement with 
regard to items (a), (b), and (c). 

These indications hold with the delta 
opened or closed by switch 7 in Figure 1. 
They hold also with switches 5 and 6 
closed connecting in the autotransformers 
on these phases with the delta opened or 
closed when energizing and switching on 
phase a only. The indications again are 
the same when energizing and switching 
all phases with phase a the last to clear 
and with an open or closed delta. 
Phase III. Some Effects of Re- 
striking 


In the miniature system studied having 
no transformers or lightning arresters 
connected to the switched line, one re- 
strike at the first peak recovery voltage 
across the switch resulted in the maximum 
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Figure 5. Maximum recovery voltage across 
circuit breaker on interruption of charging 
current and time to maximum voltage versus 
ratio of magnetizing reactance of transformer 
to positive sequence capacitive reactance of 


line—Xm/ Xe 


line-to-ground voltages atthe interrupting 
switch as shown in Figure 6 for single- 
phase or 3-phase switching and for 
various values of line constants. The re- 
strike current was interrupted at the first 
subsequent zero of its natural frequency 
following initiation. These line voltages, 
it is seen, are of the order of 21/2 times 
normal, and if a lightning arrester were 
connected to the line, these voltages 
would cause its operation. 

.In Figure 7 are shown oscillograms 
175-3, 180-7, and 180-14 for the variation 
in the line voltages at the circuit breaker 


resulting from one restrike with a lumped 
capacitance and with 100- and 400-mile 
lines. Oscillogram 184-9 in this figure for 
the 100-mile line on a different time scale 
shows the relatively slow time variation 
in voltages experienced. As the line 
lengths are increased the average rate of 
voltage change decreases, because of the 
greater time required for waves traveling 
at the rate of about 1,000 feet per micro- 
second to go from the sending to the 
receiving ends of the line and back. = 

When a transformer is connected to the 
line side of the circuit breaker, it was 
shown previously that the recovery 
voltages, especially during the first half 
cycle, do not reach the magnitude and 
duration associated with those occurring 
on lines alone. Consequently the proba- 
bility of restriking and the magnitude of 
the restrike voltages should be lower. In 
Figure 6 are shown the range of maximum 
line to ground voltages as the result of one 
restrike observed for the 100- and 400- 
mile. lines when these restrikes were 
initiated at maximum recovery voltage in 
the regions of 1, 11/2, or 2 cycles after in- 
terruption. The range of values are of the 
same order:for both line lengths and are 
the results of single- and 3-pole switching 
for all the circuit conditions shown in this 
figure. The range of voltages is 60 per 
cent to 80 per cent of the order of voltages 
for the lines without the transformer and 
are below the lightning arrester spark-over 
voltage by about the same percentage 
margin. 

Restriking in the period of the first half 


Figure 6. Maximum line-to-neutral voltage 
at sending end from one restrike versus length 
of line switched 


NO TRANSFORMER OR ARRESTER CONNECTED TO 
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OF SYSTEM FREQUENCY FROM CREST OF 
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AS WITH NO TRANSFORMER. RANGE OF LINE 
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Figure 7. Variation in line voltage at circuit 

breaker for interruption of charging current at 

a, initiation of restrike at b, and interruption of 
restrike transient at ¢ 


Line—Ri/Xn =0.1 e) Ro/Xn =0.1 3; 
Xo/Xu =, Xco/Xa =1.6 


cycle after interruption did not produce 
any abnormal line voltages. Restriking 
in period during the second half cycle of 
interruption such as at point a of Figure 4 
or of oscillogram 189-8 in Figure 8 for a 
100-mile line resulted in the line voltage 
at the circuit breaker as shown in oscillo- 
gram 189-12 and in the recovery voltage 
of oscillogram 189-9, both oscillograms in 
Figure 8. The maximum line voltage 
following the restrike is about 1.63 times 
normal crest line to neutral as shown at a 
of oscillogram 189-12. It is to be noted 
also in oscillogram 189-12 that the effect 
of the transformer saturating causes 
several sudden reversals of the line volt- 
age, the first occurring several thousand 
microseconds from the time of maximum 
line voltage caused by restriking. 

For the effects of two restrikes—one at 
point a of oscillogram 189-8 and one at 
point b of oscillogram 189-9 of Figure 8— 
the recovery voltage, the line voltage at 
the sending end, the input line currents, 
and the line voltage at the receiving end 
are as shown in oscillogram 189-10, 189- 
13, 189-15, and 189-16 in Figure 8. At 
the sending end to the maximum voltage 
from restriking is the same as for one re- 
strike only. At.the receiving end the 
maximum voltage is caused by the first 
restrike and is of the order of 1.8 times 


normal line-to-neutral crest voltage at 


the sending end. 
Althoughtransformersconnected tolines 
being switched lower the probability of 
obtaining abnormal line voltages, repeated 
restriking can build up voltages in excess 
of those required for lightning arrester 
operation, as shown in oscillogram 176-3 
in Figure 9. This oscillogram is for the 
case of a lumped capacitance equivalent 
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to 100 miles of line connected across the 
transformer. The first and second re- 
strikes occur at points a and b, respec- 
tively. The maximum voltage following 
the second restrike is about 2.63 times 
normal line-to-neutral voltage. 


Phase IV. Arrester Operation 


The volt-time character of surges is a 
determining factor in transmission system 
insulation. To limit surges within pre- 
scribed limits, lightning arresters are 
used to provide a margin of protection of 
insulation on terminal equipment. It is 
of importance, therefore, to know the 
nature of the current discharges through 
a lightning arrester produced by switching 
surges and of the resulting voltage drops 
across the lightning arrester. 

On the nature of discharges through a 
lightning arrester, Figure 10 shows the 
difference in the voltage variation across a 
lightning arrester between that from a 
line and that from a lumped capacitance 
equivalent to the line. The single-phase 
200-mile artificial line shown in this figure 
was charged to a steady state voltage 
value of 2.4 times the normal crest line- 
to-ground voltage of the line and then dis- 
charged through the lightning arrester by 
closing switch S, and similarly for the 
lumped capacitance. The miniature 
lightning arrester characteristic is shown 
in Figure 11. Asseen from Figures 10 and 
11.there is a sudden drop to about 75 per 


cent of the spark-over voltage at the » 


lightning arrester end of the line because 
of line regulation upon the flow of current 
through the line and lightning arrester. 
The voltage after spark-over remains con- 
stant for a period of 1,900 microseconds 
which corresponds approximately to the 
time required of a surge traveling at the 
rate of 1,000 feet per microsecond to go 
from one end of the 200-mile line and 
back. The other lower voltage steps of 
the line discharge are of similar duration. 
On the basis of a 360-kv lightning arrester 
having the same characteristics shown in 
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Figure 11, the maximum discharge current 
from the line is ofthe order of 500amperes. 
The second step of the discharge repre- 
sents a current of 125 amperes. For the 
lumped capacitance, a smooth curve de- 
cay of voltage and current results, the 
initial current through the lightning 
arrester being much greater than for the 
line. Generally, it might be mentioned 
that the effects with lumped capacitance 
obtained here and in the foregoing phases 
of restriking are more representative of 
cable than line dropping. 

Switching surges initiated by the re- 
striking of the are across the parting con- 
tacts of the interrupting switch result in 
line voltages at the lightning arrester as 


3 phate, IBF -/ eo : 


Figure 8. Low-voltage switching of 100-mile 
line 


Oscillogram 189-8—Circuit breaker recovery 
voltage from line dropping 
Oscillogram 189-9—Circuit breaker recovery 
voltage from line dropping with restrike at 4 
Oscillogram 189-10—Circuit breaker recov- 
ery voltage from line dropping with restrikes 
at a and b 
Oscillogram 189-11—Line to ground voltage 
at sending end. Line dropped at a 
Oscillogram 189-12—Line to ground voltage 
at sending end. Maximum voltage from re- 
strike at a 
Oscillogram 189-13—Line to ground voltage 
at sending end from line dropping and two re- 
strikes 
Oscillogram 189-15—Input current from line 
dropping and two restrikes 
Oscillogram 189-16—Line to ground voltage 
at receiving end from line dropping and two 
restrikes at sending end 
Line—R,/Xp,=0.1 Sy Ro/Xn =0.1 3) 
Xo/Xn=1, Xco/ Xa =1.6 
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Figure 9. Line to ground voltages for suc- 
cessive restriking with low-voltage switching 


Capacitor equivalent to 100 miles of line con- 
nected across secondary winding of trans- 
former. Circuit breaker on primary side of 
transformer 
Oscillograms 176-3, 176-5—First restrike at a, 
second restrike at b 
Oscillogram 176-5—Lightning arrester 
switched in at c, V—normal crest line to 
neutral voltage 


shown in oscillograms 183-3, 183-8, 184-3; 
and 184-5 in Figure 12A for lines of 400, 
300, 200, and 100 miles, respectively. 
These oscillograms show a restrike start- 
ing at point a followed by switching in of 
the lightning arrester at point 6. Oscillo- 
gram 184-7 in this figure is the voltage 
variation across a lumped capacitance 
and lightning arrester combination in 
which the capacitance is equivalent to 100 
miles of line. The restrikes occurred a 
half cycle from the crest of the voltage at 
the time of current zero of interruption. 
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In Figure 12B are shown oscillograms 
186-6, 187-2, and 187-3 of the line voltage 
at the lightning arrester for 400, 300, and 
200 miles of line, respectively, with the re- 
strikes occurring 1/3 of a cycle after the 
crest of the voltage at the time of current 
zero of interruption. 

In Figure 12C are shown oscillograms 
186-8, 187-6, 187-4, and 186-13 for the line 
voltages at the lightning arrester for 400, 
300, 200, and 100 miles of line for the con- 
dition of two restrikes, one at point a and 
one at point c. These restrikes occur at 
1/3 and 5/6 cycle from the crest of the 
voltage wave at the time of current zero of 
interruption. The lightning arrester was 
continuously in the circuit from the in- 
stant of the first spark-over of it by the 
first restrike. 

A replot of oscillogram 187-2 is shown 
in Figure 13 together with the resulting 
lightning arrester current calculated from 
the curve of Figure 11. 

In all of the oscillograms and curves of 
the foregoing based on the effects of re- 
striking phenomena, the line constants in 
Figure 2 were arranged such that Ri/Xy 
=0.13, Ro/ Xn=0.13; XG XG and 
Xo/X,z=1.6. With these line constants 
representative discharge effects through 
the lightning arrester were obtained. 

From the switching surge results based 
on restriking Figure 14 was drawn and 
shows the time after spark-over to half 
value of lightning arrester spark-over 
voltage as a function of the length of line 


Figure 10 (below left). Discharge charac- 
teristics of lumped capacitance and line 


Lightning arrester voltage versus duration of 
discharge 


Figure 11 (below right). Effect of line regu- 
lation upon discharge of line through a light- 
ning arrester 


10 MILE 
ee 
LINE SECTION 


ARRESTER SPARKOVER 


switched. The curve was obtained with a 
circuit using lumped capacitance equiva- 
lent to various lengths of line. The other 
points indicated are for the miniature 
transmission system. The points for the 
miniature system were determined from . 
an approximate mean curve drawn 
through the voltage variations on the 
oscillograms for the various line lengths. 
These results indicate that the relative 
duration of the time to half value of the 
IR lightning arrester drop increases in 
direct proportion with the line length 
switched and that the times to half value 
are of the order of 2,000 and 8,000 micro- 
seconds for the 100- and 400-mile lines, 
respectively. 

In Figure 15 is shown the effective dura- 
tion of current discharge through the 
lightning arrester as a function of the 
length of line switched. The duration is 
measured from the time of spark-over to 
the time of half value of the current. In 
Figure 16 are shown for this period the 
average current, and the ratio of the 
maximum current to the average current 
involved in the discharge. It is seen that 
a restrike initiated at 1/3 cycle from the 
crest of the voltage wave at interruption 
rather thanat 1/2 cyclewith maximum re- 
covery across the interrupting switch 
causes a larger average current and a 
longer duration of current in the discharge 
upon switching the longer lines, whereas 
the converse is true for the shorter lines. 
This is to be expected from the fact that a 
restrike at a 1/2 cycle, for example, in 
dropping 400 miles of line (1/8 wave 
length) results in a component of the 
traveling surge being determined by that 
portion of the 60-cycle supply voltage be- 
tween erest and zero, whereas restriking at 
1/3 cycle results in this component being 
determined approximately by the central 
crest portion of the supply voltage. The 
maximum average currents to be expected 
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from one restrike during the period to half 
value of lightning arrester current are of 
the order of 800 to 900 amperes for a 360- 
ky system and are independent of the line 
length considered; the crest currents are 
1.4 times greater than the average values; 
the duration of the current increases with 
line length from about 700 microseconds 
for a 100-mile line to approximately 2,800 
microseconds for a 400-mile line. 

If two restrikes are initiated, the first at 
1/3 cycle and the second at 5/6 cycle from 
the crest voltage at interruption, the 
voltage at the lightning arrester at the 
time of the second restrike as a function of 
line length is as shown in Figure 17. In 
per unit of normal line-to-neutral crest 
voltage, the recovery voltage across the 
circuit breaker at the time of the second 
restrike is somewhat less than two times 
for the 100-mile line and approaches 
three times for the 400-mile line. This is 
to be expected in as much as the time from 
the first restrike to spark-over plus the 
time of duration of maximum voltage 
associated with the effective duration of 
current through the lightning arrester in- 
creases approximately in proportion to 
the increase in the length of line switched. 
The probability, therefore, of multiple 
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Figure 12. Switching surge voltage across 
arrester 


Firstrestrike initiated at a followed bylightning 
arrester operation at b, Second restrike 
initiated at c with lightning arrester discharg- 
ing from first restrike. Time scale (in micro- 
seconds) for each column is shown in top 
oscillogram 
Line—R,/Xp =0.1 3 Ro/ Xn =0.13, 
Xw/Xn=1, Xco/Xa =1.6 
Restrikes measured from crest of voltage at in- 
terruption of charging current—A, one at 1/2 
cycle; B, one at 1/3 cycle; C, one at 1/3 
cycle and one at 5/6 cycle 


restriking producing multiple discharges 
increases with the length of the line 
switched. 

For the effects of two restrikes in 
dropping a 300-mile line, the results are 
as shownin Figure 18. Here, as a measure 
of the effective duration of the current, of 
the time sequence of events, the curves 
are plotted as 


EP] i tecdes dt 


versus time in microseconds. These 
curves indicate that with multiple re- 
striking on the longer lines, multiple dis- 
charges of current can be expected of the 
same effective duration and magnitude 
as obtained from one restrike. 

As to the effects of a transformer con- 
nected to the line, this is illustrated in 
oscillogram 176-5 of Figure 9 for a lumped 
capacitance equivalent to 100 miles of 
line. Because of existence of the ferro- 
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Figure 13. Lightning arrester current and 
voltage magnified and replotted from oscillo- 
gram 187-2 
Line—Ri/Xu =0.1 oF Ro/ Xn =0.1 Bh. 
X1o/Xn=1, Xco/Xa=1.6 
One restrike 1/3 cycle from crest at voltage at 
interruption of charging current; 300-mile line 


nonlinear oscillations during lightning 
arrester operation, interruption of dis- 
charge at the first or subsequent current 
zeros can occur. 

An investigation of lightning discharges 
indicates that lightning arrester dis- 
charge currents have fewer components 
than found in direct strokes and are of 
lower crest magnitude with only 30 per 
cent exceeding 1,000 amperes. It also is 
indicated that the long-duration low- 
magnitude portions of direct strokes may 
be as high as 1,000 amperes with durations 
from 50 to 20,000 microseconds while 
lightning discharges through lightning 
arresters seldom last more than 300 
microseconds. In magnitude and dura- 
tion, then, the current discharges that 
could be expected from switching surges 
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Figure 14. Time to half value of lightning 
arrester spark-over voltage versus length of line 
switched 
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Figure 15. Effective 
duration of lightning 
arrester current dis- 
charge versus length 
of line switched 
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on long lines appear comparable to the 
long-duration low-magnitude portions 
measured in direct lightning strokes. And 
in terms of severity of discharge duty on 
lightning arresters, it appears, therefore, 
that the switching surge on long-distance 
high-voltage lines is of primary impor- 
tance. 


Summary and Conclusions 


1. When switching surges are initiated 
by restriking upon dropping long lines on 
the high-voltage side of a transformer, it 
is indicated that 


(a). On the basis of the systems studied, in 
which the maximum surge voltages of about 
2.5 times line-to-neutral crest voltage were 
reached from one restrike, the time to light- 
ning arrester spark-over voltage and the 
time to subsequent half value increase in 
proportion to the length of line switched. 
For the 100-mile line these times are of the 
order of 1,000 and 2,000 microseconds, re- 
spectively. 


(6). Peak recovery voltages across the cir- 
cuit breaker interrupting charging current 
without restriking reach two or more times 
the normal line-to-neutral crest voltage at a 
half cycle of system frequency from the 
crest of the voltage wave at interruption. 
During maximum current flow through the 
lightning arrester from a surge initiated by 
a restrike, higher voltages across the circuit 
breaker may be obtained, approaching three 
times normal line-to-neutral crest voltage on 
the longer lines. 


(c). More severe switching surges are ex- 
perienced for line lengths from 250 to 400 
miles when restrikes occur before peak re- 
covery voltages across the interrupter are 
reached. The range extends to 1/3 cycle of 
system frequency from the crest of the volt- 
age wave at interruption for the 400-mile 
line when the recovery voltage across the 
circuit breaker has reached about 3/4 of the 
peak recovery voltage. 


2. When dropping long lines on the 


high-voltage side of a transformer, it is - 


indicated also, that 


(a). The severity of switching surge dis- 
charges through an arrester is of equal if not 
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of primary importance as compared with ex- 
pected lightning surge discharges on well 
shielded and grounded systems. 


(6). The maximum arrester discharge cur- 
rents are comparable for all line lengths, but 
their effective duration increases in direct 
proportion to the length of line switched. 


(c). On the basis of duration of surge cur- 
rent initiated by one restrike, the duty on 
the arrester increases in proportion to the 
length of line switched. 


(d). The probability of multiple arrester 
discharges from multiple restrikes with 
components of the same severity as from one 
restrike is greater for the longer lines than 
for the shorter lines. 


3. When switching on the low-voltage 
side of a transformer in comparison with 
switching on the high-voltage side, the 
recovery voltages across the interrupter 
as the result of ferro-nonlinear oscillations 
are reduced appreciably both in average 
rate of rise and magnitude. As a conse- 
quence the probability of restriking and 
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of the resulting surge voltages reaching 
lightning arrester spark-over voltage are 
diminished greatly. If spark-over is 
reached, the initial effect of the trans- 
former saturating in several thousand 
microseconds and the effect of the subse- 
quent ferro-nonlinear oscillations make 
possible a reduction in the over-all duty 
imposed on the lightning arrester. 

4. Switching surges as obtained from 
the restriking of the arc in circuit breakers 
can be reduced in severity by the follow- 
ing means: 


(a). Grounding system neutrals.’ 


(6). Rational application of voltage arres- 
ters. 

(c). Use of impulse circuit breakers of the 
stored energy type that have a minimum 
tendency to restrike® or resistance shunting 
of the contacts on the nonimpulse type.*® 
(d). Switching short sections of line. 
With lines operating in parallel, switching 
sections of line of about 100 miles is eco- 
nomically feasible and also desirable in in- 
creasing the transient stability power limits 
of the system. 


(e). Switching lines on the low-voltage side 
of the transformer. On sectionalized long 
lines, this, in general, will not be feasible. 
On cable circuits, however, low-voltage 
switching is entirely practical. 


5. Lightning arrester discharge cur- 
rents from switching surges are relatively 
low and result in JR drops appreciably 
below the lightning impulse strength of 
the insulation, which in this study was be- 
low the 60-cycle spark-over voltage of the 
lightning arrester. It appears that the 
switching surge is not a determining factor 
in the insulation requirements of lightning 
arrester protected systems. 

6. Through the use of a representation 
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in miniature, an effective method has 
been demonstrated for the study of re- 
lated phenomena involving voltage arres- 
ters and switching surges. 


Appendix I. 
for Miniature System Study 


For a solidly grounded neutral system in 
which the ratio of zero sequence reactance 
Xp to positive sequence reactance X; lies 
between 0 and +3.0 for a ground fault at 
any location in the system, it is the practice 
to choose a lightning arrester with a maxi- 
mum valve rating equal to 80 per cent of the 
normal line-to-line system voltage. Thus, 
for the system voltage of 360 kv being con- 
sidered in this paper, an arrester rated at 288 
kv rms (line to ground) could be used. 

The minimum average voltage required to 
spark over a lightning arrester fora 
grounded neutral system is assumed equal 
to 2.4 times the crest value of the line-to- 
neutral voltage of the system, or for a 360- 
ky system, 


360 


/3 


For the switching surge tests recorded in 
this paper, it is assumed that all of the gaps 
in each unit arrester of the stack spark over 
when the crest minimum spark-over voltage 
is reached. 


«2.4% 1.41=706 kv crest 
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Figure 17 (above 
left). Lightning ar- 
rester voltage at time 
of second restrike 
versus length of line 
switched 


Figure 18. Light- 

ning arrester dis- 

charge __ character- 

istics versus duration 
of discharge 
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Representation on the transient analyzer 
of the effects of transients in transmission 
lines and terminal equipment is accom- 
plished by a reduction in the applied voltage 
with the equivalent circuit parameters held 
equal to those of the actual system. To get 
a lightning arrester for the miniature system 
with approximate characteristics to that of 
an actual lightning arrester for operation in 
a 360-kv system, the calculated value of re- 
sistance of the lightning arrester at the crest 
voltage rating is preserved; and the per cent 
variation in the current for a given voltage 
change across the lightning arrester must be 
the same in the miniature and actual sys- 
tems. These requirements were met through 
the use of small thyrite disks. Through the 
proper selection and combination of several 
of these disks in series, the desired resistance 
at the crest voltage rating of the lightning 
arrester was obtained while the percentage 
variation in current as a function of voltage 
of these disks was approximately similar to 
the actual unit. 

The choice of miniature system voltage 
level is limited to a line-to-ground voltage of 
100 volts by the requirements of the trans- 
former saturation characteristics. The crest 
of the rated voltage of the large lightning 
arrester units is 17kv. The following equa- 
tions then must be met: 


24 units X17 kv per unit 
360 


ape 


_ miniature lightning arrester rated voltage 


100X+/2 
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MAGNETIZING REACTANCE = 16,600 OHMS PER PHASE 


25 3.0 
PER CENT EXCITING CURRENT 


3.5 


Figure 19. Kilovolt-ampere rating of 360-kv 
transformer bank represented in miniature 
system versus assumed exciting current 


24 units X17 kv per unit 
Current at rated voltage 


miniature lightning arrester rated 
voltage 
miniature lightning arrester current at 
rated voltage 


The linear curve in Figure 11 shows the 
volt—current characteristic of the miniature 
lightning arrester. 


Appendix Il. Transformer 
Representation in Miniature 


The 2-winding transformers used in the 
miniature system were designed with satura- 
tion characteristics simulating modern large 
capacity transformers. The magnetizing 
reactance of these transformers is 16,600 
ohms per phase at the normal operating 
voltage. Over-all,. the transformers are 
considered to be qualitative approximations 
of high-voltage power transformers. 

The kilovolt-ampere rating of the trans- 
former bank represented in the miniature 
system is determined fromthesystem voltage 
and the assumed exciting current. For ex- 
ample, if the system voltage is 360 kv and 
the exciting current is 2.5 per cent, the base 
ohms is 415 ohms (=2.5 per cent X 16,600) 
and the transformer bank rating is 313,000 
kva (=(360)?X1,000/415). In Figure 19 is 
shown the variation in transformer capacity 
as a function of the exciting current. The 
kilovolt-ampere capacity of the power trans- 
formers as represented in the miniature sys- 
tem appears to be of the order of the surge 
impedance loading and in the range of the 
economical loadings of the 360-kv line. 
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Discussion 


P. L. Bellaschi (consulting engineer, Sharon, 
Pa.): This paper is of considerable interest 
for a number of reasons. 

Perhaps the first dependable source of 
data on switching surges comes from the 
experience presented in an Institute paper 


in 1937! in which it was found that the set- - 


ting of protective air gaps could be reduced 
to the equivalent of about 3 times the line- 
to-ground voltage for well grounded neutral 
systems without affecting the operation of 
the gap on switching surge operations. 
System overvoltages of this order were re- 
ported later? in an extensiveinvestigation on 
the 12-kv Chicago system. From a critical 
survey of this general problem conducted 
Over a period of ten years or more, which has 
been based on the foregoing experience and 
findings from here and abroad, I have come 
to the conclusion that on solidly grounded 
neutral system of the more recent design 
and of good behavior, system surges seldom 
if ever attain 31/2 times the line-to-ground 
voltage. A top figure of 3 times is a good 
figure to consider for insulation design pur- 
poses. 

However, experience on isolated neu- 
tral systems definitely indicates the presence 
of system overvoltages attaining possibly 5 
and 6 times. Iam referring here to actual 
experience and to the more reliable data 
that have come available in recent years. 

The data presented by Johnson and Wil- 
son on high-voltage transmission lines pretty 
well substantiate the 3 times value in regard 
to effectively grounded neutral systems. 
This paper I believe is an excellent contri- 
bution to the switching-surge problem as 
such, and is timely particularly in connec- 
tion with the insulation problem in the field 
of extra high voltages. For it is clear that 
as we reduce the insulation more and more, 
switching surges assume increasingly greater 
importance and accordingly more depend- 
able data become essential both in regard to 
the surge overvoltages developed and the 
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strength of insulation to surges of this 
character. 

The paper raises a number of points that 
are of interest from an insulation as well as 
froma protection standpoint. For instance, 
the question well may be raised as to what 
may happen to a lightning arrester when 
discharging a switching surge of some 900- 
ampere amplitude and of a duration 8,000 
microseconds or more. Are lightning arres- 
ters of present-day design satisfactory for 
such service and can they be used to limit 
these surges in the same manner as they are 
applied to protect station apparatus against 
lightning surges? Here too actual tests on 
the equipment proper would be desirable. 
These tests would be of the same character 
as the switching-surge tests conducted a few 
years ago by the writer and Rademacher? on 
station and line insulation except that in the 
tests proposed on the lightning arresters 
both the voltage across them and the cur- 
rent discharged would be recorded: The 
duration of the surges applied should be 
commensurate to the values indicated in the 
more recent studies. 
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ages are not limited in magnitude by protec- 
tive devices such as a lightning arrester. It 
is also indicated that certain types of circuit 
breakers which do not have effective means 
to eliminate or minimize the tendency to re- 
strike when interruptingchargingcurrentare 
the only sources of this cumulative build up 
of voltage. There is no evidence that this 
cumulative build up of voltage can occur 
from fault arcs in air, in solid insulation, or 
under oil as has been suggested in various 
publications. The old scapegoat phe- 
nomena of the arcing ground asthe cause of 
the high-voltage surges experienced on sys- 
tems has not been verified experimentally. 

Based, then, on the arc restriking process 
in certain types of circuit breakers as pro- 
ducing switching surges of the greatest 
severity, it is the intent of this paper to 
demonstrate and emphasize the importance 
of the lightning arrester as a switching surge 
voltage limiting device for the protection of 
apparatus and lines. In lightning-arrester- 
protected systems the maximum value of 
the switching surge voltage would be limited 
to the order of the crest value of the 60-cycle 
spark-over voltage of the lightning arrester. 
The switching surge voltage of 5 to 6 times 
normal for isolated neutral systems quoted 
by P. L. Bellaschi is representative on sys- 
tems without lightning arrester protection 
and would be appreciably lower when 
limited by them. On solidly grounded sys- 
tems (X0/X1<8), the switching surge 
spark-over voltage of lightning arresters is 
of the order of 2.4 times the line-to-neutral 
crest voltage. The value of 3 times normal 
given by Bellaschi is a little higher than 
should be expected with rational application 
of lightning arresters. 

Past experience with lightning arrester 
discharge of switching surges initiated by 
certain types of circuit breakers on line 
dropping of long lines has given confidence 
that lightning arresters with sufficient dis- 
charge ability can be built provided the 
switching surges are minimized by circuit 
breakers with a minimum tendency to re- 
strike. 
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The Application of Storage Batteries to 
the Control of Switchgear 


E. A. HOXIE 


ASSOCIATE AIEE 


HE TOPIC of adequate control volt- 

ages for closing electrically operated 
circuit breakers now is receiving consider- 
able attention from both manufacturers 
and users of switchgear. 

This paper is written in order to present 
pertinent test data and to offer comments 
which may be of some assistance in the 
establishment of a standard practice cov- 
ering the selection and operation of con- 
trol batteries capable of meeting the 
requirements of modern switchgear. 

Standard control voltages for closing 
and tripping electrically operated circuit 
breakers are defined in the National Elec- 
trical Manufacturers Association and the 
American Standards Association stand- 
ards. These standards state that the 
operating voltage ranges of circuit breaker 
closing and tripping mechanisms, which 
nominally are rated at 125 volts direct 
current, are 90 to 130 volts for closing and 
70 to 140 volts for tripping. Voltage 
limitations of indicating lamp assemblies, 
coils of relays, and control devices also 
limit the voltage of the control bus to a 
maximum of 140 volts. 

However, it has been pointed out that 
in some cases the minimum voltage of 90 
referred to in the NEMA and ASA stand- 
ards is not sufficient to obtain proper 
operation under adverse operating condi- 
tions. In December 1943 a publication 
of a circuit breaker manufacturer stated 
that in order to realize published circuit 
breaker performance under maximum 
fault conditions, a control voltage of 112.5 
volts at the closing mechanism terminals 
was necessary. This value of 112.5 volts 
is 90 per cent of the nominal 125-volt 
rating of the mechanism. 

The AIEE Standard 19, dated June 
1943, covering a-c power circuit breakers 
also contains a statement to the effect 
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that the rated ‘‘making”’ current and the 
rated ‘latching’ current of a circuit 
breaker is based on 90 per cent of rated 
control voltage being maintained at the 
closing mechanism of an electrically oper- 
ated breaker which would be 112.5 volts 
for a nominally rated 125-volt control bus. 

The American Standards for a-c power 
circuit breakers of the ASA, approved 
May 16, 1945, under the heading ‘‘Rated 
Making Current and Rated Latching 
Current” states 


The control voltage at the terminals of the 
closing mechanism, in the case of electrically 
operated breakers, is a factor in the deter- 
mination of these values. 


While the special requirements of elec- 
trically operated circuit breakers operat- 
ing under conditions prevailing during a 
line fault have been pointed out as referred 
to in the three preceding paragraphs, 
the standard operating voltage range of 90 
to 130 volts as defined by the NEMA and 
the ASA standards as yet has not been 
changed. 

For many years control storage bat- 
teries have been selected on the basis of 
meeting the requirements of the 90- to 
130-volt range at the mechanism, as 
given in the NEMA and ASA standards, 
and a maximum allowable control bus 
voltage of 140. The method used in 
determining the required capacity of the 
battery resulted in a battery of liberal 
size, but it is obvious that with few excep- 
tions these batteries are not capable of 
providing 112.5 volts at the circuit 
breaker closing mechanism. 


Determination of Required Battery 
Capacity 


Before proceeding further with this 
discussion, a brief résumé of the factors 
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involved in selecting a battery for a par- 
ticular installation and the method of 
operation used may assist in a better 
understanding of the subject. 

It has been accepted practice to select a 
battery in a given installation which is ca- 
pable of delivering the maximum mone- 
tary current required for circuit-breaker 
operation, and, in addition, to supply the 
continuous load and the emergency light- 
ing load for specified times, without the 
voltage at the battery terminals dropping 
below 1.75 volts per cell, or 105 volts for 
a 60-cell nominally rated 125-volt battery. 
Since there is a possibility that the various 
loads may be required simultaneously at 
the end of the discharge period, it is 
customary to evaluate the battery capac- 
ity required for each load singly and to 
add them together to obtain the total 
battery capacity. The maximum rfe- 
quirement from the battery occurs during 
an emergency caused by a failure of the 
normal power supply to the station light- 
ing and the battery charging equipment, 
making it necessary for the battery to 
supply all of the load without assistance 
from the charging equipment. 

On the basis of a minimum operating 
voltage of 90 and a minimum battery 
voltage of 105 it will be noted that a 15- 
volt differential has existed which has 
been available to counteract JR drop and 
to provide a factor of safety. 

The required battery capacity has been 
determined on the basis of its furnishing 
the maximum momentary load for a 
period of one minute, notwithstanding 
the fact that this current is normally re- 
quired for only a fraction of a second. 
The reason for this was that the voltage 
of the battery, when discharging at the 
l-minute rate to 1.75 volts per cell, 
reaches a stabilized value after a few 
seconds, and drops very little, if any, for a 
minute or more. 

It was known that the actual voltage 
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Figure 1. Approximate volt-time character- 

istics—type EM-11 Exide chloride cell dis- 

charging at 240 to 252 amperes from various 

full charge voltages and from a 50 per cent 
discharged condition 


Temperature, 77 degrees Fahrenheit; specific 
gravity, 1.210 


Curves 1 to 4—Discharging at 250 amperes 
Curve 5—Discharging at 240 amperes 


Cell condition: 
Curve 1—Fully charged and charging at 
8-hour rate 

Curve 2—Fully charged and charging at 
9.33 volts per cell 

Curve 3—Fully charged and floating at 
9.15 volts per cell 

Curve 4—Fully charged and on open cir- 

cuit 
Curve 5—Fifty per cent discharged and 
discharging at 12.5 amperes 


from a fully charged battery during the 
short intervals of discharge required to 
close a circuit breaker (usually less than 
one second) was usually somewhat higher 
than 1.75 volts per cell. It also was 
known that the instantaneous discharge 
voltage was affected by the voltage exist- 
ing at the battery terminals at the time of 
load application, but specific information 
under the conditions encountered in 
circuit breaker control service was not 
available. No attempt was made to take 
advantage of this momentary voltage in 
excess of 1.75 volts per cell, and any ad- 
ditional voltage obtained was considered 
as part of the factor of safety. 


Method of Operation 


The common method of operating these 
batteries has been to float them continu- 
ously by maintaining a voltage of 2.15 
volts per cell or 129 volts for a 60-cell 
battery with occasional equalizing charges 
at a maximum voltage of 140 volts, or 2.33 
volts per cell. 
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Another method frequently used auto- 
matically places the battery on charge 
once every hour at a rate which is usually 
between 20 and 50 per cent of the 8-hour 
discharge rate of the battery in amperes; 
the charge being terminated by a sensitive 
inverse temperature compensated voltage 
relay which operates when the charging 
voltage reaches 2.31 to 2.33 volts per cell 
or about 138 to 140 volts for 60 cells, at 
which point the battery is practically 
fully charged. Occasional equalizing 
charges are given at the same charging 
rate. : 

Both methods keep the battery at, or 
very near, the full charge point under 
normal operating conditions. ; 

At this point it may be in order to state 
that this method of selecting battery 
capacity, and the method of operation de- 
scribed, has been in general use for 20 
years or more, and, from a battery per- 
formance viewpoint, has been entirely 
satisfactory on the basis of a 90-volt 
minimum at the closing mechanism. In 
many installations where conditions have 
been favorable, the safety factor has been 
large, but in locations involving the clos- 
ing of large circuit breakers where long 
runs of control cable exist between the 
battery and the farthest circuit breaker, 
satisfactory operation has been obtained 
which would not have been possible if a 
smaller battery had been used. 


New Battery Data Required 


Probably as a result of requests for 
higher control voltages the Electric Stor- 
age Battery Company has received several 
inquiries from manufacturers and from 
power companies during the last few years 
concerning the voltage of control batteries 


when discharging at high rates for short © 


periods, such as are required for the clos- 
ing of d-c operated circuit breakers. 
Specific answers to many of these ques- 
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Figure 2. These curves depict the voltage for 
the first three seconds of the 1-minute period 
covered by Figure 1 


tions could not be given, as very little was 
known of the performance of a storage 
battery during the first fraction of a 
second at the current rates involved, 
particularly when the battery was influ- 
enced by floating or charging voltages at 
the instant of discharge. 

It was evident that more detailed infor- 
mation pertaining to the actual instan- 
taneous voltages obtainable from control 
storage batteries would assist consider- 
ably in arriving at a satisfactory solution. 

The Electric Storage Battery Com- 
pany, therefore, agreed to conduct a series 
of tests which were expected to provide 
the desired data. 

The tests as laid out included dis- 
charges under the following conditions: 


1. A fully charged battery being charged at 
various voltages. 


2. A fully charged battery on open circuit. © 


3. <A partially discharged battery discharg- 
ing at alowrate. 


Preliminary Tests—Noninductive 
Loads 


In order to analyze battery perform- 
ance, particularly during the first second 
of a discharge at a substantially constant 
rate, a series of tests were laid out in 
December 1943, in which a 4-cell Z M-11 ° 
battery was discharged at its 1-minute 
rate of 248 amperes to 1.75 volts per cell 
with the following conditions prevailing - 
at the instant of load application: 


1. A fully charged battery being charged 
at a rate equal to the 8-hour discharge rate 
in amperes. 

2. A fully charged battery being charged 
at a constant voltage of 2.33 volts per cell. 
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3. A fully charged battery floating at 2.15 
volts per cell. 


4. A fully charged battery on open circuit. 


5. A 50 per cent discharged battery dis- 
charging at a rate equal to 50 per cent of the 
8-hour discharge rate in amperes. 


In each case the condition as described 
was continued for a sufficient length of 
time to stabilize the charging current for 
conditions 1, 2, and 3, and the battery 
voltage previous to discharging for con- 
ditions 4 and 5. 

With the exception of condition 1, the 
foregoing battery conditions previous to 
discharge are encountered or may be 
encountered in normal service. Con- 
dition 1 was included further to illustrate 
the momentary effect of an exceptionally 
high charging voltage existing at the bat- 
tery terminals at the instant of load 
application. 

With reference to condition 5, probably 
all control batteries will be called upon at 
some time during their life to operate 
while in a partially discharged condition, 
while at the same time furnishing some 
continuous current such as that required 
for indicating lamps or emergency light- 
ing or both. 

The battery was charged from a 115- 
volt d-c bus through resistors. The dis- 
charge currents indicated on the curves 
are the actual currents from the battery 
and do not include the small additional 
current furnished by the charging source. 

A cathode ray oscilloscope was used to 
record the battery voltage. A noninduc- 
tive fixed resistor was used as a battery 
load. 

Figure 1 shows the average voltage per 
cell of the four cells as measured at the 
battery terminals when discharging at the 
l-minute rate to 1.75 volts per cell for a 
period of one minute. The voltage during 


Figure 3. Approximate 
volt and current time 
characteristics—60 - cell 


volts 
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the first three seconds is amplified in 
Figure 2. 


Analysis of Voltage Decline—Cells. 


on Charge—Noninductive Load 


A study of the shape of the voltage— 
time curve as the battery is discharged at 
a substantially constant current shows 
that the drop in voltage when the battery 
is reversed instantaneously from a charg- 
ing to a discharging condition may be 
divided into four phases. These phases 
may be designated as follows: 


(a). An instantaneous drop. 

(b). A rapid drop. 

(c). A less rapid drop. 

(d). An almost imperceptible drop which 


may not exist in some cases. 


By considering the curves on Figure 2 
it will be observed that the instantaneous 
drop, (a), is increased when the charging 
voltage applied to the battery terminals is 
increased. This instantaneous drop is 
found to be 0.36 volt when the battery is 
being charged at the high charging voltage 
of 2.82 volts per cell, but is only 0.27 volt 
when the battery is being charged at 2.33 
volts per cell, and 0.235 volt when trickle 
charged at 2.15 volts per cell. 

Commenting further on this phase of 
voltage decline it appears that the instan- 
taneous voltage drop in each case is 
mainly an JR drop in which R is the mo- 
mentary internal resistance of the battery 
including the intercell connectors. (See 
section on ‘Internal Resistance’’.) 

The second phase consisting of a rapid 
voltage drop which follows the instantane- 
ous drop is defined very well on curve 1 
of Figure 2 for the high charging voltage 
condition of 2.82 volts per cell. The 
amount of the drop is about 0.38 volt and 


the duration about 0.1 second. When the 
battery is being charged at a lower rate 
involving a charging voltage of 2.33 volts 
per cell, the amount and duration of this 
rapid drop is considerably less, being 
about 0.06 volt and 0.06 second. When 
the battery is being trickle charged at 2.15 
volts per cell this phase of the voltage 
drop is scarcely noticeable, the amount 
indicated being about 0.015 volt and last- 
ing for only about 0.02 second. 

The next phase of the voltage drop for 
batteries on charge referred to as (c) “A 
less rapid drop,’”’ may be observed by 
consulting Figure 1. It will be noted that 
this phase represents a drop of about 0.29 
volt for the battery being charged at 2.82 
volts per cell, 0.21 volt for the battery 
being charged at 2.33 volts per cell, and 
0.14 volt for the battery being trickle 
charged at 2.15 volts per cell. The dura- 
tion of this portion of the voltage drop is 
about 15 seconds from the start of the dis- 
charge in each case, the battery reaching a 
comparatively stabilized value at this 
point. 3 

The last phase [referred to as (d)] 
usually produces a slight falling off in 
voltage, but in many cases the voltage 
may remain practically flat or even in- 
crease somewhat for the balance of a 1- 
minute period. It will be noted that the 
trickle charged battery (curve 3 on Figure 
1) had a slightly higher voltage at the end 
of a minute than it did at 20 seconds. 


Analysis of Voltage Decline—Cells 
on Open Circuit or Partially Dis- 
charged—Noninductive Load 


The decline in voltage as shown in 
curves 4 and 5 on Figure 1 and Figure 2 
differ from curves 1, 2, and 3 in that the 
rapid drop, phase (b), does not exist. 
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Therefore, under the condition of a 
‘fully charged battery discharged from an 
open circuit or a partially discharged 
battery that is discharging at a low rate, 
the voltage drop may be divided into three 
phases 


(e). An instantaneous drop. 
(f). A comparatively rapid drop. 


(g). A gradual drop which in some cases 
may not exist, particularly with a fully 
charged battery. 


The comparatively rapid drop follow- 
ing the instantaneous drop is indicated as 
lasting about three seconds and its value 
is less than the rapid drops following the 
instantaneous drops noted for batteries 
discharged from a charging condition. 
The last phase of the drop (g) in the case 
of the fully charged battery on open cir- 
cuit (curve 4) is practically imperceptible, 
but curve 5 shows that-the battery which 
was 50 per cent discharged dropped an 
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additional 0.04 volt: during this phase. 
The slight up-turn occurring in curve 5 at 
about 5 seconds is a characteristic that 
frequently is observed in battery dis- 
charges. Its cause is difficult to explain, 
and it is not always present. 


Tests on a 60-Cell Battery 
Discharging Into Circuit Breaker 
Closing Solenoids 


The tests described in which noninduc- 
tive loads are used are useful in that they 
depict the actual battery performance 
when discharging at substantially con- 
stant currents without the complications 
encountered when discharging into induc- 
tive circuits. 

Naturally, the delay in current build- 
up, due to the high inductance of a clos- 
ing solenoid, has a considerable effect on 
the manner in which the battery voltage 
declines during a discharge. 
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Figure 4. Approxi- 
mate volt and current 
'40 © characteristics—60 - cell 
type EM-9 Exide chlo- 
ride battery discharging 
into solenoids with 
plungers locked in 
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Temperature,77 degrees 
Fahrenheit; specific 
gravity, 1.210 
Comparison of first and 

200 tenth discharges 
(20 seconds between 
each discharge) 
Battery fullycharged and 
charging at 140 volts 


The current build-up in a closing sole- 
noid is a complicated procedure, the cur- 
rent value attained at any one instant 
being influenced by the inductance of the 
solenoid which is varied during the closing 
of the circuit breaker by the movement of 
the plunger. The current build-up also 
is varied to a small extent by the change in 
battery voltage as the value of the current 
isincreased. It is also evident that differ- 
ent closing mechanisms or similar mecha- 
nisms attached to different typesorcapac- 
ities of circuit breakers will alter the cur- 
rent build-up in the solenoid. In order 
to obtain the exact conditions prevailing 
at a particular circuit breaker, it is neces- 
sary to obtain an individual oscillogram. 

Realizing that the data obtained from 
the tests just described did not present a 
complete picture, the Electric Storage 
Battery Company arranged to run ad- 
ditional tests using a battery consisting of 
60 cells, type EM-9 battery with actual 


Figure 5. Approxi- 
mate volt and current 
characteristics—60 - cell 
type EM-9 Exide chlo- 
tide battery discharg- 
ing into solenoids with 
plungers locked in 
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Figure 6. Approxi- 
mate volt and current 
characteristics—60 - cell 
type EM-9 Exide chlo- 
tide battery discharg- 
ing into solenoids with 
plungers locked in 
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Temperature,77 degrees 
Fahrenheit; specific 
gravity, 1.210 
Comparison of first and 
tenth discharges 
(20 seconds between 
each discharge) 
Battery fullycharged and 
at stabilized open- 
circuit voltage 


operating conditions simulated by loading 
the battery on solenoids used in circuit 
breaker closing mechanisms. The EM-9 
battery is rated at 20 amperes for eight 
hours and 198 amperes for one minute to 
a final voltage of 1.75 volts per cell. 

Five solenoids of the same size and type 
were loaned to the company by a circuit 
breaker manufacturer for these tests, 
each one having a d-c resistance of about 
2.4 ohms. By connecting a single 
solenoid to the battery or paralleling 
groups of two, three, four, or five sole- 
noids, battery loads were obtained which 
were approximately equal to 20, 40, 60, 
80, and 100 per cent of the 1-minute rat- 
ing of the battery to 1.75 volts per cell. 
To simplify the testing procedure the 
plungers were locked in a stationary posi- 
tion inside the solenoid coil. While the 
current build-up would not be the same as 
that obtained with a moving plunger 
actually closing a circuit breaker, it was 
considered to represent an acceptable 
compromise. 

Since in actual practice it is often neces- 
sary to close several circuit breakers in 
rapid succession, it was agreed that the 
tests would include a series of discharges 
at each load. It was decided to repeat 
each discharge ten times with a period of 
20 seconds intervening between each dis- 
charge. A time of 0.6 second was selected 
as representing the time that a typical 
solenoid may be connected to the control 
bus. An electronic relay combination 
and a solenoid control relay automatically 
to control the application of the load for a 
period of 0.6 second, with a period of 20 


seconds intervening between discharges. 


was used. 

The results of the tests with the sole- 
noid loads are shown on Figures 3 to 7, 
inclusive. Figure 3 shows the values of 
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current and voltage obtained on the first 
of the ten discharges with the same bat- 
tery conditions prevailing as for the tests 
employing noninductive loading resistors 
as depicted on Figure 1 and Figure 2. 


The oscillograms indicate that there . 


was no large instantaneous flow of current 
when the circuit was closed, and, there- 
fore, the instantaneous voltage drop as 
noted in the previous tests was not pres- 
ent. 

Figures 4 to 7, inclusive, show the varia- 
tion in voltage from the first to the tenth 
discharge for the various conditions of 
the battery at the time of the discharge. 

It will be noted that the voltage of the 
battery did not return to the original 
value of 140 or 129 at the beginning of the 
tenth discharge. In these tests the volt- 
age at the start of each of the discharges 
was somewhat lower than that for the 
previous discharge, the decrements tend- 
ing to decrease withsucceeding discharges. 
The reason for this is twofold. In the 
first place, during each discharge the bat- 
tery voltage is reduced and when an 
attempt is made immediately to restore 
the charging voltage to the previous 
value, a greater differential between the 
applied voltage and the battery counter- 
electromotive force causes the charging 
current to increase temporarily to a much 
higher value. Secondly, in the test setup 
the charging source had a drooping volt- 
age characteristic and was of limited 
capacity. ; 

It is evident that the voltage charac- 
teristic and capacity of the charging 
source will have some effect on the 
initial value of the battery voltage on 
repeated discharges from a charging 
condition, although the final voltage at 
the end of 0.6 second may be affected 
only slightly. 
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It will be noted that on Figures 4 to 7, 
inclusive, that the current in the solenoid 
builds up to a stabilized value which is a 
value equal to the applied voltage over 
the d-c resistance of the solenoid. How- 
ever, in many cases the closing of a cir- 
cuit breaker is completed before the cur- 
rent builds up to the value indicated by 
the applied voltage divided by the d-c 
resistance of the coil, with the result that 
the voltage of the battery at the opening 
of the solenoid control relay may be some- 
what higher for solenoids having the same 
resistance as those used on these tests. 

Figure 8 has been prepared from the 
same data used in constructing Figures 3 
to 7. The curves on Figure 8 show the 
battery voltage when discharging into a 
solenoid load at various percentages of 
the 1-minute rate with the various volt- 
ages existing at the terminals of a fully 
charged battery and with the battery 50 
per cent discharged and discharging at 
five amperes. 


Intermittently Charged Batteries 


When control batteries are operated by 
the intermittent charge method described 
under ‘“‘Method of Operation” the volt-. 
age under discharge may be anywhere 
between the values shown on the curves 
for a charging voltage of 140 to the 
values shown for a battery on open 
circuit. 

In some cases where the battery is 
discharged slightly between the hourly 
intermittent charges, the voltage will be 
somewhat lower than is indicated for a 
battery on open circuit. A few tests 
also were run on this 60-cell EM-9 battery 
using the same timing relays and fixed 
noninductive resistors as loads. The re- 
sults of these tests are shown on Figure 9. 
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Normal Variations in Individual 
Batteries 


It should be kept in mind that some 
variation in the performance of storage 
batteries, even of the same make, type, 
and capacity, often is encountered, the 
cause of which is frequently difficult to 
determine. A variation in the voltage at 
the end of the 0.6-second discharge in the 
vicinity of two volts or thereabouts may 
occur in normal 60-cell batteries. 
data presented in this report are taken 
from actual test data on an individual 
battery and should not be confused with 
published ratings. 


Battery Internal Resistance 


While on the subject of control battery 
characteristics it is not irrelevant to in- 
clude a brief reference to the subject of 
internal resistance. 

The Electric Storage Battery Com- 
pany occasionally has received requests 
for internal resistance values pertaining 
to a particular cell or battery. In some 
cases, it was found that it was the inten- 
tion of the person making the request to 
use this internal resistance value to cal- 
culate the initial voltage of the battery 
under load. Unfortunately, however, 
the internal resistance of the battery is 
not a fixed quantity, being affected by 
several factors such as temperature, state 
of charge, amount of discharge or charge 
current, previous history of the battery, 
and the age of the battery. 

Considering the tests described in this 
report, the internal resistance of the bat- 
tery used in these tests at that particular 
time is indicated by the instantaneous 
voltage drop shown on curves 4 and 5 on 
Figure 2. When the battery is charging, 


The | 


the instantaneous voltage drop shown on 
curves 1, 2, and 3 on Figure 2 indicates 
the drop in voltage occurring within the 
battery plus the difference in potential be- 
tween the impressed charging voltage and 
the counterelectromotive force of the bat- 
tery. This difference in potential, par- 
ticularly for curves 2 and 3, is a very 
small portion of the total instantaneous 
drop. 

However, it is desired to inject a word 
of caution against using these values or 
any values of battery internal resistance 
to estimate a battery voltage under load. 


Effect of Aging on Battery Voltage 


Occasionally, the question is raised as 
to the effect of aging on control bus bat- 
teries on their ability to meet the require- 
ments of this service. 

It is well known that in many services 
the capacity of a storage battery will tend 
to increase as it is worked until it reaches 
a maximum, and that later on in its life it 
gradually will fall off until the battery no 
longer is considered serviceable. 

This is particularly true in service such 
as is encountered in electric trucks where 
the battery may be called upon to furnish 
a large portion of its available capacity 
nearly every day. 

However, the degree of capacity build- 
up is not always uniform, and, in the case 
of a battery in control bus service where 
the battery is kept very close to the full 
charge point nearly all of the time, the 
tendency of the battery to build up 
additional ampere-hour capacity is much 
slower and may be less than is obtained 
from batteries operated in cycles of charge 
and discharge. 

Another important fact is that in this 
service, there is more concern about the 
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high rate discharge ability of the battery 
rather than its ability to furnish lower cur- 
rents for a period of hours. In other 
words, what might be termed the ampere- 
second capacity is more important than 
its ampere-hour capacity at, say, the 8- 
hour rate. 

In many cases, the ampere-hour capac- 
ity as.determined by a test discharge at 
the 8-hour rate will not be an indication 
of its capacity at the 1-minute rate. Its 
1-minute capacity is often more than is 
indicated by its capacity at lower cur- 
rents. The ability of the battery to de- 
liver high currents, such as its 1-minute 
rate, is best determined by a test dis- 
charge at that rate. 

Such a test may be simplified by select- 
ing several individual cells and observing 
the voltage of each cell about three 
seconds after load application. The 
actual voltage available for circuit breaker 
operating may be closely estimated by 
consulting the curve included in this paper 
corresponding to the conditions existing 
at the time of making the test. 

Experience of the author has indicated 
that the voltage of a properly maintained 
control battery, discharging at its 1- 
minute rate to 1.75 volts per cell, usually 
will be maintained close to its rated 
value until it approaches the end of its 
useful life. 


Allowable Voltage Drop 


The allowable voltage drop is an impor- 
tant consideration which must be defined 
before the requirements of a battery 
power supply and the closing mecha- 
nisms can be specified. It appears prob- 
able, considering the elimination of several 
solenoid operated mechanisms requiring 
currents of 200 amperes and more, that 


Figure 7. Approxi- 
mate volt and current 
characteristics—60 - cell 
type EM-9 Exide chlo- 
tide battery discharg- 
ing into solenoids with 
plungers locked in 
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‘Figure 8. Approximate volt and 
current time characteristics—60- 
cell EM-9 Exide chloride battery 


Temperature, 77 degrees Fahren- 
heit; specific gravity, 1.210 


Voltage and current at end of 
the first and tenth discharge of ten 
successive discharges of 0.6 sec- 
ond each with intervals of 90 
seconds between discharges 


Battery discharging into solenoids 


% OF | MIN. RATE IN AMPS. TO 1.75 VOLTS PER CELL 


the 15-volt differential between the mini- 
mum control bus voltage and the mini- 
mum allowable voltage at the mecha- 
nisms can be reduced materially. 


Interpretation of Test Data 


The problem under consideration may 
be defined as that of increasing the power 
supplied by the circuit breaker closing 
mechanism sufficiently to obtain full 
rated circuit breaker performance under 
all conditions of operation. This may be 
accomplished by increasing the flow of 
current through the solenoid coil by in- 
creasing the applied voltage, or possibly 
by changing the design of the mechanism. 

‘A proper interpretation of the battery 
test data included in this paper indicates 
what may be expected from the control 
battery when considering means of meet- 
ing this demand for additional power. 

While the cells used in the tests were of 
the Manchester-positive-plate box-nega- 
tive-plate type of construction, it is be- 
lieved that for practical purposes the per- 


formance may be considered typical of - 


other types of batteries of comparable 1- 
mitiute capacity manufactured by the 
same company. 

When these data are used to determine 
the recommended battery capacity for a 
practical application, it is suggested that 
the voltage values indicated on Figures 3 
to 7, inclusive, which show the actual 
values observed in making the tests, be 
discounted somewhat, say, two volts. 
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This will allow for some variation in the 
performance of different batteries. 

If it is desired to increase the voltage at 
the closing mechanism there are two ob- 
vious ways of doing so. One is to in- 
crease the number of cells in the battery, 
and the other is to install batteries of 
larger capacity. 


Effect of Increasing the Number of 
Cells 


If the number of cells in the battery is 
increased over the present number of 60 
cells, the maximum voltage across the 
entire battery during an equalizing charge 
or a charge after an emergency discharge, 
will be increased 2.33 volts for every cell 
added. A voltage of 2.33 volts per cell is 
considered to be the minimum voltage 
which is recommended completely to 
charge a cell. This means that the maxi- 
mum allowable control bus voltage of 140 


Figure9. Approxi- 
mate volt-time char- 
acteristics—60 - cell 
type EM-9 Exide 
chloride battery dis- 
charging into non- 
inductive fixed re- 
sistors 
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will be exceeded for any battery of more 
than 60 cells unless some means is found 
to limit the voltage impressed upon the 
indicating lamp assemblies and other 
devices taking small currents. 

One way of accomplishing this is to 
provide two control busses or circuits, one 
of which will be connected to a tap on the 
battery at 60 cells, and the other to the 
entire battery. The total number of 
cells in the battery would be sufficient to 
maintain an adequate voltage on the high 
voltage bus for closing large circuit 
breakers. No load other than that due 
to the energization of closing mechanisms 
would be connected to this bus. The 
balance of the control bus load consisting 
of tripping mechanisms, indicating lamps, 
relay coils, closing mechanisms of small 
circuit breakers, and so forth, would be 
connected to the low-voltage bus supplied 
by the usual number of 60 cells. 

If this method is used two pieces of 
charging equipment will be required, one 
for the 60-cell section, which may be the 
same as now used for standard 60-cell 
batteries, and a small rectifier to maintain 
the small group of end cells. The main- 
tenance of the two sections should be 
entirely independent of each other. 

If, in some cases, such as where a circuit 
breaker is in an isolated location, it is 
found inconvenient to separate the clos- 
ing mechanism circuit from the indicating 
lamp and tripping circuits, a series resis- 
tor in these latter circuits might be used 
to reduce the voltage to a safe value. 

An alternative to the foregoing arrange- 


Temperature, 77 degrees Fahrenheit; specific 
gravity, 1.210 


Battery condition: 
Curve 1—Fully charged and charging at 140 
volts 
Curve 2—Fully charged and floating at 129 
volts 
Curve 3—Fully charged and on open cir- 
cuit; voltage prior to discharge 124 volts 
Curve 4—Fifty per cent discharged and dis- 
charging at 5 amperes; voltage prior to dis- 
charge 121 volts 
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Figure 10. Voltage 
available from con- 
trol batteries of from 
60 to 70 cells of 
type EM Exide 
chloride 
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Temperature, 77 degrees Fahrenheit; specific 
gravity, 1.210 


Battery voltages at 0.6 second when discharg- 
ing into solenoids 
Battery fully charged and floating at 129 volts 


Straight lines indicate variation in current due 

to variation in voltage. Example: A sole- 

noid taking 100 per cent of the 1-minute rate at 

113.6 volts from a 60-cell battery will take 

115 per cent of the 1-minute rate at 130.7 
volts for a 70-cell battery 


ment is to install a group of counterelec- 
tromotive force cells in series with the 
augmented battery. The closing mecha- 
nisms of the large circuit breakers may be 
connected to the entire battery inside of 
the counterelectromotive force cells, and 
the indicating lamps and tripping circuits 
also may be connected across the entire 
battery outside of the counterelectromo- 
tive force cells. A sufficient number of 
cells may be installed to reduce the volt- 
age to a safe value for the indicating lamp 
and tripping circuits. 

With this arrangement the battery 
could be charged with one piece of charg- 
ing equipment with a suitable characteris- 
tic for charging the increased number of 
cells. A possible disadvantage of this 
scheme is that some of the standard 
charging equipment now used for charg- 
ing 60-cell control batteries could not be 
used to maintain a battery composed of 
several additional cells, and the require- 
ments of the charging equipment would 
vary somewhat with a different number of 
cells, 

In the case of an isolated circuit breaker 
situated a considerable distance from the 
control battery, it is also possible to con- 
nect a few cells in series with the control 
bus to boost the voltage. These cells 
could be maintained by a small individual 
charger. 

The additional voltage available from a 
battery of more than 60 cells with the 
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battery fully charged and floating at 2.15 
volts per cell is shown on Figure 10. 

Figure 11, showing the voltage drop 
occurring in various sizes of control wire 
or cable, is included in this paper for 
convenient reference. 


Installing Batteries of Larger 
Capacity 


As referred to at the beginning, a 
control battery in many cases contains 
some additional capacity over that re- 
quired to furnish the maximum current for 
closing circuit breakers. This capacity, 
which is included for purposes other than 


tion of the battery capacity which is 
included to furnish the maximum momen- 
tary demand. This capacity has been 
figured on the basis of the capacity in 
amperes per positive plate for one minute 
to a final voltage of 1.75 volts per cell. 
That portion of the battery capacity 
which is included to supply the continu- 
ous load and the emergency lighting load 
need not be increased. 

The gain in voltage which can be 
achieved by using larger capacity bat- 
teries can be determined from Figure 8. 

For convenience Table I has been pre- 
pared which indicates the voltage avail- 
able at the closing mechanism considering 
a voltage drop of 5, 7.5, or 10 volts. The 
tabulated values are taken from tests and 
again it is suggested that they be dis- 
counted two volts when used for practical 
application. 


Closing Mechanisms 


The designers of circuit breaker closing 
mechanisms have been confronted with 
the problem of producing mechanisms 
which will operate over the entire range of 
90 to 130 volts. For many years, this 
upper limit of 130 has presented a handi- 
cap which appears to be unnecessary, in- 
asmuch as this voltage is not available 
from a 60-cell control storage battery 
when discharging into closing solenoids. 
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Temperature correction factor: 
25 degrees centigrade—1.00 
40 degrees centigrade —1.058 
50 degrees centigrade—1.096 

100 degrees centigrade—1.289 


circuit breaker closing, in some cases may 
be an appreciable portion of the total con- 
trol battery capacity. 

However, in this paper when reference 
is made to the effect of using larger bat- 
teries we are referring only to that por- 
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In most cases, the actual voltage at the 
mechanism during a circuit breaker opera- 
tion probably will not be more than 115 
volts, except, possibly, during monthly 
equalizing charges. 

Since it has been stated that the in- 
creased power from a closing mechanism 
sufficient to obtain fultrated performance 
from circuit breakers can be obtained at 
90 per cent of normal control bus voltage, 
it appears that, based on a maximum 
operating voltage of 115 volts, a voltage 
of 103.5 volts at the mechanism would be 
adequate. 

By consulting Figure 8 it may be noted 
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Table I. 


Voltage Available From 60-Cell Control Batteries of Varying Capacities 


Available Voltage at Closing Mechanisms 
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These voltage values represent actual test values. 


When these values are used as a basis in determining battery capacities for an actual installation it is suggested 


that two volts be deducted from the tabulated values so as to allow for some variation in the performance of individual batteries. 


*This load is the maximum momentary load expressed as a percentage of that portion of the total battery capacity that is required to furnish the maximum mo- 


mentary load. 


that the total variation in battery ter- 
minal voltage usually willbe not morethan 
15 volts. As an example, the voltage at 
50 per cent of its 1-minute rate from a bat- 
tery charging at 140 volts is indicated as 
about 125 volts, and its voltage with the 
battery fully charged and on open circuit, 
discharging at the full 1-minute rate, is 
about 109 after about ten successive cir- 
cuit-breaker operations. 

The upper limit of 125 volts will exist 
only for 8 to 24 hours once each month 
during equalizing charges, while the lower 
limit probably will exist only for short 
periods at infrequent intervals when the 
charging equipment is not operating. It 
therefore appears that, after making some 
allowance for voltage drop in wiring, the 
practical operating range of closing mecha- 
nisms could be reduced from 90 to 130 to 
a much smaller range, such as 100 to 120 
volts, when operating with batteries se- 
lected in accordance with present practice. 


Conclusions 


1. The voltage at the battery terminals 
which is available for closing circuit breakers 
under normal conditions with the charging 
equipment in operation is appreciably higher 
than the voltage at the battery at the end of 
a continuous 1-minute discharge, the actual 
value being influenced considerably by the 
voltage at the battery terminals at the be- 
ginning of load application. It appears 
that the minimum voltage from a fully 
charged battery on open circuit while dis- 
charging into a closing mechanism taking a 
current equal to its 1-minute rate to 1.75 
volts per cell, may be considered as being 
107 after several successive circuit breaker 
closing operations. 


2. Additional voltage at the closing 
mechanisms may be obtained from the con- 
trol battery by increasing the number of 
cells to more than 60, but if this is done 
means will have to be provided to prevent 
damage to other connected equipment, due 
to excessive voltage. A method of accom- 
plishing this is described in this paper. 
Users of this equipment may judge for 


‘ 


themselves as to whether or not this is a 
practical scheme and may or may not be 
accomplished at reasonable expense. 


3. Additional voltage at the closing 
mechanism may be obtained by using con- 
trol batteries of larger capacity than have 
been used heretofore. A study of Table I 
indicates that in order to provide 112.5 volts 
at the operating mechanism, the battery 
capacity would have to be increased con- 
siderably (more than 300 per cent of present 
capacity) unless it is possible to restrict the 
voltage drop in the wiring to at least five 
volts. 


4. The operating voltage range of 90 to 130 
volts for closing d-c operated circuit break- 
ers from a nominally rated 125-volt control 
bus may be reduced from the existing 
standard. An operating voltage range of 
100 to 120 volts is suggested as a possibility. 


5. The adoption of a smaller operating 
voltage range would make possible the de- 
sign of closing mechanisms capable of pro- 
viding adequate power for closing circuit 
breakers under all operating conditions. If 
this is done no change in the present method 
of selecting batteries will be required. 


Discussion 


F. A. Lane (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The data given in this paper haye been 
needed for a long time and is certainly a 
worth-while contribution. The work in 
question was carried out with a battery us- 
ing Planté plates, and the author of the 
paper has assumed that the results would be 
the same with pasted plates. I think it 
would be very reassuring if some time some 
tests could be made to check this to make 
sure that there is no difference in perform- 
ance, particularly since most of the control 
batteries are of the pasted plate type. 

One interesting thing about the results of 
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these tests is that the floating method of 
charging batteries seems to give somewhat 
better results as far as available voltage to 
operate circuit breakers is concerned than 
does the method which uses a relay to put 
the battery on charge every hour for a short 
period to make up the losses. This seems 
to make about five per cent more voltage 
available at the battery terminals. 


A. E. Anderson (General Electric Company, 
Philadelphia, Pa.): The information given 
in this paper fills a long-felt need concerning 
the behavior of control batteries when 
supplying transient currents to such loads as 
circuit breaker solenoids. These data 
should enable the circuit-breaker designer 
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and the user to determine more readily the 
range of operating voltage required. This 
paper (as well as a paper by W. A. Holland, 
Electrical World, March 29, 1947) includes 
data which points to the desirability of using 
higher control voltages. Examples of this 
are 250-volt 120-cell control batteries which 
have been used for many years in numerous 
power stations and industrial plants. A 
marked trend still continues towards the use 
of 250-volt control. It will be apparent 
from the statements made in these papers, 
together with a consideration of the last 
figure in each paper, that, for the same 
length and size of conductor, the reduction 
in solenoid current obtained by using a 250- 
volt control battery will reduce materially 
both the actual and the relative voltage 
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drops in the leads between the battery and 
the solenoid terminals. 


E. A. Hoxie: At the time these tests were 
run it was decided to use a battery having 
Planté type positive plates, inasmuch as 
there seemed to be a definite trend toward 
the use of this type of battery in circuit 
breaker control service. 

Further comment might be in order con- 
cerning the performance of batteries which 
automatically are placed on charge every 
hour for a time which is sufficient to replace 
the small amount of capacity lost during the 
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portion of the hour that the battery is not 
being charged. 

The battery voltage during and immedi- 
ately after the completion of the hourly 
charge will be higher than it is during con- 
tinuous floating with a continuous load due 
only to indicating lamps, which will seldom 
exceed five per cent of the 8-hour discharge 
rate of the battery. It appears that the 
voltage of the battery load during the 
time between the intermittent charges 
would not drop below the open-circuit volt- 
ages, as indicated by curve 3 of Figure 3 in 
the paper. The difference in voltage at 0.6 
second for a load corresponding to 3, 4, or 5 
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solenoids between a battery fully charged 
and floating at 129 volts and a battery fully 
charged and on open-circuit appears on the 
curves on Figure 3 to be about 3 volts, repre- 
senting a difference of about 2.6 per cent. 
This value of 2.6 per cent therefore repre- 
sents the maximum reduction in voltage 
occurring toward the end of the period be- 
tween charges. The average voltage during 
the intervals between charges probably 
would be about 2 to 2.5 volts less than the 
voltage available from a floated battery, 
which is about two per cent less, instead of 
the five per cent value mentioned in Lane’s 
discussion. 
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Transmission of Electric Power 
at Extra High Voltages 


PHILIP SPORN 


FELLOW AIEE 


UCH INTEREST is being shown in 
the high-voltage investigation proj- 

ect now being carried out on the Ameri- 
can Gas and Electric Company system 
near the Tidd station of The Ohio Power 
Company at Brilliant, Ohio. This 
symposium has been arranged to present 
the thinking that led to it and the pro- 
gram itself, so that as the results of the 
investigation become available they can 
be interpreted intelligently by all those 
interested, and also the extent of comple- 
tion of original objectives determined. 

The first logical question is: Why any 
tests? Other questions are: What tests 
are contemplated, and how are they to be 
conducted? What are the design charac- 
teristics of the equipment to be tested and 
of the equipment used for carrying out the 
testing program? 

This paper will attempt to answer the 
first question; the others will be dis- 
cussed in companion papers.'® 


Reason for Investigation 


Past experience in the development of 
power systems and their concomitant 
transmission lines and analytical examina- 
tion of the economic considerations of the 
transmission of increasingly larger blocks 


of power indicate the desirability in some . 


cases of going to higher voltages than 
have been used heretofore. However, 
the cost of building a transmission sys- 
tem—line and its related terminal equip- 
ment—increases rapidly with increasing 
voltage. The use of increased voltages 
requires effectively larger conductors, 
larger towers, higher insulation levels, and 
more expensive terminal equipment. 
With these costs increasing very rapidly 
with higher voltage, it becomes increas- 
ingly important to design the system so 
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A. C. MONTEITH 


FELLOW AIEE 


that the maximum use is made of the 
capabilities of the equipment. This is 
another way of saying that as voltage in- 
creases it becomes more than ever neces- 
sary to design for the very minimum 
proper margins of safety. But before 
this can be done for extra high voltages— 
before systems can be designed with close 
margins, yet without sacrificing the re- 
quirements of reliability—engineers need 
more information than is now available. 
The projection of higher voltage trans- 
mission is not only beginning to be a 
pressing in problem planning of electric 
power systems, but the problem is be- 
ginning to assume more or less universal 
proportions. The United States, and as a 
matter of fact all the countries of the 
world possessing or aiming to develop in- 
dustrial potential, is witnessing the 
greatest expansion in the use of electricity 
that ever has taken place, and, if present 
predictions materialize, this expansion 
will continue for some time. This, of 
necessity, involves expansion of trans- 
mission facilities. The justification for 
transmission and the distances involved 
vary in different sections of the United 
States and in the different countries. It 
is, however, quite apparent that in some 
localities, where fuel is scarce and remote 
undeveloped hydro energy plentiful, long- 
distance transmission will be used. Also, 
it is quite apparent that there are systems 
in the United States where transfer of 
much larger blocks of power than any 
heretofore involved will be required, both 
for base load and for co-ordination of large 
integrated systems and for interchange 
between them and contiguous systems. 
In the United States a transmission 
system of 287 kv rated, 302 kv maximum, 
is in use and there has been some discus- 
sion of the use of a transmission voltage of 
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approximately 345 kv rated, 362 kv 
maximum. On the American Gas and 
Electric Central System, the need for 
higher voltage transmission facilities than 
the existing 132-kv backbone transmis- 
sion has been accelerated by the un- 
precedented war and postwar growth in 
load. The French have built some double- 
circuit 220-kv lines, which may be con- 
verted later to a single circuit with bundle 
conductor to operate at approximately 
385 kv. China has discussed the use of 
345-kv transmission and Sweden now is 
considering a nominal 350-kv, maximum 
continuous operating voltage 380-kv 
development to transmit power from 
their abundant water supply to their in- 
dustrial center some 600 miles away. 
With this pressing interest in high-voltage 
transmission, it is logical to review its 
status and see what factors need further 
study to secure the most economical line 
design in the light of present-day knowl- 
edge and practice. All this has prompted 
a close study of this field, and this has 
resulted in the investigation program 
being carried out at the Tidd station of 
the American Gas and Electric Company. 

Numerous factors have to be evaluated 
before reaching a decision to use a par- 
ticular high voltage and before the details 
of the design that will be used can be 
fixed. The selection usually involves a 
study of anticipated loading conditions 
for the degree of reliability necessary for 
the project. From a consideration of 
load, distance, reliability desired, and 
other influencing factors, the voltage level, 
number of circuits, and circuit arrange- 
ment can be determined. All of these 
will affect the economics of the project, 
but the one single factor that perhaps 
will affect the economics to the greatest 
Paper-47-241, recommended by the AIEE com- 
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EXTRAPOLATED CURVE ASSUMING 
PROPORTIONATE INCREASE IN INSULATION 


Figure1. Insulation 
levels for  trans- 
mission lines 
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Points on curves are typical lines: 


1—City of Los Angeles Department of Water 
and Power, Boulder Dam—Los Angeles 
2—Pennsylvania Water and Power Company, 
Safe Harbor—Washington 
3—Pennsylvania Power and Light Company, 
Wallenpaupack—Siegfried; 14 to 16 insulators 
averaged at 15 
4—Pacific Gas and Electric Company, Tiger 
Creek—Newark 
5—Pennsylvania Water and Power Company 
Safe Harbor—Perrwille; Ohio Power Com- 
pany, Lima—Fostoria 
6—Union Electric Company of Missouri, 
Osage-Cahokia; Ohio Power Company, 
Philo—Canton 
7—Ohio Power Company, Lima—Fort Wayne 
8—Northern Indiana Public Service Company, 
Michigan City—State Line 


degree is the insulation level adopted for 
terminal equipment and the insulation 
level and spacing for the line. These 
levels naturally will be influenced by the 
type of grounding adopted for the system. 
It has been the practice in some cases on 
lower voltage systems to operate lines 
with ground fault neutralizers. It is the 
opinion of the authors, however, that in 
the case of extra high voltage transmis- 
sion, above 230 kv, the lines ought to, be 
grounded permanently and solidly at all 
transformation points, which will permit 
the use of reduced-voltage . arresters. 
Coupled with the use of interrupting de- 
vices, which will open the circuit with not 
more than a single restrike, this solid 
grounding of the system will limit the 
magnitude of voltage in switching tran- 
sients to which line and equipment will be 
subjected, and will permit the use of 
insulation of a lower level than that 
thought possible in any previous con- 
sideration of the problem. 

Of the many factors influencing the de- 
sign of a high-voltage line, some are well 
understood and others require more in- 
vestigation. Reliable information is 
available on lightning surges, switching 
surges, and line reactance and capaci- 
tance, but insulation levels, as pointed out 
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before, need to be considered thoroughly. 
Much information is needed on corona 
and radio influence, and how they are 
affected by size and type of conductor, 
spacing and height of ground wire, and 
atmospheric conditions. It seems appro- 
priate, in this introductory paper to this 
symposium, to review briefly the known 
factors in line design and by the process 
of elimination develop in a little greater 
detail the significance of the elaborate set 
of tests now in progress. The complete 
description of the test setup and tests will 
be discussed in the companion papers. 
The following is, therefore, a discussion of 
the significant factors, their economic 
significance, and a summary of where ad- 
ditional information is required for use 
in future designs of extra high voltage 
transmission lines to secure a well bal- 
anced design with all factors engineered to 
the best of our ability. 

To make some specific comparisons for 
extra high voltages, three voltage levels 
are used, namely, 345, 402, and 460 kv. 
Table I gives typical insulation character- 
istics of higher voltage steel tower lines 
used in the United States. Table II gives 
comparative insulator characteristics for 
various lines over the range of extra high 
voltage transmission. Figure 1 indicates 
that average insulation levels have in- 
creased approximately in proportion to 
the voltage rating. The ‘straight line 
representing the most common insulation 
levels has been extended in Figure 1 to 
indicate the levels that result if the prac- 


tice of proportionate increase in insulation 
levels were continued. This is too con- 
servative in the light of present-day 
knowledge. 


Lightning Performance 


For the voltage classes so far used in the 
United States, lightning protection has 
been the primary consideration in the 
choice of transmission line insulation 
levels However, sufficient knowledge 
and experience with lightning and light- 
ning protection now has been gained to 
show that there is a definite upper limit of 
insulation required for lightning protec- 
tion, which already has been exceeded by 
numerous higher voltage lines in use 
today. Normal steel construction with 
spans of the order of 1,000 feet or less and 
effective tower-footing resistances of 20 
ohms or less should experience sub- 
stantially no flashovers from direct 
strokes when the phase wires are shielded 
by overhead ground wires and the equiva- 
lent of 16 or more standard suspension 
insulators are used. In Figure 2 are shown 
calculated curves giving the maximum 
voltages which the most severe stroke to 
the ground wires can induce on a phase 
conductor for the standard types of con- 
struction listed in Tables I and II. As 
shown by this figure, some benefit in re- 
ducing the magnitude of the phase con- 
ductor voltages is obtained by increasing 
the dimensions of the transmission line. 
This is due to the decrease in coupling 
factor that is obtained thereby. 

However, the principal source for the 
higher surge voltages that can appear at 
the terminals of a highly insulated line is 
thought to be strokes that actually con- 
tact the phase wires through lack of com- 
plete shielding. Both theoretical con- 
siderations and model studies show that, 
although the frequency of direct strokes to 
phase conductors can be made quite small 
at shielding angles of 25 to 30 degrees, it 
cannot be eliminated entirely with only 
one or two overhead ground wires.. The 
model studies’ indicate that with a shield- 
ing angle of 25 degrees on a conventional 
2-ground-wire 230-kv steel line about one 


Table I. Comparative Insulation Characteristics of Steel Tower Transmission Lines in the 
United States 
Minimum Impulse 60-Cycle Dry Times Normal 
Kv Number of Level, Kv, ° Flashover, Line-to-Ground 
Class Insulators* 11/2 x 40 Wave* Kv RMS* Operating Voltage* 
69. . (4-8) 5 RA (ASB) BDO. Pere cote (280-500) 320 .......... \(7-12.5) 8° 
138. ee S=12)" 10). . (780-1100) 940 sya (D00—7110); BOD a ccnitee ee st's (6.3-8.9) 7.5 
230.. ... (14-20) 16.. . (1270-1770) 1450. . we vi SLOSTLAO) OL Or nnecsiaisye-s (6.1-8.3) 6.8 
ISU ethos 24 Ps LUO MA rei ae USSOMAS Staae ot oot. 8.1 


*Range of values is in parentheses. 
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Most common construction is figure following parentheses, 
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Table Il. 


Comparative Insulation Characteristics of Various Transmission Line Construction 


Considered in This Paper for Transmission at Extra High Voltages 


60-Cycle Dry Flashover in Ky RMS** 


Times Normal Line-to-Ground 


No. of Minimum i 
BS evaira txpuiue Operating Voltage 
Insulators Actual Equivalent Level, Kv Actual 345 Kv 400 Kv 460 Kv 
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All single-circuit flat steel constructions with 1,000 foot spans. 


*For certain tower construction and types of conductor, these spacings might be as high as 33 and 37 feet, 


respectively. 


**Wet values willbe ef ere 70 per cent of these ratios. 


out of every 900 strokes might contact a 
phase conductor. The rate of decrease 
with decreasing shielding angle below 25 
degrees is quite low. 

Further verification of the foregoing 
viewpoint is provided by actual experience 
on several of the higher voltage lines. 
Excellent data of this type are provided 
by the detailed studies of the Pennsyl- 
vania Water and Power Company in 
which records of all strokes to their lines 
are being obtained with magnetic surge 
crest ammeter links correlated with a 
careful inspection program. On the 220- 
kv lines three flashovers have occurred, 
two from lack of shielding and one at a 
tower having a tower-footing resistance 
of about 60 ohms. The data on the 230- 
kv lines show that even with two overhead 
ground wires providing a shielding angle 
of 20 to 25 degrees, about one stroke in 
700 mile-years of operation may be ex- 
’ pected to contact a phase wire directly. 
The average stroke density of these lines 
which lies in isokeraunic levels ranging 
from 25 to 40 storm days per year, has 
been found to be about 100 strokes per 
100 miles per year. This indicates that 
about one out of every 700 direct strokes 
will contact a phase conductor which 
agrees quite well with the model tests. 

Calculations have been made of the 
probability of a given crest surge voltage 
appearing at a substation connected to 
well-constructed high-voltage lines with 
various amounts of line insulation. These 
are based upon our present knowledge of 
the magnitude and wave shape of light- 
ning stroke current and the assumption of 
100 strokes per 100 miles of line per year. 
They take into account voltages that 
might be induced by indirect strokes, by 
strokes contacting the ground wire, and 
by strokes that contact a phase conduc- 
tor. These are summarized in Figure 3 
where a comparison is made with the 
suggested basic impulse levels for 
terminal equipment. As shown by these 
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curves, the lines with higher insulation 
have a greater number of the higher 
magnitude surges that lie in the range of 
the insulation levels of the transformers 
being considered. This merely confirms 
the well known fact that from the stand- 
point of terminal equipment it is desirable 
to use as low an insulation level for the line 
as practicable. However, a study of the 
data in Figure 3 can be of help in rational- 
izing our ideas of insulation co-ordination 
at higher voltages and in reorienting our 
appraisal of the necessary basic insulation 
levels for such higher voltages. 


Insulation Co-ordination 


It is of interest to consider the proba- 
bility of experiencing a surge in the sta- 
tion in excess of the strength of the 
apparattis. The vertical lines plotted in 
Figure 3 are stiggested basic impulse 
levels for the indicated operating voltages. 
These are somewhat different from values 
that would be derived from the present 
standards, which are 


<== 
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Operating Voltage, Kv Basic Impulse Level, Kv 
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The present standard basic impulse 
levels ate based on system operation with 
a fully rated lightning arrester. A large 
number of high-voltage solidly grounded 
systems are in successful operation with 
equipment insulation levels one step be- 
low standard values. If the extra-high- 
voltage range is approached on the basis 
of solidly grounding and the practice of 
using a reduced voltage rating lightning 
arrester is followed, then, considering the 
higher impulse value of equipment dealt 
with, the successful practice of one lower 
class insulation is not only sound practice 
but may be improved upon by further 
lowering of insulation. This seems en- 
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tirely practicable for several reasons. By 
reliance on the solid grounding of the 
system’s transformation point and con- 
trolling the voltage, it is believed prac- 
ticable to use a lightning arrester having a 
rating of about 75 per cent of normal 
voltage rating. Also, there do not appear 
to be any difficulties from an economic 
standpoint to shield adequately the line 
immediately adjacent to the substation so 
that there is practically no probability of 
ever getting in excess of 5,000 amperes 
through the lightning arrester. Again, it 
appears that it will be possible, without 
appreciably -ffecting the over-all eco- 
nomics, to resort to the use of diverter 
wires for a short distance from the 
terminals to give 100 per cent shielding in 
this zone. Thus, on this basis, arrester 
and gap characteristics as indicated in 
Figure 4 seem to be entirely possible and 
this would suggest a series of basic im- 
pulse levels for this extra-high-voltage 
equipment as shown. The basic impulse 
levels plotted in Figure 4 are 


—— — — 


Operating Voltage, Kv Basic Impulse Level, Kv 
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These are also the values shown by the 
vertical line in Figure 3. 

The authors merely are using these for 
discussion purposes but they believe that 
the basic impulse level values ulti- 
mately selected can be of this order. The 
final selection of values, including the 
selection of the proper steps (involving 
possibly the elimination of some of the 
present steps and the addition of other 
steps), after thorough discussion of all the 
facts available and the phenomena in- 
volved, undoubtedly can be handled best 
by committees representative of the elec- 
trical industry. Such committees are now 
in existence. 
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Figure 2. Maximum conductor potential for 
lightning stroke to ground wire 
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Figure 3 (left). Prob- 1600 
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Switching Surges 


It is of interest to consider the insula- 
tion necessary from a switching surge 
point of view. Modern high voltage 
breakers are designed to have not more 
than one restrike. For this switching 
operation, the maximum line-to-ground 
switching surge voltage that should ap- 
pear at the substation is of the order of 
3.0 times normal line-to-ground operating 
voltage on a solidly grounded system.*® 
Only the condition of solid grounding is 
considered, since it is believed that such 
high-voltage systems normally will be 
grounded. Table II shows that 24 in- 
sulators for operating voltages up to 460 
kv provide a minimum 60-cycle dry flash- 
over ratio of 5.1 or a wet flashover ratio 
of 3.6, which is considered adequate for 
these switching conditions. 

Thus, as far as lightning and switching 
surges are controlling factors, the sug- 
gested insulation level curve of Figure 1, 
indicating 20 insulators for 345 kv and 24 
insulators for 460 kv, is ample. If these 
are the final controlling factors, the sav- 
ings that can be made using the modified 
curve rather than a straight line extra- 
polation of present practice are so great 
that a major investigation effort is justi- 
fied before they are given up. 


Effect of Line Construction on 
Transmission Line Impedance 


Shorter insulation strings make possible 
smaller line spacing, the spacings have, 
in turn, the beneficial effect of reducing 
line capacitive and inductive reactance. 

Calculations have been made of the 
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relative amounts of power that could be 
transmitted over a 200-mile line making 
the arbitrary assumption that stability 
considerations limit the line reactance 
angle to 30 degrees. The results of these 
calculations are presented in Table III. 
A rather arbitrary conductor size was 
chosen with two levels of insulation, the 
one level of insulation taken from the 
suggested curve of Figure 1 and the other 


resulting from a straight line extrapola- 


tion of the low-voltage data plotted in 
Figure 1. This table shows that the in- 
creased power limit and charging kilo- 
volt-amperes obtained with the smaller 
spacing is appreciable. 
tors may offer even greater savings as a 
result of decrease in line capacitive and 
inductive reactances. 


Corona 


The disruptive corona voltage and the 
corona power loss are very much affected 
by size of conductor and spacing. The 
greater the insulation level of the line and 
the larger the spacing between conduc- 
tors, the higher will be the disruptive 
corona voltage and the lower the corona 
power loss. As far as lightning and switch- 
ing surges are concerned, 16 insulators 
with normal spacing for 345 kv would 
appear adequate. However, an ab- 
normal conductor size might have to be 
used or else the corona loss would be too 
high. This may be the factor that would 
set the lower limit on the dimensions of 
an extra-high-voltage transmission line. 
Since this factor has considerable effect on 
the cost of building a line, it deserves 
critical study. 
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Bundle conduc- ~ 


OPERATING VOLTAGE 


Figure 4. Comparison of suggested basic 
impulse levels with lightning arrester charac- 
teristics is based on a lightning arrester for 75 
per cent of maximum operating voltage, 
which voltage is 105 per cent of rated voltage 


Arrester gap characteristics are plotted for 

front of wave on basis of 100 ky per micro- 

second per 12 ky of arrester rating. The 

11/. x.40 arrester gap curve is critical im- 
pulse spark-over voltage 


A review of some of the published in- 
formation’ indicates good data on 
corona losses at the higher corona levels 
for fair-weather conditions and for the 
effect of surface conditions, but does not 
include the effect of ground wires, in- 
sulator losses, and tower effects. A 
typical corona loss curve for a given con- 
ductor and tower configuration calculated: 
from the existing formula is plotted in 
Figure 5. It is known that change of 
conductor size, configuration, and surface 
conditions will shift this curve up or down 
the voltage scale. The practical problem, 
therefore, is to design the line so that it 
will work on the flat part of the loss curve 
for much of the operating time. In the 
past, it has been the practice to design for 
a fair-weather corona loss of from one- 


half to one kilowatt per mile. This may — 


be satisfactory for low-voltage lines, but 
it would appear economical to allow 


higher loss on the higher voltage lines if _ 
the increased corona did not produce ex-. 


cessive radio influence. 

Before designing for higher fair-weather 
corona loss, it appears desirable to secure 
better data on corona losses under actual 
line conditions and for changing weather 
conditions. A few tests show that corona 
losses may increase under rain conditions 
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ampere of increased reactive kilovolt-amperes available at receiving end. 


to many times the fair-weather losses. 
Also, the effect of fog, humidity, and 
many other influencing conditions may 
effect the allowable corona loss materially. 
With better data available on these con- 
ditions, there will exist more scientific cri- 
teria for the design of a line than the fair- 
weather corona loss now used. 

The bundle conductor presents ad- 
vantages, as far as inductive and capaci- 
tive reactance and corona loss are con- 
cerned, but it not only presents new 
mechanical problems but economic ques- 
tions also. It seems desirable, therefore, 
to secure more data on this type of con- 
ductor to see if it will contribute to a more 
economical high-voltage system. 

Radio influence needs further study. 
Experience with some high-voltage lines 
has disclosed some objectionable inter- 
ference, although these lines were de- 
signed to operate at relatively low corona 
loss level. 

Before adopting the practice of de- 
creasing conductor spacings or conductor 
size to allow higher corona losses, it seems 
desirable to secure better data on several 


THREE PHASE LOSS IN KW PER MILE 


LINE VOLTAGE IN KV RMS 
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conductor sizes and spacings under actual 
service conditions, particularly under 
seasonal weather variations. It was be- 
lieved, therefore, that tests should be 
made employing integrating instruments 
giving high-speed continuous recordings 
of these data under all weather conditions 
and involving all of the factors with a 
carefully co-ordinated study of the radio 
influence problem. 


Effect of Line Insulation and 
Spacing on Corona Loss 


To obtain a basis for discussing the 
corona loss performance of the various 
line constructions being considered here, 
fair-weathered corona loss calculations 
have been made using Peterson’s formula. 
These are based upon the assumption of a 
smooth conductor, an altitude of 1,000 
feet, a temperature of 25 degrees centi- 
grade, and a surface factor of 0.9, which 
factor was found by Peterson to be ap- 
plicable to general operating conditions 
for type HH cable at 220 to 287 kv. 
Figure 6 shows the calculated 3-phase 


Figure 5 (left). )ypical fair- 
weather corona loss curve 
For 1.4-inch type HH con- 
ductor, 30-foot flat spacing, 


factor 1.0 


THREE PHASE LOSS IN KW PER MILE 
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#Saving on terminal equipment due to reduced reactance. 


surface factor 0.9, air density 


tBased on $8.00 per kilovolt- 


corona power loss per mile for the three 
voltage levels considered. 

The curves of Figure 6 indicate that if 
the required conductor diameter were 
chosen from the standpoint of equal power 
loss for the different lengths of insulator 
strings at a given operating voltage, the 
range of conductor diameter would be 
considerable. For example, an operating 
voltage of 345-kv, limiting the corona loss 
to 0.65 kilowatt per mile, would require 
about a 1.75 inch diameter conductor for 
a line with 20 insulators, a 1.6-inch 
diameter conductor for a line with 24 
insulators, and only a 1.45-inch diameter 
conductor for 1 line with 30 insulators. 
If, however, a 1.5-inch diameter conduc- 
tor were used for all three line designs, 
the range of power loss would be 0.6 to 
0.9 kilowatt per mile. A study of the 


Figure 6. Fair-weather corona loss, calcu- 

lated from Peterson's formula, as a function of 

conductor size, insulation level, and operation 
voltage 


Smooth round conductors, surface factor 0.9, 
altitude 1,000 feet, temperature 25 degrees 
centigrade. Line construction: 
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Table IV. Annual Charges for 100 Miles of 
345-Kv Line Having 20 Insulators and 1.75- 
Inch Diameter Conductor 


Load in Megawatts 
100 200 400 


.. +. . $450,000. .$450,000..$ 450,000 
67,000.. 259,000.. 1,033,000 


Capital 5 -.; 
Copper loss...... 


Corona loss...... 13,000.. 138,000.. 13,000 

Totale agate $530,000. . $722,000. . $1,496,000 
Annual cost per 

WAS Sasstaleetenee $5.30.. $3.61.. $3.74 


curves of the three voltage levels covered 
in Figure 6 indicates that it probably 
would be impractical to limit the power 
loss to a constant value independent of 
operating voltage, if a level as low as 0.5 
or 0.6 kilowatt per mile is desired since 
this would call for an extremely large and, 
therefore, impractical conductor spacing. 

The curves of Figure 6 cover the most 
probable satisfactory range of line in- 
sulation that would be suitable for each 
operating voltage. Briefly summarized, 
these indicate that with present knowl- 
edge, satisfactory operation should be 
obtained with operating voltages up to 
400 kv with transmission line insulation 
corresponding to 20 insulators. At 460 
kv, the minimum number of insulators 
probably would be 24. A more accurate 
determination of the best combination of 
line construction and conductor diameter 
requires an economic study of the cost of 
the various combinations, taking into 
account loss evaluation, but no final con- 
clusions can be drawn until more is known 
about corona and radio influence. The 
decision on this point alone might affect 
the cost of extra-high-voltage transmis- 
sion very appreciably and justifies more 
tests to give the line designers better data. 


Economic Comparison of Line 
Construction for an Operating 
Voltage of 345 Kv ; 


A simple economic review has been 
made to co-ordinate the foregoing dis- 
cussions, taking into account the effect of 
insulation levels on operating perform- 
ance. The cost of a line varies so with 
local conditions that it is hard to gen- 
eralize, but for this purpose $45,000 per 
mile was used as the cost of a 345-kv line 
employing 20 insulator units and a 1,75- 
inch conductor. Using this figure as 
basic capital cost, annual charges have 
been calculated. Interest, depreciation 
maintenance, and taxes were evaluated 
at ten per-cent* and both corona and 
copper losses were evaluated at $100 per 
kilowatt. Table IV gives the results of a 
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calculation for one condition. These 
figures emphasize the fact that corona 
loss, determined on present information 
and design practice, is a small factor in 
the over-all operating cost of a high- 
voltage line. If sufficient data are avail- 
able on corona loss under all conditions, a 
closer design would be permissible with a 
possible large saving in the high-voltage 
system. 


Rough estimates show about ten per 
cent increase in capital cost for building a 
line with increased spacing from 33 feet to 
42 feet and about 25 per cent increase in 
cost for increase in conductor size from 
1.558 inches to 1.901 inches for a given 
spacing. Thus, if better data will allow a 
smaller conductor diameter or smaller 
spacing, or both, capital cost can be de- 
creased by a sizeable factor. 

Table V shows the effect of increased 
spacing on corona loss for a given con- 
ductor and also decreased corona loss for 
increased conductor size for a given spac- 
ing and line insulation. These com- 
parisons are based on present fair-weather 
corona loss data and indicate a real need 
for better data on corona loss and asso- 
ciated radio influence for the many vary- 
ing conditions, so that the maximum capa- 
bilities of all equipment may be utilized 
to secure the most economical system. 


Conclusions 


The indicated need for developing 
higher voltage transmission and the fact 
that costs increase very rapidly with in- 
creased voltage make it increasingly im- 
portant to evaluate carefully and pre- 
cisely all engineering factors entering into 
the design of higher voltage transmission 
systems. This necessitates having precise 
and reliable data on the characteristics 
and performance of materials and equip- 
ment constituting transmission systems. 


The two factors that influence design, 
and, therefore, costs of extra-high- 


‘voltage transmission lines and systems, 


are corona and basic impulse level, and 
the two are interrelated. There is good 
engineering reason for the belief that 
materially lower insulation levels than 
any heretofore attempted on extra-high- 
voltage transmission can be used suc- 
cessfully in the future, if all the unknown 
engineering questions that this raises can 
be answered. A specific series of such 
levels is presented in the paper. 


*In this text ten per cent has been used as a com- 
posite rate for interest, depreciation, maintenance, 
and taxes for comparative purposes only. This 
figure should not be considered as the authors’ 
opinion of a complete representation of all the cost 
elements entering into a rate structure. 
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Table V. Corona Loss Data 


Estimated Effective Corona Loss 


Kw Per Mile* 
20 Insu- 24 Insu- 30 Insu- 
lators, lators, lators, 
Conductor 33-Ft 37-Ft 42-Ft 
Size, In. Spacing Spacing Spacing 
DOS). se seeps 1.60 LSS i sene se ve 4 
1.610.. AGS cy aeutte 128i teers 1.06 
1750, 28s. kit LO ee ee 0.92 
1.901. ae ke eae nid ON 98: tae sae 0.80 


*Assuming average annual loss is twice the fair- 
weather loss. 


Of the questions that need to be an- 
swered, fairly good engineering data are 
now available on lightning and switching 
surges, insulation co-ordination, and the 
effects of line spacing on reactance and 
capacitance. But line spacing also af- 
fects corona. Some data are available on 
corona and radio influence, particularly on 
fair-weather corona losses for horizontal 
configuration on single conductor per 
phase and on how the surface affects 
these losses. There is need for corona loss 
and radio influence data showing the 
effect of ground wires on various com- 
binations with single conductors and the 
effect of rain, fog, clouds, and other 
natural elements that make up the yearly 
weather conditions in a given location. 
Also, bundle conductors offer some ad- 
vantages that need be investigated care- 
fully to make possible proper weighing of 
advantages versus disadvantages. Such 
data would allow a closer estimate of 
corona losses so that they could be con- 
sidered on an average loading basis, the 
same as other variable losses. All of this 
should lead to more precise design and the 
development of transmission systems 
operating at extra high voltages that 
would yield the maximum economies pos- 
sible by higher voltage use. 

The investigation and test program now 
in progress at the Tidd plant of the Ohio 
Power Company is planned to obtain the 


-necessary data to answer these and other 


pertinent questions that need be an- 
swered to make possible the economic de- 
sign of extra-high voltage transmission 
systems. 


References 


1. Corona CONSIDERATIONS ON HIGH-VOLTAGE 
LINES AND DESIGN FEATURES OF Tipp 500-Kv 
Test Lines, C. F. Wagner, Anthony Wagner, E. L. 
Peterson, I. W. Gross. AIEE TRANSACTIONS, 
volume 66, 1947, pages 1583-91. - 


2. INSULATORS AND LINE HARDWARE FOR TIDD 
500-Kv Test Lives, I. W. Gross, R. L. McCoy, 
J. M. Sheadel. AIEE Transactions, volume 66, 

1947, pages 1592-1602. i 


3. Line Conpucrors—Tipp 500-Kv Test Lines, 
E. L. Peterson, D. M. Simmons, L. F, Hickernell, 
M. E. Noyes. AIEE Transactions, volume 66, 
1947, pages 1603-12. 


AIEE TRANSACTIONS 


4. TRANSFORMERS AND LIGHTNING ARRESTERS— 
Twp 500-Kv Test Linzs, F. A. Lane, J. K. Hod- 
nette, P. L. Bellaschi, Edward Beck. AIEE 
TRANSACTIONS, volume 66, 1947, pages 1613- 
8. 


5. SWITCHGEAR EQUIPMENT FOR Tipp HIGH- 
Vottace Test Lines, F. A. Lane, B. W. Wyman. 
AIEE Transactions, volume 66, 1947, pages 
1619-23. 


6. INSTRUMENTATION AND MEASUREMENT—TIDD 
500-Kv Test Lines, R. L. Tremaine, G. D. Lippert. 
AIEE TRANSACTIONS, volume 66, 1947, pages 
1624-31, 


7. SHIELDING oF SuBsTaTIons, C. F. Wagner, G. 
D. McCann, C. M. Lear. AIEE TRANSACTIONS, 
volume 61, 1942, February section, page 96. 


8. ELEcTRICAL TRANSMISSION AND DISTRIBUTION 
REFERENCE BooK, Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa. Chapter 15, pages 
393-6. 


9. PowrR SysteM TRANSIENTS CAUSED BY 
SWITCHING AND Fau cts, R. D. Evans, A. C. Mon- 
teith, R. L. Witzke. AIEE TRANSACTIONS, volume 
58, 1939, August section, pages 386-94. 


10. ELecrricAL TRANSMISSION AND DISTRIBUTION 
REFERENCE Boox. Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa. Chapter 2, page 41. 


11. Some FEATURES AND IMPROVEMENTS ON THE 
HicH-VOLTAGE WATTMETER, J. S. Carroll. AIEE 
TRANSACTIONS, volume 44, 1925, pages 1010~5. 


12. Corona Loss MEASUREMENTS ON A 220-Kv 
60-CycLE THREE-PHASE EXPERIMENTAL LINE, 
J. S. Carroll, L. H. Brown, D. P. Dinapoli. AIEE 
TRANSACTIONS, volume 50, 1931, pages 536-46. 


13. Corona Loss MEASUREMENTS FOR THE 
DESIGN OF TRANSMISSION LINES TO OPERATE AT 
VoLTAGES BETWEEN 220 Kv anp 330 Kv, J. S. 
Carroll, Bradley Cozzens. AIEE TRANSACTIONS, 
volume 52, 1933, pages 55-63. 


14. Corona Losses From Conpuctors oF 1.4 
Inco Diameter, J. S. Carroll, Bradley Cozzen’ 
T. M. Blakeslee. EvectricaL ENGINEERING 
(AIEE TRANSACTIONS), volume 53, December 1934, 
pages 1727-33. 


15. EMPIRICAL METHOD OF CALCULATING CORONA 
Loss From HiGH-VOLTAGE TRANSMISSION LINES, 
J. S. Carroll, Mabel M, Rockwell. ELEectricaL 
ENGINEERING (AIEE TRANSACTIONS), volume 56, 
May 1937, pages 558-65. 


16. SYMPOSIUM ON OPERATION OF THE BOULDER 
Dam TRANSMISSION LINE—INSULATION AND LIGHT- 


NING Protection, Bradley Cozzens. AIEE 
TRANSACTIONS, volume 58, 1939, April section, 
pages 140-6. 


17. CoMPaARATIVE INVESTIGATIONS OF D-C AND 
A-C Corona ON Two-ConDUCTOR TRANSMISSION 
Lines, Robert Strigel. Waissenschaftliche Veréf- 
fentlichungen aus den Siemens-Werken, volume 15, 
part 2, 1936, page 68. 


Discussion 


W. A. Lewis (Illinois Institute of Tech- 
nology, Chicago, Ill.): In this paper and the 
discussions of it mention has been made 
several times of the formula for corona loss 
developed by W.S. Peterson. I believe there 
are two comments regarding this formula 
that should be made at this time. 

The remarkable agreement between the 
formula and the large mass of test data on 
which it is based is very significant and is a 
tribute to the ingenuity and perseverence 
which went into its development. Al- 
though Peterson has not published the 
development of his formula, I have had the 
privilege of reviewing it, and I feel that he 
has done a remarkable job. However, it 
should be pointed out that the formula was 
derived before test data were available at 
the Stanford Laboratory on the smooth 
type HH conductors. Comparison of the 
formula with the test results for the smooth 
conductors does not show the same close 
agreement as is obtained with the test re- 
sults for stranded conductors. Some con- 
sideration of the development would lead 
one to expect this situation, because the 
formula assumes that the corona loss for a 
stranded conductor is the same function of 
the critical corona starting voltage for a 
stranded conductor as it is for a smooth 
conductor. Hence, if corona loss occurs only 
in the regions which are stressed beyond the 
critical gradient, it would be expected that 
the loss would increase faster as the voltage 
is raised for smooth conductors than for 
stranded conductors. The test results indi- 
cate that this is generally true. Conse- 
quently, the application of the formula to a 
smooth conductor gives a corona loss which 
is too small in the range of voltage just above 
the critical corona voltage, which is the 
range likely to be of greatest interest. It is 
evident therefore that some modification of 
the formula, or the curve which applies to it, 
should be made for smooth conductors in the 
light of more recent test results so that the 
formula may give better results. As ex- 
tensive data have been published on the 
losses of smooth conductors under fair- 
weather conditions, it will be possible for 
this to be done, but I believe no one yet has 
done it. 

The formula derived by Peterson involves 
the use of the calculated critical corona 
starting voltage. The formula given for 
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stranded conductors with more than six 
strands in the outside layer is rather com- 
plex and difficult to use. By extending the 
methods suggested by Peterson it has been 
found possible to devise a simpler formula 
which is given in the following equation. 
This formula is applicable not only to the 
case of more than six strands but also is 
valid for six strands in the outer layer. The 
result for six strands differs slightly from the 
formula for that number of strands given by 
Peterson, but the difference is relatively 
small, and it is believed that the results ob- 
tained by the new formula probably will be 
as accttrate as those given by the old 
formula. In any case, the formulas pre- 
sented are approximate, and the differences 
involved are much less than the range of the 
roughness factor, m, which must be esti- 
mated in each case, to take into account 
irregularities of the conductor surface. The 
critical corona starting voltage is 


SeeO sleds 
E,)= 9087 ‘ml ox aia 7] 
tn n 
(kv rms line to nettral) 


where Ey is given in kilovolts rms line to 
neutral and 


6=air density factor 

’,=conductor radius, inches (circumscrib- 
ing circle) 

s=conductor separation (geometric mean 
separation) in inches 

n=number of strands in outer layer 

m=roughness factor 


E. C. Starr (Oregon State College, Corvallis, 


Oreg.): This subject is of particular inter- 
est in the West where large concentrations 
of hydroelectric power are being developed 
at considerable distances from the load 
centers. The problem of economics of trans- 
mission of large blocks of power over long 
distances in this region has been given con- 
siderable study and various alternatives and 
possibilities have ‘been explored carefully. 
The principal problems are those of line and 
substation costs, transmission losses, and 
system protection. In common with the 
authors, we have concluded that where 
proper protection is employed insulation 
levels can be reduced one and possibly two 
steps in terminal apparatus and that the line 
insulation can be substantially reduced. 
Figure 1 of this discussion presents the re- 
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sults of a study of line insulation based upon 
switching surges and upon desired degrees 
of lightning protection with and without 
ground wires and with high-speed reclosing 
of line circuit breakers. It will be observed 
that we believe it may be feasible to re- 
duce the line insulation levels even below 
those proposed by the authors. For ex- 
ample, we believe that-under normal condi- 
tions of contamination satisfactory 230-kv 
line insulation can be obtained by using 12 
to 14 standard suspension units without 
grading shields. The curve indicates that 
the line insulation required for 287.5 kv, 
345 kv, and 402 kv with grading shields is 
approximately 16, 18, and 20 units, respec- 
tively. This reduction in insulation in areas 
of normal contamination would result in 
considerable savings in structures and cor- 
responding decreases in line costs. 

A preliminary study has shown that when 
these insulation levels are employed, the 
relative line costs as a function of operating 
voltage should be approximately as shown in 
Figure 2 of this discussion. The conductors 
included in the estimates were of appropriate 
diameters for effective corona control. 

The second curve in Figure 2 gives the 
approximate relative power limit of a long 
line between typical large fixed terminals as 
a function of line voltage. It is shown that 
the power limit for conventional uncompen- 
sated lines increases more rapidly than the 
line cost. With 230 kv as base, the power 
limit at 345 kv, for example, is increased 90 
per cent as compared with a line-alone cost 
increase of 65 per cent. This margin, how- 
ever, is decreased considerably in the com- 
plete analysis largely because of the rapidly 
increasing costs of line terminals and inter- 
mediate stations at the higher voltages. A 
further decrease in the margin is probable 
when, for any specific case and proposed 
voltage, maximum economic advantage is 
taken of possible technical refinements such 
as series capacitors and multiple phase con- 
ductors. 

For any case, in order to obtain the most 
economic performance of a transmission 
facility it must be designed for and oper- 
ated at or near the average, or effective, load 
of maximum economy. For the ordinary 
230-kv circuit this is approximately 175,000 
to 200,000 kw and it varies about as the 
square of the line voltage, being in the 
neighborhood of 400,000 kw for a 345-kv 
circuit. If a high-voltage line is consider- 
ably underloaded in terms of its economic 
limit, the over-all transmission cost per 
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unit of energy increases rapidly, and a line 
of lower voltage with the same loading might 
give better economy. 

For very long distance straightaway 
transmission of large blocks of power the 
extra high voltages, with all factors care- 
fully co-ordinated, should be given careful 
consideration and study. Several of the im- 
portant factors not heretofore evaluated will 
be made available by the experimental stud- 
ies outlined by Sporn and Monteith. 


D. M. Jones (General Electric Company, 
Schenectady, N. Y.): .The present high- 
voltage tests on lines and equipment at 
Tidd are most opportune; and for the fol- 
lowing reasons: 


1. From the experience with the conversion 
of industry for national defense, in his recent 
past; and with the reconversion of industry 
for the sustenance of his way of life, at pres- 
ent; the average citizen is now profoundly 
aware that our civilization, both in times of 
stress and under normal conditions, is based 
on an adequate supply of electric energy. 


2. Coincidentally, it is now increasingly 
apparent to all, that the adequate broad dis- 
tribution of electric energy necessitated by 
our national requirements indicates a new 
emphasis on transmission, both to carry in 
the power from the generating sources, 
which become more remote from the loads 
as the power systems develop, and to permit 
the attainment of that flexibility and di- 
versity in the design of the power systems 
themselves, which is increasingly vital to 
their ability to meet the requirements of the 
future both in war and in peace. 


3. At the same time, there is an awakening 
realization among the power system engi- 
neers of the country that the transmission of 
electric energy, now more important than 
ever, can be accomplished with greater cer- 
tainty of design and of performance, and at 
lower relative costs, than ever before, 
through the steady advance in technical 
knowledge and understanding in this field. 


4, This new certainty of transmission de- 
sign and performance is born of definite 
broad advances in technical understanding 
which now permit the engineer accurately to 
study and evaluate contemplated variations 
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in power system patterns and practices by 
means of the analytical approach; and of 
his broad use of this approach, as exemplified 
by his present extensive utilization of a-c 
analyzers and other calculating devices. 
Out of all this has come an understanding 
which encompasses such realizations as the 
economic inevitability of “line compensa- 
tion’ as a substitute for the sustained ad- 
vance of transmission voltages as trans- 
mission distance continues to increase, and 
the resultant establishment of a maximum 
economic transmission voltage due to rising 
transformer costs with voltage. 


5. This further reduction in transmission 
costs will result primarily 


(a). From the growing acceptance of the considera- 
tion supported by increasing experience, that the 
investment is reduced when power system over- 
voltages are limited by proper system design and 
suitable devices, and the line and equipment insu- 
lations then lowered proportionately, in distinction 
to the acceptance of such overvoltages on an un- 
limited basis. 


(b). From the further application of the idea of 
using as few transmission voltages as possible, in the 
interest of exacting the maximum benefit from 
quantity production in reducing the cost of trans- 
mission lines and equipment. 


(c). From the rising acceptance of the American 
type of power system, now time proved over many 
years, where in proper transmission design and per- 
formance is based on 


1. The ultimate acceptance of relatively high short- 
circuit duties at major transmission levels in the 
interest of increased stability and an improved over- 
all simplicity of system design. 


2. The clearing of the heavier faults quickly, ef- 
fectively to eliminate any hazard from them to 
acceptable system operation. 


3. The provision for automatic reclosing in stand- 
ard circuit breakers so that the reclosing procedure 
can be applied whenever or wherever helpful. 


4, The use of low resistance lines, and the adoption 
of correspondingly higher line load levels. 


5. The operation of transmission lines at essentially 
unity power factor, thereby permitting both their 
maximum utilization for carrying power, and the 
delivery of that power with minimum voltage varia- 
tion throughout the transmission system. 


Taken altogether this delineates a power 
system which provides power to the user 
with a quality and a reliability and at a cost 
commensurate with the responsibilities of 
this product in its present status as the very 
foundation of our national well-being. 

The magnitude and importance of power 
transmission, and the already demonstrated 
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improvement in its performance and costs 
made possible by the advancements in its 
underlying technical knowledge and under- 
standing, amply justify any effort to further 
augment fundamental data in this field. 


The present effort therefore, is not only ~ 


timely and judicious, but also a fine testi- 
monial to the forward-looking attitude of 
American power system engineers. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.); The work al- 
ready done, as reported in this paper, and 
the tests now being commenced are both of 
the widest interest and importance. The 
paper truly points out that the high costs to 
be encountered make it necessary to ascer- 
tain by tests “the very minimum proper 
margins of safety” and points out that with 
switchgear giving not more than a single re- 
strike, switching surges will not be above 
three times normal. Such a factor of safety 
of 8 is definitely less than similar factors of 
about 4.5 widely used on 230-kv lines. 

This acceptance of a lowered factor of 
safety raises these general considerations. 
In the past initial constructions at then 
new high voltages have often cushioned the 
large expense of new developments by re- 
treating to somewhat lowered factors of 
safety. Subsequently, as the new voltage 
level was considered with less apprehension, 
it was found desirable to treat it with a 
larger factor of safety again. Thus the first 
two lines in the world at the now widely used 
220-kv level, both of which are located in 
California, are insulated with 13 insulators,? 
but later lines built by the same companies 
used 15 or more insulators; and up to 20 
insulators have been used for this voltage. 

It is true, however, that at lower voltages 
a variety of requirements influence the need 
for insulation, and to cover all of them a 
sizable factor of safety is used. In going to 
high voltages the line is necessarily so well 
insulated that some of the requirements are 
already more than met and only certain of 
the requirements stand out. If these few 
are indeed well understood, then a lowered 
factor of safety will be sufficient. 

Specifically, the line insulation, both por- 
celain and air, must meet these four con- 
ditions 
(a). Lightning voltages. As fully pointed out in 
this paper, these do not alter greatly in going from 
a 230-kv line to a 345-kv line and the problem of 
insulating for them is, therefore, definitely easier 
on the higher voltage line. The contrary is also 


true; 69- and 110-kv lines, as is well known, are 
much harder to protect from lightning. 


(b). Switching surges. Sixty-cycle voltages up to 
4 or 5 times normal have been measured although 
many systems do not experience as much as 3 times 
normal. This item provides a handy peg on which 
to hang the commonly used factor of safety of wet 
flashover at about 4.5 times normal. It is so used 
on many systems to provide against initial flash- 
over because of items (a), (c), or (d) where there is 
little experience or concern over flashover caused by 
switching. A factor of 3 for switching surges on the 
345-ky line appears entirely reasonable. This does 
not, however, determine the insulation as might be 
supposed from a cursory reading of the paper, 
The very useful insulation co-ordination chart? 
known to the authors of these papers, and similar 
auxiliary wet flashover data, indicate that this par- 
ticular requirement calls for about 15 insulators on 
a 345-kv line. This insulation would not meet 
items (¢) and (d) adequately and it is to be noted 


from the other papers that a string of 20 to 24 in- — 


sulators is the one actually to be studied for this 
voltage. 


(c). Insulator contamination. Of the a insulators 
used in a 220-kv string a certain number, (n-m), is 
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needed to hold some specified voltage and the rest, 
m, can become completely contaminated, momen- 
tarily, without causing flashover. Multiplying the 
line voltage by 1.5 requires the number (”-m) to be 
multiplied by about 1.5, but the number m need not 
be so multiplied. This lower factor of safety expec- 
tation on the longer string is borne out in practice; 
115-kv lines with 7 to 11 insulators give more flash- 
over trouble than 230-kv lines with 13 to 20 insula- 
tors, even in essentially lightning free territory. 


(d). Air gap. The strike distance or clearance 
distance from conductor hardware to tower is 
approximately a rod-to-plane gap. Insofar as 
overvoltages of some multiplier times the line volt- 
age are being considered the strike distance in- 
creases considerably more rapidly than the line volt- 
age. See Figure 7 of reference 3. Insofar as the 
clearance is considered as some electrical clearance 
plus a certain number of inches for some extraneous 
item such as a tree branch or a hawk, multiplying 
the line voltage by 1.5 does not multiply the wing 
spread of the hawk at all, hence allowing a lowered 
factor of safety on the higher voltage line. 


A proper choice between the two contrary 
indications just mentioned is a matter of in- 
terest and of great influence on the conse- 
quent dimensions of the tower and insulator 
string. None of the papers presented states 
what minimum air gap clearance it was con- 
sidered necessary to maintain for operation 
at 345 kv or 460 kv. It would be of interest 
to hear. The test line tower appears ample 
for 345-kv operation and 500-kv test. It 
appears‘small for 500-kv operation. Was it 
expected to be adequate for 500-kv opera- 
tion? 

Because of the long string and long clear- 
ance distances involved, the lateral swing of 
the insulator string has a marked effect on 
tower dimensions at higher voltages. The 
possibility of eliminating lateral insulator 
swing by some device—such as using two 
strings in a triangular mounting or having 
the hardware such that the insulators in the 


one string are only free to move in the direc- © 


tion of the conductor—becomes of interest. 
Was this considered? 

Were tentative dimensions of a twin cir- 
cuit established, and if so, what were they? 
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Wm. S. Peterson (Department of Water and 
Power, The City of Los Angeles, Calif.): 
In discussing this paper I first want to ex- 
press a debt of gratitade which I believe the 
public utility industry and the electric 
equipment industry owe to the authors and 
the various companies associated with them 
in this experimental high-voltage test. proj- 
Ect: 

I am happy to confirm the authors’ judg- 
ment in their discussion of the reasons for 
the investigation wherein it is indicated that 
more information than is now available is 
necessary before extra high voltage systems 
can be designed with close margins for econ- 
omy yet without unduly sacrificing the re- 
quirements for reliability. 

I am in agreement that high-voltage lines 
now can be built successfully to withstand 
lightning with presently used levels of in- 
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sulation, and that with respect to switching 
surges circuit breakers are now available 
which so limit restriking that we no longer 
have to give consideration to voltages of five 
or seven times normal to avoid flashover. 
Although the equipment used on the Hoover 
Dam-—Los Angeles 287.5-kv lines confirms 
this experience, it was not known at the time 
of planning that the experience with respect 
to switching surges would be so favorable. 

On the Pacific Coast, however, we have 
another factor affecting the amount of insu- 
lation required for lines that may interfere 
with lines in that area being able to operate 
with the reduced voltage level indicated in 
this paper. I refer to the contamination of 
insulators within a few miles of the ocean 
where the prevailing winds are such as to 
bring contamination to the insulators in the 
form of a salt-carrying fog. This, in com- 
bination with the long dry period which re- 
sults in accumulation of dust, provides suffi- 
cient contamination so that 12 standard sus- 
pension insulator disks on 132-kv or 24 
standard suspension disks on 287.5-kv lines 
will have flashovers in such areas several 
times per year. I do not believe this con- 
sideration will prevail at the test location at 
Brilliant, Ohio, but it is a very serious con- 
sideration on the Pacific Coast and a few 
other spots in the United States. 

It should be pointed out that the rela- 
tively low values of corona loss that were 
used as being illustrative of present practice 
on high-voltage lines was the result of mak- 
ing allowance in the design of such lines for 
unknown factors that might affect such 
losses. The endeavor was to have a line 
which would not be operating too close to 
the knee of the corona loss curve. The ad- 
vantage of such procedure in the case of the 
Hoover Dam-—Los Angeles lines became ap- 
parent when at some isolated locations in the 
desert we found that higher losses were en- 


countered than those that could be explained’ 


in terms of the known corrections. In our 
opinion at the present time these higher 
losses are associated with desert conditions, 
but we will be watching with interest 
whether any unusual losses appear in the 
course of the experiments on the installation 
at Brilliant. When the factors affecting 
corona loss become better known the choice 
of conductors and spacings should be made 
in the manner outlined in this paper. 
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Il am thoroughly in accord with the need 
for making corona loss observations under 
conditions involving rain and snow and 
determining the radio influence of corona 
under all conditions, as will be done in this 
test. 


R. T. Henry (Buffalo Niagara Electric Cor- 
poration, Buffalo, N. Y.): This paper and 
the tests being undertaken at the Tidd plant 
are an outstanding contribution to our fund 
of information regarding high-voltage trans- 
mission. One cannot help being impressed 
with the amazing difference in the confidence 
with which we approach such a problem now 
as comparéd with some of the early adven- 
tures in high-voltage transmission such as 
those at Teluride, Niagara to Buffalo, and 
Niagara to Syracuse. 

It is gratifying to see proper recognition of 
the difference in insulation requirements be- 
tween grounded and ungrounded neutral 
systems. It is also gratifying to see proper 
recognition of the fact that the ratio of insu- 
lation strength to operating voltage safely 
may be reduced at the higher operating volt- 
ages. It is to be hoped that adequate recog- 
nition of these differences soon will be made 
in our various standardization activities. 

There is one question however, which 
should receive further consideration, 
namely, the question of the economics of 
transmission at these higher voltages in 
terms of the firm capacity of a complete 
power system. Obviously these higher volt- 
ages will involve very large amounts of 
power per circuit, probably as much as 300,- 
000 or 400,000 kw or more. The interrup- 
tion of such a large block of power is a seri- 
ous matter, even in a very large power sys- 
tem. 

While we confidently can expect to avoid 
outages due to lightning, we must recognize 
the likelihood of outages due to other causes 
and some provision must be made for such 
outages. It would be interesting to know 
the effect on the economics of transmission 
at very high voltages, if adequate provision 
is made for carrying the load during out- 
ages on one circuit in a complete system 
operating at these higher transmission volt- 
ages. 


M. M. Samuels (Rural Electrification Ad- 
ministration, Washington, D. C.): This 
paper and the companion papers represent 
an important milestone in the history of 
power. Even though the tests are just 
about beginning and no reports are avail- 
able of any results, the papers already pre- 
sent important information 


1. They are a complete presentation of all past 
experience. 


2. They are acomplete presentation of all pertinent 
literature, American and foreign. 


3. They exhaust all analytical possibilities, so that 
the tests can limit themselves to these features that 
cannot be determined analytically. 


While this and the companion papers pri- 
marily were intended to serve as a founda- 
tion for the tests, they represent a textbook 
on the subject, making it unnecessary from 
now on for anyone who is interested to dig 
through past literature or to try to deter- 
mine what can be done analytically. It is 
suggested that all the papers be combined 
into one book and published as such. They 
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will be of inestimable value to the practical 
engineer, the professor, the student, the text- 
book author, and the handbook author. 

It is gratifying to note that the authors 
consider lower insulation values for light- 
ning arresters. This means better pro- 
tection at lower cost. The idea was in the 
minds of many engineers for a long time. 
It is natural to try to make the lightning 
arrester weaker than the transformer. It is 
preferable to lose a lightning arrester than to 
lose a transformer, if something has to be 
lost at all. But this is no longer a mere 
idea. It is no doubt based on several years 
of experience on the 37-kv part of the 
American Gas and Electric Company’s sys- 
tem, the results of which were presented in 
a previous AIEE paper. Inthe past, manu- 
facturers were not anxious to participate in 
such experiments. It is therefore par- 
ticularly gratifying that a representative of a 
large manufacturer, as coauthor of the 
paper, participates in the suggestion. Fur- 
ther studies should serve the purpose of 
establishing the degree of lowering the volt- 
age level for each standard operating volt- 
age. 

In connection with the assumption of 10 
per cent for interest, depreciation, main- 
tenance, and taxes, the authors properly 
state that this should not be considered as 
their opinion of a complete representation of 
all these cost items. While such a state- 
ment may be considered unnecessary for the 
practical engineer who knows that no two 
conditions are alike as to cost and never 
bases his cost estimates on anything but 
actual figures applying to the specific case, 
the statement is definitely necessary for 
some economists, accountants, and stat- 
isticians who do not consider a power sys- 
tem as a functioning organism but as a mere 
set of accounts or statistical figures, and to 
whom the cost figures may be the only straw 
in the papers that they can grasp. It is 
assumed that the authors intended the state- 
ment to apply equally to all other cost 
figures in the papers. However, it is hoped 
that, for the engineers’ purposes, the authors 
eventually will present in another paper a 
complete cost analysis, arranged in accord- 
ance with a definite classification of accounts 
and giving the basis for each assumption. 

Of course no engineer will consider such a 
setup as something he can copy blindly, but 
it will serve him asa guide. He can put in 
his own figures for a given condition and 
make sure that he does not overlook any- 
thing. After all, the whole purpose of the 
investigation is economy and the final report 
should be complete and concise as regards 
economy. 


J. G. Holm (Gibbs and Hill, Inc., New 
York, N. Y.): It was with great satisfaction 
that I learned of the extra high voltage net- 
work which the American Gas and Electric 
Company proposes to build and of the Tidd 
tests planned in this connection. I have 
read with great interest the paper presented, 
particularly as for several years I have been 
making studies of extra high voltage trans- 
mission lines and have indicated the eco- 
nomic advantages of the 345-kv lines in a 
paper presented before the Institute a few 
years ago. 

The authors of the paper must be highly 
complimented for the courageous and broad 
conception of the entire problem and also for 
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their attention to details, Let us consider 
some of the major parts of the study— 
system insulation level, corona, and voltage 
selection. The basis of this discussion is a 
statement made in the paper to the effect 
that an extra high voltage system must be 
designed with close margins, for the very 
minimum proper margin of safety without 
sacrificing requirements for reliability. To 
me, this is one of the soundest statements 
ever made, and I subscribe to it completely. 

As the authors point out, the most impor- 
tant problem in extra high voltage trans- 
mission is the selection of proper insulation 
level and insulation co-ordination. The in- 
sulation level affects the cost of terminal 
equipment, the conductor spacing, line re- 
actance, corona loss, conductor diameter and 
the cost of supporting structures. The in- 
sulation, therefore, is of prime economic im- 
portance and must be established at as low a 
level as practicable when considering light- 
ning and switching surges only. The au- 
thors’ proposal to establish a basic impulse 
insulation level one step below standard 
values is highly commendable and is sup- 
ported by recent operating experience and 
statistics on lightning strokes and line out- 
ages. The definite upper limit required by 
line insulation indicates that a straight-line 
extension of insulation levels when going to 
higher operating voltages is too conserva- 
tive and that, therefore, the “‘derated”’ basic 
impulse insulation level proposed by the au- 
thors for the line, transformers and lightning 
arresters will prove to be sufficient. 
Twenty insulators for a 345-kv suspension 
tower and 24 for 460-kv are, however, prob- 
ably necessary on economic grounds, al- 
though from the system-protection stand- 
point even a smaller number of insulators is 
theoretically sufficient. It seems to me, 


however, that it would pay to consider the’ 
possibility of grounding the sending-trans-" 


former neutral through a resistance. This 
will affect the insulation of the sending 
transformer, but in return the system sta- 
bility limit will be increased appreciably. 
The authors of the paper correctly state 
that the conductor corona loss must be eval- 
uated economically. The higher the volt- 
age and the larger the block of power trans- 
mitted, the greater is the corona power loss 
which it is economically possible to allow. 
As the diameter of the conductor is increased 
to secure lower losses, the cost of these losses 
decreases at a much smaller rate than that at 
which the cost of conductor and its support- 
ing structures increases. The increase in 
the insulation level and in the electrical spac- 
ings that follow from it result in an increase 
in cost of line far greater than the reduction 
in the cost of corona power loss that follows 
an increase in conductor spacings. There- 
fore, the selection of insulation level should 
be decided entirely apart from corona con- 
siderations. The most economical solution 
will not be obtained by relating the number 
of insulators and the conductor diameter, 
but by adopting as low an insulation level as 
is permissible when considering lightning 
and switching surges and by selecting a con- 
ductor of as small a diameter as permissible 
for the largest possible corona power loss the 
system can economically stand. Since 
corona loss depends on so many factors— 
fog, rain, snow, humidity, surface condition, 
sea level, temperature, proximity effects— 
the effect of which it never will be possible 
to establish rigorously, it may be just as cor- 
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rect, and certainly more expedient, first to 


determine the maximum economically per- 
missible corona power loss. From it the 
fair-weather corona loss can be fixed apply- 
ing as high a safety factor as 3.0 or 4.0. 
Using then either Peterson’s formula or the 
Carroll-Rockwell method, for the conductor 
diameters and spacings that might be ap- 
proximately correct, the minimum conduc- 
tor diameter can be found for a conductor of 
adequate copper cross section. The choice 
is pretty sure to be very close to an over-all 
most economical solution. Here in deter-_ 
mining the fair-weather corona loss it would 
be better to take a more conservative atti- 
tude, that is, not to take the 1,000-feet 
altitude and 77 degrees Fahrenheit of the 
authors, but to calculate for 3,300-feet ele- 
vation and 50 degrees Fahrenheit. This 
latter condition gives a loss just in between 
that obtained for the two extreme conditions 
of 1,000 feet, 77 degrees Fahrenheit, and 
3,300 feet, 77 degrees Fahrenheit taken by 
electric apparatus designers, and is a safer 
assumption. Calculated for this condition 
at prevailing costs and at a reasonable cost 
of power losses, the over-all economical solu- 
tion for a 345-kv line, with a 33-foot spacing 
required for 20 insulators is obtained with a 
650,000-circular-mil type H H conductor of 
1.4-inch outside diameter. 

With reference to radio influence, it is a 
known fact that no objectionable effects are 
obtained at 230 kv, and it is probably safe to 
say that with the special clamps so ably de- 
veloped by the manufacturers for the Tidd 
tests, no excessive radio influence will be ob- 
served at voltages considerably in excess of 
230 ky. 

Since great care is exercised in eliminating 
unreasonable safety factors in the system 
electrical design, it would seem to me con- 
sistent to apply a similar discrimination to 
the mechanical design of supporting struc- 
tures. The safety factors applied in the de- 
sign of transmission towers vary widely be- 
tween the various steel construction com- 
panies, and in spite of this, mechanical tower 
failures very rarely have occurred in major 
transmission projects. The minimum mar- 
gins of safety, without sacrificing reliability, 
which the authors so fittingly advocate, 
should be applied as well to the supporting 
structures of systems where the cost of the 
transmission line alone constitutes a high 
percentage of the total system cost, if an 
over-all minimum cost is to be secured. 

In applying the Tidd test data to any par- 
ticular system, the decision of prime impor- 
tance is the selection of an appropriate volt- 
age. It has been shown before! that there 
is a certain economic relationship between 
the transmission distance, the block of power 
transmitted, and the transmission voltage, 
or in other words, for a transfer of a specific 
block of power over a specific line, there is a 
definite voltage by which the transmission 
may be accomplished most economically. 
Since the results of the Tidd tests first will 
be applied to the American Gas and Electric 
Company system, it seems to me, on the 
basis of available public knowledge of this 
system, that the selection of a 345-ky volt- 
age very nearly will approximate the most 
economical solution even allowing for future 
growth. In Sweden, for example, it is 
planned to transmit a-c power at 380 kv over 
a distance of 600 miles. When 650,000- 
circular-mil type HH. conductors having 
1.4-inch outside diameter are used on a line 
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with 20 insulators and 33-foot spacing, 500,- 
000 kw can be transmitted over two such 
circuits with 345-kv voltage, over a distance 
somewhat greater than 200 miles. Such a 
system would be stable even with a loss of 
one half of one circuit, as a result of a double 
line-to-ground fault, provided that high- 
speed circuit breakers are used and low 
tower-footing resistances are secured, in con- 
junction with other stability-improving de- 
vices including modern generator design. 
For such a condition 345 kv is the most ap- 
propriate voltage. If, however, these new 
lines are to connect existing generating sta- 
tions with generators perhaps not of the 
latest design insofar as transient reactance, 
inertia, and dampers are concerned, then, of 
course, the block of power that safely can be 
transmitted will be somewhat smaller. It 
should be borne in mind that if a higher volt- 
age—402 or 460 kv—is used on a 200- to 
250-mile line, conductors of at least 1.65- 
and possibly as much as 2-inches diameter 
must be used. Moreover, circuit breakers 
of greater than the 10,000,000-kva inter- 
rupting capacity developed for the Tidd 
tests probably would have to be built. 
Considering the costs involved, this voltage 
would be economical only if the block of 
power to be transmitted is sufficiently large. 

In conclusion, I wish once more to com- 
pliment the authors for the Tidd tests under- 
taking. 
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P. L. Bellaschi (consulting engineer, Sharon, 
Pa.): It is apparent from the paper that the 
economics of power transmission at the extra 
high voltages gravitate very largely about 
the insulation requirements for the station 
and the line, in addition to the corona prob- 
lem. To attain the utmost in economy in 
keeping with a high degree of reliability 
which systems of this character require, the 
insulation design of necessity must be ra- 
tionalized to the fullest, specifically in rela- 
tion to the actual service requirements which 
are three 


1. Lightning protection. 


2. Ability of station and line to withstand switch- 
ing surges. 


3. Satisfactory operation at normal 
voltages. 


60-cycle 


To this end the approach must be in terms 
of fundamental thinking, free from precon- 
ceived idea or questionable relations we may 
have inherited or been wont to fall back to in 
the past. Much in the way of fundamental 
work already has been done as evidenced 
from this paper and in a companion paper in 
connection with the impulse levels proposed 
for solidly grounded neutral application. . 

Following this fundamental approach it 
well may be possible to reduce the levels 
proposed even a notch further eventually. 
Additional improvements in protective de- 
vices and protective measures are quite con- 
ceivable and in that event the present full 
230-kv level (1,050 kv) then would appear to 
offer practical possibilities on a 345-kv 
solidly grounded neutral system. This 
statement holds particularly for the oil- 
immersed apparatus as the internal insu- 
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‘self, the corona effect. 


lation of transformers. Should this situa- 
tion develop, naturally the 230-kv insulation 
design has to be satisfactory also for con- 
tinuous operation at 345 kv. 

To repeat: the basic insulation require- 
ments to which attention must be given at 
all times are three 


1. Lightning. 
2. Switching surges. 
3. Continuous operation. ‘ 


In some applications one of these require- 
ments may predominate, submerging the 
other two in importance, but if we are to 
achieve the most in all applications and 
especially at the extra high voltages, it is 
well that all three are kept in view. 

Today the high-voltage engineer is in the 
spotlight, it would seem. He has before 
him the opportunity of a lifetime for some 
real advancements in the art, not only in the 
field of high-voltage transmission but 
equally as well in carrying the benefits and 
economies such as the additional reduction 
in insulation now being considered for solidly 
grounded neutral applications above 230 
kv, down into the lower voltages. How- 
ever, much that has been found good prac- 
tice and is substantiated by experience cer- 
tainly stands to remain. 


Francois Cahen (nonmember; Paris, 
France): I took great interest in reading 
the papers of the symposium on Tidd 500-kv 
test line, and particularly as I am in charge 
of the 500-kv experimental line and station 
of ‘‘Electricite de France,’’ which were put 
in service in Chevilly, next to Paris, at the 
end of the year 1946. 

First I must state that I share the opinions 
of Sporn and Monteith when they point 
out that the choice of the voltage to be 
adopted in the future for systems above 230 
or 287 kv should not be made without pos- 
sessing a thorough knowledge of character- 
istics of material and installations to be used 
on such extra high voltage systems. I 
agree also that the two most determinant 
factors for the cost of transmission are for 
the transformers and switching station ma- 
terial, the insulation level; for the line it- 
But those two fac- 
tors are not bound closely to each other as, 
for instance, by using lightning arresters, the 
insulation level for the material may be 
chosen for a given operating voltage, with- 
out consideration to the insulation level of 
the line, at least within certain limits. This 
means that the two factors may be studied 
separately, but, of course, they both react on 
the transmission costs. 

Nevertheless, the calculation of the opti- 
mum voltage may lack precision, especially 
at extra high voltages when the range of the 
transmission becomes such that it permits to 
think about interconnection between far 
distant systems belonging to different coun- 
tries or to separate industrial groups. In 
such cases, the distances over which a given 


. power has to be transmitted, and the values 


of the power exchanges cannot be foreseen 
with accuracy, as they may change in the 
future, according to development of the load 
and installation of new power sources. Be- 
sides, some bases of economic comparison 
may change in such a way as to be favorable 
to a future increase of voltages; for instance, 
the cost of transformers and circuit breakers 
may decrease when they have been con- 
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structed and tested in the field and when 
they will be manufactured in large quanti- 
ties. Therefore, I think that the choice of 
a new voltage level should be made without 
trying to compute too closely its economical 
optimum value. This choice should be 
based essentially on the following features: 
taking a large step so that the new systems 
may carry much larger loads than the exist- 
ing systems, or carry them to much larger 
distances—nevertheless, choosing such a 
voltage that may be faced rationally as con- 
cerns material and line engineering practice. 
On account of this, we now are facing, in 
France and in other European countries, a 
new voltage level defined by the figures 


Maximum voltage in normal operation, 400 kv. 
Average voltage of the system, 380 kv. 


This level would satisfy the requirements 
of our different systems and later on would 
permit the interconnection of them without 
any use of transformers. 

In France we have to look at the following 
problems: all our hydro generating power is 
located in the southern half of the country 
and an important part of it has to be trans- 
mitted to the northern half, so we have to 
carry large amounts of power over an aver- 
age distance of 300 miles. At the present 
time we use for this transmission 6,200-kv 
circuits. This number will be increased to 7 
at the end of this year; to 8 at the end of 
the following year and it should be increased 
to 10 or 12 within 4 years if we do not step up 
to a higher voltage. Certainly it is un- 
economical indefinitely to multiply the num- 
ber of circuits to handle the increasing power 
and the time has come when a higher voltage 
has to be considered in our country. 

We therefore chose a solution which would 
enable us to develop our 220-kv system 
without compromising the possibility of 
stepping rapidly up to 400 kv at the time 
when it will be necessary, without keeping 
too large a number of 220-kv circuits in 
operation later on. We designed, therefore, 
a double-circuit 6-conductor 220-kv line, 
which may be changed readily into a single- 
circuit 400-kv line; each 400-kv phase being 
provided with a bundle of 2 standard 220- 
ky aluminum-steel 1.04-inch conductors. 
The stepping up from 220 to 400 kv then 
would need only the bringing together of the 
conductors and the displacing and lengthen- 
ing of the insulator strings. 

Sfich a line, 250 miles long, is working at 
220 kv since January 1947. Also, we have 
designed and constructed a 500-kv experi- 
mental station, including a 1,650-foot span of 
line with 48-foot phase spacing and a bank 
of 3 single-phase transformers delivering a 
voltage adjustable between 300 and 500 kv, 
50 cycles, for investigation on corona effect 
and bundle conductors. 

This station, located next to Paris, was 
put into operation in December 1946, and 
we gathered since that time many very im- 
portant data. It would be much too long 
indeed even to summarize the results of our 
tests, and I shall confine myself to furnishing 
some characteristic figures and to answer 
briefly, on the basis of our data, certain 
questions. Up to now, our tests principally 
have been as given in the following para- 
graphs. 

1. Corona loss measurements. The volt- 
age being variated from 300 to 550 kv, and 
corona losses records at constant voltage; 
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we studied especially the form of the corona 
curves, the influence of conductors weather- 
ing, and the influence of atmospheric con- 
ditions; our station remaining under opera- 
tion in all kinds of weather, as snow, ice 
deposit on conductors, storms, heavy and 
light rains, and fog. We studied also the 
influence of conductors spacing in a bundle, 
horizontal or vertical arrangement of the 
bundle, and the influence of ground wires, 
and we measured the losses of insulator 
strings. 

We found that according to calculation 
the minimum losses are obtained, with the 
bundle arrangement, when the space be- 
tween conductors is within the range of 8 to 
16 inches. Some characteristic figures for 
the losses are given in Table I of this dis- 
cussion. 

The maximum recorded peaks.in kilowatts 
per mile on weathered conductors have been 
the following at 400 kv: 
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The maximum ratio for 400-kv losses, 
according to these figures, is 


160 
0.8 


= 200 


It means that for a line operating at surge- 
impedance load (500 megawatts at 400 kv 
with bundle conductors, 16-inch spacing), 
the corona losses will be within the range of 
1.2 to 150 per cent of ohmic losses. 

As regards the influence of weather con- 
ditions, we found that they not only shift 
the corona curves, as stated by Sporn and 
Monteith, but they also distort them. 
Weathering has a similar effect, but we 
found that weathering occurs only when con- 
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Table |. Three-Phase Losses in Kilowatts 


Per Mile 


— = a 


380 400 440 
Kv Kv Kv 


Fair weather: 


Unweathered conductors...... y WRC Pee Sele a ae. yd 
Weathered conductors........ 0:6... 0.8.2 1.6 
Bad weather, unweathered con- 
ductors: 
Fog and. ite vts.< as ejarsicis.oie eats 12D) 22245 0d. 
After rain 1 49. = 2 saunas eae (aay fevel ian ip Ct) 
Weathered conductors, fog...... DR ee er Aa bey ( 


ductors are under voltage and not by simply 
exposing the conductors to atmospheric 
agents, without voltage. 

We now are starting tests with single 
hollow conductors with diameter of 1.6, 
1.8, and 2inches. We studied also the ef- 
fect of ground wires and found that there 
was little influence below the knee of the 
corona curve, but that it increased rapidly 
above the knee. 


2. Insulator strings losses. We measured 
them on single and double insulator strings; 
by fine weather at 400 kv, the measured 
losses were 3 watts per string. This is a 
very low value, so that it is unnecessary to 
take it in account when measuring the total 
line-plus-strings losses. We found that the 
grading rings on the line end of the insulator 
strings work very efficiently to shield the 
lower units and suspension clamps. 


3. Radio disturbance measurements for 
different conductor arrangements and weather 
conditions. We found especially that the 
field level close to the 400-kv line is about 


the same as in the neighborhood of our latest. 


220-kv lines. 
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4. Mechanical behavior of bundle con- 
ductors under short-circuit conditions. This 
is an important question~to be settled in 
order to choose the spacing between con- 
ductors and the numberof spacers to be 
placed in each span. 

We are continuing on our tests, but we al- 
ready have come to the opinion that the use 
of bundle conductors is a sound practice for 
extra high voltages and that our line may be 
operated at 400 kv or even at a somewhat 
higher voltage. 


Philip Sporn and A. C. Monteith: We are 
delighted with the interest displayed in the 
project by the membership of the Institute, 
and we particularly wish to thank the large 
number of discussers who have taken the 
trouble thoroughly to review the paper for 
that purpose. 

It does not look to us as if any major gain 
would accrue at the present time by com- 
menting in detail on each specific discussion. 
In some cases that would involve extensive 
additional proof which is not, however, par- 
ticularly germane to the main purpose of 
the paper—at present the why and where- 
fore of the investigation. As to that, it 
seems to us that there is a substantial unani- 
mous agreement among all discussers. 

One specific question that requires answer 
has been raised. The answer to Tilles’ 
question as to the voltage for which the 
tower was designed is that the design proper 
was projected as one that might be operated 
at voltages up to 500 kv. Whether the 
physical dimensions of the present towers 
would be adequate for a voltage as high as 
the maximum is something that cannot. be 
determined until some of the investigations 
now under way are completed. : 
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Corona Considerations on High-Voltage 


Lines and Design Features of 


Tidd 500-Kv Test Lines 
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| ee principal factors that must be 
considered in the transmission of 
large blocks of power by alternating cur- 
rent over great distances have been 
pointed out in a companion paper by 
Sporn and Monteith.1 The paucity of 
corona loss and radio interference data re- 
quires further information on this subject 
before intelligent contemplation of trans- 
mission at extra high voltages can be 
undertaken. To obtain such data the 
American Gas and Electric Service Cor- 
_ poration with the co-operation of a num- 
ber of manufacturing companies has 
constructed two 11/,-mile transmission 
lines at the Tidd power plant located at 
Brilliant, Ohio. These lines can be 
energized in small increments of voltage 
from 260 to 500 kv. In addition to 
corona characteristics, performance of 
transformer insulation, bushings, insu- 
lators, lightning arresters, conductors, and 
other apparatus under sustained high 
voltage also will be determined. 

This paper will review the present 
knowledge of corona, describe the general 
layout of the test setup, and discuss the 
scope and some of the objectives of the 
tests. It will describe in detail the towers 
and considerations which determine their 
design. Companion papers will discuss 
the transformers! that energize the line, 
the insulators,” the conductors,* the light- 
ning arresters,‘ switchgear equipment,° 
and the means for measuring corona loss.*® 

The first important experimental work 
on corona was done about 1898 by Doctor 
C. F. Scott at Pittsburgh, Pa., and was 
continued on the Telluride lines in Colo- 


made among others by Converse, Mer- 
shon, Ryan, Peek, Whitehead, and Fac- 
ciole. Peek developed and presented 
empirical formulas that for years were re- 
garded as the best information available. 
Subsequently the Ryan Laboratory at 
Stanford University and other Pacific 
Coast investigators attacked the problem 
and provided much useful data. Loss 
measurements were made with stranded 
copper conductors ranging in diameter 
from 0.91 to 1.49 inches, stranded alumi- 
num conductors with diameters from 1 
to 2 inches, and smooth segmental con- 
ductors with diameters of 1.1, 1.4, and 
1.65 inches. Some single-phase configura- 
tions were studied but most tests were 
made with a flat 3-phase configuration 
and spacings between conductors ranging 
between 22 and 30 feet. Practically all of 
the tests were madein fair weather. The 
principal emphasis of these studies was on 
the effect of various types of conductors 
and variations of surface conditions. 
Due to die grease and the burrs incident 
to manufacture and stringing, new con- 
ductors have higher corona losses than 
those that have been in service several 
months. A proper washing technique 
can eliminate this initial high corona. 
Three formulas are available today to 
compute corona loss. These are 
1; Peek.? 
2. Peterson.® 
3. Carroll and Rockwell.* 
The degree to which these formulas agree 
with test results for a specific case in fair 
weather is shown in Figure 1. Trans- 
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and Design Features 


mission lines today are built so that the 
loss under fair-weather conditions is 
usually below 0.5 to 1 kilowatt per mile. 
These curves show, therefore, that the 
Peek formula in the region in which line 
designers are most concerned does not 
agree with tests, whereas the other two 
methods indicate remarkable checks. 

The transmission projects at voltages 
in excess of 287 kv are sufficiently impor- 
tant to justify experimental data on a 
range of conductor sizes that eventually 
will be used. The proposed tests are 
intended to project information into the 
realm of the higher voltages for some cur- 
rently available conductors and for some 
special conductors designed for extra high 
voltages. Little information is available 
concerning the proximity effects of ground 
wires and towers as practically all the 
previous tests were made without ground 
wires and without conventional towers. 
Further information also is required con- 
cerning radio influence resulting from cor- 
ona as affected by weathering of conduc- 
tors and atmospheric conditions such as 
snow, rain, and ground gradients upon 
corona. ‘The present state of the art and 
the necessity for further information con- 
cerning these factors now will be dis- 
cussed. 


Corona 


Projection of transmission voltages 
into the realm up to 500 kv necessarily re- 
quires conductors, of the single-conductor 
type, having diameters of the order of 
1.65 or 2 inches. Tests will be made on 
both segmental and stranded conductors. 
Previous tests have indicated that the 
losses of the segmental type for a given 
diameter, as reflected in the low roughness 
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or surface factor, are lower than the 
stranded conductor in fair weather con- 
ditions. Further investigations are 
needed to determine the relative as well as 
the absolute merits of segmental and 
stranded conductors in rain or snow. 

The Germans have done extensive 
work on so-called “bundle conductors.” 
Conversation of one of the authors with 
the chief engineer of the Rheinisch- 
Westfalische Elektrizitats Werke elicited 
the information that they had made the 
decision to use this type of conductor in 
converting some of their 220-kv lines to 
380 kv. This conductor consists of sev- 
eral wires, of smaller diameter than would 
be necessary if a single conductor were 
used, held in position by spacers. The 
conductors may consist of a bundle of 
two, three, ot four individual wires sepa- 
rated at distances of the order of one or 
two feet. Aside from reducing thecorona 
losses, this composite conductor also re- 
duces the inductive reactance of the line 
and thus increases the system stability. 
It is contemplated that the effect of 


Figure 1. Comparison of corona losses on 
transmission lines by early tests, and various 
formulas for a specific fair-weathér condition 


LEGEND — 


various numbers and spacings of the 
component conductors will be studied. 


Line Configuration 


No accurate measurements have been 
made to determine the effect of ground 
wires or the proximity effect of towers. 
Ground wires and towers being main- 
tained at ground potential increase the 
electric gradient at the conductor sur- 
face. These effects generally are not 
taken into consideration in the formu- 
las cited previously. Tests will be made 
with and without ground wires. In 
addition, means have been provided to 
vary the ground wire height and conse- 
quently its distance above the conduc- 
tors. The great height of the towers re- 
quired for these higher. voltages extends 
their influence along a considerable por- 
tion of the line. Previous work failed to 
incorporate this effect into the loss 
determination. These investigations, by 
utilizing actual line construction prac- 
tice, simulate conditionsin the field and pro- 
vide information that can beused directly. 

All the tests will be made with horizon- 
tal spacing of the conductors. Provision 
is being made so that this spacing can be 
varied between 32 and 45 feet. 


© TEST VALUES ON 700 FT 
EXPERIMENTAL LINE, 
AIEE TRANS.-1934, P 1727 


x CALG. BY PETERSON FORMULA, 
AIEE TRANS.-1933, P 62.(m=93) 


O CALC. BY EMPIRICAL METHOD 
AIEE TRANS.-1937, P 558 


4 CALC. BY PEEK’S FORMULA 
1911, P 1889 
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By varying the number of insulators 
in the suspension and strain strings, these 
effects and the consequent tower prox- 
imity effects likewise can be determined. 


Atmospheric Conditions 


The effects of atmospheric temperature 
and barometric pressure upon the corona 
loss have been determined carefully in 
the Ryan Laboratory by controlling these 
conditions in a large tank.11_ The break- 
down value of air as a function of the 
density dis given by the expression 


_ 17.90 
~ 459+ 


where 6 is the barometric pressure in 
inches of mercury and ¢ is the temperature 
in degrees Fahrenheit. Using the stand- 
ard conditions of b equal to 29.9 inches 
(sea level value) and ¢ equal to 76 degrees 
Fahrenheit makes d equal to 1.0. Peter- 
son® recommends that the actual conduc- 


Figure 2. Effect of weather on corona loss of 
a 2-conductor line 


Conductor diameter=12 millimeters (0.472) 
Conductor spacing =2.4 meters (94.5 inches) 
Frequency=50 cycles per second 


RAIN SHOWER 
HEAVY RAIN 
RAIN STOPPED DURING TEST 


CORONA LOSS IN WATTS PER KILOMETER 
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200 240 


MAXIMUM VOLTAGE IN KV 
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tor temperature rather than the tempera- 
ture of the ambient air be used in this ex- 
pression. 


According to Carroll and Rockwell® 
humidity has practically no effect upon 
corona loss if the conductor is absolutely 
clean. Peterson in his method of calculat- 
ing loss introduces a factor m to take care 
of roughness factor. This factor merely 
shifts the loss curve with respect to volt- 
age without altering its shape. Peter- 
son varies this factor with humidity. 

_ Quoting Peterson, ‘‘For general purposes 
it is felt that the proper value of m to use 


with low humidity and with the wire well ° 


weathered or in good clean condition is 
0.92. During the night with low humid- 
ity m may go as low as 0.78.” This 
would indicate a rather large effect of 
humidity. The contradiction between 
these careful investigators should be 
clarified. 


Several investigators, particularly 
among the Germans, have shown that 
rain increases the corona from 10 to 60 
times. Figure 2 taken from the work of 
Strigel!? shows this effect clearly. The 
ordinate gives the loss at 50 cycles as a 
function of voltage on a single span con- 
sisting of two 12-millimeter (0.47 inch) 
conductors separated a distance of 2.4 
meters (7.9 feet). The three lower curves 
were obtained during sunny weather, the 
three upper curves during rain, and the 
intermediate one during a cloudy day. 
Fog and snow likewise increase the corona 
loss. In a region in which there is more 
than say 500 hours or 6 per cent of rain 
per year it is clear that the loss during 
this period would mask completely the 
loss during the fair weather. Records are 
available from the United States Weather 
Bureau which give the precipitation in 
each hour of the day at various stations. 
For Pittsburgh the average conditions for 
the 5-year period 1937 to 1941 show that a 
trace of rain or snow existed for 1,377 
hours per year, a precipitation of at least 
0.01 inch and less than 0.05 inch existed 
for 529 hours per year, and precipitation 
of at least 0.05 inch in an hour existed for 
200 hours per year. Thus for this period 
there was at least a trace of snow or rain 
for 24 per cent of the time and at least 
0.01 of an inch for 8.3 per cent of the 
time. This type of information should 
assist in evaluating corona factor as an 
economic factor. The fair weather loss 
therefore, may be of use principally as a 
bench mark or reference point to compare 
the relative performance of different con- 
ductors and different configurations. 

In designing a line for corona loss a 
particular value of kilowatts per mile can- 
not be specified as being acceptable irre- 
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spective of the voltage. With increasing 
voltage and increasing power transmitted 
a balance between all factors likely will 
permit a larger loss per mile. Thus con- 
sider a 300-mile line over which 150,000 
kilowatts is being transmitted at a 6 per 
cent copper loss. This is equivalent to a 
loss of 30 kilowatts per mile. Limiting 
the corona loss to 3 or 4 kilowatts per 
mile would be quite acceptable, whereas 
for a lower-voltage line transmitting less 
power it might not be. 

Quite aside from the economic consid- 
eration of the corona loss resulting from 
snow, fog, or rain, radio influence during 
these conditions also might be important. 
It is quite possible that this factor might 
prove to be limiting. Abnormally high 
radio influence during even a relatively 
short time of extremely adverse weather 
might not be tolerable. Radio influence 
measurements will be made under abnor- 
mal weather conditions as well as during 
fair weather. In this connection it is also 
interesting to observe that in an actual 
line it may not be necessary that the dis- 
turbing factor occur at the particular 
point under observation. A rainstorm 
or high humidity condition at a particular 
point might transmit the disturbance 
along the line for a considerable distance. 

It appears as though the ground gra- 
dients arising from charged thunderclouds 
might have an important effect upon 
corona loss and radio disturbances associ- 
ated with corona. Figure 3 represents 
one of several similar diagrams taken from 
the work of Simpson and Scrase.!* It 
represents the record of a relatively com- 
pact storm of no great intensity. Thun- 
der was heard in the early stages but no 
lightning was seen or recorded at any 
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time. The center of the storm appeared 
to pass about one kilometer south of the 
observatory at 17.25. Rain occurred 
from 17.13 to 17.31. The lower curve is 
the record of the potential gradient at 
the ground. It shows comparatively 
slow changes and gradients of as high as 
+50 and —50 per centimeter. These 
are equivalent to a gradient of 1,500 volts 
per foot or 125 volts per inch. 

An insulated conductor 50 feet above 
ground and horizontal to it in a gradient 
of this magnitude would attain a poten- 
tial of 75,000 volts. Actually, a trans- 
mission line is not insulated from ground, 
but is grounded through the transformer 
neutral. As a consequence, with slow 
changes of this character, the potential of 
the line remains at ground potential. A 
neutralizing, or induced, charge collects 
on the conductor of such polarity and 
magnitude as just to nullify the potential 
of the static field produced by the cloud. 
While the actual potential is neutralized 
the gradient at the surfaces of the con- 
ductor isnot. The electric gradient P; at 
the surface of the conductor due to the 
induced charge in volts per inch for a 
single conductor is 


potential above ground in volts 


: 2 
710g —— 
7 


where r is the radius of the conductor in 
inches and H is the distance above ground 
in inches. For a 2-inch conductor, the 
gradient is then 


z 75,000 
~ 2.303 logio 1,200 
= 10,600 volts per inch 


t 


It will be observed that this gradient is 
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85 times the ground gradient that was 
responsible for the appearance of the 
induced charge. 

The approximate effect of this gradient 
can be visualized by comparing the poten- 
tial directly with the maximum instan- 
taneous voltage to ground on the conduc- 
tor. Thus, assuming a line-to-line rms 
voltage of 345,000 volts, the maximum 
line-to-ground voltage is 


\/2X 345,000 + +/3 = 282,000 volts 


In terms of this voltage the induced 
potential is 75,000+285,000 or 26.6 per 
cent. Actually the presence of the other 
conductors influences the gradients adja- 
cent to the conductor surface. More 
accurate calculations for this particular 
set of conditions assuming 35-foot sepa- 
rations between conductors with a flat 
configuration indicates that the ground 
gradient affects the maximum conductor 
surface gradient on the outside conductor 
19.3 per cent. 

These figures are introduced at this 
time merely to illustrate the order of 
magnitude of the effects that might be 
present. Further investigation of this 
factor is amply justified. These phenom- 
ena incidentally might explain some of 
the variability that has occurred in pre- 
vious tests. 


Radio Influence 


The effect of radio influence has been 
just touched upon in this paper. Levels 


Figure 4. Location of three Tidd high-voltage 

test lines at Brilliant, Ohio, near the Tidd 

power station of the American Gas and Elec- 
tric System 
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that are acceptable must be determined 
and correlated with the loss. Facilities 
will be provided for studying not only the 
magnitude of the radio influence with 
varying line configurations, operating 
voltages and atmospheric conditions, but 
also the variations along the line between 
spans and at various points laterally from 
the line. 


Conductor Weathering 


Previous investigators have emphasized 
the importance of washing and buffing 
the conductors and surface irregularities 
produced by dragging the conductors 
along the ground during the stringing 
operation. Continued exposure of the 


~ conductor in weather gradually eliminates 


these effects unless the scarring is too 
severe. The effects of die grease and burrs 
are eliminated gradually by weather- 
ing. The Stanford tests indicated that 
by using proper washing technique the 


weathering time could be reduced greatly ~ 


or eliminated entirely. These factors will 
be borne in mind during the progress of 
the tests. 


General Considerations and Design 
Features 


In planning the field test setup, a num- 
ber of factors had to be considered in order 
to insure the test results being of the mest 
practical value. A location was selected 
on property of The Ohio Power Company 
along the Ohio River and adjacent to the 
Tidd plant at Brilliant, Ohio, about 35 
miles from Pittsburgh. At this location 
there is a flat stretch of land approxi- 
mately 11/, miles long which permitted 
the erection of three parallel test lines. 


1020° > 580! 


= 


The general location showing the test 
lines and station is shown in Figure 4. 
The three lines are connected directly to 
a bus at the test station without circuit 
breakers and are fed through a 5,000-kva 
bank of three single-phase transformers. 

Three single-pole arresters have been 
installed to protect the transformer. An 
oil circuit breaker® will be connected to 
the bus together with an arrester for its 
protection. Measuring instruments will 
be mounted on top of the transformer 
bushing which will be read by telescope 
from an observation booth some 50 feet 
distant. Suitable control equipment for 
energizing the high-voltage lines will be 
supplied. The diagrammatic sketch of 
the station in Figure 5 shows the arrange- 
ment of busses, equipment, observation 
booth, and movable platform for servicing 
the meters. 

Within the test station all bus work is 
of 2-inch segmental hollow conductor. 
Shielded measuring leads are enclosed 
within the hollow conductors and extend 
from the instruments in the housing box 
on top of the high-voltage transformer 
bushing to the entrance of each of the 
three lines. 


There are three test lines, two 1.4 miles 
long, and a third a single 800-foot span. 
The two longer lines have an average span 
of about 1,050 feet and comprise seven 
towers per line. Two of the towers on 
each line are dead-end, one at the far end 
and the other at the second tower out 
from the station where the lines change 
direction 28 degrees. The lines run 
approximately parallel and about 288 
feet apart, center to center. The line 
conductors are approximately 85 feet 
above the ground at the towers and about 
40 feet at midspan. Provision is made on 
all three lines for the installation of two 
ground wires at variable spacings above 


the conductors with a maximum elevation - 


above conductors of 40 feet. The ground 
wires also extend over the station for bus 
and equipment shielding. The line towers 
are provided for variable conductor spac- 
ings of 45, 381/2, and 32 feet between 
conductors. The lines are phased so that 
adjacent conductors of different lines 
connect to the same phase. A more de- 
tailed description of the towers and struc- 
tures is given later in this paper. 

The station is insulated with 26 53/4 
inch spaced units, and the line is arranged 
to have 26 to 30 units in suspension and 
double strings in dead-end. All insula- 
tors have a mechanical rating of 25,000 
pounds. Grading shields are used on the 
live end of all insulator strings. Pre- 
liminary tests indicated that these were 
necessary at the line end but not at the 
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Figure 5. The 500-kv test station layout 

showing bus spacing and arrangement, equip- 

ment location, ground wire shielding, and pro- 

visions for reading and servicing measuring 
instruments 


ground end. The tests made in deter- 
mining the design of these shields are given 
in a companion paper.? Special hard- 
ware for each particular type of conductor 
has been provided. 

Three single-phase transformers con- 
vert energy from the 66-kv supply to high 
voltage that can be varied between. 264,- 
000 and 500,000 volts line-to-line. The 
transformer bank is delta connected on 


the 66-kv side and Y connected and sol- 


idly grounded on the 500-kv side. The 
transformers are of conventional shell-form 
construction. The impedance is 6.6 per 
cent which is low compared to power 
transformers of comparable size or com- 
pared to a testing transformer. This is 
of advantage in maintaining a sinusoidal 
wave shape. 

The transformer is protected against 
lightning by two different types of light- 
ning arresters which are shown in Figure 


_ 6. Two of these are of the suspension 


type and are supported by the steel bus 
structure. The other is a self-supporting 
type made up of three pedestal columns 
containing alternate arrester elements 
and insulators. The arrester units are so 
connected that they in effect spiral around 
the columns and thus produce an arrester 
of relatively low height. 
are described in a companion paper.* A 
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lightning arrester will be supplied for the 
oil circuit breaker in process ofinstallation. 

The aluminum instrument boxes moun- 
ted on top of the transformer bushings 
contain the measuring instruments includ- 
ing wattmeters of special design. The 
potential supply is provided by an exten- 
sion of the main transformer winding. 
The current elements of the wattmeters 
are connected directly to the line without 
an intervening instrument transformer. 
Indicating meters mounted in the instru- 
ment. house can be read remotely by a 
telescope mounted in a special observa- 
tion booth located on the bus structure at 
a point level with the instrument house. 
In addition, continuously recording in- 
struments and also high-speed recording 
instruments permit the determination of 
corona loss during all weather conditions 
over long periods of time. Details con- 
cerning the instrumentation are given in a 
companion paper.® 

A view of the test. station and some of 
the equipment is shown in Figure 7. 


Transmission Line Towers and 
Substation Structures 


The transmission line towers and sub- 
station structures for the Tidd high-volt- 
age test installation were designed and 
furnished by American Bridge Company. 
These structures consist of 15 line towers 
and 9 substation structures. 


LINE TOWERS 


Test lines 1 and 2 each contain seven 


towers in addition to the substation take- 
off structures: Five of the towers in 
each of these lines have suspension insu- - 
lator attachments and two have strain 
attachments, one of which is located at 
the terminus of each line and one at an 
angle point in each line. 

Line 3, consisting of a single 800-foot 
span, contains a special type of strain 
tower in addition to the substation struc- 
ture forming one support of the span. 


SUBSTATION STRUCTURES 


The substation structures are essen- 
tially similar to the line towers except that 
the height and crossarm lengths are less. 
Three of the structures support the in- 
coming line conductors as well as the 2- 
inch-outside-diameter bus cables together 
with ground wires. The remaining sub- 
station structures support busses and 
station ground wires only, except one 
combination tower and cross-girder struc- 
ture which supports two suspended light- 
ning arresters in addition to the busses 
and ground wires. The latter structure 
also has attached to it a steel framed ob- 
servation booth to be used for the visual 
observation of the measuring equipment 
and for various control devices. 


TOWER AND SUBSTATION DESIGN 


The line towers support three conduc- 
tors at an elevation of 100 feet above the 
ground at the point of attachment of the 
insulator strings, and two ground wires 
located 24 feet above the conductor cross- 
arm (see Figure 8). The conductor 
crossarm is 90 feet in length, providing a 
maximum phase spacing of 45 feet. 
Attachments are provided on the cross- 
arm so that the outer conductors can be 
moved toward the center of the tower so 
as to provide alternate phase spacings of 
38 feet 6 inches and 32 feet Oinches. The 
ground wire peaks are provided with alter- 
nate attachment points for the ground 
wires so that the wires can be lowered 6 
feet or 12 feet below the normal topmost 
location (see’Figure 9). The suspension 
towers were designed for average tangent 
spans of 1,200 feet. 

The wind loading was assumed at 8 
pounds wind on 1/2-inch-ice-covered cables 
and 13 pounds per square foot on 11/; 
times the projected area of one face for 
tower structures. From these data the 
following loads were determined for 
which the towers were designed: 


Suspension Tower 


1. Vertical: 

Two ground wires at 1,400 pounds =2,800 
pounds 

Three conductors at 5,300 pounds=15,900 
pounds 

Total 18,700 pounds 
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2. Transverse: 

Two ground wires at 1,300 pounds=2,600 
pounds 

Three conductors at 2,200 pounds=6,600 
pounds 

Total 9,200 pounds 


3. A longitudinal load at any one ground 
wire support at 6,750 pounds or at any one 
conductor support at 15,000 pounds. (For 
longitudinal combined loads on tower use 60 
per cent of conductor load or 9,000 pounds.) 


4. Wind on tower at 13 pounds per square 
foot on 1/2 times the projected area of one 
face. 


6 


5. Dead load of tower. 


6. Heavy vertical (one inch ice): 

Two ground wires at 2,000 pounds=4,000 
pounds 

Three conductors at 8,000 pounds=24,000 
pounds 

Total 28,000 pounds 


For determining maximum stresses in 
member, the following combinations of 
loads were used: 


(a) 1, 2, 4, and 5 (all cables intact) or 


(b) 1, 9/10 of 2, 3, 4, and 5 (one broken 
cable) or 


(c) 6—for cross arms only. 


The dead-end and angle towers on 
lines 1 and 2 were designed for the follow- 
ing loads: 


1. Vertical: 

Two ground wires at 1,400 pounds=2,800 
pounds 

Three conductors-at 5,300 pounds= 15,900 
pounds 

Total 18,700 pounds 


2. Transverse wind on cables: 

Two ground wires at 1,300 pounds=2,600 
pounds 

Three conductors at 2,200 pounds=6,600 
pounds 

Total 9,200 pounds 


3. Longitudinal: 

Two ground wires at 6,750 pounds= 13,500 
pounds 

Three conductors at 15,000 pounds= 45,000 
pounds 

Total 58,500 pounds 


4. Wind on tower at 13 pounds per square 
foot on 11/2 times the projected area of one 
face. 


5. Dead load of tower 


6. Transverse angle in line of 29 degrees 0 

minutes: 

Two ground wires at 3,375 pounds=6,750 
pounds 

Three conductors at 7,500 pounds=22,500 
pounds 

Total 29,250 pounds 


7. A longitudinal load at any one ground 
wire support at 6,750 pounds or at any one 
conductor support at 15,000 pounds 


8. Heavy vertical (one inch ice): 

Two ground wires at 2,000 pounds=4,000 
pounds 

Three conductors at 8,000 pounds=24,000 
pounds 

Total 28,000 pounds 
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For maximum stresses combine (a) or 

(b) or (c) or (d) or (e). 

(a) 1,2, 4,5, and 6 (all cables intact). 

(b) 1, 9/1 of 2, 4, 5, 9/10 of 6, and 7 (one 
broken cable). 

(c) 1, 1/2 of 2, 3/, of 3, 4, 5, and 1/2 of 6 (all 
cables on one side for angle tower). 

(d) 1, 1/2 of 2, 3, 4, and 5 (all cables on one 
side broken for dead-end tower). 

(e) 8—for crossarms only. 


The dead-end tower on line 3 is essen- 
tially the same as the strain tower on 
lines 1 and 2 except that the tower is de- 
signed for a maximum longitudinal load 
of 25,000 pounds per conductor instead of 
15,000 pounds as used for the latter lines. 

The substation structures were de- 
signed to support the strain busses at 
maximum tensions of 11,000 pounds. 
One structure, as previously mentioned, 
was designed to support in addition to the 
busses and ground wires two lightning 
arresters with a vertical load of 12,000 
pounds at each arrester support. 


STRENGTH OF TOWERS 


The towers were designed using the 
following unit stresses which permit an 
overload of approximately 90 per cent 
over and above the working loads: 


Tension on net section, 20,000 pounds per 
square inch. 

Compression on gross section, 20,000 
pounds minus 85 L/R per square 
inch for L/R less than 150 where L 
is unsupported length of section. in 
inches and R is least radius of gyra- 
tion of section. 

Compression on gross section, 15,500 
pounds minus 55 L/R per square 
inch for L/R greater than 150 where 
L is unsupported length of section in 
inches and R is least radius of gyra- 
tion of section. 

Shear on bolts, 13,500 pounds per square 
inch. 

Bearing on bolts, 27,000 pounds per square 
inch. 


Figure 6. High- 
voltage lightning ar- 
resters installed to 
protect power trans- 
formers 


Self-supported type 
on the left, Suspen- 
sion or earthquake- 
proof type on. the 
right and in the 
background. Ob- 
servation booth in 
the center 
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Srress ANALYSIS 


Stress diagrams were prepared for all 
structures based on the loading require- 
ments for each structure. These dia- 
grams and actual computations for the 
stresses and size of the various members 
were based on past tests of structures of 
similar outline. 


FOUNDATIONS 


The anchors for all towers and substa- _ 


tion structures were of the steel earth 
grillage type using a single stub extending 
beneath the ground to a steel grillage so 
designed as to sustain the uplift and com- 
pression loads of the tower without the 
use of any concrete. The horizontal 
shear at the ground line was resisted. by 
extending the bottom diagonals below the 
ground line and connecting to the anchor 
stubs. This point of connection below 
ground line, using earth bearing on stub 
for resisting horizontal shear, was 3.5 feet 
for suspension towers and 4 feet for dead- 
end angle towers. 


COATING AND CONNECTIONS 


All the material, including foundations 
and connection bolts furnished for the 
line structures and substation structures, 
was hot dipped galvanized according to 
the latest American Society for Testing 
Materials Specifications. The material 
was shipped to the site unassembled. All 
connections were field bolted. 


Special Features 


Special features of interest in the design 
of this test layout are the following: 


1. The instruments for accurate measure- 
ment are mounted on top of each trans- 
former bushing. Access to these meter in- 
stallations is provided by means of a mov- 


a 
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able, elevated platform set on the railroad 
spur track on which the transformers were 
transported to the site. 


2. As it is necessary to read certain meters 
when the line is energized, an elevated 
observation booth is mounted on one of the 
structural towers at the station, and the 
meters are read remotely by telescope. 


3. As mentioned previously, the measuring 
leads from the transformer to each of the 
three lines are shielded and enclosed within 
the 2-inch HH bus conductors up to the 
point of line entrance. 


4. Provision is made for insulating the 
ground wires so that comparative corona 
effects can be readily obtained by momen- 
tarily connecting the ground wire to ground. 


5. Grading ‘shields for single dead-end, 


Figure 7. The 500-ky test station showing 
station structures, incoming lines, and some of 
the test equipment 
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Figure 8. Standard suspension tower for 500- 
ky line with all three conductors and ground 
wires in place 


double dead-end, and suspension strings are 
designed specially and are described in a 
companion paper. 


6. The towers provide for variable vertical 
positions of the ground wires and also for 
variable horizontal positions of the phase 
wires. These provisions were made to de- 
termine the effect of conductor and ground 
wire spacings. 


7. While the tower and station structural 
designs are admittedly not the final design 
for a practical line on account of the variable 
factors which had to be provided for, they 
are a very close approximation to what it is 
expected would be used in high-voltage con- 
struction up to 500 kv. 


Figure 9. Standard sus- 
pension tower for 500- 
kv line showing arrange~ 
ments for variable loca- 
tion of conductors and 
ground wires 
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Scope and Objectives 


The test setup has been planned with 
the idea of making corona measurements 
on a full scale transmission line energized 
by a full size transformer and other 
equipment closely similar to what would 
be used in extra-high-voltage transmis- 
sion. Provision has been made to vary 
the conductor size, type, and arrange- 
ment; the spacing between conductors; 
the number of insulators; and the height 
of the ground wires. The effects of dif- 
ferent atmospheric conditions, such as 
fair weather, cloud effects, rain, fog, 
sleet, and snow and also electric ground 
gradients, will be studied by continuously 
recording devices. Studies will be made 
on radio reception as influenced by cor- 
ona. Insulator loss as affected by fog, 
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sleet, rain, and other atmospheric condi- 
tions also will be studied. 


Participating Companies 


The responsibility of the tests lies with 
the engineers of the American Gas and 
Electric Service Corporation. The West- 
inghouse Electric Corporation has contrib- 
uted the power transformers and arrest- 
ers for their protection and also the meas- 
uring equipment, and has been active 
in the planning of the investigation. The 
American Bridge Company has contri- 
buted the towers, and the Ohio Brass 
Company and Locke Insulator Corpora- 
tion the insulators and hardware. The 
Aluminum Company of America, Gen- 
eral Cable Corporation, and Anaconda 
Wire and Cable Company supplied the 
conductors and fittings. The high-volt- 
age circuit breaker with its protecting 


arrester is being supplied by the General 
Electric Company. 
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Discussion 


E. C. Starr (Oregon State College, Corvallis, 
Oreg.): The corona-loss and radio-influence 
tests outlined in this paper are of great in- 
terest to transmission engineers because of 
the economic and public-relations aspects of 
the high-voltage transmission problem. 
Because of overlapping voltages and con- 
ductor sizes these tests will afford an oppor- 
tunity for correlation with and extension of 
existing laboratory data. They also will 
provide information for a complete evalua- 
tion of the influence of weather and precipi- 
tation. 

A series of simple corona-loss measure- 
ments has been made on one of the lines of 
moderate length of the Bonneville Power 
Administration. This line is approximately 
183 miles long and is composed of 795,000- 
circular-mil aluminum-cable steel-reinforced 
conductor (1.108-inch diameter) with a 
flat spacing of 27 feet. The average eleva- 
tion is of the order of 2,500 feet, and it 
crosses two passes at approximately 5,000 
feet. The first measurements were made 
with the test circuit energized at the 
generating station (Grand Coulee), and the 
power was metered carefully on the low- 
voltage side of the set-up transformers. 
Instrument calibration and ratio and phase- 
angle errors were taken into consideration, 
and transformer loss together with line re- 
sistance losses were deducted. At the time 
this particular test was made approximately 
70 per cent of the line was in a freezing fog, 
and the corona losses indicated were as fol- 
lows: 


Line Voltage, Kw 
Kv Per Mile 
1K) | eee eee LE PAC dS oe Ee Pentair 0.8 
2DO >. Fey «idle, 44 PD aera eanpre i etovaaite 5.2 
2SO. § Reicha wile atida es Righetti 8.4 
BAO vials ccleaner Hehe: Bete 12.5 
D5. a5 wavcfasal Site. Oa cena ae ereenes 16.9 
P| i eae filer yoo acess 20.8 
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This test was not repeated under other 
weather conditions, but the data seem very 
reasonable. 

Beginning at a later date and extending 
over a considerable period of time a number 
of sets of data were taken with this same 
circuit (one of two circuits on the same right- 
of-way) energized at the receiving end (Cov- 
ington substation near Seattle, Wash.) and 
metered through high-voltage current and 
potential transformers. Again instrument 
calibration corrections and transformer 
ratio and phase-angle errors were taken into 
consideration. The corona and insulator 
losses obtained in these tests ranged from 
approximately 0.8 kw per mile under 100 per 
cent fair-weather conditions to approxi- 
mately 12 kw per mile when rain was falling 
along a major portion of the line. Weather 
data are not complete because of a limited 
number of observation stations. The 
average line voltage for each of these tests 
was approximately 230 kv. The unaccount- 
able errors in measurement are probably 
small, in the neighborhood of +0.5 kw per 
mile, and the results therefore should not 
deviate greatly from the true values. It is 
interesting to observe that the fair-weather 
values check reasonably well with those 
obtained under similar conditions in labora- 
tory studies as reported by Carroll and his 
associates and as obtained by an application 
of the Peterson formula. It is planned to 
continue this work with a view to obtaining 
sufficient data to correlate it with the annual 
precipitation conditions over the various 
parts of the extensive 230-kv network of the 
Bonneville Power Administration for the 
purpose of evaluating the economics of 
corona losses on this system and employing 
these data in further design studies. 

We also are giving consideration to the 
possible use of ‘‘split’’ or multiple phase con- 
ductors on some of the future circuits that 
will be heavily loaded. A preliminary study 
indicates that it will be possible to increase 
the surge-impedance loading at 230 kv from 
approximately 130 to 175 megavolt-am- 


peres by the use of double phase conductors 


and that the added cost will not be propor- 


tional to the gain achieved in power ca- 
pacity.. Where stability is a problem in very 
long lines and where several circuits operate 
in parallel between terminal busses, split 
conductors seem to offer at least a partial 
practical solution to the problem of obtain- 
ing increased circuit loadings to obtain the 
maximum economy of operation. 

We shall follow the Tidd tests with a 
great deal of interest and feel that the vari- 
ous parties contributing to this research are 
taking a very valuable step in the direction 
of making improved transmission economies 
possible. 


Wm. S. Peterson (Department of Water and 
Power, The City of Los Angeles, Calif.): In 
this paper it was indicated that most all 
previous experimental work on corona was 
done under fair weather conditions and also 
that considerable attention was given to the 
surface conditions of the conductor. Such 
tests generally were made under fair weather 
conditions because the equipment used was 
of indoor type and could not be subjected 
to more severe weather without danger, and 
neither was the metering equipment that 
was used adaptable to outdoor use.. Much of 
the work involved in cleaning conductors 
was in order to artificially gain theequivalent 
of a weathered surface,.and the measure- 
ment of effects due to die grease and burrs 
was incidental. 

Reference has been made in this paper toa 
formula developed by me for the determina- 
tion of corona loss. Although parts of this 
formula have some theoretical basis, it is 
essentially an empirical formula. I am 
hopeful that these tests may reveal a 
better basis for a corona formula than that 
heretofore developed. The variation of 
corona voltage with the air density factor 
needs considerably more information as it © 
was based on rather limited information, 
The empirical formula, however, did give 
accurate results over a wide range of con- 
ditions when compared with all available 
data up to the time of its presentation. 

In determining corona loss during rain I 
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believe that you will find it essential to make 
some supplementary measurements of loss 
on insulator strings in order to make correc- 
tions and determine the corona loss for the 
conductor itself. We have found in our 
work that leakage measurements on in- 
sulator strings are highly erratic, but pre- 
sumably over a line of this length the in- 
sulator losses should average out to some 
stable value under a given rainfall. 

It it also my judgment that radio in- 
fluence from insulator leakage occurring 
during rainstorms may be as important as 
conductor corona. 


Gordon R. Slemon (nonmember; Hydro- 
Electric Power Commission of Ontario, 
Toronto, Ontario, Canada): Planning en- 
gineers of the Hydro-Electric Power Com- 
mission of Ontario for some time have been 
concerned over the lack of information on 
radio influence from corona. In the light of 
the full-scale tests which are proposed here, 
it was believed that our contribution could 
be made best through a study of the basic 
concepts of radio-influence production and 
of subsequent means of interference control. 
During the past six months, controlled 
laboratory tests have been carried out on a 
single conductor and plane configuration 
with alternating voltages up to 50 kv rms 
and direct voltages up to 62.5 kv, both 
positive and negative. I would like to 
present some of the more pertinent conclu- 
sions of this study. 

In a recent paper, Rorden of the Bonne- 
ville Power Administration showed that a 
reduction of conductor spacing on 220-kv 
transmission lines caused a considerable re- 
duction in radio influence even with the in- 
crease in corona loss. To substantiate this 
observation tests have been made on the 
laboratory model, which show that for con- 
ductors operating at a voltage above the 
corona threshold voltage, there is a certain 
optimum spacing which will produce the 
lowest value of radiated signal. Application 
of the test results to an actual transmission 
line shows this optimum spacing to be much 
smaller than that of normal practice. This 
observation would indicate that the pro- 
posed increase in corona loss by the reduc- 
tion of conductor spacing might not cause a 
serious radio-influence limitation. 

It has been noted by several authors that 
corona on a smooth dry conductor pro- 
duces radio noise only during the negative 
half cycle of the voltage wave. The postu- 
lated theories have stated that residual 
positive ionization from the positive voltage 
cycle persisted about the conductor until the 
voltage was reversed. The presence of a 
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positively charged region about the negative 
potential conductor was thought to produce 
minute arc breakdowns with resultant 
radio-frequency radiations. To clarify this 
point in theory, the alternating voltage was 
rectified and the pulsating half-sine wave of 
negative polarity voltage was applied to the 
conductor. A comparison of the radio noise 
for this case with that of alternating current 
showed: almost no change in amplitude or 
phase of corona initiation and extinction at 
the power frequencies of 25 and 60 cycles per 
second. The deviation in the results was 
large at a supply frequency of 500 cycles per 
second. It appears then that a theoretical 
analysis of corona in the negative cycle of an 
alternating voltage wave of normal power 
frequency will have to be based almost en- 
tirely on charges produced during the nega- 
tive cycle. 

A study of corona phenomena with direct 
voltage was indicated for several reasons. 
The effect of rate of change of alternating 
voltage is eliminated and the simplest case 
for theoretical analysis is obtained. The 
results are also important in that they apply 
to d-c power transmission. First, let us con- 
sider the case of positive direct current. A 
smooth, polished conductor produced no 
radio. noise even at double the normal peak 
threshold voltage. This result was to be ex- 
pected from the absence of positive-cycle 
radio noise in the a-c tests. A weathered 
conductor was found to produce some radio 
noise of a pulse nature. The repetition fre- 
quency of this pulse increased as the voltage 
was increased over the threshold value. 
Probably the most important conductor 
surface contamination is water either as 
droplets on the surface or asa mist. Witha 
mist of distilled water about the conductor 
the radio-influence threshold was reduced to 
about 60 per cent of its a-c peak value. 
When the mist was cleared leaving only the 
water drops on the surface, the interference 
threshold was increased only 5 per cent. It 
appears then that the important factor in 
this case is the water on the conductor sur- 
face, not the water in the surrounding dielec- 
tric. The radio noise with a wet.surface con- 
sisted of sharp pulses in the receiver audio 
output. The repetition frequency of these 
pulses increased with increasing voltage 
while the magnitude remained constant. 
The interference to radio reception was 
much less at the higher voltage levels as the 
high frequency hiss could be almost elimi- 
nated by tone control adjustment on the re- 
ceiver. 

As would be expected from the a-c tests, 
radio noise was produced with a negative 
potential greater than threshold value on the 
smooth conductor. The radiated noise was 


relatively severe and increased in amplitude 
with voltage increase. Weathering was 
found to reduce this radio influence by as 
much as 50 per cent. The most interesting 
observation was the effect of water. Evena 
fine mist about the conductor completely 
eliminated radio noise. The radiation re- 
mained at zero as long as the conductor was 
wet. Nosurface coating could be found that 
would increase the radio noise above the 
value for a smooth conductor. The smooth 
polished surface appears to be the most 
severe condition for radio influence with 
negative direct voltage. 

The effects of various conductor contam- 
inations, especially those of water, have sug- 
gested the possibility of radio influence con- 
trol by the use of special conductor coatings. 
With negative direct current, the problem is 
relatively simple. Certain crystalline coat- 
ings such as sodium chloride applied as a 
saturated solution in water have been found 
to reduce the radio noise by over 90 per cent. 
The characteristics required of this coating 
are a low work-function to provide high field 
emission and a point structure which will 
provide high local gradients on the surface. 
With positive direct current, it appears that 
the best compromise between the wet and 
dry conditions is obtained with a semicon- 
ducting coating. This has a damping effect 
on the corona current surges when the con- 
ductor is wet but causes some radio noise, 
when dry. Since all radio-influence results 
have differed so widely with positive and 
negative direct current, no suggestion can 
be made at present as to the desired charac- 
teristics of a suitable conductor coating for 
alternating current, under both wet and dry 
conditions. With a dry conductor coatings 
may be applied that will reduce the negative 
cycle radio noise and will introduce some 
noise into the positive cycle. This com- 
promise gives a lower average value’of radio 
noise. 

A considerable reduction in interfer- 
ence to radio reception is experienced as 
the magnitude of the lower power fre- 
quency harmonics in the receiver output is 
reduced. The advantage of this arrange- 
ment is nullified if the conductor becomes 
wet. Radio noise is eliminated from the 
negative half cycle and becomes severe in 
the positive half cycle. 

This study has produced information 
which has allowed certain clarifications in 
the theory of radio interference production 
from corona. The test results along with 
the ramifications of the theory have indi- 
cated certain means by which radio inter- 
ference may be controlled. The problem of 
actually developing methods of interference 
control still remains. : 
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Insulators and Line Hardware for Tidd 
500-Kv Test Lines 
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Section | insulators did not affect the measure- 


AREFUL CONSIDERATION was 
given to the selection of insulators 
and the development of line hardware 
which are being used on the 500-kv test 
lines planned by the American Gas and 
Electric Service Corporation, in co- 
operation with seven manufacturing com- 
panies, to obtain needed data on corona, 
radio interference, and other technical 
features of conductors and equipment. 
These lines are located near the Tidd plant 
of The Ohio Power Company. This is a 
companion paper to six others! ® which 
describe the over-all approach to the 
problem, a description of the test layout, 
equipment, and instrumentation. A dis- 
cussion of the insulator and line hardware 
features is given in this paper. 


Insulators 


The two principal features of insulators, 
so far as the line design is concerned, are 
their electrical characteristics and me- 
chanical strength. 


ELECTRICAL CHARACTERISTICS 


The electrical characteristics of 5°/4- by 
10-inch insulators, extrapolated from 
existing data’? on long insulator sttings, 
are given in Table I, together with the 
ratios of insulator flashover to line-to- 
ground voltage for a 500-kv line. Using 
these data as a preliminary guide to- 
gether with recent records of line insula- 
tion in present use on high-voltage lines,® 
it was concluded that for a 3-phase 500-kv 
line, a maximum of 30 units probably 
would not be exceeded in actual practice, 
and 26 insulators would be sufficient for 
that part of the test layout where the 
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ments, that is, on the substation bus. It 
is, of course, possible to remove or short- 
circuit additional insulators in the line to 
study the effect of corona with a lesser 
number of units. 

The choice of the number of insulators 
to be used on an actual line within the 
present test range (262 to 500 kv) is, of 
course, an economic factor and outside 
the scope of this paper. However, it was 
believed that the maximum number of 
insulators chosen probably would not 
be exceeded in a practical line within the 
test voltage range. 

A preliminary study indicated that 
there appeared to be no advantage in 
attempting to develop any special in- 
sulator or use any intermixing of various 
insulator sizes or shapes in the string, and 
therefore the conventional ball-and-socket 
53/,-inch-spaced unit was decided upon. 


MECHANICAL STRENGTH 


In view of the fact that conductor 
sizes? were planned as large as two inches 
outside diameter, as well as ‘‘bundle”’ 
conductor arrangements, the maximum 
design conductor tension under an as- 
sumed loading condition of 8 pounds of 
wind on cables covered with one-half 
inch of ice was 15,000 pounds. From 
economic considerations it was desired 
to restrict the dead-end insulator 
assemblies to two strings of insulators. 
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It therefore was decided to use insulators 
with a rated strength of 25,000 pounds, 
which would allow a reasonable factor of 
safety at strain positions. The maximum 
design vertical loading of conductors at 
suspension points was 6,600 pounds, and 
it was decided to use single strings of 
25,000-pound-rated insulators of the same 
type as used at strain positions. On the 
substation bus where 2-inch HH cable is 
strung to give a maximum assumed loaded 
tension of approximately 11,000 pounds, 
single strings of 25,000-pound-rated in- 
sulators were used. 


Line Hardware 


As varying sizes of conductors (1.4, 
1.65, and 2.0 inches in diameter) were to 
be used, and further as plans were made 
to use “bundle” conductors on one line, 
some special line hardware had to be de- 
veloped. Line suspension and dead-end 
clamps were designed specially for all 1.65- 
inch and all 2.0-inch copper conductor. 
A standard clamp for 2.0-inch-outside- 
diameter conductor was used on the 2.0- 
inch aluminum cable steel reinforced. 
Special line hardware also is being pro- 
vided for the ‘‘bundle” conductor and is 
described in a companion paper.* 


Corona Shields 


Extensive laboratory tests indicated 
that shielding would be required on the 
line end of insulator strings for two pur- 
poses 


1. To grade the insulator string. 


2. Tocontrol the electrostatic field around 
the line hardware in the vicinity of bolts, 
nuts, clamps, and washers. 


It also was found that no grading shield 
was required at the ground end or at any 
intermediate point on the insulator 
assembly. 


Field Construction 
Figure 1 shows a double dead-end 


assembly of 30 by 30 insulators with 
corona shield and  2-inch-outside- 
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diameter conductor attached being raised 
into position at a dead-end structure. 

Figure 2 shows insulator strings in 
place at the station entrance structures of 
lines 1 and 2. The corona shields have 
not yet been aligned for installation of the 
dead-end loops. 

The field erection of insulators on the 
station bus and the three test lines was 
completed in July 1947. 


Co-operating Groups 


The two co-operating companies on the 
insulator and hardware problem, the 
Ohio Brass Company and the Locke 
Insulator Corporation, made extensive 
studies and laboratory experiments on 
complete insulator assemblies. A dis- 
cussion of their approach to the problem, 
describing some of the test and design 
work and the standard and specialized 
equipment supplied for the project, is 
given in detail in the following two 
sections of this paper. 


Section Il. Insulators and Line 
Hardware Supplied by the 
Ohio Brass Company* 


In the design of insulators and line 
hardware for the Tidd 500-kv test line, 
consideration was. given to physical 
characteristics, flashover requirements, 
and reduction of voltage stress. This 
section summarizes some of these factors 
and the tests which determined the design 
of insulators and line hardware furnished 
by the Ohio Brass Company. 

The high-voltage laboratory study in- 
cluded: flashover, corona, voltage dis- 
tribution, radio influence voltage, and 
leakage current. 

The radio influence voltage was meas- 
ured with the EEI-NEMA-RMA test 
circuit, but for this test the 60-cycle 
voltage was limited to 225 kv line-to- 
ground (390 kv phase-to-phase). 


Insulators—Physical Characteristics 


The 25,000-pound 5/,-inch spaced in- 
sulator unit was supplied for all assem- 
blies. Because of the advantage indi- 
cated by corona observations and field ex- 
perience, the ball-and-socket type unit 
was preferred. Ball-and-socket designs 
used in the United States originally had 
been made for suspension insulators hav- 
ing 9,000 pounds and 11,000 pounds rated 
mechanical and electrical strength. Later, 
when higher strength units were designed, 
the same ball and socket was retained to 


*By J. M. Sheadel. 
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Figure 1. Double dead-end (30 by 30) insu- 
lator string with corona shield and conductor 
attached being raised into position in the field 


maintain interchangeability. Experience 
with ball-and-socket high-strength in- 
sulators has indicated that the 5/8-inch- 
diameter pin shank necessary for inter- 
changeability may develop fatigue failure 
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under conditions of exceptional vibration 
and tension. Modern steel alloys permit 
higher unit stresses in pin shanks; but as 
a conservative practice ball-and-socket 
connections generally have not been 
recommended for suspension insulators 
rated at more than 18,000 pounds. 

Although unusual insulator vibration 
problems were not expected on the test 
line, suspension insulators similar to those 
which would be used for an eventual line 
were preferred. Possible mechanical re- 
quirements of insulators on a 500-kv 
transmission line indicated that increased 
fatigue strength would be desirable and 
that interchangeability with old units is 
not needed. Hence, to improve the 
endurance strength markedly, the shank 
diameter of the insulator pin was in- 
creased to 11/16 inch.!° 

Insulator manufacturers are studying a 
proposed ball-and-socket standard re- 
vision which would permit a similar in- 
crease in the shank diameter for regular 
25,000-pound connections. 


Suspension Clamps 


The ultimate strength of the suspension 
clamps used for the test line matched the 
25,000-pound insulator rating. A special 
clamp shown in Figure 3 was made which 
is suitable for use with I-beam, type HH, 


Figure 2. Double dead-end and single dead- 
end insulator assemblies and corona shields 
in place at station entrance structure 
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or aluminum-cable-steel-reinforced con- 
ductors 1.65 inches in diameter. The re- 
quirements of type HH conductor es- 
tablished the radius of curvature and the 
included vertical angle. These deter- 
mined the length of the clamp. 

The design was based on principles 
which had been applied’ successfully to 
clamps for smaller sizes of hollow copper 
conductor. More than 90 per cent of the 
conductor periphery was enclosed at the 
clamping section; the clamping section 
was short, the U bolts were close together, 
and a tapered clamping piece was used; 
the pivot point of the clamp was located 
near the intersection of the tangents of 
the catenary at the seat of the clamp. 

With conductors other than type HH a 
smaller radius of curvature is permitted; 
hence, a shorter clamp could be used. 
For the 2-inch-diameter aluminum cable 
steel reinforced standard catalogue 
clamps were furnished. 


Reduction of Voltage Stress 


When voltage is placed across a long 
string of clean, dry suspension insulators, 
it is not divided equally among the 
units.11_ Because of the capacitance dis- 
tribution the line insulator normally sus- 
tains the greatest potential, which for a 
string of 20 units is nearly 20 per cent of 
the impressed voltage. Should this 
voltage be increased to, say, 400 kv (700 
ky phase-to-phase), a stress of 80 kv 
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Figure 3. Suspen- 
sion clamp designed 
for 1.65-inch-diam- 
eter type-HH cop- 
per conductor 


SECTION AA 


might be expected on the line insulator. 
Since this is the rated flashover value of 
one unit, string flashover might be ex- 
pected. This does not occur, however, 
since the corona which appears at the 
most highly stressed zones increases the 


1.90" OD 
Figure 4. Control 
ring arrangement for 
the suspension string 


A shorter standard 
suspension clamp 
was used with 2- 
inch-diameter alu- 
minum cable steel re- 
inforced 


effective capacitance of the line units and 
reduces the percentage of voltage which 
appears across these units. 

Most conventional designs of suspen- 
sion and strain clamps and suspension in- 
sulators do not produce noticeable elec- 
tric overstress for line operation to 230 kv 
phase-to-phase. Generally the voltage 
stress is not sufficient to produce levels of 
radio influence voltage objectionable to 
nearby radio listeners or to carrier current 
operation. 

For the 500-kv test line a reduction in 
the voltage stress at the line end of the 
insulator string was required to eliminate 


Figure 5. Control 
ring for the single 
dead-end string 
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the small corona loss which would occur if 
standard insulators and clamps were 
used.!2 Radio influence voltage charac- 
teristics would be improved and the 
corona products which accelerate the 
corrosion of the suspension insulator pin 
would be eliminated. 

Several methods or combinations of 
methods may be used to reduce the 
voltage stress at the line end of a long 
string of suspension insulators. 


INSULATOR DESIGN 


The incorporation of control devices in 
both the insulator and clamp design has 
merit in simplicity of installation and 
maintenance of maximum clearance to 
the tower. 

Since the insulators of the transmission 
line preferably should be of identical de- 
sign, complex suspension units which re- 
quired special parts at several positions in 
the string were found to be impractical. 


Trials were made with insulators which 
included electric stress controls in the pin- 
hole or conducting glaze at critical areas. 
However, these designs, especially that 
with pinhole control, were sensitive to 
humidity and the condensation of mois- 
ture on the porcelain. Units which re- 
quire integral control devices were not 
recommended for use on the test line be- 
cause of their inherent cost and debatable 
performance. 


SUSPENSION CLAMP DESIGN 


The design of a suspension clamp to 
meet the specification of no corona at 500 
kv phase voltage required radii of about 2 
inches at the lips and special treatment 
of the nuts and rivets. The cumbersome- 
ness and complexity of such a design led 
to its rejection. External control rings 
were most practicable. 


EXTERNAL SHIELDS 


The maximum voltage stress on in- 
sulators and line hardware may be re- 
duced by external shields. The conven- 


tional ring fabricated from tubes may be _ 
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used for the insulators, but additional 
rings must be included for shielding the 
clamps. Control rings which shield both 
insulators and hardware were developed 
for the test line. Figure 4 illustrates the 
control ring for the suspension string; 
Figure 5 for the single dead-end; Figure 6 
for the double dead-end. 

The’ structural simplicity and ease of 
installation of these rings are apparent. 
All three are of the same basic principle 
but the suspension rings are tilted toward 
the clamp to improve tower clearance 
when the string swings toward the tower. 
The open construction about the insulator 
string reduces the possibility of snow 
packing or ice bridging. The suspension 
clamp may be positioned or removed 
without moving the rings. Under broken 
conductor conditions no conflict between 
ring and conductor is possible. Standard 
hardware connections, rivets and cotters, 
are used within the shielding influence of 
the rings without danger of overstress. 

Steel pipe of the standard 1!/,inch 
size (1.9-inch outside diameter) was used 
in the construction of these rings. This 
diameter is about 15 per cent greater than 
the diameter of the 1.65-inch conductor. 

Tests demonstrated the effective shield- 
ing of these rings for clean, dry conditions. 
Figures 9 and 10 summarize the radio in- 
fluence voltage characteristics and the 
corona observations of test strings. The 
improvement in the voltage distribution 
from the plain string to the shielded 
string is indicated by Figure 11. These 
gradient tests were made at approximate 
phase voltages of 350 kv and 500 kv. 

Shielding rings made of 4-inch-outside- 
diameter pipe instead of 1.9-inch were 
tested, but appeared to have little added 
advantage from the corona point of view. 


Voltage Stress of Wet and 
Contaminated Insulators and 
Hardware 


A marked reduction of corona voltage 
from clean, dry, to clean, wet conditions is 
shown by Figure 10. As illustrated by 
Figure 12 these corona points were from 
water drops on the surface of the control 
ring. The corona was limited to the 
ring and conductor; the insulators and 
other hardware parts were well shielded. 

For tubular shapes the increase of 
radio influence voltage from dry to wet 
conditions is demonstrated by Figure 13. 
A 2-inch-diameter smooth brass rod was 
tested for radio influence voltage, first dry 
and then with water drops on the surface. 

Shielding effectiveness is decreased by 
wet contaminated insulator surfaces. 
Overstress on polluted insulators may 
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Figure 6. Control ring 
for the double dead-end 


string 


occur with unfavorable atmospheric con- 
ditions—fog, mist, wet snow, or light 
rain—and resistance rather than capaci- 
tance distribution of voltage may pre- 
dominate throughout the string. Leakage 
currents of a few milliamperes cause heat- 
ing sufficient to dry parts of the insulators. 
These dry areas may be near the pinhole 


Figure 7. Line end of the suspension string 


of a suspension insulator; sometimes 
they are around the cap; but they may 
occur on any unit in the string. The 
voltage stress at such zones causes 
localized air breakdown. The resulting 
arc allows a leakage current surge.” 

In our laboratory high-speed surge 
counters and surge recorders are used to 
determine the frequency, shape, and mag- 
nitude of these currents. The amount 
and type of contamination, the nature 
of the moisture, the presence of wind, and 
many other factors determine these 
characteristics. 

_ A typical laboratory record is shown in 
Figure 14. A string of standard suspen- 


sion insulators, contaminated in service in 


an industrial area was tested for leakage 
characteristics in mist at a voltage of 
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about 10 kv per unit. Although the 
average leakage current was approxi- 
mately 2 milliamperes, some surges were 
greater than 20 milliamperes. 


In industrial areas heavily polluted 
with smoke and chemicals and in coastal 
regions subject to fog and salt deposits, 
severe leakage surging has caused flash- 
over. Laboratory tests have demon- 
strated that such incidents would result 
from surges in the order of 100 to 200 
milliamperes. 


Figure 8. Line end of the double dead-end 
string 


A clean, dry 30-unit suspension string 
at a phase voltage of 350 kv will have a 
power loss of less than 5 watts. Even in 
an interval of adverse weather and with 
dirty insulators, the average power loss 
per string should be less than 200 watts. 
During leakage current surges, instan- 
taneous loss values might reach several 
kilowatts. 

Continuing laboratory study of this 
subject may supplement the field in- 
vestigation of the Tidd test line and 
facilitate assignment of observed losses. 
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MIGROVOLTS AT 1000 KO, 


Figure 9. Radio influence voltage character- 
istics of suspension insulator strings with and 
without control rings 
These curves apply to either 96 or 30-unit 
strings 


Conclusions 


For 500-ky transmission lines, control 
rings have been developed which reduce 
the maximum voltage stress of the m- 
sulators and line hardware to acceptable 
levels. 

Standard suspension insulators of ap- 
propriate strength are suitable for m- 
sulating these high-voltage Imes. For 
high-strength suspension insulators with a 
25,000-pound mechanical and electrical 
rating, imsulator manufacturers are 
studying the possibility of imcreasing the 
pin shank diameter to improve fatigue 
strength. 

Suspension clamp designs of standard 
types and established serviceability are 
available for use with large diameter con- 
ductors. 

Field investigations and laboratory 
studies of leakage current phenomena 
over transmission line insulators do not 
show an alarming imcrease of flashover 
hazard with an increase of line voltage; 
if leakage problems arise on the proposed 
500-ky line, units designed specifically for 
improved leakage surge resistance could 
be applied. 


Section Ill. Insulators and Line 
Hardware Supplied by the 
Locke insulator Corporation* 


struction and experimental operation of 
the Tidd 500-kv transmission project, a 


By R. L. McCoy. 
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PHASE VOLTAGE* KV, 


Figure 10. Range of minimum corona read- 
ings for the insulator strings with control rings 
The minimum dry corona wes from the radius 
of the control ring as shown in Figure 12. 
Wet corona tests were made with water drops 
on the hardware and with 0.2 inch per minute 
precipitation of 7,000 ohms per inch cube 
water. The minimum wet corona was from 
water drops on the rings. Readings were 
made with decreasing voltage 


study was made to see what new elements 
would be required in making up the m- 
sulator assemblies. 

The Locke Insulator Corporation fur- 
nished the insulators and developed 
associated fittimgs necessary to support 
one circuit of the experimental line which 
was to be constructed with 1.65-inch-out- 
side-diameter hollow-core copper con- 
ductor weighing 2.061 pounds per foot. 
It was proposed that this conductor 
should be so strung that under maximum 
assumed conditions of 1/2-imch radial ice, 
and 8 pounds per square foot lateral wind 
pressure, at a temperature of zero de- 
grees Fahrenheit, the maximum conductor 
tension would not exceed 14,500 pounds. 
This figure established the theoretical 
tension working loads required at the 
dead-end points. The maximum loading 
at suspension points on the line, as- 


suming a 1,100-foot span, and consider- 
ing the weight of the conductor, ice load, 
and wind load on the projected area of 
the conductor, plus ice, was calculated 
to be slightly less than 5,000 pounds. 
At the outset it was recognized that at 


voltages in the range from 345 kv to _ 


500 kv corona effects on the insulators 
and line hardware fittings would be a 
problem to be dealt with, but it was be- 
lieved that these effects could be sup- 
pressed with appropriate corona shields 
properly disposed with respect to the parts 
where corona would be most likely to form. 
It therefore appeared to be the most eco- 
nomical approach to the problem to select 
the standard existing 25,000-pound unit 
having a nominal diameter of 10 inches, a 
spacing of 5/, inches, and a rated leakage 
distance of 11°/2 inches. The ball-and- 
socket type of connection was preferred 
because of the greater facility with which 
maintenance operations could be carried 
on under “hot line” conditions. 

Aside from the elimination of corona on 
the insulators and line fittings, the prob- 
lem of suspending large diameter cables 
which were dictated by the corona loss 
studies appeared to be a fruitful field for 
investigation and development. While it 
was possible to support these conductors 
with an enlarged version of the conven- 
tional rigid saddle or envelope type clamp, 
an appraisal of the situation indicated 
that such a clamp would need to be 
approximately 34 inches in length if it 
were to accommodate maximum take-off 
angles which might be encountered in line 
construction without bending the cable 
over a shorter radius than was desirable 
with this type. 

It was obvious that with a clamp of this 
length providing adequate strength, of 
necessity it would involve considerable 
mass and inertia resulting in high con- 
centrated stresses on the cable under 
vibratory conditions. The high imertia 
of such a large rigid supporting member 
also.seemed to preclude the possibility of 


Table I. Electrical Characteristics of 5°/,-by-10-Inch Standard Suspension Insulators 
(Extrapolated From Published Data) 
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suspension string with and without control rings 


its following the conductor vibrations 
faithfully. If it did not, beating of the 
conductor strands or segments at the 
point where they came tangent to the 
clamp seat would be inevitable. This 
would result in work hardening of the 
conductor material and great suscepti- 
bility to fatigue at these points. 

It therefore was decided to make a new 
approach to the suspension clamp prob- 
lem for large conductors, especially those 
of the hollow-core type. Previous expe- 
rience with corona tests on clamps had 
shown that for operation in the projected 
voltage range with practical designs it 
would be desirable to shield the clamp 
from the strong electric field near the 
conductor. The idea of enveloping the 
clamp with the supports for the insulator 
corona shield was conceived. The clamp 
and shield therefore were developed 
simultaneously, the shield being designed 
to afford corona suppression to the clamp 
making it unnecessary to eliminate small 
radii and projections on the clamp itself. 


The Suspension Clamp Design 


As has been iridicated, it seemed de- 
sirable to provide as high a degree of 
flexibility as possible with minimum 
weight and inertia in a clamp for large 
diameter conductors. In order to accom- 
plish this it seemed best to avoid large 
rigid structures and to build the clamp of 
a number of rugged lightweight parts 
flexibly disposed with relation to each 
other. 

Accordingly, a design was conceived in 
which the cable was supported on three 
separate saddles mounted on trunnions 
midway of their lengths and on the center- 
line of the conductor. These three sad- 
dles were connected by flexible linkages 
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on each side co-operating with the trun- 
nions of each saddle. The members thus 
formed then would be supported from the 
lower fitting of the insulator string by four 
links attached to them at some desired 
point between the trunnions of the three 
saddles. 

By means of this construction the total 
weight of the span to be supported would 
be divided among the three saddles and 
the proportion borne by each saddle 
would be capable of adjustment by pro- 
portioning the lengths of the connector 
arms. Within limits such a clamp would 
be self-adjusting to the span conditions 
which might arise in service. Each 
saddle would be made relatively short and 
there would be little possibility of the con- 
ductor leaving contact with any one of 
the three saddles under vibratory con- 
ditions, thereby minimizing pounding or 
beating of the conductor at the point of 
entry to the clamp. It will be seen that a 
design of this type should permit mini- 
mum flexing of the conductor regardless 
of the phase relation of the vibrations in 
the spans on either side of the clamp. 
This is accomplished by a combination of 
relative vertical movement of the three 
saddles and rotation about the main 


support at the insulator connector. 
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In order to obtain approximately equal 
distribution of stress among the strands 
or segments of the cable the centers of the 
outboard saddles were made one-half of a 
conductor lay apart. This distance is 
equal to approximately ten times the con- 
ductor diameter, or 161/2 inches. The 
outboard saddles were made 5 inches long 
thus establishing an over-all length of 
211/2 inches. In order to give the con- 
ductor the greatest freedom, it was de- 
cided that the clamping action should be 
confined to the center saddle, and that the 
clamp bolts should be located as close as 
possible to the trunnions. 

The fundamental principle of the de- 
sign of the clamp permitted some latitude 
in the distribution of the vertical support 
provided by the three saddles. This 
could be adjusted to a certain extent by 
the ratios of the lever arms between the 
secondary support points and the trun- 
nions of the inner and outer saddles. It 
was believed that the center saddle should 


Figure 12. Corona from a suspension string; , 
dry (top) at 600 kv phase; wet (bottom) at 
500 kv phase 


The wet test was made with 0.2 inch per 
minute precipitation on the string and hard- 
ware 
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support a larger portion of the total load 
than the end saddles, and after some con- 
sideration of the problem, a distribution 
of 20 per cent for each end saddle and 60 
per cent for the center saddle was selected. 

It was desirable to keep the vertical 
depth of the clamp assembly to a mini- 
mum consistent with good proportioning 
of the clamp parts. The angular relation- 
ship of the connector links attached to the 
lower insulator fitting also had an effect 
on the distribution of the weight sup- 
ported. The desired proportions then 
were analyzed by both graphical and 
analytical methods which gave sub- 
stantially the same results. 

Figure 15 shows a side elevation and 
sectional view of the final design. Figure 


16 shows the clamp attached to an in- 
sulator string without the shield. It will 
be noted that the over-all length was re- 
duced from approximately 34 inches for a 
conventional design clamp to 211/2 inches, 
and the net weight was held to ap- 
proximately 35 pounds. All of the parts, 
except the saddles and bolts, are simple in 
design and can be fabricated readily from 
mild steel bars. The saddles may be 
made readily from ferrous or nonmagnetic 
alloys as desired. They may be cast or 
forged depending upomthe»tooling  éx- 
pense justified by the number of clamps 
to be produced. 

An attractive feature of this design is 
the friction developed at the various con- 
necting points which, under vibration of 


the conductor, will absorb energy and pro- 
vide dampening. While the clamps 
furnished for the experimental line do not 
provide for more than the natural 
dampening inherent in the connections, 
additional dampening can be afforded by 
several means. : 


Corona Shield Assemblies 


When the insulator unit had been 
selected and the clamp design completed, 
consideration was given to the corona 
shields which would be required to 
suppress corona on the insulator assem- 
blies. The proximity of the tower steel 
to the upper end of the insulator string 
made it appear unnecessary to consider a 


Table II. Corona Observations and Low-Frequency Flashover Data on Suspension Insulator Assemblies 
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*Shield position is denoted by referencing the level of the extreme upper tips of shield with respect to lowest point of outer skirt of the Insulator unit next to the line. 


timmediately after turning off artificial rain. 
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MICROVOLTS AT 1000 KC. 


le) 
PHASE VOLTAGE KV 


Figure 13. Radio influence voltage charac- 
teristics of a 2-inch-diameter tube 


For the dry test the radio influence voltage was 
from the test circuit. For the wet test electric 
overstress was at Water drops on the tube 


corona shield at this point. The shielding 
problem therefore was confined to the 
lower end of the insulator string. A con- 
sideration of the problem indicated that 
shields for the suppression of corona 
should be made of pipe or tubing having 
an outside diameter slightly larger than 
that of the conductor because of the 
greater proximity of-the sides of the 
shield to the tower structures. 

A shield 30 inches wide by 42 inches 
long was decided upon for the initial 
installation. This, it was believed, would 
afford the required grading effect on the 
long insulator string, and minimize 
corona from the shield itself in the 
operating voltage range projected. 
Based on previous experience with shields, 
it was decided that it should be placed 
relatively low on the insulator string, 
approximately level with the skirt on the 
line unit, and would produce the desired 
grading effect with minimum reduction in 
flashover values. Except for the reduc- 
tion in clearances to the tower, it would 
have been desirable to make the ring 
circular but in the tower design an allow- 


Table Ill. 
No. of 
Insulator 
Units Tube 
Nature of Test Per String Size, In. 


Corona Shield 


Position, In. 
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Figure 14. Leakage current record of a con- 
taminated suspension insulator string in mist 


About 10 kv per unit was impressed on the. 


string 


ance of 15 inches from the center line of 
the insulator towards the tower had been 
provided for the shield. The width 
therefore was kept arbitrarily to this 
figure. Space was not so limited in the 
direction of the line. Therefore, the 
shield was made oval with a major di- 
ameter of 42 inches. This afforded a 
shield of good proportions, and of a size 
to produce satisfactory improvement in 
voltage distribution on the string. The 
shield was dished upward 2!/, inches at 
the ends to induce any arcs which might 
form from lightning causes to initiate at 
these points farthest from the insulator. 
In order to afford corona suppression on 
the clamps a novel means of supporting 
the shield was devised. For simplicity in 
design and to obtain minimum weight, it 
was desirable to build the clamps from 
parts with minimum sections which 
would not be corona-proof in themselves. 
Neither was it desirable to provide large- 
radius edgeson these parts. The mechani- 
eal support for the shield therefore was 
arranged so as to envelop the clamp in a 
mesh made up of pipe of the same di- 
ameter as the shield itself. This was ac- 
complished as indicated in Figure 17, 
which shows the shield assembly in eleva- 
tion and an end view enveloping the 
clamp. Figure 18 shows the complete 
lower end assembly for the suspension 
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Corona Observation; Corona Shield and Clamp Corona Observation; Corona 


Shield in Place 


Kv to 
Ground 


Shield* 
Location 


Figure 15. Final design of the articulated 
multiple saddle suspension clamp 


string. Figure 19 is a view of a 22-unit 


-suspension,string complete. 


Experimental shields were built to this 
design of 2-inch-diameter and 3-inch- 
diameter steel tubing of all-welded con- 
struction. The shield was supported from 
the socket connector between the lower 
insulator unit and the clamp to avoid the 
addition of the inertia of the shield to 
that of the clamp. Preliminary test 
shields were made with the height of 
the ring portion adjustable for determina- 
tion of the optimum location. 

Shields for the dead-end insulator as- 
semblies were constructed on the same 
principle as those described for the sus- 
pension strings. The considerations in- 
volved were almost identical with those 
for the suspension strings except that 
tower clearance was not such a critical 
factor in their construction. The strain 
clamps which were furnished by the con- 
ductor manufacturer will be described by 
others, but it was believed they also 
should be shielded to suppress corona 
formation in a manner similar to that pro- 
vided for the suspension clamps. Ac- 
cordingly, two detachable shields were 
arranged to enclose the strain clamps and 
these were bolted to the main ring sup- 
ports. The double strings of insulators 
were joined at the ends by conventional 
forged plate yoke assemblies furnished 
by the Brewer Titchener Corporation. 
On account of the length of the strings 
which it was proposed to use, the spacing 
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#Flashover voltage not measured. Clamp shield does not affect flashover distance. 


1947, VOLUME 66 


-Gross, McCoy, Sheadel—Insulators and Line Hardware 


1599 


Figure 16. View of the suspension clamp 
supported by an insulator string 


between the insulator string centers was 
increased from the usual dimension of 13 
inches to 16 inches. The yokes were pro- 
vided with means for attaching the 
corona shield assemblies. Figure 20 illus- 
trates the outer end of the dead-end 
assembly. Figure 21.is a view of the outer 
end of the same assembly. 


Test Results 


When the designs described in the fore- 
going paragraphs were completed, sample 
clamps and shields were made up for tests 
and investigated prior to the production 
of the quantities needed for equipping the 
circuit in the field. Both suspension and 
strain strings then were set up in the 
Locke high voltage laboratory for deter- 
mination of corona formation voltage and 
flashover voltage. The suspension in- 
sulator was supported from the center of a 
beam 33 feet 91/2 inches long, representing 
the length of the crossarm on the tower 
between the upright supports. A 9-inch 
width of the sheet metal was fastened to 
the under side of this beam and similar 
strips of sheet metal 20 feet long were 
attached at the ends, representing the 
effect of the window for the center in- 
sulator position on the tower. Figure 221s 
a view of a low-frequency flashover of a 
22-unit suspension string complete, set up 
in the simulated window of the tower. 

For the suspension strings a 16-foot 


1600 


Figure 18. Close-up view of the line end 
assembly of the suspension insulator string 


length of 2-inch-diameter smoothly gal- 
vanized steel tubing was mounted in the 
clamp to simulate the conductor. On the 
dead-end assemblies a short length of the 
actual 1.65-inch-diameter hollow-core 
cable was attached to the strain clamp 
representing the conductor extending into 
the span while a 10-foot length of the 
same conductor was formed and sup- 
ported in such a manner as to simulate the 
jumper loop. 

Corona formation voltage and low- 
frequency flashover tests were made on 
several different days in order to get a 
range of atmospheric conditions. Tests 
were conducted on suspension strings’ of 
20, 21, and 22 units. The results of these 
tests are shown in Table IT. 

Low-frequency flashover tests also were 
made on the dead-end assembly on strings 
of 22 and 24 units in length, while corona 
formation voltage tests were made on the 
same string lengths of 22, 24, and 26 
units. The results are shown in Table III. 

It will be noted from Table II that 
when the suspension string was tested 
without the corona shield under dry con- 
ditions, corona was observed at values as 
low as 150 kv line-to-ground, while the 
lowest value at which corona was ob- 
served with the shield in place was 325 kv 
to ground. At this value of voltage 
corona appeared consistently on the 2- 
inch-diameter pipe conductor used in 
these tests to simulate the line conductor. 
The lowest point at which corona could be 
seen anywhere on the insulator string and 
associated fittings under dry conditions 


Figure 17. Corona 
shield assembly 
showing the suspen- 
sion clamp envel- 
oped in the shield 
support 
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was 425 kv to ground. At this voltage 
intermittent corona was observed on the 
corona shield. As the voltage was raised 
beyond this point corona was observed 
next around the pin of the top insulator in 
the string adjacent to the simulated 
structure at 500 kv. In each test the 
string was observed closely for corona at 
200 kv and again at 290 kv, respectively, 
to ground, and no corona was visible. 
Under wet conditions a very faint glow 
could be discerned from water drops on the 
conductor and the shield at values as low 
as 75 kv to ground. This was a very soft 
glow, however, and did not break into 
active corona until voltages of 200 and 
225 kv to ground were reached. ~No 
corona was visible on the insulators them- 
selves under conditions up to 500 kv. 
Tests on the dead-end assemblies showed 
that without the corona shield in place 
corona formed on the cotter keys of the 


Figure 19. Close-up view of a complete sus- 

pension insulator string consisting of 22 insu- 

lator units with clamp and shield assemblies in 
place 
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socket clevises on the line 
and of the insulator strings 
at 200 kv. With the co- 
rona and clamp shields in 
place, corona was observed 
to start from the upper 
side of the main corona 
shield uniformly at 395 kv 
regardless of the length of 
the strings. 

Tests also were made 
with the clamp shields re- 
moved and corona on the 
clamp itself was observed under this con- 
dition at 10 and 20 kv lower voltage, in- 
dicating that some benefit was being ob- 
tained from the clamp shields. The tests 
showed no appreciable benefit to be derived 
from making the shield of 3-inch-diameter 
tubing. Higher positions of the ring gave 
no added improvement of the perform- 
ance level with the bottom skirt. All 
flashover values measured were corrected 
to standard atmospheric conditions in ac- 
cordance with AIEE Standard 41, 1944 
(American Standards Association C-29.1, 
1944). Impulse flashover tests and radio 
influence voltage measurements would 
have been of much interest but equip- 
ment of the required capacity is not 
readily available. © 


Conclusions 


1. A new type of suspension clamp for 
large diameter conductors was developed 
and from the investigation made to date, it 
appears to be practical, resulting in a reduc- 
tion in length of substantially 40 per cent. 
A similar reduction in weight and inertia 
was accomplished. An extremely flexible 
means of support of the cable also was 
accomplished which is self-adjusting to 
varying span conditions. 

2. <A corona shield, involving novel means 
of support, completely shielded the hard- 
ware at the lower end of the insulator string 
so that the corona voltage under all condi- 
tions tested was at least as high on the insu- 
lator string and its associated fittings as 
could be obtained on a 2-inch-diameter 
steel-tube conductor. The tests indicated 
that the 2-inch-diameter material for the 
corona shield gave adequate corona suppres- 
sion and that the 3-inch-diameter tubing 
was not justified. 


8. Tests without the corona shield indicate 
that corona would be very difficult to sup- 
press by other means at values above 150 kv 
to ground, which would. be far below the 
corona formation voltage of the conductor. 


4. Under wet conditions corona starts 
from water drops which form on the under 
side of the shield and conductor. The insu- 
lator string, shield, and clamp, however, are 
equal to the conductor in performance in 
this respect. 


5. It appears that corona suppression can 
be accomplished on long strings at high 
voltage without appreciable effects on the 
flashover voltage values. 


6. Asaresult of the tests and investigation 
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Figure 20. Details of the line end of double 
strain insulator assembly 


on this project, it is believed that satis- 
factory operation in the voltage range 
between 345 and 500 kv will be obtained. 
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9. MegtHops or MBASURING RaApiIo Norse 1940. 
Edison Electric Institute (New York, N. Y.) Publi- 
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DESIGN OF TRANSMISSION LINES TO OPERATE AT 
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SERVICE OF HIGH-VOLTAGE PORCELAIN INSULATORS, 
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number 7, February 1942, pages 60-80. 


Figure 22. Low-frequency dry flashover of a 

29-unit suspension insulator assembly with 

simulated tower window and conductor in 
place 
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Discussion 


Wm. S. Peterson (Department of Water and 
Power, The City of Los Angeles, Los 
Angeles, Calif.): In connection with the 
suspension clamp, I was pleased to note 
that in one of the installations a suspension 
clamp was used which contemplated the use 
of saddles mounted on trunnions to support 
the conductor. This construction follows 
in part the principle used for suspension 
clamps on the Hoover Dam-—Los Angeles 
lines and accomplishes the purpose of hav- 
ing a minimum mass at the support of the 
cable and permits bending to be graduated 
over a considerable distance. The paper 
mentions that the friction developed by the 
trunnion would be useful in damping out 
conductor vibration. I note that the rela- 
tionship of the trunnion parts is such as to 
develop such friction. In the clamp which 
we developed the relationship of the trun- 
nion pivot was reversed so that the friction 
was a minimum so as to avoid wear. The 
point I wish to make is that one has the 
choice of obtaining friction at the cost of pos- 
sibly excessive wear or else avoiding the 
friction and having to depend on other agen- 
cies for damping vibration: This tends to 
ameliorate strand breakage due to conductor 
vibration. 

In connection with clamps for supporting 
dead ends, I note that the clamps have con- 
siderable mass including fairly rigid connec- 
tions to the jumper loops. In our designs 
for such clamps we have endeavored to keep 
the mass to a minimum and made use of 
flexible connections to the jumper loops to 
help accomplish this purpose. It probably 
also should be noted that it is desirable that 
the control ring and yoke assembly be so 
pivoted that it does not have a natural 
period in the range of conductor vibration. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): Table I of the 
paper is said to be extrapolated from exist- 
ing data. Is this a linearextrapolation? If 
so, it is not conservative in view of the well- 
known nonlinear characteristic of long gaps. 
This thought is borne out further by the 
test data in Table II which gives, for in- 
stance, 980 kv for 22 units as against 1,160 
kv in Table I. : 

The shielding obtained on the 26-unit 
string tested is obviously very good. This 
string is utilized about as effectively as con- 
ventional 16-unit strings. A conventional 
16-unit. string with big horn has the end 
unit carrying 2.88 times the average stress, 
whereas this string has the end unit carry- 
ing 2.34 times the average stress’ per unit. 
The 16-unit string carries 29 per cent of the 
total stress on the 8 least stressed units and 
the 26-unit string carries 26 per cent of the 
stress on the 13 least stressed units. Con- 
sidering the substantially greater slender- 
ness of the long.string its shielding cer- 
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tainly is holding its own. Even so, the 
longer the string the more desirable stress 
distribution becomes, and any possibilities 
of improvement should not be overlooked. 
Mention is made of preliminary studies 
regarding use of different insulator units. 
It will be of great interest if some details 
regarding these studies could be given. 
Pacific Coast engineers still remember that 
the first 220-kv lines were insulated largely 
by taking standard disks from 110-kv prac- 
tice and stringing together more of them. 
This is still done to this day, but the specu- 
lation rises that perhaps a new voltage 
jump may call for a different insulator unit. 


I. W. Gross: The electrical characteristics 
of insulators shown in Table I, extrapolated 
from existing data, were obtained by straight 
line extrapolation. It is pointed out by 
Tilles that the dry flashover for 22 units 
in this table does not agree with the test 
values shown -in Table II. It should be 
pointed out that the flashover data in Table 
II as well as in Table III were incidental to 
the main purpose of the tests described in 
these tables, which was to determine the 
voltage across the string at which corona 
started to form on various parts of the insu- 
lator string assembly. The flashover data, 
therefore, should not be considered final. 
It further should be pointed out that flash- 
over data in Tables II and III were with 
corona shields on the insulator assembly 
whereas the extrapolated data of Table I 
were without any shield rings. 


t 


R. L. McCoy: The question of wear at the 
trunnion points on the saddles of the multi- 
ple saddle clamp raised by Peterson is a 
point requiring careful consideration in a 
design of any clamp having joints where 
friction may develop. It is essential in 
constructing the parts for such clamps to 
use materials-of proper hardness and wear 
resistance so as to avoid undue reduction in 
area of the supporting parts at the critical 
point, and consequent loss in strength. 
Considerable field experience has been ob- 
tained, however, over the past 20 years with 
trunnion-type supports on suspension 
clamps for large conductors in long spans, 
where a combination of rolling and rubbing 
friction would be obtained under conditions 
of conductor vibration. For the most part 
these clamps were made of SAE-1035 forg- 
ing quality steel, hot dipped galvanized, 
although some of the clamp bodies and 
trunnions have been made of malleable iron. 

Previous experience has been obtained 
over periods of 10 to 20 yearsonseveral long 
span lines using large conductors, such as 
795,000-circular-mil aluminum cable steel 
reinforced for 230-kv service, and no ob- 
jectionable amount of wear has been 
brought to our attention out of many thou- 
sands of these clamps in service. In the 
multiple saddle clamp developed for the 
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Tidd project, the load is divided among 
three pairs of trunnions, and under normal 
conditions it is not expected that any pair 
of trunnions will carry more than 60 per cent 
of the total load. It is probable therefore 
that none of the flexible joints will be called 
upon to carry heavier loads than frequently 
have been carried satisfactorily with some- 
what similar designs in the past, even though 
the conductor diameter in this case is larger. 
Emphasis for the need for proper selection 
of materials from this standpoint is, how- 
ever, essential. 

It is true, of course, as Peterson points 
out that the inertia of the strain clamps 
could be reduced by making a flexible con- 
nection between the main clamp and the 
jumper loop clamps. Previous experience, 
however, with compression type strain 
clamps used with fairly large conductors 
has not seemed to indicate the necessity or 
justification for the increased cost and com- 
plication involved in providing a flexible 
connection at this point. Experience with 
the test line may indicate the desirability 
of further refinement in this direction. One 
of the values of the test line is, that such 
matters as this can be checked, for indica- 
tions of the need for such improvements. 

With respect to the corona shield and 
yoke assembly, considerable stabilizing force 
is provided by the conductor tension since 
the conductor attachment hole to the yoke is 
offset approximately, 33/, inches from the 
insulator attachment holes. This is done 
principally to provide position stabilization 
of the two insulator strings at some slight 
sacrifice in the equalizing function of the 
yokes. However, it does tend to fix the 
whole yoke and corona shield assembly in a 
very stable position, and the clevis connec- 
tion between the yoke and the clamp some- 
what isolates forced vibration from the 
conductor to the yoke and shield assembly. 
Again experience with similar assemblies 
over 15 to 20 years of service has indicated 
no trouble from this cause. 


J. M. Sheadel: The comparison by Tilles 
of voltage stress on 16-unit strings with 
voltage stress on the test line strings is com- 
forting. The big horn used with the 16-unit 
string was designed primarily for arc pro- 
tection of the conductor; but the horn also 
improves the voltage distribution of sus- 
pension insulator strings. 

In the Ohio Brass Company laboratory 
radio influence voltage characteristics of 
special suspension insulators with electric 
stress controls in the pinhole and with con- 
duction glaze at critical areas were deter- 
mined. For long strings the special insula- 
tors without shields had about the same 
radio influence characteristics as standard 
insulators with shields. It was more prac- 
ticable, to use standard units with shields 
because the special units were expensive, 
their wet performance was debatable and 
line hardware required shielding. 
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NUMBER of factors entered into 

the selection and installation of con- 
ductors for corona determination on the 
500-kv test project of the American Gas 
and Electric Service Corporation at 
Brilliant, Ohio, described in companion 
papers.1—* These included conductor 
conductance, outside diameter, exterior 
surface contour, spacing, and material. 
In addition to the characteristics of the 
conductors themselves, careful considera- 
tion was given to the method of installa- 
tion. 


Conductor Sizes and Types 


In selecting conductor conductance, a 
figure of 650,000 circular mils copper 
equivalent was selected as a lower value 
which it was believed would be needed in 
the foreseeable requirements for high- 
voltage transmission above present volt- 
age levels. Since a conventional conduc- 
tor of this conductance would have a di- 
ameter in the order of one inch, it readily 
follows that a conductor design suitable 
for voltages in the order to be tested (264 
to 500 kv) would be, for economy reasons, 
of an expanded type, that is, basically a 
cylindrical shell of conducting material 
with any necessary interior filling merely 


Paper 47-244, recommended by the AIEE commit- 
tee on transmission and distribution and approved 
by the AIEE technical program committee for pres- 
entation at the AIEE Midwest general meeting, 
Chicago, Ill., November 3-7, 1947. Manuscript 
submitted August 19, 1947; made available for 
printing September 19, 1947. 
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for structural purposes to obtain the re- 
quired outside diameter. 

In selecting conductor outside diame- 
ters, a range from 1.4 up to 2 inches was 
chosen. Considerable data are avail- 
able? on corona dry-weather characteris- 
tics of conductors which make it desirable 
to ‘‘check test” at least one of this type of 
conductor with the instrumentation used 
in this test. Therefore, in addition to the 
larger conductors of 1.65- and 2.0-inch 
outside diameter, a 1.4-inch outside diam- 
eter, type HH conductor will be used for 
check purposes. The 2-inch outside di- 
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ameter was about the maximum limit of 
outside diameter which was considered 
feasible to make, install, and operate. 

Corona data on this range of conductor 

sizes (1.4-, 1.65-, and 2.0-inch outside di- 
ameter), it was believed, would give the 
necessary correlation for any intermediate 
sizes of single conductors which might be 
used in practice. 
* In addition to these single conductors 
selected, the so-called ‘‘bundle” or 
grouped conductor will be tested with in- 
dividual conductors ranging from 0.70 to 
0.92 inch in diameter and with from two 
to four conductors per phase wire. 

Some of the salient features of the line 
conductors which it is planned to test are 
shown in Table I. 

It is planned that the conductors to be 


Figure 1. Conductors held off ground by 
planks laid under the cable 
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Table 1. 


Line Conductor Characteristics 


Outside 
Item Diameter, Circular Exterior 
No. In. Material Mils Core Surface Manufacturer 
1 ES sotred ORO rss. Copper 211,600 ..Copper I beam..Strand..... Anaconda Wire and Cable Com- 
pany 
Pipa UE ees ec Copper 321,000 ..Copper I beam..Strand..... Anaconda Wire and Cable Com- 
pany 
Bisicis ws 1.40 .....Copper... 512,000 ..Air—hollow...... Smooth**, .General Cable Corporation 
Be leniere PGS 0rrrccle Copper... 650,000 ..Air—hollow...... Smooth**, , General Cable Corporation 
Ose ates i G5ie weer Copper 890,500) 5.1L beam... Strand. .... Anaconda Wire and Cable Com- 
pany 
Gago. G5 Tee ACSR. :.1,062,800{. .Steel and paper. .Strand..... Aluminum Company of America 
Gh te eae nie OO: awed ACSR... 991,500. .Steeland paper..Strand..... Aluminum Company of America 
.  r 2.00 .....Copper...1,030,000 ..Air—hollow...... Smooth**, ,General Cable Corporation 
OF iasein OLSTGi es50 ACSR ise 259, 0004. santa ee otocere Stfand <5 6... Aluminum Company of America 


* To be used as grouped or ‘‘bundle’’ conductors in groups of two, three, and four. 


** Type HH. j Used as ground wire. 


tested will remain exposed throughout all 
of the weather conditions to which the 
line is subjected. During the course of 
the tests some of the conductors will be 
replaced with other types. Records will 
be kept not only of the corona loss read- 
ings but also of the weathering of the 
cables and any other factors which might 
affect the over-all corona loss. 


Field Erection of Conductors 


It was believed desirable to string the 
conductors in such a manner that they 
would be kept off of the ground during the 
stringing operation since it was desired to 
keep them clean and free from abrasions 
which might occur if they were allowed 
to be pulled along the ground during erec- 
tion. Where it was possible for small 
sections of the conductors to touch the 
ground, while making dead-end connec- 
tions, the cables were supported on planks 
(Figure 1). 

The cables were pulled out directly 
from the cable reels, a braking device 
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¢ Circular mils of aluminum. 


being used on the rim of the cable reels 
(Figure 2). This was supplemented in 
some instances with a cable drum at- 
tached to the side of the reels. Since it 
was desired to limit the tension of the 
cable in the stringing operation, particu- 
larly with a view of preventing damage to 
the cables by pressing them too tightly 
in the reels during the pulling operation, 
intermediate poles were set up between 
the towers (Figure 3) so as to limit the 


Figure 2. Type HH 
1.65 -inch - outside- 
diameter conductor 


being strung in the 
field 


Note brake on drum 
reels for controlling 
conductor tension 
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tension required in pulling out the cables 


and still keeping them off the ground._ 


Forty-inch-diameter cable sheaves were 
attached at the towers and at the inter- 
mediate poles to support the cables. In 
planning a setup for cable installation on 
a long line, it no doubt would be desirable 
to use a tensioning drum ahead of the 
cable reel so as to allow the pulling out of 
the cable without the necessity of in- 
stalling intermediate structures. 

Since the conductors were installed 
without allowing them to come into con- 
tact with the ground, it is not planned to 
wash or clean them. They therefore will 
be in the same condition as conductors 


Figure 3. Intermediate wood poles set be- 
tween towers in the cable stringing operation 
in the field 


Cable is run through 40-inch stringing block 
at the top of each pole 


on an operating line where it might prove 
uneconomical to take elaborate steps 
to clean them. 

A description of the conductors and 
their, characteristics and fittings is de- 
scribed hereinafter in sections II, III, and 
IV by engineers of the General Cable 
Corporation, Anaconda Wire and Cable 
Company, and the Aluminum Company 
of America, who furnished the conductors 
for the test insulation. 


Section Il. Conductors Supplied 


by the General Cable Corpora- 
tion* 


If lines of higher voltages than now 
used are to be justified economically, the 
design and the operating characteristics 
of the conductors. become increasingly 
important. For the transmission of 
eleetric energy in the higher voltages, 


. * By D. M. Simmons. 
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groove. These conductors are readily 
manufactured in the long lengths re- 
quired for transmission and are flexible 
since the segments are free to move lon- 
gitudinally under controlled conditions 
when the cable is bent. 

This type of conductor therefore is suit- 
able not only for experimental work, but 
has proved in service its adequacy as a 
practical line conductor meeting all 
service requirements. 


Type HH Cable Characteristics 


Type HH construction makes possible 
a cable of maximum diameter for a given 
cross section, or conversely, a minimum 
cross section for a given diameter. Being 
of hard-drawn copper, the conductor has 
excellent strength. As it is composed of 
curved flat interlocked segments, it is 
unusually rugged and stands mechanical 
abuse incidental to erection and operation 
to a remarkable degree. Because of its 
smooth surface, it has a low corona loss.’ 

Three sizes of type HH cable were 
supplied for this experimental test line 
as follows: 


1. For one of the 11/2-mile test lines, 1.65- 
inch-diameter 650,000-circular-mil cable. 


2. For the substation where the connec- 
tions are quite complicated and where in- 
strument leads had to be shielded from the 
transformers to the three test lines, 2.0-inch- 


diameter 1,030,000-circular-mil cable was 
supplied. Additional cable of this size has 
been supplied for use on the 800-foot test 
line. 


3. For the 800-foot test line, 1.4-inch- 
outside-diameter 512,000-circular-mil cable, 
identical with that used on the Los Angeles- 
Hoover Dam 287-kv lines has been supplied. 
This will make possible a comparison of 
corona measurements with the earlier meas- 
urements at Stanford University. 


The characteristics of these cables are 
shown in Table II. 

Figure 4 shows scale drawings of the 
cross sections of the three cables. 

In addition, 5,000 feet of measuring 
wire were supplied. This measuring lead 
was single conductor number 10 strand, 
insulated with 0.075 inch of brown poly- 
ethylene with a bare copper braid of 
number 33 American wire gauge copper 
wires over-all. This measuring lead ex- 
tends from each conductor of each of the 
three test lines to the three instrument 
cases. A very unusual method of shield- 
ing this conductor was used in that the 
conductor was placed inside the 2-inch 
HH bus cables in the substation as 
described in one of the companion papers. 


Past Applications 


The practicability of type HH conduc- 
tors for the higher voltage lines has been 
demonstrated fully over years of actual 


Figure 4. (Cross section of 1.4-, 1.65-, and 
2.0-inch-outside-diameter type-HH 
supplied for the Tidd 500-kyv test lines 


conductors of relatively small areas are 
desirable. With the higher voltages, 
however, corona loss becomes increasingly 
important as the voltage is raised and 
to reduce this loss, conductors of greater 
diameter are required. For most efficient 
line operation it is essential to have avail- 
able conductors of small area and of large 
diameter. This is practically the defini- 
tion of a tube, and thus a tubular con- 
ductor offers an ideal solution of the prob- 
lem. . 

Type HH conductors supplied by the 
General Cable Corporation for the tests 
are tubes composed of spiralled segments 
having lateral tongues and grooves which 
interlock by means of the enlarged tip of 
the tongue and a correspondingly shaped 
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CONDUCTOR DEAD END SLEEVE 
COMPRESSION MEMBER 
ATTACHED TO CLEVIS PLATES | 


JUMPER TERMINAL SLEEVE 
ATTACHED TO CLEVIS PLATES 


SECTION AT 
AA 


Figure 5 (above). Strain clamp (dead-end), 
compression type for 1.65- and 2.0-inch type- 
HH conductors 


Figure 6 (below), Separable copper connec: 
tors, compression type, for 1.65-inch type- 
HH conductors 


RIGHT SECTION 
COMPRESSION MEMBER 


SECTION AT AA 
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Table Il 


eS ee 


Outside ‘diameter, inchesiarrcicca oc eta tiels Sic sale elersrets ele cnen en tee aeee 1.65 ..2.90 1.40 
Number’ of segments/<). (= sists do oe Gases 4 olshe o's Sa cea le tistae, ove iena anes ete 12 woe sae) 
Area 
Circular’ miils:t.- stars tra visio cele cle aire Bie lage ste miele cterle lait Matehseaerane van 650,000 ..1,030,000 ...512,000 
Square inches: ccc gece Fh ord oe He ea A esa eis as eleefiaie re ens terre eats 0.5105 . 0.8090 . 0.4021 
Weight, pounds’ per F000) feets sia. croc miarere aise) crereis/oierarstereieierenatateaele 1,987 ..3,159 . 1,566 
Breaking strength, pounds cccaisot este cre sje citineta ss sieve sueneleeteleteas ites 28,070 . 43,686 »..22,110 
Modulus of elasticity, pounds per square inch..............+.-05. 16.5X108 ..16.5X108...16.5X108 
.0.0000094 


Coefficient of linear expansion per degree fahrenheit............... 0.0000094 ..0.0000094.. 


service and many thousands of miles of 
conductor. This type was first employed 
in the United States on the 287-kv Los 
Angeles-Hoover (then Boulder) Dam 
lines in 1935 and since that time has been 
used ‘on lines of various voltages and sizes 
down to 4/0 American wire gauge 0.650- 
inch outside diameter operating at 138 
kv. The investigation of this type of 
conductor on the experimental lines is 
therefore solely one of determining corona, 
rather than mechanical characteristics. 


Installation 


The 2.00-inch conductor installed in 
the substation consists of busses ranging 
in length from 104 to 306 feet.exclusive of 
insulator strings. Dead-ends or strain 
clamps were attached to the cables before 
they were raised and no special precau- 
tions were taken in handling. 

On the original setup on the mile and a 
half test lines, the 1.65-inch-outside-di- 
ameter conductor was installed on line 1 
in two spans, one of 840 feet and one of 
1,135 feet. The first section extended 
from the dead-end at the substation to 
the second tower where it was dead- 


Design 923 


Design 954 


Figure 7. Characteristics of |-beam conductor 


ended. From the second or angle tower it 
runs along a tangent line of five additional 
towers having spans of 1,120 feet, 1,090 
feet, 1,070 feet, 1,000 feet, and 1,040 feet. 

The conductor was strung under ten- 
sion, free of the ground, and was pulled 
by means of the usual Kellems woven 
wire grips which passed readily through 
the special stringing blocks. Preparatory 
to and during sagging, the conductors 
were held by come-alongs normally em- 
ployed for that purpose. 


Accessories 


The dead-ends (strain clamps) used in 
both the substation with the 2.00-inch- 
outside-diameter cable and on the line 
with the 1.65-inch-outside-diameter cable 
are of the compression type as illustrated 
in Figures 5 and 6. Figure 5 shows the 
dead-end for the 1.65-inch conductor. 
The dead-end for the 2.00-inch conductor 
is similar except for size. These are de- 
signed to have an electrical resistance less 
than that of the cable and a strength of 
not less than 95 per cent of the rated 
strength of the conductor. Similar fit- 
tings have been supplied’ for use on the 


Design 966 
Design 923 Design 954 Design 966 

Equivalent hard copper area, cir mils...............0 211,600 nontelese arate BL TLOOO om ates a bears 890,500 
Actual aneap cirmilst «02 ceeteeomnets a Pere in ie OTAGO 's.. Rirecataetaenes BOT GT Or. wicute stele 904,232 
Outside diameter; it.t Ss nero nee nite cee ee O's, OOD, osm aie season re ORSON ce sais eae en 1.650 
Rated breakinastraintllo.igennekieheses oc aioe ee eee 9300s 2h. coe cements M3, 850) ren poise re 36,000 
Minimum breaking strain, Ib... 2.2.2... 2 ee cee eee ee eee 00) scattering. ser TSS 50k tavctets aso 35,700 
Weighty bipenthousand ht seraestertemnetes cette ee aries Bi: Heat Perici en opto AOU verge A eceeievanee 2,857 
Weight, Ib per milectetaciae ooo cosceeeerer a eae BPSD ilrucisneccaserenieerer 5343 A santero 15,085 
Number'of hard copper wires? <siantasictets telesc ths cere Men Ch eee Cet OL a ee 
Diameter of hard copper wires, in... ...2-seeeeeveees O'1005:. itera eee Lo pe fall Ke Porrecucettcnie ieee Ses 0.1610 
Resistance at 20 C, ohms per thousand ft: 

Direct: elicrent tay. scons eareeiite eee ee OKO5 SOs ho eestor OSO3S44\ sc crc rete 0.0124 

Alternstingicurtent,6Oicps acon eceaice aatecnins OWOSQAS  sexsomannvare cre acts QNOBAS cistere seh aVelessasreare 0.0125 
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1.4-inch and 2.0-inch cables which will be 
installed on the 800-foot test span during 
the course of the test. 

The nonferrous fittings are applied by 
means of a suitable hydraulic press such 
as usually employed for transmission 
conductors. 

The dead-ends may be used with or 
without the jumper connections as best 
suits conditions and are so constructed 
that the members to be compressed on 
the conductors may be detached from 
the body of the fitting for easy handling 
during application to the conductor. 

The connector splices used on the 1.65- 
inch-outside-diameter cable were designed 
to be separable tg permit the conductor 
to be handled most readily if it should be 
desired to remove it from the pie and 
later reinstall it. 


Section Ill. Conductors Supplied 


by the Anaconda Wire and 
Cable Company* 


Several types of conductor construc- 
tion which might be suitable for this 


project were considered. After extensive 


preliminary studies, two distinct types 
were offered and supplied 


Type I—Conventional hollow conductor, 
one conductor per phase. 


Type II—Grouped hollow conductor; two, 
three, or four conductors in parallel per 
phase. 


Single Conductor 


The single conductor per phase (type 
1) hollow conductor is 1.65-inch outside 
diameter, Anaconda design 966. It con- 
sists of a single layer of round copper 
wires stranded over a twisted I-beam core. 
Conductor characteristics are given in 
Figure 7. The conductor diameter of 
1.65 inches was chosen by agreement 
among all interested parties. It is inter- 
esting to note that for a 1.0-inch-diameter 
conductor operating at 220 kv, the corona 
initiation voltage is about 83 per cent of 
the operating voltage. On the same ba- 
sis, the 1.65-inch-diameter conductor 
would be suitable for operation at 400 kv. 

This conductor is being furnished for 
these tests to obtain accurate and com- 
parable data under practical field condi- 
tions of installation, aging, and weather, 


* By L. F. Hickernell. The author is indebted to 
many of his engineering associates who have par- 
ticipated in the investigation, design, and develop- 
ment work and in the preparation of this paper. 
Specific acknowledgment is made to A. A. Jones 
(M’46), J. E. Talbott, E. W. Greenfield (M ’37), and 
B. M. Pickens (A’27), all of the Anaconda Wire 
and Cable Company. 
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Figure 8. Design 966-for I-beam conductor 


regarding the effect on critical corona 
voltage and corona loss of 


1. Copper versus aluminum. 


2. Round wire stranding versus so-called 
smooth conductors. 


Figure 8 shows conductor design 966 
which is of the same I-beam construction 
that has been used in large quantities 
throughout the world since 1925. Design 
966 has a larger diameter than other de- 
signs usually encountered, because of 
extrapolation into the higher voltage 
field, but successful I-beam cables two 
and more inches in diameter have been 
fabricated and used. 

Dead-end assemblies and connectors 
are of the conventional Anaconda drawn- 
seamless type, which have been used on all 
types of copper conductors since the early 
1920’s. These are installed on the con- 
ductor by means of a portable draw- 
bench. In this operation the copper tub- 
ing of the fitting is drawn through a split 
_ die, thus effecting the radial pressure. 

For I-beam conductor no fillers are re- 
quired within the hollow structure since 
~ the I beam plus the arch effect of the con- 
centric layer of wires provides sufficient 
resistance to withstand the radial pressure 
without crushing the conductor. Rated 
conductor strength is obtained. 
Figure 9 shows the dead-end connector 
assembly for conductor design 966. 


Grouped Conductors 


While the grouped-conductor construc- 
tion (type II) is not a new idea, it has not 
been used commercially as yet in the 
United States for power transmission pur- 
poses. However, the AnacondaCompany 
has had extensive experience with this 
type of construction in connection with a 
number of high-power radio-frequency 
antennas which have been built for the 
United States Navy during the past 15 
years, Since it presents interesting pos- 
sibilities for increasing power capacity 
and reducing corona and power losses, 
several variations using hollow conduc- 
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Figure 9. Dead-end unit design 966 


Before application 


feet 


Figure 10. Adjustable dead-end assembly 


Grouped conductors, four positions 


tors, designs 954 and 923 (see Figure 7) 
are being furnished for these tests to pro- 
vide data regarding effect of 


1. Two versus three versus four conductors 
per phase. 


2. Corner radii, that is, individual conduc- 
tor diameter. 


3. Interaxial spacing of individual conduc- 
tors in the group. 


Early Experiments 


Early investigations of corona initia- 
tion voltage and loss on bare transmission 
line conductors suggested theoretical and 
practical advantages in splitting large 
conductors into groups of smaller sub- 
conductors. In 1910-1911, J. B. White- 
head’? arranged conductors at the same 
potential in the form of a triangle and a 
square. He found an increase in corona 
initiation voltage of 16 per cent for the 3- 
wire group and 20 per cent for the 4-wire 
group over that of a single conductor of 
equivalent total cross section. 

In 1915, F. W. Peek, Jr., ! described 
more extensive tests on subdivided con- 
ductors at the same potential. He inves- 
tigated 2- and 3-wire groups arranged in 
various configurations and spacings. He 
found that grouped subconductors in- 
variably increased the corona initiation 
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Figure 11. Adjustable dead-end assembly 


Grouped conductors, three positions 


voltage over that of a single conductor of 
the same cross section. The amount of 
increase was found to vary with separa- 
tion of the component subconductors, 
their configuration, the distance to 
ground, and the spacing between phases. 
For the 2-wire group, he obtained a maxi- 
mum increase in corona initiation voltage 
of 5 per cent; for the 3-wire group, he 
obtained 20 to 30 per cent. 


Theoretical Investigations 


Theoretical investigations of the poten- 
tial gradient about a group of equipoten- 
tial] conductors spaced at distances large 
in comparison to conductor radii were 
made by O. Burger! in 1922. Later, in 
1932, when design considerations were 
being reviewed in connection with trans- 
mission of large blocks of a-c power at 400 
ky, a fairly comprehensive study of this 
type of conductor was made by G. 
Markt and B. Mengele!? for Siemens- 
Schuckertwerke. 


They concluded that the use of grouped 
conductors increases the corona initiation 
voltage and also increases the power 
which can be transmitted. It is shown 
that the effective radius of each phase 
conductor can be increased greatly by 
subdivision of the usual single conductor 
into grouped conductors, Data are pre- 
sented which show that for typical cases 


Four 0.493-inch (approximately 4/0 Ameri- 


can wire gauge) cables arranged in a 10-inch 


square are equivalent in corona initiation 
voltage to a single hollow conductor of 1.18- 
inch diameter. 


Four 0.493-inch cables arranged in a 10- 
inch square as compared to a single 11/2- 
inch conductor when installed on a double- 
circuit 220-kv 3-phase line with 21-foot 
phase separation will result in reduction of 
the characteristic impedance (368 to 242 
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Figure 12. Adjustable mid-span spacer 


Grouped Conductors, two positions 


ohms) and increase in power which can be 
transmitted (44 to 66 megawatts). 


Foreign Experiments 


A symposium of five papers!’ on the 
subject of transmission of alternating 
current at extra high voltages using 
grouped conductors was published in 
1942 by Siemens-Schuckertwerke. These 
papers are quite comprehensive and cover 
the entire subject, including a detailed 
theoretical analysis of power transmission, 
current distribution, field distribution, 
corona losses, are extinction under fault 
conditions, power capacity, installation 
equipment and procedures and operating 
experiences during the severe winter con- 
ditions.* Of particular interest is the 
rigorous development of equations for 
calculating capacitance, inductance, and 
corona initiation voltage for grouped 
conductors. It is concluded that for 
400-kv transmission the most favorable 
form is a 4-conductor group with sub- 
conductor diameters between 0.826 and 
1.0 inch and subconductor spacings be- 
tween 15 and 20 inches. 

A later publication’! from Siemens- 
Schuckertwerke was dated September 
1945. In this publication, a comprehen- 
sive survey of the entire high-voltage long- 
distance transmission picture in the light 
of German practice and latest thinking, it 


* An-English translation has been made by Doctor 
F. Florschutz of the Westinghouse Electric Corpora- 
tion (part I) and Doctor L. F. Roehmann of the 
Anaconda Wire and Cable Company (parts II to V). 
These parts are: 


I. ELEctrica FUNDAMENTALS OF BUNDLE Con- 
puctors, W. V. Mangoldt. 


II. Corona BEHAVIOR OF BUNDLE CONDUCTORS, 
F. Busemann, W. V. Mangoldt. 


Ill. Power Capacity oF BuNDLE CoNDUCTOR 
‘TRANSMISSION Lings, W. V. Mangoldt. 


IV. BuNnDLEe ConDUCTORS IN WINTER, A. Buerklin. 


V. INSTALLATION OF BUNDLE ConpucTors, G. 
Markt, F. I. Kromer. 


1608 


is stated categorically that a-c transmis- 
sion at 400 kv and above can be accom- 
plished economically only through the use 
of bundle (‘‘multiple,” “grouped,” “split,” 
and so on) conductors. For the proposed 
German Rhine-Westphalia Power Cor- 
poration 400-kv 3-phase 50-cycle system, 
grouped conductors consisting of four 
subconductors per phase per circuit ar- 
ranged at the corners of a square, 15.75 
inches on a side, were adopted with con- 
ductor sizes ranging from 365,000 to 
420,000 circular mils. 


Tidd Experiments 


In order to obtain experimental data 
upon which to base a determination of 
the optimum number, diameter, and spac- 
ing of cables when grouped, it is planned 
to make preliminary investigations with 
installations on test span 3. These 
investigations will include alternative 
arrangements with two, three, and four 
conductors of two different diameters and 
spacings of 6 to 18 inches. 

To effect these changes in number, 
spacing, and configuration of conductors 
with facility, special hardware has been 
designed and fabricated. It consists of 
adjustable dead-end assemblies for the 
conductors and adjustable spacers to 
maintain separation of the conductors in 
the span, if necessary. 

Figures 10 and 11 show the adjustable 
dead-end assembly which is designed to 
hold the conductors in symmetrical ar- 
rangement and provide means for vary- 
ing the spacing. The adjustment may be 
made under tension and cables may be 
added or removed without lowering the 
insulators. The individual conductors 
have conventional-type drawn dead-end 
connectors. 


Adjustment in spacing is made by turn- 
ing a screw which moves a crosshead to 
which the individual conductor is at- 
tached. When arranged for three conduc- 
tors as shown in Figure 11, hinged: arms 
which support two of four crossheads are 
shifted to a position which will permit a 
symmetrical arrangement of the three 
conductors. 

The special hardware is designed for 
experimental purposes only. Once the 
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number of conductors and the spacing 
are selected, it will be possible to use 
hardware of less complicated design and 
weight. The entire assembly is protected 
by a split copper corona shield. The 
dead-end assembly was designed for a 
maximum load of 25,000 pounds and each 
unit was proof-tested at slightly above 
this value. Four design 923 (Figure 7) 
cables will have a maximum load slightly 
under the 25,000 pounds when loaded to 
50 per cent of their breaking strength 
while four of the design 954 (Figure 7) 
cables will be loaded to slightly less than 
50 per cent of their ultimate load. 

The spacers are adjustable from 6 to 18 
inches. Thesame arms and cable clamps 
are used for either two, three, or four 
conductors but the center piece to which 
the arms are attached is changed when 
the number of cables is changed. Figure 
12 shows one of the spacers for the 2- 
cable arrangement. Special lock washers 
are used to make the joint between the 
arms and center piece rigid when the bolt 
is tightened. The cable clamp used on 
the spacers is one developed and used for 
radio antennas where corona was a pri- 
mary consideration. 


SectionIV. Conductors Supplied 
by the Aluminum Company of 
America* 


The conductors on many 220-230-kv 
transmission lines are aluminum cable 
steel reinforced (ACSR) in the familiar 
types of concentric strand. In general, 
the diameters of such cables are from 1 
inch to 1.25 inches. The largest ACSR 
which has been manufactured commer- 


* By M. E. Noyes, 
ALUMINUM STRANDS 


IMPREGNATED PAPER FILLER STRANDS 
GALVANIZED STEEL CORE 


Figure 13. Sketch of 1,062,800-circular-mil 
expanded ACSR 


Diameter, inches—1.65 

Tensile strength, pounds—38,470 

Weight, pounds per foot—1.69 

Aluminum strands—66 0.1269 inch (60 per 

2 cent of total weight) - ; 

Steel strands—19 0.0833 inch (20.6 per 
cent of total weight) 

Strands of impregnated paper—42 (19.4 per 
cent of total weight) 
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ALUMINUM STRANDS 


ALUMINUM FOIL WRAPPING 


Figure 14. Sketch of 991,500-circular-mil 
expanded ACSR 


Diameter, inches—2.0 
Tensile strength, pounds—46,043 
Weight, pounds per foot—2.93 


Aluminum strands—30 0.1818 inch (42.3 
per cent of total weight) 

Steel strands—19 0.1054 inch (25.3 per 
cent of total weight) 

Strands of impregnated paper—177 (31.2 per 
cent of total weight) 

Aluminum foil—0.0035 inch thick by 3 inches 

wide (1.2 per cent of total weight) 


Figure 15. Come-along for 2-inch-diameter 


expanded ACSR 


Figure 16. Jointing compressor in operation 


cially for any purpose is 1,590,000 circular- 
mils (54 aluminum over 19 steel), having 
a diameter of 1.5 inches. It is apparent 
that the amount of aluminum needed in a 
conductor for 220—230-kv transmission is 
seldom more and usually less than 1,000,- 
000 circular-mils to meet the require- 
ments of conductance alone. Any ad- 
ditional metal used in these ordinary 
forms of ACSR would be solely for the 
purpose of obtaining larger diameters to 
minimize corona. This procedure may be 
economical in the over-all line design up 
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y ihn weiter PAPER FILLER STRANDS 


GALVANIZED STEEL CORE 


to some limit of cable diameter, probably 
never higher than about 1.5 inches. This 
limit will depend largely upon the market 
values of aluminum and steel and upon 
the conductance requirements of any 
actual line. The probability of still 
higher transmission voltages naturally led 
to consideration of ACSR having larger 
diameters without uneconomical use of 
metals. 

A case of long duration in which jute 
twine (impregnated with pine tar) was 
used as a central core for aluminum cable, 
was investigated. No deleterious effect 
on aluminum wites was discovered after 
25 years of service. The jute was also 
in excellent condition. This led to the 
experimental manufacture of concentric- 
strand ACSR of large diameter using non- 
metallic fibrous filler strands concentri- 
cally laid around the steel to ‘‘expand”’ the 
core diameter over which the aluminum 
wires are stranded in one or more layers. 
A number of sizes have been manufac- 
tured. A length of about 4,000 feet of 
918,000-circular-mils ‘“‘expanded ACSR” 
having a diameter of 1.4 inches, including 
two layers of jute filler strands around the 
steel core, was installed in a 220-kv circuit 
and has been under observation for 12 
years. Its behavior has been satisfac- 


tory. Since the function of the filler 
strands is simply to occupy space and to 
provide radial support to the outer layers 
of strands, various materials have been 


Figure 17 (above). Parts of compression joint 


for 2-inch-diameter expanded ACSR 


Peterson, Simmons, Hickernell, Noyes—Line Conductors 


investigated including jute, hemp, sisal, 
cotton, and paper. Paper twine impreg- 
nated with paraffin oil was the final choice 
because it is cheaper and lighter than 
the other materials considered. Experi- 
mental cable was manufactured and 
samples submitted to Aluminum Re- 
search Laboratories for corrosion tests, 
Samples have been under observation for 
six years under salt air conditions at Point 
Judith and Miami (Fla.) Test Stations 
and under industrial atmospheric con- 
ditions at New Kensington, Pa. The 
paper has shown no corrosive effect on 
either the aluminum strands or the gal- 
vanized steel strands. The paper strands 
within the cable have shown no noticeable 
deterioration during this time. 

The Aluminum Company of America 
supplied approximately five miles each of 
two sizes of “expanded ACSR”’ for the 
Tidd 500-kv test lines. Figures 13 and 14 
show the construction of these two cables 
which are identified as 1,062,800-circular- 
mil expanded ACSR having a diameter of 
1.65 inches and 991,500-circular-mil ex- 
panded ACSR having a diameter of 2 
inches. The first is quite normal in con- 
struction except for the radial space 
occupied by filler strands of impregnated 
paper. The 2-inch-diameter cable in- 
cludes a new feature, namely the wrap- 
ping of aluminum foil tape just under the 
single layer of aluminum strands. De- 
velopmental discussions had indicated a 
belief on the part of some engineers that 
fibers from the filler material possibly 
might work out between the cable strands 
to form corona points. This seems incon- 
ceivable when the two layers of aluminum 
strands are used over the filler but a pos- 
sibility to be guarded against if there is 
only one layer of aluminum strands 
in the cable. 


Figure 18 (below). Finished joint on 2-inch- 
diameter expanded ACSR 
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Figure 19. Parts of compression dead-end for 
2-inch-diameter expanded ACSR 


The wrapping of foil tape is used to avoid 
this possibility. 

With each cable, the Aluminum Com- 
pany furnished the necessary come-alongs 
for pulling and sagging the cable during 
erection (see Figure 15). This is a 
simple hinged clamp with a carefully fitted 


groove. The clamp parts are aluminum 
alloy castings. The bolts and the bail are 
of steel. 


Joints and dead-ends are of the com- 
pression type, applied by a hydraulically 
operated compressor of 100 tons capacity. 
The compressor is shown in Figure 16. 
The parts of the joint are shown in Figure 
17, and the assembled joint in Figure 18. 
The joint is similar in every way to com- 
pression joints for standard types of 


Figure 20. Finished dead-end on 2-inch- 
diameter expanded ACSR 
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ACSR, as shown in the Aluminum Com- 
pany catalogue, with the exception of the 
aluminum ‘“‘fillers’” shown in Figure 17. 
These are merely aluminum cylinders 
which are slipped over the Steel core to 
take the place of an equal length of paper 
filler material which is cut away for this 
purpose when assembling the joint.: The 
object of these fillers is to supply a firm 
resistance to compression and thereby 
obtain adequate grip on the aluminum 
strands which are compressed between 
these fillers and the outer sheath of the 
joint. The compression dead-end also 
follows the companys’ standard practice 
with the addition of an aluminum filler 
cylinder shown in the photograph of parts, 
Figure 19. The finished assembled dead- 
end is shown in Figure 20. Both joints 
and dead-ends develop 100 per cent of the 
tensile strength of the cables when tested 


Tensile stress-strain tests were made 
on 50-foot lengths of cable. The tests 
included several applications of ascend- 
ing and descending tensile stress. For 
illustration, the plotted results of such a 
test on the 1.65-inch-diameter expanded 
ACSR are shown in Figure 21. The 
stress-strain behavior demonstrated is 
similar in every respect to that of stand- 
ard concentric strand ACSR. Sag-ten- 
sion calculations following the graphic 
method were based upon these stress- 
strain tests. The height and location of 
the towers established the assumption of 
a final sag of 47 feet in a 1,100-foot span 
at 120 degrees Fahrenheit. Cables were 


strung to initial sag calculated to produce 
this final sag after the experience of maxi- 
mum loading equal to 1/2 inch ice and 8 
pounds wind at 0 degree Fahrenheit. 
The calculations for the 2-inch-diameter 
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on a 50-foot length of cable in a horizontal 
testing machine. 


Both cables were furnished in 5,600 
foot lengths. The gross weight of reel 
and cable for this length was approxi- 
mately 71/, tons. The diameter of the 
drum of the reels is 36 inches. The 
Aluminum Company also supplied the 
overhead ground conductors installed on 
both circuits of the test lines. This is 
standard 159,000-circular-mit ACSR, 12 
aluminum strands over 7 steel strands, 
having a diameter of 0.576 inch. 
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Figure 21. Diagram of stress-strain test of 
1.65-inch-diameter expanded ACSR 
A—Stress maintained for one hour at 70 pe 

cent rated strength 
B—t:oad maintained for one hour at 50 per 
cent rated strength 
C—Load maintained for one hour at 30 per 
cent rated strength 
Circles—Increasing load 
Crosses—Decreasing load 
Room-temperature—7 4-78 degrees Fahrenheit 


The data were obtained using telescopes and 


scales over a 500-inch gauge length 
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expanded ACSR show a maximum ten- 
sion of 13,690 pounds under this loading. 
This is 29 per cent of the tensile strength 
of the cable. Similarly, the maximum 
tension for the 1.65-inch-diameter ex- 
panded ACSR is 12,000 pounds, which is 
31 per cent of its tensile strength. 

The Aluminum Company of America 
welcomed this opportunity to participate 


in the exploration of higher voltage trans-_ 


mission problems and to gain further 
experience with expanded ACSR. 
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Discussion 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): It is pointed 
out in the papers that the cost of the kilo- 
watt-hours lost in corona in a satisfactory 
line is small and that direct economic con- 
sideration may allow a fairly large kilo- 
watts-per-mile corona loss on these high 
voltage lines. Some two or three decades 
ago, it will be remembered, it even was pro- 
posed that having the line in corona was a 
good thing because it would the more rap- 
idly attenuate lightning strokes. More 
recent design practice has been to assign 
corona a very high “‘nuisance value’ on one 
score and another and to aim at its substan- 
tial minimization under favorable weather 
conditions. It would seem likely that care- 
ful consideration will bring this same con- 
clusion on these lines. A conductor diame- 
ter which keeps the lines in corona will 
cause the conductor to pit and become pro- 
gressively worse, it will be an operating limi- 
tation against use of a normal overvoltage 
range on occasion, it will cause phenomenal 
local corona losses under occasional weather 
conditions. It can be therefore, very ob- 
jectionable even though it gives a kilowatt- 
hour loss which is only a small percentage of 
some other very big number. 

The statement made that a stranded con- 
ductor 1.65 inches in diameter is, in effect, 
as good at 400 kv as a 1-inch conductor is at 
220 kv appears optimistic. For dragged 
and weathered conductor, using Figures 2 
and 4 of the paper co-ordinating the Stan- 
ford corona tests,! l-inch conductor, 22- 
foot spacing, at 220 kv gives 0.65 kw loss 
per mile and 1.65-inch conductor, 38.5-foot 
spacing, at 400 kv gives 4.0 kw loss per mile. 

Regarding the bundle conductors, their 
theoretical advantage regarding both corona 
and reactance is very valuable. Only field 
tests can determine if the obvious mechani- 
cal complications can be overcome. Will 
the small conductors have the mechanical 
strength under snow loading? Will snow not 
tend to fill the space within the bundle? Will 
not the conductors whip together, and when 
they do will there not be enough induced 
voltage between them to cause arcs that will 
burn and pit them? Will the bundle be 
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“rolled”? or otherwise transposed? If not, 
how great a circulating current may be 
expected? This circulating current should, 
of course, be checked by field measurement. 
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J. G. Holm (Gibbs and Hill, Inc., New York, 
N. Y.): Iread with great interest the paper 
presented by the authors, as for a number of 
years I have followed closely the develop- 
ments in the design and operation of extra 
high voltage transmission systems and their 
parts. G 

Among the various types of conductors 
which the authors propose to investigate 
are the bundle conductors. It is stated in 
the paper that for the planned but not con- 
structed 400-ky transmission line of the 
Rheinisch Westfalische Elektrizitaetswerke 
in Germany it was decided to use bundle 
conductors as these, due to their low corona 
loss and smaller inductive reactance, reduce 
the characteristic impedance of the line 
about 33 per cent, thus increasing the possi- 
ble power transfer around 50 per cent and 
giving a more economic design. The actual 
reason, however, for which the decision to 
use bundle conductors was arrived at, and 
which is not given in the paper, is that this 
German utility operates with an isolated 
neutral. In such systems, the effect of 
corona on faults to ground is such as to 
make the inductive extinguishing of ground 
faults unworkable. That is why, in this 
case, it was necessary to use bundle conduc- 
tors. Any.other conductor, if it has prac- 
tically to eliminate the corona effect, would 
require a diameter beyond economic limits. 
Such a condition, of course, does not exist 
in the United States where practically all 
power systems operate with grounded neu- 
trals. Moreover, if system stability is 
taken as the measure of power transmitted, 
and since stability depends not only on the 


line reactance but on the reactance of the - 


terminal equipment as well, it can be esti- 
mated that the decrease in line reactance af- 
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forded by the bundle conductors will in- 
crease the stability limit of representative 
systems by some 5 to 10 per cent. Thisisa 
long way from the 50 per cent claimed by 
some German engineers. 

The use of bundle conductors also invari- 
ably is associated with excess copper in the 
line and all that this connotes. The type 
H# 650,000-circular-mil copper conductor 
which will be studied in the Tidd tests has a 
current-carrying capacity of about 1,170 
amperes and probably will prove to be more 
than ample for the purpose. At the same 
time, bundle conductors, when made up of 
four 321,000-circular-mil conductors (the 
211,600-circular-mil conductor, judging by 
the German data, has too small a diameter), 
will have a current-carrying capacity of 
about 2,480 amperes. This excess copper 
and larger supporting structures cannot be 
justified very well. Even when these bundle 
conductors are compared with a 2-inch 1,- 
030,000-circular-mil type HH conductor, 
they have an excess of over 50 per cent cop- 
per. Thus bundle conductors and their ac- 
cessories require a considerably higher first 
cost, and the greater mechanical problems 
will increase maintenance charges. Both ef- 
fects make them decidedly uneconomical 
for the grounded systems used in the United 
States. 

For the last 35 years engineers have in- 
vestigated bundle conductors again and 
again but to date they have not been used. 
I know that some years ago these conductors 
were investigated in Russia and were re- 
jected on economic grounds. I believe that 
the same conclusion will be reached in the 
Tidd tests. 

In fact the new ‘“‘expanded” aluminum- 
cable steel-reinforced conductor is superior 
to bundle conductors. I venture to say, 
however, that no conductors will satisfy the 
over-all requirements to a greater extent 
than the type HH conductor. 


L. F. Hickernell: With reference particu- 
larly to section III of the paper, this and 
its companion papers are intended to inform 
the profession of the construction details of 
the test equipment and material to be 
tested, together with some of the technical 
reasons underlying their choice. Some of 
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the discussion is directed to anticipating the 
results of the tests which will be covered in 
another series of papers after the tests have 
been completed. 

In reply to Holm, it is true that one of the 
reasons given by the Germans for consider- 
ing grouped conductors on the 400-kv line 
was that this arrangement reduces the co- 
rona loss tosucha point as to make practical 
the inductive extinguishing of single-phase 
faults on an isolated-neutral system. Rec- 
ognition of this was included in the original 
draft of our paper under the heading ‘‘Theo- 
retical Investigations.’”’ In applying our 
discussion of corona initiation voltage, we 
stated 


In this connection, it also is indicated that under 
fault conditions, when the unfaulted phases are sub- 
jected to abnormal potential gradients, grouped 
conductors will have a better chance to operate 
free of corona than an equivalent single conduc- 
tor. This is important because corona losses con- 
tribute to residual earth fault current and can play 
a dominant role in preventing adequate arc 
extinction in isolated-neutral systems employing 
inductive reactors (Peterson coils) as is common in 
Germany. 


This observation was deleted by the co- 
ordinator of these papers as being outside 
the scope of our paper. 
This subject also was discussed in several 
of the German papers; for example, Buse- 
man (reference 8) states 


II, NEUTRAL 


The experience obtained in Germany in operation 
with isolated neutral and inductive ground fault 
extinguishing on 220-kv systems is so favorable that 
it was desired by all means to retain it in 400-kv 
operation. 

On the other hand, there was an inclination to 
operate the 400-kv system with grounded neutral 
and to treat single-phase ground faults the same 
way as 2-phase or 3-phase faults by switching out 
the faulted section. 

Grounding of the 400-kv system neutral would 
have certain advantages in regard to the construc- 
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tion of transformers and in the selection of the 
transformer insulation with respect to impulse 
voltages. By comparing the insulation level of the 
lines in countries using grounded neutral with lines 
with isolated neutral, we could not consider the de- 
crease of line insulation, which, from the view of 
cost, would be considerably more important. In 
regard to selection of conductor diameter, the con- 
ductor may be less expensive because in the systems 
with solidly grounded neutral only normal corona 
losses are considered, while in the system operating 
with isolated neutral, particularly with regard to 
corona losses during the ground fault, its effect upon 
the real component of the fault current must be 
taken into consideration. 

In the 400-kv system a single conductor per 
phase will not be used. Due to the 50 per cent 
increase in transmission capacity and other ad- 
vantages (easier installation particularly in the 
mountains, smaller unit weights) only multiple 
phase-conductor is being considered. Such con- 
ductor has such favorable corona loss characteristic 
that inductive are extinguishing still may be used 
at 400-kv without increasing the dimensions of 
conductors. The economic advantages of solid 
grounding of neutral then shrink to the decrease of 
transformer insulation and omission of inductive 
ground fault extinguishing reactors. ‘These costs 
amount to only about one per cent of the total 
cost of transmission, The advantages of elimina- 
tion of all single-phase faults without switching are 
so much greater that for 400-kv the German prac- 
tice gives unconditional preference to the isolated 
neutral combined with inductive extinguishing of 
ground faults. 


It is also true that the use of grouped con- 
ductors, due to their low corona loss and 
smaller inductive reactance, reduces the 
characteristic impedance of the line about 
33 per cent, thus increasing the possible 
power transfer around 50 per cent for the 
particular case cited. Even if some ter- 
minal equipment would reduce this gain, it 
still remains as a possible gain so far as the 
line itself is concerned and realizable with 
matched terminal equipment. 

Holm states ‘‘the use of bundle conduc- 
tors is also invariably associated with ex- 
cess copper in the line and all that this con- 
notes.” This is quite a positive statement 
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regarding a type of construction which so 
far has not been used commercially, either 
here or abroad. This construction has been 
included in the Tidd tests to obtain perform- 
ance data suitable for use in engineering 
studies. Two sizes of conductors and sev- 
eral variations in assembly will give data 
for a wide range of copper area per phase. 
Whether or not these are ‘‘tneconomical’’ 
on an over-all basis can be judged better 
when the tests are completed. 

Regarding the consideration of grouped 
conductors in Russia, and their rejection 
“on economic grounds,” we are not familiar 
with this investigation and therefore are not 
able to judge whether or not this conclusion 
was justified. 

The discussion by Tilles of the various 
attributes of corona and kilowatt-hour loss 
is very well taken. His use of the Stanford 
corona test data as a basis for argument is 
open to some question, since there is 
doubt as to the accuracy of the corrections 
for critical voltage, spacing, and conductor 
diameter developed in this reference. In 
any event, the discrepancy between 4.0 kw 
loss at 400-kv and 0.65 kw loss at 220-kv is 
not of major importance when the ratio of 
these losses to the power transmission limits 
at these two voltages is considered. 

Mechanical problems due to snow loading 
were considered in detail by the Germans 
and are completely reported in reference 7, 
part IV. With properly spaced lines, this 
appears to be no serious problem. This 
reference, part I, also considers the question 
of circulating currents, and they are shown 
to be quite small. 

These questions, and others, constitute 
the reasons for including grouped conductors 
in the Tidd tests. It is expected that satis- 
factory answers will be obtained for many of 
them. 
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HE power supply equipment for ener- 

gizing the high-voltage test lines at 
the Tidd plant of The Ohio Power Com- 
pany consists of a bank of three single- 
phase transformers protected by lightning 
arresters. This paper discusses the gen- 
eral approach to the problem and the de- 
sign and construction of this equipment. 
The fundamental questions are discussed 
in a companion paper! to which frequent 
reference will be made in this paper. 
Other matters are discussed in other com- 
panion papers,?—6 


Transformer Insulation 
Requirements 


The conditions of service which trans- ’ 


former insulation must meet are three: 


1. Normal frequency operation. 
2. Switching and other system overvolt- 
ages. 


3. Lightning surges that may be impressed 
on the transformer terminals. 


At the extra high voltages under con- 
sideration, it appears a foregone con- 
clusion that systems will operate with the 
neutral solidly grounded. The advan- 
tages of this to all of the afore-mentioned 
requirements are already well known for 
systems operating at voltages of 287 kv 
and less. They become even more pro- 
nounced at the contemplated extra high 
voltages, 

On a solidly grounded neutral system 
the line-to-neutral voltage is maintained 
within well defined limits, theoretically 
at 58 per cent of the line-to-line voltage, 
although in practice it may be somewhat 
higher for very short intervals of time. 
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As pointed out in a companion paper,} 
switching or system surges should not 
exceed three times normal line-to-ground 
crest voltages. The lightning voltages 
that may appear at the transformer are 
determined by the system design and the 
arresters. The solid grounding of the sys- 
tem permits the use of lightning arresters 
whose ratings are less than the circuit 
voltage.1 This limits the lightning volt- 
ages to relatively low magnitudes and re- 
sults in further significant economies in 
the transformer costs. 


On systems operating with the neutral 
effectively grounded power transformers 
in the next lower*insulation class have 
been applied in recent years in increasing 
numbers, Because of its engineering 
soundness and economic advantage, this 
practice bids fair to become common. On 
the strength of experience alone, it would 
appear logical to extend this practice to 
the field of extra high voltages: Though 
this experience approach is justifiable and 
conservative as a first step, the progressive 
designer cannot stop at this point. He 
further must consider and examine all 
possibilities that may be conducive to a 
more rational and economic design for the 
particular field of application in view. 
In particular, he must assess the possi- 
bilities in the light of present-day knowl- 
edge and the more recent fundamental 
findings on transformer insulation, and 
incorporate these as well as the latest de- 
velopments in the art into his future de- 
sign. 

During the past decade, much in the 
way of fundamental studies has been ac- 
comiplished in the field of transformer in- 
sulation. This development work has a 
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direct bearing on the very questions now 
arising in connection with the application 
of transformers at extra high voltages. A 
few of the more significant studies and 
findings bearing on the three basic re- 
quirements of insulation are related 
briefly hereinafter. 


1. NORMAL FREQUENCY OPERATION 


The ability of a transformer to operate 
continuously at normal frequency volt- 
age depends primarily on the design rather 
than the mere fact that the insulation 
passed a low-frequency dielectric test. 
Life tests conducted on transformer insu- 
lation by the Westinghouse Electric Cor- 
poration at Sharon, Pa., definitely estab- 
lish that the true criterion is that the 
insulation be balanced in relation to the 
stresses to which it is subjected and that 
the entire insulation structure be designed 
so as to be free of corona. 

In order to get some actual operating 
experience at a point in the range of extra 
high voltages, a high-voltage power trans- 
former was put on life test at the Sharon 
works of the Westinghouse Electric Cor- 
poration in October 1945 and has been 
operating at 375 kv since that time. The 
transformer was given both impulse and 
low-frequency dielectric tests prior to the 
beginning of the life tests in line with the 
American Standards and again was sub- 
jected to these same tests in June 1947, 
after having been operating for approxi- 
mately 18 months. Visual inspection of 
the windings, the insulation, and the 
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Table l. Proposed Transformer Impulse Levels 
for Solid!y Grounded Neutral Application 


— 


Rated Impulse 
Circuit Insulation 
Voltage, Level, 
Kv Rms Kv Crest 
12) ene Oe ro Cy ay Sag Cae aoe 1,050 
Cy ORE ee ret re ees on Nee ae 1,200 
BOD: 5 nssreie 3 ile che eqdleasie ts + HORROR e ree tee 1,400 
AGO «oo adie'e 00:0 opu either tere Meister le 1,550 


bushings showed no deterioration of the 
insulation. 

These tests indicate that an extension 
of the insulation structure used for 230 
and 287 kv into the field of extra high 
voltages should be satisfactory from a 
normal frequency operation point of view. 
These tests also indicate that modern 
high-voltage transformer insulation can 
be operated satisfactorily at substantially 
higher voltages than would have been 
considered practical in the past. Insofar 
as fulfilling the normal frequency require- 
ments, a reduction of the insulation level 
to 80 per cent of the nominal full value 
therefore can be considered amply con- 
servative for solidly grounded neutral 
operation. 


2. .SWITCHING AND OTHER SYSTEM 
OVERVOLTAGES : 


Switching surge tests on transformer 
insulation have been conducted at vari- 
ous times. In a more recent and exten- 
sive investigation,’ 230-kv transformer 
insulation was subjected to repeated 
switching surges to a total exceeding 800 
applications. The bulk of these surges 
was between 500 to 750 kv, a small num- 
ber from 750 to 850 kv, and a few ap- 


Transformers on test at the factory 


Figure 1. 
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proached 900 kv, the limit of the switching 
surge generator. 
tions, it has been found that the switching 
surge strength of station and line insula- 
tion is in the order of 90 per cent of the 
corresponding impulse strength. Inas- 
much as the full basic insulation levels at 
the higher reference voltages correspond 
to about 51/, times line-to-neutral crest 
voltage, a reduction of the insulation level 
to about 75 per cent appears quite feasible 
considering the switching surge require- 
ments, since 5!/2 X 0:90 X 0.75 = 3.7. 
As previously stated, on asolidly grounded 
neutral system with modern switching 
equipment switching or system surges 
should not exceed three times normal 
line-to-ground crest voltages. 


3. LIGHTNING SURGES 


From an impulse standpoint, the insula- 
tion level required in the transformer is 
related directly to the protective level 
attainable. Where system conditions are 
favorable to applying an S0 per cent light- 
ning arrester, the transformer insulation 
can be proportioned accordingly to 80 per 
cent of the basic impulse level. A pro- 
gressive approach to the protection prob- 
lem in the field of extra high voltages long 
since has indicated various practical 
possibilities towards effectively attaining 
lower protective levels whichareconducive 
to applying transformer insulation levels 
corresponding to about 75 per cent of the 
basic impulse level. 


From these investiga-_ 


+ 


Progress in the art of modern trans- 
former balanced insulation design and 
extensive experience in the construction 
of very large high-voltage units, combined 
with recent developments in insulating 
materials and improved methods of 
manufacture and processing, all basically 
comprise the principal factors that con- 
tribute to a rational application and there- 
fore better utilization of the transformer 
insulation in applications at extra high 
voltages. 


Transformers for High Voltage 
Tests at Tidd Station 


The transformers used at the Tidd sta- 
tion for stepping the voltage up from the 
69,000-volt supply to the voltages re- 
quired for the corona tests on the experi- 
mental lines were built in accordance with 
the design principles that would be ap- 
plied to commercial high-voltage power 
transformers. The transformers are 
single-phase units Y connected with the 
neutral solidly grounded. Although the 
actual rating of 1,667 kva (5,000-kva 
bank) is far below the ratings that would 
be economical at the extra high voltages, 
it was desirable to use essentially the same 
design methods that would be used on 
75,000-kva or larger transformers in order 
to secure operating experience. 

The methods of insulation and winding 
assembly, tank construction, tap changer 
arrangement, and inert gas preservation 


Table Il. Lightning Arrester Ratings and Protective Levels 
Rated 80 Voltage Kv Crest Across 75 Voltage Kv Crest Across 
Circuit, Per Cent Arrester When Discharg- Per Cent Arrester When Dis- 
Voltage, Rating, ing 10x20-ysec Current Rating, charging 10x20-ysec Cur- 
Kv Rms Kv Rms of 5,000 Amp Crest Ky Rms rent of 5,000 Amp Crest 
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Impulse spark-over on 1,000-kv-per-microsecond wave is five per cent higher than discharge voltage listed 


in the table. 


Figure 2. Trans- 
former on flatcar for 


shipment filled with ™ 
oil an 


used on shell form transformers for volt- 
ages on 287,500 volts and-below were 
extended and modified for use on these 
transformers. The fundamental data 
available on insulation were studied care- 
fully and the design made to withstand 
the voltages which could be expected in 
service. A special feature from an insula- 
tion standpoint was to locate the low- 
voltage 69-kv bushings on the side of the 
tank in order to obtain sufficient flashover 
distance to the high-voltage line bushing. 


The windings of the transformer are 
arranged in the manner normally used in 
thedesignof high-voltage shell-form trans- 
formers except for the large tap range to 
provide high voltages from 265 to 500 kv 
Y connected. This range was obtained 
by using a standard 10-per-cent tap range 
in the high-voltage winding and providing 
a large range of taps in the low-voltage 
winding. These taps are brought to no- 
load tap changers operated from hand- 
wheels on the tank wall. The total tap 
range is covered in 24 steps, the low-volt- 
age tap changer providing large steps 
with the high-voltage tap changer acting 
as a vernier. 


A unique feature is the provision for a 
voltage metering winding at high-voltage- 
line potential. This is obtained by ex- 
tending the high-voltage winding for a 
few turns and bringing the lead through 
the bushing with the main line lead. 
This portion of the winding and its lead 
is shielded electrostatically so that it does 


Figure 3. Installation view of transformers 


(Tidd test station) 
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not carry appreciable capacitance cur- 
rent, thus avoiding errors in metering due 
to this source. This winding provides a 
voltage for metering and power for the 
other equipment mounted in the cabinet 
at the top of the high-voltage bushing. 
In addition, conventional metering wind- 
ings are provided on the core at a low 
voltage level. 

The transformers are provided with 
standard accessories including inert gas 
protection, oil gauge, oil thermometer, 
manhole relief, and oil valves. A light- 
ning arrester forthe low-voltage winding is 
mounted on a bracket adjacent to the low- 
voltage bushings. The high-voltage line 
lead is brought out through an oil-filled 
condenser bushing employing the same 
principles of design used for high-voltage 
bushings on power transformers now in 
operation at 230 kv, 

The transformers were given factory 
tests for iron loss, impedance, low fre- 
quency induced potential and impulse 
tests. In addition, a test of approxi- 
mately 10 per cent above the maximum 
line-to-ground operating voltage (320 kv 
rms line-to-ground) was applied continu- 
ously for 12 hours. Observations of 
corona were made with and without the 
meter box. Very little corona noise or 
visible corona was observed at 320kv. A 
view of the transformers on test at the 
factory is shown in Figure 1. 

The core and coil assembly of the trans- 
formers is built into a form fit tank of the 
type used in the construction of high- 
voltage shell-form power transformers 
with the two sections of the tank welded 


Table Ill. Estimated Price of Transformers for 
Application at Extra High Voltages 


A. Three Single-Phase 75,000-Kva 2-Wind- 

ing 55-Degree-Centigrade Self-Cooled Trans- 

formers of Standard Impedance Design and for 
Various Impulse Levels 


Impulse 
Level, Price, Impedance, 
Kv Per Cent Per Cent 
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B. Three Single-Phase 75,000-Kva 2-Wind- 

ing 55-Degree-Centigrade Self-Cooled Trans- 

formers for Low Impedance and for Various 
Impulse Levels 


Impulse 

Level, Price, Impedance, 
Kv Per Cent Per Cent 
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at the factory. This type of tank con- 
struction made it possible to ship the units 
complete in oil except for the high-voltage 
bushings and radiators by laying it on a 
flat car, as indicated in Figure 2. This 
eliminated the use of special bracing or 
special cars for shipment. A view of the 
transformers installed at the Tidd station 
ready for operation is shown in Figure 3. 


Lightning Arresters 


Lightning arresters are installed adja- 
cent to the transformers in the Tidd test 
station to provide protection and to ob- 
tain service experience on voltages above © 
287kv. There exists a good deal of back- 
ground of service and manufacturing 
experience from which to extend arrester 
ratings into those higher voltages where 
heretofore no arresters have ever been 
built. The arresters constructed for use 
in conjunction with the tests at Tidd 
utilize the same standard units or sections 
that have been used for some time in the 
construction of ‘‘Auto-valve’’ station- 
type arresters of all commercial ratings. 
The performance characteristics of these 
have been well established and there is 
no difficulty in co-ordinating insulation 
levels and lightning arrester ratings. Sev- 
eral problems arose in extending the rat- 
ings into this new high-voltage field. 
Solutions were found in ways that depart 


Figure 4. Suspended type lightning arrester 
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from tradition and may be considered 
innovations in lightning arrester construc- 
tion. , 

Two different types are installed in the 
Tidd test station. Both are electrically 
alike, however. The maximum voltage 
rating of these particular lightning ar- 
resters is determined by the consideration 
that the test line will at times be ener- 
gized at 500 kv. Since the neutral is sol- 
idly grounded, the rating decided upon is 
350 kv, 70 per cent of the maximum phase- 
to-phase voltage. This is a lower rating 
than the usual 80 per cent. The 70-per- 
cent ratio was chosen because of the prob- 
ability that when a high-voltage system 
is built consideration will be given to 
arresters with voltage ratings lower than 
80 per cent.! Moreover, a ratio as low as 
70 per cent will give significant operating 
experience on the test lines since the ar- 
resters will be subjected to severe continu- 
ous duty. The Tidd lightning arresters 
are designed so that units can be short- 
circuited to reduce the arrester rating 
when the system is operated at voltages 
less than 500 kv. 

Because of the high maximum rating of 
350 kv, the conventional arrangements 
used heretofore would occupy a consider- 
able height. Efforts were made to keep 
the height at a minimum, and resulted in 
the construction shown in Figures 4 and 5. 


Figure 5. Self-supporting lightning arrester 


1616 


The one shown in Figure 4 is designed 
for suspension from a steel structure. 
The units are suspended in zigzag fashion 
between strings ofinsulators. The length 
thus is decreased considerably below the 
length required if the units were all ar- 
ranged in line. The lightning arrester 
proper is compact. However, it requires 
strings of suspension insulators to support 
it and a steel structure from which it may 
be hung. When steel is available as part 
of the substation structure, this is an ef- 
ficient construction. 


To avoid the need of a supporting 
structure, a self-supporting lightning ar- 
rester shown in Figure 5 was devised. 
This is shorter than the suspended 
arrester including the supporting insula- 
tor strings, requires no bracing, but it is 
a more complicated and more bulky 
structure than the suspended arresters. 
There are advantages and disadvantages 
in each, The suspended type may be 
preferred in regions where earthquakes 
occur because it is less likely to be dam- 
aged by temblors, and the self-supporting 
type may be preferred when: supporting 
structures are not available. 

The assembly and the operation of the 
suspended arrester are apparent from 
Figure 4. The upright arrester shown in 
Figure 5 merits further description. It 
consists of three columns which mutually 
brace each other and thus provide a stable 
and wind resisting structure. The design 
was worked out by calculation, by tests 
on small scale models, and by trial of full 
sized samples. In each column are ar- 
rester sections separated by insulating 
units. The insulating units are standard 
arrester casings with the usual internal 
arrester parts omitted. The active ar- 
rester units in the three columns are 
interconnected by means of the pipes 
shown in Figure 5. Figure 6 is a schema- 
tic picture of the 3-legged arrester show- 
ing how the units are connected. 

The considerable length of the dis- 
charge path introduces a problem of volt- 
age distribution across the various sec- 
tions. Grading rings are used to control 
the electrostatic field so that the voltage 
impressed across the arrester terminals 
will be divided uniformly between the 
units. 


A number of laboratory tests were made 
on the arresters during the development 
of the structures and after the final de- 
signs had been erected. These included 
60-cycle spark-over tests, tests for corona, 
and impulse spark-over tests. The dis- 
charge characteristics of the arresters at 
various discharge currents are known 
from the test results on these standard 
units of which the arresters consist. 


The 60-cycle spark-over tests were 
made by running the 60-cycle test voltage 
up until the arrester discharged. Tests 
were made with the arresters dry 
and under rain conditions using tap 
water. The dry spark-over values were 
700 kv rms for the suspended and 690 kv 
rms for the 3-legged arrester. Under 
rain conditions, the 60-cycle spark-overs 
were 650 kv rms. These are of the order of 
1.85 to 2 times the arrester rating showing 
good margins; also, they indicate good 
voltage distribution on the units. 

A check was made for corona at nor- 
mal voltage. The normal voltage across 
the 350-kv arrester with the line energized 
at 500 kv is 290 kv. No audible or visi- 
ble corona was observed at 346 kv. With 
the energizing voltage set at 346 kv, the 
circuit breakers were closed and opened 
repeatedly and no discharges through the 
arrester were detected. Since surges of 
twice normal voltage may be expected 
under these conditions, the test indicates 
that switching surges of 2X1.41346 or 
975 kv crest at least, or 2.4 times the 
normal voltage of 2901.41 or 410 kv 
will not discharge the arrester. 


Impulse spark-over tests also were run. 
With rates of rise of 1,000 kv per micro- 


Figure 6. Schematic circuit of self-supporting 
lightning arrester 
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second and the arresters connected for 
350 kv, spark-over occurred on the sus- 
pended arrester at 1,000 kv either positive 
or negative and on the 3-legged arrester 
at 950 kv negative and 1,150 kv positive. 
From tests on individual units, the dis- 
charge voltage across the arrester when 
carrying 5,000 surge amperes, 10x20- 
microsecond wave shape, is 1,120 kv. 

The arresters built for the test line were 
made for the highest contemplated volt- 
age with means of adjusting the rating. 
When a transmission system is built and 
the system voltage, system characteris- 
tics, and impulse levels of the apparatus 
insulation have been determined, a defi- 
nite arrester rating will also be deter- 
mined so it is probable that the construc- 
tion will be modified and simplified. 


Insulation Co-ordination and - 
Protection 


In Table II are presented the trans- 
former impulse levels proposed! for 
solidly grounded neutral application at 
the extra high voltages. These basic 
impulse levels are compared in Figure 7 
to the protective levels of 80-per-cent and 
75-per-cent arresters. The basis and 
derivation of the arrester ratings are 
apparent from Table III. The rated 
voltages selected for reference purposes 
in this study are not necessarily standard 
values for these have not as yet been 
established definitely. In Figure 7, a 
5,000-ampere 10x20-microsecond wave is 
used as a basis for co-ordination. 

To secure a high degree of protection 


against steep front impulses, the arrester | 


must be located closely adjacent to the 
transformer. In this connection, it is of 
interest to note that on a 1,000-kv-per- 
microsecond rise the arrester breakdown 
voltage for the ratings indicated is about 
105 per cent of the value corresponding to 
a 5,000-ampere discharge. In view of 
the inherently high strength of the insula- 
tion at the very short impulses, ample 
margins of protection can be secured 
against steep front impulses when the 
proper measures are taken to minimize 
the lead and ground effects between ar- 
rester and transformer terminals. 

Use of 80-per-cent arresters is good 
practice for solidly grounded neutral sys- 
tems of voltages 230 kv and below. In 
the fourth column of Table II, we have 
shown arresters in the 75-per-cent ratings 
that might receive consideration for use 
on circuits that are very well grounded. 
Whether or not arresters with lower rat- 
ings than 80 per cent can be used will 
depend on the system characteristics. 
Probably individual cases will require 
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Table IV. Estimated Price of Lightning 
Arresters Based on Transformers in Table IIIA, 
1,200-Ky Level, as 100 Per Cent 


Rating, z Price, 
Kv Per Cent 
74 VIE. 3 OO OEIC DIO EI CORO COC ADOUCETE 1.75 
74 (Us Solera Sgro. did 0 Cec nea es Co OO COAST 2.20 
ZOOM sekcvartrere: covets aainie sal olsrareerttanteta oreo « 2.30 
SOO ire, Se oretelsiaia eras miavetesdover ap Yoteferetersic. cis oye 3.10 


individual study. However, the advan- 
tages of lower rating arresters at the extra 
high voltages are so apparent as well to 
justify the additional effort of special 
study. 

Taking all the various considerations 
into account, the protection of insulation 
levels as given in Table I seems practical. 


Economic Advantages 


The advantages accruing at the extra 
high voltages from a more complete 
rationalization of the transformer insula- 
tion and of the protection problem, lie 
especially in these directions 


1. Economies in the transformer proper. 


2. Reduction in unit weights and dimen- 
sions, 


3. More favorable characteristics and im- 
proved performance of the transformer, par- 
ticularly in regard to lower impedances and 
losses and corresponding advantage gained 
from a system standpoint. 

4. Feasibility of larger units. 

5. Transportation and installation prob- 
lems minimized. 

6. Advantages from an arrester viewpoint. 


A detailed assessment of each of these 
advantages and of the over-all benefits 
combined would be possible only through 
study of specific projects. For illustra- 
tive purposes a few typical examples will 
be considered. In Table III are pre- 
sented relative initial costs for three 
75,000-kva (225,000-kva bank) single- 
phase 60-cycle 55-degree-centigrade-rise 
2-winding self-cooled transformers for 
operation at 345 kv with impulse levels 


KV CREST 


Figure 7. Insulation 

impulse levels and 

protective levels 
compared 
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of 1,550 kv, 1,400 kv, and 1,200 kv. 
Transformers in this rating designed for 
solidly grounded neutral operation well 
can gain a reduction in cost of about 30 
per cent in stepping the insulation impulse 
level from 1,550 kv to 1,200 kv (1,200+ 
1,550 = 0.77). There is also a decided 
reduction in weights, The normal im- 
pedances are reduced correspondingly 
from 15 to 13 per cent (Table III A) and 
likewise a lowering of the losses is effected. 
On the basis of a fixed impedance set at 
10 per cent (Table III B) the reduction in 
unit cost from 1,550-kv to 1,200-kv level 
comes to 33 per cent. These values are 
affected only slightly for operating volt- 
ages of 402 kv and 460 kv. Estimated 
prices for single-pole arresters are given in 
Table IV. It is apparent that the cost of 
the arresters is a small portion of the 
transformer and that the use of a properly 
co-ordinated arrester results in major 
economies. 

The economics of transformer design at 
the extra high voltages, the transporta- 
tion and field installation problems in- 
volved, the over-all economics of power 
transmission at these voltages, and similar 
considerations are such as most certainly 
to dictate single-phase units in this field 
of application. Forced oil circulation 
would contribute to reduce further the 
unit weights and thus permit transporta- 
tion direct to site of larger units complete 
with their oil and practically ready for 
immediate operation. In this manner, 
too, the field installation requirements and 
operations are much simplified and re- 
liability of equipment enhanced. At 
hydro sites, forced-oil water-cooled trans- 
formers offer additional possibilities to- 
wards securing even lower unit weights. 


Conclusions 


The disruptive tests, overpotential 
tests, and the life tests made on an experi- 
mental ‘transformer at the factory and 


. the surge, disruptive, overpotential, and 


corona tests made at the factory on the 


402 
OPERATING VOLTAGE — KV RMS 


345 
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transformers for energizing the Tidd 
500-kv test lines as described in this paper 
indicate that it is entirely practical to 
build commercially power transformers 
for operation at extra high voltages. 
These same tests indicate that the trans- 
formers, using the shell form of construc- 
tion employing the same design principles 
for the insulation structure that were used 
for transformers operating successfully at 
230 and 287 kv, will perform satisfactorily 
when operating at normal frequency at 
these extra high voltages; that they will 
withstand the switching and other system 
overvoltages to which they may be sub- 
jected; and when properly protected by 
lightning arresters of the type described 
in this paper, will withstand successfully 


the lightning surges which may be im- 
pressed on the transformer terminals. 
Furthermore, when these transformers 
are mounted in a form fit tank, it is 
entirely practical to ship commercial 
kilovolt-ampere ratings at these extra 
high voltages completely assembled in 
their own tanks. 
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Discussion 


F. J. Vogel (Illinois Institute of Technol- 
ogy,Chicago, Ill.): I am very much inter~ 
ested in the description of the 500-kv trans- 
former, particularly in the logical reasoning 
given in the first point of the paper. I wish 
to commend the authors on this as a method 
often proposed, but to my mind, never 
committed to practice. In this respect it 
seems to me that the electrical engineers 
have been backward and dependent more 
on statistics and experience than on data 
and analysis. 

I agree with and would like to emphasize 
the authors’ statement regarding the im- 
portance of the low-frequency test as a 
guarantee of meeting service voltages. I 
gave insulation clearances many years ago 
for a current transformer. It met the 
specification tests and was shipped to the 
customer. After a few months service, it 
failed and was returned. Corona was pres- 
ent at operating voltage. Changes were 
made to prevent the corona. It was re- 
turned to the user and so far as I know, it is 
stillin service. Tests on samples have been 
made which showed that if the design were 
properly made, corona could be prevented 
up to the minute test value and the con- 
tinuous strength and the test value could 
be quite close together. These principles 


can be used for testing transformers for ~ 


cable life tests at rated voltage continuously 
for relatively long periods of time. How- 
ever, there are transformers which had 
corona on test and whose margin so far as 
corona level above rated voltage is probably 
low. Some of these transformers are even 
on the American Gas and Electric System, 
but need not be a source of worry since if 
they were to deteriorate for this reason, 
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they would have done so long ago. Some 
manufacturers at least have furnished trans- 
formers with high corona levels since 1929 
or 1930. Thetest data in the paper do not 
include specifically the 1-minute test de- 
sign level of the transformer which was 
given a life test at 875 kv. It seems to me 
that this test loses much import by this. 
The switching surge problem has been 
dealt with rather briefly, although I agree 
with this point of view. Switching surges 
as they originate are distributed uniformly 
in transformer windings and can be dis- 
regarded in the design in comparison to 
lightning. This procedure has been fol- 
lowed in the past entirely satisfactorily. If 
lightning arresters are used, switching 
surges as well as lightning will be limited 
to safe values. In the discussion of a paper 
of mine, however, exception was taken to 
this. I wonder if every one now accepts it. 
Under the subject of transformer tests, no 


statement was given regarding the magni- . 


tude of impulse tests or induced tests. 
The significance of the 12-hour 320-kv test 
therefore is lost. I am rather surprised at 
the author’s apparent concern over operat- 
ing continuously at higher voltages. 

In looking at Table I and Figure 7, the 
thought occurred to me that this’ work 
could be projected equally well down to 115 
kv and decreases in cost and improvements 
in performance obtained. Such changes 
probably would have more economic value 
to the industry than the values presented 
for highest voltage lines, since the trans- 
formers they use will be relatively few in 
number. Referring again to Figure 7 and 
the 460-kv class, a basic impulse level of 
1,550 kv is proposed and it is conceivable 
that a unit designed for a 520- to 550-kv 
low-frequency test could meet this level 
with a factor of safety. 
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J. K. Hodnette: In view of Vogel’s long 
experience in transformer engineering the 
authors appreciate very much his discussion 
of their paper. There-are only two points 
raised by him on which we would like to 
comment in closing the discussion. 

The first relates to the life tests made at 
the factory, first on a ‘‘bread board”’ trans- 
former which was operated for well over a 
year in the range of extra high voltages with 
operating conditions maintained as close to 
actual field conditions as was feasible in a 
laboratory setup, and second, the 12-hour 
test made on the Tidd test line transformers 
before they were shipped to the test site. 
These tests were in the nature of verifica- 
tion tests and were run merely to make sure 
that nothing had been overlooked in either 
the design or the construction of the trans- 
formers which would cause them to fail to 
perform as anticipated. 

The second comment we would like to 
make is that we agree in principle with his 
suggestion that the practice of reducing the 
insulation level with effectively grounded 
neutrals could be extended from the field 
of extra high voltages down to 115,000 
volts. If the curves shown in Figure 7 are 
extended downward it will be noted that 
they converge at approximately 138,000 
volts. This means that the reduction in . 
insulation level, and consequently the sav- 
ings in cost, resulting from the application 
of this principle become less as the voltage 
is reduced and disappear at about 115,000 
volts. 

It seems to the authors that the cri- 
terion which should be used in the trans- 
former to determine whether‘or not reduced 
insulation may be used is the general insula- 
tion level of the system, since the trans- 
former insulation level should be co-ordi- 
nated with that of the system. 
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Switchgear Equipment for Tidd 
High-Voltage Test Lines 


F. A. LANE 


MEMBER AIEE 


HE DEVELOPMENT of higher 

voltage transmission systems will 
play an important part in extending 
present-day loadings and distances for 
power transmission.!~* Before advan- 
tage can be taken of these increases, 
however, it is necessary to develop new 
high-voltage switching equipment to 
protect these systems under fault condi- 
tions, and to restore them to normal 
operation without delay. These equip- 
ments must take advantage of all the 
advances which have occurred up to the 
present to maintain system stability and 
incorporate the necessary insulation 
strength with maximum economy. 

In the present investigation into the 
problems associated with higher trans- 
mission voltages, the General Electric 
Company has co-operated by 


1. Determining a suitable type of switch- 
ing equipment for these voltages. 


2. Developing a unit of this type to obtain 
experimental data on the Tidd high-voltage 
project sponsored by American Gas and 
Electric Service Corporation. 


Requirements of New High-Voltage 
Switching Equipment 


The first step in determining the type of 
switchgear equipment was to set dowri 
the switchgear requirements which have 
proved necessary over the. years for 


Paper 47-246, recommended by the AIEE com- 
mittee on switchgear and approved by the AIEE 
technical program committee for presentation at 
the AIEE Midwest general meeting, Chicago, IIl., 
November 3-7, 1947. Manuscript submitted 
August 21, 1947; made available for printing 
September 18, 1947. 


F, A. Lane is electrical engineer, American Gas 
and Electric Service Corporation, New York, 
N. Y.; B. W. Wyman is section leader of engi- 
neering, General Electric Company, Philadel- 
phia, Pa. , 
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B. W. WYMAN 


MEMBER AIEE 


present-day transmission voltages, and 

then examine these requirements to 

determine whether they cover the ground 

for the higher voltages now being studied. 
Among these requirements are 


1. High speed fault isolation. This is 


required from four standpoints 


(a). System stability. The increase in transient 
stability obtained by isolating faults within a time 
which is short in comparison with the system period 
of oscillation has been well demonstrated by studies 
made on many power systems. The 3-cycle low- 
oil-content impulse circuit breakers developed for 
the 287-kv Hoover Dam line showed the worth- 
while increase in transient stability which could be 
obtained with 3-cycle interrupting times as com- 
pared with earlier 5-to-8-cycle interrupting times.’ 


(b). Reduced system shock and damage. High 
capacity short-circuit tests on transmission systems 
repeatedly have shown the reduction in system 
shock which results from 3-cycle circuit breaker op- 
erating times as compared with older, slower fault- 
clearing circuit breakers. Three-cycle fault clearing 
also has shown a marked reduction in conductor 
and insulator damage at the point of fault. 


(c). Improved service to customers. Fast fault 
clearing is necessary to decrease voltage fluctua- 
tions which are damaging to the operation of many 
present-day industrial plants. 


(d). Decrease circuit breaker maintenance. Con- 
siderable reduction has been demonstrated in the 
maintenance required to the circuit breaker itself 


INTERRUPTING RATINGS 
— KVA x 1000 


O 15 34.5 69 II5 138 {6l 
VOLTAGE RATINGS — KV 


230 287 


Figure 1. Maximum kilovolt-ampere require- 
ments expected in the near or foreseeable 
future at present voltages 
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on units having l-cycle or shorter arcing times, 
both from the standpoint of contact erosion and 
oil carbonization.® 


2. High speed reclosing. The circuit 
breaker must be capable of reclosing as 
rapidly as the flashover are path can re- 
cover its dielectric strength to realize the 
maximum transient stability benefits. 
Twenty-cycle reclosing, now in general use 
for modern switching, has been an im- 
portant factor in increasing the power 
carrying capacities of systems operating 
near the stability limit. Tests have indi- 
cated that successful reclosure after most 
faults is possible in even shorter times if 
circuit breakers providing higher reclosing 
speeds were available. Ten- or 12-cycle 
reclosing, therefore, was established as an 
objective in the design of this new circuit 
breaker from which test data can be ob- 


Figure 2. Single pole of low-oil-content 

impulse-type circuit breaker developed to 

obtain experimental data on Tidd high- 
voltage test project 
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tained to determine minimum flashover re- 
covery time for higher voltage lines. 

8. Sufficient interrupting capacity must be 
designed into the circuit breaker to inter- 
rupt the maximum short-circuit current 
reasonably expected on these high-voltage 
systems. In general, it may be stated 
that the higher the system interrupting 
requirement without unduly increasing 
circuit breaker costs, the more economical 
will be the system design, as arbitrary 
injection of reactance always tends to 
reduce effective loading of transmission 
lines. 

4 Equipment must be designed with 
sufficiently high dielectric strength for 
lightning arrester co-ordination. 


In developing a circuit breaker to 
meet these requirements, it soon became 
apparent. its supporting structure would 
be of such dimensions that it might 
readily serve other purposes. Economic 
considerations dictate that, since practi- 
cally every piece of equipment to be used 
at the higher voltage under study has to 
be designed from the ground up, effort 
should be made to combine functions 
wherever possible to reduce the over-all 
cost. For the higher voltages being 
considered, space requirements also be- 
come of paramount importance. It was, 
eonchided, therefore, that considerable 
economies can be effected by developing 
the entire feeder equipment as a compact 
integrated unit, the operation of each 
component part being co-ordinated func- 
tionally with the unit as a whole. 

The result can be, therefore, a unit 
incorporating all auxiliary equipment, 
such as structural stpports, current 
transformers, relays, coupling capacitors 
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Figure 3. Crosssec- 

tion through one 
! pole of low-oil-con- 
il Be ahha be tent impulse circuit 

breaker showing pis- 
ton with arrows 
showing oil blast 
being driven up be- 
tween six sets of 
series of contacts 
in horizontal inter- 

rupter 


Hh 


Large shielding rings 
on either end of 
horizontal interrup- 
ter provide uniform 
voltage distribution 
between various sets 
of series breaks. 
Piston supplying 
driving force for 
oil blast action is 
located in housing 
at end of interrupter 
column 


INSULATOR 
SUPPORT 


for carrier current equipment, discon- 
necting switches, interlocks, as well as 
the circuit breaker and protecting light- 
ning arresters. 


Circuit Breaker 


In determining the type of circuit 
breaker to be built for these voltages, care- 
ful consideration had to be given the prob- 
able trend in circuit breaker develop- 
ments at these higher voltages. Also, 
it was realized that the requirements at 
these higher voltages would be particu- 
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larly severe, and so the service records 
obtained on existing types should have 
just as important a part in making a 
decision as the design and operating 
characteristics. 


In comparing circuit breakers in service 
for maximum existing voltages on the 
foregoing basis, the low-oil-content im- 
pulse-type circuit breakers, originally 
developed for the 287-kv transmission 
line between Hoover Dam and Los 
Angeles, would seem to be the most 
promising type. Its oil blast action, 
obtained from a spring-driven piston, 
provides extremely high speed arc in- 
terruption, regardless of the magnitude 
of the current being interrupted. Arcing 
times consistently under one cycle for all 
values of current are obtained because 
of the positive rate at which fresh di- 
electric is forced between the eight sets 
of series contacts. Moreover, this posi- 
tive oil-blast action at low currents in- 
sures postive interruption of line charging 
currents without requiring shunting re- 
sistors to prevent restriking. This is a 
particularly important consideration with 
the higher charging currents which will 
be associated with the longer lines at 
higher voltages. 

Moreover, the service record on this 
type of circuit breaker has been out- 
standing. In addition to the 287-kv cir- 


Figure 4. Artist's sketch of complete co- 

ordinated switching unit showing location of 

circuit breaker, lightning arrester, disconnect- 

ing switches, and through type bushings with 
current transformers 
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cuit breakers, many 230-kv and 138-kv 
units have been in service; some since 
1935. In all, about 350 circuit-breaker- 
years of operating data have been obtained 
without any major difficulties. One of 
the 230-kv impulse circuit breakers, rated 
3,500,000 kva, which had been in service 
five years, recently was given field tests 
up to maximum capacity available at 
Grand Coulee Dam of 6,700,000 kva 
without distress. The maintenance re- 
quirements of this circuit breaker are also 
very minor due to the short arcing times 
and the low oil content involved. To ob- 
tain higher speed reclosing on this new 
high-voltage circuit breaker,acompressed- 
air mechanism was designed to replace 
the motor-charged spring mechanisms 
used on the earlier circuit breakers of 
this type. The operation of each pole by 
its own mechanism permits either 3-pole 
“or single-pole reclosing. Tests have 
shown that these mechanisms are ad- 
justable to reclose the circuit breaker in 
10 cycles, or less, if that should prove 
practical from a dielectric recovery 
standpoint of the are path. 

In determining the maximum inter- 
rupting capacities that may be required 
at these voltages, some assumptions 
must be made. Figure 1 shows the result 
of some studies which have been made to 
determine the maximum capacities that 
may be required in the forseeable future 
at existing voltages. If the leveling off 
at 10,000,000 kva, as the curve shows, is 
assumed to represent a definite trend, 
then 10,000,000 kva would seem to be a 
reasonable value for the interrupting 
rating of these higher voltage circuit 
breakers. 

The experimental circuit breaker was 
developed for a 3-phase - interrupting 
rating of 10,000,000 kva at 360 kv. This 
is the highest interrupting rating ever 
assigned to any circuit breaker to date 
in the United States or abroad. Al- 
though indications are that this rating 
will satisfy any requirements that might 
be forthcoming in the foreseeable future, 
it does not represent the maximum which 
can be developed for this type of 
circuit breaker. As the positive oil 
blast action is independent of current, 
this type of circuit breaker does not have 


Discussion 


M. H. Hobbs (Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa.): The 
authors very ably have presented the re- 
quirements for circuit breakers on circuits 
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the same limitations which exist in con- 
ventional tank-type circuit breakers. This 


“means that if time should reveal that 


ratings in excess of 10,000,000 kva are 
required at these voltages, they can be 
developed. 


. Figure 2 shows a single pole unit of this 

circuit breaker set up for operation tests, 
while Figure 3 shows a cross-section view 
of the circuit-breaker pole. The com- 
pressed air mechanism at the bottom 
drives the main operating rod whigh 
passes up through the oil-filled vertical 
porcelain column. The piston in the 
housing at the top of the column operates 
simultaneously with the contacts to 
force oi] out into the horizontal inter- 
rupter tube and up between the six sets of 
series contacts. The large shielding 
rings at either end of the horizontal 
interrupting tube divide the voltage 
uniformly between the various breaks. 


Over-all Arrangement 


The arrangement of the over-all 
switching equipment is shown in Figure 
4. The thtough bushings mounted di- 
rectly above the circuit breaker provide 
for two current transformers on either 
side of the circuit breaker, as well as 
voltage taps for potential measurements. 
Each bushing also serves as one of the 
stationary columns for the braidless 
silver line contact disconnecting switches. 
The disconnecting switches of each pole. 
will be operated by a motor mechanism 
interlocked with the circuit breaker 
mechanism to prohibit incorrect opera- 
tion. Each pole of the structure is en- 
tirely self-supporting without cross ties 
with the other two poles. 

The lightning arresters installed to 
protect the switchgear equipment con- 
sists of standard station-type “‘thyrite” 
interchangeable 12-kv units of the type 
used on many high-voltage systems in 
the United States. The lightning arres- 
ter consists of 25 units, and has a maxi- 
mum permissible line-to-ground rating 
of 300 kv. Its impulse protective char- 
acteristics co-ordinate with the 1,300-kv 
basic insulation level used for the switch- 
ing equipment. 


of 345 ky or higher, including such features 
as 3-cycle or lower interrupting time, 12-to- 
20-cycle reclosing, high kilovolt-ampere in- 
terrupting ability, as well as rapid and posi- 
tive clearing of line charging current. How- 
ever, there are no test data in the paper and 
the information does not seem adequate to 


Lane, Wyman—Switchgear Equipment 


The co-ordinated over-all design will 
carry a rating of 


Normal operating voltage, 360 kv. 
Impulse withstand test, 1,300 kv. 
Rated current, 800 amperes. 


Nominal interrupting capacity, 10,000,000 
kva. 


Summary 


The approach to - terminal switching 
equipment herein described presents a 
new concept for higher voltage switch- 
gear. It is believed that this concept, 
while not confined to higher voltages 
alone, will provide all the functional 
advantages of conventional switching 
equipments along with great economies 
in space and cost. At the same time, it 
should result in increased safety and 
decreased maintenance. 
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show that the porcelain-clad oil type is 
necessarily the most desirable form for such 
an interrupter. It may be, and of course 
compressed air also will receive considera- 
tion. The dead tank oil circuit breaker has 
shown its ability to meet all the requirements 
set down, isa relatively simple rugged device 
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and in addition has self-contained current 
transformers and potential devices, so that 
additional insulator supports and space are 
not required for this equipment outside the 
circuit breaker. Its place in the picture, 
therefore, should not be neglected. 

We agree heartily with the author's state- 
ment regarding the advantage of positive 
oil blast action in preference to the use of 
special shunting resistors for the interrup- 
tion of line-charging currents without exces- 
sive overvoltage. However, instead of pro- 
viding an oil-driving piston with sufficient 
power to catse interruption of the maximum 
short-circuit currents, the alternative of 
using self-generated pressure in a separate 
series break for the rupture of heavy cur- 
rents in conjunction with a piston for low 
currents has been found to give a less com- 
plicated interrupting structure. This com- 
bination reduces the mechanical operating 
effort to that of a single mechanism, in- 
stead of requiring a separate mechanism 
for each pole unit, as used in the circuit 
breaker described by the authors, regard- 
less of whether or not single-phase reclosing 
is desired. 

The cross section in Figure 3 of the paper 
shows two valves in the air mechanism so 
arranged that air can be admitted above the 
piston for accelerating the circuit breaker to 
the open position as well as below the piston 
for closing. Does this mean that in the 
event of loss of air from the reservoir, the 
circuit breaker would be unable to trip open 
and clear a fault? 

It is understood that no. high-voltage 
switching equipment is as yet installed at 
Tidd. Willthe experimental circuit breaker 
be a single-pole or 3-pole unit? A state- 
ment also is requested as to the nature of the 
tests to be made in the field on the circuit 
breaker since the power at high voltage is of 
course very limited and the length of trans- 
mission lines would make even a charging 
current test of doubtful value. 

In Figure 4 of the paper is shown a 3-phase 
lightning arrester apparently having 15 
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Sketch of switching station 


Figure 1. 


units per phase lag. The text of the paper 
states that the arrester is rated 300 kv 
maximum, consisting of 25 12-kv units. 
Using the insulator strings as a basis of 
measurement, it appears that the height of 
the arrester column is 30 feet, and the dis- 
tance from the ground to the point of sus- 
pension of the arrester about 40 feet. The 
air clearance from the arrester grading ring 
to the grounded steel structure seems to be 
only 7 or 8 feet, a rather short clearance at 
these high voltages. The authors’ further 
comments would be appreciated. If the 
rating is 300 kv, what is the actual height of 
the arrester column exclusive of the suspend- 
ing insulators, and what are the clearances 
to ground? : 

In Figure 1 of this discussion is pictured a 
switching station equivalent to that in the 
paper, showing a high-voltage dead-tank oil 
cireuit breaker between two towers for 
dead-ending and for supporting the dis- 
connecting switches. Overhead ground wire 
supports, omitted in the paper, also are pro- 
vided for. The self-supporting 80 per cent 
lightning arrester adjacent to the structure, 
described in reference 5 of the paper, by 
Beck and others does not require any sup- 
porting steel work. Over-all, the steel struc- 
ture required for the bay appears somewhat 
simpler than that proposed by the authors. 

The oil circuit breaker is provided with 
self-contained bushing-type current trans- 
formers, as well as taps on the condenser 
bushings for potential. The tanks can be 
located on any suitable phase spacing and 
operated by either one pneumatic mecha- 
nism or three individual mechanisms as may 
be required. 

Not only have multiflow Deion grid cir- 
cuit interrupters been extended in rupturing 
capacity as high as 10,000,000 kva at 280 
kv, but there seems to be no apparent limit 
in the voltage rating to which they may be 
applied. For instance, single-phase tests on 
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two interrupting units have been carried as 
high as 5,000 amperes at 198 kv in the high 
power laboratory, equivalent to a line-to- 
ground fault on a 345-kv system of 3,000,- 
000 kva on a 3-phase basis. 

In order to shorten the arcing time at 
these high voltages, the circuit breaker for 
extra high voltage, such as 345 kv or more, 
has four interrtypting units per pole. This 
also facilitates laboratory testing to higher 
powers, since it has been shown that voltage 
dividing resistors completely justify the 
method of testing a half pole at half voltage. 
Interrupting tests with 182 kv across two 
multiflow Deion grids have been made suc- 
cessfully up to.10,000 amperes. This would 
correspond to 264 kv to ground on a 4-unit- 
per-pole circuit breaker, equivalent to an 
8,000,000-kva 3-phase grounded fault on a 
460-ky system, with a rate of rise of re- 
covery voltage approaching 7,000 volts per 
microsecond. 


Abe Tilles, (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): The diagrams 
are not entirely clear. Is it correct that the 
switchgear will be riding on the lines for 
static potential test with the far side en- 
tirely open? In any case neither the 
capacitance of this line length as a load nor 
the input capability of the transformer bank 
as a source of supply is great enough to load 
up the circuit breaker. Thus its electrical 
interruption performance will need to be 
judged by tests made elsewhere. The 
mechanical behavior of course, can be ob- 
served here. ‘ 

What specifically is the voltage distribu- 
tion across the six series breaks of the open 
circuit breaker? 

It is encouraging to note that an in- 
herently satisfactory circuit breaker is ex- 
pected. The use of resistors and an auxiliary 
break often introduces complications an 
difficulties. 2: ’ 


F, A. Lane and B. W. Wyman: There are so 
many interesting aspects in a development 
project of the magnitude of the switchgear 
equipment for the Tidd high-voltage test 
line, that the most difficult task which faced 
the authors in writing this paper lay in 
selecting the material which could be in- 
cluded in a paper of nominal length. As 
very few design details could be covered, it 
would have been surprising had.not a num- 
ber of questions occurred in the mind of the 
reader. 

Hobbs has raised several questions, the 
most important seeming to be whether the 
impulse-type low-oil-content circuit breaker 
was the correct one to select for the develop- 
ment of a switchgear equipment for these 
extra high voltages, in preference to the con- 
ventional tank-type circuit breaker or the 
air-blast circuit breaker. While the authors 
believe on the basis of their evaluation of all 
the factors involved, that the impulse type 
circuit breaker was the correct selection, 
they did not mean to infer that either of the 
other types could not be developed. One of 
the main objections in the tank type for 
these voltages is that the amount of oil re- 
quired would have exceeded 15,000 gallons 
for a triple pole circuit breaker, which is the 
equivalent of 2 tank cars. Also, this entire 
volume of oil would have to be drained each 
time the tank circuit breaker contacts were 
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inspected, so that the oil handling equip- 
ment, oil storage equipment, and filtering 
equipment becomes a sizeable item. Neither 
the low-oil-content impulse type nor the air- 
blast type suffers from these handicaps. 
The air-blast circuit breaker, however, for 
outdoor service, has been installed in the 
United States only in experimental installa- 
tions and requires additional development 
before it can be considered for these extra 
high voltages. As the air-blast type 
probably will be developed in the future for 
these voltages, however, the switching struc- 
ture was designed so that it would accom- 
modate the air-blast type as well as the im- 
pulse-type low-oil-content circuit breaker. 

Contrasted with the limited operating 
experience on the high-voltage air-blast 
circuit breaker is the long and enviable 
operating record of the low-oil-content im- 
pulse circuit breaker switching the Hoover 
Dam line, the highest. voltage transmis- 
sion system in the United States, and, 
therefore, it seems to be the most logical 
choice. 

A further reason for the selection of the im- 
pulse-type circuit breaker is its excellent per- 
formance on the interruption of line charg- 
ing currents which will be of more and more 
importance with higher-voltage longer-dis- 
tance transmission lines with their corre- 
spondingly higher values of charging cur- 
rent. With the tank-type circuit breaker, 
the interruption of charging currents gener- 
ally is accompanied by some restriking with 
attendant overvoltages. Positive arc inter- 
ruption at the first current zero eliminates 
the possibility of any restriking when in- 
terrupting line charging currents with the 
impulse-type circuit breaker. 

Each pole of the circuit breaker is operated 
by its own pneumatic mechanism. The 
circuit breaker is closed by compressed air 
and opened by springs. The second valve 
which Hobbs asks about in the cylinder is for 
instantaneous dumping of the air pressure in 
the cylinder on a trip-free operation. It 
plays no part on a straight opening opera- 
tion and consequently the circuit breaker 
can be tripped whether it has air pressure or 
not. 

Hobbs also has questioned the lack of test 
data in the paper to substantiate the in- 
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terrupting rating of 10,000,000 kva at 360 
kv. This corresponds to approximately 16,- 
000 amperes at 360 kv. Inasmuch as we do 
not have at present, or are not likely to have 
at any time in the near future, facilities 
which will permit the carrying out of full 
scale tests on a circuit breaker of this rating, 
the only recourse we have is to test in the 
high-voltage laboratory to obtain empirical 
data that can be extended by extrapolation. 
The impulse type of circuit breaker whose 
oil-blast action is independent of the current 
being interrupted is better suited to the ex- 
trapolation method of testing than the self- 
generating blast action type of interrupter 
in which the interrupting pressure is a func- 
tion of the current being interrupted and of 
the are duration. Laboratory tests up to 
264 ky across a complete, single pole at re- 
duced currents have been made with no 
interrupting times exceeding 3 cycles, which 
would correspond to a 3-phase voltage of 455 
ky. Laboratory tests also have been made 
up to 25,000 amperes at reduced voltage 
without distress to the circuit breaker. A 
current of 25,000 amperes at 455 kv would 
correspond to a 3-phase rating of 20,000,000 
kya, so that a rating of 10,000,000 kva would 
seem conservative. As each pole has six 
breaks in series, one may be tested alone by 
short-circuiting the other five. This type of 
circuit breaker lends itself to further extra- 
polation by tests on individual breaks. 

A 3-pole circuit breaker has been built. 
Each pole, however, was designed with its 
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own operating mechanism for either single- 
pole or triple-pole reclosing, so that it is com- 
plete in itself. Consequently, only one pole 
is being installed at Tidd to obtain field 
tests and field experience, the other two 
poles being used for additional tests in the 
high power laboratory. 

The grading rings at either end of the in- 
terrupter provide uniform voltage distribu 
tion between the six series breaks in the in- 
terrupter, eliminating the necessity of re- 
sistors which Hobbs admits would be neces- 
sary in a tank-type circuit breaker such as he 
seems to prefer in order to obtain satisfac- 
tory voltage distribution. The actual 
voltage distribution asked for by Tilles that 
is obtained by the grading rings is shown in 
Figure 2 of this discussion. The solid 
line is the distribution obtained with the 
mechanism end at high voltage and the 
other end grounded, the dotted line is the 
distribution with the connections reversed. 

No dimensions of the over-all equipment 
are shown in the paper. Scaling from figures 
as Hobbs has done is generally difficult; he 
may be assured, however, that a 9!/2-foot 
air clearance from the lightning arrester 
which provides ample clearance to the 
grounded steel structure has been allowed. 

Completely co-ordinated switchgear 
equipment of this type appears to have 
sufficient advantages so that it is expected 
they may set a new trend in high voltage 
outdoor station design, not only for the 
highest voltages visualized in the future, but 
also the more commonly used transmission 
voltages in general use today. 

One thing that needs to be emphasized in 
connection with an equipment of this type 
is that everything must be done to reduce 
cost wherever possible. This best can be 
done by making as many components as 
possible to double duty. The circuit breaker 
supporting structure being used for other 
functions is one example. The through 
bushing being used for disconnecting switch 
insulators is another function. If coupling 
capacitors were required, these bushings 
also might serve as capacitance units. 
Only by such simplifications can switchgear 
equipments be reduced to a proper economic 
basis to help justify going to higher trans- 
mission voltages. 
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HIS PAPER discusses the metering 
equipment that is being- supplied by 
the Westinghouse Electric Corporation 
for measuring corona loss, radio influence, 
and atmospheric conditions at the Tidd 
500-kv test lines. Since one of the main 
objectives of the test, as pointed out in a 
companion paper! is the accurate deter- 
mination of corona loss under all possible 
operating conditions, this paper is devoted 
principally to the equipment which will 
be used to measure the corona power loss. 
A careful study of the problem of 
measuring corona loss was made. A 
search of the technical literature for the 
methods employed by other investigators 
shows the following: 


On actual lines, losses were obtained by 
measuring the input to the exciting trans- 
formers and subtracting the transformer 
losses.? 


In some cases current coils of wattmeters 
were placed in series with the lines®—1? and 
potential taken from water column potential 
divider. 


The importance of impressing on the meter- 
ing circuit the exact reproduction of the line 
voltage was well recognized and various re- 
finements,!*—15 in measuring circuits have 
been used. 


A detailed analysis of the possible 
errors in the methods heretofore used 
suggested that a new method for measur- 
ing corona loss be used. 


General Discussion 


In order to understand the very exact- 
ing requirements of any metering circuit 
which is to be used to measure corona loss 
on a full sized line with conductors up to 
two inches in diameter and spacings up 
to 45 feet, it is necessary to understand 
the conditions under which the circuit 
must operate. For example, assume a 
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2.00-inch smooth conductor at 45-foot 
spacing. The corona loss by Peterson’s' 
formula will be 0.215 kilowatts per phase 
at 335 kv line to line for a line 1.4 miles in 
length. Under this condition the charg- 
ing kilovolt-amperes will be 273 per phase. 
The power factor is 0.079 per cent which 
corresponds to a power factor angle of 
89 degrees 57.3 minutes. Hence any 
system which is used to measure corona 
loss must be sensitive to an angle in the 
order of one minute or 0.000292 radian. 

Table I is an application of Peterson’s 
formula to the example mentioned pre- 
viously. It shows the magnitude of 
corona loss to be expected under fair 
weather conditions. 


Table |. Fair Weather Corona Loss 


Two-Inch Smooth Conductor, 45-Foot Spac- 
ing, 1.4 Miles Long 


Ky Corona Power Power 
Line-to- Loss, Factor, Factor 
Line Kva_ Kw PerCent Angle 
s 
964) 52 ook Onsae Oe 114 Ss sO S06 Cem SO moles: 
B00! avers 220 cst 0-141. 31 On 0G Ur 80> Dvds 
350% aston BO Sanater 0.268....0.088...89° 57.0’ 
400% Gas: B90 eres 0.591....0.151. ..g9° 54.87 
£50. Sey. x 490..... 1.060....0.217...89° 52.6’ 
BOO ine G09} scans 2.630....0.432...89° 45.1’ 


Further emphasis on the requirements 
of accuracy of a metering circuit to meas- 
ure corona loss is shown in Table II. If 
310 kva charging per phase is assumed, it 
is interesting to note the effect on the 
wattmeter indications if a constant error 
angle of one minute is assumed. The 
table shows this condition for different 
assumed values of loss. 

At first glance it would appear that 
some type of bridge would be most de- 
sirable. There are several objections to 
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Table Il. Effect of 1-Minute Error in Voltage 
Applied to Voltage Coil of Wattmeter 


Corona 
Corona Loss Actual Apparent 
Loss Per3- Power Meter Power 
Per Phase Factor, Indica- Factor, Error 
Phase, Mile, Per tion, Per Per 
Watts Watts Cent Watts Cent Cent 
0... 02,0700)... - 90°5..0. 0291252. © 
100:..,.. -214,, (0.0323. . = 190.0. 0615.7.7,90 
200... 428..0.0646... 290...0.0937....45 
300... 643..0.0968... 390...0.126 ....30 
400.6. | 85%, 0.129" >. 490... (0158 0 wee 
500...1,070..0.161 ... 590...0.190 ....18 
1,000. ..2,140. .0.323 ...1,090...0.348 .... 9 
this. A bridge does not lend itself to 


recording losses over a long period. The 
high voltage which will be used would 
necessitate using a very large ratio arms 
to get the bridge down to a safe voltage. 
An alternative is to construct a Faraday 
cage and have the operator at a high 
potential. In addition, a bridge would 
be sensitive to stray capacitance effects 
which would make it hard to build and 
difficult to check. 

After reviewing the methods of corona 
measurements already used and keeping 
in mind the features desired in the test, it 
was decided to design the circuit on the 
following basis: 

1. Corona power to be measured by a watt- 
meter. 


2. The wattmeter to be located at high 
potential to eliminate the necessity of sub- 
tracting transformer. losses. 


3. Potential for the wattmeter to be taken 
from an extension of the transformer high- 
voltage winding. 


4, - Automatic compensation to be provided 
to correct for the phase angle errors in the 
potential applied to the wattmeter. 
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When it was decided to use a watt- 
meter, investigation revealed that a suit- 
able meter was not available. The 
problem was presented to the engineers 
of the Newark meter works of the Westing- 
house Corporation. A special “nul” type 
meter was developed which is shown in 
Figure 1. It is about 100 times as sensi- 
tive as an ordinary wattmeter. It is 
classified technically as a current balance 
transmitter. The meter has a regulated 
power supply which provides 250 volts 
direct current for the tube plates, and 6.3 
volts alternating current for the tube 
filaments and the lamp. The power 
supply is required to operate over a range 
of 201 to 342 volts. Its output voltages 
are substantially constant. 


Referring to Figure 1 the operation of 
the meter is briefly as follows. The cur- 
rent and voltage coils are located in the 
lower half of the meter. The corona 
' power is resolved into a torque which is 
applied to the upper half of the meter by 
means of the shaft. This shaft is the 
only connection between the upper and 
lower sections of the meter. The alter- 
nating-voltage coil is fixed on the lower 
end of the shaft, and the movable vane 
and the d-c coil (located between the pole 
faces of the permanent magnet) are fixed 
on the upper end. A change in torque 
(corona power) causes the movable vane 
to move upsetting the light balance be- 
tween the two phototubes. The photo- 
tubes are connected in series across the 
plate supply and their midpoint is con- 
nected to one of the gridsinthe6SN7. A 
change in the potential of the grid causes 
a current to flow in the d-c coil in such a 
direction as to oppose the torque, and of 
such magnitude as to exactly compensate 
for or nullify the torque applied to the 
shaft. The vane thus is moved back to 
its original position, restoring the original 
light balance between the phototubes. 
D-c milliammeters are connected in the 
d-c coil circuits. The indication of these 
external milliammeters, multiplied by 
suitable constants, gives the magnitude 
of the corona power. 

This meter is very well suited for this 
application. Since the angle between 
the current and voltage coils remains at 
90 degrees there is no error from angular 
displacement of the two coils, and there 
is no error from nonlinearity of the 
springs. The magnitude of the direct 
current is not affected by reasonable 
changes in the plate voltage nor is it 
affected by the impedance of the external 
indicating meters. Owing to its delicate 
nature, the meter is affected by slight 
errors in the balance of the movable ele- 
ment; however, in use the meter will be 
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in a fixed position, eliminating the pos- 
sibility of this error. 

The meter has undergone extensive 
tests in the laboratory over a period of 
about six months. Inthe laboratory, this 
meter has demonstrated its ability to 
measure power to an accuracy of +5 per 
cent at power factors as low as 0.02 per 
cent. 

As shown in Figures 2 and 6 the line 
current is passed directly through the 
current coil of the wattmeter. In order 
to get accurate readings from the watt- 
meter, it is necessary for the current 
through the voltage coil to be exactly in 
phase with the line-to-neutral voltage 
applied to the line. From Figure 6 it 
can be seen that the phase angle between 
the voltage applied to the wattmeter and 
the voltage from line to ground is the sum 
of the phase shift in the high-voltage 
winding and the phase shift in the meter- 
ing winding. 

The phase shift through the metering 
winding of the transformer, due to the 
instrumentation load, is of very small 
magnitude, varying from 0.52 minute at 
minimum voltage to 0.82 minute at maxi- 
mum voltage. However, it is interesting 
to note the effect of even this small phase 
shift on the indication of the wattmeter. 
At 335 kv the angle would be about 0.61 
minute which would result in a meter 
reading of 55 watts. This added to the 


215 watts of corona loss previously cal- 
culated would result in a serious error in 
the wattmeter reading. Since this wind- 
ing has a shield at high potential, its 
charging current is negligible and causes 
no phase shift. 
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An analysis of the high-voltage wind- 
ing reveals a much more serious condition. 
Assuming no in-phase load on the winding 
the phase shift through the winding will 
vary from 6.28 minutes at minimum 
voltage and 8.10 minutes at maximum 
voltage. From the previous discussion, it 
can be seen that the wattmeter reading 
would be meaningless if this angle were 
not corrected. It also can be seen that if 
a constant correction of say 7.19 minutes 
is made, as has been done by other in- 
vestigators, the deviation from this angle 
would be of such a magnitude that the 
readings in the low power factor range 
would contain serious errors. In addition 
to the phase shift due to the reactive load 
on the transformer, there is a compara- 
tively large phase “shift due to the in- 
phase load. At 500 kv a 100 kw load 
will cause a phase shift of about five 
minutes. On the middle phase this 
would not be serious (meter would indi- 
cate 102 instead of 100 kw) but in the out- 
side phases, the in-phase load will be 
largely the result of power transfer, and 
the meter might read 2 kw when there 
was no corona loss at all. 

As shown later, a compensation can be 
applied to correct for the phase shift in 
the high-voltage winding due to the load 
current. This is not true of the capaci- 
tive charging current of the high-voltage 
winding, because of capacitances between 
turns and from winding to case. The 
magnitude of these capacitances was cal- 


Figure 1. Current balance transmitter or nul’ 
type wattmeter used to measure corona loss 


culated and calculations using these 
values indicate that at maximum voltage 
this phase shift will be only 0.1 minute. 
An angle two or three times this value 
would not introduce a serious error. 

In addition to the compensation neces- 
sary to correct for the phase shift in the 
metering and high-voltage windings, 
compensation must be made to correct for 
the power transfer from one outside phase 
to the other. The conductors on the test 
lines are in flat configuration, which re- 
sults in unequal capacitances between 
conductors giving unsymmetrical line 
charging currents. With the line con- 
figuration previously mentioned the 
charging current on the outside phases 
leads the line to neutral voltage by 90 
degrees + 3 degrees 53 minutes. At 335 
kv line to line the power transfer between 
outside phases is 18.5 kw. If no provision 
were made to compensate for the power 
transfer, and the corona loss was 0.215 
kw on each of the outside conductors the 
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wattmeters would read 18.3 kw and 18.7 
kw on outside phases. The corona power 
which would be present would be slightly 
more than one per cent of the total power 
indication, which is less than the accuracy 
of the metering circuit. While it is true 
that if the total 3-phase power is meas- 
ured, the sum will be the corona loss, it is 
evident that the corona loss on the indi- 
vidual conductors could not be measured 
accurately. 


Test Setup 


In general, two types of tests will be 
conducted on the lines. One group of 
tests will be voltage versus corona test 
loss curves for various conductors, spac- 
ings, and ground wire heights, under vary- 
ing atmospheric conditions and conditions 
of conductor surface. The other group 
will be long time tests in which the corona 
losses will be recorded graphically, The 
importance of these tests is discussed in a 
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*. METERING WINDING SHIELD 


Figure 2. Schematic drawing of transformer 


and shielding 
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companion paper.? Figure 2 is a schema- 
tic of the transformer, wattmeter, and 
shielding. There are two phase lines 1.4 
miles long and one 800 feet long. The 
long lines will be used for longtime tests 
for more accurate corona loss curves and 
for radio influence measurements. The 
short line will be used to obtain informa- 
tion on various types of conductors, where 
it is impractical to change the long lines. 

One wattmeter will be used to measure 
the power in each phase of each line so 
that a total of. nine wattmeters is re- 
quired. The bus structure is strung with 
2-inch HH conductors. The conductor 
provides a shield for the measuring leads 
which are run inside of it from the instru- 
ment house to the conductors under test. 
The individual leads are each shielded 
with bronze braid to eliminate effects be- 
tween adjacent measuring leads in a bus 
conductor. 

As it is desirable to test several circuits 
simultaneously, the metering equipment 
on each phase consists of the following: 
one voltmeter to indicate metering wind- | 
ing voltage, three ammeters to indicate. 
individual line charging currents, three 
current balance transmitters together 
with three milliammeters to indicate 
power loss, and two slow speed (3 inches 
per hour) and one high speed (90 inches 
per hour) graphic milliammeters to 
record the corona loss. The range of the 
wattmeters is from 160 watts to 60 kw per 
phase. The instruments and auxiliary 
equipment used in measuring the corona 
loss on one phase are shown in Figures 4, 
5, and 6. é 

Three single-phase 1,667-kva trans- 
formers will be used to supply power to 
the lines. These transformers are rated 
at 69 kv delta to 500 kv Y. Taps are 
provided so that line-to-line voltages 
from 264.5 kv to 500 kv may be obtained 
in 24 steps. A companion paper® de- 
scribes the transformers in detail. 

The transformers have two tertiary 
windings for voltage measurement. 
Graphic voltmeters for the determination 
of the line-to-line voltage are connected to 
these windings. The voltmeters are 
located in the observation booth. 

As shown in Figure 2, at the point 
where the metering leads are connected to 
the test lines, a radio trap has been in- 
stalled to prevent the transfer of radio 
noise from one line to another and to pre- 
vent noise generated by the source and bus 
structure from being propagated along 
the lines. The radio traps are tuned to 
maximum impedance in the broadcast 
band. 

The observation booth is located in the 
bus structure steel at the same height as 
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the instruments and at a- distance of 
‘about 60 feet. All operations of the 
instrument circuit will be controlled from 
this point. The individual indicating 
instruments are read through a 45-power 
telescope mounted in the observation 
booth, 

Atmospheric conditions have a marked 
effect on corona, and their measurement 


in these tests is of prime importance. - 


There are installed at the test site graphic 
meters of conventional type for recording 
temperature, barometric pressure, and 
humidity. In addition to these meters 
there are now in the process of develop- 
ment a rate of precipitation meter and a 
means of measuring the electrostatic 
potential gradient in air. It is expected 
to have these instruments available in the 
near future, 

As the instrument houses are some 40 
feet above ground, a movable platform 
is provided to permit servicing the instru- 
ments, changing charts on the graphic 
instruments, and making adjustments. 
The top platform of the movable steel 
tower is mounted on rollers so that it can 
be extended to a position from which all 
parts of the instrument box can be 
reached. 

Two Ferris radio noise and _ field 
strength meters, model 32-A, will be used 
to make radio influence measurements. 
Both meters are arranged so that they can 
be used either as portable instruments or 
as recording instruments. One instru- 
ment will be used to measure radio influ- 
ence at various points along the line, and 
at points laterally from it. The other 
will be used to record radio influence at a 
particular point for a long period. Both 
meters are equipped with electrostatic 
and electromagnetic antennas. 

It is planned to apply radio frequency 
signals of known voltages to the lines and 
to make measurements at various points 
so that the coupling between conductors 
and the noise meters can be determined. 
Point source noise generators will be used 
to study the propagation of noise along 
the line. 


Metering Circuit 


In order to make a wattmeter read cor- 
rectly, two things are necessary. A cur- 
rent through the current coil of correct 
phase and magnitude, and a current 
through the voltage coil of correct phase 
and magnitude. The first requirement 
is satisfied simply by passing the line cur- 
rent through the current coil of the watt- 
meter, so no errors can be introduced 
from this source. The second require- 
ment is much more difficult to achieve. 


1947, VOLUME 66 


As mentioned previously, a small error 
in the phase of the voltage coil current 
will introduce very serious errors, far out 
of proportion to the magnitude of the 
phase error. If the -wattmeter were con- 
nected directly to the metering winding 
of the transformer, the error in the phase 
of the current through the voltage coil 
would be the sum of the phase angles due 
to phase shift in the high-voltage wind- 
ing, phase shift in the metering winding, 
and the series inductive reactance in the 
voltage coil circuit. The phase shift in 
the low-voltage winding does not enter 
the problem, because its phase shift can- 
not affect the relative phase position be- 
tween the high-voltage winding and the 
metering winding. 

The induced voltages in the windings 
are in phase because the same flux links 
both windings. The effect of leakage 
flux in the transformer is only to cause a 
negligibly small magnitude error. The 
portion of the circuit at A, Figure 6, adds 
a voltage to the metering winding ter- 
minal voltage equal to the voltage drop 
in the metering winding. The voltage to 
the right of A on the conductor carrying 
current J, is in phase with the induced 
voltage in the metering winding. The 
circuit at B subtracts a voltage propor- 
tional to the voltage drop in the high- 
voltage winding. The circuit at C cor- 
rects for the phase shift due to the induc- 
tive reactance in the voltage coil circuit. 
The circuit at D is for power transfer 
compensation and will be discussed later. 

A detailed analysis of the metering 
circuit now will be made. Let: 


Iy =voltage coil current 
Iy=current taken by auxiliary equipment 
Ip=power transfer current 


Figure 3. Front view 
of instrument house 
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J, =line current or high-voltage-winding 
current 

Ey, =terminal voltage of metering winding 

E;m =induced voltage of winding 

E,=terminal voltage of high-voltage wind- 
ing 

E;, =induced voltage of high-voltage wind- 
ing 

Zm =metering winding actual impedance 

Zy'=metering winding compensating im- 
pedance 

Z,=high-voltage winding actual impedance 

Z,,'=high-voltage winding compensating 
impedance 

Ew =voltage across wattmeter 

Zy =impedance of voltage coil 

The symbol (’) is used to denote the second- 

ary current of the 1:1 transformers. 


The power transformer was tested as 
a 3-winding transformer. The actual 
values of the metering winding and the 
high-voltage winding impedances were 
determined. The impedance Zy, of the 
metering winding is constant under all 
transformer tap combinations. The im- 
pedance Zy’ has been set equal to Zy. 
The actual impedance of the high-voltage 
winding changes almost directly with 
high-voltage taps since the percentage 
change is small. The ratio of the meter- 
ing winding voltage Ey to the high-volt- 
age winding voltage also changes with 
the high-voltage tap. 

The impedance Z,’ is set so that 
Ze “= Zr 
Since’Z, is closely proportional to E;,, a 
constant value for Z,,’ can be used. 

The current transformers in the circuit 
are all 1:1 transformers. The impedances 
of the transformers may be neglected, 
except in the power transfer circuit 
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(shown at D). The phase shift through 
these transformers is very small and in all 
cases may be neglected without error. 

The circuit is connected so that the 
current directions are as indicated in 
Figure 6. Writing Kirchoffi’s voltage 
law around the loop through which the 
current Jy flows, the following equation is 
obtained. 

Eyu— (IutIpt+ly)Zu— (Uv 
Ip!—Iy')Zu' — Ty +I')Z1'— 
Iy(Z)-IvyZy =0 (1) 


Since Zy = Z,’, and all transformers are 
1:1, this simplifies to 
Eyy—Ty'2Z,'—Iy(2Zu'+Z1'+ 

Z.+Zy)=0 (2) 
The terms (2Zm’+Z,’+Zy) may be 
lumped as one impedance of R’+j X’ 
_ RX? RIX 
RE+XS © RA+Xe 
R, has been adjusted so that 
ES 
R?+X,? 


Ze =) (3) 


=X’ in magnitude 
Substituting in equation 2 


R,X 3 
Eju—11Z1'—Iy\ R'+=.— ) =9 4 
m—I1Z1 ( oe Re+ =) (4) 


Solving for Iy 


Emu —IpZ1' 
ly = 
Rex (5) 
R'4+—— 
RE+X? 
The terminal voltage of the transformer 
high-voltage winding is 


E,=£,1,—11Z1, (6) 


The wattmeter readings will be multiplied 
by the ratio E,+ Ey so the voltage which 
should be applied to the wattmeter is 


E 
Ey = ae (E;,—I1Z1) (7) 
‘a 


By substitution. 
Ew =Em—IZ1' (8) 


By comparison with equation 5, it will 
be seen that the current through the watt- 
meter is in the correct phase position. 
The resistor Ry is adjusted so that the 
term 


a Rk 
(e+g5E%) 


has the correct magnitude. 

The part of the circuit at D is included 
to compensate for power transfer. The 
test line is of flat configuration, hence 
there is power transfer between outside 
phases. This part of the circuit is 
omitted on the middle phase, as the line 
is symmetrical about the middle phase 
and therefore it has no power transfer. 
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Figure 4. Wiew of instrument house with 
cover removed 


Briefly this circuit works in the follow- 
ing manner. Since there is power trans- 
fer from one outside phase to the other, 
then the line charging current consists of a 
real and reactive term (Jp+j Ix) where 
Tz is the in-phase power transfer current 
and jl is the phase capacitive charging 
current. The circuit at D provides a 
means of shunting Jp around the watt- 
meter and hence the only in-phase com- 
ponent of current which passes through 
the current coil is that due to the corona 
power loss. 

The resistor R, is very large in com- 
parison with the impedance of the cur- 
rent coil. However, the impedance of the 
transformer is appreciable with the result 
that the current J, is not in phase with 
E,. The phase angle between E, and 
Em is only a matter of minutes and may 
be neglected. The angle between J, and 
E, may be as large as 1.7 degrees. The 
current J, with respect to E, is J, + jl). 
Since the angle is so small J, is essentially 
equal to Jp and jl, has no effect on the 
indication of the wattmeter. Therefore 
I, and I,’ may be considered equal to Ip 
with negligible error. Ifthe current Ip’ is 
equal to J, and 180 degrees out of phase 
then the current through the current coil 
of the wattmeter becomes (Ip+j Ix) —Ip’ 
or simply 7/,—the capacitive charging 
current to theline. If there is any corona 
loss, the in-phase component of the line 
current will increase. The increase in 
phase current will flow through the watt- 
meter giving an indication of the corona 
loss. 
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Adjustment and Checking of Circuit 


The theoretically correct values for all 
impedances have been calculated care- 
fully and these values have been set in the 
circuit. The voltage of the transformer 
will be varied from minimum to maxi- 
mum voltage possible without the pres- 
ence of corona. The presence or absence 
of corona will be determined by a radio 
influence meter. During this change in 
voltage, the wattmeters should indicate 
only the insulator leakage losses. If the 
wattmeters read the insulator losses as 
determined by a separate means, over a 
wide range of voltage,.it is felt that the 
circuit will measure corona loss accu- 
rately. Fullscale of the wattmeter, when 
set at its most sensitive setting, is only 
600 watts per phase. Thus a phase error 
corresponding to an apparent power of 
only 20 watts may be detected. It is not 
expected that the circuit can be adjusted 
to this accuracy, but it shows no serious 
errors can be present in the circuit, with- 
out the experimenter being able to detect 
them. : 


It would be possible to make the watt- 
meter read the insulator losses by only 
adjusting one part of the circuit for a 
particular voltage. However, since the 
effect of the individual compensating cir- 
cuits is different for changes in conditions, 
and because the circuits do not change in 
the same manner, the wattmeter would: 
give the correct indication only at the 
voltage selected. In order for the watt- 
meter to give the correct indication from 
minimum voltage to maximum voltage 
without corona, the circuits all must be 
adjusted correctly. ‘ 


/AIEE TRANSACTIONS 


Figure 5. View of instrumentation with front 
rows of instruments removed 


Possible Errors 


Although considerable effort has been 
expended in order to make the metering 
circuit of the Tidd 500-kv test line as free 
from errors as possible, there are still 
possible errors in the circuit which should 
be discussed. 

It is believed that the circuit is rela- 
tively free from errors due to harmonics. 
There are three sources of harmonics 
which may affect the metering circuit. 
These are 


1. Harmonics generated by the source. 


2. Harmonics taken by auxiliary equip- 
ment in metering circuit. 


38. Harmonics generated by the corona loss. 


It is believed that only the lower order 
harmonics, within the range in which the 
transformers still act as transformers, are 
important. The magnitudes of the cur- 
rents and voltages of the higher harmonics 
are so low that their products will be 
negligible. 

Harmonics generated in the source will 
cause no error because the same harmon- 
ics will appear in both the metering wind- 
ing and the high-voltage winding. 

Considerable harmonics will be taken 
by the auxiliary equipment in the meter- 
ing circuit, particularly by the constant 
voltage transformer. The lower order 
harmonics will be reproduced in secondary 
of the current transformer at A, thus 
producing a harmonic voltage drop across 
the impedance Z,,’ equal to the harmonic 
voltage drop in the metering winding. 


1947, VOLUME 66 


Corona is characterized by the presence 
of relatively high levels of harmonic cur- 


rents and voltages. The harmonic cur- 
rents will cause a drop in the high-voltage 
winding, and a corresponding drop in the 


‘impedance at B. The harmonic voltages 


will be present in the flux linking the 
high-voltage winding. Since this flux 
also links the metering winding, the har- 
monic voltages will appear in the ter- 
minal voltage of the metering winding. 
Corona has some tendency to act as a 
rectifier, resulting in a small amount of 
direct current in the high-voltage wind- 
ing. This distorts the output voltage of 
both the metering winding and the high- 
voltage winding to the same extent. 
The insulators themselves will have 
losses comparable at least to the lower 
order of corona loss. Little information 
is available on insulator losses, and in- 
deed, because of its variable nature, little 
would be of any use if it were available. 
The losses wili be mainly creepage across 
the surface of the insulators. Some 
investigation!’ has shown considerable 
variation in insulator loss with humidity. 
The presence of unknown and unpre- 
dictable insulator losses, although pos- 
sibly not serious, does present the experi- 
menter with a problem especially when 
measuring low corona losses. For this 
reason, one of the authors now is develop- 
ing a means whereby the loss may be 
measured continuously. It is contem- 
plated that a number of insulator strings 
will be used as samples. 
Errors can be introduced if a marked 
difference in temperature exists between 
the transformer windings and the com- 


pensation impedances. This error can- 
‘ 
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be mitigated largely by setting the resis- 
tors so that they have the correct values 
at the average temperature expected. 
The temperature inside the instrument 
housing can be read by an indicating 
thermometer. The hot-spot tempera- 
ture of the transformer also can be read. 
A measure of control of the temperature 
within the instrument house is given by 
exhaust fans, which are controlled from 
the observation booth. If serious tem- 
perature differences exist between the 
compensation impedances and _ the 
transformer, a simple calculation can 
be made to correct for this error. This is 
also true of the power transfer compensa- 
tion resistors, 


Auxiliary Equipment 


Tests on conductors will be conducted 
over a period of several months. During 
this time the corona loss will vary from 
0.5 to 1 kw per phase to perhaps 50 times 
this value. This indicated the need for 
a means whereby the sensitivity of the 
wattmeters could be changed without 
interrupting the tests. 

A supervisory relay control circuit is 
provided so that the wattmeter sensitiv- 
ity may be changed. The supervisory 
relays are controlled from the observa- 
tion booth which is located in one of the 
towers of the bus structure at a distance 
of about 65 feet from the instruments. 
An ordinary telephone dial is used to 
pulse a high-speed hydrogen-filled signal 
lamp. The lamp is focused on the photo- 
tube of a ‘‘Photo-troller”’ (a light sensitive 
device) located in the instrument house. 
A contact in the Photo-troller is actuated 
when the incident light on the phototube 
is increased rapidly, and this contact con- 
trols the supervisory relays. The Photo- 
troller is sensitive only to quick changes 
in light, and is not affected by ambient 
light. The circuit is made insensitive to 
stray changes in light (for example, 
lightning flashes) by connecting the super- 
visory relay circuit so that it will reset 
itself if five or less pulses are received. 
All operations controlled by the relays 
are performed by dialing two numbers of 
which the first must be 6, 7, 8, or 9. 
There are three signal lamps so that each 
phase may be controlled separately or all 
three operated together. 

In addition to changing taps on the 
wattmeter the supervisory relays are set 
up to turn the indicating instruments’ 
illumination lights off and on, to turn the 
exhaust fan off and on, to either eliminate 
or reverse the voltage across the compen- 
sating impedances Z,,’ and Z,’ to apply 
voltage to the semiconducting glass 
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doors, to change the power transfer 
compensating resistors with high-voltage 
tap changes, and to turn the high speed 
recording milliammeter on and off. Two 
spare relays are provided which will be 
used to control an oscillograph, when it is 
desired to record the current wave shape. 
Indicating lights are provided to show 
which wattmeter tap and which power 
transfer resistor is in use. 

Each indicating instrument is pro- 
vided with two 6-watt 115-volt lamps 
mounted on the case of the instrument. 
A reflector is arranged so that the observer 
cannot see the lights, and so that their 
light is reflected on the dials of the instru- 
ments. 

The high speed recording milliammeter 
is used to record rapidly changing losses, 
such as would occur during a thunder- 
storm. 

The glass used in the sliding doors in 
front of the instrument house has a 
conducting film on the inside surface. 
The glass is insulated from the metal 
frame. The resistance of each pane of 
glass is about 200 ohms. These doors 
serve a double purpose. Normally they 
serve to complete the electrostatic shield 
around the meters. In event that frost 
or moisture collects on the doors, then 
voltage can be applied, and the resulting 
heat will dissipate it. 

Being able to eliminate or reverse the 
voltage across the compensation imped- 


Discussion 


R. W. Atkinson (General Cable Corpora- 
tion, Bayonne N. J.): The authors have 
produced another of the group of interest- 
ing and important instruments for measur- 
ing small power at high voltage and low 
power factor. The requirements for meas- 
uring losses on the Tidd installation are 
very drastic and their methods of meeting 
these may well be called “‘beautiful.” 

One of the most critical of the instru- 
mentation problems is caused by the 
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Figure 6. Schematic of metering circuit for 
one line of one phase 


ances-Zy’ and Z,’ enables the operator 
to determine the correction voltages which 
they insert in the circuit. 

The meters are protected so that abnor- 
mal conditions will not damage them. A 
time delay relay is used so that when the 
line is energized the surge current will 
not pass through the meters. The cir- 
cuit is opened to both the current coils 
and voltage coils of the wattmeters, and 
current coils are shunted, when the line is 
energized. The time delay relay has 
been set at about 40 seconds. This 
allows time for the individual power sup- 
ply of the wattmeters and for the Photo- 
troller to warm up. 

If a lightning surge voltage passes 
through the high-voltage winding a por- 
tion of the voltage will appear across the 
metering winding. Surge voltage pro- 
tection for the meters is provided by a 
small lightning arrester. 


Conclusions 


The authors have described a method 
of measuring corona loss. The method 
presented is apparently the most flexible 
and most accurate method which hereto- 
fore has been used. When properly ad- 
justed this method should give accurate 
readings at extremely low power factors. 
Provision is made to measure corona loss, 
associated radio influence, and atmos- 
pheric conditions. 


“power transfer” between the two outer 
phases of the flat-spaced line conductors. 
The authors indicate the magnitude of this 
problem and have shown the method used 
for caring for it. This discusser wishes to 
emphasize still further the magnitude of this 
problem. It appears that it will be the limit- 
ing factor in the possible accuracy of the 
measurements. 

The problem of power transfer between 
phases is met with in loss measurements on 
insulated belted-type cables due to lack of 
complete symmetry. There it quite often 
has resulted in producing a negative power 
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reading on one phase. But this is of very 
small magnitude in comparison to the 
present case where the authors show that 
this power transfer is as much as 100 times 
the power which is to be measured. That 
means that, in order to obtain an accuracy 
of 10 per cent in the desired measurement, 
the compensation for the power transfer 


- must be accurate to one part in about 1,000. 


It is somewhat difficult to understand how 
that accuracy of compensation can be ob- 
tained practically. Apparently the amount 
of the required compensation first must be 
calculated mathematically from the circuit 
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dimensions. This power transfer is only 
about 7 per cent of the capacitive kilovolt- 
amperes. Therefore determination of the 
power transfer to this degree of accuracy 
would seem no mean feat. After deter- 
mination of the correct compensation the 
circuit adjustments to accomplish this de- 
gree of compensation also must be made to 
an accuracy of one part in 1,000. It appears 
rather likely that the power transfer will 
prevent attainment of accuracies of which 
the instrumentation otherwise would be 
capable of reaching. At higher voltages, 
where the loss to be measured (and there- 
fore the requirement of accuracy of com- 
pensation for power transfer relatively less 
important) the presence of corona causes 
some increase of line capacitance and there- 
fore an increase of power transfer which will 
be hard to calculate, thus making the power 
transfer problem a serious one even for con- 
siderably larger values of line loss. 

The authors have stated that, because of 
symmetry, the middle phase will not be 
subject to power transfer. Of course, with 
complete symmetry this would be true—but 
will there be symmetry to one part in 1,000 
in the capacitances? It would appear that 
even for the middle conductor the problem of 
power transfer may not be disregarded. 

In the measurement at high voltage of di- 
electric losses in cables having low power 
factor it has become almost the universal 
practice to use a high-voltage air capacitor 
as the direct standard of comparison. This 
would seem even more important here where 
the power factor to be measured is still 
lower. The authors, indeed, do use this 
basis of a low-loss standard capacitor to the 
extent of considering that the line itself, for 
lower voltages, constitutes a capacitor of 
known small loss. They count that if there 
is good agreement between the calculated 
and measured losses in this lower voltage 

range, the same settings may be relied upon 
for the actual loss measurements at higher 
voltages. Perhaps this determination will 
turn out to be not a mere check but the 
actual basis of calibration. : 

In summary, exceedingly ingenious 
methods have been developed by the authors 
for making these difficult loss measure- 
ments. The burden of this comment is that 
certain of these problems seem even more 
critical than indicated by the authors and 
may require acceptance of a somewhat lower 
degree of accuracy than apparently counted 
upon. 


T. F. Peterson (American Steel and Wire 
Company, Cleveland, Ohio): All of the 
papers on the Tidd 500-kv test lines are of 
tremendous interest and importance, and 
like the project itself undoubtedly will prove 
to be land marks in the history of high- 
voltage transmission. Sporn and his col- 
leagues in this venture deserve great credit 
for having the courage and vision to begin 
this work. 

In reading the paper by Tremaine and 
Lippert and in scanning the references, I was 
impressed by the fact that many of them 
were to papers and work done by students of 
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the late Doctor Harris J. Ryan. I believe 
that a word of tribute to his memory is in 
order. I bow in humble recognition of the 
part that he played. All who had the 
privilege of being with him are of one 
accord in attesting to his genius and vision 
in the field of high-voltage transmission re- 
search and to the inspiration which he pro- 
vided so graciously to literally hundreds of 
now outstanding engineers. Perhaps these 
discussions may be considered a memorial to 
him. 

And now returning to this paper and 


: drawing on my memory of work done at 


Stanford University some 25 years ago, I 
would like to offer two suggestions which 
may be of help to the authors. 

In using the wattmeter method for meas- 
urement of losses at extremely low power 
factor, we found it necessary to insert phan- 
tom impedances between transformer and 
shielding so that there would be no potential 
difference or phase angle between shield and 
leads to the line. Errors may creep in 
due to impedances in the instruments and 
instrument circuits. 

Secondly, I would point out that it may 
prove comparatively simple to determine 
the accuracy of measurements by inserting 
resistance of known value which, when 
carrying line current of measured value, 
should result in increased loss reading equal 
to the calculated value. This may prove to 
be a simple expedient to check over-all 
accuracy, shielding, and the like. 


Abe Tilles (Pacific Gas and Electric Com- 
pany, San Francisco, Calif.): Mention has 
been made of the need of separating insula- 
tor losses from total ‘losses to obtain corona 
losses. Similarly insulator telephone and 
radio interference, which is in many cases 
much worse than corona interference, needs 
to be separated out from the total. It would 
be of interest if the methods of accomplish- 
ing these separations could be given in 
greater detail. 

The inherent subtraction from the watt- 
meter of a relatively large arbitrarily ad- 
justed in-phase wattage because of power 
transfer between phases raises some ques- 
tions. Should not provision be made for 
getting the reading without this ‘‘correc- 
tion,’ also? The 3-phase sum then might be 
obtained in a less manipulated manner. 

In the course of these tests the effect of 
rain in producing alteration in radio and 
telephone interference is to be studied. One 
might expect, also, various shielding and 
masking effects of the rain or clouds in space 
upon the transmission of the interference 
produced. Is the test program set up to 
observe and separate these effects? 


R. L. Tremaine: With reference to the dis- 
cussion by Tilles, on the Tidd 500-kv tests, 
we are not particularly concerned with the 
telephone influence phase of the problem of 
transmission at extra high voltages. Elec- 
tromagnetic and electrostatic effects of 
extra high voltage transmission lines on 
telephone circuits readily can be calculated. 
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If desirable, we can make measurements on 
the low voltage side of the transformers of 
the change in the telephone influence factor 
with the presence of corona. 

We plan to make measurements of corona 
loss and radio influence under changing 
weather conditions. It is quite possible that 
radio influence may prove to be the factor 
limiting the voltage that can be applied toa 
given conductor at a particular spacing, 
especially when the conductor is wet. 

Tilles’ comments in the second paragraph 
are discussed in detail in the author’s com- 
ments on the discussion by Atkinson, 

Radio influence measurements will be 
taken up to 400 megacycles. In this range 
of frequency, it is not expected that rain or 
clouds in space will have any effect upon the 
transmission of the interference produced. 
Rain and clouds in space have no effect upon 
the transmission of radio waves until fre- 
quencies in the order of radar frequencies 
are reached. 

Atkinson has indeed “hit the nail on the 
head,” so to speak, when he mentions the 
weakness of the power transfer compensa- 
tion circuit. Before including this circuit 
in our measuring scheme, we considered its 
possible advantages and disadvantages in 
considerable detail. We finally decided to 
include it with the provision that it easily 
could be disconnected if not desired. The 
metering circuit is so set up that the power 
transfer circuit may be included or left out, 
so that measurements may be taken either 
of total 3-phase power without compensa- 
tion, or of the corona loss with compensa- 
tion. Which of these two methods will prove 
to be more accurate will be decided after we 
have had more experience with the lines. 

Atkinson mentions the — possibility of 
power transfer from the middle phase due to 
the possibility of the lines not being exactly 
symmetrical. While this effect may enter 
into the problem, a larger magnitude of 
power transfer can be expected from the 
middle phase of a particular line due to the 
presence of the other two lines. However, 
the power transferred from the middle phase 
is too small to be corrected for by a circuit 
such as is used on the two outside phases. 

Atkinson is indeed correct in his guess that 
perhaps the measurement of the magnitude 
of the power transfer between outside phases 
will be the method used in calibrating the 
power transfer compensation circuits. This 
has been done. 

The authors appreciate comments made 
by Peterson. We are aware of the possible 
error which may be introduced into our 
measurements by the effect of the capaci- 
tance of the measuring leads which run 
from the instruments to the conductors 
under test. A preliminary investigation of 
this effect has indicated that it is negligible 
on the two long lines. Further investigation 
will be made to determine this effect on the 
short line. 

We appreciate Peterson’s suggestion that 
a resistance of known value be inserted in 
series with the lines to introduce a known 
loss for the purpose of checking the ac- 
curacy of the measurements. We plan to do 
this in the very near future. 
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Transient Voltage Rise in Transformers 


Due to Interruption of Exciting Current 


A. SRINIVASAN 


ASSOCIATE AIEE 


HE MAGNITUDE of switching 

urges, and their origin, has been the 
subject of many papers and much discus- 
sion, particularly on their effect on circuit 
breakers. Studies of voltage recovery 
rates to determine how to prevent voltage 
restriking in circuit breakers, lightning 
protector tubes, and other devices have 
been made. One very important source 
of overvoltages, that of sudden interrup- 
tion of magnetizing currents of trans- 
formers, has not been given the detailed 
study it deserved because this possibility 
was not given due consideration. In this 
paper, it is shown because some circuit 
breakers can interrupt transformer magne- 
tizing currents at any point in the current 
wave. Interruption does not always 
occur on current zero. 

Calculations have been made in this 
paper to find the source of these overvolt- 
ages and to check experimental observa- 
tion. It was found that a reasonable 
agreement could be obtained. Since the 
surge was initiated in the iron circuit, the 
voltage would be distributed nearly uni- 
formly in the winding and therefore this 
type of switching would not lead to con- 
centrations of voltage stress in the wind- 
ings, except in case of terminal flashover. 

These considerations are of importance 
in circuits where magnetizing currents are 
interrupted as for furnace transformers 
and special apparatus used intermittently. 


General Procedure of 
the Investigation 


The following procedure was adopted 
for this analysis. First a number of 
oscillograms of voltage and current dur- 
ing switching were taken on a 3-phase 
transformer installation where the design 
data were available. A study was made 
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of the time in the cycle at which the cir- 
cuit was interrupted in relation to the 
exciting current, the magnitude of the 
voltage rise, and the time within which the 
rise took place after the interruption. 
Second, from the magnetic properties of 
the iron core as given in a steel data book, 
the energy stored in the iron core was cal- 
culated. The instantaneous energy of 
all the three phases was calculated and 
from that the instant at which the total 
energy of all three phases was a maximum 
was determined. It is this total energy 
which is available to create voltage 
surges. Third, thetransformerinstallation 
was reduced to a simple equivalent circuit 
consisting of inductance and capacitance. 
The inductance was calculated fram the 
exciting current, and the capacitances 
were calculated assuming them to be 
lumped capacitances. From the simpli- 
fied circuit, the natural frequency was 
calculated. Fourth, assuming that the 
time taken for the surge to reach its crest 
value is a quarter period of the natural 
frequency, the energy which was dis- 
sipated as eddy current loss was calcu- 
lated. Fifth, the balance of the stored 
energy obtained after supplying the eddy 
current loss was considered to charge the 
capacitances such that W,=(1 VANCE, 


o 
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Figure 1. Oscillogram of the surge voltage 
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Description of 
Transformer Installation 


The analysis was made for a trans- 
former installation with three delta-delta- 
connected single-phase units rated as 
follows: 


High voltage, 3,000 volts, 60 cycles, air 
cooled 

Net area of cross section of the core=24.6 
square inches 

Flux density in the core=11,400 gauss 


Laminations used were equivalent to 
United States Steel grade 52, 0.014 inch 
thick. 

The high voltage winding consisted of 
674 turns wound in four layers per coil, 
each layer having 84 and 841/, turns, 
wound as rectangular coils. The insula- 
tion between layers 1 and 2 and between 
layers 3 and 4 was three layers of 0.010- 
inch mica. The insulation between layers 
2 and 3 was three layers of 0.010-inch 
mica and 3/8-inch duct. The insulation 
between the high- and low-voltage wind- 
ings was five layers of 0.010-inch mica and 
3/8-inch duct. 


Mean length of the iron circuit =63 inches 
Volume of the iron=1,560 cubic inches 


1,560 


Weight of iron= os =423 pounds (ap- 


proximately) 
Study of the Oscillograms 


Figure 1 shows a typical voltage surge 
obtained from one of the oscillograms. 
The following are the observations made 
from the study of the oscillograms: 


1. The maximum surge voltage occurred 
when the line exciting current was nearly 
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Figure 2. Magnitude of the surge voltage at 
different instants of interruption 


a maximum at the time of interruption. 
The maximum voltage exceeded 41/, times 
the normal,voltage to ground. 


2. The circuit could be interrupted at 
any instant during the cycle. - The oscillo- 
gtams were taken on all the phases when 
the circuit was interrupted. The instant 
at which the voltage surge occurred in 
each phase was determined from the 
oscillograms. As far as could be observed, 
the interruption took place simultaneously 
in all the phases, and the instant at which 
this occurred was plotted with reference 
to the flux density in each phase. Thus, 
in Figure 2, the resultant flux density in 
two phases is plotted, not to scale, assuming 
that it varies sinusoidally with time. Only 
one half cycle is shown. The magnitude 
of the surge voltage is also plotted against 
the same base of time. 
shows that the maximum voltage was 
produced in each phase when the flux 
density was a maximum. The numbers 
41, 42, and so forth, on the figures are the 
results obtained from tests 41, 42, and so 
forth. Table I gives the time of inter- 
ruption and the magnitude of the surge 
voltage. 


3. The crest of the surge was reached in 
1/1,600 second; the voltage dropped from 
its crest to zero with little oscillation. This 
front would be the equivalent of a quarter 
period of a 400-cycle wave. 
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Figure 3. Magnetization curve of iron 
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Therefore, the plot . 


Energy in the Magnetic Field 


The energy required to change the 
induction density from the value B, to B, 
is given by the expression 


i Wf 
ai H-dB 
AY 


If a magnetization curve be drawn as in 
Figure 3, a magnetizing force OB is re- 
quired to produce a flux density Ob. If 
the magnetic field is allowed to collapse 
by the interruption of the exciting cur- 
rent, it will be reduced to a residual field 
equal to OC. The average energy re- 
quired to obtain a flux density “Ob is 
proportional to the area, of the portion 
OABbO. When the field collapses, the 
path of the flux is along BC due to the 
hysteresis of the iron. Hence the energy 
corresponding to the area BbCB only will 
be available for transfer. 

The total energy in the entire bank of 


in appropriate units from 
unit volume of the iron 


Table I. Magnitude of the Surge Voltage 
at Various Instants of Interruption 
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transformers is that of all three phases. 
Since the exciting currents in the three 
phases are out of phase with each other by 
120 degrees, the maximum energy in each 
phase will differ by 60 degrees. The 
instantaneous energy per unit volume of 
the iron is B?/sru, in appropriate units. 
The values of B and yp are both changing 
and hence the energy has to be computed 
point by point. These values are listed 
in Table II. Figure 4 shows the magne- 
tizing force at all various instants. Fig- 
ure 5 shows the energy stored in each of 
the three phases plotted against time and 
also the sum of the instantaneous energies 
for all three phases, From the figure it 
appears that in the region of time interval 
between 60 degrees and 90 degrees the 
total energy is a maximum. However, 
at the instant corresponding to 90 de- 
grees, two phases have equal energies and 
the third phase contributes a small 
amount of energy. Hence it could be 
assumed to simplify calculations that at 
the instant when the total energy is a 
maximum, two phases have equal energies 
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and the third phase has no energy. If 
the circuit is interrupted, at that instant, 
the magnetizing force of one transformer 
will be increasing while that of the other 
is decreasing. Therefore, the flux density 
of the increasing phase would be OF and 
that of the decreasing phase would be OE 
in Figure 3. 3 

The energy stored and available for 
transfer in the magnetic fields of the two 
phases is different since it is proportional 
to the area enclosed between the hystere- 
sis loop and Y-co-ordinate axis. Thus, 
if the circuit is interrupted at the point D, 
(Figure 3) the magnetic field collapses 
along the curve descending from D to C. 
The energy given up due to collapse is 
given by the area DECD. At the same 
time the other phase is interrupted at G 
when the magnetizing force is decreasing. 
After the interruption, its magnetic field 
collapses following the curve GH. The 
energy given up by this transformer is 
proportional to the area GFHG. 

The available energy in joules per cubic 
inch of iron is equal to the two areas, the 
co-ordinates of which are kilolines per 
square inch and ampere-turns per inch. 
Thus the area of CDEC from Figure 3 is 
5.45 square inches and of HGFH is 3.25 
square inches. The scale for Figure 3 is 
1 inch for 1.33 ampere-turns per inch and 
1 inch for 10 kilolines per square inch. 
The energy available is (5.45-+3.25) 1.33 
10-4 1560 or 1.81 joules for these two 
phases. 


Determination of the Capacitance 


It is well known that transformers have 
distributed capacitance between winding 
and core, between layers of the windings, 
and between turns. The capacitance be- 
tween turns is small and is neglected in 
this analysis. The several turns in each 
layer being in series, there is a potential 
gradient along the length of the layer. 
At the end of the layer where the connec- 
tion is made to the next layer, the poten- 
tial difference between the layers is zero. 
The voltage at the other end of the layer 
is twice the voltage per layer. The elec- 
trostatic flux distribution varies uniformly 
along the length of the layer. However, 
it is assumed as an approximation that 
the effective capacitance between two 
layers is half the capacitance between the 
layers considered as plates. 

Neglecting the effects of fringing and 
other irregularities in the flux distribu- 
tion, the capacitance is calculated from 
the formula 


0.22XAXK 


C in micromicrofarads = Z 


inch units 
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Therefore the effective capacitance be- 
tween any two layers is 


0.11XAXKK 
d 


micromicrofarads 


Thus the capacitance between layers ! 
and 2 is 


& 


0.11 X681 X6 ; 
12 = ————_ = 1.5 X 10* micromicro- 
3 X0.01 ease 


Similarly the capacitance between layers 
2 and 3 is 


Co3=0.1 104 micromicrofarads 


and the capacitance between layers 3 and 
4 is 
Cu =1.65X104 micromicrofarads 


The low voltage winding is assumed to 
be at ground potential for the following 
reasons: The voltage of the low voltage 
winding being very small, the energy re- 
quired to charge its capacitance is negli- 
gible and its voltage to ground is also 
negligible when compared to the high 
voltage winding. 

Considering the capacitance C, between 
the high voltage winding and ground, it 
would be very nearly the same as that 
obtained in the case of a plate capacitor. 
Using the same formula as before, it was 
found that 


C, =0.036 X104 micromicrofarads 


Thus in Figure 6a is shown the arrange- 
ment of the different capacitances. The 
voltage across C12, C23, and Cy of each leg 
is 1/4 of the voltage across the entire 
winding on both legs. If C is the effec- 
tive equivalent capacitance between the 
four layers in each leg, then on the basis of 
energy considerations 


E\? EN? E\? EN? 
(F) = of 2) +c,(2) ar (7) 
1 
isk Cry (Cie+ Cos+ Cas) 


=(0.81 X104 micromicrofarads 


Figures 6b and 6c are derived from Figure 
6a by combining the two capacitances C, 
and replacing Ci, Cx, and Cy by C. 
Figure 6d shows the equivalent circuit for 
the delta-connected transformer bank. 
Under the conditions when there was 
maximum energy, it was found that the 
energy in two phases was nearly equal and 
that the third phase did not contribute 
appreciable energy to the circuit. Then 
the two phases may be considered to act 
in parallel and thus Figure 6e was ob- 
tained. Figures 6f, 6g; and 6/ are succes- 
sive developments of the equivalent cir- 
cuit leading to the final form in Figure 67 
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41—Flux; scale on left- 
hand figure 

9—Exciting- current for 
iron only 

3—Voltage; no scale, 

to show phase 
4—Current in each 
phase, including eddy 
losses 
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Figure 4. Magnetizing force at different 
instants of time 


where there is only one inductance con- 
nected in parallel with one capacitance C,. 
For this case 


C,=(3.54+.048) X 104 micromicrofarads 
Determination of the Frequency 
The inductance of the circuit is not 


constant since the magnetization curve is 
not astraightline. However, for the case 


Table Il. Energy in the Iron at Different 
Instants 
Energy 
Flux Per Energy in 
Time, Density B, Perme- CuCm Joules Per 
Deg Kilogauss ability B?/87rp Cu In. 
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under examination, it was found from the 


several oscillograms taken that the fre- 


quency was about 400 cycles per second 
and this value was taken to be the surge 
frequency for the calculation of the eddy 
current losses. 

The rms value of the exciting ampere- 
turns was obtained from Figure 3. The 
maximum flux density was 73,000 lines 
per square inch. Thus the ampere-turns 
per inch at this flux density are about 6.5 
and the rms value would be 6.5/+/2=4.6; 
hence the exciting current is 


4.6 X63 
674 


=(.43 amperes 


The equivalent exciting inductance of 
each transformer would be 


3,000 


EA eh 
0.43 X377 pg 
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The equivalent inductance shown in 
Figure 67 is the resultant of two trans- 
formers in parallel. Therefore the equiv- 
alent inductance in parallel with the 
capacitance to produce oscillations is one- 
fourth of the total inductance of two trans- 
formers in parallel or one-eighth of the 
exciting inductance of each transformer. 
Therefore the equivalent inductance is 
parallel with C, is 18.6/ 8=2.325 henrys. 
The natural frequency of this L-C circuit 
would be 


at. 1 
~ Oaa/LC 22.325 X0.0329 X10- 
= 575 cycles per second 


to 


Determination of the Losses 


The losses in the core depend upon the 
frequency and the flux density. Since both 
of these are variable, the true represen- 
tation of losses as an equivalent resistance 
is complicated. However, the losses can 
be estimated separately as eddy current 
and hysteresis losses and this appears to 
be the simplest procedure. The hystere- 
sis loss already has been taken into ac- 
count when the areas HGFH and.CDEC 
were obtained. Hence the eddy current 
loss only has yet to be calculated. 

Whenever magnetic flux is changing in 
a core, there is an induced electromotive- 
force in the core material. This electro- 
motiveforce sets up the circulating eddy, 
currents and losses. The frequency in 
this case is the natural frequency set up 
by the inductance and capacitance in 


Figure 5. Energy in the magnetic field 
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Figure 6. Equivalent circuit of the trans- 


(c) 


formers 


parallel. Since the inductance of the 
circuit changes rapidly as the energy 
stored in it is dissipated, the wave shape 
of the oscillation is not a sine wave. 
However, as an approximation it was as- 
sumed that during the 1/4 cycle while 
the surge crest is being reached, the wave 
shape was sinusoidal. The frequency as 
measured ‘rom the oscillograms was 400 
cycles. 

The flux in the core drops so that the 
residual flux density is reached in a 
quarter period of the natural oscillation. 
The instantaneous eddy current loss per 
unit volume of the core is 


?idBN 

mal dt ) 
The change in flux density is the differ- 
ence between the flux density at the time 
of interruption and the residual flux den- 
sity, and it is assumed to vary sinusoid- 


ally. Therefore the average eddy cur- 
rent loss per unit volume is 


6p 
in appropriate units. 

The natural frequency was 400 cycles 
per second. #=0.014 inch. Specific re- 
sistivity =25.6 microhms per inch cube. 
At the time of interruption, the flux den- 
sity in one transformer was 69X10 lines 
per square inch and it decayed to 27.5X 
10% lines per square inch. The change of 
flux density, AB, was 41.5103 lines per 
square inch, as shown in Figure 3. 
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The eddy current loss in the first trans- 
former was 


m* X 400? X 0.0142 X 41.5? X 108 


6X 1016 X 25.6 X 10-8 ; 
0.347 watt per cubic inch 


The second transformer has a change of 
flux from 59.5 X10? lines per square inch 
to 24.5 X10 lines per square inch. Thus 
the change of flux density was 35X10 
lines per square inch. The eddy current 
loss in the second transformer was 


a* X 400? X 0.0142 X35? X 108 


6X10* 25.6 X 107-6 
0.246 watt per cubic inch 


The energy lost in both the transformers 
as eddy current loss in 1/4 cycle or 
1/1,600 second was 


_ (0.347+0.246) 1560 
4400 


W. = 0.579 joule 


Energy to Charge the Capacitances 


Out of the total energy W, available in 
the magnetic circuit, the energy W, is 
spent as eddy current loss and the balance 


Wr-W.= W. 


is the energy available to charge the 
capacitances. The energy required to 
charge a capacitance C to a potential is 


W,=1/2CE? 


whence 


Be 2W, 
Cc 


Srinivasan, Vogel—Transient Voltage Rise in Transformers 


- in the core. 


The total energy available from the 
magnetic circuit was W,=1.81 joules. 
The energy spent as eddy current loss 
was 0.579 joule. Hence the energy avail- 
able to charge the capacitance C, would 
be 1.81—0.579=1.231 joules. The effec- 
tive capacitance C, was calculated to be 
0.0329 microfarad. 

Therefore 


oe ee =8,650 volts 
0.0329 


-i 


From Figure 67 it can be seen that the 
potential of one transformer was (4/3) X 
8.65=11.53 kv. The normal voltage to 
ground was 3,000 +/2/1/3=2,450 
(crest). Therefore 


Crest value of surge volts against ground 
= 


Crest value of normal volts against. ground 


The oscillograms show that this ratio is 
about 4.5. 

The case analyzed is not the worst 
condition, and more severe conditions can 
occur due to the following reason. The 
analysis was done on the assumption that 
at the instant the circuit was interrupted, 
the exciting current was in a steady state. 
If, however, the interruption took place 
when there was an in-rush current, the 
magnitude of the surge voltage would be 
larger. The magnitude ofthe in-rush 
current would be several times the normal 
exciting current and consequently there 
would be an increase in the magnetizing 
force. A larger magnetizing force would 
produce a larger amount of stored energy 
Though the energy available 
does not increase proportionately with 
the magnetizing current due to saturation, 
yet the consequent rise in voltage may be 
higher than that obtained under steady 
state conditions. 

Voltages as high as seven times normal 
instead of 41/5 were obtained under these 
conditions. With the secondary loaded, 
the switching surge would not produce as 
high a voltage, because a portion of the 
energy would be dissipated in the load. 


Conclusions 


The interruption of the exciting current 
in a transformer or any iron-cored circuits 
produces a transient rise in voltage. 
Such cases often happen in practice, 
especially in are furnace transformers. 
The magnitude of this voltage can be 
several times the normal voltage against 
ground and unless adequate insulation is 
provided, it may cause a failure of the 
insulation. The method outlined in this 
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paper is simple and a fairly close approxi- 
mate calculation of the rise in voltage 
may be made by means of this method. 

Since the rise in voltage is fixed by the 
effective capacitance, it appears that the 
smaller the capacitance, the greater will 
be the voltage rise. Hence, a set of ex- 
ternal capacitances connected to the ter- 
minals of the transformers willincrease the 
effective capacitance and thereby reduce 
the voltage rise. 

Since the voltage rise is caused by the 
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change of flux in the iron, it should result 
in a uniform voltage distribution through 
the winding. Most switching surges re- 
sult from flux linking windings and hence, 
the conclusion may be reached that switch- 
ing surges are likely to be uniformly dis- 
tributed in windings. 
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A Control System for Wind 


Tunnel Drives 


ALLAN H. HEIDENREICH 


FELLOW AIEE 


HE majority of the existing large 

wind tunnels designed for subsonic 
research have what is known as the Cly- 
mer type of drive, the principal elements 
of which consist of a constant-speed mo- 
tor-generator set, a variable-speed motor- 
generator set, and a wound-rotor induc- 
tion motor. 

The function of the drive is to provide 
power at variable speed for the fans or 
axial-flow compressors which create the 
wind velocities in the tunnel. The speed 
range through which the drive motor must 
operate may be as great as 80 to 1 and the 
control must be such as to hold any speed 
in the range constant within the limits of 
+1/4 of 1 per cent of full-load speed. 
Considerable auxiliary equipment is neces- 
sary to control speed, prevent hunting, 
limit the current interchange between the 
d-c machines of the constant-speed and 
variable-speed sets, provide constant d-c 
base voltage, and hold constant power 
factor. 


The Clymer Drive and Control 


The National Advisory Committee for 
Aeronautics at its flight propulsion re- 
search laboratory in Cleveland, Ohio, 
utilizes the Clymer type of drive for the 
operation of the altitude wind tunnel. 
The drive, shown in Figure 1, is a good 
example of this type of power application 
and for convenience will be used for this 
discussion. The 4-unit constant-speed 
set consists of a 4,800-kva synchronous 
machine AI and twe d-c machines DI(A) 
and DI(B) together with EXC.AII. 
The variable-frequency motor-generator 
set is composed of a 12,000-kva synchro- 
nous machine AII and two d-c machines 
DII(A) and DII(B). The main or fan 
drive motor is of the wound-rotor type, 
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19,700-horsepower at a synchronousspeed 
of 450 rpm. However, the top speed re- 
quired by the tunnel is 410 rpm. 

Probably the best approach to give a 
general idea of the operation of the drive 
is to go through the procedure of putting 
it on the line. 

Consider all the small auxiliary units as 
being in operation. They are as follows: 


1. Amplidyne EXC.DII providing ex- 


. Citation for d-c machines DII(A) and DII 


(B) 
2. Constant potential exciter CP supplying 
energy to the 250-volt constant potential bus 


3. Amplidyne exciter 884 M-E and the 
electronic voltage regulator controlling the 
voltage of the constant potential exciter CP 


4. Amplidyne EXC.DI providing ex- 
citation for d-c machines DI(A) and DI(B) 


5. Amplidyne exciter 88AM-AII con- 
trolling the voltage of EXC.AII thus 
regulating the field on the a-c machine AII of 
the variable-frequency motor-generator set 


6. D-c generators 88Z-DI and 88L-DII 
regulating the voltage of EXC.DI and 
EXC.DII to limit current in the loop 
circuit 

Oil circuit breakers 6AI, 42AI, MCI, 
MCII, air circuit breaker 72, together 
with contactors Ci, Co, C3, and C, are all 
in the open position and the drive is 
ready to start. It might be well to 
mention here that the entire operation of 
starting and stopping is done auto- 
matically by means of relays controlling 
the sequence in which the units function. 

When the starting button is pressed cir- 
cuit breaker 6AI closes and the 4,800-kva 
synchronous machine of the constant- 
speed set starts at reduced voltage. 
When it approaches synchronous speed 
and the initial inrush has subsided, a cur- 
rent relay applies field to the motor 
through contactor C; After the transi- 
ent disturbance caused by application of 
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the field has disappeared, line circuit 
breaker 42AI closes and circuit breaker 
6AI drops out. Air circuit breaker 72 is 
next to close, completing connections 
through the loop circuit connecting d-c 
generators DI(A) and DI(B) with motors 
DII(A) and DII(B). Air circuit breaker 
72 is provided with interlocking to operate 
contactors C;, C2, and C3, which immedi- 
ately close when air circuit breaker 72 
closes, thus providing excitation to ma- 
chines DI(A), DI(B), DII(A), DII(B), 
and AII. D-c generators DI(A) and 
DI(B) drive d-c motors DII(A) and DII 
(B), and all are connected in alternate 
series. 

The variable-frequency motor-genera- 
tor set now starts to accelerate and since 
the speed adjusting rheostat 70S is in the 
position calling for maximum speed of the 
variable-frequency motor-generator set, 
this set will come up to approximately 60- 
cycle speed under the control of the elec- 
tronic speed regulator. During this 
period the synchronous machine AII is 
supplying a-c excitation to the rotor cir- 
cuit of the fan drive motor, which, not 
being connected to the supply circuit, is 
stationary, and the rotor circuit induces a 
revolving magnetic field in the stator of 
this machine. The action here is exactly 
the same as that taking place in a trans- 
former. By varying the speed and exci- 
tation of the synchronous generator, the 
frequency and voltage of the supply sys- 
tem can be matched. Generator and line 
then are synchronized automatically and 
circuit breakers MCI and MCTII are closed 
thus placing the drive motor on the supply 
circuit. Since the rotating fields in the 
rotor and the stator of the motor are 
rotating in the same direction at the same 
speed with no phase displacement, there 
is no slip, and consequently no torque in 
the fan motor shaft, which remains sta- 
tionary. Therefore, in placing the drive 
motor on the line the greatest disturb- 
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Figure 1. Altitude 
tunnel drive 


ance that can be caused, is that caused by 
the initial inrush taken by the 4,800-kva 
synchronous motor on the constant- 
speed set, and this inrush does not exceed 
the 5,300-kva limit set by the Cleveland 
Electric Illuminating Company as a 
maximum at that time. 

To get power into the fan and obtain 
wind velocity in the tunnel, the drive 
motor shaft must rotate. This is done by 
gradually-~slowing up the speed of the 
variable-frequency set through electronic 
speed controls, thereby lowering the fre- 
quency in the rotor of the fan motor. 
The speed at which the fan rotates then 
will correspond to the difference in fre- 
quency between the 60 cycles of the 
supply circuit and the frequency of the 
fan motor rotor circuit. It can be noted 
readily from the foregoing, that any speed 
of the fan motor shaft through the operat- 
ing range can be obtained in as small 
increments or fractions of cycles as de- 
sired. 

The tunnel is now in operation at the 
predetermined wind velocity required for 
the particular research analysis program 
and it must be held there within a range 
of +1/4 of 1 per cent. 


To take the drive out of service, it is > 


necessary to push only the stop button 
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and automatic relay operation takes care 
of the rest, this being merely a reversal of 
the sequence as outlined for starting. 
This tunnel is designed to produce 
atmospheric and temperature conditions 
up to 30,000 feet altitude, namely, about 
1/3 of an atmosphere and —48 degrees 
Fahrenheit. To do this requires 7,000 
horsepower in exhausters and 23,000 
horsepower in refrigeration. The total 
kilowatt demand of the tunnel drive and 
these auxiliaries is approximately 40,000. 
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The foregoing is purely a description 
indicating the function of the drive and 
its operation. Details of control, protec- 
tion, the functioning of the constant- 
speed and variable-frequency sets, and 
the power pump back into the supply sys- 
tem, will be taken up in the following 
order: 


(a). Operation of constant-speed and vari- 
able-frequency sets. 


(6). Speed control. 


Saar TUNNEL SUPPLY CIRCUIT 


Figure 2. 
control 


Speed 


ES eae ms id & lca we 
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Figure 3. Current limit 


(c). Current limit in the loop circuit. 
(d). Antihunt provisions. 

(e). Constant-voltage d-c bus. 

(f). Holding of constant power factor. 
(g). Pump back into power system. 


Operation of Constant-Speed and 
'Variable-Speed Sets 


During the starting period of the drive, 
the constant-speed set is driven by the 
4,800-kva synchronous machine operat- 
ing as a motor, the two d-c machines on 
the same shaft operating as generators 
and supplying energy through the loop 
circuit to the two d-c machines acting as 
motors on the variable-frequency set and 
driving the a-c machine feeding into the 
drive motor rings. However, when power 
is being delivered to the fan, conditions 
are reversed. The a-c machine on the 
variable-frequency set then becomes a 
motor driving the two d-c machines on the 
same shaft as generators supplying cur- 
rent through the loop circuit in the oppo- 
site direction to drive the two d-c ma- 
chines of the constant-speed set. These 
d-c machines now act as motors instead 
of generators and drive the a-c machine 
on the same shaft as a generator, thus 
supplying energy or pumping back into 
the supply lines. 


Speed Control 


All references apply to Figure 2. 

It is very important that the tunnel 
drive motor speed be held practically con- 
stant at any speed selected during a re- 
search analysis period. It must be within 
+1/4 of 1 per cent or the test results 
probably will be valueless. To accom- 
plish this, rheostat 70.S which consists of 
two plates on the same shaft, one in the 
tachometer circuit and regulating through 
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a field of EXC.DI and the other in a 
field circuit of EXC.DII, is set for the 
speed required for the test. The coarse 
or approximate speed control is governed 
entirely by EXC.DII through excitation 
to d-c machines DII(A) and DII(B). 
EXC.DI through excitation to machines 
D(A) and DI(B) provides what might be 
termed vernier control to govern the speed 
of the drive motor within the 1/4 of 1 
per cent limits previously stated. 

Assume that the drive. motor now is 
running at the approximate speed for 
test purposes and it is desired to regulate 
within narrow plus or minus limits. Two 
tachometers or d-c generators, calibrated 
to give exactly the same voltage when 
operated at the same speed, are con- 
nected in series opposition as shown. 
One tachometer PT is driven by a syn- 
chronous motor connected to the 60-cycle 
supply circuit while the other ST is 
attached to the shaft of the variable-fre- 
quency motor-generator set. It readily 
can be noted that the voltage of tachom- 
eter PT driven by the synchronous 
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Figure 4. Antihunt electronic voltage regulator 


motor from the 60-cycle source of supply 
will remain constant while the voltage of 
tachometer ST connected to the shaft of 
the variable-frequency set will vary as 
the speed of the set varies. The func- 
tion of tachometer PT is to compensate 
for frequency fluctuations in the supply 
circuit. These two tachometers are con- 
nected in series and oppose each other. 
The voltage difference then is compared 
to a portion of a carefully regulated refer- 
ence voltage, and the resulting voltage is 
applied to the grid of a control tube in the 
regulator. Assume the speed of the fan 
drive motor to vary slightly above that 
for which the setting has been made. 
Tachometer ST on the variable-frequency 
motor-generator set shaft then will be 
running too slow and its voltage will 
drop, making the grid of tube 1 more 
negative, and hence the grid of tube 2 
becomes more positive and allows tube 
2 to pass more current. This will in- 
crease the current flow through the con- 
trol field of amplidyne EXC.DI raising 
its terminal voltage, causing an increase 


BUS 


Figure 5. Holding 
constant power 
factor 
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in excitation of machines DI(A) and DI- 
(B), thereby raising their terminal volt- 
ages and increasing the speed of the vari- 
able-frequency motor-generator set, which 
in turn will decrease the speed of the fan 
drive motor. 

If the speed of the fan drive motor 
should fall slightly under that for which 
it was set, then the voltage of tachometer 
ST will rise, resulting in a more positive 
polarity of the grid in tube 1 of the elec- 
tronic speed adjuster; this will decrease 
the flow of current through tube 2 and 
will decrease EXC€.DI control field and 
drop its terminal voltage, thus decreasing 
the excitation of machines DI(A) and DI- 
(B) and their terminal voltage will fall, 
thereby decreasing the speed of the vari- 
able-frequency motor-generator set and 
causing the speed of the fan drive motor 
to increase. This combination of elec- 
tronic amplifiers and amplidynes pro- 
duces an amplification of the tachometer 
signal of several thousand to one, thus 
providing the extreme sensitivity of con- 
trol required. 


Current Limit in the Loop Circuit 


All references apply to Figure 3 which 
illustrates this item alone. In order to 
prevent the maximum current inter- 
change between the d-c machines of the 
constant-speed and variable-frequency 
motor-generator sets from exceeding safe 
commutating limits, use is made of the 
commutating and compensating field in 
machines DI(B) and DII(B) to function 
as drop resistors. These windings: are 
indicated on the diagram as CF; and CF». 
To clarify the diagram they are shown as 
existing outside of the machines. 

The voltage across each of these wind- 
ings, under full loop circuit current of 
3,000 amperes, is approximately 9 volts. 
These drop voltages are added in series, 
making a total of 18 volts. The path of 
one lead is to a field of amplidyne EXC. 
DI, through the field and terminates at 
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point a. The other lead terminates at 
point 6 and there is, therefore, 18 volts 
drop across these points when maximum 
current is flowing in the loop circuit. 
Motor generator set 88L consists of a 
motor driving two small d-c voltage-refer- 
ence generators 88Z-DI and 88ZL-DII. 
Each generator has an adjustable elec- 
tromotive force of 18 to 24 volts. The 
generators are connected in series through 
a loop circuit containing two rectifiers Vi 
and V2, which are also in series. The 
current can flow only in the direction of 
the arrow shown in. the rectifier symbol. 
The point a is shown between the rectt- 
fiers and the point b is the midpoint of the 
series connection between the generators 
88L-DI and 88Z-DII. : 

Consider current flowing in the direc- 
tion of arrow 1 in the loop circuit indicat- 
ing that the d-c machines on the constant- 
speed set are functioning as generators, 
while those on the variable-speed set are 
acting as motors. Starting at & in the 
control circuit and tracing through the 
diagram, the path is as follows: from k 
to g where the circuit divides and goes 
through the fields of EXC.DI and EXC. 
DII in parallel to the junction f; from 
this point the path is tod anda. Ata 
the flow normally would divide, part go- 
ing through generator DI and part through 
generator DII; however, the rectifier V2 
serves as a block in the DII branch so 
that the flow can be only through the DI 
branch to the junction 6 between the 
generators, and then through the circuit 
ce to j, the terminal. 

The direction taken through, the ampli- 
dyne EXC. DI field is such as to oppose 
the flux produced by its control field; 
hence, the voltage of this exciter drops, 
decreasing the excitation to machines 
DI(A) and DI(B) and lowering the volt- 
age of these generators. The direction of 
the current through the amplidyne EXC. 
DII field, is such as to supplement the 
flux of its control field and thus the volt- 
age of this exciter will increase and 
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Figure 6. Power pump back © 


thereby increase the excitation to ma- 
chines DII(A) and DII(B), raising their 
voltage. As a result, the voltage of the 
generators and the internal voltage of the 
motors approach each other. The cur- 
rent in the loop circuit is, of course, a 
direct function of the difference of these 
two voltages, and as this difference is 
decreasing, the loop circuit current will 
decrease and be held to the predeter- 
mined maximum as a limit. 

When the direction of the current flow 
in the loop circuit is from the variable- 
speed set to the constant-speed set, it is 
apparent that the control is the same. 
Under such a condition however, ma- 
chines DI(A) and DI(B) functioning as 
motors will have their voltages raised, 
while DII(A) and DII(B) acting as gen- 
erators will have their voltages reduced, 
just the opposite of the conditions pre- 
vailing when the direction of the current 
flow in the loop circuit was from the con- 
stant-speed set to the variable-speed set. 


Antihunt Provision 


Each of the amplidynes is provided 
with an, antihunt field. All references 
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Figure 7. Slip regulator speed control 


apply to Figure 4; however, this diagram 
also will serve to illustrate the operation 
of the electronic regulator to hold the 
voltage of the constant-potential d-c bus 
fixed. 
. Amplidyne AM-E has buck and boost 
fields, F, and F;, plus an-antihunt field Fy. 
The circuit abcde, containing a variable 
resistor and one winding of a transformer 
connected in series, is shunted across the 
brushes of the machine. The antihunt 
field Fy has the other winding of the trans- 
former connected in series with it. If 
there are no rapid fluctuations in the volt- 
age of the exciter, a direct current flows 
through the variable resistor and winding 
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x of the transformer in circuit abcde, 
while there is no flow at all in the F; field 
circuit containing the y winding of the 
transformer. 

Assume now that the machine begins 
to hunt. There then will be a rapid 
fluctuation of the voltage, which, due to 
the rate of change of lines of force, will 
induce a corresponding voltage in the y 
winding of the transformer. This voltage 
will be opposite in direction to the one in 
the x winding and the current generated 
will pass through the F? field in a direc- 
tion to neutralize any change in voltage 
from a steady state condition, thereby 
preventing hunting of the machine. 


Constant-Voltage D-C Bus 


The accuracy of control of the drive 
depends to a great extent upon holding a 
reference voltage constant within very 
close limits. The essential elements in 
obtaining this constant potential are 
shown in Figure 4. A 100-volt 60-cycle 
supply is rectified by tube 1, filtered, and 
impressed across voltage regulator tube 2 
and a series resistor. The constant volt- 
age across tube 2 is compared with a por- 
tion of the voltage to be regulated, and 
this difference is applied to the grid of 
tube 3. This tube is in series with an 
anode resistor, and its anode potential is 
applied to the grid of tube 4. The output 
of tube 4 is put through the buck field of 
amplidyne EXC.AM-E. The boost 
field of amplidyne EX C.A M-E is connec- 
ted to the rectified voltage from tube 1. 
Thus, any change in the voltage being 
regulated will affect the current through 
the buck field of the amplidyne and result 
in a voltage regulation of +0.04 per cent 
or 0.1 volt in 250. 


Constant Power Factor 


It is necessary that a high power factor 
be maintained on the large wind tunnel 
loads, and at the Flight Propulsion Re- 
search Laboratory itisheld approximately 
at 95 per cent. 

Figure 5 illustrates the manner in 
which this is accomplished. A phase 
shifter is connected to the supply circuit. 
This consists of a 3-phase wound-rotor 
motor, the rotor of which is provided with 
a hand wheel and a latch, for it is neces- 
sary to lock the rotor in any desired posi- 
tion. Leads are brought out from one 
phase of the rotor winding only and con- 
nected to a transformer at points 1 and 2. 
The secondary of this transformer a-b is 
tapped at 0, the midpoint of the winding. 
A resistor R is inserted in o—c and the leads 
from a current transformer in the supply 
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circuit are connected across it. There is 
produced, therefore, a voltage which is a 
function of the line voltage, and a voltage 
which is a function of and in phase with 
the line current, illustrated in vector dia- 
gram X. 


These functions of line voltage and cur- 
rent voltage, a—b and o-c, respectively, are 
the components necessary for power fac- 
tor control. If the rotor of the phase 
shifter is rotated, it is apparent that the 
phase relation of a, b, and ¢ can be changed 
to any degree desirable as shown in vector 
diagrams Y and Z. However, in so do- 
ing, the voltages a—c and b—c no longer will 
be equal and constant power factor is 
maintained as described hereinafter. It 
must be borne in mind that after the rotor 
of the phase shifter is once set, it is locked 
in position, thereby fixing the voltage 
component and not changed until an- 
other power factor value is to be held 
constant. The current-voltage com- 
ponent, however, is free to swing in either 
direction from o as center because the 
phase relation between current and volt- 
age changes with varying-load power fac- 
tors. Also, the length of the current— 
voltage vector changes with the magni- 
tude of the amperes in the circuit. If 
the power factor falls below the setting, 
then the voltage across d and e will 
be greater than that across f and g in 
the relation of a-c to c-b as shown in 
vector diagram Y. Starting at a and 
going to junction d, the current cannot 
divide at d because of the block of 
rectifier V3, and can continue only 
through V; to 7; then, because of the 
block by rectifier V2, from j the path is 
through field F, of amplidyne 884A M-AII 
and back to junction k, where it passes 
through rectifier V,toc. Starting from ¢ 
and tracing through the path of the cur- 
rent from c to b, at the junction f the flow 
must be through rectifier V,’ because V3’ 
is in block, and since V,’ is also in block, 
the flow is from LZ through amplidyne 
field F, and back to m, through rectifier 
Vi’ to g, the other terminal of the electro- 
motive force. Amplidyne fields F, and 
F,, oppose each other and since the volt- 
age a-c is greater than the voltage b-c, 
more current will flow through field F2 
than through field Fi, and the difference 
of these fluxes will supplement the flux of 
the reference field F3, increasing the ex- 
citation of EXC.AII and raising its ter- 
minal voltage, thereby increasing the 
field strength of the 12,000-kva synchro- 
nous machine of the variable-speed set 
and raising the system power factor. 


If, under light load condition, the power 
factor becomes too high, the voltage c—b 
then becomes greater than a—c as shown in 
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vector diagram Z, more current will flow 
through amplidyne field F, than through 
F., and the differences of their fluxes will 
decrease the flux of the reference field Fs, 
decreasing the excitation of amplidyne 
88 AM-AII, thus lowering the terminal 
voltage, which in turn decreases the exci- 
tation of EXC.AII, causing its terminal 
voltage to fall and to decrease the field 
current in the 12,000-kva synchronous 
machine of the variable-speed set and 
lowering the system power factor. It is 
apparent from the foregoing that the con- 
trol will hold the power factor constant 
under all operating conditions. 


Power Pump-Back Into the System 


All references apply to Figure 6. 

In selecting the size of drive motors for 
the various types of tunnels, the research 
engineers determine the maximum fan 
speed and horsepower required to obtain 
the wind velocity for which the tunnel is 
to be designed. These are data for only 
one point on the power curve from which 
to construct a diagram similar to Figure 6. 
This diagram shows the horsepower re- 
quired by the fan over the entire range of 
speed, curve B, together with a curve A 
showing total electrical and mechanical 
input to the motor; that is, the power re- 
quired by the fan plus the energy either 
to be absorbed or pumped back into the 
system. The constant torque horsepower 
line drawn from the origin through the 
point 18,000 horsepower and 410 rpm, and 
projected to meet the synchronous-speed 
ordinate of 450 rpm, determines the rat- 
ing of the motor which will be required 
and which is shown to be 19,700 horse- 
power. 

The difference in ordinates between 
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Figure 8. Speed-torque curves of a typical 
wound-rotor motor and fan load 
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curves A and B represents the horsepower 
either to be pumped back into the system 
or to be dissipated in the form of heat. 
The calculations to determine the general 


equation for maximum energy pump back, 


fora fan load are shown in the next sec- 
tion. 


Maximum Power Pump-BAcK 
CALCULATION 


The horsepower delivered to the fan for 
any speed equals H.P.; (1—F)*, where 
H.P., is the power required by the fan at 
100 per cent speed, or synchronous speed 
of the motor and 


_ rotor fF 
~ Hine f 


Slip energy to be dissipated as heat or 
pumped back through the constant- 
speed set into the system is 


_H.P.s(1—F) 
cS jeer 


E —H.P.3(1—h)s (1) 


or the general equation for pump back. 

To determine the maximum power 
which must be dissipated as heat or 
pumped back into the system, equation 1 
reduces to 


E=H.P.,(1—2F-+ F*) —(1—3 F+3F?— F°) 
or 

E=H.P.,(F—2F?+ F*) (2) 
Differentiating equation 2 


dE 


gpul (P= (4 Ft 3) HP. (3) 
Placing f’ (F)=0 
1—4F+3F°=0 


Solving for the values of F 
4 1 

Fr 25 si a 

Ee See: | 
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Figure 9. Power 
pump back at one 
atmosphere 


pre 
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‘ 1 
F=1 or— 
Taking the second derivative of equation 
2 
f' (P)=—4--6F (4) 


Substituting values of F=1 and F=1/3 
in equation 4 


f"(1) = —44+6=-+2; since it is positive, it is 
a minimum 


1 
r(3) =—4+42=-—2; since it is negative, it 
is a maximum 


Substituting 1/3 in equation 2 


which is the general equation for maxi- 
mum power to be dissipated as heat or 
pumped back into the system. 


APPLICATION OF THE MaxIMUuM 
Pump-BAck EQUATION TO THE 
ALTITUDE TUNNEL DRIVE AT DENSITY 
OF ONE-THIRD ATMOSPHERE 


The horsepower required to drive the 
fan to obtain the required wind velocity 
for this tunnel was given as 18,000 at 410 
rpm by the research department. The 
synchronous speed of the motor pur- 
chased is 450 rpm. The horsepower 
which would be required to drive the fan 
at 450 rpm is 
H.P..= 18,000x(2) = 18,000 X 1.3 = 

410 
23,400 
Maximum slip energy = E = 23,400 xo= 


3,470 horsepower 


However, there are losses in the d-c 


Hoeidenssib ind dae 


_ pates it in the form of heat. 


and a-c regulating machines which total 
approximately 15 per cent. 

Thus, the total pump back into the 
system is 


E’ =3,470 X0.85 or 
E’ =2,950 horsepower 


APPLICATION OF THE MAXIMUM 
Pump-BackK EQUATION TO THE 
ALTITUDE TUNNEL DRIVE’AT DENSITY 
oF ONE ATMOSPHERE j 


The altitude wind tunnel is designed to 
operate at variable density between the 
limits of one-third to one atmosphere as 
illustrated in Figure 9. The drive is 
designed for constant torque operation 
from 308 to 410 rpm. 

Curve C is the fan horsepower cube 
curve for evacuation to approximately 
one-third atmosphere minimum evacua~ 
tion and is the same as shown in Figure 6. 
Curve B is the fan horsepower cube curve 
for one atmosphere. The evacuation 
line shows the constant-torque operation 
of the motor from 308 to 410 rpm. The 
enclosed shaded area then represents the 
scope of this tunnel operation. 

Curve A is the total power input to the 
motor. The difference between the or- 
dinates of curves A and B is the power to 
be dissipated as heat or pumped back 
into the supply circuit. When the tun- 
nel operates at a density of one atmos- 
phere, the maximum power recovered and 
returned to the line, assuming 85 per cent 
efficiency, is equal to 6,200 X0.85 or 5,270 
horsepower. 


Slip-Regulator Drive Control 


Another form of control which is used 
in wind tunnel drives consists of a liquid 
rheostat, or as commonly termed a slip 
regulator, and operates in a limited fan- 
speed range. Instead of pumping the 
slip energy back into the line as previously 
discussed, this method of control dissi- 
The regula- 
tor consists of three separate insulated 
tanks with a terminal at the bottom of 
each for connection to the respective slip 
rings of the drive motor rotor. Movable 
electrodes are suspended in the tank and 
are arranged to be raised or lowered, 
thereby inserting a variable resistance in 
the rotor circuit, thus regulating the drive 
motor speed. Figure 7 illustrates this 
method of speed control. 

To put the motor on the line, the mov- 
able electrodes are raised to insert a com- 
paratively high resistance. The line 
switch then is closed and acceleration is 
obtained by decreasing the separation of 


the electrodes, thus decreasing the resist- 
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ance in the rotor circuit until the desired 
speed is obtained. The range of speed 
required by research, and its control 
within the limits of 1/4 of 1 per cent of 
any speed in the range, is much more dif_i- 
cult to obtain in this method than in the 
Clymer drive due to the following charac- 
teristics. i 

The liquid in the rheostat has a nega- 
tive temperature resistance coefficient, 
and since the energy must be absorbed in 
the form of heat, provision must be made 
to dissipate it and to attempt to hold a 
constant temperature if the speed is to 
remain constant at any setting. Varia- 
tions in line frequency cannot be damped 
out as is accomplished by the speed con- 
trol method heretofore discussed. 


Secondary resistance control of slip 
ring motors, Figure 8, is usually accept- 
able down to approximately 50 per cent 
speed on a constant torque load. How- 
ever, on a fan load, where the power 
varies as the cube of the speed, the lower 
limit of stable operation is in the neigh- 
borhood of 40 per cent of full-load speed. 
The speed—torque curve indicates that at 


light loads a very small torque increment 
may create a corresponding speed-change 
increment of five or even ten times the 
torque increment, thus making it difficult 
to hold a constant speed in this range. 

Speed control by secondary resistance 
depends upon the amount of load for 
speed reduction. It is, therefore, neces- 
sary to predetermine loads accurately for 
the operating speeds in order to design the 
control properly. 

Large tunnel drives controlled by liquid 
slip regulators require considerable auxili- 
ary equipment, such as cooling towers, 
pumps, fans, heat exchangers, and dis- 
tilled make-up water. The first cost of 
these items may well be as great or greater 
than that of the auxiliary machines of the 
Clymer drive. 

In this type of control the slip energy is 
lost in heat, none being returned to the 
line. 


Summary 


Summarizing the characteristics of 
these drives with respect to wind tunnel 


research requirements, we have the 


following: 


Range in which speeds can be regulated 
Slip regulator—40 to 97 per cent. 


Clymer drive—Any speed from 1 to 96 per 
cent. 


Effect of load on speed regulation 


Slip regulator—Loads must be predeter- 
mined for all speeds. 


Clymer drive—Can be set at any desired 
speed for any load within the rating of the 
machine. The control is independent of 
the load. 


Effect of temperature, frequency, and voltage 
variation 


Slip regulator—Speed regulation is affected 
by both temperature and fluctuation in fre- 
quency. 

Clymer drive—Speed is completely controll- 
able under temperature and frequency vari- 


ations and is independent of voltage fluctu- 
ations. 


Slip energy 


Slip regulator—Energy wasted in heat dissi- 
pation. 


Clymer drive—85 per cent of slip energy re- 
turned to the supply circuit. 


Discussion 


Eugene Herzog (Air Materiel Command, 
Dayton, Ohio): The author gives a rather 
complete description of the control problems 
of wind tunnel operation, and of the ways in 
which the modified Kraemer system permits 
their accomplishment. It is unquestion- 
able that the modified Kraemer system is an 
assembly well suited for a wind tunnel drive 
because it has a wide range of accurate speed 
control, reasonably good efficiency over the 
entire speed range, good power factor, low 
starting currents. 

The writer has been associated with the 
pioneer installation—the 40,000-horsepower 
drive at Wright Field from the earliest 
plans; he has been in contact with industry 
on large adjustable speed drives ever since. 
Certainly the new name accorded the modi- 
fied Kraemer systemisnot generallyaccepted 
in industry nor does it appear to be justified 
by the initial work of the organization com- 
pared to others that designed and built the 
pioneer system; and beyond that engineers 
of smaller organizations who really suggested 
the use of the system but never had a chance 
to build it. The writer is fully aware of the 
excellent and important work of Clymer in 
this connection but would be interested to 
receive the reaction of the other engineers 
who designed similar drives during the 
pioneer period. 

As to the drive itself the most serious 
objection appears to be that the speed con- 
trol auxiliaries account for about 60 per cent 
of the cost on wind tunnel drives, which give 
the most favorable conditions for this sys- 
tem. In other cases the cost of the aux- 
iliaries becomes prohibitive. In general, 
adjustable speed a-c drives are far too 
costly for universal use. The millions of 
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dollars expended for the restricted number 
of drives now used well could be diverted in 
the future for an extensive research and de- 
velopment program for a good adjustable 
speed a-c motor. The fact that 50 years of 
search has not netted such a motor should 
be a challenge to the industry. 

As far as wind tunnels are concerned the 
cost can be cut appreciably by cutting down 
the speed control range (the trend is toward 
single purpose tunnels from the complex 
multipurpose assemblies), and also by per- 
mitting a decreased efficiency, power factor 
and starting limitations which have been 
held to uneconomic levels in the past con- 
sidering the low percentage of operating 
time. A saving in power costs which takes 
more than 20 years to pay for the initial 
investment, and low starting currents a 
fraction of the full load current of the 
equipment, may be considered luxuries. 


L. A. Umansky (General Electric Company, 
Schenectady, N. Y.): One of the great 


_ advantages of the described system for large 


wind tunnel drives is the ease with which a 
very large motor can be started. 

Even on large power systems the problem 
of starting in a conventional manner of, say, 
a 60,000-horsepower motor cannot be passed 
lightly. When the capacity of the system is 
limited, then the starting problem becomes 
serious. 

With the Clymer system the constant- 
speed motor-generator set, which is of rela- 
tively small capacity, is started first. For 
instance, with a 60,000-horsepower fan drive 
the size of the synchronous motor driving 
the constant speed set is only 9,375 kva. 
By means of an autotransformer or, if 
necessary, through the use of d-c starting, it 


is not difficult to bring this set to speed with- 
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out appreciable current inrush on the power 
system; in one case this inrush was limited 
to 4,000 kva. With this set running, the 
larger ‘‘adjustable-speed motor-generator 
set”’ is brought up to speed by means of field 
control of the d-c generators and motors 
of these two sets connected in a loop circuit. 

With the adjustable speed set running at 
top speed, and with its synchronous machine 
excited, 60-cycle power is applied to the 
rotor winding of the main fan motor with the 
line circuit breaker still open. This puts 
the same frequency (60 cycles) at both sides 
of this circuit breaker, and after the two 
power sources are synchronized the circuit 
breaker can be closed, completing the ‘‘pain- 
less’ starting of the equipment. By 
gradually slowing down the adjustable speed 
set the speed of the fan motor is increased 
until the desired value is reached. 

Thus, the system provides an extremely 
convenient and effective method of starting 
unusually large motors on power systems of 
limited capacity. Furthermore, the con- 
ventional starting means, such as liquid 
rheostats, are dispensed with. 


Allan H. Heidenreich: The National Ad- 
visory Committee for Aeronautics is the 
largest builder and operator of wind tunnels 
in the world and their requirements and 
specifications for the performance of such 
drives are exactly as stated in the paper. 

The NACA tunnel at Moffett Field was 
purchased in 1939 which was before the 
Wright Field project was advertised. 

The 16-foot tunnel at Langley Field was 
completed and in heavy production in 1941. 
The 16-foot tunnel at Moffett Field was put 
in service the same year. These tunnels 
antedate the one at Wright Field which has 
been referred to as, but which is not, the 
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. pioneer installation. The Wright Field 
tunnel went into operation in 1942. 

The Kraemer drive mentioned, employing 
a rotary converter, is limited to comparably 
small units, due to the fact that the largest 
rotary converter which has been built is in 


the neighborhood of 4,000 kw. The Clymer 


. drive can be operated below, above, and at 


synchronism; this cannot be done with the 
Kraemer system. There are many other 
differences between these two drives which 
would require another paper to explain. 


Pec 


Credit i is pe due to the a respons 
ble for its existence. At NACA 2 is oe 


as the a drive. 


Probability Methods Applied to 


Generating Capacity Problems of é 
~ Combined Hydro and Steam System 


E. $. LOANE 
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ECAUSE the principles relating to 

applications of the theory of prob- 
ability to generating capacity problems 
have been discussed by others, and little 
now can be added to such theoretical dis- 
cussions, the contents of this paper 
generally have been limited to the methods 
employed in a specific application of the 
probability theory. Details of the applica- 
tion will differ from those used by other 
authors; but it is the development of such 
details, looking toward more ready appli- 
cation of the theory, that justifies this dis- 
cussion. The probability theory will be 
applied more generally as it is better 
understood, and perhaps more important, 
as the work involved in its application is 
simplified. 

The methods discussed herein are 
applicable to all-hydro or all-steam sys- 
tems as well as to combined hydro and 
steam systems. The methods reduce the 
mathematics involved in the application 
of the theory of probability to this type of 
problem to a systematic arithmetic solu- 
tion. Although the arithmetic involved in 
the solution may be rather voluminous, 
particularly when the effects of all the 
pertinent factors are evaluated and the 
system is of a fairly large size, the major 
portion of the necessary computations 
may be reused in future studies of the 
same character. Furthermore, many of 
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the results of a comprehensive capacity 
study may be used as bench marks until 
major changes in conditions or require- 
ments for additional information arise. 


Pertinent Factors Involved 


In the solution of many generating 
capacity problems the following factors 
need to be considered or evaluated. Not 
all of these will be applicable to every 
situation that is studied, and in some cases 
other information may be pertinent 


1. The daily peak loads for an entire years 
2. Capacities, number, location, and ar- 
rangement of steam turbines and boilers. 
3. Maintenance schedules of steam tur- 
bines and boilers. 

4. Seasonal capacity reductions of steam 
turbines. 

5. Condenser circulating water experience, 
or other local conditions affecting capacity. 


6. Forced outage experience of steam tur- 
bines and boilers. 


7. Interstation tie capacity. 


8. Sleet and lightning experience and 
operating policies and practices relating to 
overhead interstation transmission lines. 


9. Forced outage experience of interstation 
tie cables and overhead transmission lines. 


When hydro capacity also is involved in 
the capacity study, additional information 
is required as follows: 


10. Typical load shapes (expressed as load 
duration or peak-percentage curves for 
periods of time determined by the use made 
of hydro storage). 


11. Capacities, number and location of 
hydro units. 


12. Maintenance schedules of hydro units. 
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13. Records of past river flows. 


14. Reservoir rule curve or general plan of 
operation of storage. 


15. Ice and trash experience, or other local 
conditions affecting capacity. 


16. Forced outage experience of hydro 
units. : 


General Description of System 
Operation 


The methods of computation presented 
in this paper have been illustrated by 
applicationtothe hydroand steam capacity 
of an interconnected group of companies 
supplying the loads of Baltimore, Md., and 
Washington, D.C., and adjacent areas. 
In addition to the steam capacity of the 
utilities serving these two cities there is ir- 
cluded in this group the steam capacity of 
the Bethlehem Steel Company’s plant 
located near Baltimore, the steam capacity 
of the Pennsylvania Water & Power 
Company and the hydro capacity of the 
Pennsylvania Water & Power Company 
and Safe Harbor Water Power Corpora- 
tion. The steam capacity has a 3-hour 
effective peak rating of 1,007,000 kw (after 
an allowance of about 20,000 kw for 
routine maintenance but including 55,000 
kw of scheduled maintenance required 
over the annual peak load period) and an 
effective sustained rating of 969,000 kw, in 
eight plants. The hydro capacity is lo- 
cated in two plants, eight miles apart on 
the Susquehanna River in southern 
Pennsylvania, which have a total rating of 
334,000 kw at full pond elevation. These 
ten plants are interconnected variously by 
tie cables and overhead transmission lines, 
which are of adequate capacity to accom- 
modate the free flow of power to all parts 
of the interconnected system for almost all 
probable conditions. Because of their con- 
trolling effect on system operation, it is 
necessary at this point to discuss the 
characteristics of the hydro plants in more 
detail than is required for the steam 
capacity. 

The Holtwood hydro plant of Pennsyl- 
vania Water & Power Company is 
rated at 104,000 kw in ten units, of which 
eight have an average capacity of about 
10,000 kw and two of about 12,000 kw. 
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Because of the effect of plant discharge on 
available head the outage of one unit re- 
duces the capacity of the plant by about 
7,000 kw. The Safe Harbor plant is 
rated at 230,000 kw and is made up of 
seven main units with capacities of 32,000 
kw to 33,000 kw each and of two station 
service units, The operations of these two 
hydro plants are co-ordinated closely so 
that they operate practically as a single 
unit in the interconnected system. 

The available river flow has varied from 
a minimum 7-consecutive-day average of 
2,100 cubic feet per second to a maximum 
24-hour average of 756,000 cubic feet per 
second. The median flow is 21,500 cubic 
feet per second. The river flow available 
95 per cent of the time is in excess of 
4,500 cubic feet per second and for 90 per 
cent of the time is an excess of 6,200. cubic 
feet per second. In general the high flow 
period is during the months of March, 
April, and May, and the low flow period 
during the months of August, September, 
and October. The wide-open discharge of 
the Safe Harbor plant is about 65,000 
cubic feet per second as compared with 
32,000 cubic feet per second for the down- 
stream Holtwood plant 

The day-to-day and week-to-week duty 
of regulation of river flow is assigned gen- 
erally to the Safe Harbor pond, which is 
considerably larger than the Holtwood 
pond. The total usable storage at Safe 
Harbor, when used at that plant and down- 
stream at Holtwood as well, can provide 
hydro generation in excess of 5,000,000 
kilowatt-hours. Such complete use of 
storage, however, is not scheduled in 
normal operation. The Safe Harbor fore- 
bay elevation normally is maintained at 
top elevation when the river flow is in ex- 
cess of the wide-open discharge of that 
plant. When the river flow is below the 
wide-open discharge but still in the higher 
ranges of flow, the forebay is brought to 
top elevation each morning. For some- 
what lower flows, the forebay is full each 
weekday morning with drawdown and re- 
fill over Friday and the week-end. For 
very low flows, there is drawdown during 
the week and refill over the week-end; but 
in this normal weekly operation a rela- 
tively small part of the available storage 
actually is used. 

These hydro plants are at all times 
operated to replace the maximum amount 
of steam generating costs as limited by the 
energy available from the river flow. 
During periods of high flow and during 
on-peak periods of some other days of 
slightly lower flow, the hydro plants are 
operated at base load. At such times the 
system steam plants operate in the peak of 
the system load. The major portion of the 
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scheduled steam maintenance is carried 
out during such periods. There is a 
gradual shifting of the hydro plants from 
base load operation to operation in the 
peak of the load and of the steam plants 
from peak load to base or sustained load 
operation as the river flow decreases from 
high to low flow. During low flows the 
hydro plants provide energy for the system 
on-peak, perhaps for as few as 60 hours per 
week; but hydro capacity is operated at 
other times for spinning reserve and reac- 
tive supply. 

In normal low flow operation the load 
carrying capability of the hydro plants is 
below their combined physical capacity. 
However, the availability of stored energy 
at Safe Harbor results in greatly increased 
load carrying capabilities of the hydro 
plants for limited periods of time. De- 
pending on system requirements, par- 
ticularly as related to forced outages of 
system steam capacity, storage at Safe 
Harbor may be used in excess of that 
normally scheduled for existing river flow 
conditions to provide varying amounts of 
additional hydro energy and capacity 
service. 


System Loads 


Generating capacity problems usually 
relate to future needs for capacity, conse- 
quently such studies ordinarily should be 
based on estimates or forecasts of appro- 
priate expected future loads. By various 
means, forecasts of future expected loads 
are normally made in terms of expected 
monthly or annual peak loads and monthly 
or annual energy requirements. Before 
being used in the studies of an all-steam 
system, as subsequently discussed, such 
forecasts must be expanded to show 
chronologically the daily 15-minute peak 
loads. For the combined hydro and steam 
system, it is also necessary to have weekly 
loads by hours or weekly load shapes in 
terms of load duration or peak percentage 
curves. For other systems involving hy- 
dro power, the load data required will de- 
pend on the extent of storage available on 
the system. The expansion.of the usual 
load estimates to supply the needed data 
has been carried out, with appropriate 
modifications where necessary, by ref- 
erence to a representative prior year of 
load experience, so as to retain a fairly 
typical relationship in the day-to-day and 
week-to-week variations of the load. 

The 15-minute integrated peak loads 
have been used in the determination of 
capacity requirements, because generating 
capacity is required to carry at least that 
much load. It is doubtful whether capac- 
ity to carry the system load swings in 
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excess of the 15-minute integrated load 


would provide any substantial useful . - 


service and thus be justified economically. 
Even if steam capacity were provided for 
such purpose, in most cases it would not be 
able to follow such short swings. How- 
ever, insufficient capacity would be pro- 


vided in many cases were it the intent to 


provide only for the 1-hour integrated 
peak loads. 


System Steam Capacity 


The older steam installations on this 
system are low-pressure turbines of about 
20,000-kw capacity or smaller and numer- 
ous small boilers, of which several are 
needed to supply the steam required by one 
turbine at full load. A second group of 
units, operating at higher pressures, gen- 
erally have capacities in the neighborhood 
of 35,000 kw, while the newer installations 
are in general made up of 55,000-kw and 
60,000-kw turbines and boilers. In one 
station there is an excess of high pressure 
boiler capacity with a pressure reducing 
valve between the high and low pressures 
to supply a deficiency of low pressure 
boiler capacity, and in another station 
there is a superposed unit also provided 
with a pressure reducing valve for service 
to the low pressure system. In only one 
station is there a single isolated or non- 
interconnected turbine and boiler unit. 

Consistent with the statement of peak 
loads on a 15-minute basis, the system 
steam capacity also has been rated on a 
peak basis (sometimes referred to as over- 
load or emergency capacity). It was also 
necessary to determine the energy avail- 
able from the excess of the peak rating over 
the sustained rating, for in low flows, 
when hydro capacity normally is oper- 
ating in the peak of the load, this peaking 
capability of the steam may be used to 
supplement the hydro energy. 

In addition to the effective peak ratings 
of the individual turbines and boilers on 
the system, it was necessary to assemble 
information as to the steam interconnec- 
tion possibilities among the turbines and 
boilers.in the various stations, as well as 
the effect of scheduled maintenance on the 
available capacity and seasonal reductions 
of the steam capacity due to circulating 
water temperature. 

The determination of installed gen- 
erating capacity requirements generally 
should not depend on considerations re- 
lating to such hazards as loss of condenser 
circulating water, sleet and lightning ex- 
perience on overhead interstation trans- 
mission lines, ice and trash experience as 
related to system hydro plants, or other 
peculiarly local conditions. The correction 
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Figure 1. Portion of 100-year record of or alleviation of such conditions generally connected system by design and operating 
synthetic forced outage experience for an will be preferable to the addition of more __ policies and are of no practical concern in 
actual system with steam electric generating generating capacity. These particular the determination of the over-all system 

capacity of about 1,000,000 kw factors are well provided for in the inter- capacity requirements. However, there 
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are certain infrequent conditions under 
which the capacity of the interstation ties 
is insufficient; these limitations on steam 
plant output then become a factor in the 
determination of system reliability. 


Availability of Steam Capacity 


In the determination of the probability 
of availability of steam capacity, con- 
sideration has been given to the effect of 


1. Scheduled maintenance. 
2. Seasonal capacity reductions. 


3. The layout of the boilers and turbines in 
the various stations in relation to the 
capacity available from various combina- 
tions of boilers and turbines. 


4. The probability of unavailability of 
boiler and turbine capacity because of 
forced outages. 


5. Inadequate interstation tie line capaci- 
ties. 


The interrelation of these several factors 
cannot be treated conveniently in any 
theoretically correct mathematical proc- 
ess, but practical considerations of sim- 
plicity and a proper appreciation of the 
significance of the results has led to a 
method in which all these factors are con- 
sidered. 

Scheduled maintenance requirements, 
seasonal capacity reductions of the steam 
capacity (and hydro capacity as well), and 
the effect of interstation tie line limita- 
tions all have been treated as additions to 
the load. With all the steam capacity 
reductions thus accounted for, except 
those resulting from forced outages, it is 
possible to assume that a constant amount 
of capacity is either available for genera- 
tion or unavailable because of forced out- 
age. This assumption permits calcula- 
tions as to the probability of availability 
of various amounts of capacity to be 
made by the binomial theorem rather 
than the method of statistical equilibrium. 
This procedure, although not absolutely 
and theoretically correct, greatly facili- 
tates the necessary calculations. It re- 
sults in probabilities of failure to carry the 
load that are but slightly greater (that is, 
on the conservative side) than those ob- 
tained from theoretically correct methods. 
The differences that result are of no 
practical significance in relation to gen- 
erating capacity problems. 

The application of the binomial ex- 
pansion, insofar as the availability of 
capacity is concerned, involves only the 
number and capacity of the various 
steam turbines and boilers (or of the hydro 
units) with their various arrangements in 
the different stations, together with the 
probabilities of availability and unavail- 
ability of such capacity. This application, 
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although basically simple for the most 
elementary cases, soon becomes very 
complex and confusing unless the process 
is systematized carefully, This con- 
dition results from the very great number 
of possible combinations of turbines and 
boilers that must be considered. Conse- 
quently a practical method of computa- 
tion must provide for orderly considera- 
tion of the varying effects of forced out- 
ages of turbines and boilers on the 
capacity available where both high and 
low steam pressures are involved in the 
same station, where steam headers are 
interconnected or are not interconnected, 
and also where there may be either more 
turbine capacity installed than boiler 
capacity in the same station or vice 
versa. 

In view of these conditions the binomial 
expansion has been applied directly only 
to groups of turbines or of boilers, all of 
the same size, located in one station, and 
connected to the same steam header. 
The probabilities of availability thus de- 
termined for these groups of units are 
then combined by simple multiplication in 
tabular form. This combining first is 
made separately of the groups of turbines 
and of boilers in a single station or section 
of a station. Turbines and boilers then 
are combined to give the probability of 
availability of capacity for the station. 
Finally, the several stations are combined 
by similar successive tabular computa- 
tions. 


The method of making such computa- 
tions is illustrated in the appendix. These 
calculations are for the Buzzard Point 
steam plant of the Potomac Electric 
Power Company in Washington, D. C. 
This station has been used as an illustra- 
tion because it presents a relatively 
simple case, but, at the same time, the 
computations are sufficiently comprehen- 


sive to be useful as a guide in similar cal-. 


culations for more complicated arrange- 
ments of boilers and turbines. 


Calculations generally similar to those 
shown in the appendix have been made 
with respect to each of the steam stations 
on the interconnected system, as well as 
for the two hydro plants, In making the 
tabular combinations of probability of 
availability of system capacity, the 
plants for each of the separate intercon- 
nected companies were combined in such 
an order that those plants in which it is 
expected that additional capacity would 
most likely be installed in the relatively 
near future were the last ones included. 
This was done so that as many of the 
data as possible would be available for 
future use in similar studies that may be 
made at a later date. ie beat 
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Where older plants with relatively 
large numbers of small boilers are in- 
volved in such calculations, a great many 
different values of available capacity de- 
velop that differ from each other by small 
amounts. As the various stations were 
combined, it was found desirable to group 
the capacities available in steps of 5,000 
kw to facilitate the calculations. For 
larger systems steps of 10,000 kw or 
possibly 20,000 kw or even 25,000 kw may 
be satisfactory. 


' Availability of Hydro Capacity 


The general procedure thus far is the 
same for both all-steam and combined 
hydro and steam systems. It is necessary 
in cases where hydro power is involved to 
evaluate the effect of variations in river 
flow throughout the year and from year to 
year. Except where hydro storage is 
large relative to the annual load, such an 
evaluation requires achronologicalanalysis 
of the potential use of the available water 
in serving the system load.. This analysis 
must extend over a number of years of 
river flow experience in order to properly 
evaluate the probability effect of the 
variations in river flow, and requires that 
the natural flow be modified by recogni- 
tion of the reservoir rule curve, or normal 
schedule of storage operations, In the 
interconnected system here studied, how- 


ever, it is the deviation in the use of, 


storage from the normal operating con- 
ditions, particularly in conjunction with 
forced outages of steam capacity, that has 
a significant effect on capacity require- 
ments. This “abnormal” use of storage 
is possible only when there is additional 
physical hydro capacity available in 
excess of that required for normal opera- 
tion and there is storage in excess of that 
normally used. The extent to which this 
type of operation can be utilized depends 
largely on the magnitude, the duration 
and the frequency of occurrence of forced 
outages of the system steam capacity, the 
amount of available storage, and the 
duration and frequency of low river flows. 
It would be different for any other system 
and can be determined reasonably only 
after a proper investigation. This opera- 
tion appropriately is compared to the use 
of storage batteries for short time emer- 
gencies on a d-c system. The load that 
the hydro storage or storage battery can 
carry depends on its capacity and the 
characteristics of the emergency that 
might bring it into service. The same 
principles would control the investigation 
of each, : 


It would be unlikely that any system 
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has had enough actual forced outage ex- 
perience of steam capacity, especially 
multiple unit forced outage experience, to 
be particularly helpful in making such an 
investigation. To supply this deficiency 
in experience an investigation, as related 
to the interconnected system, has been 
made of synthetic forced outage experi- 
ence for a very large number of years. 
This synthetie experience was in turn 
based on forced outage data for steam 
turbines and boilers. These data as to 
frequency of occurrence and distribution 
of duration or forced outages of individual 
turbines and boilers were arranged appro- 
priately on punched cards. Also punched 
on the cards were codes identifying the in- 
dividual turbines and boilers on the sys- 
tem. The data on these cards were then 
recorded as chance occurrences by means 
of a tabulating machine. The tabulated 
data were analyzed systematically in a 
way that preserved the chance relation- 
ship among all the elements of time, tur- 
bines and boilers forced out, and duration 
of outage. This study was the basis for 
the development of 100 years of forced 
outage experience of the system steam 
capacity. These data showed for the 
interconnected system that nearly all the 
occurrences of forced outages of large 
amounts of steam capacity were of short 
duration. In the 100 years there were 62 
forced outages involving capacity greater 
than 12 per cent of the total steam ca- 
pacity, and of these more than 90 per 
cent were of three days or shorter dura- 
tion; the durations were generally for but 
one day for the larger amounts of steam 
capacity on forced outage. Figure 1 
shows a graphic record for 10 years, the 
41st to the 50th years, inclusive, of this 
synthetic forced outage experience and is 
fairly representative of the whole 100 
years. Such results were the basis for the 
conclusion that drawdown of storage 
during a period of one week, in excess of 
that normally scheduled, would be a very 
conservative basis for determining the 
load carrying capability of the hydro 
plants. Return of the reservoir to 
normal elevations would be attained in 
the subsequent week or weeks as a result 
of the return to service of the steam 
capacity previously forced out and in 
many cases also as a result of subsequent 
higher river flows and lighter loads. 
This return to normal operating con- 
ditions is possible, when there is a suf- 
ficient amount of capacity installed on 
the system, because of the ample oppor- 
tunity afforded with the infrequent 
occurrence of conditions that require de- 
parture from normal operation. 

A determination was made of the load 


1947, VOLUME 66 


0.001 


0.0001 


PROBABILITY OF FAILURE TO CARRY THE LOAD 


1000 1050 1100 USO 


SYSTEM I5-MINUTE INTEGRATED ANNUAL PEAK LOAD 
THOUSAND KW. 


Figure 2. Comparison of two generating 


capacity installations that provide approxi- 
mately the same reliability of service 


Curve A—Actual combined hydro and steam 
capacity 
Curve B—Actual steam installation plus 
985,000 kw of additional steam capacity as 
replacement of hydro capacity 


carrying capability of the hydro plants on 
a day-by-day basis over a long period of 
time. This was done by using the loads 
estimated for a whole year arranged 
chronologically with river flows experi- 
enced over a sufficiently long period in the 
past so as to be reasonably representative 
of average expectancy and extreme varia- 
tions of river flow. ; 

The load carrying capability of the hy- 
dro plants is equal to the physical ca- 
pacity for 24 hours per day whenever the 
river flow is greater than the wide-open 
discharge at Safe Harbor. This capacity 
decreases in the higher ranges of river flow 
as the result of reduced head. The river 
flow experience is that the very high flows 
obtain only a short time; the flow in- 
creases very rapidly and decreases from 
the peak flow only slightly less rapidly. 
For a range of river flows extending 
from about twice the amount of wide- 
open discharge at Safe Harbor down to 
river flows equal to approximately one- 
third of this wide-open discharge, the 
load carrying capability of the hydro 
plants for normal operating conditions is 
very nearly equal to their full effective 
rating. For flows below this range the 
capability decreases with decreases in 
river flow. 

This lower range of river flow, down to 
the minimum experienced flows, is the 
range in which it is possible to depart 
from the normal reservoir operation and 
to use additional storage whenever re- 
quired by forced outages of steam ca- 
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pacity. For tne higher flow section of this 
range of low river flow, the physical 
capacity of the hydro plants is the limit- 
ing condition with the use of additional 
storage over a 1-week period. But for 
the lower ranges of low river flow, it is the 
energy available from the use of storage in 
excess of normal that limits the load 
carrying capability of the hydro plants 
when the storage is assumed to be used 
over a 1-week period. However, in rela- 
tion to the more frequent one and two 
days’ durations of forced outages of the 
larger amounts of steam capacity as 
shown by the synthetic experience, the 
physical capacity of the hydro plants, of a 
reduced amount because of the reduced 
head, is the limitation of the load carrying 
capability of the hydro plants. This 
physical limit of hydro capacity for a short 
period is greatly in excess of the load 
carrying capability of the hydro plants as 
limited by hydro energy available with 
one week’s use of the additional storage. 


Whenever available energy is the 
limiting condition in the determination of 
the load carrying capability of the hydro 
plants, the full peaking capability of the 
steam plants in excess of their sustained 
capability is also available for the supply 
of additional energy to the system. Ad- 
ditional peak steam energy decreases the 
amount of energy above the flat steam 
line, which peak energy would otherwise 
be carried by the system hydro plants with 
these conditions. This displaced amount 
of hydro energy is then available to re- 
duce still further the system steam line, 
thus increasing the load carrying capa- 
bility of the system hydro plants a small 
amount in addition to the increase from 
the use of additional storage. This small 
increase in the load carrying capability of 
the hydro plants depends on system con- 
ditions, including the river flow. Under 
conditions requiring use of peak steam 
capacity the effective or true load carry- 
ing capability of the hydro plants on the 
load is the difference between the 15- 
minute peak and the required sustained 
steam generation decreased by the excess 
of the peaking capability of the system 
steam plants on the load over their sus- 
tained capability. The amount to be de- 
ducted decreases astheload carrying capa- 
bility. of the hydro plants approaches 
their physical capacity, and is zero for 
this latter condition. 

The daily load carrying capabilities of 
the hydro plants determined for a number 
of years were compared with their full 
effective rating. These differences or re- 
ductions in load carrying capabilities of 
the hydro plants then were added to the 
loads as a further adjustment, just as 
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Table 1. Computation of Probability of 

Failure to Carry the Load With the Actual 

Installed System Capacity and a 15-Minute 

Integrated Annual Peak Load of 1,070,000 
Kw 


(1) (2) (3) (4) 
Proportion 
of Time 
Probability of Adjusted 
Availability Load Is 
of Amount Greater Than Probability 


of Capacity Amount of Failure 
Mega- Shown in Shown in to Carry 
watts Column 1 Column 1 the Load 


ASUS tetera 0.0024846....0.001177... .0.00000292 


1,210.....0.0016461. ...0.001177. ...0.00000194 
1,205... ..0.0009265....0.003826... .0.00000354 
1,200.... .0.0006512... .0.006476.. . .0.00000422 


1195 5. 0.0005644....0.01118 ....0.00000631 


1,095. 0.0000012....0.3114 ....0.00000037 
OOO Mass 0.0000009....0.3377 ....0.00000030 
1,085.....0.0000005....0.3594 ....0.00000018 
1,080..... 0.0000003....0.3811 ....0.00000011 
1,075.....0.0000001....0.4031 ....0.00000004 
0.0001024 


the reductions in load carrying capability 
of the system steam capacity for sched- 
uled maintenance, seasonal capacity re- 
ductions, and tie line limitations were 
added. The reductions in load carrying 
capability of the hydro plants, resulting 
from scheduled maintenance of hydro 
units, were treated as a further addition to 
the load for all ranges of river flow for 
which the physical capacity of the hydro 
plants was the limitation, and for the 
range of flow for which the available 
energy was the limitation the reduction 
used was not smaller than the hydro 
capacity out of service for scheduled 
maintenance. 

After these adjustments have been 
made to the daily’ peak loads for the 
effect of reductions in load carrying capa- 
bilities of the hydro plants, there is no 
longer a single year of load record to be 
considered. There are then as many 
adjusted annual load curves as there are 
years of river flow experience. All these 
adjusted daily peak loads were arranged 
in order of magnitude and a percentage 
peak load duration curve was determined. 


Combining Load and Capacity Data 


The next step is the determination of 
the probability of failure to carry the 


load. This requires the combining of the’ 


adjusted load duration with the prob- 
abilities of availability of system capacity. 
The combining of these data proceeds by 
multiplication of the probabilities that 
various amounts of capacity will be 


available by the percentage of time that 
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the adjusted load is equal to or greater 
than these various amounts of capacity. 
The resulting products are then summar- 
ized. This calculation is shown in Table 
I for an annual load with an estimated 15- 
minute integrated annual peak before 
adjustment of 1,070,000 kw. These cal- 
culations show a probability of failure to 
carry the load of 0.0001024. The failures 
considered in this tabulation range from 
incipient failure to 140,000 kw. The 
average tate of failure is equal to 1 day in 
27 years, which, all things considered, 
particularly load estimating errors, is 
probably near the lower limit of an accep- 
table range of generating system reli- 
ability. 

The first amount shown in column 1, as 
related to column 3 is the maximum ad- 
justed peak load and is equal to the actual 
peak plus steam capacity reductions 
(except routine maintenance), plus inter- 
station tie line and cable limitations, plus 
the maximum reduction in hydro capa- 
bility at the time of peak. Because this 
hydro capacity reduction resulted from 
low flows and this maximum adjusted 
load was found in two weeks in the 28 
years of adjusted load record (resulting 
from use of 28 years of river flow experi- 
ence), and since in these two critical 
weeks of low flow the daily maximum 
steam generation requirements are the 
same on each day, except Sunday, this 
maximum adjusted load_existed for 12 
days in the 28 years, as related to the 
record of river flow experience used in the 
study. 

The figures in column 2 result from the 
computations, as illustrated in the appen- 
dix, of available capacity by application 
of the probability theory and forced 
outage data. 

The figures in column 3 are derived 
from .the adjusted load duration curve 
resulting from the arrangement in order of 
magnitude of the adjusted daily loads for 
28 years of river flow records. The first 
figure is the ratio of 12 days to the total 
days in 28 years, 

The first amount shown in column 4 is 
the product of the first amounts shown in 
columns 2 and 3 and is the probability 
that the available system capacity will 
just be equal to the adjusted annual peak 
load, that is, it is the probability of an in- 
cipient failure with respect to the annual 
peak load (which has been classified as a 
failure to carry the load). The second 
amount shown in column 4 is the product 
of the second amounts shown in columns 
2 and 8 and is the probability of failure to 
carry adjusted daily peak loads by 
amounts from incipient failures up to 
5,000 kw, that result from the availability 
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of capacity that is 5,000 kw smaller than 
the adjusted annual peak load. The 


third amount is the probability of failure | 


to carry the load by amounts from in- 
cipient failures up to 10,000 kw, and so on, 
The total of column 4 of 0.0001024 is the 
probability of failure to carry the esti- 
mated daily peak loads by amounts from 
incipient failures up to 140,000 kw, for 
which latter condition the probability 
of failure is in itself insignificantly small. 
This total probability is plotted as the 
circled dot on Figure 2. This point 
means that for all the daily peak loads 
estimated for the year identified by the 
estimated 15-minute integrated annual 
peak of 1,070,000 kw, the probability of 
failure to carry some daily peak load by 
some amount is 0.0001024 which is at the 
average rate of one day in 9,766 days 
(1/0.0001024) or at the average rate of 
one day in 27 years (9,766/365). 

The additional points through which 
the solid line curve on Figure 2 was 
drawn were determined for loads with 
various annual peaks both larger and 
smaller than the estimated load that has 
been used in the illustration of the proc- 
ess. The use of different sizes of load was 
accomplished without any modifications 
to the peak load duration data shown in 
column 3 of Table I. These data merely 
were shifted vertically in the table by the 
amount of the assumed increase or de- 
crease in the load, upward for increases in 
the load and downward for decreases. 


System Reserve 


The total effective rating of the steam 
and hydro capacity of the interconnected 
system is 1,360,000 kw. This capacity, as 
related to the load used for illustration 
and identified by a 15-minute integrated 
annual peak load of 1,070,000 kw, pro- 
vides the over-all system reliability as 


Table II. Probability of Availability: of 
Turbine and Boiler Capacity 


Available 


Probability 
Capacity, 
Megawatts Turbines Boilers 


Four 55-Megawatt Turbines and Four 55-Megawatt 


Boilers 
2206 sess seeaatelet 0.9605960....... 0.9513150 
WOR ee oA on ae 388120....... 477776 
PLO ces sates 6 58800 tee 8999 
DO totiste es seattle 2 4O0 Sarees 75 
1.0000000....... 1.0000000 
Two 37-Megawatt Turbines and Two 37-Megawatt 
: Boilers 
Th. cvconetaara meme 0 SO BOLOO2 t,5 whasats 0.9753538 
OMincaivotceara ain Geet 197998... tcc 244924 
On eats cesta LOOO Sos ches 1538 
1.0000000....... 1.0000000 
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Table IIIA. Probability of Various Amounts of Turbine Capacity Being Available 


LSS eee 


Four 55-Megawatt Turbines 


Two 37-Megawatt Turbines 


Available 
Capacity, 
Megawatts 74 37 0 
Probability 0.9801002 0.0197998 0.0001000 Total Turbines 
2205, vin we 0.9605960. ...0.9414804(294)..... 0.0190196(257)..... 0.0000960(220) 0.9414804(294) 
UGSeate ss 388120.... 380396(239)..... FOS (202 )e meee 39(165) * 190196(257) 
LUO) yates 5880.... 5763(184)..... TIC HAT) RS cee 1(110) 380396 (239) 
BOs wieters,t AO sete 39(129)..... 1( 92) , 960(220) 
7685(202) 
5763(184) 
39(165) 
116(147) 
39(129) 
1(110) 
1( 92) 
1.0000000 


Table IIIB. Probability of Various Amounts of Boiler Capacity Being Available 


Two 37-Megawatt Boilers 


Four 55-Megawatt Boilers 


Available 
Capacity, 
Megawatts 74 37 0 
Probability 0.9753538 0.0244924 0.0001538 Total Boilers 
220 ress 0.9513150. ...0.9278687(294)..... 0.0233000(257)..... 0.0001463 (220) 0. 9278687 (294) 
NGS) cages, 477776.... 466001(239)..... 11702(202)..... 73(165) 233000(257) 
THO. feei< ote 8999.... 8777(184)..... 220(147) 5 ss 2(110) 466001(239) 
35)5 ame ere EAP eae 2( 92) 1463 (220) 
11702(202) 
8777 (184) 
73(165) 
220(147) 
73(129) 
2(110) 
2( 92) 
1.0000000 


—— 


The capacities available from various numbers of 55,000-kw turbines or boilers in combination with various 


numbers of 37,000-kw turbines or boilers are shown in parentheses. 


These capacities are obtained by the 


addition of the capacity available from the 55,000-kw turbines or boilers as indicated in the column to the 
left, to the capacity available from the 37,000-kw turbines or boilers, as indicated in the line at the top. 
The probabilities of availability of the various amounts of capacity shown in parentheses, are shown to 
the left of such capacities and are obtained as the products of the probabilities shown in the column to the 


left and in the line at the top marked ‘‘Probability.”’ 


The results of the separate calculations in A and B 


are shown summarized in the columns headed ‘‘Total Turbines” and ‘‘Total Boilers.” 


just determined, which, in our opinion, is 
near the lower limit of acceptability. 
The difference between the peak and the 
effective rating of the system capacity 
shows an available reserve of 290,000 
kw, or 21.3 per cent of the effective 
rating. 


A system load with a 15-minute _ 


integrated annual peak of only 1,050,000 
kw, which is 20,000 kw or approximately 
2 per cent smaller than that of the load 
previously used, would result in a prob- 
ability of failure to carry the load of 
0.000031, or at the average rate of one 
day in 88 years. Such reliability of the 
generating system is within the upper 
range of desirability. This assumption as 
to load results in an available reserve of 
310,000 kw, or 22.8 per cent of the effec- 
tive rating. ate 

For an increase in the annual peak of 
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the system load of 20,000 kw to 1,090,000 
kw total, the probability of failure to 
carry the load is 0.00032, or at the average 
rate of one day in 8.6 years. The reserve 
is 19.8 per cent for this condition. 

It is thus evident that the over-all sys- 
tem reliability is increased very greatly 
with a comparatively small increase in 
the system reserve; and conversely, the 
over-all system reliability is decreased 
very greatly, to a perhaps undesirable 
level, with a comparatively small decrease 
in available system reserve. The decision 
as to the desirable degree of over-all 
system reliability and consequently a rea- 
sonable reserve requirement is largely a 
matter of judgment. It must be based on 
an absolute determination of acceptable 
reliability. However, for the conditions 
here considered, it appears that the choice 
of a reserve might be made in the rather 
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narrow limits of plus or minus something 
smaller than two per cent of either the 
system annual peak load or of the system 
capacity. 

The amount of reserve has been related 
here to the effective rating of the system 
capacity, which, in our opinion, is the 
preferable basis, but it could have been 
expressed as a percentage of any other 
appropriate basis as well. The percentage 
reserve requirement might be related to 
the system annual peak load, either on a 
1-hour or 15-minute integrated basis or on 
an indicated basis or to the system ca- 
pacity, either on the basis of its effective 
rating or on the basis of its dependable 
capacity, so long as such basis is clearly 
specified. These percentage reserve re- 
quirements would be reduced 125,000 kw, 
or about 8 per cent, if related to the sys- 
tem dependable capacity. 

The reserve requirement not only varies 
with the basis upon which it is stated, but 
also upon the various conditions that may 
pertain to different systems. The dif- 
ferences in relative sizes and number of 
units, maintenance requirements, river 
flow and storage characteristics, load 
shapes, and other factors all influence the 
reserve requirements. Therefore, the re- 
serve requirement practices and policies 
of one system, which may be expressed as 
a percentage or as so many units, are a 
very dubious guide as related to any other 
system. Separate studies should be 
made of the over-all system reliability of 
each system as a basis for judgment in 
formulating a reserve requirement policy 
for that system. 

It is not necessary to make complete 
studies of over-all system reliability at 
frequent intervals, but rather such studies 
should be used as bases or bench marks 
for operating rules, which should be 
checked from time to time as conditions 
change. 


Effect of Load Estimating Errors 


The estimated loads thus far have been 
treated as certainties, but it is obvious 
that such conditions do not obtain. If 
the probable error characteristics of the 
load estimates for future years were 
reasonably well-known this factor also 
could be taken into account in an evalua- 
tion of system generating requirements. 
Because such future estimates involve a 
large human factor, it is unlikely that 
there is sufficient stable information 
available for this purpose. However, con- 
sideration of the characteristics of this 
problem results in a generally useful con- 
clusion: when the estimated loads are 
considered as probable loads, the com- 
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puted probability of failure to carry the 
load would be greater on the average than 
when the estimated loads are considered 
as certainties. Therefore any evaluation 
of load estimating error would increase 
the frequency of occurrence of failure to 
carry the load and consequently increase 
the reserve requirement for any given 
degree of over-all system reliability. 

The load estimating error is of no conse- 
quence as related to relative determina- 
tions of reliability and is reasonably pro- 
vided for in the case of absolute deter- 
minations by specifying a somewhat 
higher degree of over-all system reliability 
than if this factor were not a considera- 
tion. 


Firm or Dependable Hydro Capacity 


Whereas the selection of a proper re- 
serve requirement requires a certain 
element of judgment, there being no scale 
of economic benefit or disadvantage 
against which the computed system reli- 
ability can be measured, there are a 
number of other capacity problems in 
which the answer can be obtained directly 
from probability computations without 
the possibility of significant effect of 
judgment on the results. This is evi- 
dently true of various applications of the 
probability theory to ‘‘with and without”’ 
or “before and after” types of generating 
capacity problems. The determination of 
firm or dependable hydro capacity in a 
combined hydro and steam system is such 
an application, for it can be shown to be 
nearly independent of the desired degree 
of system reliability over a fairly wide 
range. Consequently the judgment that 
enters into the selection of a reserve re- 
quirement has almost no influence on the 
determination of the dependable hydro 
capacity. Certain elements of judgment 
are related to various details of the com- 
putation that have here been discussed; 
but if these elements are treated con- 
sistently, they have a negligible effect on 
the answer as to what is the dependable 
capacity of the system hydro capacity or 
what is the amount of steam capacity that 
would be required on the system to main- 
tain the same degree of reliability in the 
absence of the hydro capacity. 

The determination of dependable hydro 
capacity is of importance for various 
reasons, among them being the supplying 
of certain information requested by the 
Federal Power Commission, particularly 
schedule 16 of the FPC form 12. It is of 
greater practical importance as related to 
studies of the economies of alternate 
steam and hydro capacity installations, 
for a fundamental of such studies is the 
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determination of the steam capacity re- 
placeable on the system by the proposed 
hydro capacity installation. 

The method of determining dependable 
hydro capacity is suggested by its defini- 
tion. The over-all system reliability for 
the combined hydro and steam system 
must be determined for various levels of 
some estimated load (as shown by the 
solid line curve of Figure 2). Then for 
these same load conditions the reliability 
must be determined similarly for various 
all-steam systems, made up of the actual 
steam capacity of the combined hydro 
and steam system plus additional steam 
units. By interpolation an all-steam 
system can be set up that provides the 
same degree of reliability as the actual 


combined hydro and steam system. The 
difference between the steam installations 
on these systems of equivalent reliability 
is the dependable hydro capacity. In 
case it is desired to study the effect of 
additional hydro capacity in asystem that 
already has hydro capacity, determina- 
tions should be made of the over-all 
system reliability for the actual system 
plus additional steam capacity on the 
one hand and plus additional hydro 
capacity on the other. Consideration 
should be given to any differences in 
maintenance schedules that may result 
from the installation of hydro capacity as 
compared with steam capacity, and dif- 
ferences in interstation tie line capacities. 

Because the more recent steam capacity 


Table IV. Probability of Various Amounts of Combined Turbine and Boiler Capacity 
Being Available 


Four 55-Megawatt and Two 
37-Megawatt Turbines 


Four 55-Megawatt and Two 37-Megawatt Boilers 


Available 
Capacity, 
Megawatts 294 257 239 220 
Probability 0.9278687 0.0233000 0.0466001 0.0001463 
wa ee Eee ee eee 
208s poet 0.9414804.. ..0.8735701(294)..... 0.0219365(257)..... 0.0438731(239).....@.0001377(220) 
COU otivn.et 190196.... 1764:77(257)). «2 4432(257)..... 8863(239)..... 28(220) 
DBO ore ce. 83- 380396....  352958(239)..... 8863(239)..... 177 26(239) caer 56(220) 
ZIV scene ae 960 891(220)..... 22(220) cena. 45(220) 
202 sca steus 7685 71381(202)...... 179(202)..... 358(202).. 0... 1(202) 
ie ee 5763 5347(184)..... 134(184)..... 269(184)..... 1(184) 
VG ee 39 36(165)..... V65)), vee 2(165) 
laTezeaee 116 108(147)..... BOAT) eres 5(147) 
W209 foae5% 39 36(129)..... 1(1'29).5 2.8 2(129) 
TAO te Sees 1 1(110) 
QD vce Bun 1 1( 92) 
Available 
Capacity, 
Megawatts 202 184 165 : 147 
Probability 0.0011702 0.0008777 0.0000073. 0.0000220 
294 we ates 0.9414804....0.0011017(202)..... 0.0008263(184)..... 0.0000069(165)..... 0 .0000208(147) 
Odie ctevatere 190196.... 223(202)..... 167(184)..... A(LGS) eerecne 4(147) 
230 econ 380396 445(202)..... 334(184)..... S(165)keeies 8(147) 
220 No ecrraee 960 (202 rreuts 1(184) 
202 hers 7685 9(202)..... 7(184) 
LSAT ass 5763 WCE BA. c.a10 5(184) 
he ee Oe eee ee eee 
Available 
Capacity, 
Megawatts 129 110 92 
oo Combined 
Probability 0.0000073 0.0000002 0.0000002 Station 
294 vce sk 0.9414804....0.0000069(129)..... 0.0000002(110)..... 0.0000002( 92) 0.8735701(294) 
PAST alicnrietn 190196.... 1(129) ba 400274(257) 
239 wes shay 380396.... 3(129) 827141(239) 
2419(220) 
19364(202) 
14535(184) 
112(165) 
336(147) 
112(129) 
3(110) 
3( 92) 
= 1.0000000 
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The process for combining the turbines and boilers is the same as that of combining the different sizes of 
turbines and boilersin Tables IIIA and IIIB, except for the manner in which the resulting available capacity 
is determined. The available capacity for each combination is shown in parentheses and is the smaller 
of the available turbine or boiler capacities that are involved in each combination. 


The probabilities of availability of the same amount of capacity resulting from different combinations of 
turbines and boilers have been added and are shown in the column headed ‘‘Combined Station.” 
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installations on the actual system have 
been of 50,000-kw to 60,000-kw capacity 
units, the hypothetical all-steam system 
has been assumed to be made up of the 
actual installed steam capacity plus 
various numbers of steam units of 
approximately the capacity of the newer 
installations. By trial and error, the dash 
line curve shown on Figure 2 was de- 
termined for an all-steam system made up 
of the present installed steam capacity 
plus five 57,000-kw steam units, or a total 
of 285,000 kw of hypothetical steam 
capacity. Since the system hydro ca- 
pacity replaces 285,000 kw of steam 
capacity on the interconnected system 
with the same degree of system reliability, 
the dependable hydro capacity is 285,000 
kw. This is true, within practical limits, 
for all reasonable degrees of over-all 
system reliability and is independent of 
both the reserve requirement and the 
available reserve within all reasonable 
limits. 

This evaluation of dependable hydro 
capacity is conservative. It is based, as 
related to the assumed use of additional 
storage over that used in normal operation 
of the actual combined hydro and steam, 
on the use of such additional storage for a 
period of one week, whereas the much 
more likely use of such additional storage 
would be related to one and two days’ 
durations of forced outages of steam 
capacity. For such shorter periods the 
physical capacity of the hydro plants 
rather than the available energy is the 
limitation. If this condition had been 
evaluated a dependable hydro capacity 
greater than 285,000 kw would have re- 
sulted. Tending to offset this under- 
evaluation of the dependable hydro capac- 
ity is the fact that, when a failure to carry 
the load occurs as a result of forced out- 
ages of capacity for an all-steam system, 
such failures would occur generally only 
with respect to a comparatively few hours 
over the peak portion of the day, whereas 
when failure to carry the load is the result 
of energy limitations in a combined hydro 
and steam system, failure to carry the 
load would result over a larger number of 
the peak load hours of possibly several 
days. These latter failures, that is, 
those that result from energy limitations, 
will occur very infrequently, at the 
negligible rate of once in several thousand 
years. The more general failure to carry 
the load forthe actual combined hydroand 
steam system will be of the same general 
nature as for the all-steam system, that is, 
the result of physical capacity limitations 
associated with one and two days’ dura- 
tions of large forced outages of steam 
capacity. Actually such failures will be 
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much less frequent and of much smaller 
magnitude for the actual system than 
for the hypothetical all-steam system 
computed as its equivalent in terms of re- 
liability. 


Effect of Reliability of Forced 
Outage Data 


A study was made to determine the 
effect of possible errors in the basic forced 
outage data. It was assumed, for the pur- 
pose of this investigation, that the forced 
outage data of the steam turbines and 
boilers could be in error 25 per cent. 
This is considerably greater than any 
probable error that reasonably may be 
associated with these data. This study 
showed that a 25-per-cent change in the 
forced outage time of steam turbines and 
boilers resulted in about 15,000-kw change 
in the reserve requirements. This ap- 
proximate relation existed for any reason- 
able degree of over-all system reliability 
and was approximately the same for both 
the actual combined hydro and steam 
system and the hypothetical all-steam 
system. These results show that reason- 
able variations in the basic data have a 
proportionately and surprisingly small 
effect on the reserve determinations in- 
volving the use of such data. The ef- 
fect of any probable errors in the basic 
data on a reasonable reserve requirement 
is smaller than 10 per cent of such require- 
ment, which is smaller than 2 per cent of 
either the system annual peak load or of 
the system installed capacity. The effect 
of such errors in data on many relative 
determinations would be even smaller, 
for example, the effect on dependable 
hydro capacity was negligible. 


Conclusion 


The theory of probability is useful, as 
an aid to judgment, in the establishing 
of a reasonable system reserve require- 
ment policy within rather narrow limits. 
This is the one case, as related to such 
problems, where the absolute rather than 
the relative reliability is of importance. 
The same general methods of computation 
are also adaptable to many other prob- 
lems relating to generating capacity re- 
quirements, particularly those that in- 
volve the process of comparison. Among 
such problems are 


1. The investigation of capacity benefits 
to be obtained from addition of boiler 
capacity to a station that is ““overturbined”’ 
or the addition of turbine capacity to a sta- 
tion that is ‘‘overboilered.” 


2. The capacity benefits to be obtained 
from the installation of steam pressure 
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reduction valves between high and low 
steam pressures in the same station. 


3. The benefits to be obtained from inter- 
connections between different systems and 
the required capacity of such interconnec- 
tions. 


4. Relative capacity benefit of two small 
units versus one large unit. 


5. The determination of dependable hydro 
capacity. 


The application of the theory of probabil- 
ity to these latter capacity problems re- 
sults in very accurate determinations of 
the effects of the factors studied, since 
the answers to such problems involve rela- 
tive reliabilities, and any errors that may 
be inherent in the final results, even with 
possible large errors in basic data and de- 
tails of computation, are generally negligi- 
ble, so long as there is consistent treat- 
ment of all the uncertain factors that may 
be involved and such uncertainties are not 
too great. 


Appendix. Method of Making 
the Binomial Expansion and Its 
Application to a Specific Problem 


For a given number of boilers or turbines 
n and a known average forced outage time b, 
expressed as a ratio of outage time to total 
time of exposure to outage, the following 
binomial expansion 


(a+b)"=a"+na"™—1b+ {n(n —1)/2}a"—7b2+ 
; {n(n —1)(n—2)/3!}a"—%$3+ ... 


provides the basis for determining the prob- 
ability of finding various numbers of the 1 
turbines or boilers available for service. In 
the following illustration applied to four 
turbines the ratio b, which is equal to the 
average forced outage time or probability of 
unavailability of an individual unit, is taken 
to be 0.01. The probability of availability a 
is then equal to unity minus 6 or 0.99. For 
these conditions the several terms of the ex- 
pansion readily are computed as 


The first term (all units available) 
= (0.99)4 =0.9605960 
The second term (three units available) 
=0.9605960(0.01/0.99)4 =0.0388120 
The third term (two units available) 
=0.0388120(0.01/0.99) (3/2) =0.0005880 
The fourth term (one unit available) 
=0.0005880(0.01/0.99) (2/3) =0.0000040 
The fifth term (no units available) 
=0.0000040(0.01/0.99) (1/4) =0.0000000 


1.0000000 


In this illustration, and in all similar 
binomial expansions, the first term is ob- 
tained by raising the probability of avail- 
ability of a single unit to a power equal to 
the number of units under consideration; 
the second term is obtained by multiplying 
the first term by the product of the ratio of 
the probability of unavailability to the 
probability of availability, b/a, and the 
number of units, n. The third and succeed- 
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ing terms are obtained by multiplying the 
preceding term by the product of the ratio 
b/a and the ratio of one less than the number 
of units used with respect to the preceding 
term to one less than the number of the term 
namely, 


The first term 
= ae 
The second term 
= (first term) (b/a)n, 
The third term 
= (second term) (b/a) {(n—1)/2}, 
The fourth term 
= (third term) (b/a){ (n—2)/3},.-- 


Discussion 


R. L. Ashley and L. T. Anstine (nonmem- 
ber; both of Consolidated Gas Electric 
Light and Power Company of Baltimore, 
Baltimore, Md.): This paper has served to 
emphasize the importance and difficulty of 
determining the correct amount of gener- 
ating capacity which shotild be installed in 
any large electricity supply system. This is 
particularly true in a system such as the 
Safe Harbor-Holtwood-Baltimore system as 
a result of the fact that a substantial part of 
the electric power and energy is supplied by 
hydroelectric plants having little storage 
and situated on a stream (Susquehanna 
River in this case) which is subject to ex- 
tremely variable flow. 

The authors have dealt with an applica- 
tion of the theory of probability to a par- 
ticular problem of especial interest to hydro 
companies. This application, however, does 
not solve the principal problem as to what is 
the proper amount of generating capacity to 
be installed. The paper deals primarily 
with the determination by mathematical 
computation of the ‘‘firm ordependablehydro 
capacity’? which the authors define as Hides 
amount of steam capacity that would be re- 
quired on the system to maintain the same 
degree of reliability in the absence of the 
hydro capacity.” To make such a mathe- 
matical determination assumes that such an 
equivalence of hydro and steam capacity 
exists so that any given hydro-steam system 
may have the same degree of reliability at 
all times and under all conditions as if it were 
a 100 per cent steam system. 

Our experience has convinced us that such 
an equivalence does not in fact exist, but 
that there are many advantages of the 
hydro-steam system which do not exist in 
an all-steam system, and conversely an 
all-steam system has certain advantages 
which do not exist in the combination hydro- 
steam system. The authors have made a 
noteworthy attempt to reduce the deter- 
mination of hydro capacity value to a 
mathematical procedure by a painstaking 
application of the theory of probability. 
We recognize the soundness of the basic 
principles of the probability theory and 
realize that nearly every engineer who de- 
termines the number and size of various 
elements to be installed in an electric system 
such as generators, cables, and transformers 
is influenced consciously or unconsciously by 
this theory. We are inclined to agree with 
the authors’ conclusion that “the theory of 
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It is important in making the calculations 
to check the sum of the terms and if neces- 
sary make adjustments to bring the sum to 
unity. Because of the smaller percentage 
effect, it is preferable to adjust the larger 
terms. These small differences are the result 
of “rounding off” and may exist in these and 
subsequent calculations. Initially they are 
insignificant. They may pyramid as the 
computations progress and result in wide 
discrepancies. The unity check also pro- 
vides a method of checking many of the 
subsequent calculations without complete 
repetition. 

The station used in the following illustra- 
tion contains four turbines and four boilers 


each rated at 55,000 kw and two turbines 
and two boilers each rated at 37,000 kw. 

The calculations just illustrated were 
for the group of four turbines, the other 
three similar calculations are not shown. 
The results in all four cases are shown in 
Table IT. 

The next step requires the combining of 
the two groups of turbines and the two 
groups of boilers. The computations and 
results are as shown in Tables IIIA and 
IIIB. } 

In the final step, shown in Table IV, the 
turbine and boiler capacities are combined, 
the procedure being the same as that just 
used. 


probability is useful, as an aid to judgment, 
in the establishing of a reasonable system 
reserve requirement policy within rather 
narrow limits.” However, we believe that 
the involved application of the theory which 
is new and hitherto untried particularly as 
to the method of combining the effects of 
variation in river flow and planned capacity 
outages with variation in load and with the 
effect of forced capacity outages, has led to 
an exaggerated evaluation of the hydro 
capacity which is not acceptable for practical 
purposes. 

The paper finds a dependable capacity 
value of the two hydro plants of 285,000 kw 
based on estimated 1945 conditions. On 
other occasions the authors recently have 
stated that this dependable capacity value, 
based on 1946 conditions, is 295,000 kw and 
will be even higher in the immediate future. 
It is our opinion that these values are exces- 
sive as tested by judgment and experience— 
expecially experience which is recent and 
current as this discussion is written. In 
another paper! it very properly is pointed 
out that it is necessary to make a ‘‘judicious”’ 
application of the probability theory and 
that the results are subject to certain limita- 
tions, one of which is enumerated as follows: 


b. The probability theory aims only at foreseeing 
average performances. In the case under con- 
sideration, this means that the probability theory 
can predict only the average outage performance 
of a group of units during a long period of time. 


In the case of the system of which the Safe 
Harbor and Holtwood plants are a part, ex- 
perience has made it plain that it is not 
enough to consider the average performance 
of the river during a long period of time, but 
knowing that certain low flow conditions do 
develop with considerable regularity at cer- 
tain periods of the year in combination with 
certain load conditions, the utility must plan 
its steam installation problem to meet these 
conditions with adequate reserve regardless 
of the excellent conditions which may exist 
during other seasons of the year. For 
example, except for the effect of seasonal 
variations in the load, which largely are 
evened out in the planning of the mainte- 
nance schedules, the all-steam system has 
a relatively uniform probability of failure to 
carry the load throughout the year, whereas 
the combination hydro-steam system dis- 
cussed in this paper inherently has a higher 


probability of failure during the season. 


when low flows are experienced frequently 
than during the months when relatively high 
flow is practically assured. This might be 
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compared to the throw of dice. If we throw 
two dice the probability of throwing ten is 
1/12. Thus, if we throw the dice once each 
day for a year we would expect to throw a 
ten 1/12 of the time, or 305/1: times per year. 
However, if we start out by throwing three 
dice each day for the first four months, two 
dice each day for the next six months, and 
one dice each day for the last two months, 
we would expect to throw a ten 155/2, times 
(1/8X 3654/12) during the first four 
months, 155/. times (1/12X365X6/12) 
during the next six months, and not at all 
during the last two months. This makes a 
total of 305/12 times per year which is the 
same as the first case where we threw two 
dice each day for a year. In other words, 
the two cases are equivalent from the stand- 
point of probability of throwing a ten de- 
spite the fact that in the second case there is 
a certainty that we will not throw a ten 
during one-sixth of the time. 

The importance of this seasonal variation 
in the probability of failure is emphasized 
by the present inadequate steam capacity 
and the low flows currently (October 1947) 
being experienced. Under present con- 
ditions any operating man will admit that 
the system would be far better off with an 
additional 285,000 kw installed in the steam 
plants in place of the hydrocapacity. How- 
ever, the same operating man would favor 
the hydro plants if high river flows now were 
being experienced, but the important point 
is that the low river flows are a much more 
frequent occurrence during this time of the 
year than during other seasons. In fact, our 
records show that in nearly one-third of the 
Octobers since 1891 there has been a week 
when the river flow was even lower than the 
lowest week this October. In other words, 
we must expect during certain periods of the 
year to come up to bat with two strikes 
against us unless adequate steam capacity 
is available at that time. For this reason it 
is our judgment that any evaluation of the 
hydro plants in terms of equivalent steam 
capacity, if made at all, should be confined to 
the critical seasons of the year. 

There are a number of specific points in 
the authors’ paper with which we are unable 
to agree. One of these is the assumption 
that the full capacity of the reservoir would - 
be available each week and could be used 
each week if required by forced outage of 
steam capacity, and that the return of the 
reservoir to normal elevation would be 
attained in the subsequent week or weeks as 
a result of either the return to service of the 
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steam capacity previously forced out, subse 
quent higher river flows, lighter loads, or a 
combination of these conditions. As to the 
return of the reservoir to normal elevation 
by the return to service of capacity forced 
out, this can be accomplished only if the 
steam capacity normally available is in 
excess of the steam generation required and 
under such conditions drawdown actually 
would be used only to the extent that the 
steam capacity on forced outage exceeds the 
excess steam capacity normally available. 
In other words, if there is an excess capacity 
of 60,000 kw and 100,000 kw is forced out, 
drawdown would be used to make up for the 
loss of only 40,000 kw. Other conditions 
remaining the same, the return to service of 
40,000 kw would make it possible to hold the 
reservoir elevation, but additional capacity 
would have to be returned to service to 
make possible the return to normal reservoir 
level. The availability of storage to take 
care of forced outages equal to or less than 
the excess steam capacity available has no 
practical value but has been used by the 
authors to reduce the mathematical prob- 
ability of failure tocarry the load. The use 
of drawdown during any week and under 
conditions requiring the use of such draw- 
down will increase the probability of failure 
to carry the load during the subsequent week 
or weeks. It appears that this fact has not 
been taken into account. 


The effect of river flow variations has 
been taken into account by adding to the 
daily peak loads an amount equal to the 
difference between the full effective rating 
of the hydro plants and the daily load-carry- 
ing capacity of the hydro plants, including 
the effect of drawdown as just discussed. 
This adjusted load then is combined with 
the probability of availability of the system 
hydro and-steam capacity. If the hydro 
plants had no storage, the adjustment to the 
daily peak load determined on a comparable 
basis would be equal to the difference be- 
tween the full effective rating of the hydro 
plants and their daily load-carrying ca- 
pacity as limited by the natural flow of the 
river. Thus the adjusted load for the actual 
system is less than the adjusted load would 
be if the hydro plants had no storage by an 
amount equal to the benefit gained by the 
use of drawdown. In other words, treating 
drawdown in this manner has the effect of 
carrying a part of the load equal to the 
capacity gain due to drawdown ona 100 per 
cent assured basis. Can it be that capacity 
available from drawdown is the most de- 
pendable capacity on the system? The 
fallacy of this treatment of drawdown can 
be illustrated further by considering two 
hydro plants, the first having storage 
capacity which, when used over a period of 
one week to augment the natural flow of the 
river, is just sufficient to give a daily load- 
carrying capacity equal to the full effective 


70 rating of the plant, and the second having a 
far greater storage capacity so that its use 
if can be stretched out over three or four 
65 months, thus assuring the availability of the 
full effective rating of the plant (except as 
reduced by forced outages and scheduled 
60 maintenance) for this entire period. The 
treatment by the authors of this paper would 
in each case result in no addition to the load 
55 to take care of capacity unavailable due to 
river flow variations and therefore would 
show the same probability of failure to carry 
50 the load. However, it is obvious that the 
ee 
< i Figure 1. Durations of large capacity outages 
a sod Based on 100-year record of synthetic forced 
8 outage experience for an actual system with 
= steam electric generating capacity of about 
3 35 1,000,000 kw 
S| 
” 
Fe} 30 FORCED OUTAGES OF PERCENT OF OUTAGES 
= STEAM CAPACITY FOR WHICH THE 
< EQUAL TO OR DURATIONS ARE EQUAL 
5 an GREATER THAN TO OR LESS THAN 7 DAYS 
| 75,000 KW. 91 
20 100,000 KW. 94 
h 125,000 KW. 97 
15 150,000 KW. 100 
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ACCUMULATED NUMBER OF OCCURRENCES 
IN 100 YEARS OF RECORD 
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Second plant would provide a much more 
reliable service. 

As previously mentioned, there are a 
number of features about a hydro-steam 
system which cannot be reduced by a simple 
mathematical equivalence to an all-steam 
system. Some of these, in addition to the 
matter of the seasonal river flow variations, 
we wish to mention briefly. 

In the particular system discussed in the 
paper, the available low flow hydro energy 
is the determining factor in deciding upon 
the amount of steam capacity to be installed 
rather than the peak load to be carried. Be- 
cause of this situation, a failure to carry the 
load in the hydro-steam system is not likely © 
to develop as suddenly or as unexpectedly 
as on an all-steam system, but probably will 
extend over a number of hours each day 
(say 10 to 14 hours) and every day in the 
week for perhaps several weeks. On the all- 
steam system the capacity deficiency is more 
likely to be for only a few minutes or at 
most for a few- hours on the peak or near- 
peak days and usually can be met with less 
inconvenience by the customers than the 
type of shortage which may occur on the 
hydro-steam system. For this reason we 
consider it more important to have a lower 
probability of failure under these critical 
conditions of low flow than may be justified 
for an all-steam system. 

Also, no account is taken of the effect 
upon the reliability of the steam capacity, 
especially of the boilers, which may develop 
from the long periods of full-load operation 
which are required on a combination system 
but are not required on an all-steam system. 

Of course, there are also values derived 
from a hydro-steam system which are not 
enjoyed by the all-steam system and which 
have not been considered in the present dis- 
cussion. These likewise cannot be included 
mathematically in the determination of 
equivalent steam capacity. 
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G. D. Floyd (The Hydro-Electric Power 
Commission of Ontario, Toronto, Ontario, 
Canada): I believe the authors might have 
made a clearer distinction between ability 
(1) to meet peak load demands, and (2) to 
satisfy energy requirements. The latter 
may not be important for a system supplied 
wholly from thermal energy plants, where, 
if the coal pile is big enough, it is possible to 
meet energy requirements by operating the 
units at higher load factor,with possibly some 
sacrifice in efficiency. The ability to meet 
energy requirements may be very important 
for the all-hydro plant, and increases in im- 
portance with increase in ratio of hydro to 
steam capacity in the combined hydro and 
steam system. The value of this paper 
would be greater, in my opinion, if a more 
detailed analysis of the application of- 
probability methods to energy supply had 
been included. 

Some of the statements regarding system 
reserve are not very clear to me. It is 
granted that the authors have established 
that the over-all system reliability is in- 
creased very greatly with a comparatively 
small increase in the system reserve, at 
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INSTALLED HYDRO 334,000 Kw 


INSTALLED CAPACITY OF HYPOTHETICAL 
STEAM PLANT (285,000 Kw.) EVALUATED 


Figure 2. Compari- 
son of availability 
of load carrying 
capability of system 
hydro plants and 
the steam capacity 
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least for the combined steam and hydro 
system which they have studied. It is con- 
ceivable that this situation may not hold for 
some other system, where the controlling 
factors might be different. This could be 
established by making a study on the un- 
known system using the methods outlined 
in the paper. It is not so clear, however, 
that if an absolute determination of accep- 
table reliability is made, that it can be, at 
the same time, a matter of judgment. In 
my view the two are incompatible. Would it 
not have been better to say that the de- 
cision as to acceptable reliability, and conse- 
quently a reasonable reserve requirement, is 
largely a matter of judgment? 


H. W. Phillips (nonmember; Pennsylvania- 
New Jersey Interconnection, Philadelphia, 
Pa.): I have reviewed the paper with con- 
siderable interest and I believe it is probably 
the best paper on this subject that I yet have 
had the opportunity of reviewing. There 
are, however, certain factors which have 
been omitted, as contingencies of infrequent 
occurrences, but which are, nevertheless, im- 
portant in determining the true reliable 
capacity of a generating system. 

In determining the relative dependable 
capacity. of hydro equipment, the paper 
takes into consideration the records of past 
river flows which vary from a minimum of 
2,100 cubic feet per second as a 7-comsecti- 
tive-day average, to 756,000 cubic feet per 
second as a maximum 24-hour average. In 
view of the fact that I am familiar with 
the statistics of the Susquehanna River 
flow, | am aware of the fact that these ex- 
ceptional maximum and minimum flows 
occur about once every 50 years and believe 
that these items have had considerable 
weight in determining the effective capacity 
of the hydro plants. 

On the converse, the paper does not take 
into consideration the fact that the fuel 
supply to steam stations can be seriously in- 
terrupted by railroad strikes, mining strikes, 
and acts of God, and recent experience has 
indicated that these restrictions in fuel 
supply are probably more frequent than 
once very 50 years. 

I, therefore, believe that if these factors 
were taken into consideration, the hydro 
capacity of the system, discussed in the 
paper, would be more than the 285,000 kw 
reached as a conclusion in this paper. 
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It also appears to me that more credit 
than is correctly due the steam plants for 
their capacity has been given them in the 
utilization of 15-minute peak loads, since it 
is quite probable that the steam capacity 
may be required to generate maximum loads 
for periods of longer duration, at a time of 
the year other than that of the annual peak. 
Such a condition might result from excep- 
tionally high forced outages during the 
summer time, when the peak occurs in the 
morning and is often of extended duration. 

The method utilized for producing syn- 
thetically 100 years of forced outage experi- 
ence is of exceptional interest, and reference 
to the samples in Figure 1 plainly indicates 
the variability in the forced outage that a 
company is likely to experience from year to 
year, and emphasize the fact that the basing 
of reserve requirements to cover this lia- 
bility on only a few years could produce a 
very inaccurate answer as regards the cor- 
rect amount of reserve necessary for system 
protection. 


E. N. Peterson (nonmember; Ebasco 
Services Incorporated, consultant to North- 
west Power Pool, Portland, Oreg.): It is 
recognized that extensive interconnected 
systems with a large number of generating 
units require a less percentage of reserve 
capacity than do smaller systems with few 
units. But it is only recently that sound 
logical methods of determining what re- 
serves are required in any specific case have 
been worked out and published. The au- 
thors have handled this problem admirably 
by their ‘“‘method of synthetic forced outage 
experience” coupled with the theory of prob- 
ability and statistical records as to the relia- 
bility of generating equipment. 

The Northwest Power Pool just has com- 
pleted the first step in determining reserve 
requirements in its area by setting up a value 
for standby generator reserves. As the pro- 
cedure used follows generally the methods 
set up by the authors of this paper as well as 
by H. P. Seelye of the Detroit Edison Com- 
pany,! it may be of interest to outline what 
has been done in the Northwest Power Pool 
and to make a few comparisons of the meth- 
ods and results. 

The interconnected system comprising the 
Northwest Power Pool is very different from 
that described in the paper. It is three 
times as big with a generating capacity of 


Loane, Watchorn—Generating Capacity Problems 


some 3.7 million kw. It has 315 units 
(versus 52, of which 17 are hydro and 35 
steam) of which 282 are hydro and 33 steam. 
The hydro capacity is roughly 90 per cent of 
the total. All major utilities, private, munic- 
ipal, and federal in Idaho, Utah, Montana, 
Washington, and northern Oregon are inter- 
connected and co-ordinated and constitute 
the Northwest Power Pool. 

Prior to the setting up of pooled operation 
in 1942, reserves were considered a matter 
of individual concern by the various utilities 
inthe area. Judgment figures were used as 
to the amount of reserves needed, usually the 
largest unit or perhaps two units or some 
arbitrary number of kilowatts. As inter- 
connections multiplied and resources were 
placed in a common pool, it became apparent 
that such large reserves were costly and un- 
necessary and a committee on reserves was 
appointed by the operating committee to 
work out an acceptable and realistic basis for 
determining what the reserves should be in 
such an extensive system. 

The committee undertook the task as- 
signed to it quite unaware that engineers 
such as the authors of the subject paper and 
others were working on the same problem. 
Statistical records were used to determine 
the reliability of units and these were com- 
pared with operating experience in the area. 
Also, the committee wrestled with the 
theory of probability to determine the 
chance of simultaneous outage of various 
numbers of units and their aggregate capac- 
ity. 

Since the sizes of the 315 units varied from 
zero plus to 125 megawatts or more, it was 
decided, for simplicity, to divide them into 
five groups as shown in Table I of this dis- 
cussion. It will be noted that the steps in 
this grouping are far more liberal than in the 
subject paper where steps of 25 megawatts 
between groups are considered an upper _ 
limit. 

An initial determination of reserve re- 
quirements assuming an average size of unit 
was made but this was discarded in view of 
the very much greater role played by the 
large units than by the small ones in deter- 
mining reserve requirements, so a new deter- 
mination was made using the first three 
groups in the table. Group IV. was elimi- 
nated since units less than 1 megawatt 
played virtually no part in fixing the amount 
of reserves (although they could well be a 
part of those reserves). Group V was omit- 
ted since, in a hydro system, the steam 
plants are operated as little as possible and 
consequently normally could be considered 
as part of the reserve capacity—at least in 
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theory. Actually the present abnormal 
load growth has dipped into reserves to such 
an extent that all steam capacity is required 
to carry the daily peak loads, but presum- 
ably this always will not be so and adequate 
reserves again will become available. 

In determining the amount'of standby re- 
serves that are economically justified in the 
Northwest Power Pool, only generating 
units were considered to the exclusion of 
transformers, circuit breakers, transmission 
lines, and so on. Such elements will be 
considered at a later date. The outage fac- 
tor of hydro units was taken to be 0.52 per 
cent. In addition to these factors, the com- 
mittee used a figure which it called the in- 
terval between “‘hurtful’” outages. A quo- 
tation from the Northwest Power Pool 
“Magna Charta”’ containing the basic prin- 
ciples of co-ordinated operation reads 


A ‘hurtful’ outage is defined as one in which the 
total generating capacity forced out of service ex- 
ceeds the available standby reserve capacity, 
thereby necessitating a reduction in load by lowering 
voltage or frequency or by discontinuing service to 
certain customers. The greater the reserves the 
longer the average interval between hurtful 
outages. Reserves should be of such an amount 
that the customer is not justified in paying the cost 
of additional reserves to increase further the interval 
between hurtful outages. 


For the present the acceptable interval be- 
tween hurtful outages has been set at 20 
years. 

The committee on reserves found that, on 
the basis of the assumptions and methods 
indicated, the justifiable amount of standby 
reserves in the Northwest Power Pool was 
250 megawatts or 6.7 per cent of capacity. 
This is much less than the reserves indicated 
in the subject paper (about 20 per cent) but 
the reasons for the difference are to be found 
in the much greater aggregate size of system 
in the Northwest, the large number of 
units, the higher degree of reliability of hy- 
dro units as compared with steam, different 
methods of operation, somewhat different 
objectives, and probably other factors. 

It is important that the setting up of re- 
serves should be on a sound logical basis 
backed up by adequate historical records 
and operating experience. Insofar as the 
Northwest Power Pool is concerned, how- 
ever, it is believed that, once these funda- 
mentals have been established, great accu- 
racy in arriving at the final answer hardly 
can be expected. This is due to several fac- 
tors, among them 


1. Actual unit outages will deviate widely from 
the average outage factors established from statis- 
tics. 

2. Hurtful outages will occur at intervals varying 
widely from the average value adopted. 

3. The grouping of units by sizes is arbitrary and 
different grouping would give somewhat different, 
though not necessarily more accurate, results. 

4. In the present period of skyrocketing loads, 
standby reserves are more academic than real. 
When and if conditions become stabilized again, 
generating capacity will have increased comnsider- 
ably, the committee on reserves will have made 
further progress, and added operating experience 
will have been gained. At such time the Northwest 
Power Pool may elect to take another look at its 
standby reserve requirements. 
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H. A. Adler (Commonwealth Edison Com- 
pany, Chicago, Ill.): The probability values 
determined by the binomial law give only 
the ratios of duration and intervals of 
multiple occurrences, but not the actual 
values of durations and intervals. It is, 
therefore, of special interest that Loane and 
Watchorn have developed an experimental 
method for determining these important 
values. In an AIEE paper by Adler and 
Miller! equations were presented to deter- 
mine these values mathematically. 

A comparison of the results obtained by 
the two methods appears of interest. The 
authors kindly made available the results of 
one of their studies using the experimental 
method for a system having always 40 units 
in operation and having a probability of out 
age of 2.16 per cent and an average duration 
of outage of 4.03 days. The following Table 
II of this discussion shows a comparison of 
the experimental results with values calcu- 
lated with equation 3 of the Adler-Miller 
paper. 

The differences between experimental and 
calculated results appear to be due entirely 
to some difference in assumptions and due to 
the fact that the experimental method 
covered by necessity only a limited number 
of cases. A study of the two methods indi- 
cates that they will give identical results if 
the assumptions are the same and if the ex- 
perimental study covers a large number of 
cases. 

The intervals 7; can be calculated trom 
the average durations t, and the probability 
P, calculated by the binomial law, that is, 
Ty = tr/P>. 
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1. A New APPROACH TO PROBABILITY PROBLEMS 
IN ELECTRICAL ENGINEERING, H. A. Adler, K. W. 
Miller. AIEE TRANSAcTIONS, volume 65, 1946, 
October section, pages 630-2. 


E. S. Loane and C. W. Watchorn: Floyd has 
pointed out, at the conclusion of his discus- 
sion, two apparently conflicting statements. 
The authors appreciate the opportunity, 
therefore, of indicating complete agreement 
with his final sentence: what is an accept- 
able reliability or a reasonable reserve re- 
quirement undoubtedly is largely a matter of 
judgment. In the selection of a proper re- 
serve, the only help that the probability 
theory can give is the determination that for 
a certain load and installed capacity the 
probability of failure to carry load by some 
amount isso much. This we have referred 
to as an ‘‘absolute’”’ determination. Per- 
haps the choice of term was unfortunate; 
but its use was intended to distinguish this 
type of problem from others involving only 
relative reliabilities. 
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The comparison made by Adler between 
experimental and calculated average dura- 
tions of multiple forced outages would have 
shown even better agreement had the au- 
thors recorded their experimental results on 
a basis directly comparable with that used in 
his computations. It is highly desirable 
that frequent checks be made between the 
theoretical and experimental methods of 
solution of various capacity problems. It 
appears that, at the present stage of develop- 
ment, the experimental approach can supply 
certain data that are not otherwise obtain- 
able. It is not sufficient in capacity prob- 
lems, involving use of a limited hydro stor- 
age, to consider only the average outage 
duration. Critical capacity conditions may 
arise when the forced outage durations are 
much longer than average; and the proba- 
bilities of such long outages, as shown in 
Figure 1 of this closure, are essential to 
correct evaluation of the useful hydro capac- 
ity. 

The long and critical discussion by Ashley 
and Anstine is evidence of careful study of 
the subject paper and of other related ma- 
terial available to them. The authors rec- 
ognized the need for careful evaluation of 
the diverse factors that are involved in the 
capacity problems of a combined hydro and 
steam system, and feel that they properly, or 
rather very conservatively, have evaluated 
each of them. Detailed discussion of each 
of these factors was not possible in a general 
paper nor in the limited space available for 
closure. 

The conservatism of the authors’ evalua- 
tion of the dependable capacity of the hydro 
plants, used for illustration in the paper, is 
shown by Figure 2 of this closure. This 
diagram shows the average availability of 
the hydro capacity as limited by mainte- 
nance, forced outages, and experienced river 
flows. Since the studies of system reli- 
ability indicated that these hydro plants, 
with a rated effective capacity of 334,000 
kw, were equivalent to a steam installation 
of 285,000 kw in their capacity service to the 
interconnected system, there has been 
shown, for comparison, the probable avail- 
ability of this amount of steam capacity as- 
sumed to be installed in five units, as it 
might be limited by maintenance, forced 
outages, and seasonal capacity reductions. 
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HE tremendous need for communica- 

tion with ships, airplanes, trucks, 
tanks, and other mobile units used in such 
large quantities during the war acceler- 
ated the development of practical mobile 
radiotelephone equipment for use in the 
30 to 200 megacycle range and empha- 
sized the practicability and usefulness of 
mobile telephone service. By the end of 
the war the art had advanced sufficiently 
in the applications of these higher fre- 
quencies so that it seemed practicable to 
provide telephone service to mobile units 
on a general basis rather than limit it to 
safety and emergency services as had been 
the case before the war. The Federal 
Communications Commission therefore 
made available a few frequencies for ex- 
periments in this field. In the two years 
which have elapsed, the Bell System has 
made this service available on an experi- 
mental basis in more than 60 cities and 
about 100 more systems are under con- 
struction. This paper describes the ar- 
rangements used and outlines the experi- 
ence obtained to date with this service. 
Improvements are being made constantly 
so that this must be regarded as an 
interim report on a rapidly changing and 
expanding service. 


Types of Mobile Telephone Systems 


In its simplest form mobile service pro- 
vides communications from a single cen- 
tral dispatch point to a group of mobile 
units. No direct connection exists be- 
tween the radio system and the wire com- 
munications network. In this case the 
land station can be very simple—a radio 
transmitter and receiver connnected by 
four wires to a telephone transmitter and 
a telephone receiver. A push-to-talk 
switch can be used to energize the trans- 
mitter when it is desired to talk and to 
connect the receiver when it is desired to 
listen. The same radio frequency can be 
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used for both transmitting and receiving. 
Similar arrangements are used in the 
mobile unit but for space, cost, and power 
drain reasons a lower powered transmitter 
generally is employed. Many such pri- 
vate mobile systems have been placed in 
operation, some of which are owned and 
maintained by the user and others owned 
and maintained by the telephone com- 
pany or other service organizations but 
operated by the user of the system. 

The simple private system may be 
expanded to cover larger areas by adding 
transmitters and receivers and intercon- 
necting them by wire lines. Also, pro- 
visions may be made for more than one 
dispatching point. The New York Tele- 
phone Company owns and maintains a 
system used by the New York State 
Police which covers the entire state of 
New York and includes 37 land stations 
and more than 50 receiving only stations, 
has nearly 70 dispatching points, serves 
over 350 vehicles, and employs several 
thousand miles of interconnecting wire 
facilities. The Pennsylvania State Police 
System is provided and maintained by 
the Bell Telephone Company of Pennsyl- 
vania and includes 73 land transmitters 
and receivers, 77 dispatching points, and 
over 250 mobile units. The systems serv- 
ing large areas generally operate in the 
30-44-megacycle range and the ones serv- 
ing limited urban areas operate in the 
152-162-megacycle range. 

For general mobile telephone service, 
provision must be made to connect a 
vehicle equipped for mobile telephone 
service to any telephone in the wire line 
network. This involves more compli- 
cated terminal arrangements, since the 
circuit must be reduced to a 2-wire basis 
to be connected to the wire line network 
and use cannot be made of the push-to- 
talk feature at the fixed telephones to 
switch the radio system alternately be- 
tween the transmitting and receiving 
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conditions. Such systems employ a dif- 
ferent frequency for transmitting toward 
the mobile unit and receiving from the 
mobile unit to facilitate connections with 
the wire line network as well as to permit 
closer spacing of radio channels, thus 
using the frequency spectrum more effi- 
ciently. 

Two types of general mobile systems 
have been provided for in the Federal 
Communications Commission allocation 
plan: urban systems which operate in the 
152-162-megacycle range and are in- 
tended to cover a limited area, usually a 
city and its surrounding suburbs, and 
highway systems which operate in the 
30-44-megacycle range and are intended 
to provide continuous service to vehicles 
moving along highways or vessels along 
waterways between cities. Provisions 
are made by the telephone company for 
three types of service. 


1. General service which permits con- 
nections from a mobile unit to any telephone 
in the general network, with a 3-minute 
call as the basic unit of traffic. 

2. Dispatch service which provides for 
connections between a particular dispatch- 
ing point and one or more vehicles and uses 
as its basic traffic unit a 1-minute call at 
a lower rate per call than the general service. 
3. Signaling service which provides for 
signaling a specific mobile unit to indicate 
that the operator of the unit should take 
some prearranged action, such as call his 
office from a nearby telephone. In this 
case, the mobile unit is not equipped for 
transmitting. 


Extent of Present Development 


Figure 1 shows the location of urban 
and highway systems now in service or 
under construction. Urban service is 
available in more than 40 cities with two 
or three channels in service or under con- 
struction in eight of these cities. High- 


Paper 47-256, recommended by the AIEE com- 
munication committee and approved by the AIEE 
technical program committee for presentation at 
the AIEE Midwest general meeting, Chicago, IIl., 
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September 24, 1947. 
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way stations in 22 cities provide continu- 
ous coverage between Chicago, Iil., and 
St. Louis, Mo.; New York, N. Y., and 
Boston, Mass.; New York and Buffalo, 
N. Y.; and New York and Washington, 
D. C. Also, the first units of highway 
systems in Wisconsin, Oklahoma, Indiana, 
Michigan, Ohio, and other states have 
been placed in service. Each of these 
mobile systems is designed to serve 50 to 
100 mobile units, depending upon the 
type of traffic involved. 

As of July 1, 1947, there were approxi- 
mately 2,000 vehicles equipped for gen- 
eral mobile service and this number is 
increasing at a rate of about 200 per 
month, The mobile radio unit may be 
owned and maintained by the customer, 
provided minimum System standards are 
met, or may be rented on a monthly basis 
from the telephone company. In either 
case the customer is charged on the basis 
of the number of messages he originates, 
with a minimum charge. If the tele- 
phone company supplies the set, the 
customer pays a nominal installation 
charge and a monthly rental charge in 
addition to the charge for the messages. 


General Description of 
a Typical System 


Figure 2 is a pictorial view of a typical 
general mobile system. The land trans- 
mitter,* control terminal, and switch- 
board generally are located in a large 
central telephone building, although the 
radio transmitter sometimes may be 
located at a distance to obtain a favorable 
antenna site. Land subscribers reach 
the switchboard over their regular tele- 
phones and wire lines, except that for dis- 
patch service a dispatch line is provided 
from the land subscriber directly to the 
mobile switchboard. Transmission to- 
ward the mobile unit is from a single 
main radio transmitter, Transmission 
from the relatively low powered mobile 
radio transmitter is to one of several 
favorably located radio receivers from 
which it goes by wire to the switchboard. 

Figure 3 is a block diagram showing the 
principal components of a general mobile 
telephone system. The mobile service 
switchboard is a part of the normal switch 
ing system and, in fact, may handle other 
types of calls as well as mobile telephone 
calls. The land subscribers reach this 
switchboard over the normal land lines 
by asking the long distance operator for 
“mobile service.” The mobile system 


* The nonmovable end of a mobile telephone 
system has come to be called the ‘Jand” end 
whether it is part of a marine, vehicular, or aero- 
nautical system and is so recognized in inter- 
national radio definitions. 
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Figure 2. Pictorial 
view of a typical 
urban mobile radio- 
telephone system 
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terminates in the switchboard in a jack 
with associated signal lamp and busy 
indicator just as though it were a wire cir- 
cuit. Between the switchboard and the 
land radio transmitter and receivers is 
the control terminal which performs a 
number of functions which are necessary 
to connect the radio equipment into the 
wire line plant. The basic function is to 
combine the transmitting and receiving 
branches of the radio system to form a 2- 
wire circuit for connection to the switch- 
board. 


TRANSMITTING BRANCH 


In the transmitting branch the first 
unit is the “vogad” which is a voice- 
operated-gain-adjusting-device to adjust 
the speech volume received from the 
switchboard, which may vary over a 
range of 40 decibels, to a nearly constant 
volume for application to the radio trans- 
mitter. This permits the transmitter to 
be nearly fully modulated at all times, 
thus using its power most efficiently. 
The transmitting branch also includes the 
arrangements for selectively signaling the 
vehicles, which is a 2-tone oscillator 
operating under control of an ordinary 
telephone dial at the switchboard to send 
out sequences of 600- and 1,500-cycle 
pulses corresponding to the call number of 
the desired car. Arrangements also are 
provided for the remote control of the 
radio transmitter. 

The radio transmitter is phase-modu- 
lated with an output power of about 250 
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watts. The transmitting antenna gener- 
ally is a coaxial antenna located on a high 
building or, in the case of some of the sta- 
tions in the highway system, on a 50- to 
150-foot pole or tower on a hilltop. This 
transmitter generally gives good coverage 
over a radius of from 15 to 30 miles in the 
urban system and from 25 to 50 miles in 
the highway system. 


RECEIVING BRANCH 


Since, for space and cost reasons, the 
imobile radio transmitter uses much lower 
power than the land transmitter, it gener- 
ally is necessary to provide a number of 
land receivers in order to cover the same 
area as that covered by the land trans- 
mitter. From four to ten receivers may 
be needed but in a few cases adequate 
coverage is being obtained with a single 
unusually well located receiver. Each of 
these receivers is placed where man-made 
noise is as low as feasible and may be in a 
building or in a cabinet at the base of the 
pole on which the coaxial receiving an- 
tenna is mounted as shown in Figure 4. 
The receiver includes a squelch or “‘codan” 
circuit which is adjusted to close through 
the voice channel and signal the control 
terminal on reception of a carrier which is 
strong enough to produce an acceptable 
signal-to-noise ratio. The receiver oper- 
ates normally on 110 volts alternating 
current obtained from a commercial power 


system but standby power arrangements — 


in the form of a battery and converter are 
provided. The outputs of the receivers 
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a signal from the land receiver and lights 
the lamp at the switchboard, indicating 
that a mobile unit is calling. There also 
is included an amplifier which adjusts the 
received volume to the desired value rela- 
tive to the transmitted volume. 


Figure 5 pictures the control terminal. 
In addition to the components already 
mentioned, it includes a monitoring re- 
ceiver and loud-speaker to check on the 
performance of the land transmitter and 
the necessary testing access for use in 
maintaining the system. A frequency 
monitor is associated with the transmitter 
which indicates when the transmitter is 
on the air and operating at the right fre- 
quency. If the frequency should deviate 
from its correct value by more than a few 
thousandths of a per cent, it sounds an 
alarm so the technical attendant immedi- 
ately may take the transmitter off the air 
and correct the trouble. A low power 
test transmitter operating on the fre- 
quency of the mobile transmitters affords 
convenient means for checking the per- 
formance of the land receivers and the re- 
ceving branch of the control terminal. 


MosiLe EQUIPMENT 


The mobile installation includes a 
phase-modulated transmitter having out- 
put power of 15 to 25 watts, a receiver, 
and an associated selective signaling unit, 
a control unit consisting of a hand tele- 
phone set equipped with a push-to-talk 
key and the signal light and bell to indi- 
cate an incoming call, and the antenna. 
Power is obtained from the 6-volt or 12- 
volt system of the vehicle, which in many 
cases needs to be reinforced by provision 
of a heavy duty generator and battery to 
catry the added load. The radio trans- 
mitter and receiver are located in the lug- 
Figure 4. Land receiver mounted on pole gage compartment of a car as shown in Figure 5. Control terminal for general mobile 

supporting receiving antenna Figure 6, or in a cabinet on the inside or service 
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Figure 6. Radio transmitter and receiver 
installed in rear compartment of automobile 


outside of a truck. The control unit 
generally is located below the instrument 
panel in the driver’s compartment as 
shown in Figure 7. In the urban system 
the antenna is about 18 inches long and 
generally placed at the center of the metal 
roof of the car or truck cab as in Figure 8. 
In the highway system the antenna is 
about six feet long and generally is 
mounted on the side of the vehicle so as 
to minimize the clearance required. 


PROCEDURE IN ESTABLISHING A 
MOoBILE CONNECTION 


In placing a call from a vehicle, the 
user simply removes the hand telephone 
set from its hanger, which activates the 
transmitter, listens to determine the 
channel is not in use, and then momen- 
tarily operates the push-to-talk button, 
which causes a spurt of carrier to be 
radiated. This is picked up by one or 
more of the land radio receivers and oper- 
ates a relay in the control terminal which 
lights a lamp at the switchboard. When 
the switchboard operator plugs in to 
answer the call, the land transmitter is 
started and continuously radiates the 
catrier. The frequency monitor deter- 
mines that the carrier is on the assigned 
frequency and signals the switchboard 
operator that the system is ready for serv- 
ice. The connection is extended from 
the switchboard to the land subscriber 
over the regular wire network. The 
mobile subscriber presses the button in 
the handle of his hand set when he talks 
and releases it when he listens, but the 
land subscriber uses his telephone in the 
usual manner. 

In establishing a connection from a 
land subscriber to a vehicle, the sub- 
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> tion is plus or minus 11 ke. 


scriber obtains the mobile service operator 
over the wire line network in the usual 
way and gives her the telephone number 
of the vehicle desired. This number con- 
sists of two letters and five digits, such as 
WX2-3774. The operator plugs into the 
jack associated with the mobile system 
and dials the called number. This causes 
alternate spurts of 600- and 1,500-cycle 
tone to be radiated which operate the 
selector unit in all cars within range of the 
radio transmitting station. However, 
only the selector unit adjusted to the code 
which is dialed completes its cycle and 
operates the bell and signal light in the 
called vehicle. All selector units are re- 
stored to normal when the operator plugs 
into the jack to make the succeeding call. 


Technical Characteristics 
of Mobile Sets 


In the Bell System general mobile serv- 
ice, mobile sets made by Motorola, 
Radio Corporation of America, and 
Western Electric are being used. The 
last will be described to illustrate the 
general features of the mobile equipment. 


WESTERN ELecrric URBAN MOBILE 
Rapio TRANSMITTER 


This transmitter provides an output 
power of approximately 20 watts of phase- 
modulated carrier at a single crystal-con- 
trolled frequency in the range of 152 to 
162 megacycles. The unmodulated car- 
rier frequency tolerance is plus or minus 
0.005 per cent. Thenormal carrier devia- 
The audio 
frequency response is substantially flat 
from 250 to 4,000 cycles. A dynamotor 
power supply is contained within the 
transmitter and arrangements are avail- 
able to operate on 6-volt or 12-volt bat- 
tery sources. The power drain from a 
6-volt source is about 0.3 ampere standby 
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Figure 7. Control unit for general mobile 
service 


and about 50 amperes in the transmitting 
condition. The weight of the transmitter 
is 38 pounds and its approximate dimen- 
sions are 17 inches by 10, inches by 8 
inches. 

The transmitter is similar in most re- 
spects to other types of transmitters de- 
signed for the mobile service. There are 
12 identical filamentary-type tubes in the 
actual transmitter circuit which are used 
in the conventional oscillator, modulator, 
two doublers, two triplers, and amplifier 
stages. However, there are several 
unique features in this transmitter; the 
temperature-controlled crystal, for ex- 
ample, oscillates at a considerably higher 
frequency than in most similar trans- 
mitters and the multiplication factor is 
only 36 times in building up to the final 


Figure 8. Antenna for urban mobile service 
mounted on roof of automobile 
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Figure 9. Transmitter and receiver coverage 
for urban system in Chicago 


radio frequency. This is an aid in reduc- 
ing the number of spurious radiations of 
the transmitter. This transmitter also 
has been designed so that the antenna 
adjustments required at the time of 
installation do not appreciably affect the 
spurious radiation of frequency. An- 
other feature is that the design of the 
transmitter permits the use of a plug-in 
test set to measure currents or voltages 
at six key points in the circuit without 
removing the transmitter cover. This, 
of course, facilitates the diagnosis of 
trouble conditions. 


WESTERN ELecrric MoBILeE Rapio 
RECEIVER 


. This receiver is of the crystal-controlled 
double-superheterodyne type and re- 
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MICHIGAN 


ELEVATION 581 
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ceives phase-modulated signals on any 
one 60-ke channel in the 152 to 162 mega- 
cycle band. The circuit incorporates 16 
miniature-type tubes plus a rectifier and 
built-in vibrator power supply. The 
power drain from a 6-volt battery source 
is about seven amperes and the set will 
operate from either 6 or 12 volts direct 
current. The rated audio power output 
of the receiver is 200 milliwatts; the re- 
ceiver’s weight is 33 pounds, and its 
approximate dimensions are 17 inches by 
10 inches by 8 inches. A plug-in test set 
also will check certain points to determine 
the conditions of operation. 

A squelch circuit is provided to silence 
the receiver unless a carrier of a sufficient 
magnitude is received. The high inter- 
mediate-frequency is 20.4 megacycles and 
the low intermediate-frequency is 2 mega- 
cycles. The audio output is flat within 4 
decibels from 250 to 4,000 cycles. All 
Spurious responses, including image re- 
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sponses, are 80 decibels down from the 
operating frequency. The selectivity of 
this receiver is particularly good, the re- 
sponse being down 50 decibels when 60 
ke from mid-band. 

This receiver is designed to operate with 
selective signaling equipment and a selec- 
tor is built into the receiver on a plug-in. 
basis. 


SELECTOR SET 


The selector used in the Western Elec- 
tric receiver also is manufactured as a 
separate component which can. be used 
with most types of mobile receivers, al- 
though slight modifications may be re- 
quired in some cases. The required 
direct voltages of 6 and 160 volts are sup-- 
plied by the radio receiver. When sup- 
plied as a separate external unit, the 
weight is 22 pounds and the dimensions 
are approximately 16 inches by 8 inches 
by 5 inches. A total of 2,030 possible 
distinct and usable number combinations 
is provided. 

The selector is operated by a code which 
consists of a series of alternate pulses of 
600 and 1,500 cycles which are trans- 
mitted at a uniform rate under control of 
a standard telephone dial or sender at the 
land station. Selective circuits alter- 
nately respond to the 600- and 1,500- 
cycle tones and operate a stepping relay 
which rotates a contact wheel. Five 
stop pins are placed in the contact wheel 
in positions corresponding to the five 
digits which comprise the telephone num- 
ber of the particular selector. When any 
digit is dialed, the contact wheels of all 
mobile stations receiving the transmission 
will advance a number of stepscorrespond- 
ing to the digit dialed. Only those wheels 
however, that have pins at the point of 
advancement corresponding to the digit 
dialed will hold and the renrainder will 
return to normal. Successive dialing of 


‘digits causes all selectors to advance 


again. However, only the selector which 
progressively advances on all five digits 
causes a bell and lamp to operate in the 
control unit. The sum of the digits used 
in all telephone numbers must equal 23. 


Performance 


URBAN SYSTEMS 


Figure 9 shows the coverage obtained 
with the urban system in Chicago, which 
is typical of these systems. It will be 
noted that good transmission is obtained 
from the land transmitter to mobile units 
up to a distance of approximately 25 
miles. There are very few areas of poor 
transmission, even where there are large 
obstructions, such as buildings, between 
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the transmitter and the mobile receiver. 
In this respect, operation in the urban 
(152 to 162 megacycles) range has proved 
much more satisfactory than in the high- 
way range (30 to 44 megacycles). The 
areas of good transmission from the mo- 
bile transmitters to the land receivers 
also are shown in Figure 9, and it will be 
noted that receivers have been so placed 
that transmission in the two directions is 
substantially balanced. Some interfer- 
ence has been encountered due to dia- 
thermy but generally it has been for brief 
periods and has affected only one or two 
receivers in a system. Ignition noise in 
the mobile units has not been a serious 
problem. Little interference has been 
encountered from other mobile systems 
operating on the same frequencies, even 
though the same frequencies are used in 
cities separated by as little as about 50 
miles. As will be discussed later, only 
alternate channels can be used in any one 
service area; however, the in-between 
channels can be used at points about 25 
miles or more away. 


HIGHWAY SYSTEMS 


Figure 10 shows the coverage pattern 
for the stations along the Chicago-St. 
Louis highway, which is typical of such 
systems. The range of the land trans- 
mitter in this case averages about 40 
miles with some as great as 60 miles. In 
contrast with the urban systems, experi- 
ence to date indicates that electric disturb- 
ances, principally ignition noise, seriously 
may reduce the coverage area for a given 
circuit merit; also, the typical side 
mounting of the longer antennas required 
for the highway frequencies results in 
marked differences in reception as the 
position of the car varies with respect to 
the transmitter. It can be noted that in 
order to give continuous coverage along 
the principal highways between Chicago 
and St. Louis there are overlap areas in 
which adjacent stations can be heard. 
Arrangements are provided so that when 
a connection is established to a car in one 
of these overlap areas, the adjacent sta- 
tion is kept off the air. This is done by 
providing wire circuits between adjacent 
stations, which light a busy lamp at the 
switchboard of one station when the 
other one is serving a car in the area which 
is within range of both. 


As stated previously, the highway sys- 


tem operates in the 30-44-megacycle 
range, where some sky-wave transmission 
may be expected. Observations of long 
range transmission during the first six 
months of 1947 indicated that most of the 
long range transmission occurred over dis- 
tances of more than 1,000 miles and that 
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Figure 10. Cover- 

age of Chicago-St. 

Louis highway mo- 
bile system 


te) 20 40 


good signal strength was obtained in most 
cases. This type of interference was of 
such serious magnitude that it has been 
necessary to introduce the zoning plan 
shown in Figure 11. This plan permits 
the same frequencies to be used only for 
stations separated by less than about 
1,000 miles. Equipment will be avail- 
able soon to permit a user to change fre- 
quencies readily when he travels from one 
highway zone to another. 


OPERATION OF CLOSELY SPACED 
RapiIo CHANNELS 


At present the 30-44-megacycle band 
is divided into 40-kce channels, but the 
radio equipment now available generally 
is not selective enough to be operated 
closer than alternate channels and some 
early type receiving equipments require 
even more separation. The same situa- 
tion applies to the 152-162-megacycle 
region except that the channels are 60 ke 
wide. Engineering for operation of the 
maximum . number of radiotelephone 
channels in the available frequency space 
includes the following factors: 


1. Mobile and land station receivers must 


have a high degree of selectivity against 


adjacent channels. 
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2. Spurious signals, which may develop 
in several ways, must be held to very low 
values in order to minimize unfavorable 
level differences between wanted and 
unwanted signals. 


3. It is sometimes possible to take steps 
at the land stations, which are relatively 
few in number, to keep the technical require- 
ments on the numerous vehicular sets within 
practical bounds. One such step employed 
in some Bell System installations is to turn 
on the carrier of a land transmitter auto- 
matically whenever the land transmitter 
of a nearby channel is in use. By this 
means the capture effect from the carrier 
of the idle transmitter prevents its asso- 
ciated vehicular receivers from hearing 
unwanted transmissions from the second 
transmitter. 


Outlook for the Future 


EXPANSION OF PRESENT SERVICE 


For highway service the Federal Com- 
munications Commission has allocated a 
block of 20 pairs of frequencies spaced at 
intervals of 40 ke. Of these, 12 pairs 
have been designated tentatively for use 
by common carriers in giving general 
mobile service. However, many channels 
in this band now are occupied by other 
users such as police and fire departments, 
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and these have been given until July 1950 
in which to move to their newly assigned 
channels. This limitation, together with 
the necessity to use different frequencies 
in different parts of the country in order 
to avoid long range interference, means 
that the present allocation, in general, 
will permit only one highway system in a 
given area. 

For urban service the Federal Com- 
munications Commission has allocated a 
block of 12 pairs of frequencies at 60-kc 
intervals, and of these 6 pairs have been 
designated tentatively for use by common 
carriers in giving general mobile service. 
With present techniques it is practicable 
to use only alternate channels in a given 
area, even with the best radio equipment 
now available. On this basis, the present 
allocation provides for a maximum of 
three working channels for general mobile 
service in each area. 

In the larger cities the demand for the 
service is far greater than can be taken 
care of by these three channels, some 
cities having many hundreds of customers 
waiting for mobile service. It has been 
estimated that the larger metropolitan 
areas, such as New York, Chicago, and 
Los Angeles, Calif., will have demand for 
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10,000 or more mobile units within the 
next few years and that to take care of 
this demand will require approximately 
150 pairs of frequencies. 

Provision of this much service with 
economical use of frequency space in- 
volves systems and design problems which 
are more complex and extensive than any- 
thing attempted heretofore in the mobile 
radio field. These problems are consid- 
ered to be amendable to a reasonable 
engineering solution, provided that a 
suitable frequency allocation plan is 
realized. 

Development is progressing on new 
mobile equipment which will have high 
selectivity and other improvements. 


New GENERAL MOBILE SERVICES 


In addition to service to vehicles, which 
has been emphasized thus far, it has been 
found that there is considerable demand 
for the service by other types of mobile 
units, such as river boats, ships on the 
Great Lakes, harbor craft and pleasure 
boats along the coasts, and switch engines 
and work trains on railroads. This serv- 
ice, in general, is being taken care of for 
the time being on the same systems as are 
used to serve trucks and cars, but as the 
needs increase, it may be desirable to 
establish separate systems for marine and 
other uses. In fact, in New York City a 
separate channel operating in the 152- 
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162-band already has been established 
solely for serving harbor craft. 

There also appears to be demand for 
telephone service to the passengers on air- 
planes and railroad trains. In April 1947 
a DC-6 plane operated by the United Air 
Lines was equipped with telephone service 
on its inaugural transcontinental flight. 
This experimental service was given 
through the urban land stations which 
are now available at close enough inter- 
vals to give fairly continuous service to a 
plane flying at high altitude. The experi- 
ence was that good transmission could be 
obtained within a circle of about 200 miles 
in diameter around each land station with 
the plane at 18,000 to 20,000 feet but that 
the air-borne set would cause interference 
to other stations operating on the same 
frequencies within a circle up to about 400 
miles in diameter. It was obvious that 
urban systems, which are designed to give 
service to mobile units on the surface of 
the earth with the same frequencies some- 
times used at intervals of 50 or 100 miles 
cannot be employed to serve airplanes 
because of the interference problem. 
For a satisfactory service to passengers 
on airplanes, it probably would be neces- 
sary to establish stations specifically for 
this purpose spaced at intervals of about 
200 miles, possibly with special intercon- 
necting arrangements to give continuous 
service. Radiotelephoneservicetorailroad 
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Passengers is being furnished experimen- 
tally between New York and Washington 
on several trains of the Baltimore and 
Ohio and Pennsylvania railroads. For 
this experiment, the urban stations at 
Newark, N. J.; Philadelphia, Pa.; Balti- 
more, Md.; and Washington are being 
employed to give coverage over most of 
the route. For occasional users of radio- 
telephone service, it is not practicable to 
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use a push-to-talk key. Therefore, in the 
installations on the railroad trains the 
transmitter is active continuously during 
each telephone call. Interference with 
the associated receiver is avoided by using 
different antennas, separated by the 
length of the car, for the transmitter and 
receiver. In addition, a filter is provided 
in the receiver antenna circuit to dis- 
criminate against the transmitter fre- 


No Discussion 
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quency. Thus the passenger on the train 
can use the service as easily as he does his 
own telephone at home. 

A great deal of progress has been made 
in the brief period since general mobile 
telephone service came into the picture. 
However, it is obvious that much remains 
to be done in expanding the scope and 
amount of service to the point where the 
demand for it can be fully satisfied. 


The Circle Bice of the Polyphase 
Brush-Shifting Commutator Motor 
(Schrage Type) 


PAUL W. FRANKLIN 


ASSOCIATE AIEE 


Synopsis: This paper presents a derivation 
of the circle diagram and performance 
formulas of the polyphase brush-shifting 
motor (Schrage type). Using similar as- 
sumptions as required for the derivation of 
. the Heyland circle, a simple diagram is de- 
veloped, which permits the graphical deter- 
mination of current, power factor, output, 


slip, and copper losses of the machine. De- 
sign formulas are given. 
HE CHARACTERISTICS of the 


Schrage motor resemble those of the 
d-c shunt motor. The Schrage motor re- 
quires a rather complicated brush gear, 
which is the principle objection to a gen- 
eral application For smaller machines, 
however, this brush gear may. be simpli- 
fied considerably. As to size, such a 
motor generally will exceed a squirrel cage 
motor of the same rating for one or two 
frame sizes and approach the size of a 
d-c shunt motor of similar rating. 

An excellent paper! was published in 
1941, covering the general aspect of the 
machine. However, certain simplifica- 
tions and assumptions were made there, 
which, though not objectionable in 
principle, limit the value of the method 
offered. This paper attempts to develop 
a representative circuit and a circle 
diagram comparable to the Heyland 
circle diagram. 

It is not intended to give a detailed 
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description of the electrica and me- 
chanical features of the Schrage motor in 
this paper. For this, the reader again is 
referred to the foregoing publication. 
However, for the purpose of general 
orientation, a short description will be 
attempted. ; 


General 


The primary winding of this motor is 
placed in the bottom of the rotor slots and 
fed from the line through slip rings. 
Index “1” is used in the future for this 
winding, which resembles the usual stator 
winding of a polyphase induction motor. 
A small compensating winding is placed 
on top of it, marked by index ‘3.” This 
winding resembles a normal d-c armature 
winding and is connected to a commuta- 
tor. The stator houses the secondary 
winding, marked by index “2.” This 
winding is similar to a normal stator 
winding and its number of phases is inde- 
pendent of the number of line phases. It 
is connected to the commutator brushes. 

The commutator acts in a threefold 
way. First, it converts the line frequency 
of the compensating winding voltage to 
the slip frequency of the induced second- 
ary voltage in the stator. Secondly, by 
shifting the brushes, it permits the ad- 
justment of the brush voltage impressed 
on the stator from a positive value down 
to zero and further to a negative value. 
Thirdly, it permits a change of phase up 
to 360 degrees of this impressed voltage, 
in comparison with the phase of the in- 
duced secondary voltage. To summarize 
it may be said that the frequency of this 
impressed brush voltage. depends only 
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upon the relative speed of the resulting 
air gap field versus the stationary 
brushes. The amount of this voltage de- 
pends only upon the flux magnitude, the 
relative speed of the resulting air gap flux 
versus the rotating rotor, and the spacing 
of the brushes of the same phase. Finally, 
the phase of this voltage depends upon the 
absolute position of the brush gear in 
space 

The speed of the rotor will adjust itself 
to such a value that the impressed brush 
voltage added vectorially to the induced 
slip voltage in the stator is equal to the 
total voltage drop in the combined 
secondary and compensating circuit. 
The reactance of this circuit is approxi- 
mately proportional to the slip frequency 
and therefore will assume negative values 
above synchronous speed. Above this 
speed, energy is being fed from the line 
through the compensating winding to the 
stator, whereas below it, energy is fed 
back to the line. At synchronous speed, 
brushes of the same phase touch the same 
commutator bar. Thus, the stator wind- 
ing is short-circuited and acts in principle 
like a normal secondary induction motor 
winding. By changing the relative 
spacing of brushes of the same phase, the 
speed may be adjusted, whereas by 
changing the absolute position of the 
brush gear in space, power factor com- 
pensation may be obtained. 


General Formulas 


The following assumptions are being 
made 


(a). 


The saturation constant of the 


‘machine shall remain constant. ~ 


(6). The influence of skin effect and 
saturation of the leakage path shall be neg- 
lected. 


(c). The main flux interlinked with the 
secondary winding shall be assumed to be 
the same as the main flux interlinked with 
the compensating winding. In other words, 
the leakage reactance drop from primary to 
secondary winding shall be the same as from 
primary to compensating winding. This 
assumption is on the pessimistic side. In his 
paper? Schrage neglects any voltage drop be- 
tween the primary and compensating wind- 
ing. However, in view of the fact that 
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R, +jX1 


223° Rest) [s(X2+X3)+X3 


Figure 1. Representative circuit 


several variables at best may be estimated 
only, (brush drop, short-circuit currents, 
higher harmonics) this assumption may be 
regarded as a safe one. 


(d). The influence of higher harmonics 
caused either by windingsorsaturation, shall 
be neglected. Attention, however, is called 
to the fact that for a0 or 180 degrees and 
80 or 180 degrees (see hereinafter) dis- 
turbances may occur, particularly if the 
stator is wound for two phases. Further- 
more, as L. Schomburger shows,’ the com- 
pensating winding occasionally causes even 
harmonics which cannot be cancelled by 
either primary or secondary winding; the 
effect is an increase of the secondary re- 
actance. 


(e). The influence of short-circuit cur- 
rent under the brushes is neglected. 


(f). The voltage drop between brush and 
commutator shall be considered by an in- 
crease of the secondary resistance. 


(g). Windage, friction, and iron losses are 
represented by the watt component of the 
no-load current. 


(h). The reactance of the compensating 
winding consists of two terms, one propor- 
tional to the line frequency, the other to the 
slip frequency. This interesting fact first 
was interpreted by Arnold‘ and explained in 
detail by Winkler.» See Appendix III. 


Finally, it is assumed that all re- 
sistance and reactance values are known. 
As to the compensating winding, these 
values vary with the mutual brush spac- 
ing. 

Let ¢o be the flux common to primary, 
secondary, and compensating winding, 
then the induced electromotive forces are 


E,=E,)—NhZ,=4.44-f- Ni eff” goo 1078 


volt (1) 
N. : 
E.= 2 OE ss (2) 
i eff 
Ns eff 
E,=—— : E, 5. 
“He (3) 
with 


E,, E2, E;=induced voltages 

J,=primary current 

s=slip - 

E,=line voltage 

Nj4,2,3 a= effective turns per phase 

Z = Ri +j Xx 1 

R,,X,:=primary resistance and leakage re- 
actance 
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a=brush rocker angle; phase angle between 
secondary and compensating winding 
f=line frequency 


The current J; flowing in the secondary 
and compensating winding is 


E.—E; 
eee a 
Rog+j(sXa+X3 ) 
hye? —k 
ee (4) 
Ro3+j(sXoa+Xs ) 
with 
Ro3 = R2+R3+brush drop resistance 
Xo3= Xo+ X33" 
Xo,Re=secondary leakage reactance and 
resistance 


X;'’=compensating winding reactance, pro- 
portional to slip 

X;,;” =compensating winding reactance, pro- 
portional to line frequency 


All X values as used in these formulas 
refer to line frequency. X;’ is usually 
small and may be neglected. 


k= (Ne eft/Ni eff) 
3 = (Ns ege/™1 ess) 


The current Ix; which represents J3 in 
the primary winding may be calculated to 
m2 No eps? €°—Ns of 


I,;' = Ih;— = 
mM MN eff 


=IJ,, . athe es ae —k3) (5) 
™, 


Due to brush rocker shift in space, the 
relative spacing between secondary and 
compensating winding is changed. Either 
of the two could have the factor e~’* 
affixed. However, the formulas are 
simplified and the presented theory is 
made adaptable for the plain 3-phase 
commutator shunt motor, if e* is applied 
to N2 wy. A sinusoidal distribution of the 
magnetomotive force is assumed. This 
formula results from the fact that the 
magnetomotive force of the two currents 
in their respective windings must be alike. 


m,=number of primary phases 
m= number of secondary phases 


Combining equations 4 and 5 we obtain 


_m(he se! — hs) (5 + hae!* — Bs) 


I,,! =E, 
ty» Rea tj (sXea+-X0") 


(6) 


Using the abbreviation 


VCUle aw ache ea eral SE 
mz (ke &* —Rs) (s+ hae’ — Bs) 


(7) 


we obtain 


E, 


Les! =——_->——— 
3 Q [Rati (sXa+Xa") | 


Ey —I, Za 


~ OlRatisXatXs")1 &) 
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The representative circuit may now be 
drawn as shown in Figure 1 with 


R : mE? 
] a ee 
Viron+ Vewindage 


to consider iron and windage losses. - In 
this circuit, X, represents the mag- 
netizing reactance for full load saturation 
and is assumed to remain constant. 

Finally we obtain the primary current 
to 


h= pee Bek PI Se 
Z,4+GXmZoa/(GXm+Zu)! 
with 
Zo3= Q[Restj(sXutXo")] 
In this equation, all values are constant 
with the exception of the slip s, and if we 


expand it, we obtain a vector equation 
similar to 


(9) 


_A+s:B 
SCs-D 


(10) 


which is the general equation of a circle 
diagram with the parameter s. The 
dimensions and the general location of 
this current circle will depend upon the 
circuit constants and the brush rocker 
location and spacing. 

For given values of a and 8 the primary 
current for four discrete points may be 
calculated and the circle diagram drawn, 
whereby, the fourth point is used as a 
check against errors. These four discrete 
points are 


s=0, synchronous point 
s=1, locked rotor point 
s=5o, no-load point 
s=infinite 


(11) 


If no power factor correction is- re- 
quired, « becomes zero below and 180 de- 
grees above synchronous speed. The re- 
sulting equations for this case now are 
derived. 


Formulas for a=0 and 180 Degrees 


Speed adjustment is obtained by chang- 
ing the spacing between brushes of the 
same phases. This changes the number of 
effective turns of the compensating wind- 
ing to 

33 


et 
N; Mg Oe ead => CBs 


5 (12) 


with 


z,;= total number of conductors in compen- 
_ sating winding 
a=number of pairs of parallel circuits in 
compensating winding % 
8=brush spacing angle in electrical degrees 
CF,=chord factor of compensating winding 


AIEE TRANSACTIONS 


In the equations given hereinafter, the 


following signs are used: 


Below Above 
Synchro- Synchro- 
Quantity “nous Speed nous Speed 
SSL pyotetaya toate euarare sais eee ens at a3 - 
Energy ow oo... sede ee Secondary..Primary to 
to primary secondary 
Mere ekeniriei es) susie s cists sis ate 
SER eM ie vice tetas ois aoa ee + eee -+ 
Seo hie sal tistess ois, as ae Se + ; = 
Absolute value of Ez....... >|Es| <|Es| 
Absolute value of ke-s...%. >!ks| <|ks| 
Bites tte Ys Joa aisisiat iste Ae =F ac 
Real component of Iz3...... + re = 
Real component of Iz2’..... a ae af 
Bevis cine nese ssc reeccees 0 deg 180 deg 
[OT EI DS RNa el Meee & CH = > 


For a = 0 degrees or 180 degrees, the 
term €/* will be dropped and we assign to 
k, the signs 


+ below synchronous speed 
— above synchronous speed 


Secondary current 


Sho —k3 


a ie 
Rogtg(Xo3s+X3 ) 


(13) 
Secondary current reduced to primary 


ie . 
Tos! = Tos — (Ro — hs) (14) 
mM 


Figure 2A. Circle diagram for speed above 
synchronous value (a =180 degrees) 
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The current values for the four discrete 
points are as follows: 


(a). No-load point 


aah 
o= a (15a) 
peas a b 
Pepa ee 
(6). Locked rotor point (s=1) 
I,=E)X 
Qi Res +j(Q:X s+ X m) 
JRiXm+ O1(RiX 3+ X1 R23 + X mRe3)) — 
(XX mt+Qi(XmXs+XiXs—RyR1)) 
(16a) 
with 
' m, : 
= i ay Ry (16b) 
and 
Xs=Xot X3/+ X3” (16c) 
(c). Infinite point (s=infinite) 
L=E T(Xm+Q:X i) 
i . r 
° FRX m+ OX i) — (Xm X Oi + XX m+ 
XX Qi) (17a) 
with 
= 17b) 
" me(Ro—Rs) ke ( 
and 
X4=Xo+ X3' (17¢) 
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(d). Synchronous point (s=0) 


Ey 
(Ri4jX)+ eee 
Xm+ (RatjXs )Qo 
with 
= 
ae m2(Rko— kz) ks teh 


Evaluation of the Circle Diagram for 
a=0 or 180 Degrees 


The circle diagram permits a simple and 
practical determination of the perform- 
ance data which otherwise cannot be ob- 
tained without intricate calculations. 
Figures 2A and 2B show the circle dia- 
gram for speeds below and above syn- 
chronous value. By plotting the four 
current values, we obtain the circle points 
P,, Pi, Pj, and Po, and the circle center 
M. It can be proved from the general 
circle diagram theory that the param- 
eter—in our case the slip s—may be 
represented by a linear scale parallel to 
the circle tangent in point P,,. On this 
scale, three slip values may be identified 
by intersecting it with the chords 


S=59;) chords Py 
Sit achorder.. 
S=Ol=cbordeeeiy 


From this we obtain the general scale 
graduation, since it is a linear one. 

Iron, windage and friction losses are 
considered by dropping the origin of the 
diagram from 0’ to 0. This distance is 
equal to 


Vizon + Vigindave friction 


I,= 
i mE 


For any load point we obtain the 
primary current to OP; and also the 
power factor angle g. The secondary 
current reduced to the primary J2;’ is then 
P,P, and from this, with the help of 
equation 14, we get the actual value of 
Ty3. 

Output, torque, and copper losses may 
be found as follows. If we draw a line 
from our load point P;, vertically to the 
line O’M and intersect it with the chords 
P,P.., PnP1, and the abscissa, we obtain 
the points A, B, and C.. These points are 
projected to a line parallel to the ordinate 
E, and the results are the points A’,B’, 
and C’. As shown in Appendix I, we find 


P,’/B’: mE 


j dt T=7.04 
Delivered torque . 7 RPM 


in foot pounds (19a) 


Mechanical output P =o: P,'C’ 


in watts (19b) 
Primary copper loss Vew =7 Eo: B’A’ 

in watts (19c) 
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Secondary and compensating winding cop- 
per loss Veus3=11E 9: B’C’ 
in watts 


(19d) 


The values PB’, P,'C’, BA rand 
B’C’ are expressed in amperes. RPM) is 
the no-load speed. 

It should be noted that the points P,, 
and P., may be found by drawing a circle 
with the radius 


R=E,/2R; in amperes 


its center in the ordinate and one point of 
it coinciding with 0’. This interesting 
fact may be proved by the general theory 
of the circle diagram. 


Evaluation of the Circle Diagram for 
a0 or 180 Degrees 


Suppose the brushes of this machine 
were adjusted such that a no-load speed 
of 50 per cent of the synchronous value 
would be obtained. Therefore E,; must 
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Figure 2B. Circle diagram for speed below 
synchronous value (a =O degrees) 


be 50 per cent of E, and be in phase with 
this voltage. Let the brush rocker now 
be moved for 10 electrical degrees, a small 
angle which would correspond to 31/3 de- 
grees in space for a 6-pole machine. The 
commutator voltage is now 10 degrees out 
of phase with E, and a voltage difference 
of approximately 


10 
= = 0 ORTEE 
S600 — - 


will appear. This, however, is the same 
voltage that would appear if a slip change 
of 8.72 per cent would occur. This 
machine is rather sensitive to brush mis- 
adjustment. 

This additional voltage, inserted into 
the secondary circuit due to brush rocker 
shift, is approximately in quadrature to 
FE». Since the impedance of the secondary 
circuit has a large ohmic component, the 
resulting current will contribute to a phase 
shift of the primary current. The per- 
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missible amount ~of compensation is 
l'mited by the thermal and commutating 
capacity of the machine. 

We may compute the current values for 
several points, by using equation 4 and 
substituting 


e=cos a+j sina (20) 


Such a circle is shown in Figure 2C. We 
note that the previous no-load point P, 
with a current 


Ey 


Rite) . 


(21) 


I, 


is no longer located on the circle periphery. 
In each induction machine, the resulting 
flux is of such size'that it induces back the 
primary voltage minus primary voltage 
drop. ,Therefore, the resulting free 
magnetomotive force of the machine will 
be such as to create this flux. The pri- 
mary current not only must compensate 
for the opposite magnetomotive force of 
the secondary and compensating winding, 
but also provide the necessary magneto- 
motive force for the main flux. In other 
words, the primary current is the vector 
sum of the no-load current (essentially the 
magnetizing current) and the reduced 
secondary current Iz3;’. That means that 
in Figure 2C the distance P,P, is equal to 
I 23 and 

1 ey 


V/ ko?+-hs? —Raks COS me 


Tps= PP: 


(See equation 5). 
The no-load point and the infinite point 


may be obtained in the same manner as ~ 


for a=0 by drawing a circle with the 
radius 


R = E,/2R1 


In both cases, no energy is transferred to 
the secondary circuit through the gap. 

The slip for the no-load point P,* 
may be found to be 


fit k3(cos ako; — X3” sin a) 


i 23 
a kyRog+ X sak sin a ( ) 


(see Appendix II for derivation of this 
formula.) 

The total energy P, transferred to the 
secondary circuit may be found by the 
same method as for a=0. However, 
since Ing does not decrease to zero, no 
representative distance for the secondary 
copper losses may be given. They must be 
calculated separately for each point. 
The following equations are valid for 
Figure 2C: : 


Pi=m Eo: P,'B' in watts (24a) 


Primary copper loss Viy:= mE: B’A‘ 


in watts (24b) 


AIEE TRANSACTIONS | 


The slip may be found by the same 
method as just given since this method 
applies to all circle diagrams. With P,, 
the slip, and the secondary current known, 
torque and brake horsepower can be de- 
termined. 


Conclusion 


The performance data of the Schrage 
motor may be calculated by the use of a 
simple representative circuit resembling 
the well-known circuit-of the 2-element 
induction motor. The current locus is a 
circle which may be found by three or 
four discrete points. This circle diagram 
permits a convenient determination of 
current, power factor, brake horsepower, 
slip, torque, and copper losses. The 
theory presented is valid for all brush 
positions. 


Appendix | 


L. Richter proves in his book that in any 
circle diagram the internal power P;, that is, 
total input minus primary copper losses, 
may be found to be 


P,=2mRi ExvZ+ ee —1M 3 qd (25) 
2R, 
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(See Figure 3.) Iron, windage and friction 
losses are neglected. 

The value of g, expressed in amperes, is 
the vertical distance from the load point P, 
to the chord P,P,,. These two points 


-PyP. are found, as described before, by 


drawing a circle with the radius E,/2 Ry. 
Richter also proves that the analytic 
equation for this chord P,P, is 


£ &+ Fo _ ieee tes 2 2 =0 
M \ oR, nM 3” Eu?—nm”) = 

(26) 
with 


unm =co-ordinates of the circle center in 
amperes 

r=radius of circle center in amperes 

£m=free co-ordinates 


In our diagram, Figure 3, we find 


q'=P,'B'=P,B-cos 6=——*——- cos 8 
cos(6— y) 


qd 
=~ cos 
cos(6— y) 


q 
cos y+ sin y tan 6 


(27) 


Equation 26 gives the inclination of chord 
Paes to 


Figure 2C. Circle diagram for speed above 
synchronous value (a<180 degrees) 
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and 


tan yee 


M 


With this we obtain 


, Ey 
q=q WN iss ees 
2 
2R Es 
(2 nw) Ey 


and the total secondary input 


(28) 


Pi =m Enq’ (29) 


The total energy crossing the air gap is 
similar to the 2-element induction machine. 


Peay = M2EH2I23* COS G23 
and since this value determines the torque 


EoIo3* Meo 


ID fh 
RP Moynch 


* COS $23 in foot-pounds 


Substituting no-load speed 


RP Mo=RP Moyncn(1 — So) 
So=k3/Re 
Fo=khoFy 


and using equation 14 the torque is 


m Ent: 23. 
RPM 


T=7.04 


“COS $23 


Since m ,F;]»3’-cos ¢23 is the internal power 
of the machine, identical with P;, equation 
19a is proved. 

As may be seen in the circle diagram, 
P,'A' represents the total input into the 
machine with P;’B'the internal power and 
B'A’ the primary copper losses. For the 
slip s=1, the total input consists solely of 
primary and secondary copper losses, and it 
can be proved that the distance C’B’ 
represents the secondary copper losses. 
Therefore, P,C’ is a measure for the brake 
horsepower. 

This derivation holds good only for a=0 
or 180 degrees. For all other values of a 
the point C is meaningless since the sec- 
ondary current does not diminish to zero. 


Appendix II 


The torque, expressed in synchronous 
watts, is equal to the energy transmitted 
through the air gap 5 


T= Pap Ea M2EoI 3 COS $23 
= Re(m2conj E,XIn3) 


the last equation dealing with the real com- 
ponent of a vector product, conj £2 being the 
conjugate of Ep. , 


conj E2=E;k2<~i* 


Using equations 4 and 20 


kos —k3e 7?” ) 
E\*k. 
fee (sXo3-+X3")? 
{ (kos —ks cos a) Rost (sXv+Xs")hs sin a) } 


Prop =Re (« *Ro 


Since at no load no torque is exerted on 
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c 


we 
ek 
eae INS 
i a4 
ae 
a 


Figure 3. Determination of internal power 
and copper losses for a=O and 180 degrees 


the secondary member, P,,, becomes zero 
and consequently 


5(ReRo3+ X o3k3 sin a) = kz cos aRo3 — X3"ks 


sin a 
therefore 


k3(cos aRo —X;3" sin a) 
$a ee eee 
Yu koRog+ X oaks sin Q 


Appendix IIl 


It may be of interest to analyze the be- 
havior of the armature leakage reactance 
of a polyphase commutator machine. Any 


Discussion 


A. G. Conrad, F. Zweig, J. G. Clarke 
(Yale University, New Haven, Conn.): We 
wish to congratulate the author on his or- 
derly presentation of the theory of the brush- 
shifting a-c motor. It is interesting to note 
that the methods that he has used to deter- 
mine the characteristics of this motor from 


the circle are precisely those presented as’ 


reference 1 of the paper. / 

The differences in the theory presented by 
Franklin and that presented in reference 1, 
which incidentally are in no way contra- 
dictory, exist essentially in determining 
the magnitude and location of the circle de- 
fining the locus of the extremity of the 
primary current vector. In reference 1, this 
circle locus was determined from data con- 
sisting of a blocked-rotor test and two no- 
load tests. Franklin has obtained the circle 
locus of the motor from the constants of the 
machine (equations 15a and 6, 16a, and 
17a). On first observation, one is lead to be- 
lieve that this is precisely what was done in 
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d-c type armature winding fed by brushes 
may be considered as a polyphase winding, 
connected in mesh and stationary in space. 
Each phase of this winding produces three 
different types of fluxes, namely, 

(a). go a leakage flux, interlinked only with the 


phase which produces it (example: part of slot 
leakage). 


(b). doo a leakage flux, interlinked with other 
phases of the same part of the machine (in this case, 
the rotor) but not with the opposite part across the 
air gap (in this case, the stator). Example: Inter- 
phase end extension leakage and part of slot leakage. 


(c)s @mM the main flux, crossing the air gap an 
interlinked with the stator winding. : 


With regard to the armature, ¢p is sta- 
tionary in space and fluctuating. The other 
leakage flux 9 together with the corre- 
sponding fluxes of the other phases, forms a 
rotating leakage flux in space, rotating with 
brush frequency. The voltage, which the 
leakage flux ¢) induces in the armature 
winding, is proportional to its space fre- 


reference 1, where the magnitudes of the 
currents for different conditions of operation 
were determined by test. Franklin deter- 
mines these currents from equations in- 
volving the applied voltage and the re- 
sistances and reactances of the machine. If 
Franklin determines these resistances and 
reactances by test, then the characteristics 
as determined by his approach, should be 
identical to those of reference 1. 

On the second observation, it is evident 
that Franklin may have intended to set up a 
procedure for determining the character- 
istics of this motor from a knowledge of the 
machine constants obtained from design 
data. If such is the case, he should be able 
to predict the behavior of the machine with- 
out the experimental data used in reference 
1. If this has been his intention, his objec- 
tive has been fulfilled to the extent of the 
accuracy with which he has been able to pre- 
dict the constants in the equations referred 
tos hereinbefore. We believe that these 
machine constants cannot be predicted with 
a high degree of accuracy. It also is be- 
lieved that the assumption in the section on 
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quency, that is, the brush frequency. The 
voltage, which leakage flux ¢o) induces, is 
proportional to the sum of brush frequency 
and rotational frequency since this voltage 
is induced by cutting flux lines. The leakage 
reactances of both fluxes therefore will be 
proportional to these two frequencies, re- 
spectively. 

We have to distinguish between two 
cases, as follows: 


(a). Brushes carry slip frequency. (Schrage 
motor). ¢0 will fluctuate with slip frequency and 
its reactance is therefore proportional to the slip. 
goo induces a voltage proportional to the line fre- 
quency and its reactance is constant. 


.(b). Brushes carry line frequency (shunt and series 


motor.) ¢o0 fluctuates with line frequency and its 
reactance is constant. 00 induces a leakage voltage 
proportional to the slip and its reactance is propor- 
tional to the slip. 


Concerning the calculation of the two 
leakage components, reference is made to 
Winkler’s paper.® : 
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“General Formulas”’ that “the leakage re- 
actance drop from the primary to secondary 
winding shall be the same as from primary 
to compensating winding” is subject to con- 
siderable error. Likewise, the determina- 
tion of the individual reactances referred to 
in the foregoing equation would be exceed- 
ingly difficult if not possible to obtain. Em- 
pirical determinations would be subject to 
considerable error. 

The value of Franklin’s paper could be 
enhanced greatly by applying his theory, 
which is sound, to a given motor to deter- 
mine the machines characteristic. A com- 
parison of these characteristics with those 
obtained by test on the same machine 
would indicate the degree of accuracy 
obtainable by his method. We are in- 
debted to Franklin for his excellent paper, 
and we would encourage him in extending 
his investigations experimentally. 


Paul W. Franklin: In closing the discussion — 
I would like to express my regrets for having 
been unable to tnelude among my references 
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Baumann’s paper! which appeared after 
this paper was submitted. 

Referring to the remarks of Conrad, 
Zweig, and Clarke, I would like to comment 
upon the difference between their and this 
paper. Whereas they approach the circle 
diagram of this machine from the viewpoint 
of a test or experimental engineer, my 
attempt goes to derive formulas for the use 
of the designer. For the use of the usual 2- 
element induction machine I would, by all 
means, prefer a method based upon a repre- 
sentative circuit. However, in the present 
case the formulas grow rather elaborate due 
to the back-feeding feature and I therefore 
feel that a graphical method in addition toa 
representative circuit may be justified. To 
that end the designer has to calculate three 
or four discrete points, all of importance for 
the determination of certain circle lines. 


1947, VOLUME 66 


One of these points is the infinite slip point 
which can be determined indirectly from 
tests and which would have been of great 
value to Conrad, Zweig, and Clarke’s circle 
diagrams. It greatly facilitates the evalua- 
tion of slip, torque, and copper losses. 

I agree to a certain extent as to the diffi- 
culty in calculating the exact performance 
data of the machine. As to the leakage re- 
actances, namely, slot, differential, and ex- 
tension components, they may be obtained 
as readily as those of a plain induction 
motor and that with full consideration of the 
brush shifting angle. The discrepancies be- 
tween calculation and test arise mainly from 
the effects of higher harmonics due to brush 
spacing and the transformer action of the 
short-circuit currents under the brushes. 
The former ones could be considered by a 
rather complicated calculation; the latter 
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require the exact knowledge ot the brush 
characteristics for the commutation cur- 
rents. The difficulty in determining the 
short-circuit currents is increased by the 
abnormally high differential leakage of the 
short-circuited coils. 

For these reasons I believe that a method 
based on simplified and pessimistic assump- 
tions, may be of use to the design. ‘“‘Exact’’ 
current values, disregarding higher har- 
monics and short-circuit currents may be 
calculated using Baumann’s’ formulas; the 
choice between these and the simplified 
method must be left to the experience of 
each designer using them. 
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Determination of Corona Starting 
Voltages for Nonuniform Fields in Air 


JOHN G. HUTTON 


MEMBER AIEE 


Synopsis: Until recently spark-over and 
corona starting voltages could be predeter- 
mined satisfactorily only in cases where 
experimental curves or empirical formulas 
were available. The advent of the Town- 
send theory,! and later its modification, led 
to a general method in breakdown calcula- 
tions, although these were not entirely suc- 
cessful until a more complete knowledge of 
the Townsend coefficients for air was ob- 
tained.2-* Based upon this knowledge and 
from published data Ver Planck’ developed 
a method especially applicable for calcu- 
lating initial breakdown voltages for non- 
uniform fields which converge toward the 
cathode. Though still empirical the in- 
creased data enabled more accurate results 
to be obtained from this method. The 
purpose of this paper is to apply the theory 
to a case where the field is produced between 
a flat plate and an edge formed by two inter- 
secting planes, verifying experimentally. 


Theory of Breakdown 


HE PRESENCE of free electrons is 

essential to the electrical breakdown 
of a gas. Cumulative ionization of mole- 
cules by electron impact results in the 
formation of electron avalanches which 
grow rapidly as they move toward the 
anode. 

Furthermore the passage of an ava- 
lanche may cause the liberation outside of 
the avalanche itself of other electrons.® 
If each electron liberated at the cathode 
starts a new avalanche, each of which in 
turn liberates more electrons, which start 
further avalanches, breakdown is the re- 
sult. The minimum condition for break- 
down is that for each avalanche initiated 
one electron is liberated at the cathode. 
Expressed mathematically this condition 


8 
fe ads =log, N (1) 


an equation which already has been veri- 
fied experimentally. Here ais the Town- 
send coefficient! and is a function of the 
field strength E and the gas density 6, be- 
ing expressed by the following empirical 
formulas :* 


Range 1 


15<E/5<25.8 
a /5= 1.67 X 10-5e47E/8 


Range 2 


25.8 <E/6<78.7 
a/5=0.166(£/5—21.5)? 


Range 3 


78.8<E/5<200 (2) 
a/5=19.0(E/5 —50.0) 


Range 4 


200 <E/8 <467 
a/5=1.08X 104¢-76/£ 


Range 5 


E/s>467 
a/6 =322(E/8)'/2—850 


The quantity s is the co-ordinate of the 
center of the cluster of electrons measured 
from the cathode and is equal to S when 
the avalanche reaches the anode, while NV 
is the number of electrons necessary in an 
avalanche to ensure the initiation of a 
secondary avalanche. 

The left hand side of the equation is a 
function of the field intensity at every 
point along a line of force between the 
electrodes, while the right member de- 
pends upon the field intensity E, at the 
cathode end of this line.6 The field 
intensity at every point is proportional to 
the voltage between the electrodes, since 
field distortion due to the small space 
charges present can be neglected. Hence 
the breakdown criterion gives the initial 
breakdown voltage implicitly. The 
mathematics necessary for the complete 
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analysis of breakdown on a basis of theory 
is given in Appendixes I to V for the case 
of the sharp edge and flat plate. 

The results of the application of the 
breakdown criterion to two phases of the 
problem now will be given. 


Flat Plate and Sharp Edge Formed 
by Two Intersecting Planes 


In order to apply the breakdown criter- 
ion, the co-ordinate ds may be expressed 
conveniently in terms of £, since the 
quantity a is a function of E. This is 
accomplished by determining the field at 
any point with the aid of the Schwarz- 
Christoffel transformation equation. By 
this procedure the quantities s and E are 
found to be related by 


nN n—1 
(8) eee 
atic” E Ert2- 

where V is the peak value of the applied 
voltage and E, is the gradient at the 
anode end of the field line along which 
breakdown is assumed to occur. The 
quantity C is a function of the cathode 
orientation and electrode spacing S, 
while » is a function-of 0, the angle of 
intersection of the cathode planes, and is 
given by [2/(x—6)]. 

The application of this equation to the 
breakdown criterion, with substitution of 
the appropriate limits and values of a, 
results in an expression relating the break- 
down voltage and electrode spacing thus 


ds = 


Eee © adE 
qnticn ae log. N (4) 
In an earlier paper,® it was shown by an 
analysis of published data that log. N 
can be expressed by 


256 \9-2 
log, N=10 Ez, I 


E,>60 kv per centimeter (5) 
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Here E, will be replaced by E4,, the value 
of E averaged over the mean free path of a 
positive ion (see Appendix I). This re- 
sults in a final equation relating the break- 
- down voltage and electrode spacing thus 


0.2 / 4 \0.20 
19.04)"+1 n-+1 
n+1 


wee © adE 
n+ n N42 
aC Kas = 


The analysis thus far has been based 
upon the assumption of a mathematically 
sharp edge. In practice this cannot be so 
and a factor is introduced to allow for this. 
Equation 6 then is modified to 


p 0.2 1 
19.04 Gig N+1.2 
V n 


cs BO od E 

LOO ies seg! 

+1 +2 
WG Bop = 


where p is the radius of curvature of the 
edge and V is the voltage to the equiva- 
lent sharp edged electrode. It differs 
from the actual voltage only by a negli- 
gible amount. 

Equations 6 and 7 were applied to two 
electrodes each of different angle and 
each arranged in two orientations. The 
results of theory and experiment are com- 
pared in Figure 1. It is seen that there is 
close agreement in all cases in accordance 
with the error expected from the empirical 
nature of the equation expressing log. NV 
as a function of E,. 


©) 


(7) 


Experimental Verification 


For the experimental verification of the 
theory of breakdown as applied to the 
edge and flat plate, a series of breakdown 
voltages for different electrode spacings 
of each electrode arrangement was ob- 
tained. 

The source of potential was a 150-kva 
(l-ampere) transformer, variation in 
magnitude of the secondary voltage being 
obtained by means of an induction regula- 
tor in the primary circuit. The voltage 
was indicated by a voltmeter connected 
in a tertiary winding designed to operate 
at 0.001 of the voltage of the high-voltage 
winding as described by E. M. Williams. 
Sinusoidal wave form was approximated 
closely by using, in the primary circuit of 
the transformer, resonant shunts pre- 
viously tuned with the aid of a harmonic 
analyzer.® 

The circuit used, including the means 
adopted for the detection of corona, is 
given in Figure 2,’ and a vector diagram 
in Figure 3. Before breakdown occurs 
the impedance of the air gap is predomi- 
nant in the secondary circuit. The charg- 
ing current therefore will lead the trans- 


+ 
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40 
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former voltage by almost 90 degrees. 
Hence the voltage on the vertical deflect- 
ing plates of the cathode ray oscillograph 
is in phase opposition to the transformer 
voltage. The voltage of the tertiary 
voltmeter coil is in phase with the trans- 
former voltage and, therefore, since the 
first stage of the amplifier is resistive, the 
potential on the horizontal deflecting 
plates of the cathode ray oscillograph will 
be perpendicular to that on the vertical 
deflecting plates. By adjusting the mag- 


nitudes of these potentials a trace similar» 


to that shown in Figure 3a is obtained. 


When breakdown occurs the impedance © 


of the secondary circuit is now predomi- 
nantly resistive and hence the potentials 
applied to the deflecting plates will al- 
most be in phase. Breakdown occurs 
only at the negative peak of voltage and 
therefore a trace of the type shown in 
Figure 3b will result. This method of 
corona detection is very sensitive. 

In order to apply the relative air den- 
sity correction the barometric pressure 
and the temperature were determined for 
each series of tests. 

Sample data calculations and test re- 
sults are given in Appendix V. 


Conclusion 


The breakdown criterion as given in 
equation 1 in addition to the data given 
in equations 2 and 3, was applied pre- 
viously® to two distinct types of nonuni- 
form field and the experimental results 
were found to be in close agreement with 
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Figure 1. 
perimental values of breakdown for given gap 
spacings 


Comparison of calculated and ex- 


4 Shh: 10 
AIR DENSITY — S,CM 


the theoretical calculations. Further evi- 
dence in the proof of the validity of the 
theory has been furnished by this work, 
where, although the types of field con- 
sidered were widely divergent from those 
of Ver Planck, excellent agreement be- 
tween experiment and theory was ob- 
tained. 


Appendix | 


Calculations for the Field Between a 
Flat Plate and an Edge Formed by 
Two Intersecting Planes 


In the breakdown criterion, equation 1, 
the Townsend coefficient @ is a function of 
E, the field intensity. In order to evaluate 
the integral it was found most convenient to 
express the co-ordinate s in terms of E£. 
The best approach in obtaining this relation 
is by means of the Schwarz-Christoffel trans- 
formation equation, the general form of 
which is® 


dz=C(t—t) ~8(t—h) —8 2... 
(t—tp)—Pndt (8) 


This defines the transformation from the 
t plane (p+jq) to the z plane (x+y), so that 
the real axis of the ¢ plane maps into the 
boundary of a closed polygon in the z plane 
in such a way that the vertices of the poly- 
gon correspond to the points h, #, .. 
Cis a constant to be determined and 7{:, 
mB2,... Bn are the exterior angles of the 
polygon in the z plane. 

The respective configurations in the 2 
plane and ¢ plane are shown in Figure 4. 
Breakdown is assumed to occur along the 
line of force oa. 


« ty. 
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At the corner cod 
—6 
TB, = (1 —6) a By = -() 
Ww 


At the corner ode 


Tv 
TB2=+(r+y) -. Be= are 
On the ¢ plane it is convenient to assign 0 
to 0’ at £=—1; therefore, t, is equal to —1, 
de to d’e’ at t=0; therefore, tf is equal to 0 
and a to a’ at #j=1; therefore, f; is equal 
to 1. By this means the actual field in the 
z plane is mapped conformally on the upper 
half of the ¢ plane so that the lines of force 
become semicircles about the origin and 
the equipotentials are straight lines radiat- 
ing from the origin. The line of force 
along which breakdown occurs transforms 
into o’a’, a semicircle of unit radius. 
Substitution of the respective values of 
6 and ¢ into equation 8 results in 


w—O 


dz=C(t+1) "% 


ar+y 
cg 


dt (9) 


where C is a constant to be determined. - 
Replace r/(r—@) by n and r/(x+y) by m; 
hence equation 9 becomes 
nL I 
n,m 


dz=C(t+1)"t “dt (10) 

The magnitude of dz along the line of force 
oa is the element ds which appears in the 
breakdown criterion. Points along oa cor- 
respond to points along the unit semicircle 
o’a’. The value of ¢ at any point on this 
semicircle is given by 


t=—e—'=— cos ¢+jsind (11) 
Since the magnitude of a product is given by 
the product of the magnitudes of its fac- 
tors, by combining equations 10 and 11, 
there results 


1 


ds=dz=| C| ape 


1 


(ecm 


-|ie—%9| do (12) 
The orientation of the axes is such that C 
is a positive real and therefore| C|=C. The 
magnitudes of the third and fourth factors 
are each unity and therefore it remains to 
determine 


1 
n 


| eeaa”) 
By using certain trigonometric identities 
it can be shown that 

1 


hoe = (2 sin ¢/2)" 


1 


therefore — 


1 
ds = C(2 sin ¢/2)"do (13) 


The relation between the potential v 
and ¢ in the ¢ plane is linear such that 


(14) 


where V is the total potential difference be- 
tween anode and cathode. 
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Figure 2.  Sche- 
matic circuit diagram 
showing electrode 
orientation and 
method of corona 
detection 


The magnitude E of the gradient along 
the line of force oa therefore is obtained by 
dividing equation 9 by equation 13 thus 


dy V = 
=—=— i n 15 
E ee ae sin ¢/2) (15) 
and 
dE V 2h d 
ae - yee (2 sin ¢/2) n cos 6/22 
(16) 


Substituting from equation 13 for d¢/ds 
and eliminating @ by means of equation 15 
there results 


dE erticrpnt ; ae V nN 
dun MVE ~ Ae aie 
(17) 


At the anode end of the field line of break- 
down oa, the angle @ becomes equal to + 
and therefore from equation 15 the anode 
gradient Ey is 


1 


E,= V/(nC2") 


and thus from equation 17 


nV@rt BN? a eae 
CS aioe is E Ee 


as already given, equation 3. 


Appendix II 


S 
The Integration a ads 
0 


The expression in square brackets con- 
tained in equation 3 may be expanded by 
the binomial theorem and substituted in the 
left member of the breakdown criterion 


Thus 
a nV™ Eqs i 
Lf o8-—ac _ ofits aF 
Siege dE 
se tc (gen (8) 


All terms after the first are negligible. For 
example, if EZ, is 11 kv per centimeter and 
6 is 90 degrees then the second term is only 
0.013 per cent of the first term. Hence the 
breakdown criterion may be written 


| 4a Woy fae 
n adE BOTS: 


mace}, EA oe 
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The right hand side of this equation is a 
function of the energy with which the posi- 
tive ions strike the cathode surface. The 
positive ion acquires the energy during its 
free flight, that is during its motion over 
its mean free path \ and the energy thus 
depends upon the average gradient over this 
path. An empirical formula for loge N is 


25 0-2 
log. N=10 2 


Cc. 


(20) 


This was given in an earlier paper’ and 
holds for Ey, the cathode gradient above 
60 kv per centimeter. 

E, is replaced by 


ey es 
Eqw=- Ne Eds 
r 0 


without appreciable error. In order to elab- 
orate this, it is to be noted that near the 
cathode ¢ is a small quantity and therefore 
from equation 13 


(21) 


1 


dS= Co "de 
Fie eas 
SSC = ie (22 
n+1 ) 
and from equation 15 
V 
E = Ogi aa (23) 
(a) (b) 
Es E> 
E3 ; E3 
Eh Ic En I¢ Ey 
(a) an (b) 
BEFORE . AFTER 
BREAKDOWN 


BREAKDOWN 


Figure 3. Vector diagram for currents and 
-voltages used in corona detection 


- AIBE TRANSACTIONS — 


ae a 


CATHODE 
V=0 


Figure 4 (left). 

Electrode configura- 

tions in z plane and 

t plane 
Z-PLANE 
Z=X+jy 
Figure 6 (right). 
Variation of K and 
B (equations 22, 
23, and 27) with 
cathode angle 


t PLANE 
t= ptjq 


Hence 


V iE - =, 
=—_— —— n 
aCr i nC ds 


which reduces to 


i n 
Eqo= “ Hakoa 
adel [DN n 


(24) 
BG « my 
and 
R ~]0.2 0.2 
n+1 n-+i 
log. N=10(25)°-? aval eo 
0.2n 
n+1 aa 
nN 


which when substituted in equation 19 gives 


One 0.27’ 1 
19.04,7+1 eee n+1 im+1.2 
Bie, hin 


n 
— © adE 
Gut n icodaed 
. ie ey (6) 


which is the general equation for any angle 
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of intersection @ of the planes and any 
orientation y of the resulting edge. Values 
of the function under the integral signs are 
plotted to a logarithmic scale as ordinate 
against 7 as abscissa in Figure 5. 

Since C is a function of S, equation 27 is 
of the form K.S8, where K and 6 depend on 
the cathode angle 9. Figure 6 indicates the 
variation of K and 8 with 6. The constant 
C now will be determined for two special 
orientations; the first with one cathode 
plane parallel to the flat plate and the 
second with the edge symmetrical about an 
axis perpendicular to the plate. 


Appendix Ill 


Determination of the Constant C 


(A). ONE CATHODE PLANE PARALLEL TO 
THE ANODE 


Here y=0 and from Appendix I, m=1. 
It is found convenient to integrate dz, equa- 
tion 8, from 0 to —jS at x=—, that is 
from d to e in Figure 4. The corresponding 
integration of the right hand side is there- 
fore from d’ to e’. This is above the origin 


Figure 5. Values of integral (equation 6) 
plotted against values of n for any cathode 
angle and orientation 


Figure 7 (right). 


9 12 


rounded edge 
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Co-ordinates for 


O@— DEG 


and along a. semicircle of infinitesimal 
radius p so that ¢ now becomes — pe—/% and 


= limit 
1 
i dz= —jS= Cx 
0 - p-——0 


[pepe x 


jpe**de 
from which 
Sac cf do 
0 
and 
C= (25) 
wv 
(B). CATHODE PLANES SYMMETRICAL WITH 


RESPECT TO ANODE 


In this case 


and therefore 


aes it 
m 2n 


The most suitable integration is along the 
field line oa in the z plane which corre- 
sponds to the semicircle o’a’ of unit radius 
in the ¢ plane. Thus 


—jS i a 
ih deaf SG fa dee 
0 0 


1 
(ey CR) je teap 


s V=CONSTANT 
S=F (r) 
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Figure 8. Variation of V/S”/"+! with 6 for 
different cathode orientations 


A—Cathode symmetrical = 

B—Cathode symmetrical =0.001 centimeter 
C—Cathode plane parallel = 

D—Cathode plane parallel =0.001 centimeter 


and 


(26) 


Appendix IV 


Effect of Edge not Being 
Mathematically Sharp ~ 


Thus far all field calculations have been 
based on the assumption that the cathode 
planes intersect to form a mathematical 
edge. In practice this is not the case and 
a correction factor must be inserted in 
equation 6 to allow for the deviation from 
the theoretical assumption. 

The field strength at the cathode will be 
reduced considerably and will have a major 
effect-on loge N because of the dependence 
of the latter on E,. The quantity a, 
however, depends upon the field intensity 
at every point along a line of force between 
the electrodes. Since this field intensity is 
not altered greatly by the rounded edge it 
may be assumed that @ remains the same. 

The method for determining the correc- 
tion factor is approximated by assuming the 
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electrode to have the contour of one of the 

equipotential surfaces which apply in the 

ideal case of the mathematical edge. 
Referring to equations 


(27) 


(28) 


By Laplace’s equation 


2 
sb Mere FRA SS ra 


0S? 


where 7 and SS are the co-ordinates shown 
in Figure 7 
Now 


av _ 
dr 
Hence 
dV 
-_S_4(4S)_ 4 ar 
ep Gr dr\dr ) dr dv 
ds 
That is 
a2V 
a8 
fo Gay. 
ds 


since dV/dr=0, which from equations 27 
and 28 becomes (S—1)/ (n+1). There- 
fore 


It was assumed that the electrode had the 
form of the equipotential surface having a 
corner radius p. The gradient E now be- 
comes Ez, the eee at the cathode. 
Thus 


(29) 


loge ads 02 
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=o (al) ot 
n 


and from equation 19 


V 
n = 
cm 
nm \0.2 ie 
n+l 0.2 jet 
10(25)0-%4 © ®)e 
AV ae n 
eb di 
n re Et 
that is 
0.27] 1 
Vv 19. os(®)e n-+1.2 
= er (31) 


In this equation the voltage V is the voltage 
to the equivalent sharp edged electrode. 
The actual voltage differs from this by a 
negligible quantity given by 


Ss 
av= f Eds 
0 


which from equations 27 and 28 equals 


pide 
f* Eds 
0 


But from equation 27 


1 


n+l 


E=(KS) 


p 1 
avax f #is-mas 
0 


(32) 


Note that in equation 31 the cathode 
gradient E, occurs in the integral, and 
through equation 29 it depends also upon 


V 


n 
aC 


Hence for a complete solution equations 29 
and 31 must be solved by trial. 
Values of 


(xC=S) 
Cr 


are plotted against @ in Figure 8. 


Appendix V 


; Sample Data and Test Results 


Data of the case where the cathode has 
one plane parallel to the anode and an angle 
6 of 90 degrees will be given. The calcula- 
tions thus shown are representative of both 
cathode angles and both orientations. 

The peak values of voltages are assumed 


AIEE TRANSACTIONS: ey 


to be 1.41 times the rms values because of 
the low harmonic content? of the voltage. 


EVALUATION OF S ads 


From equation 6 

s ioe * ad E 
E Oe Bad Er 
Now 


Tv 
t= —— 
a—6 


and for 0=7/2, n =2, therefore 


Ss o 
dE 
dh ue fi = 
0 Eqi BA 


In equation 2 it is found that for values of 
E/6é less than 21.5, a is negligible and 
therefore where E/5 extends to high values, 
the first range may be neglected and the 
upper limit of the fifth range extended to 
infinity. 

Substituting for a therefore from equa- 
tion 2 we find, summing up the ranges, 


Range Contribution 
ED MAMET A hrs licei Wee tir factclaP ae otte Twra\coh SeaiGi'n, Sige 0.000994 
De Riera tense ice acme ia geaete Ciely © anelie nile 0.000690 
RR NLM re SES I aig Sata s swore ei aite ys (a, N 0.000144 
La Ney hr Rea GLENS IO ECEy CHCHON ICAL EE MOREE RRC 0.0000246 
a iat dal aes 
dhe dE/E‘= 0.0018526 


The value for > will be taken as 107-° 
centimeters! and for the problem with one 
cathode plane parallel to the anode C=S/r 
(equation 25). Therefore for this case 


V=16.38S7/s (33) 
It was assumed that within the limits of 
engineering accuracy the profile of the edge 
would be modified so that it had a radius of 
curvature p of 0.001 centimeter. On the 
basis of this assumption, equations 29 and 
31 were solved simultaneously by trial and 
error resulting in the modified expression 


AV=18.89S?/3 (34) 
and from equation 32 

V=0.0815 kv 

which is negligible compared with V, S>1. 


SAMPLE DATA 


Spacing in inches=S 
Temperature in degrees Fahrenheit abso- 
lute=T 
Pressure in millimeters Hg =P 
Standard temperature in degrees Fahren- 
heit absolute =77 +460 = 537 
Standard pressure in millimeters Hg =760 
- Hence corrected spacing is 2.54.5(537P/- 
7607) centimeters 


TABULATED DATA 


Experimental values are given in Table I. 
The average value compares very favorably 
with that given in equation 34, where the 
calculated breakdown voltage V for a given 
spacing S is given by V/(S5)*/s=18.89. 
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Voltmeter Barometric Corrected Initial Breakdow 
. . n 
Spacing, Reading, Temperature, Height, Spacing, Voltage; Peak 
n. Volts F Mm Hg Cm Value, Kv V/(S8)?/s 
OATS) ares ok DOOM ae ee 74.0 773 1.95 31.4 
Sic acion tee ton eS rar cine geht een aes aed Mae tetebseety Wied bx At alate ais ate state 20.10 
ie DO rosa ot 2GES: aratewrea set ie TA OSS Peers TTS sedi eatye 25D ered tens as dite Layer nekol seis 19.58 
PEDO fie asc D208 Goa eere TE EQN, Peder idicdicvonanete wera 389s arta aes ABA rn eee ee 18.72 
2 Oe alate als BO. AG eee veer dai AsO) Aen ste cr stare CTS Oe Ais Bs LB eae os alts anaes DUGON weal Sea ate 19.24 
HOWE tse actrees LY re Sal ir Se eR, EAE Ofte Srorattentadie ore Ch cs, eee 1G), 48. Ae cael tte GGeis motorettrarecenks 19.17 
SwOO'S Mig cere GSE irattretesee cers TAO eae hanes UTS Ree gee acer TETB SS. Sah aeons TiO Le even ets AQ. AL 
BROOM, accmetes fe Dees CLARET cg T4308 oh ere (NK Crone eae QuOGIs canes aehaeeaes SkCO 2505. anion 18.88 
‘testi a ena 6 ee: le el an CAE. Onccotees eine etic doe susteta ok LO. Si ean notea ss S822) Bs.t na core 18.54 
OG25 0 Ok, «st SADIE Pe are, hcbeet: Bis Ohta ohsbostionast MAD iaferee croiaks DS GE fas eke PLY RR Ne lec 18.75 
OBO ye oa. UG ACES yet a sere 18. Oe ale eo sraatis CMD Srced att he tare 1 Lt Es aes CnC Dae sf ahlirnaterinl seal 19.16 
OF406); 56:5 MS Outen erie MSO, Sewieen ctres UCD cshsts bose BOS... bits. cveterees 18.7 18.35 
OL954 oe ess DOO eMac et TSOT Seereie ote Le Aci PAR Se a IO A VBE ey ARs oR ee) 17.98 
O18 yf eee WB RO\ Ss Petiistesecoyers BILOle oc aeeteesttioesie MG Bic Senora awe 3 DUO araerdiearaces « PRIS" steno os 17.25 
OFA 32 aaa. AS) Dae. steisithe sc Sta ase he cis (has eet esata DLO a Ta lenet seco ode» 1S cA Baws: xh ote estes 17.30 
BiOOD tec wisceis DFO ae ters le eer. TOAD sant. areas. VBS R Arie ate OF40 ee eerie te SOsGisaa enon sic 18.11 
BAGO Bie oee an oe [si fli, Cael ote eres eee COE 2 ade berracte = s BE cos ete proves OB EAO rr coats Grist 81.4 18.29 
3.694. mei sene De Omere sas ate eerie CoG keen cakes (665 ce satados O52 nce ce les Be Seri erne al rt 17.29 
SUS cere, A A Batata aan aed EA Givin Corete otere MOB sal Saaerars DE STitarcnstabeltedersts BO eaearece Saher es, 19.45 
PELLS erie OM RY: ea ROME Ga ALS Oliccaete ter iepeeas AGB eames Zi Olina Mesciebende. sys SOL Sree css 19.20 
SOB eer trccs 5S aC Sele aaa ere a C2 O settee ae GOS ce oten mer DELU vcaschelonc onset’: SSS Taser eo OS: 
ZOOS) wete vs NO 3 Si tie cele ee DOO aera vccend ee OOOR AR CE, rear SOS cio nde msncked tere 58 Bixomtewwernisd 19.30 
2 OSB autor cten. BONO. aitats ue oe GO Stet sereee te TOO cere eine Os oO onthe te coie stat ene DT Ome hes ratte teve 18.83 
Ss BLO Ta. cers (UND S36 seen onc EG a Dh eet agers TOO eale ona es 9822S Si teres LER iad Cog is 18.63 
OSE 6S arerinous LS) Ge. cle cree 1G Dic astiave io abate BOs ote chee hud h octet ae tomate PRR eer og thr 18.38 
0). 398% Paavo LSD eteicact tere teers UGB vor teen aes WOO ae nn ater EOD. See eae ate VSS GPs aes 18.32 
Average V/(S8)?/s=18.70 
List oF SYMBOLS m=r/ (x+y) 
n=n/(r—8) 


Lengths are measured in centimeters and 
field strengths in kilovolts per. centimeter 
throughout. 


General 


a=Townsend coefficient for ionization by 
electron impact; it is the number of 
electrons added to an avalanche per 
centimeter of travel per electron al- 
ready present (centimeters) ~! 

S=distance from cathode to anode 

s=co-ordinate of center of avalanche meas- 
ured from the cathode along a line 
of force 

N=number of electrons necessary in an 
avalanche to ensure the initiation of 
a secondary avalanche 

E=field strength 

6=relative air density. Unity at 25 degrees 
centigrade, 760 millimeters 

E,=field strength at anode end of field 
line along which~breakdown is as-_ 
sumed to occur ; 

V =initial breakdown voltage in kilovolts 

E,=field strength at cathode end of field 
line along which breakdown is as- 
sumed to occur 

Eqv=field strength averaged over mean 
free path of positive ion 

A=mean free path of positive ion (10~° 
centimeter) 


Sharp edge 


p=radius of curvature on edge 

x=co-ordinate along real axis in z plane; 
g=x+jy 

p=co-ordinate along real axis in ¢ plane; 
t=p+jq 

@=angle of intersection of planes from 
cathode 

y=angle of inclination of near cathode 
plane to anode 
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o=angle of equipotential in ¢ plane 
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Discussion 


Fred J. Vogel (Illinois Institute, of Tech- 
nology, Chicago, Ill.): The author has pre- 
sented a very interesting paper, but I would 
like to call attention to papers by several 
other authors which cover substantially the 
same ground. In 1924, Doctor Dreyfus in 
a paper ‘‘Uber die Anwendung der Theorie 
der Konformen Abbildung zur Berechnung 
der Durschlags—und Uberschlagserscheiy- 
ungen zwischen Kantigen Konstruction- 
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steilen,”’ (Archiv fuer Elektrotechnik, volume 
13, 1924, page 123) makes mention of the 
method of accounting for rounded edges, 
and ascribes its origin to J. Herlitz. Drey- 
fus’ paper is largely mathematical and does 
not give very much experimental data. 
This was left for W. Schilling to do in his 
paper ‘‘Berechnung der Aufangsspannung 
zwischen kantigen Electroden in Luft;” in 
the Archiv fuer Elektrotechnik, volume 22, 
September 1929, page 337. In 1938, I 
submitted some data in a paper entitled 
“Corona Voltages of Typical Transformer 
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Insulations Under Oil,”” AIEE TRAaNnsac- 
TIONS, volume 57, 19388, January section, 
pages 34-6. Methods outlined in these 
papers are stock in trade for many trans- 
former designers and presumably other ap- 
paratus designers also. a 


John G. Hutton: I would like to thank 
Vogel for his discussion of the subject paper. 
During the preparation of the work the 
articles by the atithors referred to in the 
discussion were consulted. 
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AN AIEE COMMITTEE REPORT 


orld War II marked the power generation field 

by requiring greater utilization of existing equip- 
ment which resulted in the testing and proving of de- 
signs developed during the later 1930’s. The impetus 
of war needs led to extensive investigation and experi- 
mentation into fields which opened broad avenues to 
other ways of producing usable energy: 


1. Atomic or nuclear energy. 
2. Gas turbines. 
3. Wind turbines. 


These methods are still largely in the experimental stage 
‘though there are or were working units and components 
in each of these fields. 

Despite the diminishing incremental gains to be ex- 
pected from pushing steam pressures and temperature 
higher in steam plants, this method of performance im- 
provement has been utilized by going to 2,300 pounds 
per square inch gauge pressure and several plants are 
being designed to use 1,050-degree-Fahrenheit tempera- 
ture, some with reheating. Maximum ratings of steam 
station equipment have not been raised since the last re- 
port of this committee (1933-39), steam generator capac- 
ity remaining at about 1,000,000 pounds per hour and 
turbine capacity at about 145,000 kw. 

To consolidate the performance gains of high-pressure 
high-temperature equipment, joint AITEE-ASME 
(American Society of Mechanical Engineers) turbine 
generator standards have been promulgated, in this way 
reducing somewhat the first.cost of these units. It is esti- 
mated that about 25 per cent of the new units now on 
order follow these standards. Units larger than 20,000 
kw are standardized at 850 pounds per square inch gauge 
and 900 degrees Fahrenheit initial conditions with the 
40,000- and 60,000-kw units having alternate conditions 
of 1,250 pounds per square inch gauge and 950 degrees 
Fahrenheit. 

Steam-driven auxiliaries virtually have disappeared in 
most new steam stations, electric drive lending itself to 
achieving higher over-all plant efficiency with the re- 
generative cycle. Hydroelectric stations have kept pace 
with the growth of capacity, most of the large installations 
being government-owned. 


Paper 47-250, recommended by the AIEE power generation committee and ap- 
proved by the AIEE technical program committee for presentation at the AIEE 
Midwest general meeting, Chicago, Ill, November 3-7, 1947. Manuscript sub- 
mitted September 18, 1947; made available for printing September 18, 1947, 


This report of the AIEE power generation committee was prepared by its secre- 
tary, B. G. A. Skrotzki, associate editor, Power, New York, N. Y. 
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POWER PRODUCTION 


Outstanding achievement on the home front during 
World War II was the production of electric energy by 
the central station utilities in response to all-time peaks 
in demand. From a total generation of 127,642 million 
kilowatt-hours in 1939, the output rose to a peak in 1944 
of 229,766 million kilowatt-hours. Comparable capac- 
ities were 38,862,000* kw in 1939 and 49,799,000 kw in 
1944. Thus there was an 80-per-cent increase in output 
with a 27-per-cent increase in capacity. Estimates have 
indicated that war needs took about 1 per cent of energy 
output in 1939 and 42 per cent in 1944. 

Over-all capacity factors increased from 37.5 per cent 
in 1939 to 52.9 per cent in 1944, while the composite 
utilization factor increased from 72.8 per cent to 82.5 per 
cent for the same two years, indicating a considerable 
decrease in reserve capacity. This reflects the difficulty 
in obtaining new power producing equipment during 
the war as much of the turbine and boiler builders’ fabri- 
cating capacity was devoted to providing equipment for 
the Navy and Merchant Marine. 

This remarkable performance was achieved by: 


1. Advancing clock time one hour during the whole year from 
1942 to 1945. 


2. Intensive use of system interconnections. 


. 3. Industrial plants operating on a 3-shift 7-day week production 


schedule. 
4. Addition of new high load-factor loads. 


5. Operating with reduced capacity-reserve margins. 


Other measures that helped in carrying the unprece- 
dented loads were: bringing obsolete cold stand-by plants 
back into operation, using women to aid in plant opera- 
tion, “‘brown-out” restrictions in certain parts of the 
country where energy shortages, developed in hydro sup- 
ply. In the coastal cities black-out practices helped in 
reducing demand though energy savings was not an ob- 
jective in this program. ‘ 

_ Plant operation was plagued by shortage of skilled 
operators, difficulty in obtaining maintenance supplies, 
and a marked drop in coal quality. 

Despite the difficulties experienced during the war 
years, station fuel economy continued the long-time 
upward trend; national averages were 1.39 pounds of 
coal per kilowatt-hour in 1939 and 1.29 pounds of coal 
per kilowatt-hour in 1946. 

Through this period the proportion of hydro capacity 


*Excludes New York City transit system plants. 
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and generation has remained practically constant when 
compared with the total power production activity as 
shown in Table I. 

Of the 3,700,000-kw increase in hydro capacity from 
1940 to 1946, about 3,300,000 kw was installed by 
governmental power districts. Practically all the large 
units were installed by government agencies, the few ex- 
ceptions were 60,000 horsepower. by the Nantahala 
Power and Light Company, 200,000 horsepower by 
Pacific Gas and Electric Company, and 21,400 horse- 
power by the Wisconsin Michigan Power Company. 


CAPACITY — MILLIONS OF KW 
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Figure 1. Comparison of central-station capacity and annual 
outputs in the United States 


Rapid increase in annual generation was not accompanied by a comparable 
growth in station capacity during World War II 
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Table I. Proportion of Hydro Capacity and Generation 


Per Cent Per Cent 
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Governmental agencies and municipalities own and 
operate about 20 per cent of the total generating capac- 
ity in the United States. This includes all types of 
prime movers—steam, hydro, and internal combustion. 

The most amazing aspect of the power demand picture 
has been the rapid nation-wide rise in load since the 
summer of 1946 (Figure 2). The abrupt drop in indus- 
trial load after V-J day was expected and resulted in de- 
clining weekly loads. This decreased demand was sus- 
tained in the early part of 1946 by the wave of strikes 
that passed through the country at that time. Resump- 
tion of civilian industrial activity and the increasing 
availability of home appliances and other factors have 
caused a record short-time load growth. Many systems 
have seen their reserve capacity virtually disappear. 
The resulting demand for new equipment has flooded 
the manufacturers’ facilities to such an extent that steam 
turbine-generator deliveries are promised 36 months 
after placing the order and boilers about 18 months. 

Various estimates indicate that the total capacity, 
central station and industrial, steam and hydro, to be 
installed within the next three years will be in excess of 
12,000,000 kw. 


STEAM PLANTS 


Improvement of older low-pressure steam plants by 
installing superposed high-pressure high-temperature 
turbines and steam generators was followed in relatively 
few instances since 1940. This indicates that old-plant 
improvement opportunities largely had been exhausted in 
the period preceding 1940. 

Application of higher pressures and temperatures have 
proved the practicability of operating at these increased 
steam levels. Surveys have shown that about 35 per 
cent of the units installed were for steam pressures 
between 300 and 699 pounds per square inch gauge, 
45 per cent between 700 and 1,099 pounds per square 
inch gauge, and 20 per cent. above 1,100 pounds per 
square inch gauge. In respect to throttle steam tem- 
perature about 30 per cent of the units were below 830 
degrees Fahrenheit, 50 per cent from 830 to 900 degrees 
Fahrenheit, and 20 per cent above 900 degrees Fahren- 
heit. Highest temperature unit to go in service was at 
the Missouri Avenue station in Atlantic City, N. J.— 
a 25,000-kw turbine generator designed for 1,350 pounds 
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per square inch gauge and 1,000 degrees Fahrenheit. 
There are several units scheduled to go into service in 
the near future with a 1,050-degree-Fahrenheit steam 
temperature. Some will use one stage of reheating at 
these high temperatures. 

A strong trend in single-unit design is evident; with 
about 70 per cent of the turbines being supplied by a 
single steam generator, 27 per cent with two boilers, 
and about 3 per cent with three boilers. Many new 
station designs are incorporating the unit system where 
one boiler supplies a single turbine and all controls for 
boiler, combustion, turbine, auxiliaries, and switching 
are centralized at a common location for operating 
simplicity. 

As to be expected, there was a wide distribution in the 
size of units installed—35 per cent were 20,000 kw and 
smaller, 45 per cent from 22,500 to 50,000 kw, and 20 
per cent were 60,000 kw and larger. Largest unit in- 
stalled was the 147,000-kw 1,250-pound per-square-inch- 
gauge 925-degree-Fahrenheit turbine-generator in the 
Fisk station of the Commonwealth Edison Company, 
Chicago, Ill. Although the large-unit group accounts 
for only 20 per cent of the number of units, they also 
represent about one-half the total kilowatts capacity. 
Boilers have shown the same wide diversity in capacity, 
about 65 per cent having a capacity of 400,000 pounds 
per hour and smaller. Largest boiler installed was 
1,000,000-pound-per-hour 1,600-pound-per-square-inch- 
gauge 950-degree-Fahrenheit unit at.-the Sherman 
Creek station of the Consolidated Edison Company of 
New York, Inc. 

Regenerative feedwater heating was employed in 
practically all the newly installed units. Number of 
turbine bleed points ranged from one to six——about 
50 per cent had four bleed points, 25 per cent had three 
bleed points, and 10 per cent had two bleed points. 

Pulverized-coal firing dominates the field of newly 
installed central-station boilers. About 50 per cent of 
the boilers are so fired and only about 10 per cent have 
some form of mechanical stoker, the remainder are 
natural-gas or oil-fired or some combination of two or 
all three methods. About one-third of the boilers with 
pulverized coal feed have slag-tap furnaces: 

All of the steam generating units, with few exceptions, 
have either or both air heaters and economizers; about 
60 per cent had both types of heat transfer surface, and 
35 per cent had air heaters only. 

Furnace heat release, a rough indication of the liberal- 
ness in the design of boilers, depends principally upon 
the types of fuel to be burned, in general, the higher the 
volumetric heat release, the tighter the design and the 
greater the dependence of quality fuels. 
installations' this figure varied from 14,500 to 34,500 
Btu per cubic foot per hour, and about half of them 
were designed for 23,900 Btu per cubic foot per hour and 
less. 

Two wartime developments, the floating power plant 
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and the mobile power plant mounted on railway cars, 
have served their duty well during the national emer- 
gency and now are continuing to give service during the 
present period of unexpected load growth. Several 
systems in the South experienced such unprecedented 
load increases that these plants solved the problem of 
continuing service until conventional land installations 
can be constructed. 

Many new stations are being located outside of city 
and town limits to avoid dust-nuisance complaints. 

Outdoor and semioutdoor steam plants are finding 
increased acceptance, especially where the climate is 
relatively mild. In many designs the operating front 
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Figure 2. Energy distribution data 


Recession in weekly. energy distributed following V-J day was prolonged 

by numerous strikes. Rapid rise during summer of 1946 marked re- 

sumption of industrial activity. High levels maintained during early 

part of 1947 presages rapid future ‘growth in demand. Data from the 
. Edison Electric Institute 


Figure 3. Ripley station of the Kansas Gas and Electric 
Company is of semi-outdoor design 


The 28,750-kva turbine generator is housed completely as well as the 

firing aisle of the two 160,000-pound-per-hour boilers. The oil-fired 

‘boilers are outdoors covered by a canopy while the fans and air preheaters 
"are completely out in the open at the boiler rear 
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of the boiler forms one wall of the enclosed turbine 
room. Savings of 25 to 35 per cent in structural in- 
vestment are reported, equivalent to about 5 per cent in 
plant over-all first cost. This saving is offset slightly by 
increased costs of making the outdoor equipment 
weatherproof. 

Successful operation has been reportedon thehorizontal 
cyclone furnace installation at the Calumet station of 
the Commonwealth Edison Company. Besides being 
able to burn low-grade coals, this furnace modifies 
the slagging problem associated with a conventional 
furnace and requires only crushing instead of pul- 
verizing of the coal, consequent fly-ash reduction 
needs only a small cinder catcher installation, cleaning 
labor is minimized. The slagging characteristic is 
used to advantage in aiding the combustion process. 
In addition to these operating advantages, steam- 
generator space requirements are reduced appreciably. 
It has been estimated that over-all installation costs for 
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a 75,000-kw plant would be reduced by about $6 to 
$6.50 per kilowatt with the cyclone furnace as com- 
pared with a conventional steam generator. 

No new mercury plants have been installed since the 
Kearny, N. J., installation of the Public Service Electric ~ 
and Gas Company and the outdoor plant at Schenec- 
tady, N. Y., of the General Electric Company. However, 
mercury plants of 5,000-kw capacity and up now are 
being offered for industrial use, using the condenser- 
boiler output for process heating, and up to 80,000- 
kw capacity for central stations, 30,000-kw mercury 
topping and 50,000-kw steam. A 7,500-kw mercury 
turbine has been ordered for the Pittsfield, Mass., plant 
of the General Electric Company to supply their 600-_ 
pound-per-square-inch steam system. The 10,000-kw 
mercury plant at Hartford, Conn., will be rebuilt for 
15,000 kw. 

Comparatively few central stations use steam drive for 
their auxiliaries and in most instances where they are 
provided serve the stand-by boiler 
feed pump. Motor drive for sta- 
tion auxiliaries dominates the 
field, but this complicates the 
control problem. Roughly a 
third of the boiler-feed-pump 
motors are provided with variable 
speed control. In the case of 
fans, motor speed control rarely 
is used; gas flow control is pro- 
vided by dampers, vanes, mag- 
netic and hydraulic couplings, 2- 
speed motor drives, or some com- 
bination of these. 
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y COAL A notable application is that 
zl ee of 3,600-rpm motors to drive large 
Y boiler feed pumps. Operating ex- 


perience is awaited with interest. 

The majority of auxiliary-drive 
motors are of the induction type 
while, with the variable speed 
couplings now available, several 
smaller installations have used the 
synchronous type. ‘The installa- 
tion of d-c motors has been dis- 
continued. Practically all instal- 
lations now use full-voltage start- 
ing for the auxiliary-drive motors. 
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Figure 4. Boiler unit in Calumet 
station of Commonwealth Edison 
Company, Chicago, Ill., uses hori- 
zontal-cyclone burner to burn high- 

ash low-fusion-temperature coals’ 


Advantages include reduced coal preparation 

cost, simplified ash handling, smaller size 

of boiler and dust-separating equipment, 
and lower over-all investment cost 
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Metal-clad switchgear and control have been proved 
in service and generally are accepted for station auxiliary 
layouts. Unit substations and power centers, usually 
with air-cooled transformers, form the modern arrange- 
ment for supplying low-voltage energy. These also 
include high-voltage gear where required. Air circuit 
breakers in all ratings through the 15,000-volt class 
virtually have replaced the oil type for power-plant 
auxiliary work. 

Secondary network distribution systems for auxiliary 
supply have been installed in five stations and their 
performance has been reported favorably. 

Unique co-operation between industrial-plant cus- 
comers and utility generating stations was inaugurated in 
1940-41 in the San Francisco Bay area by the Pacific 
Gas and Electric Company, San Francisco, Calif. Here 
three plants, essentially identical, Avon, Martinez, 
and Oleum, each supply a different oil refining company 
plant with steam and electric energy. These plants, 
40,000 kw each, supply the oil refinery demand of 20,000 
kw; excess energy becomes available for general dis- 
tribution. 

When supplying rated extraction steam at 225 pounds 
per square inch gauge from the automatic-extraction 
turbines. they develop about 32,000 kw each. Under 
certain conditions of combined extracting and condens- 
ing operation they can produce more than 50,000 kw. 
The extracted steam supplies the oil refineries’ evapora- 
tors furnishing steam from water supplied by the cus- 
tomer. 

Generating plant furnaces can burn various fuels 
either individually or in combination; part of the fuel 
is composed of refinery wastes and taken as part payment 
for services supplied. Fuels that can be handled and 
burned are natural gas, oil, acid sludge, pitch, and 
pulverized petroleum coke. 


HYDRAULIC STATIONS 


Most of the new hydro capacity added has been in- 
stalled by agencies of the Federal Government, especially 
in the larger plants (Table II). The rate of additions 
has maintained a phenomenal figure since 1936 as shown 
in Tables III and IV. Outstanding design has been 
the 60,000-horsepower 450-rpm Francis turbine in- 
stalled by the Nantahala Power and Light Company 
near Franklin, N.C. This unit is built for a maximum 
net head of 1,000 feet, the highest for any reaction tur- 
bine of its size in the world. On test this turbine de- 
veloped efficiencies of 93.7, 93, and 88 per cent at full, 
three-fourths and one-half load respectively. 

Boulder Dam, Nev. and Ariz., on the Colorado 
River, under the supervision of the United States Bureau 
of Reclamation, is the largest plant in the world in terms 
ofinstalled capacity. Designed for 1,835,000 horsepower, 
it now has 1,435,000 horsepower in operation. Four 
units of 115,000-horsepower each were added in the 
years 1941-44. 


1947, VOLUME 66 


Progress in Power Generation— 1940-46 


Shipshaw 2 on the Saguenay River in Quebec, §Can- 
ada, holds the record construction time for a large hydro- 
electric plant. Although this development had been 
planned prior to 1931 when Shipshaw 1 (300,000- 
horsepower capacity) went into service, it was not built 
until the wartime demand for aluminum made construc- 
tion imperative. ‘The first unit started initial operation 
November 23, 1942, just 18 months after the start of 
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Figure 5. Boiler car of 10,000-kw mobile steam-electric gener- 
ating station 


Entire station consists of six railway cars housing complete equipment from 
oil-fired boilers to switchgear and transformers 


Figure 6. Generator room of Shipshaw 2 has the largest 
concentration of generating capacity, 1,140,000 horsepower 
in 12 units, housed in one building, in the world 


First unit operated within 18 months of start of construction, 12th unit 
' within 31 months 
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construction; the 12th and last unit went into service on 
December 24, 1943. There are eight 100,000-horse- 
power and four 85,000-horsepower Francis wheels 
designed for a 208-foot head making a total of 1,140,000 
horsepower. This is the largest hydroelectric develop- 
ment in the world contained in a single powerhouse. 
Practicability of completely automatic and remote 
control of hydroelectric stations is demonstrated by the 
installation at Ocoee 3 on the Ocoee River, Reliance, 
Tenn., part of the Tennessee Valley Authority system. 
While automatic stations have been built and installed 


Figure 7. 


Control board for 12 hydro units in Shipshaw 2 


over the past 25 years, this installation with a 30,000- 
kva generator is the largest one to date utilizing this form 
of control. This station first went into service in April 
1943 and its excellent service has led to plans to use it in 
three new stations under design. Ocoee 3 is controlled 
from Ocoee 2 located six miles away. Telemetering 
and control channels are provided by an underground 
telephone-type cable having 51 pairs of wires. 
Underground cable was selected because it was 
judged to provide practically trouble-free service with 
minimum of maintenance and the maximum number of 
completely independent channels. Other means of 
control communication were considered such as leased 
telephone circuit, carrier current, and overhead cable. 
Considerable progress has been made in developing 
methods of testing hydraulic-turbine governors quickly 
and frequently. A notable instrument designed for this 
purpose has been described by J. E. Allen and W. B. 
Hess in a paper!*! presented at the 1947 AIEE winter 
meeting. This instrument directly draws a diagram of 
either kilowatts load or gate operating piston movement 
versus alternator frequency, in a manner analogous to a 
steam engine indicator card diagram. In addition to 
this diagram the instrument also records kilowatts 
load, gate operating-piston motion, and generator 
frequency on a strip chart. From both of these records 
the governor characteristics are analyzed quickly and 
aid in effecting repairs when needed. Progressive 
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records help in showing in what respects a governor may 
be deteriorating and avoid costly shutdowns. 


ELECTRIC APPARATUS 


Studies have shown that the 3,600-rpm direct-con- 
nected exciter while performing on a satisfactory level . 
had a poorer availability record than the rest of the 
turbine-generator unit. More attention to design of 
minor mechanical elements causing these outages are 
expected to improve their performance, one item being 
redesign of brush holders permitting brush replacement 
without shutting down the unit. 

Electronic-type exciters first were applied to syn- 
chronous condensers in 1936 and to a synchronous 
generator in 1946. They promise to circumvent the 
problems of designing large 3,600-rpm direct-connected 
exciters. These new exciters offer possibilities of simple 
operation, low maintenance requirements, and high 
reliability. Normal maintenance can be carried on 
while the machine is loaded, even to the extent of re- 
placing tubes. However, special attention must be 
devoted to the supply source; supply-voltage drops 
cause a drop in excitation voltage. This contingency 
can be counteracted by control devices. 

Dry-type air-cooled transformers originally designed 
for central-station’ use have found application in the 
industrial and commercial fields. This transformer 
type differs from the original air-blast type in that the 
insulation contains a minimum of combustible matter, 
being principally made of air, porcelain, and glass. 
Though many have been subjected to severe service, no 
failures have been reported from such expected causes as 
moisture, dirt accumulations, and high temperature. 

Air-blast circuit breakers for indoor heavy-power 
station switchgear are finding increasing favor. They 
are adaptable readily to standardized metal-clad switch- 
gear installations. Standardization of this equipment 
during the last few years has shown positive benefits by 
allowing price reductions despite increasing costs. 

Oil-type circuit breakers still are used largely for 
outdoor installations. Improvements in these circuit 
breakers include a 50-per-cent reduction in oil content 
resulting in higher speed arc interruptions and clearing 
time, and bettering the recycling duty.- These circuit 
breakers now are built for voltages ranging from 115 to 
230 kv with interrupting capacity of 1,000,000 to 3,500,- 
000 kva. Standard circuit breakers are rated on a 
5-cycle opening time basis. However, designs for 3 
cycles at 138 kv and higher for 3,500,000 kva are also 
available. Oil circuit breakers of 5,000,000 kva rating 
are promised to be ready when needed. 

From 1928 to 1938 turbine generators designed for 
2-pole 3,600-rpm 60-cycle conditions were built for 
ratings as large as 81,250 kva at 0.8 power factor. In 
the period under discussion this rating has been raised 
to 100,000 kw at 0.9 power factor. Double-frequency 
vibrations which had been experienced on some of these 
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high-speed units have been eliminated by machining 
relatively narrow cross-wise slots in the pole body at 
intervals along the body length. This equalizes the 
rotor-body rigidity on the two major axes and can be 
realized without removing an appreciable amount of 
rotor pole material. 

Double-frequency vibratory forces inherent in the 
2-pole generator stator cannot be eliminated. However, 
the magnitude of these forces transmitted to the stator 
frame and generator foundation are minimized effec- 
tively by isolating the stator core on flexible supports; 
these supports absorbing practically all of the vibration 
energy. 

About 60 per cent of the central station generators 
installed during the period were hydrogen-cooled. 
Availability of hydrogen-cooled generators has been 
practically perfect. Most hydrogen-cooled generators 
were designed for 15 pounds per square inch gauge 
operation to obtain increased maximum rating, but only 
a few are operated at this pressure. 
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Water wheel generators, as in the past, are charac- 
terized by large dimensions. For this reason large- 
capacity units must be built in sections and assembled at 
This has led to problems of 
fabrication which largely have been solved in this 
period. Although building the components at the 
user’s plant will result in a unit of greater mechanical 
stability with less need for later maintenance, the initial 
cost will be greater. For this reason doing as much 
fabrication at the manufacturer’s plant as possible has 
been standard practice. Lower short-circuit ratios and 
inertia constants are being used in current hydroelectric 
generators because of their reduced importance following 
from the radically improved clearing times provided by 
modern circuit breakers. Amortisseur windings are 
being adopted generally on hydroelectric salient-pole 
generators. 

Large water wheel generators of current designs re- 
circulate cooling air and have surface-type finned-tube 
air coolers to dissipate the losses. Several coolers are 


Figure 8. Gas-turbine cycles fallinto 
many classes, some of the principal 
- ones being shown here 


Increased complexity results from attempting 
to realize higher efficiency, use higher gas 
temperatures with relatively low-temperature 
alloys, and attain utilization of all fuel 


types 


A—Simple cycle 
B—Regenerative cycle 


C—Regenerative cycle with intercooled 
compressor 
D—Regenerative cycle with intercooled 


compressor and reheating 
E—Closed simple cycle 
F—Closed regenerative cycle 
G—Semiclosed regenerative cycle 
H—Semiclosed regenerative cycle 
I—Combination steam-gas cycle; waste heat 
boiler 
J—Combination steam-gas cycle; Velox 
boiler 
K—Cycle with compression unit 
L—Free-piston-compressor cycle 
M—Supercharged free piston compressor 
AH—Air heater I—Intercooler 
C—Compressor P—Precooler 
@co—Charging com- R—Regenerator 


WORK OUTPUT IS DEVELOPED AT FREE 
TURBINE-SHAFT COUPLING FLANGE 


SHOWN AS 
~ f 


pressor T—Turbine 
E—Economizer To—Charging tur- 
F'—Furnace bine 


FC—Free pistoncom- VB—Velox boiler 
pressor WHB—Waste heat 
boiler 
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arranged symmetrically around the unit’s outer periph- 
ery and enclosed in a light metal structure. This 
results in a unit of simple construction, with smooth 
lines, having a pleasing external appearance. 

Much interest has been aroused in the newly devel- 
oped silicone compounds. One application will be as 
insulating varnishes especially for high-temperature 
conditions. At this time applications have been to 
windings operating at 4,000 volts and less. It has been 
forecast that use of the silicone varnish will 


1. Reduce electric equipment size and weight where operating 
temperature can be increased. 


2. Greatly increase insulation life where conventional size, 
weight, and temperatures are maintained. 


3. Permit operation in ambient temperatures above permissible 
limits for usual insulations. 


As a result of emergencies during the war, a trend 
has developed in use of forced-circulation oil cooling for 
transformers. This permits increasing transformer rat- 
ings. 

Rising war loads focussed attention on system inter- 
connection and operation since other war demands on 
manufacturers building capacity made it difficult to get 
additional generating capacity installed. Principal 
interest centered on method of tie-line load control, 
frequency control, and prime mover governing. 

A committee jointly sponsored by the AIEE and AS- 
ME was formed to promulgate prime mover speed 
governing specifications. Five specifications are being 
prepared, one for hydraulic turbines and four for steam 
turbines convering straight-condensing, back-pressure, 
and nonautomatic and automatic-extraction units. 
These are being prepared as separate specifications to 
facilitate their incorporation by reference in purchase 
specifications. 


INTERNAL COMBUSTION ENGINES 


Utilization of Diesel engines during the war increased 
many times, most applications being in the transporta- 
tion field on land and sea. Since 1940 nearly every 
manufacturer of 4-cycle engines in the United States 
offers a supercharged engine having a marked increase 
in rating with considerable improvement in economy of 
fuel, space, and weight. Some basic-design engines 
with a few concurrent changes have had capacity in- 
creases as high as 100 per cent by employing super- 
charging. 

Improvements have been effected in operating- 
safety devices such as over-speed governors, low-lubricat- 
ing-oil pressure, over-temperature, loss-of-cooling-water 
warning, and shutdown apparatus. Pump capacities 
for lubricating oil and cooling water has been increased. 
Indirect-cooling systems have become nearly standard 
practice through the use of improved heat exchangers. 
Lubricating systems have been improved considerably 
by providing increased flow through the engine. 
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Fuel-injection equipment now is built wholly in the 
United States. Improvements in this apparatus in 
some instances have been effected through designs based 
on improved workmanship where tolerances are meas- 
ured in millionths of an inch instead of in thousandths. 

No tendency is evident here today to build low-speed 
Diesel engines in excess of 7,500 horsepower. In con- 
trast, some engines with ratings in excess of 20,000 
horsepower were built some years ago in Europe. 

Largest installation of internal-combustion engines 
was made for an aluminum reduction plant at Jones 
Mills, Ark. Construction started March 1942 and was 
completed June 1943. First units went into service 
November 1942. This plant has 68 units installed 


Figure 9. A 2,000-horsepower simple-cycle experimental gas 
turbine on test floor of Westinghouse Electric Company uses 
1,350-degree-Fahrenheit inlet gas temperature 


Left to right, double-armature d-c generator, reduction gear, inlet hood, 
axial compressor, 12 combustion chambers, gas turbine, and exhaust diffuser 


totalling 78,000 kw capacity. These consist of 18 
2,250-kw dual-fuel Diesel engines and 50 750-kw con- 
vertible gas engines. Fuel used was natural gas from 
northern Louisiana and southern Arkansas. Pilot 
oil equalling about 5 per cent of total fuel input was 
used to stabilize combustion. These engines supplied 
two aluminum pot-lines having a peak demand of 67,000 
kw and an annual load factor of 94 per cent. 


GAS TURBINES 


Since 1939 considerable progress has been realized 
in the development of the gas turbine as a prime power 
producer. Gas turbines have been applied with signal 
success in the aeronautical field to both jet-propelled 
and propeller-driven craft. A gas turbine locomotive 
has been in operation in Europe since 1941 whenever oil 
fuel was available. A large number of gas turbines have 
been used abroad for supercharging Velox boiler fur- 
naces and more than 30 units have been in operation 
here from 3 to 10 years in the Houdry catalytic cracking 
process. During the war thousands of superchargers 
were used on aircraft reciprocating engines here and 
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abroad, the power for these units being developed by 
gas turbines operating on the engine exhaust gas. A 
stand-by gas turbine generating plant has been in opera- 
tion in Switzerland since 1939. 

Many schemes have been proposed and are under 
experimentation for practical gas turbine cycle arrange- 
ments. The United States Navy has sponsored the 
building of several experimental units of different 
designs for ship propulsion. With high-efficiency tur- 
bines and compressors, which are the principal working 
elements of the cycle, the turbine inlet gas temperature is 
the principal controlling element in achieving high 
cycle thermal efficiency. To utilize such high tempera- 
tures, new metal alloys were developed and they are 
still the subject of intensive research to push temperature 
utilization as high as possible. Some units have been 
built for 1,250 degrees Fahrenheit; one has been built 
for 1,500 degrees Fahrenheit with special blade cooling 


| 


WIND 
DIRECTION 
ne 


GENERATOR’ 


HYDRAULIC 
COUPLING , 


' 
OIL- PRESSURE TANK 


aN 


4 


Fe a a a ITS FT, 9 = = nn rn rn nnn enna 


Figure 10. A 
1000-kw wind tur- 
bine on top of 
Grandpa’s Knob 
near Rutland, Vt., 
was the first wind- 
driven unit to de- 
liver power into a 
utility system 
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provisions; several units are under construction to 
operate at 1,350 degrees Fahrenheit without blade 
cooling. Higher gas temperatures are used on military 
aircraft gas turbines where short engine life can be 
tolerated. 

Increased thermal efficiency also can be achieved by 
using regenerators which recover part of the exhaust 
gas heat energy to preheat the compressed air before it 
enters the furnace or combustion chamber. Inter- 
cooling the air during compression reduces compressor 
work requirements and raises cycle thermal efficiency. 
A third method of increasing efficiency expands the hot 
gas partially through the turbine and then reheats it 
before completely expanding it to atmospheric pressure. 
All of these refinements have been used in various units 
constructed for experimentation or commercial use. 

Switzerland produced two other methods of achieving 
high thermal efficiency as represented by the power-gas 
generator or free-piston compressor and the Comprex. 
These are distinguished by their utilization of high gas 
temperatures without calling for special metal alloys in 
construction of the cycle components (during the war 
high-temperature alloys were unavailable to the Swiss). 
The free-piston compressor serves as both the furnace and 
compressor and is a reciprocating engine in effect. 
Here the high-temperature gas produced in the Diesel 
cylinder (furnace) acts directly upon pistons which 
compress the air before introduction to the cylinder. 
The gas exhausted from the unit is at relatively high 
pressure and. temperature and produces the cycle power 
output by expansion through a gas turbine. Several 
United States manufacturers now are doing develop- 
ment work on this type unit. 

In the Comprex unit, an entirely new invention, a 
preumatic ram principle is utilized. It uses hot charges 
of relatively high-pressure gas from the furnace to do 
compression work on partially compressed air discharged 
from a conventional axial flow compressor; the gas and 
air charges are in direct contact in this device. 

Because the furnace combustion products pass directly 
through the turbine in all open cycles it is evident that 
oil and gas are the ideal fuels. However, coal is the 
more abundant and often cheaper fuel and hence 
much effort has been and is being exerted to adapt it 
as the gas turbine energy source. Several proposals 
and two actual experimental units use a closed-cycle 
system where the working medium to be heated is 
separated from the furnace and combustion process by 
heat transfer surfaces as in a steam boiler. Coal 
burning presents no problem in these designs. Further 
investment gains are made by maintaining the lowest 
working air pressure in the cycle above atmospheric at 
about 85 pounds per square inch gauge. This brings 
the size of the rotating elements down very markedly. 
However these advantages are offset by the large amount 
of expensive high-temperature alloys that must be used 
in construction of the air heater. 
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Development of the closed-cycle plant is taking place 
in Switzerland. In the United States intensive research 
is devoted to burning pulverized coal in open-cycle 
plants where combustion products pass through the 
turbine. Several methods are being investigated, one 
works on the principle of separating fly ash from the gas 
prior to passing it through the turbine, and another on 
superfine pulverization of the coal prior to burning. 
Separation occurs in the first method by passing the 
combustion products from the furnace through a battery 
of small cyclone-type mechanical separators. Experi- 
ments have shown that about 95 per cent of the solids 
are removed from the gas stream at the expense of about 
one pound drop in gas pressure. The remaining 5 per 
cent of dust passing through the turbine is of less than 
5-micron diameter and research indicates that dust of 
this size has no deleterious effect on turbine blading. 

The second method of superfine coal pulverization 
makes all fly ash particles produced in the furnace com- 
bustion process of less than 5-micron diameter Then 
all this dust can be passed through the turbine without 
separation from the gas. 

Two gas turbine locomotives designed for pulverized 
coal burning with ash separation are now under construc- 
tion in the United States for the locomotive develop- 
ment committee of Bituminous Research, Inc. 

In contrast with steam plant practice, gas turbine 
size has to be several times larger than the net plant 
output, as the compressor needs about 60 to 80 per cent 
of the turbine output to do its compression work. This 
factor, coupled with the wide gas temperature variation 
that the gas turbine must work under, places limitations 
on the maximum unit size that can be built. For a 
while 10,000 kw was regarded as the maximum capacity 
for open cycle units, with no definite limitations on clos¢d 
cycle units because of their small physical size. However, 
a 27,000-kw open-cycle unit is now under construction 
in Switzerland. 

Cycle thermal efficiency varying from 18 to 31.5 per 
cent has been reported on tests of various gas turbines. 
These efficiencies are based on the fuel lower heating 
values. The lower thermal efficiency is representative 
of simple units without regenerators, intercooling, or 


reheating. Studies indicate that with all of these de- . 


vices and a 1,500-degree-Fahrenheit gas temperature, 
cycle thermal efficiencies of about 40 per cent might be 
realized. 

Several central station utilities in the United States 
have studied application of gas turbine units to their 
systems but to date no installation proposals have been 
reported. 


WIND TURBINE 
The first serious attempt at generating electric energy 
on a commercial scale from the wind as a source of 
energy was made during this period. On October 19, 
1941, a wind turbine installed on top of Grandpa’s 


1690 


Progress in Power Generation ~1940-46 


Knob, near Rutland, Vt., was the first wind-driven 
device to deliver a-c electric power into a utility system, 
the Central Vermont Public Service Corporation. This 
unit, Figure 10, had a capacity of 1,000 kw and was 
mounted on top of a-structural steel tower 110 feet high 
and 36 feet square at the base. 

A heavy plate-steel-girder structure, called a pintle 
girder, formed the plant mounting atop the tower. 
This girder inclines downward into the wind with a ~ 
12.5-degree slope from the horizontal and is supported 
at A on the top-end of a pintle shaft. This shaft has a 
double roller guide bearing just below the girder at B 
and a combination roller guide and thrust bearing at 
C which allows the whole plant to yaw (swing) with the 
wind. 

The blades and their control mechanism overhang one 
side of the tower and almost balance the rest of the 
equipment. The blades constructed of shot-welded 
stainless steel are more than 11 feet wide and 65 feet 
long, weighing 15,300 pounds each. Four motions are 
provided for the blades: rotation, yawing, pitching, 
and coning. Rotation, which produced the energy, 
took place at 28.7 rpm with a blade-tip speed of 15,785 
feet per minute. The whole plant assembly yawed with 
the wind by the aid of gearing just below the pintle 
girder. Gear motion was controlled automatically 
by a yaw meter or wind-direction vane. 

As the a-c generator requires constant-speed drive 
and wind velocities are variable, the blades were pro- 
vided with variable-pitching adjustment to maintain 
constant shaft speed. Rotation would start with a wind 
speed of four miles per hour but power generation would 
start only at speeds about 18 miles per hour. At wind 
velocities greater than 60 miles per hour the unit would 
be taken out of service. 

When the blades are being driven at normal speed, 
centrifugal force holds them at nearly right angles to 
the main shaft. If a sudden gust of wind hits them they 
can cone down-wind to a maximum of 20 degrees to 
relieve the initial shock and assist the governor in regula- 
ting speed. The governor regulates speed by auto- 
matically changing the-blade pitch angle. For normal 
operation, pitch angle changes of 30 degrees would be 
needed, but this unit had a 99-degree range for research 
purposes. 

The 1,000-kw generator was built for 600-rpm 80- 
per-cent-power-factor 2,300-volt, 60-cycle 3-phase opera- 
tion. Generator leads go down through the pintle 
shaft center and connect to slip rings. Brushes on these 
slip rings connect to cables tying the generator into the 
44,000-volt transmission system of the utility through a 
transformer. — 

The unit first went on test Octabes 19, 1941, and 
remained so for a little over a year until February 20, 

1943, during which time it had operated on the line 
for 695 hours and 192 hours off the line on test, generat- _ 
ing. 2 totale PE le ae, i eae 


this period the main-shaft 
bearing failed and, because 
of priority conditions, could 
not be replaced until March 
3, 1945. 

Between March 3 and 
26, 1945, the unit operated 
as a routine generating sta- 
tion of the system for 143 
hours, producing 61,780 
kilowatt-hours. This period 
was an unusual windless 
three weeks for March. 
During a smooth 20-mile- 
per-hour wind on the latter 
date one of the blades failed 
at the outboard edge of the 
bolted shank spar connec- 
tion. Failure was caused by 
multiple corroded cracks at 
this point. The broken-off 
blade landed about 1,000 
feet away on the mountain 
side, the remaining blade was 
damaged by coning nega- 
tively and colliding with the 
tower structure. Similar 
corroded cracks were found 
at the same location on the 
latter blade. The age of 
the corrosion was unknown. 

A redesigned 1,500-kw 
wind turbine will be erected 
on a high summit in the 
Green Mountains of Ver- 
mont to feed again into a 
utility system. Wind-power 
plants always must operate 
in parallel with another 
source of power, such as 
water-power plant with 
storage or a steam plant. 
Studies indicated that in 
any one year a wind-power 
plant can generate more 
kilowatt-hours than most 
water-power plants because 
average wind conditions re- 
main more stable from year 
to year than average water 
conditions. 

Another interesting pro- 
posalhas been made for wind 
turbines of 6,500- and 7,500- 
kw capacities. Instead of 
attempting to maintain con- 
stant blade speed this design 
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Table I. Hydroelectric Projects Constructed, Operated, and Projected by Government 


Project 
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Capacity, Capacity, 
River Hp Hp 


Installed Capacity 
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Hp Hp 
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uses a variable speed d-c generator and connects to the 
a-c transmission system through a rotary converter. 
The generating equipment in this scheme would be 
mounted on top of a 475-foot tower. 


NUCLEAR ENERGY 


Large scale release of energy from the atomic nucleus 
is the outstanding scientific achievement realized during 
World War II. This new means of energy production 
places itself squarely in the field of power generation for 
possible future utilization. However, the radioactive 
features of this process impose formidable problems of 
control, design, and waste disposal which long may 
delay practical economic application to power produc- 
tion. While producing plutonium and uranium 235 is 
an involved process it appears that this will represent 
only a very minor element of cost in power production 
utilization. es 

Energy can be obtained from transmutation of ele- 
ments either by combining two light elements into one 
of intermediate weight or by breaking up a heavy ele- 
ment into two or more elements of intermediate weight. 
The atomic bomb utilizes the latter process. Theoret- 
ically, 11,400,000 kilowatt-hours of energy can be ob- 
tained by fission of one pound of uranium 235. This 
energy appears as heat, which immediately suggests 
using it as a source for steam generation or power genera- 
tion by gas turbines or for process heating. 

Four laboratories will engage in nuclear research 
under the direction of the Manhattan District: 


Clinton Laboratory at Oak Ridge, Tenn. 
Argonne National Laboratory at Chicago, IIl. 
Brookhaven National Laboratory on Long Island, N. Y. 


ie hed Sue oe 


. Knolls Atomic-Power Laboratory at Schenectady, N. Y. 
All of these organizations will work on the problem of atomic- 
produced power. 


The power-pile program at Oak Ridge has pro- 
gressed to the point of putting together the preliminary 
design. Problems being worked on are actual size and 
shape of “fuel” unit (pile), method of transferring heat 
from pile to engine or prime mover, method of loading 
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Figure 11. Simplified conception of how nuclear energy can 
be used as a source for a steam-electric station 


Several government-sponsored projects are under way to develop nuclear- 
energy power plants 
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and unloading pile, automatic pile control, and shielding 
against radiation. Emphasis will be laid on realizing a 
heat source of long life and great reliability. This is of 
great importance because the radioactivity makes any 
pile, once operating, difficult and dangerous to shut 
down for maintenance. Initial pile operation will be to 
provide heat energy for steam electric generation operat- 
ing at conventional central station temperature ranging 
from 650 to 940 degrees Fahrenheit. 

No capacity has been set as yet for the pilot plant. 
It is possible that all equipment will be conventional from 
the boiler through the generator. None of the equip- 
ment has been ordered at this writing. 

Pile construction materials must have strength and 
rigidity at high temperature and not break down under 
neutron bombardment. The material serving as a 
moderator (carbon, heavy water) must have the proper 
neutron slowing qualities, yet be able to withstand pile 
operating temperatures. Selecting a suitable heat- 
transfer fluid from a range of possibilities including 


Table II. Growth in Power Production \ 


Generating Capacity of Major Plants Contributing to Public Supply in 
Kilowatts, Excluding Certain Mining and Manufacturing Plants and 


Railroad Plants 
aD 
Internal 

Year Steam Hydro Combustion Total 

a a 
1920 voretete sere 87919, 727 -crererere CIR (Wainse lant on 90,350 eed 12,713,608 
1930 reac 235 3859 le tials 8,585) 164 ae etlese 413 5607 eicveisiae 32,384,363 
1940? reefs) feo DL ates aise A229 129 ater 928195 se atta 40,536,881 
AGA eee 30,209,285... -. A817 9374 eer O88 20 mio aes 43,015,436 
1942) ec'2 ere ace BI, T1B SOU saree cele D2 S41) 933. peices T0425, 450. rere 45,662,950 
gE ie Wes Aiba 33),624, 581 secrete 135883),58320.cscl7 95052; 6032 eters 48 560,767 
1944 eee 34,150,807...... 14,586,324....... 1,061,941........%. 49,799 ,072 
1945 J teccre tos 34,036,609...... 14,987 ,547....... T0783) 286 rrererists 50,102,442 
L94G Me epee: 3453045910... 52.07. 14,849 ,036....... VpdAS STIS Foes ais 50,303,660 


eS —).,|joorO—— 


* Years 1940-44 include New York, N. Y., rapid transit system central stations. 
To make series continuous, subtract about 600,000 kw from capacity for years 
1940-44 in both steam and total columns. 


Table IV: Growth in Power Production 


Generation of Major Plants Contributing to the Public Supply in Million 
Kilowatt-Hour, Excluding Certain Mining and Manufacturing Plants 


and Railroad Plants 
EE! 
Internal 

Year Steam Hydro Combustion Total 
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* Years 1940-44 include New York, N. Y., rapid transit systems central stations, 


To make series continuous, subtract about 900,000,000 kilowatt-hours in 1940 
graduated up to about 1,500,000,000 kilowatt-hours in 1944 in both steam and 
total columns. 
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ordinary water, heavy water, and other liquids gases, and 
molten metals constitutes a major problem. 

Because of radioactivity the pile enclosure cannot be 
entered for repairs without a very extended shutdown 
period to allow the radiations to dissipate themselves. 
Hence the pile and associated equipment—pumps, 
blowers, valves, and heat exchangers—all of which will 
be radioactive during operation, must possess extra- 
ordinary reliability. Even in the smallest plants both 
the pile and heat exchanger must be shielded by massive 
walls of concrete or heavy material to protect personnel. 

In contrast to the unfortunate popular furor produced 
by irresponsible prognosticators, stands the fact that 
atomic energy is not synonomous with free energy. At 
the present time plant investment requirements appear 
to be of such magnitude as to burden the atomic power 
plant with very heavy fixed charges and certainly the 
raw energy will not be “free”? whatever form it may take 
eventually. One published estimate states that atomic 
plants of 500,000-kw capacity and greater appear to 
produce electric energy that is competitive with coal and 
hydro-produced energy. Obviously the economic op- 
portunity to apply plants of this size will be rare at the 
present time. 
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chanical Engineering (New York, N. Y.), volume 66, June 1944, pages 363-8. 


282. American Contribution to Gas Turbine Development, C. C. Jordan. Power 
(New York, N. Y.), volume 88, June 1944, pages 76-7; August 1944, pages 82-4. 
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283. Producer Gas—Future Field for Gas Turbines, P. W. Swain. Power (New 
York, N. Y.), volume 88, May 1944, pages 86-7. 


284. The Gas Turbine, C, R. Soderberg, R. B. Smith. Power Plant Engineering 
(Chicago, Ill.), volume 48, April 1944, pages 70-5. 


285. Prospects for Gas-Turbine Power, P. R. Sidler (New York, N. Y.), volume 
88, March 1944, pages 68-70. 


286. Why Bother with Gas Turbines?, S. A. Tucker. Power (New York, N. Y.), 
volume 88, February 1944, pages 64-5. 


287. Next Steps in Using Gas Turbines, J. T. Rettaliata. Power (New York, 
N. Y.), volume 88, January 1944, pages 92-3. 


288. Portable Power from Gas Turbines, J. T. Rettaliata. Power (New York, 
N. Y.), volume 85, April 1941, pages 96-7. 


289. Load Tests of a Combination Turbine, A. Stodola. Power (New York, 
N. Y.), volume 84, February 1940, pages 62-4. 


290. The Gas Turbine Looks to Coal, J. I. Yellot. Power (New York, N. Y.), 
volume 89, August 1945, pages 73-5. 


291. Progress Report on Gas Turbines. Power (New York, N. Y.), volume 89, 
August 1945, pages 73-84. 


292. High-Temperature Gas Turbine Power Plants, J. S. Haverstick, A. M. G. 
Moddy. Mechanical Engineering (New York, N. Y.), volume 67, April 1945, pages 
229-33. 


293. Potentialities, Limitations of the Combustion Gas Turbine, G. B. Warren. 
Electrical World (New York, N. Y.), volume 122, October 28, 1944, pages 83-5; 
November 11, 1944, pages 99-101. 


Wind Power 7 


294. Wind-Turbine Power Plant Will Be Rebuilt, P. C. Putnam. Power (New 
York, N. Y.), volume 89, June 1945, pages 67-8. 


295. Wind-Power Studies Suggest Future Commercial Possibilities. Power 
(New York, N. Y.), volume 89, June 1945, pages 64-6. 


296. Electric Power from the Wind. Electrical World (New York, N. Y.), volume 
123, April 28, 1945, pages 73-5; May 12, 1945, pages 102-04. 


297. World’s Largest Wind-Turbine Plant Nears Completion. Power (New York, 
N. Y.), volume 85, June 1941, pages 56-9.  * 


298. Wind-Electric Plant to Operate Soon, Power (New York, N. Y.), volume 85, 
May 1941, page 97. 


Nuclear Energy 


299. Nuclear Energy as a Power Source, H. G. Bowen. Mechanical Engineering 
(New York, N. Y.), volume 68, September 1946, pages 779-81. 


300. Nuclear Energy, A. L. Baker. Mechanical Engineering (New York, N. Y.), 
volume 68, September 1946, pages 775-8. 


301. Manvs. Atom—Year1. Power (New York, N. Y.), volume 90, August 1946, 
following page 98. ; 


302. A Utility Man Looks at Atomic Energy, J. C. Parker. Electrical World 
(New York, N. Y.), volume 125, June 8, 1946, pages 74-5. _ 


303. Engineering and Political Aspects of Atomic Energy, H. A. Winne. Electrical 
World (New York, N. Y.), volume 125, June 8, 1946, pages 75-6. 


304. Basic Factors of Atomic Energy Utilization, K. H. Kingdon. Electrical 
World (New York, N. Y.), volume 125, June 8, 1946, pages 76-7. 


305. Nuclear Research Related to Electric Power Generation, C. G. Suits. Elec- 
trical World (New York, N. Y.), volume 125, June 8, 1946, page 77. 


306. The Economics of Atomic Power, P. W. Swain. Power (New York, N. Y.), 
volume 90, June 1946, pages 76-8. 


307. ‘The Future of Nuclear Power, J. A. Wheeler. Mechanical Engineering (New 
York, N. Y.), volume 68, May 1946, pages 401-05. 


308. Power Supply Aspects of Nuclear Research, R. R. Wisner. Electrical World 
(New York, N. Y.), volume 125, February 2, 1946, page 55. 


309. Atomic Energy as a Source of Electricity Supply. Electrical World (New 
York, N. Y.), volume 125, March 2, 1946, pages 54-5. 


310. Uranium 235—Power Fuel of the Future, P, W. Swain. Power (New York, 
N. Y.), volume 89, September 1945, pages 64-6, 


311. The Atom, New Source of Energy. Power (New York, N. Y.), volume 89, 
September 1945, following page 102. 
Miscellaneous 


312. Large Diesels in Panama Canal Plants Unique for Automatic-Starting 
Scheme, J. L. King. Power (New York, N. Y.), volume 90, September 1946, pages 
105-08. 


313. USSR Tashkent Plant Uses Solar Energy. Power (New York, N. Y.), volume 
90, January 1946, page 85. 


314. Severn Tide Development Promises Cheap Power for England, H. P. Vowles. 
Power (New York, N. Y.), volume 89, November 1945, pages 80-1. 


315. , World’s Largest Gas-Engine Plant Rated at 78,000 Kw, Powers Aluminum 
Works. Power (New York, N. Y.), volume 88, November 1944, pages 64-9. 
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Report 


THE BOARD OF DIRECTORS of the 
American Institute of Electrical Engineers 
presents herewith to the membership its 
63rd annual report, for the fiscal year 
ending April 30, 1947. It includes a gen- 
eral balance sheet and other statements 
showing the financial condition of the 
Institute at the close of the fiscal year and a 
brief summary of the principal activities of 
the Institute during the year, more de- 
tailed information having been published 
from month to month in ELECTRICAL 
ENGINEERING. 


BOARD OF DIRECTORS’ MEETINGS 


Six meetings of the board of directors 
were held during the year, three in New 
York, N. Y., one in Asheville, N. C., one 
in Detroit, Mich., and one in Worcester, 
Mass. 

Information regarding many of the more 
important activities of the Institute which 
have been under consideration by the 
board of directors and AIEE committees is 
published each month in the section of 
ELECTRICAL ENGINEERING devoted 
to Institute activities. 


PLACES VISITED BY PRESIDENT HOUSLEY 

Alabama 

Muscle Shoals Section, Florence 

Arizona 

Arizona Section, Phoenix 

Arkansas 

Little Rock Subsection of Memphis (Tenn.) Section 

Californi 

Los Angeles Section, San Diego Section 

San Francisco Section 

California Institute of Technology Branch, Pasadena 

University of California Branch, Berkeley 

Canada 

Vancouver Section 

Summer general meeting, Montreal, Quebec 

Colorado 

Denver Section 

District of Columbia 

Washington Section 

Llinoi 

Rock River Valley Subsection of Madison (Wis.) 
Section, Rockford 

Indiana 

Great Lakes District meeting, Indianapolis 

Iowa 

Towa Section, Ames 

Iowa State College Branch, Ames 

Kentucky 

Louisville Section; University of Louisville Branct 

University of Kentucky Branch, Lexington 

Lowisi 

New Orleans Section, Lake Charles Subsection 

Shreveport Subsection ‘ 

Massachusetts 

Boston Section 

North Eastern District meeting, Worcester 

Mexico 

Mexico Section, Mexico, Federal District 

Minnesota 

Minnesota Section, Minneapolis 

Arrowhead Subsection, Duluth 
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Pee 
Mississippi State College Branch, State College 
Missouri 

St. Louis Section 

Montana 


- Montana Section, Butte 


Nebraska 

Nebraska Section, Omaha 

University of Nebraska Branch, Lincoln 

New York 

New York Section; winter meeting, New York, N. Y. 
North Caroli 

North Carolina Section, Durham 

Duke University Branch, Durham 

Ohio 

Cincinnati Section, Cleveland Section 

Dayton Section, Mansfield Section 

Akron Section, Columbus Section 

Oklahoma 

Oklahoma City Section 
Tulsa Section 

Oregon 

Portland Section 
Pennsylvania 
Philadelphia Section 
Pittsburgh Section 
Sharon Section 

South Carolina 

South Carolina Section, Columbia 


Tennessee 
East Tennessee Section, Athens, Chattanooga 


Memphis Section 


Texas 

Beaumont Section, Houston Section 
New Mexico—West Texas Section, El Paso 
North Texas Section, Dallas 

Utah 

Utah Section, Salt Lake City 
Washington 

Spokane Section 

Pacific Coast meeting, Seattle 
West Virginia 

West Virginia Section, Charleston 


ANNUAL MEETING 


The annual business meeting of the In- 
stitute was held June 26, 1946, in Detroit, 
Mich. The annual report of the board of 
directors for the fiscal year which ended 
April 30, 1946, was presented in abstract by 
Secretary H. H. Henline. The Institute’s 
financial situation was summarized by 
Treasurer W. I. Slichter. The report of 
the committee of tellers on the election of 
officers for the year which commenced 
August 1, 1946, was presented, and Presi- 
dent-Elect J. Elmer Housley responded to 
his introduction with a brief address. Na- 
tional prizes for papers were presented. 

The AIEE Lamme Medal for 1945 was 
presented to David C. Prince, vice-presi- 
dent of the General Electric Company, and 
a past president of the Institute. An 
address in recognition of the 100th anni- 
versary of the birth of George Westing- 
house was presented by J. K. B. Hare, vice- 
president of the Westinghouse Electric 
Corporation. The president’s address by 
Doctor William E. Wickenden concluded 
the meeting. 
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NATIONAL MEETINGS 


Three national meetings were held dur- 
ing the year, and a brief report on each fol- 


~ lows. 


Summer Meeting. The 61st annual sum- 
mer meeting was held in Detroit, June 24— 
28, 1946, with a registration of 1,351. 
The program included 19 technical ses- 
sions, 7 technical conferences, 8 adminis- 
trativé conferences, and 23 committee meet- 
ings, in addition to the afore-mentioned 
annual business meeting. There were 
entertainment events, inspection trips, golf 
tournaments, a president’s reception, and a 
dinner dance. 


Pacific Coast Meeting. The 33rd Pacific 
Coast meeting was held in Seattle, Wash., 
August 27-30, 1946, with a registration of 
562, which was a record for Pacific Coast 
meetings. Six technical sessions, one stu- 
dent technical session, and a conference on 
organization of the engineering profession 
were held. The program also included 
inspection trips, president’s reception, 
banquet, theater party, women’s activities, 
and a golf tournament. 


Winter Meeting. The 35th winter meet- 
ing was held in New York, N. Y., January 
27-31, 1947, with a registration of 3,567, an 
all-time record. The program included 29 
technical sessions, 10 technical conferences, 
2 administrative conferences, and 3 general 
sessions at which the Edison, Hoover, and 
John Fritz Medals were presented to Doc- 
tors Lee de Forest, Vannevar Bush, and 
Lewis W. Chubb, respectively. 

Other events of the meeting were a 
smoker, inspection trips, events for women, 
and a cocktail party by the Aluminum 
Company of America for President Hous- 
ley. 


DISTRICT MEETINGS 


Great Lakes District Meeting. This meet- 
ing was held in Indianapolis, Ind., Octo- 
ber 9-11, 1946, with a registration of 298. 
Conferences were held on electric ma- 
chinery, electronics, power transmission 
and distribution, industrial power applica- 
tions, communication, industrial control, 
basic sciences, and organization of the engi- 
neering profession. At the banquet, Doc- 
tor Frank H. Spedding, of Iowa State Col- 
lege, gave an address on “Nature and Im- 
plications of Atomic Energy.” There were 
inspection trips as weli as a number of 
women’s activities. 

North Eastern District Meeting. Held in 


Worcester, Mass., April 23-25, 1947, with a 


registration of 828, this was the largest Dis- 
trict meeting held since 1927. The pro- 
gram included 8 technical sessions, 2 student 
technical sessions, a general session, inspec- 
tion trips, women’s events, smoker, and — 
banquet. At the banquet, Doctor Samuel — 
Van Valkenburg, director, Graduate School — 
of Geography, Clark University, gave an 
address on ““The fprcrcm Fume z 


Southern District Meeting. The sixth 
Southern District meeting was held in 
Asheville, N. C., May 14-16, 1946, with a 
registration of 373, which was the second 
highest in the history of the meeting. One 
of the three technical sessions was devoted 
to a symposium on electric power in the 
textile industry. A conference on student 
activities and a student paper session also 
were included in the program, and in- 
spection trips were made to near-by plants. 
Commander J. F. Hellweg, United States 
Navy (retired), addressed an evening ses- 
sion and AIEE Past President C. A. Powel 
described conditions as he had seen them 
in Germany during a 9-month tour of 
duty as- chief of the electrical and radio 
branch of the Allied Control Commission. 
COMMITTEE ON COLLECTIVE BARGAINING 

AND RELATED MATTERS 

During the year, this committee has con- 
tinued its work on the preparation of “A 
Manual on Collective Bargaining for Pro- 
fessional Employees.” The first edition of 
this manual, which deals with the National 
Labor Relations Act, and an analysis of 
proposals from various sources for modify- 
ing the act, has been completed and should 
be available to members before the end of 
April 1947. Through co-operation with 
the Committee on the Economic Status of 
the Engineer of Engineers Joint Council, 
the publication of the manual is being 
sponsored jointly by six of the major pro- 
fessional engineering societies. 

Through the same channel, the com- 
mittee on collective bargaining and related 
matters has attempted to co-operate with 
other professional engineering societies in 
the establishment of a policy and a pro- 
cedure covering labor legislation. The 
committee endorsed the policy and pro- 
cedure recommended by the Committee on 
the Economic Status of the Engineer, and 
this endorsement was followed by approval 
by the AIEE board of directors and by 
Engineers Joint Council. In December 
1946, Engineers Joint Council approved 
another policy and procedure not endorsed 
by the committee on collective bargaining 
and related matters. 

The committee recommended to the 
AIEE board of directors that a comprehen- 
sive questionnaire be sent to AIEE mem- 
bers for the purpose of ascertaining their 
opinions regarding attempts at modifica- 
tion of the National Labor Relations Act 
in the interest of professional employees. 
This recommendation was approved at the 
January 1947, meeting of the board of di- 
rectors, but before a comprehensive ques- 
tionnaire could be prepared and distrib- 
uted, a letter, dated February 7, 1947, and 
an incomplete questionnaire, dated March 
17, 1947, were sent to the membership by 
the president of the Institute. The com- 
mittee had nothing to do with the prepara- 
tion of this letter, or of this questionnaire, 
and did not approve them or the procedure 
followed. The chairman of the committee 
on collective bargaining and related mat- 
ters has requested that the committee be 
relieved of any responsibility for matters 
having to do with labor legislation, or 
alternatively, that his resignation be 
accepted. 
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General Committees 


SECTIONS COMMITTEE 


7. Section Programs. The Sections gen- 
erally have been continuing the policy of 
following a program of expanding their 
activities to meet the increased scope and 
growing demands of the electrical engineer- 
ing profession and to provide for the di- 
versification of interest of the Section mem- 
bers. Increased attention is being given to 
student activities, social activities, fellow- 
ship at meetings, inspection trips, and the 
broader subject of civic responsibilities of 
engineers. Section officers generally are 
becoming more conscious of the importance 
of balanced Section operation, which pro- 
vides activities to retain the older members 
as well as attract new members. In giving 
more time to creative work and the co- 
ordination of the activities of their Sections, 
many chairmen have followed the sugges- 
tion of delegating to committees much of 
the operating work of running the Section. 
The resulting increase in operating com- 
mittees in many Sections has provided the 
opportunity for more members to work 
actively for the Section, which in turn has 
created additional interest. 


2. Sections Committee Organization. Be- 
cause of the volume of the Sections com- 
mittee work, the committee continued to 
operate as two groups. ‘The planning 
group, consisting of six members, initiates 
and develops all plans of the committee. 
The promotional group, consisting of ten 
members located geographically on a Dis- 
trict basis, handles much of the promo- 
tional work individually with the Sections 
and Districts. Most of the material used by 
the promotional group is sent to each mem- 
ber, who in turn supplements it with his 
personal knowledge of local conditions be- 
fore contacting the Sections in his District. 
Close «contact is maintained between the 
promotional group member and the vice- 
president of the District. 


3. Conferences Held at Summer Meeting. 
During the summer meeting at Detroit, 
the following conferences were held: 


June 24, 1946—Conference on Section Operation and Man- 
agement for Section Delegates. Three separate parallel 
conferences were held. One for the larger Sections, 
one for the intermediate Sections, and one for the 
smaller Sections. These conferences were conducted in 
an informal manner according to a prearranged pro- 
gram which covered many of the important items in 
connection with the operation of the Sections, 


June 25, 1946—Conference of Officers, Delegates, and Mem- 
bers. This was the annual meeting of the delegates. 
The meeting was addressed by Institute president, 
Doctor Wickenden, whose topic was “Observations on 
Institute Activities” The program included a report 
on District and Section activities by Secretary Henline, 
remarks by Presidential Nominee Housley, and the 
report of the Sections committee. The report on the 
improved AIEE publications services was made by 
G. Ross Henninger, AIEE editor. Reports also were 
made on membership activity, Section finance, educa- 
tional courses, and Section history. 


June 26, 1946—Conference on Section Activities in Connec- 
tion With Local Councils of Engineering and Technical Socte- 
ties. In this conference the organization and opera- 
ion of local engineering councils was presented and 
discussed, with particular emphasis on the part the 
AIEE Sections have taken in this work. The attend- 
ance at this meeting was an indication of the interest 
in this subject. 
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June 27, 1946—Conference on Section—Branch Co-operation. 
This was a joint activity with the committee on Student 
Branches. In this conference a plan of Section- 
Branch co-operation was presented and discussed. 
Many examples of this activity were discussed by the 
Section delegates. The discussion at this meeting in- 
dicated the importance of this activity to the Institute. 


4. Discussion of Section Operation and 
Management at District Meetings. In accord- 
ance with recommendations made by the 
delegates at the Sections committee meet- 
ing, January 22, 1946, the Sections com- 
mittee encouraged all vice-presidents to 
devote a portion of their District executive 
committee meetings to a discussion of Sec- 
tion operation and management. These 
discussions were held at most of the Dis- 
trict executive committee meetings and 
served to supplement the regular dele- 
gates’ meetings which were held at Detroit. 


5. Technical Groups. The development 
of technical groups within the Sections con- 
tinued to be one of the most important ac- 
tivities of the Sections committee. Copies 
of the folder, ‘“Technical Groups,” were 
distributed to each Section chairman at the 
beginning of the year. The promotional 
group. supplied individual Sections with 
several reports of examples of suecessful 
operation of these groups. There were 105 
of these groups in operation as compared 
with 74 in operation a year ago. Reports 
received from the Sections indicate many 
other groups are in process of being formed. 


On January 5, 1947, a letter was sent to 
all Sections encouraging the formation of 
basic science technical groups as an addi- 
tional activity. During this year the Sec- 
tions committee started a long range plan 
for co-operation between the technical 
groups in the Sections and the technical 
committees of the Institute. It was pointed 
out that this co-operation should be a 2- 
way activity, and, when working properly, 
desirable information would be flowing 
from the Section and technical groups to 
the technical committees of the Institute, 
as well as from the technical committees 
to the Sections. A 3-point program on this 
activity for the Sections to follow was con- 
tained in a letter dated November 8, 1946, 
to all Section chairmen. A letter dated 
November 7, 1946, to the chairmen of all 
Institute technical committees covers sug- 
gestions for obtaining information for 
technical groups in the Sections. These 
initial letters were followed later in the 
year by other letters giving practical sug- 
gestions and practical examples of the 
operation of this co-operative plan. 


6. Subsections. Subsection activity was 
continued by the committee throughout 
the year. A copy of the folder, “Subsec- 
tions,’ was sent to each Section chairman 
at the beginning of the year. The promo- 
tional group of the Sections committee has 
forwarded examples of successful operation 
of Subsections to the individual Sections in 
their Districts. There are now 35 Subsec- 
tions in operation, as compared with 25 
Subsections in operation at the end of the 
previous year. Many opportunities still 
exist for members in the remote areas of the 
Section territory to participate in Section 
activities through the development of Sub- 
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sections in these areas. The promotional 
group of the Sections committee conducted 
a survey of the possibilities of Subsections in 
each of their Districts. As a result of this 
survey, many additional locations for Sub- 
sections are being considered by the Sec- 
tions. 


7. Local Councils of Engineering and Tech- 
nical Societies. During the year, the Sec- 
tions committee has continued the activity 
of encouraging AIEE Sections to assist in 
organizing councils and to be active in 
these councils where they already are 
organized. ‘There are now 45 of these 
councils in active operation. During the 
year the Sections committee sent consider- 
able information to five AIEE Sections 
which are active in forming new councils in 
their areas. 


8. Section Finance. During the year, the 
Sections committee observed the operation 
of the revised system of allotments to the 


Sections. INo new recommendations were 
made this year. 
9. Student Activities. | Section—Branch 


activity in co-operation with the com- 
mittee on Student Branches was continued 
throughout the year. Copies of the plan of 
Section-Branch co-operation were dis- 
tributed to all Section chairmen during the 
year. It was pointed out that co-operation 
with the Branches is a very important ac- 
tivity and that the Sections can assist ma- 
terially in this activity by helping the Stu- 
dent Branches to develop the interest of all 

electrical engineering students. 


70. Educational Courses. The plan of 
encouraging the Sections to organize edu- 
cational courses for their members and 
others was continued during the year. 
This is a joint activity with the committee 
on education. On October 30, 1946, a let- 
ter was sent to all Section chairmen calling 
attention to the possibility of these educa- 
tional courses and enclosing a case example 
of the experience of the Philadelphia Sec- 
tion in conducting educational courses. 
Laterin the year, information on the courses 
conducted by the New York Section was 
forwarded to most Sections by the members 
ofthe promotional group of the Sections 
committee. 


71. Changes in Section Territory. The 
island of Puerto Rico was added to the 
territory of the New York Section. The 
Territory of Hawaii was made a part of 
District 8 and of the territory of the San 
Francisco Section. 


12. Section History. The activity of 
encouraging Sections to write a Section 
history was continued throughout the year. 
As a result of this activity, many Sections 
have appointed a history committee to 
proceed with this work. A letter has been 
sent to all Sections enclosing a suggested out- 
line for a Section history. 


73. Prize Paper Activity. Many Sections 
conduct prize paper contests, and the Sec- 
tions committee has been endeavoring to 
stimulate this activity by having Section 
prize paper awards given official recogni- 
tion by the Institute. This activity is being 
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Table I. Section and Branch Statistics 
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For Fiscal Year Ending April 30 


1942 1943 1944 1945 1946 1947 
ce eS EE Ee ae 
Sections 
Number of Sections.........++-++- IPRS OnDC Tas aoste 13 neeeea Wa seare TDIR meee 75 
Number of meetings held.......... GAT aricteiste S98 eS aise Vo Otactterets BB4x:, sce.s 1,210 ae 1,333 
Total attendance.....:...-..e+e-0- MOs294 srsrcreiels 66,1145 3.5 ors 831205. eae 96,346...... 1135531... 155,649 
Branches 
Number of Branches.........++++- 124 Setcrainin) 25 ele eats 25m cares 125 ..cmieet 25) crete 126 
Number of meetings held.......... 4G. cisteiais 942. cietetore TDD takeratels S4ATia cts eteie WG sive ate 1,018 
Total attendance.......23..0.---- BEES oobi c 39,227 ).2)e 24.166 3;0 eG 1 Wag VR cee 22,844...... 40,669 
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considered by a special Institute committee 
for the revision of the prize paper rules, and 


as a result of the Sections committee ac- 


tivity in connection with the work of the 
special committee, it is expected that the 
proposed revision of the Institute prize 
paper rules will contain official recognition 
for Sections awards. 


14, Safety Activity. In co-operation with 
the Institute committee on safety, the Sec- 
tions committee sent a letter, dated Septem- 
ber 17, 1946, to all Sections concerning the 
importance of including the subject of 
safety in their programs. An appendix to 
this letter gave many examples of how this 
activity could be conducted by the Sec- 
tions. This safety activity is being con- 
ducted from the standpoint of the engineer 
and covers the safety angle in the design, 
construction, operation, and maintenance 
of equipment, rather than from the safety- 
first approach. 


75, Edison Centennial Meetings. As a re- 
sult of the board of directors of the Institute 
endorsing the idea of co-operation by 
AIEE Sections with the Edison Centennial 


_ Committee in appropriate local observances 


of the commemoration of the centennial of 
the birth of Thomas A. Edison, a»letter 
dated September 4, 1946, was sent to all 
Sections outlining a suggested program for 
Section and Subsection meetings on the 
centennial date, February 11, 1947. In 
compliance with this suggestion, many 
Sections and Subsections held special 
meetings on February 11, and other Sec- 
tions included the observance of this 
centennial in connection with their regu- 
lar meetings. 


16. Industrial Meetings. As a result of 
the address of President Housley, a letter of 
October 11, 1946, was sent to all Sections 
suggesting that they hold meetings on an 
industrial subject in electrical engineering 
in the smaller industrial centers in their 
areas. An appendix to this letter contained 
several suggestions for conducting these 
meetings. It also was suggested that these 
meetings be built around the publication, 
“Electric Power Distribution for Industrial 
Plants,” which was developed by the In- 
stitute committee on industrial power appli- 
cations. The Sections engaging in this 
activity found these meetings to be a very 
profitable Institute activity. 


17. Delegates’ Meetings to be Held at the 
Summer General Meeting, Montreal. The 
Sections committee has prepared a compre- 
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hensive program for the Institute officers, 
Section delegates, and members at the 


‘summer general meeting. Three parallel 


conferences on Section operation and 
management will be conducted on June 9, 
with the delegates divided into groups rep- 
resenting the larger, intermediate, and 
smaller Sections. These conferences will 
be held on a strictly informal basis. The 
conference of officers, delegates, and mem- 
bers will be held June 10, at which the - 
more formal program of reports will be 
presented. On June 11 a special confer- 
ence on technical group activities in the 
Sections will be held. At this conference, 
the experiences in operating technical 
groups will be discussed, and the co-opera- 
tion between the technical groups in the 
Sections and the technical committees of 
the Institute will be explained further and 
discussed. 


78. Committee Meetings. Because of the 
nature of the Sections committee work, 
most of the activities of the committee were 
carried on by means of correspondence. 
One meeting was held by the committee, 
January 28, 1947, in New York, during the 
winter meeting. At this meeting, the 
entire Sections committee program was 
reviewed, plans for the delegates’ meetings 
in Montreal were formulated, and plans for 
the remaining portion of the year were dis- 
cussed. Minutes of this meeting were sent 
to all who attended and, in addition, were 
sent to all Institute board members, Dis- 
trict secretaries, and Section chairmen. 


COMMITTEE ON STUDENT BRANCHES 


Work was continued on arrangements 
for joint Student Branches, and a proposal 
was submitted to the directors. After 
adjustments were made by the committee 
on constitution and bylaws, the following 
action was taken by the board. Section 53 
was amended to read as follows: 


Sec. 53. The annual Student member dues shall be 
three dollars, payable in advance, and shall cover the 
fiscal year of the Institute beginning on May first. 
The initial dues payment, upon application for enroll- 
ment, shall be: 

$3.00 if application is filed at Institute headquarters 
during period February 1 to following July 31; 3 
$1.50 if application is filed at any other time. 

The renewal of Student membership shall uniformly 
require payment of the dues of $3.00 for the fiscal year 
beginning May first. The term of Student member~- 
ship shall extend to the end of the fiscal year, April 30, 
in which student status ceases, or the Student member 
has attained the age of 21, whichever is later, except 
in those cases where the fiscal year ends within six 
months after graduation. In such cases, Student 
membership may be continued for one additional fiscal 
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year, or to the end of the fiscal year in which the age of 
21 is attained. For those students who are not devot- 
ing their entire time or a major part of their time to 
studies, the term of Student membership shall not ex- 
tend over a period of more than five years. 


Section 61 was amended by the addition 
of the following to the end of the section: 


In the case of a joint Student Branch, as further refer- 
red to in Section 64, a counselor shall act jointly with 
the duly appointed counselors of other national engi- 
neering societies in matters affecting the student so- 
ciety and the welfare of its members. 


Section 64 was replaced with the following 
text: 


Sec. 64. An established student engineering society 
in a college or technical school of recognized standing 
may, upon application of its officers and a member of 
the Institute connected with the school, and the ap- 
proval of the board of directors, become associated 
with the Institute. A society so associated also may be 
associated jointly with other national engineering socie- 
ties approved by the board of directors as having 
similiar requirements and interests. If so jointly 
associated, it shall be known as a “Joint Student 
Branch,” otherwise it shall be known as a “Student 
Branch.” 


The following societies are approved for 
the purpose of this co-operation in engineer- 
ing education: American Society of Civil 
Engineers, American Society of Mechani- 
cal Engineers, American Institute of Min- 
ing and Metallurgical Engineers, American 
Institute of Chemical Engineers, Institute 
of Radio Engineers, together with such 
other national engineering societies as may 
be approved from time to time by the board 
of directors as having similar requirements 
and interests. 

District student meetings were reacti- 
vated at several locations. R. G. Warner is 
seeking clarification on the availability of 
funds for student prize papers, and a report 
from him is expected at the 1947 summer 
general meeting in Montreal, Quebec, 
Canada. 

With the membership committee a joint 
subcommittee was formed on transfer from 
Student to Associate grade. The purpose 
of this subcommittee is to explore ways of 
encouraging transfers for as many students 
as possible. _ 

Because several schools have made appli- 
cation, a standing subcommittee on the 
establishment of new Student Branches, 
has been formed. 

Work is under way to secure a set of short 
papers or essays which will stimulate stu- 
dent interest in the AIEKE. 

Work was continued jointly with the 
Sections committee to encourage Section— 
Branch co-operation. Suggestions con- 
cerning this were sent to all Branch coun- 
selors. 


FINANCE COMMITTEE 


The budget approved by the board of 
directors anticipated continued high reve- 
nues from a growing membership and ac- 
tive interest in the Institute’s affairs. At 
the same time, appropriations were made 
to carry forward the Institute’s broad pro- 
gressive program and to meet the rising 
cost of its activities. 

As of April 30, 1947, the end of the 
fiscal year operations showed a favorable 
balance of some $23,500. Receipts, largely 
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as a result of new members, were 7 per cent 
greater than the previous fiscal year. At 
the same time, expenditures increased 36 
per cent. Though the cash balance in 
general funds of $6,900 was very much 
lower than the $81,379 at the beginning of 
the year, this was offset by an increase in 
reserve capital fund investments of some 
$96,000. During this same period, $1,877 
was added to the Member-for-Life 
fund. 

The $23,500 operating balance for the 
past fiscal year compares with about 
$130,000 in the previous year. In spite of 
a rapidly growing membership, the sharp 
upward trend in unit costs, along with such 
factors as the expanded postwar program 
and the new progressive publication policy 
have been responsible for this drop. While 
the budget as approved by the board of 
directors for the budget year ending Sep- 
tember 30, 1947, was in balance, the sub- 
sequent rise in costs and falling off in adver- 
tising now make it appear likely that the 
current budget year may end with an 


_operating deficit. 


As shown in the attached audit of the 
Institute’s finances, it has been possible as a 
result of the operating surpluses of the past 
several years to build up a substantial re- 
serve capital fund which would be very 
useful as a cushion against lean years that 
must be expected. Such a cushion could 
not, however, long support a program of 
activities in excess of income. If a bal- 
anced budget is to be achieved next year, 
both the revenue and the expenditure items 
will have to be examined carefully. 


TECHNICAL PROGRAM COMMITTEE 


Increased Technical Activities. The tech- 
nical activities of the Institute are at the 
highest level in history. The winter meet- 
ing program was enlarged to provide for 
the presentation of 162 papers, 98 of which 
were TRANSACTIONS papers. Both 
these figures are new meeting records. The 
enlarged program served a record regis- 
tration of 3,567 as compared with last 
year’s record of 2,624. 


An analysis of the papers presented at 
this and other meetings held during the 
year ending April 30, 1947, is given in 
Table II. This table shows a great increase 
in the yearly number of papers presented. 
For the same number of meetings, the 
tabulations show 208 TRANSACTIONS 
papers compared with 153 presented the 
previous year, and the 367 total of all papers 
compares with the total of 212 for the previ- 
ous year. The large number of sessions, 
conferences, and papers would indicate 
that, in general, the Institute is on its way 
to doubling its activity record of the past 
several decades. Already the resources 
available for handling the large amount of 
technical activity under way at the present 
time are being strained. The increase may 
be attributed to growth in membership, the 
aftermath of the war, enlargement of the 
field of electrical engineering, and to in- 
creased technical activity in general due to 
the additional attention the Institute has 
paid «to developing full coverage of 
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every area of the profession of electrical 
engineering. 


Expanded Technical Coverage. The com- 
mittee has worked in close co-operation 
with the technical activities subcommittee 
of the committee on planning and co- 
ordination in its effort to organize the tech- 
nical committees in a manner which would 
provide the opportunity of presenting and 
recording new technical developments 
more efficiently. This work is described in 
more detail in the report of that committee. 
The creation of ten new technical com- 
mittees has increased the number of these 
committees serving the Institute by about 
50 per cent, which in itself will continue to 
make available to the Institute an increased 
number of technical meetings and papers. 
The committee now is reviewing papers for 
the newly established Midwest general 
meeting scheduled to be held in Chicago, 
Ill., November 3-7, 1947, the meeting 
having been designed to fit in with the 
National Electronics Conference to be held 
earlier in the same week. This kind of co- 
ordinated activity with other technical 
organizations also has added to the general 
activity in the electrical engineering field; 
each technical committee is attempting to 
work jointly insofar as possible with other 
technical bodies which affect it. Each 
technical committee also has analyzed its 
own administrative structure and in its 
meetings under the new group organization 
setup has traded responsibilities back and 
forth to the end that definite responsibilities 
have been allocated clearly and efficiently. 
This interchange of ideas and responsibili- 
ties in itself has resulted in a more complete 
coverage of the field. 


Analysis of Subject Matter. Sessions and 
conferences on the program of the summer 
meeting in Detroit reflect subject matter not 
found on Institute programs heretofore. 
Full sessions on servomechanisms, indus- 
trial control devices, electronic tubes and 
basic circuits, electronic power conversions, 
and a conference on electronic instruments 
were held for the first time. Two sessions 
were held on industrial power applications, 
in which members of the Industrial Elec- 
trical Engineering Society were invited to 
participate. Five of the 26 sessions and 
conferences were concerned with the indus- 
trial field. 


Analysis of Subject Matter. On the pro- 
gram of the winter meeting, sessions reflect- 
ing work in the newer fields were held as 
follows: servomechanisms, electronic in- 
struments, metallic rectifiers, applications 
in the textile industry, and three sessions in 
the field of land transportation—light 
traction, electric railways, and Diesel- 
electric locomotives. Among the recently 
developed subjects discussed in conferences 
were energy sources, electronic devices and 
methods, large scale computing devices, 
and aircraft safety. 

At this meeting also, there was an in- 
crease in activity in the industrial field, as 
7 out of 40 sessions and conferences were 
devoted to it. A number of the new sessions 
and conferences were in the field of elec- 
tronics, not to mention other numerous 
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Table Il. Numbers of Papers Presented During the Year Ending April 30, 1947 


Meeting District 

Southern District, Asheville............... OR Sado oace 
Summer, Detroit. 3... side. Soe ane tele eee 
Pacific. Coast, Seattles.. sco, snctots sca Masten ory etact ote 
Great Lakes District, Ipdianapolis......... Ss eahsaterecer se 
Wiater, New York «as cs cleiseStusieisis een oie cians wie a 
North Eastern District, Worcester......... Be OOS COG 

otal: eccrrs scaeoetem eimteet aerate ortete tor AT areteteete eet 


. . ; ~ 
electronic applications that may be found 
throughout the various sessions on these 
programs. 


Demonstrations. Increase in the number 
of demonstrations in conjunction with the 
presentation of papers was noteworthy at 
the winter meeting. Demonstrations took 
place in the sessions on electronic instru- 
ments, television, the symposium on limita- 
tions of light production, the symposium 
on rural telephone facilities, and the con- 
ference on some new electronic devices and 
methods. These demonstrations added to 
the effectiveness of the presentations and 
_the interest in the sessions. 


Plans for the Ensuing Year. With the in- 
crease in the number of Institute meetings, 
both general and District, and with the 
added number of technical committees and 
greater coverage of the field accomplished 
by the recent reorganization work, the 
commniittee’s forecast of last year on future 
activities already begins to look entirely too 
conservative. It now looks as if the average 
number of papers, instead of being either 
the 150 to 200 experienced in the past or 
the 270 forecast last year, will be well 
over the 300 mark, with the consequent 
necessity of increasing the annual number of 
sessions and conferences. 


PUBLICATION COMMITTEE 


One of the fundamental purposes of the 
Institute is the dissemination to its members 
of information concerning new theories, 
new apparatus, and new developments 
throughout the electrical field. To ac- 
complish this objective, the bylaws assign 
to the publication committee full responsi- 
bility for ‘‘supervision of the monthly 
journal, ELECTRICAL ENGINEERING, 
TRANSACTIONS, and the other publica- 
tions of the Institute, including the form, 
size, and arrangement of these publica- 
tions; also decisions regarding the publica- 
tion of papers, discussions, and all other 
matter available for publication; and the 
formulation and carrying out of plans for 
bringing into practice the policies regard- 
ing Institute publications that may be de- 
termined from time to time by the board of 
directors.” Incidental to its responsibility 
under this objective, and pursuant to ac- 
tions of the board of directors at its May 
1946 and subsequent meetings, the AIEE 
publication committee during 1946 gave 
especial attention to the development of 
ways and means of improving the Institute’s 
publications policy and procedure with the 
objectives of better serving the greatly 
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enlarged and rapidly growing membership 
and of covering adequately the active and 
ever-growing membership and of covering 
adequately the active and ever-growing 
electrical field. 


Resulting modifications in AIEE policy 
and procedure were ratified by the board of 
directors at its August meeting and imple- 
mented by necessary budget appropria- 
tions at its October meeting for the 
year 1946-47. Although this was very late 
in the publication year, and material for 
the January 1947 issue of ELECTRICAL 
ENGINEERING already was at least 
partially committed and in work, special 
efforts on the part of the publication staff 
enabled initiation of the major approved 
changes beginning with the January 1947 
issue of ELECTRICAL ENGINEERING. 
As a matter of record and reference, the 
essential features of AIEE publication 
policy and procedure under these approved 


_ modifications are set forth in the following 


paragraphs. 

Under the revised publication plan, the 
TRANSACTIONS section has been elimi- 
nated from ELECTRICAL ENGINEER- 
ING, its place being taken by a new series 
of pamphlet publications under the re- 
constituted name, AIEE PROCEEDINGS, 
each of which will carry one technical, 
paper and related discussions, literally an 
advance preprint of the ultimate TRAWNS- 
ACTIONS. Individual members are given 
the opportunity, through coupons pub- 
lished periodically in ELECT RICAL ENGI- 
NEERING, to select designated groups of 
these technical papers to be received free 
of charge, and other papers to be received 
as desired at a nominal charge to cover 
actual cost. More specifically, the current 
publications and policy of the Institute are 
described in the following paragraphs. — 


7. ELECTRICAL ENGINEERING. 
Coincidental with the elimination of the 
TRANSACTIONS section, the general 
interest content of ELECTRICAL ENGI- 
NEERING has been expanded, enhanced, 
and given greater flexibility to satisfy more 
fully the current and future requirements 
of the membership. Subject only to general 
policy, the management and publication of 
ELECTRICAL ENGINEERING will be 
entirely the responsibility of the editor. 

The contents of the monthly will be 
divided broadly into two general cate- 
gories: 


1, General articles, to be drawn from all currently 
available sources, selected on the basis of timeliness 
and general-interest value to the membershipvat large. 
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2. News material, appropriately reflecting all AIEE 
and related activities, also reflecting other current ac- 
tivities of interest and significance to the membership. 


Summary abstracts of technical papers will 
continue to. be published as far as possible 
in advance of the meetings at which the 
papers are scheduled for presentation. 

A more aggressive advertising policy is 
being instituted, to capitalize more fully 
upon the established prestige and substan- 
tial standing of ELECTRICAL ENGI- 
NEERING. Some improvement has been 
effected in the weight-and quality of paper, 
and further improvements are contem- 
plated as conditions permit. 

Distribution of ELECTRICAL ENGI- 
NEERING will continue to be made auto- 
matically to the entire AIEE membership, 
including Students; to be available also to 
nonmembers at an appropriate subscrip- 
tion price in accordance with postal regu- 
lations and as provided in AIEE bylaws. 


2. PROCEEDINGS. For the purpose 
of better and more promptly serving those 
among the membership who are interested 
especially in the full and complete tech- 
nical and mathematical details of subject 
matter within the fields of their particular 
professional interest, a new series of pam- 
phlet publications has been established, re- 
activating the name, AIEE PROCEED- 
INGS. These PROCEEDINGS contain the 
full text of all papers approved by the tech- 
nical program committee for publication in 
TRANSACTIONS and for presentation at 
general or District meetings, together with 
all discussions of those papers as approved 
by the technical program committee; also 
may contain ‘miscellaneous (ACO) 
papers” approved by the technical program 
committee, and other appropriate material. 
Thus, the PROCEEDINGS is planned to 
contain all material previously published in 
the TRANSACTIONS sections of the 12 
monthly issues of ELECTRICAL ENGI- 
NEERING, all the material previously 
published in the two semiannual “‘Supple- 
ments to ELECTRICAL ENGINEER- 
ING—TRANSACTIONS Section,” and in 
addition other meetings material previously 
unpublished. 

Distribution of PROCEEDINGS is being 
made on a selective basis through the use of 
coupons published from time to time in - 
ELECT RICAL ENGINEERING, each Fel- 
low, Member, and Associate of the AIEE 
being given an opportunity to select for 
receipt free of charge a limited quantity 
designed to be sufficiently generous to 
enable the average member to obtain those 
papers in which he is concerned most 
intimately; additional copies are available 
at cost. The first distribution of PRO- 
CEEDINGS began in April 1947, carrying 
winter meeting papers. 


3. Annual TRANSACTIONS. Current 
policies and procedures with reference to 
AIEE TRANSACTIONS are being con- 
tinued without change, except that the 
flexibility introduced by the previously dis- 
cussed changes in publication procedure 
now enable discussions to be assembled with 
the papers to which they apply. Distri- 
bution continues on the basis of advance 
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order; to the AIEE membership at cost, to 
others at appropriately higher prices. 
Sharply increased production costs will re- 
quire an upward adjustment of price for 
the 1948 volume. 


4, Preprints. To encourage and facili- 
tate discussion of technical papers at general 
and District meetings, the practice of issuing 
advance pamphlet copies or preprints of 
technical program papers by the photo- 
lithographic or other appropriate process is 
being continued. Distribution is made 
through two principal channels: 


1. Through the interested technical committee a 
limited quantity without charge for official use. 


2. Through general sale, to the entire AIEE member-. 


ship at cost and to others at 100 per cent above mem- 
bers’ price. 

Heavy increases in production costs during 
the past year have necessitated an adjust- 
ment in the price schedule for this material, 
which now stands as follows: 


Table III. Advance Pamphlet Prices 


a 


At 
Headquarters 
or Meeting, By Mail, 
Size Cents Cents 

12 pages or less: 

Movmem Hers! e019 9/2" TO tecanairictaers 20 

To nonmembers......- et Sie pica cy 35 
16 pages: To members.........- ZU Soo ane 25 

To nonmembers......- BO sreisisteys <0 45 
20 pages: Lo members.........-+ 2D stavaleetatehels 30 

To nonmembers......- BONS Srersnstels 914 55 
24 pages: Lo members.........- BO ae sissies ere 35 

To nonmembers......- GO naiereeatnete' 65 
28 or more: 

To members........-- EI.c CoA 40 

To nonmembers....... Ob eire Asters 75 


5. Special Publications. ‘To provide a 
facility in a field of publication services 
heretofore not satisfied adequately by the 
Institute, a series of ““AIEE Special Publi- 
cations”? has been established, and its use is 
encouraged. It is contemplated that such 
publications will be issued from time to 
time, and in appropriate relation to other 
AIEE publications, to accommodate ma- 
terial of especial value and importance in 
its field, but of limited general interest or 
applicability, or material peculiarly con- 
venient and appropriate in the form of 
separate or substantially bound books or 
booklet. 

Special publications are to de issued on an 
entirely self-supporting basis, the proceeds 
from the sales in effect constituting a re- 
volving fund for continuation and stimu- 
lation of the project. Distribution will be 
on the basis of individual order; at cost to 
the AIEE membership, to others at 100 
per cent above members’ prices. 


6. Reprint Service. As a special service 
which has proved to meet many member- 
ship needs, the practice of publishing quan- 
tities of reprints or preprints of AIEE ma- 
terial is being continued. Such reprints 
usually are produced on the basis of specific 
order or anticipated need; in any event, 
on an entirely self-supporting basis. 


7. Annual Index. A complete composite 


“AITEE Annual Index” is planned, to cover 


1947, VoLUME 66 


appropriately the content of ELECTRI- 
CAL ENGINEERING, PROCEEDINGS, 
TRANSACTIONS, and special publica- 
tions, continuing the basic alphabetical 
multientry subject-listing system originally 
developed by ELECTRICAL ENGINEER- 
ING and used with eminent success over a 
period of many years. Distribution is auto- 
matic and without charge to AIEE mem- 
bership and to regular subscribers to AIEE 
publications; upon request to others. 


8. Yearbook. Publication is continuing 
without change. © Distribution automatic to 
Section, District, and national officers and 
national committee personnel; to others 
upon request. 


9. Conference Papers. The informal 
AIEE conference papers will be treated 
very much as in the past. As such, they do 
not have automatic publications status, 
although the editor of ELECTRICAL 
ENGINEERING specifically is authorized 
to make appropriate use of conference 
material subject to the approval of the 
authors involved. 

An accompanying tabulation shows the 
number of pages of various classes of ma- 
terial published during the last three years 
as compared with 1941 which was the last 
prewar year. The cancellation of meetings 
in 1945 caused a sharp drop in the amount 
of material available: for publication, the 
effects of which were carried over somewhat 
into early 1946. 

Considerable difficulty has been experi- 
enced throughout the year in obtaining a 
satisfactory supply of paper, because of 
industry conditions, although rationing as 
such no longer exists. 

Several changes were made in the AIEE 
publications staff with the objective of im- 
proving the average level of technical 
qualifications. Overcrowded conditions in 
the Engineering Societies’ Building neces- 
sitated relief in some direction, and hence 
the publications department as an operat- 
ing unit of the headquarters organization 
was elected for removal to commercial 
office building space. This includes both 
editorial and advertising offices. 

Much remains to be done in developing 
the full potentiality of the new publication 
policy, and full effort toward that objective 
is being continued by the publications staff 


-and the publications committee. 


COMMITTEE ON INSTITUTE PUBLICITY 

The committee on institute publicity 
undertook as its first job to plan the pub- 
licity campaign for the 1947 winter meet- 
ing. The experience of earlier committees 
in handling this problem was available and 
was drawn upon freely. It was apparent 
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Table IV. Numbers of Pages of Published Mate 


from these earlier experiences that there 
had not always been sufficient time to do a 
thoroughly integrated job. Accordingly 
the Raymond C. Mayer public relations 
organization was engaged as of December 
1, 1946, to help plan a publicity campaign 
and to prepare material for distribution 
through various publicity mediums. The 
technical program committee and the 
winter meeting committee co-operated 
wholeheartedly in developing the program 
for the meetings which would take full 
advantage of publicity possibilities. 

Mr. Mayer assisted in this general plan- 
ning of the program, and his organization 
prepared publicity releases on many of the 
papers that were presented. Each of these 
was reviewed by the chairman of the com- 
mittee, or his representative, and all were 
distributed to mediums considered ‘appro- 
priate for the subject in hand. In addition 
the Mayer organization issued general 
releases. regarding the meeting activities 
and some of its personnel, as well as re- 
leases concerning the medal presentations. 
Photographers were made available for 
press pictures of the medalists and other 
groups, as desired by press representatives. 

The Mayer organization also arranged 
for clippings, through organized clipping 
services, and these are available to the 
committee. There was very wide use of 
released material in many mediums, ac- 
cording to a survey by Mr. Mayer, several 
times the coverage previously attained. 

No special plan has been set up to con- 
duct a similar campaign under the com- 
mittee’s auspices for the summer general 
meeting, although it is planned to investi- 
gate the matter of general publicity for that 
meeting through the local Montreal organi- 
zation. 

The committee has given some thought: 
to the possibility of aiding Student Branches: 
in publicizing Institute activities. It 
seems clear that students who will become 
engineers, eligible for membership in the 
Institute, should have their interest in the: 
Institute aroused, as a means of stimulating 
membership. Thus far very little has come 
of this effort, but several of the counselors 
have volunteered suggestions. This mat- 
ter should be studied further. 

In addition to the effective use of a 
sound publicity program as a means of 
stimulating Institute growth, such a pro- 
gram is valuable as a means of enhancing 
the prestige of present members and of the 
engineering profession as a whole. It also 
serves to fulfill an obligation to the public. 
which contributors to scientific knowledge 
should recognize. Obviously this involves 
more than the issue of news releases. The 
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Table V. Membership Statistics for Fiscal Year Ending April 30, 1947 
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the rate of increase in membership was not 
quite so high as the previous year, this was 
caused by the fact that 475 members were 
dropped who previously had maintained 
inactive status because of military service. 

Indications are that the membership will 
continue to increase steadily during the 
next several years. Table VII shows the 
tremendous increase in number of Student 
members, that is, 9,021 at the end of April 
1947, compared with 5,087 at the end of 
April 1946. This increased reservoir of 
Student members should stimulate mem- 
. bership during the next few years. 

There is a slight increase in members who 
are in arrears with their dues. At the end 
of April 1947, there were 1,090 members 
in arrears, whereas a year ago there were 
only 954 members. It is hoped that in- 
creased activity of the Section membership 
committees will improve this situation. 

During the past year, the number of 
members carried on inactive status was 
reduced from 1,809, as of April 30 last year 
to 361 as of April 30 this year. Of the 361 
on the inactive list, about 70 are members 
who are still in the service and who have 
requested continuance of inactive status. 
About 290 are members located abroad 
who will be permitted to become rein- 
stated upon notification. Incidentally, 
this opportunity to become reinstated is 
also available to the 475 members who were 
in the service and have been dropped as of 
April 30, 1947. 

Activity of the Section membership com- 
mittees is reflected by the fact that 3,269 
applications for membership were received 
during the year. 
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Table VII Number of Student Mem- 
bers as of April 30 


New 
Year Applications Renewals Total 
19476 arerotatelataxeke 002 rareteletetaier 3,929) uie iia 9,021 
Se oooccoDr 2,574 Ayo dae reraleliterts 5,087 
ey Basco dour Zs S20 oteete esetelote PRINT hk St Ar OR 4,613 
LOG AR eleveteleteye C73 Fer HOO DE ZO SGeerarsl aerate 4,898 
1943 DDD a aietolaaiete 25200. yer. iepeenieheter 5,712 


An effort was made during the past year 
to decentralize the activities of the mem- 
bership committee as much as possible. It 
is believed that more effective membership 
work is done at the Section level, and 
everything possible should be done to sup- 
port the Section membership committee 
chairmen. The responsibility was assigned 
to each District vice-chairman of the mem- 
bership committee to assist the Section 
chairmen in his District. Progress has been 
made along this line. 

A talk on benefits of membership in 
AIEE was prepared for presentation before 
the Student Branches. In the preparation 
of this talk, the membership committee 
co-operated closely with the committee on 
Student Branches. It is planned to have 
this talk presented before all Student 
Branches this fall to stimulate Student 
membership. 

The membership committee thinks it 
desirable to stimulate transfers from Stu- 
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Table VIII. Record of AIEE Member- 


ship 

Total Total Total 
Year May1 Year May1 Year May 1 
1S84ce ee Pt A 90Geeee 3:87 0b 1927 eae 18,344 
PSESincccG 209, ee lOOT ner ASS2i0 19285 18,265 
L886 200 SOS centre 5,674 "19298005, 18,133 
1887 s3.te S14 1909 aoe 6,400 1930..... 18,003 
188957.40 355) ae LO1ON air 6;6825 Set 9S1 sce 18,334 
1890. 42791 dieser Wjldde “1932 eee 17,550 
1891) paints OA deen Scere stern T4591) 1933 sie 17,019 
1892 i cite 161 Se Ol Satins 7,654 1934,....15,230 
1893), sun OFS e LO lees 7,876 19352000. 14,269 
1894... 800 ~1915..... 8,054 1936..... 14,600 
18955. 5 944 11916 wetotere S202 19S Terres 15,308 
18965...) 3035 T1917. i. 8,710) W938 ai 16,078 
TE inn eevee SCE Ae ang 9282) 1939 aeare 16,605 
1898 reat 098) LOU Deer 10;352)" 194055. 17,213 
Ooo Tt tgl'SS el 920 terete 11,345 1941..... 17,886 
1900 yr d5183) e192 Tree. 135215 519425, 011 18,944 
1901) eels 260m 1922 crac 14,263 1943..... 20,161 
1902 rye:3:1 5490 dO LO wists 15,298) 1944.) 705 21,407 
1903) c2y22 9m LIDS serene 16,455 1945.02. 23,072 
1904-4....3,027 = 1925500... 17,319) “1946.02... 25,090 
1905... .3,460 © 1926... 18,158 1947..... 26,478 


dent membership to Associate membership 
immediately upon graduation from college. 
A joint subcommittee with members from 
the membership committee and Student 
Branches committee is working on this 
subject and expects to present a report of a 
plan by this fall. 

A subcommittee of the membership 
committee is revising the Section member- 
ship committee manual. This revised 
manual should be ready by the latter part 
of this year. Revision of the booklet, 
‘‘Accomplishments of the AIEE in the 
Engineering World,” is now under way. 
Both of these publications are valuable 
tools for Section membership committees. 

The preceding membership statistics are 
supported by Tables V, VI, VII, and VIII. 


BOARD OF EXAMINERS 


Statistics relating to the number of cases 
handled by the board of examiners during 
the year 1946-47 are given in Table X. 
The past year shows an increase of 71 per 
cent over 1945-46, indicative of the in- 
creasingly widespread interest in AIEE 
activities. The expeditious handling of 
this rapidly growing number of cases on a 
monthly meeting schedule has been possi- 
ble only through the 1945 increase in mem- 
bership of the examiners to 19. 

The board of examiners wishes to reiter- 
ate its pleas of previous years for careful 
preparation of applications for both admis- 
sion and transfer to Member and Fellow. 
Though the situation has improved through 
the co-operation of national and Section 
committees, it is still necessary for both the 
examiners and headquarters to spend con- 
siderable time obtaining more detailed in- 
formation on professional records and 
added* references to bring a sizeable num- 
ber of cases into conformity wo the con- 
stitutional requirements. 

In Table XI figures on cases aq by 
the board over a 5-year period are given. 
Of particular interest are the percentage 
rejections for admission and transfer to 
Member, which with one exception are al- 
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Table IX. Deaths of AIEE Members Reported in “Electrical Engineering” 
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Obituary Notice in Obituary Notice in 


Table X. Applications for Admission 
and Transfer 1946-1947 


eS 


Applications for Admission 


Recommended for grade of Associate. . . . 2,052 
Re-elected to the grade of Associate... . 


Not recommended.........-.--++++00+ 3 
2,169 
Recommended for grade of Member.... 390 
Re-elected to the grade of Member..... 20 
Not recommended...........+--2+-++> ih 
485 
Recommended for grade of Fellow...... 2 
a ; 
Applications for Transfer 
Recommended for grade of Member.... 424 
Not recommended.......-.-.+ss++00% 34 
458 
Recommended for grade of Fellow 
(by proposal)........+seeeeeeeeeeee 64 
Recommended for grade of Fellow 
(by invitation)........+.-+0seeeeees 14 
Not recommended..........-++ee+eee% 3 
81 
Students 
Recommended for enrollment as Students....... 3,931 
Total...... Pet oparinnes scencduncomcadonc 7,126 


—————————————— ne 


most constant. No figures are given on 
unfavorable actions concerning Fellow 
grade, as such rejections are at a negligible 
minimum. Similar studies made earlier 
over a much longer period have resulted in 
almost identical figures. 
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Table XI. 


Date of. Date of Grade at “Electrical Date of Dateof Grade at ‘Electrical 
Name Election Death Death Engineering” Name Election Death Death Engineering” 
te Ne aT EE 
Adams, Edward L........... A ’24,..May 4, ’46...A.... July °46, p. 357 Macdonald, James E......... A ’03..Aug. 8, °46...M ov.’ 
Waster Roy. Cunc...s:p-non-- A °39. Sept. 22,°46...A.... Dec. °46,p.588 Margolin, Datel nin ea, Sia 3 wa fs ae ¢ a 
Blair, Samuel Roberts ica. A °29. Apr. 17,°46...A...- July °46, p. 358 Matthies, William H......... M’26..Oct. 20, °46...F... Dec. 46, p. 587 
Blume, Jee R TON Abe got ease A ’09..Aug. 14, °46...F.... Nov. 746, p. 539 Mini, Jr., Joseph.........--- A ?08..Aug. 24, °46...A.... Jan. 47, p. 98 
Browning, Jr, Elmer:E.......- M°?38..Jjan. °8, 247. .M-.. Mar. 47, p. 306 McAllister, Addams S........ A ’02..Nov. 26, °46...F.... Feb. 47, p. 193 
Burton, William Corwin..... A °93..Apr. 18, °46...M...Aug.—Sept. 46, p. 421 Pattison, Frank A............A 791. .Sept. 18, °46...F.... Nov. 46, p. 538 
Butz, Jr., Arthur N.......... A °45..Dec. 7,746...A.<.< Feb. °47, p. 194 Rodman, Walter S...........A ’07..Dec. 31, 46...F... Mar. 47, p. 305 
Ghambers, W. L.. -.... 000% A ’45..May 18, ’46...A.... July °46, p. 358 Roy, Kiron Chandra........ IAN 23 die Octo m1 9c 45 aieekoes May 46, p. 232 
Cooke, Jr., Thomas L........ A °41,.May 27, ’46...A....Aug.—Sept.’46, p. 422 Sachs, Joseph... ........600 A 792..Nov. 15, °46...F... Feb. 47, p. 194 
Crane, Albert 'S.............- A ’04..Aug. 26, ’46...M... Oct. °46, p. 476 Scanlon; Jo Leo ates ee ere «<i A °28..Jan. 20,°47...M.. Apr. 47, p. 408 
Creasey, John W.........-..- AS220 Severe mistatoiereissgisietes M.. Dec. ’46, p. 587 Schneider, Frederick W...... A °17..Dec. 28, 746...A...- Mar. ’47, p. 306 
Curry, Aubrey | es chacoace M’34..Feb. 6,746...M.. July °46, p. 358 Scott, Edgar George......... A ’10..Dec. 25, °45...M.. July °46, p. 357 
Czarnecki, Frank @ocbe cies): © A 715.,Dec. 25, °46...A... Mar. ’47, p. 306 Shapiro; Louis. 5... 01..s60+* A °36..Apr. 28, ’46...A.... July °46, p. 357 
Daniels, Harold Baeritiecetins A 702..July 1,°46...A.... Oct. ’46, p. 476 Shearer, Harry Foster........M’45..May 24, °46...M...Aug.-Sept. 746, p. 421 
Dearborn, Richard Harold...A ’07..Mar. 21, °46...F.... July °46, p. 357 Shepard, Robert B........... A °25..June 20, 46...F....Aug.—Sept. °46, p. 421 
Dively, William L........... ASE DT Saree taiaiicateiin'e A relate Nov. 46, p. 539 Smith, Frank W....... ies eds A ?05..July 22,’46...M Oct. °46, p. 476 
Dixon, Walter C...........--M’36..Feb. 28,°46...M.. June ’46, p. 289 Smith, William L..........++ M’22..Feb. 21, 47...F Apr. °47, p. 408 
Elliott, Edward Byron....... A °17,.Mar. 14, ’46...M... July °46, p. 357 Southgate, George T......... A °11..Nov. 8,’46...M... Mar. ’47, p. 305 
Filer, William F., 200.5000... M’26..June 24,°46...M... Nov. 746, p. 539 Sprong, Severn’ D...... 6 6021 A ’03..June 27,746...F... .Aug.-Sept. 46, p. 421 
Fisken, John Barclay......... 7 ioc ocicc ob eoep Cod F....Aug.—Sept. ’46, p. 421 St Clair, Byron W...0.1<.-.- «101s. A ?17..Apr. 4,°46...M... June ’46, p. 289 
Francisco, Ferris L........... A ’04...Oct. 11,°465..M... Dec. 46, p. 587 Stephens, Charles E.......... M ’22..Nov. 19, °46...M.. Feb. °47, p. 194 
Garfield, Alexander Suntehartenies GPO R CC en Ds AAs eral sokes Jans °47, p. 97 Stephens, Howard O......... A 718..May 15, ’46...M.. Feb. °47, p. 194 
Goldstone, Philipeets staseero oe M’24..Apr. 29, 46...M...Aug.—Sept. ’46, p. 422 Stevenson, Francis Leslie..... A '03..Feb. 13, °46...M.. July °46, p. 357 
Griffes, Eugene Vi. ~~... ~ +, A296. July 215/745: Ace a. Jan. °47,p. 98 Stevenson, Jr., Alexander R...A ’20..Aug. 28, °46...F... Oct. °46, p. 476 
Grifhth, Hoyt) eyelets seas (A 45 lans © 4524 Tia) tAve ae Mar. 47, p. 306 Stiefel Karl) Jo Jesu eae eo os A °39..Oct. 28, °46...A... Mar. 747, p. 306 
Hardy, Shaw Hawaii «es A °46..May 26, °46...A....Aug.—Sept. °46, p. 422 Stockwell, Frank C.......... A 712..Dec. 29, 46...M.. Mar. ’47, p. 305 
Harkins, John. <<... <1. A °21..May 21, 46...M.. July °46, p. 358 Swoboda, Adolph R........- A ’06..Oct. 20, °46...M.. Jan. 47, p. 98 
Harrison, James...........++ A 703..June 16, 46...F... Dec. 46, p. 587 Tabossi, Plectorierc cj. ctom «cislers A 712..June 15, 746...M.. Dec. ’46, p. 587 
Herrington, C. R...........4 A ’45,.Sept. 5,°46...A.... Dec. °46, p. 587 Thompson, Harry Lee....... A ’21..Mar. 24, ’46...A.... June °46, p. 289 
Hobart, Henry M..........- IN EGY S, KOlds SUL au gl Japa Dec. °46, p. 586 Trench, Robert Butterfield...A ’41..Apr. 21, °46...A.. July °46, p. 358 
Hood, Samuel Bingham...... M’14..Mar. 9,’46...M... May ’46, p. 232 Van Bokkelen, W. R........- A 712..May 22,°46...M...Aug.-Sept. °46, p. 421 
_ Houser, Kenneth O.......... A 44, Apr. 16,746...A.,...Aug.—Sept. 46, p. 422 Waring, James M.S........- A °06..Qct. 23,746. ..A.... Dec. 746, p. 587 
Jackson, Jack E............. AN238 Nove 15) 4605. Aven oe Feb. °47, p. 194 Watson, Leon A. i cies eas. cine M’35..Apr. 18, °46...M.. July °46, p. 358 
Jain, Ranjit Singh........... M’39..Apr °46...M.. Dec. ’46, p. 588 Way, Sylvester B..... Ree isan A ’03..Sept. 20, °46...F.... Dec. ’46, p. 586 
Kane, Jonny J... - ce. cee «ess M’15..Nov. 8, 746...M.. Jan. °47,p. 98 Weiss, Otto. se). c. ese conic M°46, .Mar. 28, °46...M...Aug.-Sept. ’46, p. 422 
err Milton Plc. -... 2. +. M°’41..Oct. 7,’46...M.. Dec. °46, p. 588 Wilcox, Stanley C........... A °38..June 22, ?46...M... Oct. °46, p. 476 
Killingsworth, Henry M...... A ’45,.June 4,°46...A....Aug.-Sept. °46, p. 422 Wolff, Frank Alfred. ........ A ’99..Mar. 28, 746...M... June 746, p. 289 
Kopp, Otto A.......-5..500- A ’09..Dec. 19, ’46...M.. Apr. ’47, p. 408 Young, Herbert W.........+: A °05..Nov. 25, °46...F.... Feb. ’47, p. 194 
Little. | Ore Begin nconoeecot A ’02..Dec. 26, 746...M.. Apr. 747, p. 408 Zimmerman, Mathias, W. F...M’43..Mar. 23, ’46...M..- June 46, p. 290 


Five-Year Summary 1942-1947 
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Admissionto Member Transfer to Member 


Per Cent Per Cent Transfer Total 

Year Students Associates Total Rejected Total Rejected to Fellow Cases 
1946-1947........ en eiccaneed 2,169. ..+---485.....- 1a bone SBS 45B. cisicie Tain env ssleee 83.4... 7,126 
1945-1946.....: 1568... vcinreae 1,601....... 422..... Sn obopae ATS wrratal<\e's Pino og SocDuaD 96...000+ 04,165 
1944-1945...... WPI) s sos onas ACS 24 sterarereie= BAD merino. Wi Pa oones 434....00- Brfelairle oterels!s/=1« 63 eee aes 4,693 
1943-1944...... 21098 oe cies» BERT ES Seas 309.2.... ee eao00r 381...-..- Ati cjeseseece WS scscwis = 4,465 
1942-1943..... 2,317... WEES. Gee oo 262...... Un Ren soudc 8 iertatebalete A toa oieto(atelntes AD... c.0e- 4,895 


COMMITTEE ON TRANSFERS 


Realizing that many Sections have not, 
in recent years, been taking the interest 
they should in encouraging their eligible 
members to apply for higher grades of 
membership, and, believing that the lack of 
a uniform guide was the primary reason for 
the apparent disinterest, the committee on 
transfers concentrated its efforts on the 
preparation of a general guide supple- 
mented by thoroughly developed sugges- 
tions to the Sections. 

The general guide, itself, was prepared 
and submitted by the board of examiners. 
This guide under the title, ‘Transfer Pro- 
cedure,” was studied carefully and en- 
dorsed, without revision, by the committee 
on transfers. However, a wide variety of 
suggestions were received both from the 
members of the committee and from several 
Sections which obviously had maintained 
interest in grade transfer work. The sug- 
gestions were enlightening and helpful. 


Board of Directors Report 


The Sections committee became inter- 
ested in the study being made by the com- 
mittee on transfers, and, finally, a joint 
report was made by these two comunittees. 
This joint report was duplicated in New 
York and mailed to all Section chairmen 
and secretaries, and to all members of the 
board of examiners, Sections committee, 
committee on transfers, and other inter- 
ested members. 

The high points of the report, dated 
December 30, 1946, in supplement to the 
“Transfer Procedure” were that: 


1, Each Section should have a grade transfer com- 
mittee as a standing committee. 


2. Each local committee should be a continuing com- 
mittee operating throughout the calendar year. 


3. Each local committee should be sufficiently large 
to represent fully the professional groups and industries 
within the area. 


4. Each local committee should be composed of the 
best known, most highly respected, and most repre- 
sentative men in the Section. 
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5. Any candidate for transfer should be considered 
by a group of the local committee having grades no 
lower than the grade being considered for the candi- 
date. 


COMMITTEE ON CODE OF PRINCIPLES 
OF PROFESSIONAL CONDUCT 


As no important matters came before this 
committee during the year, it held no 
formal meetings, but carried on all of its 
activities by correspondence. 

Various members of the committee have 
been active in their own geographical areas 
in bringing the attention of engineers and 
others to the Institute’s ‘Code of Principles 
of Professional Conduct” and in furthering 
the Engineers’ Council for Professional 
Development’s ‘‘Canons of Ethics for Engi- 
neers,” 

Several members also have taken an ac- 
tive part in urging upon their representa- 
tives in the Congress of the United States the 
importance of passing Senate Bill 360, in an 
endeavor to relieve engineers and other 
professional men from the conditions which 
force engineers into collective bargaining 
dominated by workingmen’s unions. 

At the time of the last report, an alleged 
violation of professional ethics by an Asso- 
ciate was being investigated. This investi- 
gation finally was dropped when the com- 
plainants would not furnish detailed evi- 
dence, and the alleged violator would not 
answer any requests of the committee for a 
statement of his side of the case. A report 
of this matter was submitted to the AIEE. 


COMMITTEE ON 
REGISTRATION OF ENGINEERS 


The committee on registration of engi- 
neers has devoted most of its attention to 
the problem of co-operating with other 
organizations on registration of engineers, 
and in keeping the Model Law in accord- 
ance with present thinking. The com- 
mittee recommended the following resolu- 
tion, which was approved by the board of 
directors: 


RESOLVED: That the legal recognition of engineer- 
in-training status for recent engineering college gradu- 
ates and other equally qualified persons is beneficial 
to the public and to the profession. This practice 
distinguishes men intending to become professional 
engineers from others not so qualified or so intending. 
It further is resolved that this resolution be published 
in ELECTRICAL ENGINEERING and that members 
be encouraged to assist groups striving to adopt this 
practice in the states where they reside. 


The committee also has given considera- 
tion to the selection of personnel to serve on 
state registration boards and the methods 
by which this selection is made in various 
states. The committee feels that the Model 
Law could be improved in several aspects 
and particularly regarding the provisions 
for the engineer-in-training. 


COMMITTEE ON CONSTITUTION AND 
BYLAWS 


On December 3, 1946, the committee 
made the following recommendations to 
the board of directors, which were adopted 
by the board, January 29, 1947. 


1. Amendments changing the word “convention” to 
“meeting” wherever it occurs in the bylaws, and chang- 
ing Section 27 so that the four general meetings will 
be known in future as the “winter general meeting,” 
the “summer general meeting,” the ‘Midwest general 
meeting,” and the “Pacific general meeting.” Sub- 
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‘mission of a constitutional amendment at the next 


convenient opportunity, to substitute the words 


“general meeting” for “convention.” 


2. Amendment to transfer Hawaii to District 8 with 
corresponding change of the map of Districts of the 
Institute. 


3. Amendment of Section 48 to make changes in the 
allotment of funds to Sections. 


On December 27, 1946, the committee 
made the following recommendations to 
the board, and the8e were adopted also on 
January 29, 1947. 


1. Amendments of Sections 53, 61, and 64 of the 
bylaws to permit the formation of joint Student 
Branches with other national engineering societies, 
and to extend the term of Student membership until a 
Student member has reached the age of 21, if he should 
be graduated before reaching his majority. Submis- 
sion of a constitutional amendment, Article IV, 
Section 16, at the next convenient opportunity, to 
enable joint Student members to become Associate 
members in accordance with Section 57 of the bylaws. 


2. Amendment of Section 33 to clarify it, and in 
Districts having less than five Sections to enable the 
District executive committee to act as the co-ordinating 
committee for the District. 


On April 16, 1947, the committee made 
the following recommendations to the 
board, and these will be presented at the 
June meeting of the board. 


1. Amendment to the bylaws consisting of the dele- 
tion of Section 8, pertaining to the preliminary con- 
sideration of applicants for transfer from Associate to 
a higher grade of membership. 


2. Amendment of Section 41 to delete reference to 
the finance committee, as this section relates to Sec- 
tion territory and does not involve financial matters. 


COMMITTEE ON PLANNING 
AND CO-ORDINATION 


The committee has carried forward 
actively the project assigned to it by the 
board of directors nearly two years ago and 
subsequently interpreted and re-emphasized 
by board resolution or adoption of the 
committee’s several recommendations. 
The committee held four meetings and 
carried on a considerable correspondence, 
but the real work was done by its two sub- 
committees. 

The subcommittee on technical activi- 
ties held monthly meetings and supple- 
mented frequent joint sessions with the 
technical program committee by a truly 
voluminous correspondence with members 
of the technical committees. 

During the past year the subcommittee 
has devoted its effort almost entirely to a 
study of a reorganization of the Institute’s 
technical activities and the preparation of 
recommendations to the board on how this 
reorganization might be accomplished 
under the directive set forth in a resolution 
adopted by the voard at its meeting in 
Asheville, N. C., in May 1946. That reso- 
lution specified : 


(1) that such additional technical committees should 
be organized as may be needed to cover the important 
items of electrical technology; (2) that these technical 
committees should be grouped in appropriate divisions 
or groups with a steering committee for each group 
fairly compact in numbers and reasonably concen- 
trated geographically to promote effective action; 
(3) that the members of the steering committees be ap- 
pointed by the president, and the members of the tech- 
nical committees be appointed by their respective 
steering committees, all to serve for one year; (4) that 
each year the group steering committees, in addition 
to appointing their several technical committees, make 
recommendations to the president through the secre- 
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tary on the membership and organization of their re- 
spective successor committees, including at least two 
alternates for each chairmanship; (5) that in such 
recominendations the steering committees provide for 
a turnover of at least 25 per cent of the steering com- 
mittee personnel each year. Further, that it is the 
intent of this board that the responsible committees 
should proceed with such changes as they may deter- 
mine to be necessary and proper to effectuate these 
principles, unless the proposed changes are at variance 
with either the constitution or the bylaws, in which 
event they shall be referred back to this board for fur- 
ther consideration. 


Pursuant to this directive, the subcom- 
mittee has recommended, and the board 
has approved, the formation of four co- 
ordinating committees and the establish- 
ment of 20 new technical committees. 
Some of these technical committees are 
new, and some supplant others recom- 
mended for retirement. Including the 
committee on education, the status of which 
was changed from that of a technical com- 
mittee to that of a general committee, 
there were ten technical committees that 
were recommended to be withdrawn, thus 
making a net increase of ten in the number 
of technical committees recommended to be 
in operation. A résumé of the proposed 
setup follows: 


Power Group 

Power substations 

Power rotating machinery 

Power transformers and regulators 

Power generation 

Power system operation 

Power transmission and distribution systems 
Insulated power cables 

Power protective devices 

Power switchgear 

Power relays 

Power systems application of carrier current 
Power converters—electronic 


Industry Group 


Electric welding 

Electric heating 

Industrial power systems 

Mining, metal forming, and rolling 

Industrial control devices and equipments 

Chemical, electrochemical and electrothermal 
Machine tools, material processing, and fabrication 
General Applications Group 


Air transportation 

Domestic and commercial application 
Land transportation 

Production and application of light 
Marine transportation 
Communication and Science Group 


Communication 

Basic sciences 

Electronics 

Instruments and measurements 
Nucleonics 

Therapeutics 


Except for the nucleonics committee, the 
new committees were formed from strong 
existing subcommittees. 

Also the chairmen of two of the general 
committees, education and research, were 
made ex-officio members of the technical 
program committee, in addition to the 
other committee chairmen already having 
that status. 

It is recognized that the proposed reor- 
ganization does not achieve perfection. 
However, the responses received from inter- 
ested members indicate a remarkable de- 
gree of concurrence that the changes are a 
step in the right direction and a satisfactory 
basis for trial. Experience with the new 
setup will show. what further changes are 
necessary or desirable. 


The principal activity of the subcom- 
mittee on professional activities continued 
to be its study of organization of the engi- 
neering profession. Through meetings 
throughout the country and the use of a 
questionnaire, it obtained opinions and 
expressions from nearly 1,500 Institute 
members in the several fields of technical 
interests and in various age and employ- 
ment groups. The subcommittee made a 
formal report which included results of the 
survey and recommendations for considera- 
tion of a plan of organization based on that 
originally proposed as plan D, but modified 
to incorporate certain: features from plans 
Band C.- In effect, this plan proposes an 
over-all engineering organization composed 
of individual members, which would fur- 
ther the nontechnical needs and aspirations 
of engineers in all fields. Under the pro- 
posed plan, the present technical societies 
would continue to function practically 
without change in their respective technical 
fields. Included was a skeletonized con- 
stitution and certain other fundamental 
principles regarding classification of mem- 
bers, dues, publication, and so forth. 

The committee accepted the report and 
submitted it to the board of directors. The 
board authorized immediate publication of 
the survey portion of the report. (This 
appeared in the April 1947 issue of ELEC- 
TRICAL ENGINEERING.) The board 
also approved early publication of the 
entire report, except for the plan of pro- 
cedure. (This appeared in the May issue 
of ELECTRICAL ENGINEERING.) The 
report was referred to a special committee 
consisting of the president and four past 
presidents for editing and the preparation 
of recommendations to the board as to its 
disposition. 

As a prerequisite to any plan of organi- 
zation for the engineering profession, it was 
believed that there is a need for uniform 
grades of membership in all the societies. 
A study therefore was made of the present 
membership requirements of the Founder 
Societies, and recommendations prepared 
for grades of fellow, member, associate, and 
student. The board approved the princi- 
ple of uniform grades, agreed to urge vari- 
ous other societies to study the matter and 
consider adoption of uniform grades, and 
indicated its willingness to recommend 
these requirements for adoption by the 
membership of the Institute, if agreement 
can be reached with the other societies on 
uniform grades of membership. 

An investigation to determine whether 
the creation of a new Institute office might 
be justified led to the decision to recom- 
mend that greater use be made of the Dis- 
trict organizations and the vice-presidents 
to relieve the president of some of the 
burdensome duties of his office. The rec- 
ommendations made were submitted to 
and approved by the board. Consequently, 
it is now the practice to have the secretary 
of the Institute call a special meeting of the 
‘incoming, outgoing, and holdover vice- 
presidents during the summer meeting, at 
which they are informed of their duties in 
co-ordinating the work in the Districts. 
The Sections are advised on the method of 
obtaining official speakers and that all re- 
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quests for official visits are cleared through 
the respective vice-president. It further 
was agreed that presidential Section visits 
do not take precedence over other Institute 
obligations. 

The subcommittee considered a sugges- 
tion that provision be made for discussions 
and interchange of information, within the 
Institute, on management problems. As it 
is apparent that the need exists, the estab- 
lishment of a committee on management 
was recommended and approved by the 
board. 

A suggestion had been received that, 
with the increasing number and activity of 
Institute committees, consideration be 
given to organizing the nontechnical com- 
mittees in groups similar to the plan pro- 
posed for the technical committees in 
accordance with the Asheville resolution. 
The subcommittee recommended that 
certain of the nontechnical committees be 
grouped as administrative, professional, 
and general, and that the first two groups 
named establish co-ordinating committees 
consisting of the respective committee 
chairmen. The general committees, such 
as Sections, and planning and co-ordina- 
tion, would continue to function as at 
present. The board approved this recom- 
mendation and requested the president to 
appoint two co-ordinating committees for 
the coming year for the professional and 
administrative groups which are to be 
composed initially of the following com- 
mittees: 


Professional Group 


Code of Principles of Professional Conduct 
Registration of engineers 

Education 

Student branches 

Management 

Edison Medal 

Charles LeGeyt Fortescue Fellowship 
Lamme Medal 

Award of Institute prizes 


Administrative Group 


Membership 
Constitution and bylaws 
Headquarters 

Board of examiners 
Transfers 

Publicity 
Members-for-Life 


The chairmen of these two co-ordinating 


committees and of the four technical co-° 


ordinating committees are to be ex-officio 
members of the committee on planning and 
co-ordination. 

Individual members of the committee 
carried on special assignments arising from 
suggestions received from officers and mem- 
bers. To cite but one example, the ques- 
tion of changing the present geographical 
boundaries of the Districts was given thor- 
ough study in collaboration with the Dis- 
trict vice-presidents, and it was concluded 
not to recommend any substantial changes 
for the present. 

To facilitate arrangements and insure 
more adequate accommodations for the 
four general meetings held each year, a 
schedule of dates and locations through the 
year 1950 has been adopted by the board. 
District meetings likewise have been sched- 
uled through 1948. 

The committee has endeavoredto keep 
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the membership currently and more fully 
informed of its activities through the col- 
umns of ELECTRICAL ENGINEERING 
than is possible in this annual report. 


UNITED STATES NATIONAL COMMITTEE OF 
THE INTERNATIONAL ELECTROTECHNICAL 
COMMISSION 

The United States National Committee 
of the IEC held its annual meeting, Novem- 
ber 8, 1946, and elected the following 
officers: 


President—L. F..Adams. 
Vice-president—P. H. Chase. 
Vice-president and treasurer—H. S. Osborne. 


In the election of Mr. Adams as president 
of the USNC, a tradition was broken. 
Over its long history the presidents of the 
USNC always have been from the general 
interest group. Mr. Adams is the first 
president from the manufacturing group. 
In the early days of the USNC and the 
IEC, the work was concerned primarily 
with the fundamental electrical problems 
of units, measurement, and the basis for 
rating electric machinery. In the years 
immediately preceding the war the work 
became more and more the standardiza- 
tion of the methods of rating and testing 
electric machinery and associated prob- 
lems. It appears that this trend will con- 
tinue as the work is resumed. 

A meeting of the council of the IEC was 
held in Paris in July 1946. Consideration 
was given at the meeting of the IEC council 
to the question of affiliation with the pro- 
posed new International Organization for 
Standardization (ISO) and a favorable 
recommendation was made on affiliation, 
provided that certain conditions are met. 
A final decision on affiliation was deferred 
until the constitution of the ISO could be 
approved by the member countries and its 
organization set up. 

Professor L.- Lombardi tendered his 
resignation as president of the IEC, anda 
new president was elected. E. Uytborck, 
president of the Belgian Electrotechnical 
Commission, succeeded Professor Lom- 
bardi as IEC president. Emile Brylinski, 
honorary president of the French Electro- 
technical Committee, was elected honorary 
president of the commission. As Lord 
Mount Edgcumbe had tendered his resig- 
nation as honorary secretary of the IEC, 
Doctor P. Dunsheath of Great Britain was 
elected honorary secretary. 

A new committee of action of the IEC 
(executive committee) was designated, to 
consist of the president, the honorary secre- 
tary, and representatives from Czechoslo- 
vakia, France, Sweden, Switzerland, the 
United States, and the Union of Soviet 
Socialist Republics. 

As to the business of the IEC itself, the 
opinion of the council was that all emphasis 
should be placed on getting action on tech- 
nical projects and that it would not be ex- 
pedient now to undertake a revision of the 
constitution or of the procedures of the IEC 
which have grown up in the course of the 
commission’s work. The status of tech- 
nical projects was reviewed. The following 
new advisory committees were nominated: 
extra-high voltages, number 30; flameproof 
enclosures, number 31; fuses, number 32; 
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and capacitors for power systems, number 
33: 

A review of the advisory committees 
was made, and the work was divided into 
three categories: 


1. Very urgent work on which meetings of the re- 
sponsible advisory committees should be held within 
a year. 


Number 6—Lamp cap and holders 

Number 8—Voltages 

Number 30—Extra-high voltages 

Special international committee on radio interference 
(CISPR) 


2. A much larger group of projects which were suf- 
ficiently urgent to require a meeting of the advisory 
committees within two years. 


Number 2—Rotating machinery 

Number 9—EFlectric traction equipment 

Number 12—Radio communication 

Number 16—Terminal markings 

Number 17—Switchgear 

Number 22—Electronic devices 

Number 24—Electric and magnetic magnitudes and 
units 

Number 25—Letter symbols 

Number 28—Co-ordination of insulation 


3. Remaining projects which would be started as 
soon as required. These include IEC projects not 
listed. 


The IEC committee of action met in 
London, October 14, 1946, but no further 
action was taken on the question of affilia- 
tion with the ISO. It is expected that a 
meeting of the IEC council will be held in 
Geneva, Switzerland, in June 1947, and 
technical meetings have been proposed for 
September 1947, in Zurich, Switzerland. 


Standards 


STANDARDS COMMITTEE 


The war period necessarily was accom- 
panied by a reduction in many of the Insti- 
tute activities including those of the Stand- 
ards committee. However, every effort was 
made to carry forward its various projects 
with a minimum of interruption, and, be- 
cause of the splendid co-operation of its 
members and of the technical committees 
of the Institute, very few of the vital stand- 
ards projects were wholly interrupted. 
Since the end of the war, the shortage of 
man power and testing facilities, so neces- 
sary to standards work, has not been sub- 
stantially ameliorated, but it has been 
possible to revive practically all of the 
dormant projects and to make some 
progress during this year in bringing them 
to completion. 

The partial inactivity during the war 
naturally resulted in the accumulation of 
subjects—both in the AIEE and the ASA— 
which has made the work of reorganization 
and reactivation of many committees more 
onerous than it otherwise would have 
been. Casualties in committee personnel, 
due to death, and retirement, and other 
reasons, necessitated extensive changes in 
many committees of the Institute and in 
ASA committees to which the Institute ap- 
points representatives. 

The Standards committee now consists 
of 16 executive members plus the chairmen 
of all technical committees, who serve as 
ex-officio members. The executive group 
is chosen to secure a reasonable continuity 
in membership. This is very desirable, as 
the group is responsible for the approval of 
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Institute Standards, and the necessary 
familiarity with Institute standard activi- 
ties cannot be obtained during a short term 
of membership. 

The number of Standards, reports, and 
so forth issued during the year is no indi- 
cation of the amount of work carried on by 
either the Standards committee or the 
technical committees. It is believed that 
this year’s production is a very creditable 
performance. 

During the year the following Standards 
and reports on proposed standards and 
codes have been approved: Revision of 
Standard 1, ‘“‘General Principles Upon 
Which Temperature Limits Are Based in 
the Rating of Electric Machines and Ap- 
paratus,” which revision takes into account 
suggested temperature limits for class H 
insulation (the new silicone materials); 
number 6, ““Report on Standards for Pool 
Cathode Mercury-Arc Power Converters;” 
number 32, ‘Standards for Neutral 
Grounding Devices.” revision of number 
40 “Standards for Electric Recording In- 
struments;”’ ‘‘Master Test Code for Resist- 
ance Measurements;”? number 43, ‘‘Re- 
port on Recommended Practice for Insu- 
lation Testing of A-C Rotating Machin- 
ery.” 

A progress report by the committee on 
air transportation indicates a rapid de- 
velopment of the many aeronautical proj- 
ects, both standards and codes, undertaken 
during war years. The following have 
reached the publication stage: number 
700, ‘Standard for Aircraft D-C Apparatus 
Voltage Ratings; number 800, ‘‘Test 
Code for D-C Aircraft Machines;’’ ‘“‘Guide 
for Aircraft Electric Systems.”? The prog- 
ress made in the field is particularly com- 
mendable when it is realized that it has 
been necessary to provide for the many 
changes in committee personnel brought 
about by the industrial shift from war to 
peace. 

Special mention may be made of two 
subcommittees which are engaged in pre- 
paring reports on controversial matters. 
The subcommittee on sign of reactive power 
published an article in ELECTRICAL 
ENGINEERING which has provoked a 
very large amount of discussion, and it is 
not anticipated that agreement will be 
reached on its recommendations very soon. 
Thesubcommittee on conduction in station- 
ary contact surfaces, after several years’ 
work, has prepared a report which has been 
accepted by the Standards committee for 
the information of technical committees 
only. The controversial points deal with 
temperature rise recommended for various 
types of contact. 

The subcommittee on applications of 
statistical methods continues to be active, 
and it is planning for the enlargement of 
its projects and for the presentation of edu- 
cational and specialized papers. 

Among ASA activities in which the In- 
stitute is interested, special mention should 
be made of C42, ‘‘Definition of Electrical 
Terms.” The committee has been inac- 
tive since 1941 following the publication 
of the present American Standard. It 
now. has been reorganized completely into 
17 subcommittees; some of these already 
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have begun work. It is evident that the 
work of C42 will be concerned largely with 
the broadening of scope and the consequent 
addition of many new definitions. , 


Technical Committees 


COMMITTEE ON AIR TRANSPORTATION 


The committee on air transportation held 
one meeting of the entire committee during 
the administrative year. This meeting was 
a 2-day session held in Cleveland, Ohio, 
September 23 and 24. On the afternoon 
of September 24, the committee met jointly 
with committee A-2 of the Society of Auto- 
motive Engineers. All of the sessions were 
well attended, and considerable progress 
was made in connection with the standardi- 
zation activities of the committee. 

At the end of the year the status of sub- 
committee work is as given in the following 
paragraphs. 


Aircraft Electric Systems. This subcommit- 
tee has been re-organized. A preliminary 
draft of the ‘Aircraft Electric Systems 
Guide” has been printed and submitted to 
the Standards committee for assistance in 
circulating the material throughout in- 
dustry for criticisms, suggestions, and con- 
tributions. The guide report is not as yet 
sufficiently complete for publication as a 
“Report for Trial Use,” but it contains a 
great deal of valuable information, and 
much good will be accomplished by wide 
dissemination of the preliminary draft. 


Aircraft Electric Rotating Machinery. This 
subcommittee has completed a proposed 
test code for d-c aircraft machines. This 
was published for trial in March 1947 as 
“AIEE Report 800.” 

At the present time this subcommittee 
is engaged in a new project under the gen- 
eral subject of “Rating Standards of D-C 
Aircraft Generators.” 


Aircraft Electric Control, Protective Devices, 
and Cable. This subcommittee has been 
reorganized, and has completed a report on 
aircraft wire and cable originally requested 
by the SAE committee A-2. The first 
meeting of the reorganized committee was 
held January 21. The present program 
consists of three items: 


1. Determination of the interrupting capacity cir- 
cuit breakers. 

2. Test code for circuit interrupting deyices. 

3, Test code for voltage regulators, 


Work is under way on all of these projects 
but has not progressed sufficiently for a de- 
tailed report at this time. 


Joint Subcommittee (Air Transportation and 
Electric Machinery) on Carbon Brushes. This 
subcommittee met in New York, January 
29, and also met in conjunction with the 
d-c machinery committee, January 30. 
Considerable progress has been made to- 
ward the objective of this committee: the 
formation of an AIEE test code for the 
evaluation of carbon brush performance on 
all types of commutators and collector 
rings to provide for improved specifications 
and standards for carbon brushes used on 
electric machinery. 


ATEE TRANSACTIONS | 


Subcommittee for Altitude Ratings. This 
subcommittee is developing an AIEE 
Standard outlining the basic principles of 
altitude rating of electric machinery. 
Substantial progress has been made in ac- 
cumulating material for this project, par- 
ticularly for the range of sea level to 50,000 
feet. The Naval Research Laboratory, the 
Bureau of Aeronautics, the Army Air 
Forces, and the Bureau of Standards are 
co-operating with industry members of this 
subcommittee in accumulating basic data. 
An important object of this work is to ob- 
tain better correlation of altitude chamber 
test results obtained in high-altitude flying. 

A final draft of AIEE 700, ‘“‘Report on 
Aircraft D-C Apparatus Voltage Ratings,” 
was approved by the board of directors. 

The committee on air transportation 
sponsored a conference on aircraft electrical 
safety during the winter meeting. Ap- 
proximately 200 engineers from all phases 
of aviation work participated in the pro- 
gram. The minutes of the meeting are 
available on application to headquarters. 

The committee on aviation and airport 
fire protection of the National Fire Pro- 
tection Association has suggested that the 
two committees co-ordinate their work, 
insofar as electrical fires on aircraft are 
concerned. Sentiment of the members of 
the committee on air transportation is 
very much in favor of such co-operation, 
and arrangements are being worked out to 
the mutual satisfaction of the two com- 
mittees. 

Technical papers were considerably be- 
low normal volume during the year. Per- 
sonnel shifts are still prevalent in the in- 
dustry and in the military services, and few 
engineers can find time for the preparation 
of papers. Plans are, however, under way 
now for strong air transportation sessions at 
the Pacific general meeting in August, and 
the Middle Eastern District meeting in 
September. 


COMMITTEE ON AUTOMATIC STATIONS 


The committee has sponsored two tech- 
nical program sessions during the last year. 
At the summer meeting, ten papers on the 
subject of automatic control of capacitors, 
synchronous condensers, air switches, and 
single pole switches were presented at the 
conference session. At the winter meeting, 
the subjects of automatic control for ca- 
pacitors and automatic control of air 
switches were presented at a technical ses- 
sion. Much interest was indicated in these 
subjects by the lively discussion which fol- 
lowed their presentation. Other interesting 
subjects are being considered for future 
presentation. ; 

The committee met twice during the year 
with very good attendance records and has 
been represented at each general session 
of the technical program committee. The 
membership, individually and through its 
officers, has taken an active interest in the 
proposed technical program committee 
reorganization plan. 

One working group has completed a re- 
port on the study of d-c polarity on device 
coil corrosion. This report indicates that 
all cases of coil corrosion: have occurred 
on equipments in which coils were con- 
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nected directly to the positive control bus. 
It is concluded that connections should 
be made to the negative bus in order to pre- 
vent this corrosion. The report is being 
referred to the standards committee for 
consideration and final disposition. 

Another working group is continuing ‘ts 
infvestigation of a-c versus d-c tripping 
schemes. It is expected that, in co-opera- 
tion with other committees, definite solu- 
tions to tripping problems can be developed, 
especially as applied to small isolated sta- 
tions. 

The committee has been represented ac- 
tively on various other committees and sub- 
committees. 


COMMITTEE ON BASIC SCIENCES 


With the ending of the war, the work of 
the committee on basic sciences has in- 
creased, as material for publication be- 
comes less restricted. 

The greater activity of the committee is 
exemplified in the formation of subcommit- 
tees on new energy sources, large scale com- 
puting devices, applied mathematics, and 
electric circuit theory, together with repre- 
sentation on the joint subcommittee on 
servomechanisms and on the newly formed 
committee on nucleonics. 

At the 1947 winter meeting, conferences 
were held on applied mathematics, new 
energy sources, large scale computing de- 
vices, and servomechanisms. A session on 
general basic science topics completed the 
most active technical meeting in the history 
of the committee. Attendance at the con- 
ferences was among the highest at winter 
meeting sessions, a factor which encour- 
ages the committee to continue these 
types of conferences. 

Although only one conference is sched- 
uled for the 1947 summer general meeting, 
future plans call for continued activity in 
the several fields of the present subcommit- 
tees, with the possible formation of addi- 
tional subcommittees as these are war- 
ranted. With the scope of the committee 
on basic sciences crossing all technical 
fields, it is planned to insure that no areas 
are being left uncovered. 

Co-operation with associated technical 
committees and outside organizations also 
is being developed. The subcommittee on 
applied mathematics maintains contact 
with the American Mathematical Society 
to develop better uses of mathematics to 
the solution of engineering problems. Co- 
operation between ASA Sectional Commit- 
tee C-42, Definitions of Electrical Terms, is 
assured through the chairmanship of sub- 
committee 1 of ASA C-42, together with 
several members of the committee on basic 
sciences, also members of subcommittee 15 

Although the committee is dispersed 
widely geographically and, hence, is limited 
in the number of meetings which can be 
held during the year, excellent co-operation 
of the membership has been possible 
through the subcommittee method of opera- 
tion and voluminous correspondence be- 
tween the members. A meeting of the com- 
mittee was held during the winter meeting, 
January 28, 1947, at which time plans for 
future technical meetings were considered. 
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COMMITTEE ON COMMUNICATION 


This committee has continued to bring 
to the Institute papers dealing with many 
phases of the very broad and continually 
expanding field of communications. 
Among the subjects covered during the 
past year were television; systems for micro- 
wave radio in the fields of telephone, tele- 
graph and television; military communica- 
tions; rural telephone facilities; new tele- 
phone switching systems; several phases of 
telegraphy; new developments in com- 
munication components, such as thermis- 
tors and filters; progress in the field of 
ocean cables; and gas pressure protection 
for telephone cables. 

The committee sponsored full sessions at 
all of the general meetings. The summer 
meeting in Detroit included papers on 
military communications, properties and 
uses of thermistors, a method for transmis- 
sion rating of telephone systems, and im- 
proved types of mica capacitors for com- 
munications equipment. At the Pacific 
Coast meeting in Seattle, papers were pre- 
sented on the status of television, compres- 
sion and expansion of telephone signals, 
power line carrier, and carrier shift 
telegraphy. The winter meeting in New 
York included four communications ses- 
sions: 


1. Asession on television covered the various elements 
in a television system, that is, the broadcasting station, 
receivers, network facilities, and transmission from re- 
mote pickups. It also included a review of color tele- 
vision and an interesting demonstration of television 
cameras and receivers. 


2. A rural telephone symposium covered four meth- 
ods of providing rural service: telephone lines, joint 
power and telephone lines, carrier on power conduc- 
tors, and radiotelephone. 


3. A conference on testing telephone receivers and 
transmitters included talks by representatives of many 
industrial and research laboratories and was followed 
by questions and discussions from the floor. 


4, In the session on communications components and 
techniques a new dial switching system was described; 
arrangements for protecting telephone cables by means 
of gas pressure were outlined; and new methods of 
operating telegraph over wire lines, radio, and ocean 
cables were discussed. 


Every effort has been made to assist 
District meetings in presenting good com- 
munications programs. Papers solicited 
and reviewed by the committee on com- 
munication were made available to District 
meetings in San Antonio, Tex. ; Indianapo- 
lis; and Worcester, with the chairman of 
the committee presiding at the communica- 
tion session in Indianapolis. 

Continued emphasis was placed on 
papers for publication, as contrasted with 
conference papers, so that the results of the 
committee’s activities would be made 
available to the whole Institute membership 
and not be limited to the relatively few who 
can hear the presentation. During the 
year, 20 papers and reports sponsored by 
the committee were published in ELEC- 
TRICAL ENGINEERING or in TRANS- 
ACTIONS, and many more have been 
recommended for future publication. 

Meetings of the whole committee were 
held in June, September, and January, 
and subcommittees have met on numerous 
occasions. Eight subcommittees have 
been active during the year: testing of 
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telephone transmitters and _ receivers, 
underwater sound developments, rural 
telephone facilities, television, radio com- 
munication systems, modulation methods, 
power line carrier for power company 
communications, and hearing aids. 

The committee’s activities have been di- 
rected primarily toward serving well that 
large segment of the Institute’s membership 
whose primary interest is communications 
by keeping them abreast of developments 
in their field. In addition, it has tried to 
present information on communications 
which would be of general interest to 
those whose activities are in other fields of 
engineering. 


DOMESTIC AND COMMERCIAL 
APPLICATIONS COMMITTEE 

The activities of this committee during 
the past year have been carried on through 
five subcommittees covering the following 
fields: electric appliance design, elec- 
trical hazards to farm animals, farm ap- 
plications, load characteristics, and wiring. 
Following is a brief résumé of what is being 
done by each of these groups. 

The electric appliance design subcom- 
mittee is gathering comprehensive data on 
the many trial installations of heat pumps 
now in existence in several different parts 
of the country. Plans are being made for 
a technical session on the general subject 
of heat pumps for the 1948 winter general 
meeting. 

During the past year, the electrical haz- 
ards to farm animals subcommittee has 
continued to gather data. Consideration 
is being given to the preparation of an edu- 
cational pamphlet on the elimination of 
such hazards that could be distributed 
widely among county farm agents, rural 
electrical inspectors, and others who could 
benefit from the information. 

The farm applications subcommittee, in 
conjunction with numerous other organiza- 
tions, sponsored the first National Farm 
Electrification Conference in November 
1946. Because of the success of the initial 
conference, the sponsoring bodies have de- 
cided to continue the conference as an 
annual affair. This subcommittee will 
continue to co-operate with the other 
groups. 

Recognizing that distribution engineers 
have need for accurate information on 
load characteristics, and that most of the 
data available are now quite old, the load 
characteristics subcommittee has been en- 
deavoring to assemble more recent test 
and survey data on residential electrical 
load characteristics, generally, as well as 
data on specific appliances and applica- 
tions, such as automatic washing machines, 
electrical househeating, and heat pumps. 

The principal activity of the wiring sub- 
committee during the past year has been 
co-operation with the committee on indus- 
trial applications in the preparation of 
recommendations for interior wiring design 
for public and commercial buildings. 


COMMITTEE ON ELECTRIC MACHINERY 


A meeting of the committee was held in 
New York during the winter meeting, 
January 1947. Each of the subcommittees 
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presented a report on its activities during 
the year, and then considerable discussion 
took place regarding the reorganization of 
the technical committees proposed by the 
technical activities subcommittee of the 
committee on planning and co-ordinating. 
This proposal included, among other 
things, the grouping of the various tech- 
nical committees into four principal groups, 
and then each of the present technical com- 
mittees was asked how it should be split 
up. The committee on electric machinery 
expressed a desire to aid in committee ac- 
tivity in any way that would benefit the 
industry but it had insufficient knowledge 
to offer suggestions at the time and sug- 
gested that a definite plan be proposed. 
Since that time, various suggestions have 
been made, but no definite action in divid- 
ing the committee has yet resulted. 

During the winter meeting, the five ac- 
tive subcommittees held meetings to review 
their activities, consider papers available 
for future meetings, and to plan for the 
future. 

A report on “Insulation Resistance Test- 
ing of A-C Rotating Machinery” prepared 
by the insulation resistance subcommittee 
was issued by the Institute during the year. 
A report for insulation testing of d-c ma- 
chinery is being prepared. 

The induction machinery subcommittee 
is continuing the sponsorship of tempera- 
ture tests of motors from which it is ex- 
pected that better rating data and stand- 
ards can be determined. 

The transformer subcommittee has spon- 
sored for several years a co-operative 
laboratory test on aging of class A insulation, 
and a preliminary report is being prepared 
for the summer general meeting. 

The afore-mentioned three subcommit- 
tees, the synchronous machinery subcom- 
mittee, and the d-c machinery subcommit- 
tee have sponsored papers for the various 
sessions. 

The committee as a whole conducted 
one session at the Indianapolis meeting in 
October, three sessions at the winter meet- 
ing, and is planning on two sessions at-the 
summer general meeting. In addition, 
some electric machinery papers have been 
presented at District meetings. 


COMMITTEE ON ELECTRIC WELDING 


A meeting of the committee was held 
November 21, in Atlantic City, N. J., 
during the National Metal Congress. 
Plans for the winter meeting and for the 
summer general meeting were discussed. 
The committee was brought up to date on 
the latest recommendations of the technical 
activities subcommittee. It was the con- 
sensus of this committee that these recom- 
mendations when carried out would result 
in definite improvements. It was also the 
committee’s thought that the new publica- 
tion policy would be of greater benefit to 
the membership. 

Two subcommittees were appointed; 
one on resistance. welding, and the other on 
arc welding. The need for assistance by 
members of this committee to the Sections 
was emphasized, and their co-operation was 
requested. It is understood that the 
Michigan Section at the request of one of 
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this committee’s members is considering 
the formation of a technical group on elec- 
tric welding. It was reported that the 
formation of ASA Committee C52 was com- 
plete and work was progressing. 

This committee sponsored one conference 
session on power supply for resistance weld- 
ing at the winter meeting, and also one 
technical session on resistance welding. 
Five conference papers were presented at 
the conference session, and four technical 
papers were presented at the technical 
meeting. It also is planned to hold a con- 
ference session at the summer general meet- 
ing on power supply for resistance welding. 


It is the intention to rely principally upon _ 


members from Canada for these papers. 
It also is planned to hold a meeting of this 
committee at the same time. 


ee ON ELECTROCHEMISTRY 
AND ELECTROMETALLURGY 

A meeting of the committee was held 
January 30, 1947, during the winter meeting. 
Atthe January 30th meeting of the board 
of directors, a change of name for this com- 
mittee was approved. The name is to be 
the “chemical, electrochemical, and elec- 
trothermal committee.” As a means ot 
covering the field as visualized to be within 
this committee’s scope, seven subcommit- 
tees have been named, covering different 
aspects of the technical field, and the chair- 
men and members of all but one have been 
either appointed or considered. 

Subcommittee on Metallic Rectifiers. A 
technical session on dry-type rectifiers was 
held at the winter meeting, January 27, 
1947. ‘Proposed Standards for Metallic 
Rectifiers” was completed during the year. 
‘*A Bibliography on Metallic Rectifiers and 
Their Principal Applications” was com- 
pleted during the year. 

Subcommittee on Voltage Transients in Arc 
Furnaces. A report is in process. 

Subcommittee on Batteries, Battery Forming 
and Charging. This subcommittee was 


‘ formed and personnel appointed. It is 
expected to become active in 1947. 
Subcommittee on Cathodic Protection. This 


subcommittee was formed and personnel 
appointed. It is expected to become active 
during 1947. 

Subcommittee on Petroleum, Refining and 
Production. A chairman has been ap- 
pointed and is at work on personnel. It is 
expected to become active during 1947. 
A joint session with American Petroleum 
Institute at its annual meeting is planned. 

Subcommittee on Electrolytic Processes. This 
subcommittee is formed and active. A 
group of conference-type papers by operat- 
ing personnel on this subject has been ar- 
ranged for the summer general meeting. 

Subcommittee on Arc and Electrothermal 
Processes. No chairman has been ap- 
pointed as yet. Incomplete personnel. 


COMMITTEE ON ELECTRONICS 


The work of the committee has been car- 
ried on during the past year principally 
through 15 subcommittees. A meeting of 
subcommittee chairmen held in October 
1946. served - ‘to crystallize the plans and 
co-ordinate. the work of these subcommit- 


tees. In addition to the general mesting, of 
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the committee, which was held during the 
winter meeting, there have been meetings 
of many subcommittees devoted to the 
special tasks of these groups. 

Two technical sessions, one on electronics 
and another on electronic instruments, and 
a conference on some new electronic meth- 
ods and devices were held during the winter 
meeting. An electronics session and a con- 


ference on rectifiers are planned for the © 


summer general meeting. During the 
calendar year 1946, ELECTRICAL ENGI- 
NEERING contained 31 articles including 
important electronic material. The ac- 
tivity of the committee and its subcom- 
mittees has contributed substantially to this 
result. 

The subcommittees have been engaged 
in the following activities. 

Electronic Heating. This subcommittee 
has rendered valuable service to the Federal 


Communication Commission in the study — 


of radiation from high-frequency heating 
equipment by collecting data on radiation 
levels and by presenting the professional 
point of view to the commission at a public 
hearing, December 18, 1946. It also has 
been concerned actively with methods of 
rating electric heating equipment and with 
the problem of safety from electric shock 
at the frequencies used for electric heating. 

Electronic Instruments. A technical session 
on electronic instruments was held during 
the winter meeting with a program of five 
papers. Several additional papers are in 
preparation. A survey of instrument manu- 
facturers is in progress to determine the 
need for electronic tubes with special 
characteristics for use in electric instru- 
ments. 

Electronic Papers Solicitation and Section 
Contacts. ‘This subcommittee effectively has 
encouraged and solicited the publication of 
papers dealing with electronic subjects. A 
policy of distributing electronic papers to 
other committees, which sponsor sessions 
where the electronic application is ap- 
propriate, has been continued, and this 
policy has been effective in broadening the 
interest in electronic subjects. 

A conference on some new electronic 
methods and devices was held during the 
winter meeting. This was a continuation 
of a series of similar conferences which have 
been very successful. 

Films, speakers, and technical informa- 
tion on electronic subjects have been pro- 
vided liberally to the Sections for technical 
meetings through this subcommittee. 

High-Frequency Conductors, Cables, and 
Connectors. This subcommittee has ex- 
panded its membership to cover the 
large field assigned. Co-ordinating contact 
has been established with the Radio Manu- 
facturers Association, and surveys are being 
prepared on “Television Camera Cables,” 
‘Power and Current Ratings of Coaxial 
Cables,” ‘‘Test Methods for Coaxial 
Cables,” and “Hookup and Set Wire.” 

Hot-Cathode Electronic Power Converters. 
This subcommittee, which was organized 
during the year, will be engaged actively 
in the preparation of standards. A group 
well qualified for this task has accepted 
membership, and work will start with a 
meeting planned for May 1947. 
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Pool-Cathode Electronic Power Converters. 
This group has continued work on a 
bibliography for electronic power con- 
verters. The work on hot-cathode power 
converters which was initiated in this group 
has been set up as a separate subcommittee. 

A working group has been organized to 
prepare a report on “‘Protection of Power 
Converters.”’? Another group is working on 
a report on ‘‘New Developments in the 
Design and Application of Electronic 
Power Converters in Europe.” <A confer- 
ence on operation of mercury-arc rectifiers 
is planned for the summer general meeting. 

Liaison With Other Groups. ‘The co-ordina- 
tion of electronics committee work with the 
Institute of Radio Engineers and the Joint 
Electron Tube Engineering Council has 
operated smoothly through the liaison sub- 
comsnittees of the committee on electronics. 
In several instances, joint subcommittees 
have been formed. 

Other Technical Subcommittees. ‘The com- 
mittee includes technical subcommittees 
on electron tubes, electronic nomenclature 
and definitions, electronic precipitation, 
electronic standards, and X-ray tubes. 
These subcommittees have been active 
during the year in the fields assigned. The 
subcommittees on electronic control and 
electronic welding have been discontinued, 
and these fields will be covered by other 
AIEE committees. 

The subcommittees on electronic heating 
and pool-cathode electronic power con- 
verters have been transferred to the status 
of AIEE technical committees. 

The committee closes the administrative 
year with 11 active subcommittees as 
follows: electron tubes; electronic instru- 
ments; electronic papers solicitations and 
section contacts; electronic precipitation; 
electronic standards; high-frequency con- 
ductors, cables, and connectors; liaison 
with IRE; liaison with JETEC; nomen- 
clature, definitions, letters and graphical 
symbols; hot-cathode electronic power 
converters; and X-ray tubes. 


COMMITTEE ON INDUSTRIAL CONTROL 
DEVICES 


This committee has taken an active part 
in the planning of the reorganization of the 
technical committees of the Institute. 
Under the present plan, the committee’s 
scope and activities will become broadened 
to a considerable degree, and its member- 
ship will be expanded to give the users of 
industrial control equipment a broader 
place in its activities. 

The subcommittee on industrial elec- 
tronic control has discussed its field of 
activities with the corresponding subcom- 
mittee of the committee on electronics to 
avoid a duplication of work. It is also in 
contact with other engineering groups in a 
joint effort to promote satisfactory stand- 
ards, covering definitions, test codes, and 
recommended practices for electronic con- 
trol equipment. 

The subcommittee on test codes for in- 
dustrial control devices has analyzed a 
number of possible objectives, and is now 
charting a definite course of action. 

The work on a bibliography of electrical 
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control has progressed excellently, and the 
committee hopes eventually to publish a 
rather complete bibliography on this sub- 
ject. 

The joint subcommittee on servomecha- 
nisms, sponsored in conjunction with the 
committees on basic sciences and instru- 
ments and measurements, had a very active 
year and sponsored a technical session at 
the summer meeting and another at the 
winter meeting. An effort is being made in 
papers and otherwise to present the basic 
theory and mathematical treatment in a 
manner which will promote the industrial 
applications of this useful tool. 

The committee sponsored a technical 
session at the summer meeting and another 
at the winter meeting. The sessions were 
well attended, and there is reason to be- 
lieve that they filled a definite need. The 
committee also has solicited papers for the 
1947 summer meeting, and expects to 
sponsor a session at that time. Committee 
meetings were held in conjunction with the 
summer and winter meetings. 


COMMITTEE ON INDUSTRIAL POWER 
APPLICATIONS 


At the 1946 summer meeting, two full 
sessions were sponsored by the committee, 
to which members of the Detroit Industrial 
Electrical Engineering Society were invited. 
These sessions featured industrial voltage 
requirements (a subcommittee report), 
protective devices for and insulation break- 
down in industrial plants, distribution in. 
nonindustrial buildings, induction heating, 
application to the rubber industry, and elec- 
tronic printing control. A committee 
luncheon also was held during this national 
meeting. 

For the 1947 winter meeting, the com- 
mittee continued to foster its policy adopted 
last year of highlighting one particular 
industry at each major AIEE mecting 
(January 1946—machine tools) by holding 
a most successful session on applications of 
electric power in the textile industry. 
This session included four well-co-ordinated 
papers written by both manufacturers and 
users, and plans are being made to combine 
the papers as one report, as a special publi- 
cation, This was the first time in AIEE 
history that a session was devoted to the 
problems of electric equipment in the tex- 
tile industry. Reports on other industries 
may be treated similarly as they are covered 
at national meetings. For instance, two 
sessions on the pulp and paper industry will 
be sponsored by this committee at the sum- 
mer general meeting. 

At the winter meeting, the committee 
also sponsored a conference on industrial 
voltage requirements (including subcom- 
mittee report) along with a discussion of 
voltage regulation for industrial systems. 
A third session on industrial instrumentation 
and control was sponsored jointly with the 
committee on industrial control devices. 

During the winter meeting, the commit- 
tee and invited guests held a luncheon at 
the Hotel Commodore, at which a spirited 
and most constructive discussion took place 
on the recent formulation of the industry 
group of technical committees. Consider- 
able enthusiasm was expressed on the 
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tormulation ot definite technical commit- 
tees to stimulate the study of applications 
of electricity to specialized industries. 

The subcommittee on interior wiring de- 
sign of commercial buildings is formulating 
a report under the same name to be pub- 
lished as a recommended practice. This 
will be a companion report to ‘Power Dis- 
tribution in Industrial Plants,’ which was 
prepared by the committee on industrial 
power applications. 

By action of the board of directors, in 
January 1947, the subcommittee on ma- 
chine tool and processing industries was 
raised to the status of a full technical com- 
mittee (machine tools, material processing, 
and fabrication). Also the committee on 
industrial power applications now becomes 
industrial power systems, with a scope in- 
volving generation, transmission, and dis- 
tribution of electric power within an in- 
dustrial plant. . 


COMMITTEE ON INSTRUMENTS 
AND MEASUREMENTS 


Meetings of the committee on instru- 
ments and measurements, which now con- 
sists of 36 members, were held November 
14, 1946, and April 11, 1947. The commit- 
tee has handled more than 42 papers, and 
has been active in sponsoring numerous 
sessions at technical meetings. Sessions on 
instruments and measurements were held 
at the summer and winter meetings. 
Papers at these sessions covered a wide 
range of instruments and measurements ap- 
plications, including compensation of am- 
meters and voltmeters for frequency varia- 
tion, a functional analysis of measurements, 
an a-c network analyzer, high-vacuum leak 
testing with the mass spectrometer, air- 
borne magnetometers, ignition crest volt- 
meters, long-scale indicating instruments, 
measurements at 10,000 megacycles, and a 
polyphase thermal-demand meter. 

The foregoing list of subjects emphasizes 
the wide scope of measurements, and indi- 
cates the desirability of close co-operation 
between the committee on instruments and 
measurements and many of the other tech- 
nical committees in the Institute. Such 
co-operation has taken place through the 
formation of four joint subcommittees with 
the committees on automatic stations, elec- 
tronics, basic sciences, and industrial con- 
trol devices. Several of these joint subcom- 
mitttees have sponsored sessions at the 
summer and winter meetings, as reported 
in the following material. 

Work on a standard on electric recording 
instruments and on master test codes for 
resistance measurements and for tempera- 
ture measurements has been completed by 
subcommittees. These standards have been 
submitted to the Standards committee with 
the recommendation that they be published 
for one year trial use with subsequent adop- 
tion as AIEE Standards. 

Activities of the remainder of the 15 
subcommittees have been as follows. 

Subcommittee on Revision of Standard 4 
(Measurement of Test Voltage in Dielectric 
Tests). Revisions of the membership 
have been completed, and work is started 
on the problem of surge voltage measure- 
ments at intervals of less than one micro- 
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second. New material on voltage measure- 
ments with direct current and high fre- 
quenciesis to be added. 

Subcommittee on Watt-Hour Meters. ‘This 
subcommittee is working on rectifying the 
differences between the definitions in the 
““Code for Electricity Meters” and those in 
the ASA C42 definitions. 

Subcommittee on Definitions. Definitions 
for the next revision of ASA C42 are being 
considered by this group. 

Subcommittee on Revision of C39 (Electrical 
Indicating Instruments). The method of de- 
scribing the accuracy of instruments is 
being considered by this group, and it 
is working closely with the ASA C39 
sectional committee in revision of that 
standard. 

Subcommittee on Dielectric Measurements in 
the Field. A bibliography and a working 
outline of a report on progress in the art of 
dielectric measurements in the field have 
been completed, and preparation of the 
various sections of the report has been as- 
signed to the members of the subcommittee. 

Subcommittee on High-Frequency Measure- 
ments. A table of standard frequency 
ranges and designations referred for recom- 
mendation by the Standards committee 
was considered by this group. The sub- 
committee recommend that a joint subcom- 
mittee be set up to consider the matter, 
and the joint subcommittee is now active. 

Subcommittee on Instrument Transformers. 
This subcommittee will continue its ef- 
forts to arrange the material in ASA C57 
pertaining to instrument transformers in 
proper form for separate publication, when 
all the ASA material including revised and 
additional definitions is available. 

Subcommittee on Marking of Varmeters and 
Related Instruments. This subcommittee 
awaits action by the Standards committee 
on the sign of reactive power before pro- 
ceeding with its consideration of a standard 
method for marking varmeters. 

Joint Subcommittee on Telemetering. This 
joint subcommittee is engaged in revising 
the 1941 AIEE report on ‘“‘Telemetering 
Supervisory Control, and Associated Cir- 
cuits.” The subcommittee plans to hold a 
conference session on telemetering at the 
summer general meeting. 

Joint Subcommittee on Servomechanisms. The 
initial activity of this new joint subcom- 
mittee was the sponsoring of a session at the 
summer meeting. Sessions also were spon- 
sored at the winter meeting and the North 
Eastern District meeting, and one is planned 
for the summer general meeting in Mon- 
treal. This subcommittee has set up broad 
objectives as follows: (1) to solicit papers on 
theory, (2) to stimulate work on the prepa- 
ration of papers on components, (3) to 
undertake a program to assist with the 
education of the AIEE membership as to 
the fundamentals of this subject, and (4) to 
formulate plans for unification of termi- 
nology. 

Joint Subcommittee on Electronic Instruments. 
This new joint subcommittee sponsored 
sessions at the summer and winter meetings. 
It is making a survey of instrument manu- 
facturers to determine the need for elec- 
tronic tubes with special characteristics for 
use in electronic instruments. 
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Joint Subcommittee on Frequency Bands ana 
Designations. As reported earlier, this new 
joint subcommittee is considering a table 
of standard frequency bands and designa- 
tions. A report to be published in ELEC- 
TRICAL ENGINEERING is in prepa- 
ration. 


COMMITTEE ON LAND TRANSPORTATION 


Two well-attended meetings of the com- 
mittee were held during the past year one 
in June 1946, and one during the winter 
meeting in January 1947. The following 
activities were discussed and organized at 
these meetings. 

Technical Meetings. ‘Three transporta- 
tion sessions were held at the winter meet- 
ing. A light traction session, included a 
special address by General C. P. Gross, 
chairman, New York Board of Transporta- 
tion; two technical papers describing new 
car equipment for the New York subways; 
and one on trolley coaches. A second ses- 
sion included a paper on the development 
of current collectors for high speed railway 
service, two on PCC street car subjects, 
and one on silicone insulation for railway 
motors; and the third session included five 
papers on electric equipments for Diesel- 
electric locomotives. Thesesessions all were 
well attended. A transportation session 
has been scheduled for the summer general 
meeting, including five papers. 

Subcommittee Activities. A subcommittee 
has been engaged in a review of AIEE 
Standard 16, “Standards for Electric Rail- 
way Control Apparatus.” A meeting was 
held January 28, 1947, and another is 
scheduled for May. Definite progress is 
being made by this subcommittee, and it is 
hoped that a report can be submitted within 
the next year. 

Another subcommittee is engaged in 
gathering and tabulating heavy traction 
electrification data. Some progress has 
been made in the collection of data on over- 
head catenary systems, and work is in 
progress to begin tabulations on locomotives 
and on power supply equipment. 


COMMITTEE ON MARINE 
TRANSPORTATION 

Early in the current administrative year 
a request was received by the committee 
from United States Coast Guard (Tech- 
nical Division) to consult with them for the 
purpose of reviewing and commenting on 
their proposed regulations for electrical 
work on shipboard. 

At its October 1946 meeting, the com- 
mittee carefully considered this request. 
It was apparent that Coast Guard regula- 
tions follow closely the recommendations 
published in AIEE Standard 45, 1945 re- 
vision, with deletions and additions based 
on Coast Guard’s past experience in ad- 
ministering Standard 45. The committee 
decided to review the proposed regulations 
giving particular attention to each item. 
Comments and recommendations resulting 
from the review of each item as mutually 
agreed on are to be accepted by the Coast 
Guard and, if recommendations of Stand- 
ard 45 are affected, revisions to be 
noted and made. The committee, realiz- 
ing that the review would require con- 
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siderable time and effort, decided to hold 
monthly meetings of two days each, and 
five such meetings were held. The last 
meetings were held May 8-9. 

It is believed that considerable benefit 
has accrued from this review both to the 
Coast Guard and the committee. 

The mass of comments and recommenda- 
tions compiled during the review has been 
referred to the committee’s editing sub- 
committee for co-ordination for eventual 
submission as a revision of Standard 45. 
It is expected that the revision will be 
ready for appropriate action early in the 
coming administrative year. 

The committee’s activities during the 
past year have been confined almost 
wholly to the afore-mentioned review. 

Thanks and appreciation have been ex- 
pressed mutually between the committee 
and the Coast Guard for consideration and 
assistance to and from both. 

The committee members have rendered 
most valuable service all during this re- 
view. Participating attendance for the 11 
required meetings has averaged 85 per cent. 


COMMITTEE ON NUCLEONICS 

There has been no activity of the com- 
mittee during the current year because of 
delays in organization and planning. The 
committee was authorized in October 1946; 
a nucleus of committee members suggested 
in January was appointed by President 
Housley. Further appointments have been 
suggested for the coming year. 

The first committee meeting is scheduled 
to be held at the summer general meet- 
ing, at which time plans for this activity 
will be discussed. 


COMMITTEE ON POWER GENERATION 

Two meetings of the committee were held 
during the fiscal year, in which reports of 
the subcommittees were considered. In 
addition, the committee sponsored one ses- 
sion at the summer meeting at which two 
papers on hydroelectric stations and two on 
excitation systems were presented. At the 
winter meeting, two sessions were sponsored, 
one presenting four papers on hydroelectric 
stations and related problems, and the 
second a conference on interconnected sys- 
tems. All sessions were well attended, indi- 
cating a wise selection of program material. 

Specific committee activities are typified 


by the subcommittee reports which are ° 


briefed in the following paragraphs. 

Hydroelectric Systems. Continued interest 
in various phases of hydroelectric station 
operation warrant presentation of three 
more papers on this subject at the summer 
general meeting in Montreal. This will be 
the fourth session including hydroelectric 
papers since their initial presentations spon- 
sored by the committee at the winter meet- 
ing of 1946. At this summer’s session, an 
additional paper on German utility experi- 
ence during the war will be included. 

Interconnected Systems. Following the well- 
received conference session on this subject 
at the winter meeting which, was marked 
by a large attendance, it is gratifying to 
report another program of three to four 
papers is available for future meetings. 
These probably will be presented during 
the fall of the coming year. 
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Grounding Practices. ‘This working group 
is organized to collect data on present-day 
practices and trends of system grounding, 
including both generating stations and 
transmission systems classified as to size, 
voltage, and mileage. It is intended to 
summarize (1) the bases used in grounding- 
method selection (2) operating experience 
(3) grounding devices used. Changes in 
grounding practices since 1931 also will be 
analyzed. 

Questionnaires have been sent out, and 
returns have been received from 434 sys- 
tems, including over 960 generating units 
aggregating more than 33,000,000 kva. 
In the transmission system grounding sec- 
tion, some 510 systems are covered, involv- 
ing more than 100,000 miles of transmission 
circuit. The report is expected to be 
ready for presentation this coming year. 

Excitation Systems. ‘This subcommittee, 
originally organized to prepare programs 
on this subject, was assigned the added 
task of studying the standardization of ex- 
citation systems. The group now is 
gathering data on definitions and practices 
which will be presented in a report. _ 

At the present time two papers are avail- 
able for future meetings, one on effect of 
excitation systems on large-system stability, 
and another on electronic exciters for syn- 
chronous generators. 

Prime Mover Governing. This joint AIEE- 
ASME Committee on Prime Mover Speed 
Governing Specifications will complete a 
draft of governing specifications for steam 
turbines by November 1947. It is expected 
to have a draft of hydroelectric-unit govern- 
ing specifications ready by the summer 
of 1947. 

Probability. This subcommittee was or- 
ganized to prepare a program of papers on 
the subject of probability theory and its 
application to electric power systems plan- 
ning. Several papers have been solicited, 
and it is expected a program will be 
organized in the near future. 

Power Generation Report. A committee 
report covering the progress in power gen- 
eration during the years 1940-46 has been 
prepared by the subcommittee and will be 
presented for approval of the committee 
during the summer of 1947. 


COMMITTEE ON POWER TRANSMISSION 
AND DISTRIBUTION 

A meeting of the committee was held 
December 12 and 13, 1946, which 36 
members and guests attended. The sub- 
committees made reports on their activities, 
followed by a general discussion of the sub- 
jects and suggestions for future work. At 
the completion of the reports of committees, 
several. members made reports on activities 
within their respective companies during 
the war period, on future plans, and tech- 
nical subjects. Arrangements are being 
made to have them abstracted for publica- 
tion in ELECTRICAL ENGINEERING, 
and to make them available to Institute 
members who may be interested These 
reports covered such subjects as: Trans- 
mission system practices in foreign coun- 
tries, 500-kv test line, bundle conductors, 
the era of higher distribution voltages, in- 
creased loading of electric power plant, 
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obsolescence, the cost of losses, new dis- 
tribution substation developments, light- 
ning—effect on buried cables, banking of 
distribution transformers, increasing trans- 
mission line capacities, a-c network calcu- 
lator laboratories, peanut substations, and 
transpositions in power lines—their advan- 
tages and their hazards. 

Technical Meetings. At the winter meet- 
ing, the committee sponsored two sessions 
at each of which four papers were presented. 
One of these sessions was a symposium on 
lightning, which dealt with lightning surges 
at substations, photographic study of light- 
ning, lightning arrester discharges, and 
burning of wood structures by leakage cir- 
cuits. The other session was of a general 
nature covering reporting on weather con- 
ditions as an aid to power companies, line 
stability, internal corona discharges in in- 
sulated cables, and radio noise on 230-kv 
lines. 

Subcommittee Activities. The general sys- 
tems committee is investigating the follow- 
ing subjects: (1) evaluation of power losses 
throughout the power systems and their ef- 
fect on all equipment from the generator to 
the user; (2) effect of surges on system 
peformance; (3) survey of line outages of 
high voltage lines. This last subject has 
been made a joint study with a subcommit- 
tee of the transmission and distribution 
committee of the Edison Electric Institute. 

The stations subcommittee has been 
studying: (1) flexibility for removal of 
parts in packaged substation units for in- 
dustrial plants; (2) single versus 3-pole 
switching for 4-kv distribution system; (3) 
request for papers on increasing the ca- 
pacity of existing distribution systems; (4) 
economics of the unit type of substation; 
(5) supervisory control versus automatic 
stations. 

The subcommittee on lightning and insu- 
lators has been studying: (1) methods of 
predetermining lightning performance of 
transmission lines; (2) “Lightning Refer- 
ence Book, Volume II;” (3) lightning 
characteristics of porcelain, wood, and air 
in series. 

The subcommittee on insulated wires 
and cables has been devoting its time to an 
investigation of the thermal properties of 
buried cable systems—in duct and directly 
buried. It appears that a closer apprecia- 
tion of the effective thermal resistivity of 
the soil surrounding both ducts and directly 
buried cables can be obtained. The sub- 
committee is seeking papers dealing with 
cable operation and design for presentation 
at national meetings. 

The subcommittee on towers, poles and 
conductors has under consideration the fol- 
lowing topics: (1) dancing conductors; 
(2) wood versus steel towers—economics; 
(3) conductor joints and splices; (4) cath- 
odic protection of tower footings; (5) 
stainless steel static wires; (6) acetylene- 
flame cleaning for tower painting or re- 
painting. 

The subcommittee on distribution has 
had under consideration several subjects of 
an economic nature. However, it was 
found that these same subjects were being 
covered by Edison Electric Institute, and, 
therefore, they were dropped for further 
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consideration by the subcommittee. This 
subcommittee sponsored jointly with the 
relay subcommittee of the committee on 
protective devices a conference during the 
past winter meeting on protection and de- 
sign of distribution circuits to improve per- 
formance. Considerable interest was shown 
at the meeting, and there was not sufficient 
time to complete the discussion. Therefore, 
the committee is making plans to continue 
this joint interest with the committee on 
protective devices. It is hoped that they 
will be able to have another joint conference 
at the summer general meeting. 

It is intended to have a meeting of the 
committee during the summer general 
meeting, at which two sessions are being 
sponsored. 


COMMITTEE ON PROTECTIVE DEVICES 


The committee continued to function as 
an executive group only. All the details of 
standardization and sponsoring of papers 
has been handled by the subcommittees. 
This arrangement has continued to function 
entirely satisfactorily. 

Seven papers were sponsored by the com- 
mittee at the winter meeting, and three are 
scheduled for. presentation at the coming 
summer general meeting. In addition, the 
committee sponsored one conference ses- 
sion and was cosponsor of another at the 
winter meeting. 

There have been three meetings of the 
main committee and another is scheduled 
for the near future. 

Any projects which have been instituted, 
as well as the details of the accomplish- 
ments of the various subcommittees, are 
contained in the following reports submitted 
by the chairmen of the various subcommit- 
tees. 

Switches, Fuses, and Insulators Subcommit- 
tee. This subcommittee held one meeting 
during the year. At present, a revision of 
standard 22 on switches and insulators is 
being prepared, and a revised draft of the 
proposed standard on interrupter switches 
also is being prepared. 

Relays Subcommittee. The activities of the 
subcommittee included sponsoring six 
technical papers, including joint papers, 
two of them being subcommittee reports, 
three conference papers, and two conference 
sessions. In addition to a large number of 
meetings of the 11 working groups, the 
subcommittee held three regular meetings. 
The principal work of the subcommittee is 
carried on through the activities of working 
groups having the following specific assign- 
ments, 

The working group on the bibliography 
of protective relaying has prepared and 
distributed to. the members of the subcom- 
mittee, the committee on protective de- 
vices, and to a mailing list of 100 relay 
engineers in the United States copies 
of the “Relay Bibliography for 1946.” 
This contains a listing of all technical 
articles published in the United States and 
foreign press dealing with various phases of 
protective relaying. These activitiés- are 
continued from year to year, and periodi- 
cally the bibliography is published for gen- 

‘eral distribution in the form of a technical 
paper. 
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,to distribution loads. 


The investigation of grounding practices 
for instrument transformer secondary cir- 
cuits has been completed. The results of 
this undertaking and recommended prac- 
tices are summarized in a subcommittee 
report “Grounding of Instrument Trans- 
former Secondary Circuits,”’ which was pre- 
sented at the winter meeting and published 
in the April 1947, ELECTRICAL ENGI- 
NEERING. This working group has been 
discharged. 

The group on instrument transformer 
standards practically has completed its 
work in connection with the revision of the 
ASA “Transformer Standard C57.” The 
relays subcommittee has approved the re- 
vision of the test code and operating guides 
for that Standard which apply to instru- 
ment transformers, and suggestions for the 
final Standard have been passed on to the 
ASA transformer and operating guides 
committee. It is expected that this working 
group will be discharged at the close of the 
administrative year. 

Following a preliminary report presented 
in January 1946, and a conference session 
at the summer meeting, the working group 
on transformer protection developed fur- 
ther information on certain phases of the 
transformer protection problem, such as the 
co-ordination of thermal protective devices 
with short-circuit relay protection, and 
evolved recommended short-time charac- 
teristics of thermal devices. A conference 
paper by E. T. B. Gross on “Simplicity in 
Transformer Protection,” presented at the 
January 1947 winter meeting, brought out 
additional information and discussion of 
pressure relay protection and fault detection 
by means of gas accumulator elements. 
The results of this review and correlation 
of transformer protection are summarized 
in a subcommittee repost, “Relay Protec- 
tion of Power Transformers,”’ scheduled for 
presentation at the summer general meet- 
ing, which will complete the work of this 
group. 

In previous years, the working group on 
generator protection developed information 
on current practices through questionnaires 
and a conference session. Further work is 
necessary before definite recommendations 
can be made concerning practices for the 


‘relay protection of generators. 


The correlation of distribution circuit 
protection practices and construction meth- 
ods, with emphasis on the influence of 
these on the reduction of sustained faults, 
is a joint project’of the relays subcommittee 
and the distribution subcommittee of the 
committee on power transmission and dis- 
tribution. This group has endeavored to 
develop an awareness of the necessity of 
keeping adequate records in order to evalu- 
ate the various methods of improving service 
A conference ses- 
sion was held at the summer meeting, intro- 
duced by two conference papers, and pro- 
vided worth-while exchanges of information. 

A revision of “Standard for Power Re- 
lays,” ASA C37, has been undertaken by a 
working group. Following discussion and 
correspondence on suitable test voltages, 
relay definitions, and so forth, a preliminary 
draft of a proposed revision has been pre- 
pared and is being circulated to the relay 
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subcommittee for comments and sugges- 
tions. 

In November 1946, a working group be- 
gan to study the desirable insulation levels 
of relay and control circuits. The test 
voltage required by the present standard for 
power relays is considered to be too low to 
guard> against abnormal voltages which 
might occur in current transformer second- 
ary and d-c control circuits. Although 
most relays now are being tested at voltages 
in excess of the present standard require- 
ments, cases have been reported of improper 
relay performance as a result of abnormal 
secondary and control voltages. A pre- 
liminary survey is under way to determine 
the extent of this problem. 

A new working group was organized in 
the fall of 1946 to study sensitive ground 
protection of transmission and distribution 
circuits. The benefits of such protection, 
including limitation of fault damage, im- 
proved service reliability, and the positive 
disconnection of broken conductors resting 
on the ground long have been recognized. 
Several papers have been published de- 
scribing methods and results used with 
delta-connected or ungrounded systems. 
These methods are being reviewed and 
information collected on schemes which 
have been tried or proposed for 4-wire 
multigrounded systems. 

A study of transmission line protection 
has been undertaken by a working group. 
Emphasis has been placed in recent years on 
the need for relaying systems that will not 
limit the emergency load carrying ability 
of transmission lines with swings approach- 
ing system stability limits. General appli- 
cation methods, backup relaying, and 
special problems will receive attention. 
The group has evolved a “typical” trans- 
mission system to be used in certain studies. 

A new working group to study electronic: 
protective relay applications has been 
formed in response to suggestions from a 
number of sources. As a beginning, a list 
is being prepared of existing applications 
of electronic devices to protective relay sys- 
tems. Following this, it is planned to ex- 
plore those features of electronic devices 
which tend to give them a place in compe- 
tition with other forms of equipment, and 
especially to anticipate where they might 
provide a facility not hitherto available. 

Fault Limiting Devices Subcommittee. Work 
on AIEE Standard 32, “‘Neutral Grounding 
Devices,” has been completed, and ‘the 
final draft released to the Standards com- 
mittee. It has received all required com- 
mittee approvals as a new standard. 

The preparation of the third report on 
“Present-Day Grounding Practices” is well 
advanced, It is expected to be presented 
at the summer general meeting. 

Replies received from industry, in the 
survey of its grounding practices, cover 510 
power systems, 101,000 miles of transmis- 
sion and distribution circuits of 22 kv and 
above, and 33,750,000 kva of generating 
capacity. The report is to be factual, giv- 
ing interpretations but not recommenda- 
tions, and will be in four parts: 


I. Introduction. 4 7 
A, Purpose and Scope. 
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Il. Grounding Practices at Generating Stations. 
II. Grounding Practices on Transmission and Dis- 
IV. tribution Systems. 

Appendixes. 
A, Supplementary Tables for Part II. 
B. Supplementary Tables for-Part III. 


The bibliography on resonant neutral 
grounding is to cover the period from 1918 
to date. It is to have future addenda at 
regular intervals to keep up with new publi- 
cations. At present, the bibliography is 
finished to about 1935. By next fall it is 
expected to be completed through 1946. 

A field survey of the continuous loads of 
resonant neutral grounding devices is get- 
ting under way. Better, and perhaps more 
economical, designs of ground fault neu- 
tralizers and associated grounding trans- 
formers can be made with more accurate 
data on the actual continuous load demands 
upon them, 

A new project on high resistance neutral 
grounding of alternators has been started. 

The subcommittee organization, as ap- 
pended to the October 31, 1947, minutes of 
the committee on protective devices, re- 
mains unchanged, except that to the title 
of “Working Group on Revision of Stand- 
ard 32” there should be added ‘‘and Field 
Survey of the Continuous Loads of Reso- 
nant Neutral Grounding Devices.” 


Circuit Breakers and Assembled Switchgear 
Subcommittee. The work of the subcom- 
mittee was handled mainly by five active 
working groups, each of which discharged 
its responsibility efficiently and quickly as 
could be done without sacrificing thorough- 
ness. 

The working group on low voltage air 
circuit breakers completed the work on the 
“Low-Voltage Air Circuit Breaker,” 
Standard 20, obtained the necessary ap- 
provals of the subcommittee and the com- 
mittee on protective devices, and referred 
the Standard to the Standards committee 
which published it. The working group is 
studying the following subjects: (1) cas- 
cading; (2) short time rating; and (3) 
selective tripping. The group has circu- 
jated a questionnaire to obtain information 
on how successful has been the experience 
in operating circuit breakers in cascade. 
It also has promoted preparation of tech- 
nical program papers, and a complete ses- 
sion on small air circuit breakers is planned 
for the summer meeting. 

The working group on switchgear assem- 
blies reports that the “Assembled Switch- 
gear,” Standard 27, is in good shape, -but 
does not include impulse test levels. It 
was decided to revise the Standard pri- 
marily for this purpose, but at the same time 
review the entire Standard. 

The working group on power circuit 
breakers completed the study of the 
method of defining the interrupting rating 
of power circuit breakers and reaffirmed 
its recommendation that the basic rating 
be based on the current interrupted at the 
instant of parting the contacts. 

The group recommended against adopt- 
ing a proposed method of rating using the 
current during the first half cycle, because 
it would create confusion among those re- 
sponsible for the application of circuit 
breakers, would present difficulties in 
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rerating those circuit breakers, require 
revision of standards, and make it necessary 
to revise all existing application data. 

In co-operation with the working group 
on switchgear assemblies, the matter of 
determination of test voltages for secondary 
circuits was studied. It was determined 
that test voltages for secondary circuits are 
specified adequately in AIEE Standard 27. 
Also in co-operation with the working 
group on switchgear assemblies, the group 
considered the request to prepare a stand- 
ard covering the fusing of control circuits. 

The working group on calculating short- 
circuit current for low voltage circuits 
again was unable to complete the assign- 
ment to revise the method of calculating 
short-circuit currents for low voltage cir- 
cuits. There is a need for further test in- 
formation before this work can be com- 
pleted. Owing to industrial conditions 
during the past year, in which all facilities 
for making such tests were loaded beyond 
capacity, the committee was unable to get 
the data with which to complete its work. 

The subcommittee endorsed the pro- 
posed plan for reorganizing the Institute’s 
technical committees, but requested that it 
be given the opportunity to review and 
study further the selection and scope of the 
proposed committees before the final or- 
ganization is determined. 


Lightning Protective Devices Subcommittee. 
A working group has obtained impulse 
breakdown characteristics from the manu- 
facturers of distribution expulsion-type 
arresters, which has been compiled into a 
report. The report is being circulated in 
the working group for approval, after 
which it will be sent to the subcommittee 
for final approval. 

The working group on rotating a-c ma- 
chines collected data from 54 power com- 
panies, and prepared a report which 
was submitted to the lightning protective 
devices subcommittee at the winter meet- 
ing for comments and suggestions. The 
subcommittee requested a review of the 
replies to see if sufficient information was 
available to show the policy followed by 
the different companies. The subcom- 
mittee voted to present the results of this 
survey to the Institute as a committee re- 
port at the winter general meeting in 1948. 

A meeting of the working group on unit 
substations was held in January, at which 
decisions were made to collect data by a 
limited survey which will cite specific cases 
where equipment failure of flashovers have 
occurred, and to investigate and clarify 
certain technical points which are vital to 
this problem. 

The working group designated to com- 
bine and revise AIEE Standards 28, 24, and 
47 circulated a fourth draft of this standard 
to the working group and members of the 
lightning protective devices subcommittee 
for comments and suggestions. The sub- 
committee voted to exclude the material 
covering application from the standard and 
to establish a new project, which will have as 
its objective a report covering an applica- 
tion guide for the selection of arrester volt- 
age ratings based upon system operating 
conditions. 
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The lightning protective devices sub- 
committee recommends that, when the 
new appointments are made in August 
1947, a project be set up to prepare an 
application guide to aid in the selection of 
methods for lightning protection of sub- 
stations. 


COMMITTEE ON APPLICATION OF 
ELECTRICITY TO THERAPEUTICS 


The committee held one meeting during 
the year. At this meeting, which was well 
attended, there was an extended discussion 
as to the scope of the committee’s activities 
and its objectives. —The members concurred 
in the definition of the committee’s scope as 
outlined by the board of directors. The 
field of the committee’s activity is broad 
and, in some cases, co-operation and joint 
action with other committees would be 
appropriate. 

The committee is very much interested in 
promoting standards that should be ob- 
served in the design features of therapeutic 
apparatus. This standards work should be 
carried on in collaboration with the com- 
mittee on safety. 

The committee also is interested deeply 
in the effects on humans of heat lamps, sun 
lamps, diathermy, X-ray equipment, and 
the like, and in the development of new 
electrical means for diagnosis and treat- 
ment of disease. In this connection, the 
committee thinks it should maintain con- 
tact with the council on physiotherapy of 
the American Medical Association, and 
therefore, is asking the board of directors 
for permission to appoint a liaison repre- 
sentative to maintain contact with the 
medical profession. 

The committee is laying plans for a 
symposium on the uses of electricity in 
therapeutics. 


Awards 


CHARLES LE GEYT FORTESCUE 
FELLOWSHIP 

This fellowship was established as a 
memorial to Charles Le Geyt Fortescue in 
recognition, of his valuable contributions to 
the electric power industry, and provides a 
minimum allowance of $500 a year for 
graduate study in electrical engineering. 

Two awards were made for the academic 
year 1947-48: Paul Kaczmarczik, for 
graduate study at the University of Penn- 
sylvania; and Theordore G. Mihran for 
graduate study at Stanford University. 


COMMITTEE ON 
MEMBERS-FOR-LIFE FUND 


No awards were made last year in con- 
nection with the summer meeting as was 
anticipated in the committee report of a 
year ago, because no Branch paper prizes 
were awarded, because of conditions in- 
stant to the aftermath of the war. 

Special attention of the counselor in each 
of the Student Branches of the odd-num- 
bered Districts was called to these awards, 
expense-paid trip to the summer general 
meeting for the winners of the Branch 


_ paper prizes, last October. It is too early 


to know whether any awards will be made 
for the 1947 summer general meeting. 
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EDISON MEDAL 


The Edison Medal, awarded by a com- 
mittee composed of 24 members of the 
Institute, was presented for 1946 to Doctor 
Lee de Forest, president of the Lee de 
Forest Laboratories, Inc., Los Angeles, 
Calif., “‘for pioneering achievements in 
radio and for the invention of a grid-con- 
trolled vacuum tube with its profound tech- 
nical and_social consequences.” The pre- 
sentation took place January 27, 1947, dur- 
ing the winter meeting. The medal may 
be awarded annually for ‘meritorious 
achievement in electrical science, electrical 
engineering, or the electrical arts.” 


LAMME MEDAL 


The Lamme Medal committee awarded 
the medal for 1946 to John B. MacNeill, 
manager of the switchgear and control 
division of the Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa., “for his 
foresight, leadership, and creative contri- 
bution in the development of switching 
equipment.” Arrangements are being 
made for the presentation of the medal at 
the annual business meeting in Montreal, 
Quebec, Canada, June 11, 1947. The 
medal may be awarded annually to a mem- 
ber of the AIEE “who has shown meritori- 
ous achievement in the development of 
electric apparatus or machinery.” 


HOOVER MEDAL 


The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer and is to be awarded 
periodically ‘‘to a fellow engineer for dis- 
tinguished public service” by a board repre- 
senting the ASCE, American Institute of 
Mining and Metallurgical Engineers, 
ASME, and AIEE. The eighth medal, 
for 1946, was awarded to Doctor Vannevar 
Bush, president of the Carnegie Institution 
of Washington, and was presented to him 
on January 30, 1947, during the AIEE 
winter meeting. 


JOHN FRITZ MEDAL 


The John Fritz Medal board of award is 
composed of representatives of the ASCE, 
AIME, ASME, and AIEE. The medal may 
be awarded annually for notable scientific or 
industrial achievements. The 1947 medal 
was awarded to Doctor Lewis Warrington 
Chubb, director of research, Westinghouse 
Electric Corporation, East Pittsburgh, Pa., 
for “pioneering genius and notable achieve- 
ments during a long career devoted to the 
scientific advancement of the production 
and utilization of electric energy.” The 
medal was presented on January 29, 1947, 
during the AIEE winter meeting. 


WASHINGTON AWARD 


The Washington Award for 1947 was 
bestowed upon Doctor Karl T. Compton, 
president of the Massachusetts Institute of 
Technology, Cambridge, Mass., “for his 
scientific and engineering activities, which 
have contributed considerably to the hap- 
piness, comfort, and well-being of human- 
ity.” The presentation was made at a 
dinner in Chicago, IIl., in February. The 
award may be made annually to an engi- 
neer by the commission of award composed: 
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of nine representatives of the Western 
Society of Engineers and two each of the 
ASCE, AIME, ASME, and AIEE. 


ALFRED NOBLE PRIZE 


This prize, established in 1929, consists 
of a certificate and a cash award from the 
income of a fund contributed by engineers 
and others to perpetuate the name and 
achievements of Alfred Noble, past presi- 
dent of the ASCE, and of the Western 
Society of Engineers. It may be made toa 
member of any of the co-operating socie- 
ties, ASCE, AIME, ASME, AIEE, or 
WSE, for a technical paper of particular 
merit accepted by the publication com- 
mittee of any of these societies, provided 
the author, at the time of such acceptance, 
is not over 30 years of age. 


INSTITUTE PRIZES 


The committee has reviewed further the 
proposed revised practice covering the 
award of Institute prizes, with particular 
reference to comments received from the 
chairman of the Sections committee. This 
review has resulted in some changes in the 
proposed prize award practice, and a new 
proposal has been submitted to the board 
of directors. 


Joint Activities 
UNITED ENGINEERING TRUSTEES, INC. 


This organization manages property and 
funds held jointly by the four Founder 
Societies, including the Engineering Socie- 
ties Building, the Engineering Societies 
Library, and the endowment funds of the 
Engineering Foundation. 3 

The building is occupied fully by engi- 
neering organizations, and additional space 
is needed both for offices and for meetings. 
Two of the Founder Societies have been 
forced to rent space in other buildings. 

A committee of the UET is endeavoring 
to develop tentative plans for the remodel- 
ing of the building or the procurement of a 
new building to meet the needs of the 


founder societies and, if possible, bring in 


other engineering societies. 

An abstract of the annual report for the 
year ended September 30, 1946, appeared 
in ELECTRICAL ENGINEERING, Febru- 
ary 1947, page 201. 


Table XII. 


ENGINEERING FOUNDATION 


The Engineering Foundation was estab- 
lished in 1914 as a joint organization of the 
four societies, ASCE, AIME, ASME, and 
AIEE, for ‘“‘the furtherance of research in 
science and engineering, and the advance- 
ment in any other manner of the profession 
of engineering and the good of mankind.” 

The foundation has been supporting 14 
research projects, and new projects are 

constantly under consideration. Each re- 
search project supported by it is under the 
sponsorship of one of the founder societies. 

The sponsorship of the Welding Research 
Council has been broadened to include all 
the four Founder Societies as well as the 
American Welding Society. The council 
operates through ten principal committees. 

An abstract of the annual report for the 
year ended September 30, 1946, appeared 
in ELECTRICAL ENGINEERING, Feb- 
ruary 1947, pages 199-200. 


ENGINEERING SOCIETIES LIBRARY 


The Engineering Societies Library was 
formed by combining the separate libraries 
of the ASCE, AIME, ASME, AIEE, and 
preparing a composite card catalogue. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail. All services have had greater use 
except the photostat which decreased about 
nine per cent below the extensive demands 
during the war. 

Wartime conditions prevented the usual 
growth in the book and magazine collec- 
tions. These deficiencies are being over- 
come rapidly. ‘ 

An abstract of the annual report for the 
year ended September 30, 1946, appeared 
in ELECTRICAL ENGINEERING, Feb- 
ruary 1947, pages 200-01. 


EMPLOYMENT SERVICE 


Operating as an incorporated nonprofit 
organization, the Engineering Societies 
Personnel Service, Inc., assists members of 
the Founder Societies desiring to secure new 
positions and employers searching for engi- 
neers. Nonmembers may receive such 
assistance when positions available cannot 
be filled by members. 

Offices are operated in New York; De- 
troit, Mich.; Chicago; and San Francisco, 
Calif.; with the co-operation of the Engi- 


Employment Service—1946 


Men Registered 


New San 
Month York Chicago Francisco Detroit 
January..... eke gee 


February.... 251)... 
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neeriny Society of Detroit in that city, the 
Western Society of Engineers in Chicago, 
and the Engineers Club of San Francisco 
in that city. 

For several years, the service has been on 
a self-supporting basis. A record of regis- 
tration and placements during the past 
year is given in Table XII. 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


Organized in 1932 to engage in activities 
leading toward the enhancement of the 
professional, status of the engineer, this 
council now includes three representatives 
of each of the eight participating organiza- 
tions: the ASCE, AIEE, ASME, AIME, 
SPEE, American Institute of Chemical 
Engineers, National Council of State Boards 
of Engineering Examiners, and the Engi- 
neering Institute of Canada. 

During the past year, as in previous war- 
time years, inspections of engineering cur- 
ricula by the committee on engineering 
schools were held to a minimum. Re- 
examination of all engineering curriculums 
previously accredited has been recom- 
mended by the committee on engineering 
schools. The accrediting of technical in- 
stitutes is well under way. Seven curricula 
were accredited in October 1946. 


: 


. recognition, 


Other activities are carried on by com- 
mittees whose titles indicate the nature of 
their work: student selection and guid- 
ance, professional training, professional 
information, engineering 
ethics, employment conditions for engi- 
neers, and ways and means. 


A comprehensive report on the activities 
during the year ended September 30, 1946, 
was published in ELECTRICAL ENGI- 
NEERING, January 1947, pages 102-05. 


ENGINEERS JOINT COUNCIL 


This council, formerly known as the joint 
conference committee, is composed of the 
presidents, immediate past presidents, and 
secretaries of the Founder Societies and the 
AIChE. Its functions are to consider mat- 
ters of interest to the societies and to make 
recommendations to their governing bodies. 

Reports on the industrial disarmament 
of Germany and Japan were prepared for 
the State and War Departments. 

A panel was organized to advise com- 
mittees of Congress regarding desirable 
amendments to the National Labor Rela- 
tions Act to prevent grouping together o 
professional and  nonprofessional em- 
ployees. 

The committee on the economic status of 


“ 
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the engineer has completed and EJC has 
published the first part of a manual on col- 
lective bargaining, and a report on a pre- 
liminary survey of employer practice re- 
garding engineering graduates. 

The committee on organization of the 
engineering profession is making compre- 
hensive studies of engineering organizations 
of local, state, and national types. 


REPRESENTATIVES 


A complete list of about 40 joint bodies 
upon which the Institute is represented 
appears in the Year Book and in the Octo- 
ber issue of ELECTRICAL ENGINEER- 
ING each year. 


Appreciation 


To the AIEE committees, to District, 
Section, and Branch officers, and to the 
members in general, the board of directors 
expresses deep appreciation of the exten- 
sive expansions in activities and the con- 
tinuing rapid increase in membership, and 
extends thanks for the splendid co-opera- 
tion received. 

Respectfully submitted for the board of 
directors. 


H. H. HENLINE 


Secretary 


Members of the AIEE board of directors present at the North Eastern District meeting were left to right: ‘seated) T. G. LeClair, 

M. J. McHenry, W. E. Wickenden, J. E. Housley, C. A. Powel, and W. I. Slichter; (standing) E. P. Yerkes, P. L. Alger, C. M. 

Laffoon, F. L. Lawton, S. H. Mortensen, H. H. Henline, J. F. Fairman, R. T. Henry, J. R. North, D. A. Quarles, W. C. Smith, 
E. W. Davis, H. B. Wolf, and L. M. Robertson 
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HASKINS & SELLS 1 EAST 44TH STREET 
CERTIFIED PUBLIC ACCOUNTANTS NEW YORK 17 


May 19, 1947 


American Institute of Electrical Engineers, 
33 West 39th Street, New York. 


Dear Sirs: 

We have examined the balance sheet of the American Institute of Electrical Engineers, 
and schedule of securities owned, as of April 30, 1947, and the related statements of cash 
receipts and disbursements of operating and restricted funds for the year ended that date, 
have reviewed the accounting procedures of the Institute, and have examined its account- 
ing records and other evidence in support of such financial statements. Our examination 
was made in accordance with generally accepted auditing standards applicable in the 
circumstances and included all auditing procedures we considered necessary, which pro- 
cedures were applied by tests to the extent we deemed appropriate in view of the system 
of internal control. 

In our opinion, the accompanying balance sheet, schedule of securities owned, and 
statements of cash receipts and disbursements fairly present, respectively, the financial 
condition of, and securities owned by, the Institute as of April 30, 1947, and its recorded 
cash receipts and cash disbursements for the year ended that date, in conformity with 
generally accepted accounting principles and practices applied on a basis consistent with 
that of the preceding year. 


i 


Yours truly, 
(Signed) HASKINS & SELLS 


Me ers 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Balance Sheet, April 30, 1947 


Oe 


Exhibit A . 
ASSETS LIABILITIES . 
Property Fund Assets: Property Fund Reserve...........- Spo oGa000 Mp Gao acs sabes $ 550,790.59 j 
One-fourth interest in physical properties of United Restricted Fund Reserves: ' 
Engineering Trustees, Inc.: Reserve capital fund... .......s2-sserceeesses «-.- $605,931.88 — 
Land, buildings, and equipment (less depreciation Life membership fund........ ooedes Fa IO I 8,733.46 
and renewal TEserve) acs a oi theuce cise Sighs was clinton OR $352,018 .07 Member=for-Life fund)... vile ce > alesse laleram aero s= 6,908.41 
Funded depreciation and renewal reserve. ........ 146,430.41 International Electrical Congress of St. Louis library = 
Se aristolt ater toe oe tie sean barseiattic One ». 6,264.83 
Total: Saireniwakioe ones teh lebsepeion a.0 ma eeeteterenek $498,448 .48 Lamme Medal fund.......... SA Ae Aon fOr 4,440.44 
Equipment: . Maillouxfund.......... afss Soles api sloppYere oleae elapse 1,154.96 . 
Library (volumes and fixtures)—estimated value.... 36,366.37 a 
Office furniture and fixtures (less reserve for de- Totai restricted fund reserVes......,.....++ ails ipso flenanent renee 633,433.98 
PLCCIations, $29:8 75.98). ciccjenie-s «felon 2, cdnleleereisieie 12,361.48 Operating Fund Reserves, Liabilities, etc.: : } 
Works: Ob art, CtGani- ree o< «eco eieeie vem ueiels 3,001.35 Accounts payaples soisre<ialsrels aioli ia creel eniglove: wasteterele =. 2OpOID oS 
Cash (no change during year).........--++.ee0000: 612.91 Deferred income: 
——___—_. Dues received in advance... ......secccsccecceees 3,699.09 
eLotal property fund assets alc cue sate aiciatim ee (ele rorle einteye levels $ 550,790.59 Entrance fees and dues advanced by applicants for 
Restricted Fund Assets: MOMDELSHEP 6 oles vor rciuwinbeitielel aiejefols ev) © eieaa Tol 2,145.60 
Securities—at cost, less reserve, $1,788.15 (quoted Subscriptions to publications received in advance... 17,777.86 ea 
market value, $629,189.88)—Schedule1......... $609,819.96 ; Miscellaneous (including unallocated receipts)..... 1,367.33 s 
Gash: (Exhibiti@) 22. ose cn sic aes aepstaneias sw iens 23,488 .62 Operating fund reserves. ....2......++-+ darsaissitewe) 9 9924452 
Accrued interest receivable: cc jajeiseye(siereeiinieta|viele ele 125.40 Sat 
2 : —_———— : Total operating fund reserves, liabilities, etc........--...-.-- 59,830.33 
"Rotal restricted fund Assets jc eicicle wie a iafereisteterles ele clele steiaj'exe lore stare 633,433 .98 . 
Operating Fund Assets: 
Cash (not including $1,664.75 for Federal taxes with- 
held from employees)—(Exhibit B)............ $ 6,883.37 
Accounts receivable: 
Members—for dues (less reserve, $4,000.00)....... 93597.71 ° 
Aa GOrtisers ., cnncaomnanic sie cetlans pee, eeeeiele sn retee 2,004.52 
‘Miscellaneous’. fic 1 x4 sare tens ore ei onus atee sit oe 3,098.89 
Accrued interest receivable......... olelvipardusvekesemapeniet 6,673.27 5 
Inventories: . : 
TRANSACTIONS, etecce este = oie aes 1,275.00 
“Electrical Definitions <5 ts--\cieein ele - visite eis 2,449.20 : 
Work in process (May issue of ELECTRICAL ENGI- 
NEERING, Cic.)- 2% soe -ineiicoetele ici: “emintaiers «.« 8,207.86 
Text and cover paper..... AG GOB O Way eine) wd 45004508 
Badges ie as hak bahar sears ova ae) aa eR ne se mies OAT OCS 7 
Total operating fund assets.............++4- Dein setelstctereyaieketcoets 59,830.33 ; 
Lotgls:. acwuensseecer Ra ig ws vleelele = Seinen pclonoBorcths « .$1,244,054.90 DT OAL cwiniegs sorepeletarte item Lie Gie ka phe ee Ty ales ai Jide RNR Seta OAL 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Statement of Cash Receipts and Disbursements of Operating Fund for the Year Ended April 30, 1947 


Exhibit B 
Cash on Deposit with The National City Bank of New York, May 1, EL Otall (forward) <./mjsvors cic ve cars ietaia¥el «7s.» mjaiajine eel CLeiajetelsl~\nmeinivigi Naini ni vere $633,818.17 
1946 (not including $1,302.87 for Federal taxes withheld from em- Disbursements (forward). ......----..s+eseereeee> $356,479 .90 
PLOV Cea reeset eters a aiclayo cits cial wine nis oneness AG CADRE TEAC $ 81,379.47 Traveling expenses: 
3 Geographical Districts: 
Receipts: 5 
Dues (including $143,232.00 allocated to ELEC- we hele bc iL ete i eI 9,294.64 
TRICAL ENGINEERING subscriptions).......-+. $305,014.02 phi a ae Pearls ae See SAR as be Han? 03 
7 ‘onferences on Student activities.........-.--2++++ 7,017.45 
Advertising... . 6... .6.cc cere cesecccrewerssressce 106,499.51 Bee or disectors 9.435 18 
TRANSACTIONS subscriptions.......-++++e+02+005 9,770.77 Nata Se SOTA RCS at le a "696 : 85 
ELECTRICAL ENGINEERING subscriptions. ....... 27,811.67 ea eee COMUNILELES cresilialn nina nico stare sete 1,696. 
Miscellaneous publications (preprints, Standards resident’s appropriation ARS Ge Re eS CE RE OT 3,153.72 
1 P prep , , AIEE representatives..... 363.70 
special reports, etc.)......+-+-+++ Pee er elaitiaescle's © 2,529 24 Adank | oN Ng GO og AC : 
ph Ek RRR at Sie eee Sacro eee 24,217.70 ee ean eas oo: snr sie ws PL ASB 
ERT aT NR ey ae eis'> Seeley issn 9 19,901.62 SRE oe istrict#-— Branch paper Prizess cic <viie-s 235288 
Meeciiciiite badess... F 4,443.03 nstitute prizes—national...........ceereeeeceeeres 412.24 
P aS S a Sal Ae Re eae NAST a So aSAe eS Sa: eg 2 Retirement system AIEE—normal contribution 5,816.89 
spirarsal ete ieee sites eric i Ne weg Oe ae TafaLa > bie 3,140.38 res bapa crs : desis ’ 
Interest and dividends on investments of Restricted apie 2 pe ordine ag poms ties on! Conca SSE +17 50.00 
Z American Standards Association. 1,500.00 
Capital Fund........... 18,804.53 : Z ae cee A IS aA Se aA g 
Se MS 2 OR ae gO Sa ae 2 Canadian Radio Technical Planning Board 10.00 
Miscellaneous. vse venice as cone ones 306.23 : : ; BYOB eine ante 
Savage RL Sec Hae ANe? LASER e Nopsaihe done ee TS Engineers’ Council for Professional Development. ..... 2,687 .50 
, Engineering Foundation Project—Weldin research,... 250.00 
Ghar A Leia bore de bg so bcinnno AApEnOUOGd CSCC GRRE UTE TOUrEn 552,438.70 De eects Tee Council 4 8 
; Economic Status of the Engineer..........-++-+-- 6,033 .43 
Total..... big geen (eg NAL eG oP eT OCR OES $633,818.17 eal emetnne & SEMEN OE Pk. ck SEIS 
Disbursements: : hoover Mredalic tes eaze ete cca'w felons Stayolatenels tia steueinlsioie eke 57.69 
Publications expense: John Fritz Medal. .......5.00. seen cece e ee ceeneees 220.93 
ELECTRICAL ENGINEERING National Committee State Board Engineering Ex- 
eae creme yo /s1s eitenel a sadeine tisiets'solars $132,721 .26 Pinta: Deb sees oh a eotane eee ects faccdac 90g 500.00 
ELECTRICAL ENGINEERING National Fire Protection Association—Dues.........+- 60.00 
advertising......00+e+eseserooes 45,163.74. ..$177,885.00 Radio Technical Planning Board............--++++ 400.00 
- United Engineering Trustees, Inc. 
PF RPANSAC TION D4 «situs siae viele 30 he bee SMa biate wyatt sie 10,571.30 Building assessment........-5.-+-eseeseeeeeeress 17,813 .56 
PROGEEDINGS oo ccc <5 vic > issn t olmiv es + o wy aioloieie Sis1e 2,633.69 Library assessment........-----+eeeerersereceees 11,845.00 
BEN ear OOK ey tae cites cistate miersioie\sieiateleetele «ie ete bs 7,488 .69 International Commission on Illumination.........+- 450.00 
Miscellaneous publications (preprints, Standards, Representation on labor panel and incidental expenses. . 2,275 .54 
EEC Nrarcfertes econ sect taie heh Pts ads pecs 0, Teiar s\eis¥s or . 26,043.51 Lamme Medal expense (see Exhibit C)......-..---++ 107.15 
Institute meetings. ......-.-- scree eee ree ee ee eeeeee 19,020.94 Membership badges. ......0++-+-feeeereececeeress 8,096.38 
Bristituite SECtONS>.js acc cies sie eure” Vib omlale sie eee bie aves 60,532.69 Legal services.......cssescendsseccccssecseensecee 250.00 
Institute Branches..... 2005-5200 ecceeeresons a anties 4,695.60 Office furniture and fixtures and repairs......-..-++++ 4,016.00 
Finance committee. ........--02ee eee cere ene ceee 769.99 Headquarters repairs, etC.......+-+++eeeeeeeeeereee 1,232.66 
Headquarters committee. ..... 6... e eee eee eee ee ees 263.50 Rent, etc., 500 Fifth Avenue.........--+++++ese0ees 3,655.30 
Membership committee. .......-. 622s eee e ee eeeeeee 13,295.39 
Standards committee... .....--- 00s r cere eerereee 13,100.27 IS Ia 7) eg ee Si ee Me SrA tS or $. .529,045.89 
Technical committees...........+-- Onitaleclelolotedereiv:= 5,829.82 Transfers: 
Committee on Institute publicity..........++0-+++-> 1,365.53 To reserve capital fund.........---2eeeeeeeeeeeee 96,011.59 
Planning and co-ordination committee. .....-.+-+++- 9,281 .06 To Member-for-Life fund..........--e+eeee200%% 1,877 .32 
Edison Medal committee..........+0 ee eeererrerees 244.01 
Committee on collective bargaining and related mat- Total disbursements......... Sa Sage ar Op GoC oe $626,934.80 
HOUMA shez TOM catenins Sreveis siatelelsiaysiaie Mirae S.atererste e.8%> 3,458.91 —_— 
—_—_—_——_ Cash on Deposit With The National City Bank of New York, 
Forward....... EASES Pete ate va ole cel sit ale aro loWnr erat $356,479.90... $633,818.17 April 30, 1947 (not including $1,664.75 for Federal taxes with- 
Total (forward).........-- Peters ein Ae CER Cao ccefeietrtsich eee oe $633,818.17 held from employees). .......020+ececercesr re eseenerreeeneess $ 6,883.37 
AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Exhibit C. Statement of Cash Receipts and Disbursements of Restricted Funds for the Year Ended April 30, 1947 
Restricted Funds 
SS he Lee ee eS SS ee 
International 
Electrical 
Reserve Member- Life Congress of Lamme 
Capital for-Life Membership St. Louis Medal Mailloux 
Total Fund Fund Fund Library Fund Fund Fund 
Cash on Deposit With The National City Bank of New York and 
Various Savings Banks, May 1, 1946......-.-+++++e++e000* $ 47,304.66...$ 36,676.03. ..$5,031.09..... $3637.90 scene $ (6618050 21. $160.00. . . $1,137.83 
Receipts: 
Proceeds from sales, etc. of securities.......++-+2eseeeeeeeerreee $ 32,223.13...$ 21,612.16......--++1- eee $5,153). 12s-fiaee $5,457 .85 
Income from bonds, <5. beds n eens owen acs reeset cece resets CEH Rt PARA R TRS On RE TELE ori eG OF 122 OS etiaoete 9429) sistas $160.00 
Interest on bank balances. ........---ce cece cceereereeeeeneres TO; DBick aioake ee ciate nie ees alte toratal on 53, 1 Bicvehais scars telosvatel einai rear tonne ae S$) L7e 13 
Transfers from operating fund........+-++++++eeeeee eerste reese 97,888.91... 96,011.59... 1,877 .32 
Life membership fees.........- 00ers ecce reer eeeeceteter eres 397. DOr eras seat ee acta cs <i 327.90 
Liquidating dividend—International Match Realization Com- 
pany, Ltd...... bites, ay ES ONE CE SD CCL Ea 63.00 63.00 
Total receipts....... Pe AC te ee a OR TOTES eto aes $130,950.56. . .$117,686.75... $1877 32.o ne $5,657 120 es ere $5,552.24 oe oe $160.00...$ 17.13 
pPOtal ei ssreetatntei Co ay Sel Se pate Recctcih: cate to shahal s Saas 4 $178,255.22... $154,362.78. . . $6,908 .41..... SOZIS OF ovacciems $6,214.04..... $320.00... $1,154.96 
Disbursements: . . 
Purchase of securities..........+-- alee ate OP CLOIE. CaOe $153,997.08... $143,386 41S oe leas hele amr RES AAR A A cis $5,457.85 
Transfer to operating fund......... Fie Gee SEANAD ODE nO BOSS Dia ticiet ere shale let Csravetn = arisen le 609 .52 
Purchase of medal, cost of engraving, etc. (exclusive of $107.15 \, 
paid from general fund)........-.- ees ae Sota See SR AGU OO OMIA evan a ox Benes occa as he are. ainale loca mse sagen $160.00 
roca dee aati he. ee etree | Pca re senae +7. $154,766.60, . . $143,586.11 Bec aEn ree aS, See $5,762.64....... $5,457.85... .. $160.00 
Balance on Deposit With The National City Bank of New York 2 
and Various Savings Banks, April are pcos salle sy $ 23,488.62...$ 10,976.67... $6,908.41..... $3.532539 nee Pairs 6 Piseesn $160.00. . . $1,154.96 
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Securities Owned, April 30, 1947 
Schedule 1 
—$—<——$$<— —$ eee EST oe ree 


Restricted Funds 


Principal Amount ———_$__—____$_?Tp€T 


of Bonds or International 
Number of Reserve Life Electrical Lamme 
Shares of Capital Membership Congress Medal 
Stock Fund Fund Library Fund Fund Total 
Railroad Bonds: 
Atlantic Coast Line First Consolidated 4%, due 1952.........--+-++-++++-+-- $ 4;00000 oa. 2s a ee I Ate IE oe IIE eee $4,253.78. «oe Wu S05 de 
Baltimore & Ohio, Pittsburgh, Lake Erie & West Virginia System4%,;duei980.... 10,000.00..... $. 6,450.00. oc ce cc cc ce wae se vee tein sisicnmiccwiec ein cae 6,450.00 
Chicago & Erie Railroad Company 5% first mortgage, due 1982, Registered.... 1,000.00..... 145105.00:..3;;. aw n'a a,0)8"e Besiapatajsnerel tet ataiataTevater sie hcace =< 1,105.00 
New York Central Railroad Company 4% series A consolidated mortgage, 
tC 1998 ccc cds Cnc wie 0s 0 ew eat es ome aoe fare tetone folate el pe TS ea ere 15,000.00..... O81 2 50 nec nalies <sicei de emcee cieaterattads ate ciel see pe eieiotars 9,812.50 
Northern Pacific Railway Company 4!/2% collateral trust, due 1975........... 15,000.00..... 1530750 owaens ance sels cela sers sens ame insects 15,307.50 
St. Louis-San Francisco Railway Company 4 % series A, first mortgage, due 
Cy AE er Eense ons SARE nC nO RcRsone nus OS SoonosUb ac oc (a) 1,200.00..... 15200.00). Saoicis'n asie one =)sia1< cininlntelolerelalai eke ere eieie stele) siete airs 1,200.00 
St. Louis-San Francisco Railway Company 4% series A, first mortgage, scrip (a) 198.00..... 998. OOS cis wiee caro. 0 cies wicia winlolclelerianve mice rs]aieluinrbreiarhio es 198.00 
St. Louis-San Francisco Railway Company 41/2% series A, second mortgage, 
income bonds, due 2022.......... 0 eee cece cece eee ener eneseeseeeces (a) 1,300.00..... 1,300.00..... § See cic ORe TES See avons rcrainteacatnterateilotala 1,300.00 
St. Louis-San Francisco Railway Company 41/2% series A,second mortgage, 
income bond, SCriP.....---- 2s cere ees e tense ete ce cose etsteeeecnee (a) 61-10..255' GLAD S. caees canis otecleis siete tie Cemeraten anil oat ete Si 61.10 
Total railroad ‘bonds: 7 .:. «cays ols aleve ie oc ernraistoloj oie s wie le mowjeteisy lel siniaternyalnlnleisls|sicist=/=teieioiniei=s $ 35,434.10...... Sate trsieApyn sieeowee Oeste teeters $4,253.78....$ 39,687.88 
Public Utility Bonds: 
American Telephone & Telegraph Company 2%/4% convertible debentures, ; 
ue 1961 sc Se Sass cee Daas aie ONE ere enae Sielwelonn sss elo mintnietsies eee $25,000.00..... $0 17,163:50-~-- $5,153.2253e- $5,457.85... adem ntaaines $ 27,774.47 
New York & Queens Electric Light & Power Company 31/2% first and con- 
solidated mortgage, due 1965......22.. 002 eee eee e ee eect entree erst steees 10,000.00. .... 10,400.00 2. a cee cixlelSelcts Bisons efeeetatoew eects ee .- 10,400.00 
Total public utility bonds. .... Se Ee Ru aig Seda tome rate itor el aa alae $ 27;563:50-=-~- $55153:122 =. $5,457.85... ccc seer wn sc $ 38,174.47 
United States Government Bonds: ‘ 
Treasury Savings bonds series D, due July 1, 1949.......0.+-+-eeeseserrreree $10,000.00..... ST, G44.00 3. i. isccc ereteincnje eral wieder eiciens siento Salelete us sles Wn aOR Oe 
Treasury Savings bonds series D, due January 1, 1950.....---++-+++++++++++ » 10,000.00..... 7,500.00 22s oes eee ninicis wiorsistaiere sis Bae nie eee sk accbafse sia 7,500.00 
Treasury bonds 2%, due 1950/48.....0.+- +. 222s eee e rece rete eee eeeeseces 77,000.00..... 78,130.94..... aewinla aera ataselele ataie = sie altistats lolehul e’sraielozs acleeein, 18,130;94: 
Treasury bonds 2%, due 1950/48, Registered.........-+++s+eseeeeeeeeees mf eee 2000.00) .ees 3060.94. oo roc ents c/amimetere(aine ale aie Seite Bisiteee atte ite 3,060.94 
Treasury bonds 2%, due March 15, 1952/50.......--+--eeeee seer reer e cece 25,000.00..... 25,61 719 Misc te cicrsio = ceils tere cee = iain alee PR a Se Fe 
Defense bonds series F; due June 1, 1953......... 02 ee eee eee eee e eet er eee 34,000.00..... 25,160.00 26 sane oe entels oe eeccees Saaoes S's oleate SN gueehe 9, OLOO 
Defense bonds series G, 2!/2%, due December 1, 1954.......---- ++ ++ ee eeeeee> 18,000.00..... TS. 0000056 once store raraiesicte Ree ition POE ace sds s» “~ 18,000;,00 
Treasury Savings bends series G, 21/2%, due September 1, 1955 soe ene eee 40,000.00..... £0;000:00% oe cscs en ceen es Ree Mere co . 40,000.00 
Treasury Savings bonds series G, 21/2%, due November 1, 1956.........-.-+-- 17,000.00..... 175000.00 LSE co as ns wre sree wick seine betes saaret siesta oe oles 17,000.00 
Treasury Savings bonds series G, 2!/2%, due May 1, 1957......-+++++++++++-> 20,000.00..... 20: 000500 [aon < cute sens foe slelste os Geeein sin oie w oe te oie olate ML OUULOD 
Treasury Savings bonds series G, 2!/2%, due October 1, 195%e sone oe aoe 30,000.00..... 30,000.00 8 None ree scar cise mesic a sian Noten ete oe eSizasieeic = 30,000.00 
Total United States Government bonds..........-.-- sere eee ere reese eet erteeeeeee cies POT SURO cares. cia cerice =) spaieteia dee terete ln care cise sa ee eee ee eskie 
Capital Stock: 
American Can Company.......-- 2... eee e eens center recente cert ccescees 60 shares..... $ 49884 oo. sie 3 3:<\njore o silo oe 2/0 le mi atwiole) obelaeieisinieasyeiaieiete $ 4,988.40 
American Telephone and Telegraph Company......--+++++2++esseerereeeee 100 shares..... LTGESAAS ere ota nicle-<ictoisiei= «ote eials\alo= shave est aha) winolea oir aCeiore set 17,454.15 
Atchison, Topeka & Santa Fe Railway Company preferred........--++.+-++--- 200 shares..... ae Woy fb PRR Aras ee Oe ee Pee Gay ne Ae ih 
Boston Edison Company.........-.seseecer cere eeseecereesescestesseeccs 200 shares..... 42750 scans ecin’e walsars ele ies <iteinee tele Gaoistelne ciate 4,927.50 
Commonwealth Edison Company...........--++-+- moa reine ein aetala leit semaine 200 shares..... F5BOiGB nc cies witig sini oo ee eteyee aries pielwlale ale Seareree RA sieeve orp DoUom 
Consolidated Natural Gas Company.........------- ne RN ee oe oae oe 11 shares..... i 7 ea oe Eee Dt Ser pe: Jase F 221.92 
Dow Chemical Company $4.00 cumulative preferred series A.......-.-.----- 100 shares..... ph OCT 9B eR oencs sme Aen ricGue yo a oC Goes Aceactom Wisoeieae 
Eastman Kodak Company.......--- 22+ ee ee cece ees e etree testes sss seeeecs 60 shares..... pO b ESSE SNe ahaa ac. Mele asieieae ars aferatots eee. 10,694.11 
E. I. du Pont de Nemours & Company.....-..- +--+ sees reer reer etre tecee 80 shares..... 13.096:68..caeciacto ences ae Soba Gudea a See eer eee 13,096.68 
General Electric Company..........0-2ee eee ce cece ener ress ees scr scteeeres 200 shares..... 7,748.66 
General Motors Corporation $5.00 preferred.......---+++ nico mins tters ie er 200 shares..... 25,820.00 
General Motors Corporation... ...--.+.++seeeeseeee eet see seer er tsetse es 100 shares..... 4,235.53 
Insurance Company of North America.......---++++-++esrerrreeeerttrce: 100 shares..... 10,847.50 
International Harvester Company.......-...++--2eeeee eee eeeesste tress 100 shares..... 5,030.50 
International Match Realization Company, Ltd., voting trust certificates for 
capital shares of International Match Corporation........eseee sees eee eeees 6 shares*.... 1,788.15*....5...... Saiaye' Seeaaee Myst oicisc) cece’ ere PALS 
Louisville & Nashville Railroad Company.......---+2++eeeeeeeerer steers 100 shares... .. G27 BS. celeicterte vanes dere atatetel= eas erevcie oie te alere Ske tea heise Cr Ose LOSES 
Ohio Edison Company 4.40% preferred........--- Senco Cer on. eee one 200 shares..... Pa WIN be WISE See cao SR. Goo sew ao wahse cetwepiee baiee 
Pacific Gas and Electric Company.......-..---+eeeeser cere eset ees seereees 200 shares..... 8,784:45. 0 sch apicinne = sce ees Teeetee seeunwartatee 8,784.35 
Public Service Corporation of New Jersey 6% preferred......-+-+-+++++-+++-+ 100 shares..... 11,150.00..... Net em aaa id heen akia oor eens 11,150.00 
St. Louis-San Francisco Railway Company voting trust certificates for 5% ; 
series A preferred stock.......-0-+--5+2 esses eteeterts (a) 21 1800/10000ths shares..... BB 27S: canis apiece tatoos bff cis avaratcla aiaieveamels ae 582.75 
St. Louis-San Francisco Railway Company voting trust certificates for 
Comimon Stock... ccs yess odeceseleinoa eee se eices* Se .(a) 42 6000/10000ths shares, .... B57.O0 a .2 dataset es ewe mingsiniaies weeds oe wusdious Bec 357.00 
Scoville Manufacturing Company 3.65% cumulative preferred.......------.100 ShATeshe tare eit Ost 425 wsimeetamie sae mi otal niet iokcretat le Re SEBO cece ee 
Sears, Roebuck and Company.....,..2-2--2+eeeee ester eects seesssse tees 400 shares..... PCS (ERR n emery sack face AG menos oS 6,014.97 
Standard Oil Company of Indiana.........---++se+reeerer rete eter tt sree 200 shares..... BLUE: PSR BE os orn coo sot orice ccs arbi isisiatatetaiokcesiaters 8,170.32 
Standard Oil Company of New Jersey....------+e-eer ees ser eects ett sete: 200 shares..... DGOT 26 ware wictaia atetetalnietneiaiaie sinteYais7ainint at Ws eeieieaiats sKtceme) 93601;26 
Union Carbide & Carbon Corporation.........-+++--+- pee Sone ceo 100 shares..... LEON IR ORR ORE EEIS SbOnt ee as8eesas Bee kASn eo Sco se 7,277.42 
United Fruit Company...........--- SL Be Boscp eases ay an eetes ...-- (6) 300 shares..... ADRS QOS seats arene ecm Moers SSE nee SNE 
United States Steel Corporation 7% cumulative preferred.......- sy eS 100 shares..... 4885.00. ctu de onteyes SNL aR A ead a LD 
Total capital stocks ...0c6 oes se coe cps one esse rieeemaeewe wren omen pp teary ee S.§26R 632.69 5. coh oka eo ae re ciate PEO Looe ee 
Cotale scene ata Saree Gra sycudibontotacd oheteey Be ee cs Seiceecicrt SAS IOC. Sk praiae $596,743.36.....$5,153.12.... .$5,457.85.... .$4,253.78. ...$611,608.11 
* Less reserve in full for securities considered to be of doubtful value........-..-++-+---- ee (5h oe ee need eee emer ee PILLS 
Total Securities, Less Reserve........- aa. owes Sie aie een ta isos ata rseeneereetouer .. 2. .$594,955.21.... .$5,153.12.....$5,457.85.... .$4,253.78.... $609,819.96 
a 


(a) In connection with the reorganization of the St. Louis-San Francisco Railway Company the securities marked (a) were received during the year in exchange for St. 
Louis-San Francisco Railway Company 5% prior lien mortgage series B, due 1950 (certificates of deposit), registered, stamped, which were surrendered. 
(8) Stock was split in June 1946 by issuance of two additional shares for each one held. : 
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New AIEE Publication Policy 


Becomes Effective in January 1947 


By Charles F. Wagner, Chairman AIEE Publication Committee - 


One of the fundamental purposes of the 
{Institute is the dissemination to its members 
of information concerning new theories, new 
apparatus, and new developments through- 
out the electrical field. Incidental to its 
responsibility under this objective, and pur- 
suant to action of the board of directors (EE, 
June 1946, p 270) the AIEE publication com- 
mittee has been developing ways and means 
of improving the Institute’s publication 
policy and procedure with the objectives of 
better serving the greatly enlarged and rap- 
idly growing membership and of covering 
adequately the active and ever-growing 
electrical field. 

The purpose of this report is to describe 
and explain the modifications in present 
publication policy and procedure constitut- 
ing the new AIEE publication policy, which 
is to become effective immediately with 1947 
publications. Before discussing the new 
policy, it is desirable to review the present 
policy which now falls somewhat short of 
membership needs, and to define the various 
kinds of publication materials that come to 
the Institute for consideration. 


PRESENT PUBLICATION PLAN 


The present [1946] AIEE publication policy 
was establishedin 1940. Most ofthe material 
published by the Institute is submitted as 
technical papers. These papers are referred 
first to the technical program committee for 
review and approval; if approved, they then 
are scheduled for presentation at a national 
or District meeting, where they are open for 
discussion. 

Under the present publication policy, all 
technical papers so approved and recom- 
mended by the technical program committee 
are published in the AIEE Transactions, which 
is issued annually covering a calendar year 
and which serves as the permanent re- 
pository of material covering the progress 
and development of the electrical art. A 
Transactions section of the monthly maga- 
zine Electrical Engineering is set aside and 
allocated for publication of approved tech- 
nical papers, this being in actuality a monthly 
preprint of identical pages which will consti- 
tute the current annual Transactions volume. 
Because of cost limitations, space has not 
been available in the monthly magazine for 
all approved papers. The overflow papers 
are printed twice yearly, in June and in 
December, in a special publication known as 
the ‘‘Supplement to Electrical Engineering— 
Transactions section.” These supplements 
are available to Institute members at 50 
cents each or $1 per year. Discussions of 
technical papers do not appear in Electrical 
Engineering, but first become available to the 
membership in the supplements, after a lapse 
of several months; for example, winter 
meeting discussions in the June supplement. 
Thus a member automatically receives most 
of the technical papers in the Transactions 
sections of Electrical Engineering, and by pur- 
chasing the supplements receives all of the 
remaining approved technical papers and all 
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approved pertinent discussion. All this 
material appears in the annual AIEE Trans- 
actions. Discussions, however, do not appear 
on Transactions pages immediately adjoining 
the paper to which they apply, but appear 
elsewhere in the volume. 

Certain of the papers submitted by con- 
tributors to the technical program committee 
and the technical committees for review and 
consideration are adjudged to be appropriate 
and timely for presentation and discussion at 
a national or District meeting, although they 
are deemed to be inappropriate for perma- 
nentrecord. Although these papers are pre- 
sented at meetings, they are not published in 
the Transactions sections of Electrical Engineer- 
ing, the supplements, or the Transactions. In 
current parlance they are known as “ACO” 
(advance copies only) papers; formally, this 
series of papers is designated as “AIEE mis- 
cellaneous papers” to distinguish them from 
the regular ‘‘AIEE technical papers’’ series. 

To facilitate and to promote discussion of 
papers, individual pamphlet copies of each 
technical paper (regular or ACO) are issued 
in advance of the meetings at which the 
papers are scheduled to be presented and dis- 
cussed. These pamphlets are known as 
“advance copies” or ‘‘preprints” of the tech- 
nical papers. As the time element is of 
essential importance in relation to the meet- 
ings programs and speed is required in the 
physical reproduction of these papers to make 
them available to interested members as far 
as possible in advance of their presentation at 
meetings, a quick method of reproduction is 
resorted to that is known as the photolitho- 
graphic or “‘photo-offset’’ process. In this 
process of reproduction, the author’s original 
manuscript copy and illustrations are repro- 
duced photographically approximately in 
facsimile, and without any of the intervening 
steps necessary for regular printing. The 
photolithographic process is a more expensive 
reproduction process than printing where 
substantial quantities are involved, but does 
offer the advantage of speed in reproduction. 
These ‘advance copies”’ or “‘preprints”’ there- 
fore are produced only in limited quantities, 
and are made available to members approxi- 
mately at cost. 

To facilitate the efforts of District meeting 
committees in preparing programs best adap- 
ted to the timely and particular interests of 
the region to be served by District meeting, 
another class of paper has been given a 
recognized status by the Institute. This 
class of paper, known officially as “District 
papers’ (DP) is authorized for acceptance for 
presentation and discussion at a District 
meeting solely at the discretion of the District 
meeting committee and without the require- 
ment of advance review by the technical 
program committee or the technical com- 
mittees. Correspondingly, such papers have 
status only as parts of the local District meet- 
ings programs, where they may be discussed 
along with other papers, but carry with them 
no commitment or obligation for publication 
of either paper or discussion. In some in- 
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stances, of course, the subject matter of Dis- 
trict papers may be developed further and 
processed through the regular AIEE channels 
previously discussed and ultimately become 
eligible for inclusion in Transactions. These 
District papers normally are not prepared in 
pamphlet form by the Institute, nor are they 
generally available even at the meetings 
where they are scheduled for presentation, 
except in instances where authors may pro- 
vide mimeographed or other copies. 

Still another class of paper is involved cur- 
rently in national and District meetings pro- 
grams, known as “conference papers” (CP). 
These conference papers in a great many 
instances are not papers at all, but informal 
oral presentations made at conference sessions 
or round-table discussions which are organ- 
ized from time to time on subjects of current 
interest under the encouragement of the 
technical program committee and the direct 
sponsorship of one or more of the technical 
committees. Like the-previously mentioned 
District papers, conference papers are wholly 
informal presentations, not reproduced or 
distributed by the Institute, and carry no 
commitment for publication of paper or dis- 
cussion. Such papers may be processed 
subsequently through regular channels and 
ultimately become Transactions material. 
Authors of conference papers sometimes 
make a limited number of mimeographed or 
other copies available at their own expense 
for use at the meetings. Otherwise, to pre- 
serve the complete informality of the con- 
ference session, there is no record of what 
transpires at such meetings or conferences, 
except as it may bé covered in new reports in 
Electrical Engineering. 

Electrical Engineering, under the present 
publication policy, contains many engineer- 
ing and other articles, news items, personals, 
and other material of current general interest 
to AIEE members in addition to the Transac- 
tions section previously mentioned. This 
material is drawn from AIEE and other 
sources. The choice of material, as well as 
the general management and publication of 
the magazine, is the responsibility of the 
editor. 


CURRENT PROBLEM 


The electrical art has become so broad in 
scope and so specialized in nature that any 
particular technical program paper now is of 
interest to only a relatively small portion of 
the entire membership. Thus, under the 
present publication plan the average member 
is receiving many specialized papers in fields 
of relatively little interest to him. This 
repeatedly has been brought to the attention 
of the publication committee with the corol- 
lary suggestion that in most such instances an 
abstract or digest presenting on an informa- 
tional basis the essence of such specialized 
papers would better satisfy the average mem- 
ber’s requirement, leaving the full technical 
paper for the specialist. Under the present 
publication policy, the space required to 
print these technical papers in full in Elec- 
trical Engineering crowds out material of 
broader general interest, a situation that is 
growing more acute as the national and Dis- 
trict meeting activities grow and the number 
of technical papers increases. The policy 
requiring publication of these papers in full 
in Electrical Engineering places undesirable 
restrictions and limitations upon the editor 
in his efforts, under his assigned responsibility 
to produce in Electrical Engineering a maga- 
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zine of greater service and more general 
appeal to the membership at large. 

Discussions and rebuttals of technical 
papers, under the present publication plan, 
appear as already noted only in the 7ransac- 
tions and in the “Supplement to Electrical 
Engineering— Transactions section,” and in any 
event only after the lapse of so long a time 
that much of the interest in the discussion is 
lost. Further, such discussions do not appear 
on pages immediately adjoining the papers to 
which they apply, thus necessitating reference 
to two different locations to obtain the com- 
plete story concerning any particular paper. 
The publication committee has received con- 
tinual criticism of this practice. 


NEW PUBLICATION PLAN 


In the new publication plan, the 7ransac- 
tions section will be eliminated from Elec- 
trical Engineering and in its stead will be 
established a new series of publications to be 
known as “‘AIEE Proceedings” which will 
consist principally of all technical papers with 
their discussions, and which also may con- 
tain other appropriate material from national 
and District meetings. Individual members 
will be given the opportunity to select desig- 
nated groups of these technical papers to be 
received free of charge, and other papers to 
be received as desired at a nominal charge to 
cover cost. More specifically the publica- 
tions and policy of the Institute may be 
described as follows: 


7. Electrical Engineering. Coincidental with 
the elimination of the Transactions section, 
the general-interest content of Electrical 
Engineering will be expanded, enhanced, and 
given greater flexibility to satisfy more fully 
the current and future requirements of the 
membership. It will be characterized es- 
pecially by the following attributes. 


(a). Subject only to general policy, the 
management and publication of Electrical 
Engineering will be entirely the responsibility 
of the editor. 

(b). The general-interest content will be 
approximately doubled, contemplated to be 
at least 100 pages per month. 


(c). The contents will be divided broadly 
into two general categories: (1) general 
articles, to be drawn from all currently avail- 
able sources including material submitted for 
technical program papers after, but regard- 
less of, action by the technical program com- 
mittee, selected on the basis of timeliness and 
general-interest value to the membership at 
large and treated accordingly; (2) news 
material, comprehensively and appropriately 
reflecting all AIEE and related activities, also 
appropriately reflecting other current activi- 
ties of interest and significance to the mem- 
bership. For example, with reference to 
AIEE programs, whether technical sessions 
or conferences, it is contemplated that all 
technical program papers and all other 
appropriate material will be reflected cur- 
’ rently in Electrical Engineering for the purpose 
of keeping the membership fully and cur- 
rently informed. 


(2). Summary abstracts of technical 
papers will continue to be included as at 
present and will be published as far as pos- 
sible in advance of the meeting at which the 
papers are scheduled for presentation and dis- 
cussion. 


(e). The weight and quality of both in- 
side and cover paper stock will be improved. 
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This will recover the losses sustained inciden- 
tal to United States Government wartime 
regulations and policies, and should obviate 
the justifiable criticisms that have been re- 
ceived from readers and advertisers concern- 
ing the unsatisfactory quality of reproduction 
of illustrations and other matter. 


(f). A more aggressive advertising policy 
will be inaugurated to capitalize more fully 
upon the established prestige and substantial 
standing of Electrical Engineering. 


(g). Distribution will continue to be 
made automatically to the entire AIEE mem- 
bership; to be available also to nonmembers 
at an appropriate subscription price in 
accordance with postal regulations and as 
provided in AIEE bylaw 103 and 104. 


2. Preprints. To encourage and facilitate 
discussion of technical papers at national and 
District meetings, the present practice of 
issuing advance pamphlet copies or “‘pre- 
prints,” of technical program papers by the 
photolithographic process or an appropriate 
equivalent will be continued. Distribution 
of this material is to be made as follows. 


(a). The minimum necessary number of 
copies will be available for distribution with- 
out charge by or at the specific and detailed 
request of the committee responsible for the 
development and approval of the manu- 
script in question. Such distribution is 
intended to be made prior to the meeting at 
which the paper is scheduled for presentation 
and discussion, and primarily for the purpose 
of stimulating qualified discussion. 


(6). Copies will be available upon re- 
quest to the entire AIEE membership at 
cost, such cost to include all production, 
overhead, and distribution costs; available 
to others at 100 per cent above members 


price. Following is the schedule of members 
prices: 
Size of 
Pamphlet At Registration By 
(Pages) Desk Mail 
12 for less) ripest ao eieeerere SOND). cnvareratesetateys corona $90.15 
1O.ce TW" Se oR ecdanepatinry: a Bic Castro .20 
QO Fe TSectrretete ehester sree 2.0 tetra roan tee 325) 
DAP Or ANOLE Sel eae sisal SAB ie occ ate een erate ia 30 


3. Proceedings. For the purpose of better 
serving those among the membership who are 
especially interested in the full and complete 
technical and mathematical details of subject 
matter within the field of their particular 
professional interest, a new series of publica- 
tions is to be established, to be known as 
“ATEE Proceedings.” The Proceedings will 
contain the full text of all papers approved 
by the technical program committee for 
publication in Transactions and for presenta- 
tion at national or District meetings together 
with all discussions of those papers as ap- 
proved by the technical program committee; 
also, may contain “miscellaneous (ACO) 
papers’ approved by the technical program 
committee for presentation at national or 
District meetings; and other appropriate 
material. The Proceedings thus is planned to 
contain all material now published in the 
Transactions sections of the 12 monthly issues 
of Electrical Engineering and the two semi- 
annual supplements, and in addition a very 
considerable amount of meeting materiai 
heretofore not published. 


Publication Policy 


To provide maximum flexibility in pro- 
duction and distribution and thereby ex- 
pedite materially the distribution of such-ma- 
terial, and in deference to the long expressed 
wishes of the technical specialists among 
the Institute’s membership who are most 
interested in the full and complete details of 
technical papers and their related discussions, 
the Proceedings will be issued in the form of 
individual printed pamphlets. Each pam- 
phlet will contain the full text of an approved 
technical paper, and all approved pertinent 
discussion. The factors which will control 
the date of completion and initial distribu- 
tion of this material will be (a) the deter- 
mination by the technical program commit- 
tee that no discussion is available or (6) the 
release by the technical program committee 
of discussion which it has approved for pub- 
lication. On this basis, this material will be 
available to those who especially want it 
several months earlier than is possible under 
the present publication plan. 


Each Fellow, Member, and Associate of 
the AIEE will be given an opportunity to 
select for receipt free of charge a limited 
quantity of the total number of Proceedings 
sections (pamphlets), the quantity designed 
to be sufficiently generous to enable the 
average member to obtain those papers in 
which he is most intimately concerned. 
Others will be available at cost. Proceedings 
sections also will be available at cost to 
Student Members. 


4. Annual Transactions. Current policies 


and procedures with reference to AIEE © 


Transactions are to be continued without 
change, except that the flexibility introduced 
by the previously discussed changes in pub- 
lication procedure will enable discussions to 
be assembled with the papers to which they 
apply. Bound volumes will continue to be 
issued on the basis of material presented dur- 
ing a calendar year, in single or multiple 
volumes, depending upon the amount of 
material and other considerations. Transac- 
tions will contain all formal AIEE. technical 
papers and related discussion as approved by 
the AIEE technical program committee, and 
other recordmaterialappropriately approved. 
Distribution will continue on the basis of 
advance order; to the AIEE membership at 
cost, to others at appropriately higher prices. 


5. Special Publications. To provide a 
facility in a field of publication services here- 
tofore not satisfied adequately by the Insti- 
tute, a series of ‘““AIEE Special Publications” 
will be established and its use encouraged. 
It is contemplated that such publications will 
be issued from time to time and in appro- 
priate relation to other AIEE publications to 
accommodate material of especial value and 
importance in its field but of limited general 
interest or applicability, or material pecu- 
liarly convenient and appropriate in the form 
of separate and substantially bound books or 
booklets. It is contemplated that these 
special publications may accommodate ma- 
terial highly technical or mathematical in 
content, or specialized in subject matter, such 
as the “AIEE Lightning Reference Book,” 
the AIEE Joint Subcommittee report ““Tele- 
metering, Supervisory Control, and Associ- 
ated Circuits,’ and the ‘Bibliography _on 
Automatic Stations, 1930-1941,” and other 


bibliographies, consolidated reprints, special — 


reports, surveys, and similar material. 
The format, typographical style, paper, 
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and printing will be of a quality appropriate 
to an AIEE publication and commensurate 
with their positions in the AIEE family of 
publications. Special publications are to 
be issued on an entirely self-supporting basis, 
the proceeds from sales in effect consituting 
a revolving fund for continuation and stimu- 
lation of the project. 

Distribution of special publications is to be 
on the basis of individual order, at cost to the 
AIEE membership; to others at 100 per cent 
above the prices which will be set for mem- 
bers. 


6. Reprint Service. 


which has proved to meet many membership 
needs, the present practice of publishing 
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As a special service 


quantities of reprints or preprints of AIEE 
published material will be continued. Such 
reprints usually will be produced on the basis 
of specific orders, but occasionally upon the 
basis of anticipated need. Such reprint 
services are to be performed on an entirely 
self-supporting basis. 


7. Annual Index. To provide a consoli- 
dated single authoritative reference guide to 
all" AIEE material published during any 
calendar year, a complete composite AIEE 
annual index is planned, to cover appropri- 
ately the content of Electrical Engineering, 
Proceedings, Transactions, and special publica- 
tions. This index will continue the basic 
alphabetical multientry subject listing sys- 
tem originally developed by Electrical Engi- 
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neering and used with eminent success over a 
period of many years. Distribution will be 
automatic and without charge to the AIEE 
membership and to regular subscribers to 
AIEE publications; upon request to others. 


8. Yearbook. Publication of the Year- 
book is to be continued as at present. Dis- 
tribution is on the basis of individual requests. 


9. Conference Papers. The informal AIEE 
conference papers will be treated very much 
as in the past. As such, they do not have 
publication status, although the editor of 
Electrical Engineering specifically is authorized 
to make appropriate use of conference ma- 
terial subject to the approval of the authors 
involved. 
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HE ADMINISTRATION of committee activities 

of the Institute gradually is evolving toward greater 
unification of groups which have related interests. The 
board of directors, at its April meeting in Worcester, 
Mass. (EE, June ’47, pp 597-8), set in motion a series of 
changes intended to revitalize the entire committee 
structure. Immediately after the meeting, Blake D. 
Hull, then the presidential nominee, started the forma- 
tion of the new committee organization in order to 
enter upon the new year with a full personnel. 

Prior to the Worcester meeting, the technical com- 
mittees had been operating informally in a group or 
divisional organization as suggested by the directors at 
their Asheville, N. C., meeting in 1946 (EE, June °46, 
bp 269-70). At Worcester, the Asheville resolution was 
amended to read as follows: 


Resolved that it is the sense of the board of directors that the 
development of the technical committee activities of the Institute 
should be guided by the following principles: 


1. Thatsuch additional technical committees should be organized 
as may be needed to cover the important items of electrical 
technology. 


2. That these technical committees should be grouped in ap- 
propriate divisions or groups with a co-ordinating committee for 
each group fairly compact in numbers and consisting essentially 
of a group chairman and the chairmen of the technical committees 
comprising the group. 

3. That each year the group co-ordinating committees make 
informal recommendations to the presidential nominee through 
the secretary on the membership and organization of the whole 
technical committee structure, including at least two alternates 
for every co-ordinating committee chairmanship. 


4, That in such recommendations a reasonable turnover of the 
committee personnel be the intention. Further, that it is the 
intent of this board that the responsible committees should pro- 
ceed with such changes as they may determine to be necessary 
and proper to effectuate these principles unless the proposed 
changes are at variance with either the constitution or the bylaws, 
in which event they shall be referred back to the board for further 
consideration. 


The directors voted to establish initially four co- 
ordinating committees for the technical committees, 
and also to establish several new technical committees 
in addition to those previously established at their 
January and October meetings. The new technical 
committee setup (including several changes adopted 
by the board of directors on August 11, 1947) follows: 


Power Co-ordinating Committee 


Carrier current committee 

Electronic power converter committee 
[Insulated conductor committee 

Power generation committee 
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Protective devices committee 

Relay committee 

Rotating machinery committee 
Substation committee 

Switchgear committee 

System engineering committee 
Transformer committee 

Transmission and distribution committee 


Industry Co-ordinating Committee 


Chemical, electrochemical, and electrothermal committee 
Electric heating committee 

Electric welding committee 

General industry applications committee 

Industrial control committee 

Industrial power systems committee 

Mining and metal industry committee 


Communication and Science Co-ordinating Committee 


Basic sciences committee 

Communication, committee 

Electronics committee 

Instruments and measurements committee 
Nucleonics committee 

Therapeutics committee 


General Applications Co-ordinating Committee 


Air transportation committee 

Domestic and commercial applications committee 
Land transportation committee 

Marine transportation committee é 
Production and application of light committee 


In general the name of the committee describes its 
functions. Other duties are defined in sections 65, 
85, 86, and 108 of the bylaws of the Institute. 

No changes in the constitution and no major changes 
in the bylaws were required to accomplish the re- 
organization. As before, all committees are directly 
responsible to the board of directors; as before, and as 
provided in the bylaws “‘in respect of matters affecting 
standardization or nomenclature, the several com- 
mittees named shall submit to the Standards com- 
mittee such recommendations as they may deem proper;” 
as before, “in respect of papers and discussions, these 
committees shall report to the technical program com- 
mittee to correlate the work of their committees in such 
a manner as effectively will provide adequate oppor- 
tunity for discussion of each of the various topics included 
within the scope of Institute activity, and to arrange the 
presentation and discussion of such papers as may 
receive its approval.”” The chairman of each technical 
committee will continue to be a member of the technical 
program committee which also includes the chairmen of 
technical co-ordinating committees, the committees on 
planning and co-ordination, safety, Standards, educa- 
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tion, and research. The technical committees them- 
selves will do the work of co-ordinating and correlating 
their activities within their own groups. 

One year of experience with this organization scheme 
leads to the belief that a combination of flexibility and 
efficiency can be achieved which will give complete and 
current coverage to all areas of the large field of technical 
activity of the Institute. Subjects, papers, and duties 
can be transferred among committees and among 
groups or divisions. Co-operation, under the co- 
ordinating committees, comes about by common con- 
sultation and common consent. 

A similar grouping of activities will be tried among 
the general committees. At Worcester the directors, 
in addition to endorsing the principle of divisional 
organization, voted to establish two new co-ordinating 
committees, one on professional and one on adminis- 
trative activities, for the coming year. Also established 
by the directors at their Worcester meeting, is a new 
general committee, the management committee, which 
is included in the professional activities group. The new 
groups follow: 


Administration Group Co-ordinating Committee 


Board of examiners 

Constitution and bylaws committee 
Headquarters committee 

Institute publicity committee 
Members-for-life fund committee 
Membership committee 

Transfers committee 


Professional Activities Co-ordinating Committee 


Award of Institute prizes committee 

Charles LeGeyt Fortescue fellowship committee 
Code of principles of professional conduct committee 
Edison Medal committee 

Education committee 

Lamme Medal committee 

Management committee 

Registration of engineers committee 

Student Branches committee 


Not included in any divisional group are the remaining 
general committees which will continue to operate as at 
present. These are 


Finance committee 

Planning and co-ordination committee 
Publication committee 

Research committee 

Safety committee 

Sections committee 

Standards committee 

Technical program committee 


The committee on planning and co-ordination, 
however, will include within its membership the chair- 
men of the six co-ordinating committees. The divisional 
structure of the general committees will be worked out 
in more complete detail as the next administrative year 


progresses. 
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The following sections list the various technical com- 
mittees. The co-ordinating committee is given first, 
then the name and scope of the various committees 
represented in that particular co-ordinating committee. 

Personnel are listed on pages 9-12. 


Power Group 


POWER CO-ORDINATING COMMITTEE 


M. J. Steinberg, chairman, Consolidated Edision Company cf 
New York, Inc., 4 Irving Place, New York, N. Y. 

H. W. Collins, vice-chairman 

R. T. Henry 

A. J. Krupy 

Frank Thornton, Jr. 

C. C. Wilson, secretary 

Ex-officio: chairmen of technical committees in the power group 


CARRIER CURRENT COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the design, construction, and operation of equipment and circuits 
for the application of carrier currents in the generation, trans- 
mission, and distribution of electric power. Included in the,scope 
of this committee shall be treatment of the following: 
Carrier current equipment and circuits for 

Relaying 

Control (supervisory, load, frequency, and so forth) 

Metering 

Communication as applied to power system use 
also: 


Line traps 
Coupling capacitors 


ELECTRONIC POWER CONVERTER COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, construction, and operation of equipment and 
circuits for the electronic conversion of electric energy into other 
phases of electric energy in the generation, transmission, dis- 
tribution, and utilization of electric power. This scope shall 
not include hot-cathode-type converters which have been assigned 
to the hot cathode electronic power converters subcommittee of 
the electronics committee. There shall be included in this scope 
treatment of the following: 

Electronic converters for motor control (joint with industrial control committee) 


Electronic power rectifiers and inverters 
Electronic frequency changers 


Matters relating to electronic converters specifically designed for 
applications covered by certain other technical committees such 
as communication, transportation, industrial power systems, and 
electrochemical applications may be treated jointly with that 
committee if emphasis is on general principles; or exclusively by 
the application committee if emphasis is on the particular re- 
quirements of the application. 


INSULATED CONDUCTOR COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, construction, and operation of insulated con- 
ductors and the accessories thereto used in the generation, trans- 
mission, distribution, and utilization of electric power. Included 
in this scope shall be treatment of the following: 


Cable supply systems (including solid, oil-filled, and gas-filled cables) 

Insulated wire and cable 

Accessories (including potheads, wiring ducts, and conduit, not including insulated 
bus runs as in metal-clad switchgear) 

Structures (joint with transmission and distribution committee) 

Cable characteristics 

Insulations 

Sheaths and coverings 

Utilization wiring systems 
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Special purpose cables 
Tests and measurements 


Matters relating to insulated conductors specifically designed for 
applications covered by certain other technical committees such 
as communication, transportation, and electric heating may be 
treated jointly with that committee if emphasis is on general 
principles; or exclusively by the application committee if em- 
phasis is on the particular requirements of the application. 


POWER GENERATION COMMITTEE 


Scope—Treatment of all matters relating to the design, construction, 
and operation of electric power generating stations, including 
auxiliary equipment incidental thereto (where such equipment 
is not otherwise specifically assigned to other technical committees). 
Treatment of all matters pertaining to the design, construction, 
and operation of steam boiler plants, dams, reservoirs, nuclear 
piles, and other primary sources of energy to prime movers; also 
the prime movers themselves used in the generation of electric 
energy. 
Treatment of all matters relating to the economics of generation 
and supply of electric power within individual generating stations. 
Included in this scope shall be treatment of the following: 
Prime movers (hydro, steam, oil, gas, nuclear, wind power) 
Speed governors for prime movers 
Station load and frequency control (joint with system engineering committee) 
Control systems (joint with substation committee) 
Excitation systems and voltage regulators 
Station design (generating plant) 
Auxiliaries and accessories 
Production costs—design and operating economics (separate station) 


Co-ordination of prime mover and electric machine design 
Bus design (joint with switchgear and substation committees) 


PROTECTIVE DEVICES COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 

are the design, construction, and operation of devices and equip- 

ment to limit or prevent damage to electric power generation, 

transmission, or distribution systems, or equipment; such damage 

arising from excessive current, voltage, or from lightning. In- 

cluded in this scope shall be treatment of the following: 

Capacitors (where used as protective devices) 

Lightning protective devices (such as arrestors, protector tubes: air gaps, and expul- 
sion gaps) 

Fault limiting devices (including neutral grounding devices) 


Lightning investigations (joint with transmission and distribution committee) 
Reactors and grounding transformers (joint with transformer committee) 


Matters relating to- protective devices specifically designed for 
applications covered by certain other technical committees such 
as industrial control, industrial distribution systems, or com- 
munication, may be treated jointly with that committee if em- 
phasis is on general principles; or exclusively by the application 
committee if emphasis is on the particular requirements of the 
application. 


RELAY COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, construction, and operation of protective relays 
including all matters necessary to the functioning of such relays 
employed in the generation, transmission, and distribution of 
electric energy. Included in this scope shall be treatment of the 
following: 

Relays and automatic devices (fault and load discriminating) 

Relay protective schemes, including relay co-ordination 

Potential devices 


Bushing and instrument transformers (joint with instruments and measurements com- 
mittee) 


Matters relating to relays specifically designed for applications 
covered by certain other technical committees such as industrial 
control, communication, and transportation may be treated jointly 
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with that committee if emphasis is on general principles; or 
exclusively by the application committee if emphasis is on the 
particular requirements of the application. 


ROTATING MACHINERY COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the requirements, design, construction, and operation of 
rotating machinery for the generation of electric energy or its 
conversion into other forms of energy. There shall be included 
in this scope treatment of the following: 

Synchronous machines 

Induction machines 

D-c machines 

Single phase and fractional horsepower machines 

Motor generator sets 

Rotating frequency changers 

Rotating phase balancers 


Synchronous converters 
Insulation and dielectric problems related to rotating machinery 


Matters relating to rotating machinery specifically designed for 
applications covered by certain other technical committees such 
as electric welding, transportation, or communication may be 
treated jointly with that application committee if the emphasis 
is on general principles; or exclusively by the application com- 
mittee if the emphasis is on the particular requirements of the 
application. 


SUBSTATION COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the electrical and structural design, construction, installation, 
operation, and control of automatic, semiautomatic, and non- 
automatic substations, including switching and ~-transformer 
stations. 4 

Included in the scope of this committee shall be treatment of the 
following: 

Automatic, semiautomatic, and nonautomatic substations 

Switching stations 

Fundamental single line wiring diagrams 

Bus design (joint with Switchgear and power generation committees) 

Automatic and supervisory control systems (joint with power generation committee) 
Supervisory control devices 

Structural arrangements for substations 


Telemetering (joint with instruments and measurements committee) 
Insulation co-ordination (joint with transmission and distribution committee) - 


SWITCHGEAR COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the design, construction, and operation of devices or assembled 
gear to establish (make), interrupt, or change connections in an 
electric circuit under normal or abnormal conditions. Included’ 
in this scope shall be treatment of the following: 

Power circuit breakers 

Large air circuit breakers 

Low-voltage air circuit breakers é 

Switchgear assemblies 

Switches 

Insulating fluids (joint with transformer committee) 

Bus design (joint with power generation and substation committees) 

Insulation, insulators, and hardware for switchgear 


Automatic reclosers 
High-voltage fuses and cutouts (above 600 volts) 


Matters relating to switchgear or switchgear devices specifically 
designed for applications covered by certain other technical 
committees such as industrial control, communication, electronics, 
and transportation may be treated jointly with that committee 
if emphasis is on general principles; or exclusively by the applica- 
tion committee if emphasis is on the particular requirements of 
the application. 


SYSTEM ENGINEERING COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the requirements, planning, co-ordination, operation, and eco- 
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momics of interconnected electric generating, transmission, and 
distribution systems. Included in this scope shall be treatment 
of the following: 


Interconnected system planning 

Frequency and load control (joint with power generation committee) 
Load dispatching 

Economics of system and unit operation 

Engineering of system expansion 

Taterconnection contracts 


TRANSFORMER COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, construction, and operation of transformers, re- 
actors, and other similar equipment. Included within this scope 
shall be treatment of the following: 

Transmission and distribution transformers 

Voltage and load regulators (step and induction regulators) 

Reactors and grounding transformers (joint with protective devices committee) 
Specialty transformers and regulating transformers 

Railway service transformers 

Test transformers 

Constant current transformers 

{nsulating fluids (joint with switchgear committee) 

{nsulation and dielectric problems relating to transformers 

{nsulators and hardware for transformers - 


Matters relating to transformers and regulators specifically de- 
signed for applications covered by certain other technical com- 
mittees such as relays, electronics, protective devices, communica- 
tion, may be treated jointly with that committee if emphasis is on 
general principles; or exclusively by the application committee 
if emphasis is on the particular requirements of the application. 


TRANSMISSION AND DISTRIBUTION COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are considerations of economical and technical design, theoretical 
and experimental performance, installation, and service operation 
of that part of electric power systems which serve to transmit elec- 
tric energy between the generating source or substation and the 
service. 

Treatment of all matters involving substations themselves includ- 
ing switching and transforming stations are not within the scope 
of this committee, except in the broad aspects of the application 
of a substation as a whole. 

Treatment of matters involving. industria] distribution systems 
shall not be included within this scope unless such systems are inter- 
connected with an electric power utility, in which case the action 
shall be joint with the committee on industrial power systems. 

Included in this scope shall be treatment of the following: 
Overhead and underground transmissien and distribution systems 
Overhead conductors 
Fault current studies 
System stability 
Lightning investigations (joint with protective device committee) 

Structural co-ordination 

Insulation co-ordination (joint with substation committee) 
(nductive co-ordination 

Corona 


Towers, pole, insulators, and hardware 
Capacitors (except those used for protective devices) 


Industry Group 


INDUSTRY CO-ORDINATING COMMITTEE 


Herbert Speight, chairman, Westinghouse Electric Corporation, 
40 Wall Street, New York, N. Y. 

J. J. Orr, vice-chairman 

J. Elmer Housley : 

GC. C. Wilson, secretary 

Ex-officio: chairmen of technical committees in the industry group 
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CHEMICAL, ELECTROCHEMICAL, AND 
ELECTROTHERMAL COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the generation of electricity through chemical processes, and 
the application of electricity to chemical or metallurgical opera- 
tions (exclusive of electric welding and the phenomena of the arc 
insofar as it is concerned with the deposition of metal in welding, 
which is a function of the electric welding committee, and exclusive 
of magnetics, which is a function of the basic sciences committee), 
including the relations, installation, and operation of the devices 
necessary thereto, and the requirements of specialized devices, 
materials, or construction peculiar thereto. 


ELECTRIC HEATING COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the requirements, selection, installation, and operation of machines, 
devices, and equipment relating to electric heating of all kinds, 
including dielectric and induction, radiation, resistance, and 
high temperature furnaces. Design and theory of devices shall 
be handled by consultation with electronics or other committees 
as required. 


ELECTRIC WELDING COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the requirements, design, construction, selection, installation, 
and operation of machinery and devices relating to electric weld- 
ing, including studies of the electromagnetic phenomena of the 
arc insofar as it is concerned with the deposition of metal in 
welding. Such subjects as electric welding methods and the 
electric machinery and control equipment specially designed for 
welding are properly within the scope of this committee. 


GENERAL INDUSTRY APPLICATIONS COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the requirements, selection, installation, and operation of ma- 
chinery and devices relating to machine tools and to the proc- 
essing and/or fabrication (assembly) of nonmetallic materials. 
Such materials include textiles, rubber, paper, plastics. 

The problems relating to assembly line processes of all materials 
are considered within the scope of this committee. 


INDUSTRIAL CONTROL COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, construction, and performance of industrial control, 
and the way in which it serves to govern in some predetermined 
manner the electric power delivered to the apparatus to which it 
is connected. 


INDUSTRIAL POWER SYSTEMS COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the requirements, selection, co-ordination, installation, and 
operation of machines, devices, and equipment necessary for 
generating and transmitting electric power within an industrial 
plant for use solely by that plant. (Actual design of devices and 
equipment not included.) Design of distribution systems within 
the industrial plant are a part of the scope of this committee. 

When such industrial systems are interconnected with public 
systems, the action shall be joint with the committee on power 
generation or on transmission and distribution. 


MINING AND METAL INDUSTRY COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the requirements, selection, installation, and operation of 
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machinery and devices relating to the processing of metal and 
those relating to mining of any kind. 

Matters pertaining to blast furnaces, metal rolling, and metal 
drawing are properly within the scope of this committee. 


Communication and Science Group 


COMMUNICATION AND SCIENCE 
CO-ORDINATING COMMITTEE 


W. R. G. Baker, chairman, General Electric Company, Electronics 
Department, Thompson Road, Syracuse, N. Y. 

Truman S. Gray, vice-chairman 

O. E. Buckley 

F, A. Cowan 

Ex-officio: chairmen of technical committees in the communica- 
tion and science group 


BASIC SCIENCES COMMITTEE 


Scope—Treatment of all matters in which the dominant factor is 
electrophysics, and which are of such novel character as to be 
unapplied in any apparatus or field of application within the 
scopes of the other technical committees, or which are of such 
generality as to be significant within the scopes of several technical 
committees. Such subjects as general circuit theory, electro- 
statics, mathematical treatises, magnetics, general electrical units, 
and nomenclature are properly within the scope of this committee. 


COMMUNICATION COMMITTEE 


Scope—Treatment of all matters in which the dominant factor is 
the electrical transmission of intelligence (exclusive of supervisory 
control, which is a function of the substations committee, and 
railway signaling, which is a function of the land transportation 
committee), including methods, materials, devices, and con- 
struction to accomplish the result. Such subjects as telegraphy; 
telephony; program transmission; telephotography; television; 
police alarm, fire alarm, burglar alarm and traffic control systems; 
messenger calls; and time service are within the scope of this 
committee. Where communication lines are utilized in other 
fields, for example, the communication requirements of electric 
power systems and railways, or where problems of inductive co- 
ordination arise, treatment shall be joint with the respective tech- 
nical committees concerned. 


ELECTRONICS COMMITTEE 


Scope—Treatment of all matters in which the dominant factor is 
electronics, particularly those dealing with the design, charac- 
teristics, or behavior of devices of an electronic nature, or of the 
circuits associated with them. The treatment of complete equip- 
ments or systems may be considered within the scope of this 
committee if they depend predominantly on electronic devices 
for their operation. If the field of application of such equipments 
or systems falls also within the scope of other technical committees, 
action with those committees may be joint. 


INSTRUMENTS AND MEASUREMENTS COMMITTEE 


Scope—Treatment of all matters in which the dominant factor is 
the measurement of electrical quantities, both absolute and 
relative, and the measurement of other quantities by electrical 
methods, including the devices necessary thereto. Where novel 
instruments and novel methods of electrical measurement are in 
papers, even though measurement is not the prime objective, then 
action shall be joint with the respective technical committee 
concerned. ; 

Telemetering is assigned primarily to the committee on instru- 
ments and measurements and handled by a joint subcommittee 
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comprised of members of both the committees on substations 
and instruments and measurements. Telemetering problems in 
connection with automatic stations will be assigned by the chair- 
man of the committee on instruments and measurements to mem- 
bers of the subcommittee who are also members of the committee 
on substations. ‘Telemetering problems of a more general nature 
will be assigned by him to members of both main committees, 
and where the problem is simply measurements it will be assigned 
only to members of the committee on instruments and measure- 
ments (as per joint agreement between the committees on auto- 
matic stations and instruments and measurements, Jamuary 29, 
19355): 


NUCLEONICS COMMITTEE 


Scope—Treatment of all matters in which the dominant factor is 
nucleonics, particularly that dealing with the design, charac- 
teristics, or behavior of devices of a nucleonic nature, or of the 
systems associated with them. The treatment of complete equip- 
ments or systems may be considered within the scope of this com- 
mittee if they depend predominantly on nucleonic principle fox 
their operation. If the field of application of such equipments 
or systems falls also within the scopes of other technical com- 
mittees, action with those committees shall be joint. 


THERAPEUTICS COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the application of electric power to sanitation equipment, such as 
air-cleaning and sterilizing devices, and to the promotion of health 
and the analysis and treatment of disease or defects of the human 
body, such as X-ray equipment, diathermic equipment, cardio- 
graphs, investigations not directly applying to the human body 
but relating to health, and electric devices suitable for such pur- 
poses; the study of harmful effects of electric currents and radia- 
tions of electric devices upon the human body and means for the 
prevention of such effects, and so forth, are properly within the 
scope of this committee. 

Where certain devices are suitable for both therapeutic and 
industrial purposes, such as some X-ray equipment, or for thera- 
peutic and other scientific investigations, or for sanitation and ~ 
air-conditioning of domestic and commercial premises, action 
shall be joint with the industrial power applications committee, 
the basic sciences committee, or the domestic and commercial] 
applications committee, respectively; also, when appropriate. 
with the safety committee. 


General Applications Group 


GENERAL APPLICATIONS CO-ORDINATING 
COMMITTEE 


S. G. Hibben, chairman, Westinghouse Lamp Division, Bloomfield, 
N. J. 

C. C. Whipple, vice-chairman 

Elgin B. Robertson 

Ex-officio: chairmen of technical committees in the general appli- 
cations group : 


AIR TRANSPORTATION COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the design, installation, and performance of airplane equip- 
ment, including batteries, generating equipment, voltage regula- 
tors, instruments, wiring devices, motors, special controls, reverse 
current cutouts, bonding, shielding, filtering, inverters, dynamo- 
tors, lightning detection and protection, lighting (interior and 
exterior), system characteristics, weight-power relationships, 
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and heating devices. With respect to communication and naviga- 
tion; ground lighting; electric testing equipment for measuring 
strain, vibration, noise, corrosion, and so forth ;, and electric 
welding of airplane structures; action should be in co-operation 
with the respective AIEE technical committees in these fields and 
similar committees of other organizations. 


DOMESTIC AND COMMERCIAL APPLICATIONS 
COMMITTEE ~ 


Scope—Treatment of all matters in which the dominant technical 
factors are the interior supply and utilization of electric power in 
domestic premises, such as single or multiple dwellings, garages, 
and other accessory structures, and in institutional buildings 
such as hospitals, schools, libraries, and so forth. Such subjects 
as control, interior wiring, heat-operated and motor-operated 
appliances or equipment for use in domestic, commercial, or 
institutional premises, including elevators and escalators, are 
properly within this scope. Subjects relating to the production 
and application of light, as such, are within the scope of the 
production and application of light committee. 


LAND TRANSPORTATION COMMITTEE 


Scope—Treatment of all matters in which the dominant factors 
are the requirements, design, selection, relation, and operation 
of electric apparatus and material for transportation (exclusive 
of air and marine transportation, which are functions of the air 
transportation and marine transportation committees) of pas- 
sengers and freight and the economic questions incident thereto. 
Such subjects as the electrification of steam railways, street rail- 
ways, pantograph trolleys and overhead catenaries, electric loco- 
motives (oil-electric, gasoline-electric, or 3-power locomotives), 
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multiple-unit cars, electric-traction motors, main and auxiliary 
control equipment, railway substations, mercury-arc rectifier 
applications, and railways signaling and automatic train control 
are within the scope of this committee. 


MARINE TRANSPORTATION COMMITTEE 


Scope—Treatment of all matters in which the dominant factors are 
the application, relation, and installation of electric machinery 
and matérials of whatever nature on shipboard, and the require- 
ments for specialized devices, materials, or constructions peculiar 
to such application. 


PRODUCTION AND APPLICATION OF LIGHT 
COMMITTEE 


Scope—Treatment of those matters in which the dominant factor 
is the application of electric energy through its conversion into 
light, including necessary materials, devices, and mechanisms, 
insofar as these matters are considered of interest and value to the 
members of the Institute. This committee functions as a liaison 
between the Institute and various organizations dealing with the 
production and utilization of light, such as the Illuminating 
Engineering Society, the Optical Society of America, and others. 
Its activities include translating the theoretical and technical 
accomplishments of those organizations into terms of the practical 
aspects of the production and application of light, thereby serving 
to inform Institute members of important progress in this 
field. Where problems of electrical supply service, voltage, or 
distribution are involved, action shall be joint with the trans- 
mission and distribution committee. 
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D. E. Moat, chairman, Leeds and Northrup Company, 
1800 Keith Building, Cleveland 15, Ohio. 

Lloyd F. Hunt, vice-chairman, Southern California 
Edison Company Ltd., 601 West Fifth Street, Los 
Angeles 13, Calif. 

F. W. Willcutt, secretary, Potomac Electric Power 
Company, Tenth and E Streets, N.W., Washington 4, 


, D.C. 
F. A. Cooper F. K, McCune 
C. W. Fick M. J. McHenry 
John Gammell A. M. Musgrove 
J. W. Lingary H. K. Smith 
Ex officio 


Chairmen of transfers committees of all Sections 


Professional Group - 
Committees 
Professional Group Co-ordinating 


Committee 


EtG: ‘LeClair, chairman, Commonwealth Edison 
Company, 72 West Adams Street, Chicago 90, Ill. 
Chairmen of professional group committees 
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Charles LeGeyt Fortescue Fellowship 


J. W. Barker Ernst Weber 


(Terms expire July 31, 1948) 


H. E. Strang, chairman C. H. Willis 
(Terms expire July 31, 1949) 
H. N. Muller H. P. Sedwick 


(Terms expire J uly 37, 1950) 


Code of Principles of Professional 
Conduct 


Harry Barker, chairman, 11 Park Place, Room 1616, 
New York, N. Y. 


D. D. Ewing D. C. Jackson 
E. S. Fields R. D. Maxson 
E. H. Flath R. W. Sorensen 


Edison Medal 


Appointed by the president for term of five years 


C, R. Freehafer C. A. Powel David Sarnoff 
(Terms expire July 31, 1948) 


O. E. Buckley A. E. Knowlton H. E. Strang 
(Terms expire July 31, 1949) 
C, V. Christie Zay Jeffries Harold Pender 
(Terms expire July 31, 1950) 
C. A. Corney S. M. Dean, chairman I. M. Stein 
(Terms expire July 31, 1951) 
Marvin W. Smith H. S. Osborne H. A. Winne 


(Terms expire July 31, 1952) 


Elected by the board of directors from its own membership for 
term of two years 


P. L. Alger R. T. Henry E. P. Yerkes 
(Terms expire July 31, 1948) 
W. L. Everitt J. F. Fairman A. C. Monteith 
(Terms expire July 31, 1949) 
Ex officio 


B. D. Hull, president 
W. I. Slichter, treasurer 
H. H. Henline, secretary 


Education 


J. G. Tarboux, chairman, Cornell University, Ithaca, 
INS, 

vice-chairman, Carnegie Institute of 
Technology, Pittsburgh, Pa. 

J. A. Northcott, Jr., secretary, Engineering College, 
University of Notre Dame, Notre Dame, Ind. 


B. R. Teare, Jr., 


H. W. Bibber H.N. Muller 
W. L. Cassell R. C. Putnam 
G. F. Corcoran Claire W. Ricker 
E, E. Dreese R. W. Sorensen 
-W. L, Everitt C. E. Tucker 
H. E. Hartig C. E. Tuites 
T. M. Linville E. A. Walker 
E, A. Loew R. W. Warner 
A. H. Lovell S. Reid Warren 
T. C. McFarland A. R. Zimmer 
Lamme Medal 
V. M. Montsinger, chairman : 
H. L. Hazen G. A. Waters 
(Terms expire July 31, 1948) 
N.S. Hibshman T.G. LeClair A.C. Monteith 
(Terms expire July 31, 1949) 
F. E. Harrell D. A. Quarles J.B. Thomas 
(Terms expire July 31, 1950) 
Management 


Lee H. Hill, chairman, Electrical World, 330 West 42d 
Street, New York 18, N. Y. 


K. P. Applegate: A. C. Monteith 


H. K. Breckenridge E. L. Moreland 
F, W.Bush H. A. Peterson 
W. L. Cisler H. E, Strang © 
E. E. Hill O. Van Rye 


Prizes, Award of Institute 


H. M. Turner, chairman, Yale University, New Haven, 


nn. 
W. R. G. Baker W. CG. Kalb 
H. L. Davis, Jr. J. J. Pilliod 
S. G. Hibben Herbert Speight 
B, M. Jones M, J. Steinberg 


C, G, Suits 


Registration of Engineers 


J. E. Hobson, chairman, Armour Research Foundation, 
35 West 33rd Street, Chicago 16, Ill. 


Officers and Commuttees—1947—1948 


A. J. Krupy, secretary, Commonwealth Edison Com- 
pany, 72 West Adams Street, Chicago 90, Ill, 


E, H. Bancker H. B. Joyce 
L, O. Campbell R. E. Kistler 
J. H. Foote K. B, McEachron 
N. L. Freeman R. E. Muehlig 
L. A. Griffith J. G. Patterson 
J. D. Guillemette W. W. Perry 
BP. W. L. Hill 


Elgin B. Robertson 
L. M. Robertson 


Student Branches 


J. F. Calvert, chairman, Northwestern Technological 
Institute, Evanston, Ill. 

E. M. Strong, vice-chairman, Cornell University, Ithaca, 
- N. Y. 
Everett S. Lee 
W. H. Pickering 


Sterling Beckwith 
A. M. Harrison 


P. L. Hoover L. T, Rader 
A. H. Howell R. W. Warner 
J. H. Kuhlmann B. S. Willis 


C. R. Wischmeyer 
Ex officio 


Student Branch counselors 


Technical Committees 


Power Group 
Power Co-ordinating Committee 


M. J. Steinberg, chairman, Consolidated Edison Com- 
pany of New York, Inc., 4 Irving Place, New York, 
Now, 

H. W. Collins, vice-chairman 

R. T. Henry 

A. J. Krupy 

Frank Thornton, Jr. 

C. C. Wilson, secretary 

Ex officio 

Chairmen of the 12 following technical committees 
in the power group 


Carrier Current 


L. F. Kennedy, chairman, General Electric Company, 
central station engineering divisions, 1 River Road, 
Schenectady EM INGER & 


S. C. Bartlett S. C. Leyland 
C. W. Boadway L. E. Ludekens 
[. D. Booth D. M. MacGregor 
R. C. Ericson T. W. MacLean 
W. J. Googe R. E. Neidig 
M. W. Keck O. A. Starcke 
E. W. Kenefake T. D. Talmage 


Mead Warren, Jr. 
Electronic Power Converter 


H. Winograd, chairman, Allis-Chalmers Manufacturing 
Company, electrical department, Milwaukee 1, Wis. 


J. L. Boyer A. J. Maslin 
F, W. Cramer L. W. Morton 
E. V. DeBlieux J. B. Rice 
J. B. Donnelly W. J. L. Rupprecht 
I. K. Dortort A. Schmidt, Jr. 
Wm. Fraser W. C. Sealey 
W. E. Gutzwiller H. C, Steiner 
C. C. Herskind T. A. Taylor 
H. E. Houck J. T. Thwaites 
G. N. Hughes Joel Tompkins 
C. R. Marcum C. H. Willis 
D. E. Marshall H, E. Zuvers 


Insulated Conductor 


L. F. Hickernell, chairman, Anaconda Wire and Cable 


Ss Company, Hastings-on-Hudson 6, New York 
C, F. Avila L. E. Fogg 
J. CG. Balsbaugh J. H. Foote 
H. G. Barnett M. W. Ghen 
C, E. Baugh H. Halperin 
A. P. S. Bellis C. T. Hatcher 
A. Bodicky T. G. Hieronymus 
A. S. Brookes R, A. Hopkins 
T. J. Brosnan L. I. Komives 
W. R. Bullard M. J. Lowenberg 
H. W. Clark C. G. Mansfield 
M. T. Crawford R. E. Morse 
E. W. Davis E, F, Nuezel 
W. A. Del Mar W. T. Peirce 
C. D. Eash R. S, Peterson 
D. M. Farnham (continued) 
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A. D. Pettee Gordon Thompson 
H. S. Phelps O. W, Titus 
R. A. Schatzel CQ. W. White 
G. B. Shanklin R, J. Wiseman 
V. A. Sheals K. S. Wyatt 
F. V. Smith C. P. Xenis 
L. G. Smith Cc. W. Zimmerer 


Power Generation 


A. H. Frampton, chairman, Hydro-Electric Power 
Commission of Ontario, electrical engineering depart- 
ment, Toronto 2, Ontario, Canada 


S. Beckwith J. B. McClure 
A. D, Caskey G. H. McDaniel 
C. A. Corney W. S. Peterson 
R. P. Crippen A. L: Pollard 
E. F. Dissmeyer G. M. Pollard 
Alex. Dovjikov J. A. Powell 
J. M. Drabelle F. L, Reinmann 
F. W. Gay B. G. A. Skrotzki 
C. A. Harrington M. J. Steinberg 
E. L. Hough G. M. Tatum 
W. R. Johnson H. D. Taylor 
A. J. Krupy R. L. Witzke 
J. T. Madill G. R. Woodman 


Protective Devices 


G. B. Dodds, chairman, Duquesne Light Company, 435 
6th Avenue, Pittsburgh, Pa. 


Cornelius 
{. Defandorf 
H. Earle 
W. 
\ 


V. J. 
Tees 
H. A. 
F.M 
R. 
Ww. 


Eberhardt 

N. Gerell 
T. B. Gross 
M. Hunter 

A. Jeanne 
. A. Johnson 
. H. Kinghorn 
E. W. Knapp 
F. R. Longley 
T. H. Mawson 


G. 
E. 
E. 
P. 
A 
J 


Relay 


J. R. McFarlin 
E. G, Norrell 
A. M. Opsahl 
H. L. Rawlins 
J. J. Ray 
W, J. Rudge 
W. E. Rushlow 
W. T. Smith 
R. Stewart 
M. Towner 
H. Vivian 
S. Watkins 
Whitehead 
C. P. Xenis 
H. Yonkers 


H. 
J. 
J: 
S. 
E.R. 
E. 


W.R. Brownlee, chairman, Commonwealth and South- 


. Bowman 
. Clem 
. Cooper 
. Cordray 
. Dana 
. Dickinson 
. Dodds 


bc 


hy 
o 
Ei 


. L. Fountain 
. Goldsmith 
. T. B. Gross 
. R. Halman 
. L. Harder 
. J. Hayes 
C. Hicks 


[dae hae 
Dw 


Rotating Machinery 


ern Corporation, Jackson, Mich. 


J. H. Kinghorn 
R. A. Larner 

W. A. Lewis 

S. C. Leyland 
H,. F. Lindemuth 
W. E. Marter 

A. J. McConnell 
E, L. Michelson 
C. E, Parks 

H. R. Paxson 

F. C. Poage 

E. G. Ratz 

K. N. Reardon 
W. K. Sonnemann 
J. H. Vivian 


CG. E. Kilbourne, chairman, General Electric Company, 
1 River Road, Schenectady 5, New York 


J. E. Allen 
W. R. Appleman 


. B. Hathaway 
. A. Hopkins 
. R. Hough. 

Ww. Jones 

. P. Kaspar 
. F. Kent 

A. Kilgore 

Kingsley, Jr. 

- J. Koch 

. A. Kroneberg 


gare cee faite 


Substations 


T. M. Linville 
T. C. Lloyd 

M. J. Lowenberg 
Cc, Lynn 

G. W. Mclver, Jr. 
R. GC. Moore 

J. G. Noest 

E. I. Pollard 

C. P. Potter 

F. C. Rushing 
M. L. Schmidt 


G. S. Whitlow, chairman, Union Electric Company 
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of Missouri, St. Louis, Mo. 


A. E. Anderson K. B. Hoffman 
Harris Barber I. T. Knight 
W. A. Derr W. J. Lank 
R. C. Ericson L. W. Long 
J. M. Flanigen G. S. Lunge 
M. Fraresso A. P. Peterson 
S. F. French S. L. Smith 
GC. D, Highleyman C. H. Smoke 
W L. Hiscox J. H. Vivian 
C. E. Winegartner 
Switchgear 


H. J. Lingal, chairman, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 


C. K. Beyette W. J. McLachlan 
C. H. Black R. G. Meyerand 
Harry Brown E, F. Miller 
J. Stanley Brown J. R. North 
E. A. Childerhose H. V. Nye 
H. W. Codding H. H. Rudd 
F. W. Cramer Max W. Rothpletz 
G. H. Doan F. V. Smith 
W. E. Enns G. Stamper 
K, J. C. Falck A. VanRyan 
R, M. Ferrill J. H. Vivian 
W. J. Gilson R. L. Webb 
W. D. Hardaway K. L. Wheeler 
M. H. Hobbs J. D. Wood 
L. M. Hovey J. GC. Woods 
F. A. Lane D. G. Worth 
H. A. P. Langstaff S. W. Zimmerman 


System Engineering 


J. E. McCormack, chairman, Consolidated Edison 
Company of New York, Inc., 4 Irving Place, New 


York, Nii¥s 
Cc. P. Almon, Jr. A. A. Johnson 
M. L. Blair B. M. Jones 
R. Brandt C. B. Kelley 
S. B. Crary R. M. Laurie 
E. E. ash Sieh M. H. Lovelady 
W. D. Hardaway O. W. Manz, Jr. 
H. L. "Harrington V. M. Marquis 
A. P. Hayward Cc. W. Mayott 
J. B. Hodtum S. B. Morehouse 
R. G. Hooke F, Oppenheimer 
L. F. Hunt W. O, Smith 

E, Wild 

Transformer 


H. B. Keath, chairman, Wagner Electric Corporation | 
6400 Plymouth Avenue, St. Louis, Mo 


J. A. Adams D. L. Levine 
F. S. Brown H. C. Louis 
M. K. Brown Cc. M. Lovell 
J. L. Cantwell V. M. Montsinger 
J. H. Chiles ; M. H. Pratt 
J. E. Clem ‘T. D. Reimers 
G. W. Clothier W. C. Sealey 
M. DeMerit F, L. Snyder 
J. A. Elzi Paul A. Vance 
I. W. Gross F, J. Vogel 
J. B. Hodtum Cc. V. Waddington 
A. A. Johnson H. H. Wagner 


E. C. Wentz 


Transmission and Distribution 


C. F. Wagner, chairman, Westinghouse Electric Cor- 
poration, central station department, East Pitts- 


burgh, Pa. 
C. E. Baugh W. W. Lewis 
D. K. Blake J. T. Lusignan 
Bryce Brady R. B, Miller 
Harold Cole L. M. Moore 
S. B. Crary E. W. Oesterreich 
P. J. Croft F. W. Packer 
A. E. Curtis J. S. Parsons 
A, E. Davison L. M. Robertson 
E, W. Dillard E. V. Sayles 
I. W. Gross H. J. Scholz 
E. Hansson T. G. A. Sillers 
K. E. Hapgood A. E. Silver 
E. R. Hendrickson F. V. Smith 
J. B. Hodtum E. C. Starr 
E. K. Huntington H. M. Frueblood 
H. E. Kent E. R. Whitehead 
GC. H. Kraft L. T. Williams 
A. A. Kroneberg R. L. Witzke 


Officers and Committees—1947--1948 


Industry Group 


Industry Co-ordinating Committee 


Herbert Speight, chairman, Westinghouse Electric 
Corporation, 40 Wall Street, New York, N. Y 

J.J. Orr, vice-chairman 

J. Elmer Housley 

C. C. Wilson, secretary 


Ex officio 
Chairmen of the seven following technical committees 
in the industry group 


Chemical, Electrochemical, and Electro- 
thermal 


T. R. Rhea, chairman, General Electric Company, 
Schenectady, N. Y. 


F. R. Benedict E. L. Kirk 
J. D. Brance W, B, Kouwenhoven 
W. H. Dickinson R. J. Kuhn 
W. C. Dreyer E, H. Lamberger 
L. H. Fletemeyer, Jr. F, L, Lawton 
Felix Glaza D. H. Levy 
L. Goldsmith G. H, Orcutt 
L. O. Grondahl Waldo Porter 
W. E. Gutzwiller R. L. Rayner 
E. A. Hanff H. C. Riggs 
J. D. Harper L. W. Roush 
T. G. Hieronymus E. T. Rummel 
J. E. Hobson G. B. Scheer 
H. E. Houck E. H. Scheick 
J. Elmer Housley Joel Tompkins 
J. D. Huntsberger J. J. Unger 


x: 
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H. W. Wahlquist 


Rollin Kennard E. R. Whitehead 


H. H. Zielinski 


Electric Heating 


G. W. Scott, Jr., chairman, Armstrong Cork Company, 


Lancaster, Pa. 


E. L. Bailey F. H. Mason 
R. M. Baker W. H. Meyer 
W. I. Bendz L. R. Milburn ~ 
F. T. Chesnut R. Neighbours 
L. M. Duryee C. E. Peck 
R. H. Ellis K. Pinder 
P. H. Goodell B. E. Rector 
J. Grotzinger J. B. Rice 
J. C. Handy W. C. Rudd 
E. A. Hanif E, H. Scheick 
J. B. Hodtum W. R. Schofield 
L. P. Hynes J. T. Thwaites 
T. P. Kinn V. E, Trouant 
G. F. Leland G. E, Walter 


H. R. Winemiller 
Electric Welding 


E, H. Vedder, chairman, Westinghouse Electric Cor- 
poration, P.O. Box 2025, Buffalo 3, N. Y. 


M. Zucker 


General Industry Applications 


L. A, Umansky, chairman, General Electric Company, 
Schenectady 5, N. Y. 


E. M., Callender J. R. Sellenberg 
G. M. Chute Sam Shiozawa 
CG. N. Clark C. E, Smith . 
W. E. Crawford H. W. Snyder 
E, W. Davis H. I. Stanback 
J. F. Deffenbaugh E, F. Steinert 
R. C, Freeman L. K. Stringham 
G. W. Garman G. L. F. Theriault 
W. B. Kouwenhoven H. W. Tietze 
J. H. Lampe A.G. Turnbull 
J. C. Learman one M. Unger 
R. CG. McMaster F. J. Wells 
C. M. Rhoades, Jr. B. L. Wise 
F. Rothganger R. Ey Young 


rr. 


B. T. Anderson « V. O, Johnson 
A. T. Bacheler George Knapp 
A. C. Bird J. Manuele 
S. A. Bobe E, F. Mekelburg 
D. C. Christison E. K. Murphy 
J. M. Delfs D. R. Percival 
John Fink K. Pinder 
A. W. Frankenfield +H. A. Rose — 
J. A. Gienger H. L, Smith 
E. M. Hays / F. D. Snyder — 
F. B. Hacussler R.F. Snyder 
L. W. Herchenroeder _ R. Stropper — 
Kurt John ; W. B. Wigton 


Industrial Control 


John D. Leitch, chairman, Electric Controller and 
Manufacturing Company, 2700 East 79th Street, 


. Alexander 
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Industrial Power Systems 


Cleveland 4, Ohio 


Kurt John 

R. W. Jones 

E. U. Lassen 

L. H. Matthias 
J. D. McConnell 
E, F. Mekelburg 
M. Michel 

T. B. Montgomery 
H. L. Palmer 

J. W. Picking 
G. H. Rendel 
W. Schaelchlin 
H. R. Walker 


T. O. Sweatt, chairman, Wearn, Vreeland, Carlson 
and Sweatt, Inc., 72 Wall Street, New York 5, N. Y. 


D,. L. Beeman 
E. L. Bailey 
7. M. Ballenger 
G, Barnett 
. R. Benedict 

. H. Dickinson 
. D. Douglass 
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. P. Kennell 
. M. Lathrop 
. E. Marshall 


aaalel, 


M J. McHenry 
J. L. McKeever 
J. S. Morgan 
W. A. Mosteller 
J. S. Parsons 

L, C. Peterman 
R. C. Peters 

W. H. Rollman 
F. Rothganger 


R. R. Shollenberger 


J. F. Spease 

H. C. Swannell 
B. F. Thomas 

E. E. Turkington 
S. A. Warner 

R. W. Watson 
C. CG, Whipple 


R. T. Woodruff 


Mining and Metal Industry 


F. W. Cramer, chairman, Carnegie-Illinois Steel Cor- 
poration, Carnegie Building, Fifth Avenue, Pittsburgh 


« Cortelli 
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. Edwards 
. Ellis 


SS RS EO 
mae sho, 
589! 
p 
< 
Py 


aan 
Pp 
Si 
g& 


. Farrow 


L. H. James 


Charles F: King, Jr. 


19, Pa. 


R. C. McMaster 
W. E. Miller 

T. B. Montgomery 
A. CG, Muir 

H. P. Musser 

D. E. Renshaw 
E. G. Schlup 

F. O. Schnure 
Victor Siegfried 
O. J. Swanson 
C. L. Tyler 

T. R. Weichel 
A. J. Whitcomb 
C. O. Wood 


Communication & Science Group 


Communication and Science 
Co-ordinating Committee 


W. R. G. Baker, chairman, General Electric Company, 
Electronics Department, Thompson Road, Syracuse, 
Nees 


Truman S. Gray, vice-chairman 


O. E. Buckley , 
F. A. Cowan 


Ex officto 


Chairmen of the six following technical committees 
‘in the communication and science group 


Basic Sciences 


J. D. Tebo, chairman, Bell Telephone Laboratories, 
Inc., 463 West Street, New York 14, N. nV 


J. G. Brainerd 
O. E. Buckley 
GC. R. Burrows 


Charles Concordia 


P. C. Cromwell 
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N. S. Hibshman 
W. CG. Johnson 
H. P. Lawther 

W. A. Lewis 


W. H. MacWilliams 


M. G. Malti 

G. D. McCann 
K. W. Miller 
W. E. Phillips 
Walther Richter 


H. W. Russell L. A. Smith 
J.B. Russell V. G. Smith 
W. J. Seeley F. G. Tappan 
James J. Smith F, E. Terman 


G. S. Timoshenko 


Communication 


J. L. Callahan, chairman, Research Division, RCA 
Laboratories, Radio Corporation of America, 66 
Broad Street, New York 5, N. Y. 


H. A. Affel G. R. Messmer 
A. L, Albert J. L. Middlebrooks 
W. M. Allen F. E. Norris 
G. M. K. Balcer R. R. O’Connor 
E. D. Becken L. G. Pacent 
E. M. Boone J. J. Pilliod 
J. D. Booth E. G. Ports 
A. J. Busch Haraden Pratt 
I. F. Byrnes R. H. Ranger 
J. B. Coleman G. B. Ransom 
C. H. Cramer W. A. Ready 
M. Eastham F. M. Rives 
H. E. Ellithorn H. I. Romnes 
H. R. Fritz G. T. Royden 
J. G. Gaudio A. L. Rumsey 
D. G. Geiger. J. B. Russell 
P. C. Goldmark R. E. Shelby 
T. T. Goldsmith, Jr. J. O. Shepherd 
G. H. Gray A. Bessey Smith 
H. H. Haglund D. B. Smith 
W. D. Hailes J. E. Smith 
J. V. L. Hogan Rothwell E. Smith 
L. C. Holmes W. T. Smith 
E. M. Johnson S. C. Spielman 
R. G. McCurdy R. B, Vaile, Jr. 
Wm. Comings White 
Electronics 


C. H. Willis, chairman, Princeton University, School 
of Engineering, Princeton, N. J. 


W. R. G. Baker D. E. Marshall 
R. Bennett H. R. Meahl 
E. M. Boone B. K. Northrup 
G. H. Browning D. Packard 
R. S. Burnap H. L. Palmer 
W. R. Clark G. W. Penney 
Cc. J. Crowdes W. H. Pickering 
E. V. DeBlieux O. W. Pike 
W. G. Dow A. J. Quigley 
A. V. Eastman L. E, Reukema 
G. V. Eltgroth J. D. Ryder 
R. Feldt T. Spooner 
D. G. Fink H. C. Steiner 
K. S. Geiges Cc. M. Summers 
E. R. Haberland A. A. Sylvane 
J. D. Heibel E, R. Thomas 
J. E. Hobson J. T. Thwaites 
T. P. Kinn F. C. Todd 
D. D. Knowles F. N. Tompkins 
W..H. Lee D. C. Ulrey 
J. D. Leitch W. C. White 
O. W. Livingston H. Winograd 


Instruments and Measurements 


E. I. Green, chairman, Bell Telephone Laboratories, 
Inc., 463 West Street, New York, N. Y. 


R. C, Bailey T. S. Gray 
P, L. Bellaschi I. W. Gross 
P. A. Borden G. B. Hoadley 
H. H. Brauer W. G. Knickerbocker 
G. S. Brown A. E. Knowlton 
A. L. Brownlee H. C. Koenig 
L, A. Burckmyer, Jr. E. S. Lee 
C. T. Burke L. M. Limpus 
J. H. Chiles W. N. Lindblad 
W. R. Clark G. S. Lunge 
A. B. Craig J. T. Lusignan 
Cc. L. Dawes J. H. Miller 
F. C. Doble G. A. Palmer 
E. D. Doyle A. R. Rutter 
G. W. Dunlap C. F. Savage 
W. N. Eddy F. B. Silsbee 
J. L. Fuller M. B. Stout 
F, J. Gaffney H. S. Williams 
A. J. Grant E. P. Yerkes 
C, J. Zeller 
Nucleonics 


L. W. Chubb, chairman, Research Laboratories, 


Westinghouse Electric Corporation, East Pittsburgh, 
Pa. 


Officers and Committees—1947—1948 
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- C Bergvall Ernest Pollard 
. M. Cork B, R. Prentice 
: F. Davidson Walther Richter 
“R Dunning F. Seitz 
. A. Getting J. J. Smith 
, M. Hubbard Abe Tilles 
ye Hutcheson J. A. Wheeler 
. H. Krieg J. T. Wilson 
. B. Marvin Gale S. Young 


ac) 


hilip Morrison Walter H. Zinn 


Therapeutics 


E. E. Charlton, chairman, General Electric Company, 
Research Laboratory, X-Ray Section, Schenectady, 


N. Y. 
F. B. Claussen G. E. Maxim 
H. J. Holmquest H. D. Moreland 
Roy Kegerreis C. M. Slack 
W. B. Kouwenhoven W. I. Slichter 
L. Marinelli W. R. Smith 


L. S. Taylor 


General Applications Group 


General Applications Co-ordinating 
, Committee 


S. G. Hibben, chairman, Westinghouse Lamp Division, 
Bloomfield, New Jersey 
C. C. Whipple, vice-chairman 
Elgin B. Robertson 
Ex officio 
Chairmen of the five following technical committees 
in the general applications group 


Air Transportation 


S. D. Summers, chairman, Naval Research Laboratory, 
Washington, D. C. 


J. W. Allen R, D. Jones 
R. A. Averitt R. J. Lusk 
C. J. Breitweiser T. J. Martin 
H. R. Brown R. A. Millermaster 
K. D. Brumbaugh J. D. Miner 
W. C. Bryant W. F. Moore 
J. B. Coleman O. F. Olsen 
A. E. Corcoran W. E. Pakala 
J. P. Dallas M. H. Peairs 
D. E. Fritz H. F, Rempt 
C. E. Gagnier C. J. Rife 
S. H. Hanville, Jr. R. A. Rugge 
W. T. Harding M. R. Seldon 
V. P. Hessler K. R. Smythe 
J. G. Hutton W. W. West 
R. R, Jenner J. A. White 


Domestic and Commercial Applications 


M., M. Brandon, chairman, Underwriters’ Laboratories, 
Inc., 161 Sixth Avenue, New York, N. Y. 


Sidney W. Andrews C. H. Leatham 
D. K. Blake F. W. Linder 
A. C. Bredahl Buford H. Martin 
W. B. Buchanan M. J. McHenry 
N. H. Callard : H. E. Metz 
O. K. Coleman K. W. Miller 
T. H. David, Jr. C. F. Scott 
R. W. Fleming H. P. Seelye 
L. R. Gamble G. S. Smith 
R. R. Herrmann G. C. Tenney 
T. C. Johnson Wesley Weinerth 


Land Transportation 


John C. Aydelott, chairman, transportation motor 
engineering department, General Electric Company, 


Erie, Pa. 
L. W. Birch G. L. Hoard 
H. R. Blomquist J. G. Inglis 
W. A. Brecht R. L. Kimball 
H. F. Brown T. M. GC. Martin 
D. M. Burckett P. A. McGee 
W. J. Clardy E. B. Meissner 
F. H. Craton Timothy H. Murphy 
E. W. Davis I. S. Nippes 
Llewellyn Evans A. G. Oehler 
W. S. H. Hamilton J. F. Sellers 
P. H. Hatch Dwight L. Smith 

R. G, Thring 
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Marine Transportation 


W. H. Reed, chairman, Bruce Electric Company, Inc., 
196 West Houston Street, New York 14, N. Y. 


E, C, Alger J. E. Jones 
W. B. Armstrong R. G. Lorraine 
R. A. Beekman C. Lynn 
H. G, Coleman V. W. Mayer 
P. J. DuMont S. N. Mead 
R. W. Erickson E. M. Rothen 
J. B. Feder Carlton W. Souder 
A. R, Gatewood E. H. Stivender 
L. M. Goldsmith G. O. Watson 
P. A. Guise F. A. Wickel 
H. F. Harvey, Jr. W.N. Zippler O. A. Wilde 


Production and Application of Light 


Harris Reinhardt, chairman, Sylvania Electric Products, 
Inc., 500 Fifth Avenue, New York, N. Y. 


J. F. Angier G. T. Minasian 
L. H. Brown R. L, Oetting 
M. J. Dring R. C. Putnam 
Frank Hansen E. H. Salter 
C. P. Hayes R. G. Slauer 
O. W. Holden E. M. Strong 
R. W. Loehr H. F. Wall 
H. E. Mahan Eugene S. West 
J. A. McDermott C. C. Whipple 


Institute Representatives 


Aeronautical Electrical Equipment Standardization 


S. D. Summers, liaison representative with NASC and 
SAE 


Alfred Noble Prize Committee, ASCE 

Robin Beach 

Advancement of 
Science, Council 

J. W. Barker I. Melville Stein 
American Co-ordinating Committee on Corrosion 

H. S. Phelps J. M. Standring, Jr. 


American Association for the 


American Research Committee on Grounding 
C. T. Sinclair 


"N. E, Funk 


American Standards Association, Standards Council 


W. P. Dobson R. T. Henry H. S. Osborne 
Alternates 

H. E. Farrer E. B. Paxton J.J. Pilliod 
American Year Book, Advisory Board 

H. H. Henline 


Construction Industry Advisory Council 
Henry A. Lardner 


Electrical Standards Committee, ASA 


H.E. Farrer Reginald L. Jones E. B. Paxton 
Alternates : 

W. P. Dobson F. E. Harrell J. J. Pilliod 
Engineering Foundation Board 

L. W. Chubb F. M. Farmer 


Engineering Societies Monographs Committee 
F. M. Farmer W. I. Slichter 


Engineering Societies Personnel Service, Inc. 
H. H. Henline 


Engineers’ Council for Professional Development 
M. S. Coover E. W, Davis Everett S, Lee 


Engineers Joint Council 


H. H. Henline J. Elmer Housley B. D. Hull 


General Electric Educational Fund Fellowship 


Committee 
B. D. Hull 
Hertz Award Committee 
M. S. Coover 


Hoover Medal Board of Award 
H.S. Osborne John Castlereagh Parker J. G. Tarboux 


Industry Committee on Interior Wiring Design 
M. M. Brandon L. C. Peterman 


John Fritz Medal Board of Award 


J. Elmer Housley B. D. Hull 


C. A. Powel 


Joint Committee for Development of Statistical 
Applications in Engineering and Manufacturing 


W. P. Dobson 


Sections 


Library Board, United Engineering Trustees, Inc. 
N. S. Hibshman 


H. H. Henline, ex officio H. M,. Turner 

Marston Medal Board of Award 

Harry B. Gear 

National Bureau of Engineering Registration, 
Advisory Board 

J. E. Hobson 


National Electronics Conference 
Wm. Comings White 

Electrical 
Committee 
L. F. Adams, alternate 


National Fire Protection Association, 


Robin Beach 


National Fire Waste Council 


Robin Beach W. R. Smith 


National Research Council, Division of Engineering 
and Industrial Research 

W. B. Kouwenhoven 

National Technological Advisory Committee 

John Castlereagh Parker 

Quarterly of Applied Mathematics 

M. G. Malti 

Radio Technical Planning Board 

H. A. Affel 


United Engineering Trustees, Inc. 

H, B. Bryans W. H. Harrison Everett S. Lee 
United States National Committee of the Interna- 

tional Commission on Illumination 
S.G. Hibben Harris Reinhardt 


United States National Committee of the Interna- 
tional Electrotechnical Commission 


Ward Harrison 


H. E. Farrer Reginald L. Jones E. B. Paxton 
Alternates 

W. P. Dobson F. E. Harrell J. J. Pilliod 
Washington Award Commission 

M. S. Coover H. B, Gear 


World Power Conference, Executive Committee of 
United States National Committee 
B. D. Hull 


When Membership 
Name District Organized Aug. 1, 1947 Chairman Secretary Secretary’s Address 

1N hoy Go GeOOe MOO. Zi pe AUge Lasp oO terre LOE arral ok mlISeiy ceca oleate elete ie CG. R. Reid... ...........The Hoover Company, North Canton, Ohio 

Alabama... .n/.i.0 2 1) 4.0.5 0May 22572950). -135)....,)E, We Robinsons csi oe 'e1-.+1s T. S. Birdsong...........Elec. Engg. Dept., Alabama Power Co., Birmingham, 
Ala. 

IATIZONA\se <fo'e/ots ss) «le 8 Mar. 22, 741 9 Tie erate Cin Lhe OP PIO ee enacts sias al [ot Obs et on cee cig onic Bureau of Reclamation, 443 Security Bldg., Phoeniz, Ariz, 

Arkansas............ LSE OA CCU SOCS One MSCorI eid hole ieatecs Seiwa. eae H. W. Claybaugh........305 South Elm, Little Rock, Ark. 

Arrowhead.......... B ateeratetat Seeded 3on BAA) CoS MY INGs/. 5j<)siaaisneysleceis aE eJobnson’: sack asia eient Minnesota Power & Light Co., Duluth, Minn. “ 

Beaumont........... Tee DUNC GL sy AOj- etale TP Si seins Cue gO AMC ere siete oloros mie John W. Millington...... Sun Oil Co., Beaumont, Texas - 

Boston. cece jescsis- . 1....Feb. 13,703.... 766....W. Irving Middleton.>...L. F. Cleveland.......... Nostheantenn University, 360 Huntington Ave., Boston 15, 
Mass. 

Central Indiana..... Biocieepam., 12; 21 Qe eceye yt 19 Tics fereeJu Rea TCS slolatetwre dese ahve) ce fe) eGne En WLLZET Cis: 0 aleinie tases Indianapolis Power and Light Co., 17 N, Meridian St., 
Indianapolis 6, Ind. 

Chicagoist. cites 0s ee polishes Pee tall Nagle Bical am ied Col acta) Waters io beanie Be DSi roxel irae eee Sargent & ones 140 S. Dearborn St., Chicago 3, Illinois 

Cincinnaticn<. Jc.26- 2 June 30,’20.... 198....Howard E. Barnett........ We HS McNutt<aorc ees Westinghouse Elec. Corp., 207 W. Third St., Cincinnati 2, 
Ohio 

Gleveland).ch,cccoe een CPt als Ol eine & Doane Or Ne JODEI nya een eet: Rep lon Octting sie csietaaters General Elec. Go., Nela Park, Cleveland 12, Ohio Re 

Columbus <> .)5.770.)- 2. s.< Mar. 17,2225 35 116s"... Robert \GiMeMaster. 5. Edward J. Ramaley...... Battelle Memorial Institute, 505 King Ave., Columbus 1, 

: Ohio” 

Connecticut <3... 0..6 122. cApre 16, 220 Gisige, A Dees ohesten ID He Witt. ares Elmer G, Horton........ Westinghouse Elec. Corp., P.O. Box 1817, New Haven 8, 
Conn. 

Daytonewact. teens riers 2. oe «JUne 9, "43 %j. aie PAT Dl orate Wickens DO ANLORL gene penietriens Tijh EASON Perret eae on 2008 Rugby Road, Dayton 6, Ohio 

Dénveriedaigt acest Gane, May 18," fair 325. «. .. R. Patterson....50%. wi. -% Bivany Ro JOnCS newest Mountain States Tel. & Tel. Co., Box 960, Denver 1, Colo. 

East Tennessee. ..... 4... Septe 25°36% spare 290i ter Ns) aL mori e retegers tote T. M. Barnesaa.toriee tee Tenn. Valley Authority, Power Bldg., Chattanooga 2, Tenn. 

ENie aysissmrtigeomeeia oi 2.,~-Jan. 11,718.02 1102, Ma We Krtzeniller 11 PAE: Parkers. Jeera .2304 Bird Drive, Erie, Pa. 

Ploridatia. matters or DPA eri Ape Nee owe IHG Gl Sy H. Summers...........Robert M, Garth...... . 5021 Sunderland Road, Jacksonville 5, Fla. 

Fort Wayne........ Be Aug. 14, 208). oo 2 Si 24ee ye Me ds, Schmaidtye careers C. J. Hermans -Raesiaiae General Elec. Co., 1435 Broadway, Fort Wayne 2, Indiana 

Georgiat.o ces ans 4....Jan, 14,704... ~ 193... .Marion:S: Johnson... +. .% James R. Raney.........Georgia Power Co., 75 Marietta St., N.W., Atlanta, Ga. 

Houston..... oieWereraye Bay pe AUwarne Te 728i iste 122 paveters hha eG Aven len mamta mertste IWilOPRayarsnters Savacala sts 6647 Lindy Lane, Houston 12, Tex. 


(continued on page 1735) 
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Sections (continued) 


OO 
When Membership 


Name District Organized Aug.1,1947  ~° Chairman Secretary Secretary’s Address 
Illinois Valley....... Bene jpune 509745... of Coiucy Cals RUD IIS trade mely ss hes re Ri Py Pheifler store aiehs hes 2318 Missouri Ave., Peoria 4, Ill. 
TOW ais cst.) oops fee Srpska [URC 20 setae dd Oe tees Vistas: Classell.s 5 cata: a..ycleisncs John V. Gebuhr......... 1128 Oak Park Ave., Des Moines 13, Iowa 
Fthaca 53st elon Datos OCC LS sO Aer ret on el aarers MV Veg Wis EXT Viste, ac s,cus 8 ects HE. ivingood)s sec. s\s)s\< N. Y. State Elec. & Gas Corp., 62 Henry St., Binghamton, 
Nov 
Kansas Citys: os...00 Tete DRL AAC L Gite, sto Mer eedieat (aie; Lidl Lae A] ODES oj; izes sansa le eae Pi pA ETAAR conc eitauiete ee Board of Public Utilities, 6th & Ann Ave., Kansas City 16, 
Kansas 
Lehigh Valley....... Aree APEn LOsualisiat eh Ota okies VWs SINEH oes» a clea svtnels Atria PEICC ae yore. his hei 173 S. Church St., Hazleton, Pa. 
Los Angeles........ Opes MAY) 19" OSravacta tls OD Talat > EUs)» StLONS «|, /aitelotsis\eis\o)ai> Eugene L. Bettannier..... City Hall, Room 302, 100 North Garfield Ave., Pasadena 1, 
Calif. 
Lovisvillesep ced s< cr Bee SOCt Sos 20 cre rn ntl OA eter EL are yEdadsel we ere steven eres M. G. Northrop......... Speed Scientific School, Univ. of Louisville, Louisville 8, Ky. 
MLYAN GS wc oct veles sieinjs; Lsveiei AAUP ere ety dl miners (2S citets As AR) PLINICIsip-i0,c ojsleie’s)« she Richard G. Slauer....... Sylvania Elec. Products Co.; Inc., 126 Washington St., 
Salem, Mass. 
Madison. i3,2:. <.2:.;013 « BS fidl- pans 8, 2093, 2... 67....Berhnard C. Lueders...... Lawrence F. Kehoe...... Dairyland Power Co-operative, Rivoli Bldg., LaCrosse, Wis. 
Mansfield........... Zs erste AT 005 939s cuore OG stots ta obi ne WATCS 1s, «pysicseste + Ba Gs Roya si sarcite svete 425 Overlook Road, Mansfield, Ohio 
Maryland........... Zc.0)-Wec. 16,704... . S512: .. “Edwin Hansson. .......... » Pee ELs ROP Cre yreisrerexs ain ssttiote Meter & Installation Dept., Consolidated Gas & Elec. Lt. 
Pr. Co., Baltimore 3, Md. 
Memphis<.\.2.....1.2% Ae May 22,730. 5). ©139).,07-. Maury G..Sifford «i... James R. Morton........ Memphis Light, Gas & Water Div., Box 388, Memphis 1, 
Tenn. 
Mexico...... aes ter 7....June 29,’22.... 209....Manuel M. DeLascurain...George B. Doughman. . . . Calle de la Palma 33, Apartado 2530 Mexico, D. F., Mexico 
Michigan........... Sie eratls, 13,24 Uwe. o O525 ais As, Wir RAUth oo 6.5. cece siattte cis M. R. Horne............22187 W. Michigan Ave., Dearborn, Mich. 
Milwaukee.......... Sse bat L PO res pee 5 Sar ator esa) Cry AICHED ois atyase te oc eteis E. H. Fredrick...........Allis-Chalmers Mfg. Co., Milwaukee 1, Wisconsin 
Minnesota: ¢ 5.00042 275 Ses A PLe ns OAs ed's yes. ,ODN, He, Merriman, .sei/... Lincoln A. Rietow....... Control Corporation, Minneapolis 14, Minnesota 
Montana. 35... <..,.. prised itl, Bh Wr 85....W. H. Blankmeyer........ D. E. Kampschror....... Westinghouse Elec. Corp., 52 East Broadway, Butte, 
Montana 
Montreal. - 02 tac: TORWsmaA Dl. 1Gs ce 45. verona 20 2eniols-s elas Ves ERADOLL. cr cierccts ce ere Np Ls Monpanlsstrsiiists clos Northern Elec. Co. Ltd., 1261 Shearer St., Montreal, Que., 
Canada 
Muscle Shoals....... 4....Feb., 18,738... . 24....W. E. Lindemann....5:... BV. Raffalovith...2... 208 Circular Drive, Florence, Ala. 
Nebraska. vac scence Cn Janse he 25 sna Tidmorcatt.« Mrs SCHACHT As oysin/s avis WamestProsy, Jas micia veer General Elec. Supply Corp., 914 N. 18th St., Omaha 2, 
Nebr. 
New Mexico- ; 
West Texas....... Misiarens NAL et Olea als S2r 7.) ohm At Davis Jitters. Lee R. Hammond, Jr.....2910 Grant Ave., El Paso, Texas 
New Orleans........ Be CC rm Ot OS re ROL as oy VV 53D oI STLOUC'c cuert, bo macyaie.er HE. I..Blanchard......-.. Louisiana Power & Light Co., 433 Metairie Rd., New 
Orleans 20, Louisiana 
New: Vorkinc 5. «treme Borers Oy 19 snAe OO arin VV «Js DATTCEGSs + Jan Actas. DWE Ma ylorist rg sve Public Service Elec. & Gas Co., 80 Park Place, Newark 1, 
Ne Te 
Niagara Frontiers tor lnc eDe, 105225 ral = -208-. crore dO. Lindberg:...2 cere Herta Ge Aen Sea hor he Buffalo Niagara Elec. Corp., 500 Elec. Bldg., Buffalo 3, N. Y. 
Northr Carolina ea) 42 ne Mare 2052290 rk, eh S Tic ae bast We Olschner..:...a0ce5 GR RS Jones 8. Ss jey.islenieie.s Carolina Telephone & Telegraph Co., Tarboro, N. C. 
North Lexassd.ieeio Tate Maye Abe 20a ete | 1355's eis Wendell CG. Bowler. ces../56+ Un WVisilap lent snercrasce eae Southwestern Bell Telephone Co., 810 Telephone Bldg., 
Dallas 2, Texas 
Oklahoma City...... Upes gs ECDs Os Aci sieis) iLO ela TANK Ec ICASDER «ci9,c10 (6 01st Harold L-Pickens..5 .41... 5 AJlis-Chalmers Mfg. Co., 901 West Grand, Oklahoma City 
: 4, Okla. 
Panhandle.......... Tisebosia ache tdgue “acorsne HarlRey Price Soasarels)+10 oes George W. Dupree....... Southwestern Public Service Company, Amarillo, Texas 
Philadelphia......... Drie. LEDS, OS) feted pS OieatslelVy orion CUAEK., cis ciain ve oe ole He Ey Sheppard. ssracynias Rumsey Electric Co., 1007 Arch St. Philadelphia 7, Pa. 
Pittsburgh: 5 oi. s<:.c5 Zee OOCMUS OD loiiss OLA vepeicihs, Cu Monteith. ..51./01ofo > « Hs He Wagner sj. ..0sie 130; Pennsylvania Transformer Co., 808 Ridge Ave., Pittsburgh 
iouiPa. 
Pitteticla. ces. se ee irre LAM CDs OA ierta 22D iets) VVC Se) LICICMINS 5 ytmopstalejeters = B.S Judkins,.\< A). «1: General Elec. Co., 100 Woodlawn Ave., Pittsfield, Mass. 
Portland: et santoaen Oar May AS 090, nme S82 si0 «VM Udy ait telecon aaron INE AIVE IE Wellisipjettteniats she Westinghouse Elec. Corp., 914 U. S. Nat’l. Bank Bldg., 
309 S. W. 6th Ave., Portland 4, Oregon 
Providence<23..% ....- dee iat tes 20 cid tt 20 en award Ro Coops cin. es George E. Andrews, Jr....Engineering Dept., Narragansett Elec. Co., Providence 1, 
R.I. 
IROCHEStEr,. <3. Pasi <4 Meret CE TO ncl Aer tprmen OU ey atAe Be IARC s gc, oles CAGe Plomaseniy a tsies sii 285 Cooper Road, Rochester 12, N. Y. 
Rock: RIVEESV alley join toe orakiaiitsta.c cls)sisic 1 48....Kenneth M. Sparrow..... Warner A. Johnson...... 1322 South Chicago, Freeport, Illinois 
St Louis!" .5- sere Dope pann 14 OS. ns a 413s S- Rehagen’..jc2.% scesii R. N. Slinger............General Elec. Co., 112 N. 4th St., St. Louis, Mo. 
San Diego... ...'. ..... Sea anee hon Oo ert S24 so - GEOrge Ei. JEN. cosas e.: Joseph F. Sinnott........ 2265 Juan St., San Diego 3, Calif. 
San Francisco....... Bee etal 9. 104 aise Dicks oe fel lua) BUCKICY or fone. oeisnaic T; G.. MeFarland.,...205 « Elec. Engg. Dep’t., University of California, Berkeley 4 
Calif. 
Schenectady......... Ae ADs e Gs OS ster men GA ote nbt. Cald Wells v1. 1.5, <rss «/o2 Ty Ce Page nce psianeyas eee Central Station Engg. Div., General Elec. Co., Schenectady 
BS IN ia 
Seattleteemee ss or. Dre JAN eho s FOF eit POU eo1s cide We, GUSLATSON swaplstereisieis VNi-1.)« MOSLEY: ama louente mee Puget Sound Power & Light Co., Seattle 1, Washington 
Sharopiscda:.c sealer Didiie ig OCCs Ale 2 25 iehel ctu bk Os 540) 5 Be) bse, BLOWN. 6 & ccaieys sions oie Ee Wise liptotioy. dais fatten R. F, D. 2, Sharon Mercer Road, Sharon, Pa. 
Shreveport......... Feud sid OOPE ese Als eiaiel™ betes Saielat’s Ss) Mic nay. cerya katana Francis W. Ringer. ...... P. O. Box 1107, Shreveport 83, La, 
South Bend......... Sieve eb: 1205741. suena BD. alee ATtOUr Jo OUigIe ye. esa. ctr John W. Leadbetter......314 Peashway St., South Bend 17, Indiana 
South Carolina...... Aye Many 22,740. 66% .'. ,Charles O2 Warren.c. 5). Max G: Tooleijis tates P. O. Box 42, Navy Yard, Charleston 1, S. C. 
South Texas... 240s 4. Time May Zoe: SO toms LOD coterie aks, LXUCOSATI saeis)s ots acl I. Antes 72uee.aeiiels 700 East 231/, St., Austin 22, Texas 
SPOKANE san, deca, t- 9....feb. 14,°13.... 142....H. CG. Glaze, eae Oar ee Da We Maclean's earn .ie Washington Water Power Co., 825 West Trent Ave., 
Spokane 6, Washington 
Springfield.......... Aras UBOL 29, 22/6 sere 78....Frederick G. Webber......Weyman E. Maxwell..... 77 Ellsworth Ave., Springfield 8, Mass. 
SYTACUSG Ss aati cies 2 Listes SAU pat ostra Oleie ere ML OT once = VV ore) CRENDS S orerete ters ereie Tes Mae MGone eye areretsrt cele Central N. Y. Power Corp., 300 Erie Blvd. West, Syracuse 2, 
Na Xa 
Woleda ite aenocteterate Dee PUN ng OMe, cae OT eee Conrad H. Johnson....... Walter M. Campbell... .. 2145 Central Grove Ave., Toledo, Ohio 
IP GrOntO yas trois eis LO Sree Septess0y/203- 2). .ge olor esas Churchill. cramer HR Osborne a.sreadas Ferranti Elec. Ltd., Mount Dennis, Toronto, Ont., Canada 
LLCS ect ane ic ie tee ere ht 7 oherelmegth Sone a joi Uro hod CV IANOCK -ieiatr meester Dick Rayan sein nits Nelson Elec. Mfg. Co., 217 North Detroit, Tulsa 1, Okla. 
Wr bane = «210 s:ciele © see Byes Nov. 25,202 0:00 (Loe Pa Now Ocal ELL deine cegricinic ato H. N. Hayward......... Dept. of Elec. Engg., University of Illinois, Urbana, Illinois 
TERA 5.25 ci'sisve.ars eine Qos ee Marie 92747 otdicn dS «ac 5).) Ra ELOOPOS's 21. wuslolsiore'sias John A. McDonald...... General Elec. Co., P. O. Box 779, Salt Lake City 1, Utah 
Vancouver.......... 105. Ane) 225 c0l Seer ol 45 -fyertblenry, Wi) Smith (2 linea W.. Je Lind: 2 ie's oe ste 4093 West 13th Ave., Vancouver, B. C., Canada 
Virginia tee ees co h4 4....May 19, °22..., 180... .Wm.A. Murray... .....-..Wm. TD. Johns, fro... 506 Richmond Trust Bldg., Richmond 19, Va. 
Washington......... Diastee PADURie Si) OO srehert) eh OO ayes) «VOLTA BP ATEOS yo averalen oie Ralph D. Bennett........ Quarters B, Naval Ordinance Lab., Silver Spring 19, Md. 
West Virginia....... 2 cApre Sc40.cea. 9600 pa Ra DowNOKWOOU 1,00, clots sxe CaM chante. cesar ert P..O. Box 1906, Charleston 27, W. Va. : 
Wichita...... Perea dic.0 DED ta nl Ose Tia retars 84....R. Richard Jenner........ GoW. Halferty. 21s. ...Kansas Gas & Elec. Co., 201 N. Market St., Wichita 1, 
Kansas 


Worcestér. 2 cyaere- aul sco Feb. 18,220 2704 78....Donald G, MacMillan.....Wilfred G. Coleman......General Elec. Co., 507 Main St., Worcester 8, Mass. 
SPotall Sections eer. GU rp: cic/ae amie ctonmanie gen ,ooO 


_ 1947, VoLUME 66 Officers and Committees—1947-1948 1735 


Geographical District Executive Committees 


Chairman Secretary Chairman, District 
District (Vice-President, ATEE) (District Secretary) Committee on Student Activities 

1 North Eastern...... E. W. Davis, Simplex Wire & Cable Co.,...Victor Siegfried, American Steel & Wire Co.,...E. R. McKee, University of Vermont, Bur- 
79 Sidney St., Cambridge 39, Mass. Worcester 7, Mass. lington, Vt. 

2 Middle Eastern..... G. W. Bower, 127 Hopkins Ave., Haddonfield,...A. C. Muir, Berwind-White Coal Mining Co.,...P. L. Hoover, Case Institute of Technology, 
ING dp 1138 Commercial Trust Bldg., Philadelphia Cleveland 6, Ohio 

Zhe 

3. New York City..... O. E. Buckley, Bell Telephone Laboratories,...J. L. Callahan, R.C.A. Laboratories Division,. .. Harry Baum, College of the City of New York, 

Inc., 463 West St., New York 14, N. Y. Radio Corporation of America, 66 Broad St., 139th St. & Convent Ave., New York, N. Y. 
New York 4, N. Y. 

4 Southern...........J. H. Berry, Electric Dept., Virginia Electric. ..C. B. Galphin, 1028 Central Ave., Charlotte 4,...W. O. Leffell, University of Tennessee, Knox- 
and Power Co., Norfolk 1, Va. N. Cc. ‘ ville, Tenn. 

5 Great Lakes.......% T. G. LeClair, Commonwealth Edison Co.,...N. C. Pearcy, Public Utility Engg. & Service. . .Robert E. Beam, The Technological Institute, 
72 W. Adams St., Chicago 90, IIl. Corp., 231 S. La Salle St., Chicago 4, Ill. Northwestern University, Evanston, Il. 

6 North Central...... I. M. Ellestad, Northwestern Bell Telephone...M. L. Burgess, Westinghouse Electric Corp.,...John E. Martin, University of Denver, Denver, 
Co., 823 Telephone Bldg., Omaha 2, Nebr. 117 N. 13th St., Omaha 2, Nebr. Colo. 

UaSouth: Wests. srtree+ R. F. Danner, Oklahoma Gas & Electric Co.,...W. B. Stephenson, Southwestern Bell Tele-.. .Arthur S. Brown, University of Arkansas, 
Oklahoma City 1, Okla. phone Co., Oklahoma City 2, Okla. Fayetteville, Ark. 

SPePacihicn ns nctersmisterts D. I. Cone, Pacific Tel. & Tel. Co., 140 New...B. D. Dexter, 245 Market St., San Francisco,. . .W. G. Hoover, Stanford University, Stanford 
Montgomery St., San Francisco 5, Calif. Calif. University, Calif. 

9” North) Wests. reir C. F. Terrell, Puget Sound Power & Light Co.,...C. H. Cutter, 814 Securities Bldg., Seattle 1,...H. F. Lickey, Washington State College, 
860 Stuart Bldg., Seattle, Wash. Wash. Pullman, Wash. 

10 ~ Ganadaiechsiacci.1- D. G. Geiger, Bell Telephone Co. of Canada... J. Taylor Fisher, 76 Adelaide St. West, Toronto... W. B. Coulthard, University of British Colum- 

Ltd., 76 Adelaide St. W., Toronto 1, Ont. 1, Ont. bia, Vancouver, B. C. 


Nore: Each District executive committee includes also the chairmen and secretaries of all Sections within the District and the District vice-chairman of the AIEE member- 
ship committee. 


Subsections 
oe a ee ee 


f 
Name Chairman Secretary Secretary’s Address 


Albuquerque (New Mexico—West Texas Section)... Walter F. Hardgrave 


Baton Rouge (New Orleans Section).............. A. K. Ramsey; Jreo. Ms eA Gartin  croioretx etal eiets Southern Bell Tel. & Tel. Co., 555 Florida Street, Baton Rouge 8, La 
Binghamton Area (Ithaca Section)............... M. F. Skinker. 24.00%: Be Ss ER DOM'. cia cictoss seit I. B. M. Corp., Endicott, N. Y. 
Boulder City (Los Angeles Section)..........-.+.++- C. P. Christensen......Wade H. Taylor......... Bureau of Reclamation, Boulder City, Nevada 
Canton, (Akron! Section) in .\<\ee di siseulsierials elton el TE OR SS Yononenooadre HH B.cRUG ss. . scme ern 116 26th St., N. E., Canton, Ohio 
Casper, Wyo. (Denver Section)...........++-+.++- B. A. Fleshman........ Ci BR. “McBeania. 6.c1< ne ctets Mountain States Power Co., Casper, Wyo. 
Charleston (South Carolina Section).............. David T’. Coleman:. .. -C: Y, House, rine «stele P. O. Box 303, Charleston, S. C. 
Charlotte (North Carolina Section)............... Russell Ranson........ JiSmVivers irate cme ...P. O. Box 1969, Charlotte, N. C. 
Corpus Christi (South Texas Section)............- George A. Mills 
Fort Worth (North Texas Section).*.............. Leland B. Bass........ Je Te. Gand tyres: -sicisssie Texas Elec. Service Co., Electric Bldg., Fort Worth 2, Texas 
Fox River Valley (Milwaukee Section)..........:. Arthur E. Carlson..... Jesse W. Pomazal........ 708 East Hancock Street, Appleton, Wis. 
Freeport (Houston Section) -v.y4).te tl ye oe DiS. Sandlin, <<. W, F..Abright® <2... sepiec Box 725, Lake Jackson, Tex. 
Fresno Division (San Francisco Section)........... E.S..Dreischmeyer,....B. &. Miller’7. 5 22). 20 Pacific Gas and Electric Co., Fresno, Calif. 
Great Falls (Montana Section)....,........-+.0+: Dennis A. Johnson..... Sidney E. McArthur..... Montana Power Co., Morony Dam, Great Falls, Montana 
® 
Hamilton (Toronto Section) ..........06-++s+++0: Wij Porters.), sitriuen C. E. Moorhouse.......- Canadian Westinghouse Co., Ltd., Hamilton, Ontario, Canada 
Hampton Roads (Virginia Section).............-. Aw I. Osborne. 10.2) o « Hayward W. Evans...... Virginia Elec. & Power Co., Norfolk, Va. 
Hudson Valley Division (New York Section)...... H, A. McLaughlin..... WISN. NEHIEG Aongodocp Central Hudson Gas & Elec. Corp., South Road, Poughkeepsie, N. Y 
Jacksonville (Florida Section)..........+-++-++05 Re pM G@alligcttsrsistesels 
Lake Charles (New Orleans Section)............- GEV; Coopertas caer J. W. Kirkland.......... Gulf States Utilities Co., 314 Broad St., Lake Charles, Florida 
Lancaster-York (Maryland Section).............- Vegan Stailer.sterenyes si WENEIS, Previn ssscitvs sive R. C, A. Mfg. Co., Lancaster, Pa. 
Mayaguez Division (New York Section).......... Miguel Wiewall, Jr.....Modesto I. Beauchamp, . . College of A. & M. Arts, Univ. of Puerto Rico, Mayaguez, Puerto Rico 
Miami (Florida Sectiom))-% <)os.cic)si > victiasisveravelels Piao Carlin it nice) verter 
New Jersey Division (New York Section).......... Leland F. Stone....... B55 Js LINAS). a reso actels i 6 Westinghouse Electric Corp., 95 Orange Street, Newark 1, N. J. 
Niagara (Toronto: Section) gens.) ecole ese asieissiae GOW). Bakers oot We 'G.) Barra « stsieteteien sine 1888 Main Street, Niagara Falls, Ontario, Canada 
Niagara Falls (Niagara—Frontier Section).......... J. M. Davidson........J. A. Persson......+.... .368 Spruce Avenue, Niagara Falls, N. Y. = 
Ottawa (Montreal Section)...2......ce0-cre+oees GAR NDAvisiaeiierlolel ta -R. M. Morris...... .....National Research Council, Sussex St., Room 70, Ottawa, Ontario, 
" Canada 
Quad-Cities (Iowa Section)................+++5- Re BS Millers: sryeisieaicte BiG Wisters:.is\orer ......Stanley Engineering Co., Muscatine, Iowa 
Richmond (Virginia Section).............+.5005- PR. Spracher.. «crise Bruce G. Halsted........Allis-Chalmers Mfg. Co., Richmond Trust Bldg., Richmond 19, Va. 
Roanoke.( Virginia Section) 5 00 ards eels eo iemte Pat ee itty eal ATES caverns .....425 Allison Ave. S. W., Roanoke 16, Va. 
Sacramento Division (San Francisco Section)...... James R. Miller.......Earle S. Prud’homme .... General Electric Co., Forum Bldg., Sacramento, Calif. 
Saginaw Valley (Michigan Section).............- Gordon S. Marvin....George Grant, III..... ..,2115 Gratiot Ave., Saginaw, Michigan 
San Jose Division (San Francisco Section)........ €: Harold Johnson, (=. JsScott Kays. a0)... . Pacific Gas and Electric Co., 86 S. 3rd St., San Jose Calif. 
San Juan Division (New York Section)........... .Ivan Megwinoff...... Victor M. Cataldo........Flores Street 155, Santurce, Puerto Rico 
Shasta Division (San Francisco Section)...«.......T. N. Kreiberg...... W. T. Hannum.,....... .Pacific Gas and Electric Co., 301 Main Street, Chico, Calif. 
Tampa (Florida Section) 2) gers. cans. seicr oe eee R. S, Davis . 
West Central Texas Division(North Texas Section) .Don W. Whitaker.....E. N. Mitchell..........General Meter Dept., West Texas Utilities, Abilene, Texas 
Wilmington (Philadelphia Section)..............- N. O. Rowe..........Elmer W. Randall.......E. I. du Pont de Nemours & Co., Wilmington, Del. . 
Zanesville (Columbus Section).............+ .....W. B. Abele... .*..,....Robert P. Thompson.....329 Putnam Avenue, Zanesville, Ohio 
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Student Branches 


Name and Location 


Counselor 


District (Member of Faculty) 


<= 


Name and Location 


Counselor 


District (Member of Faculty) 


Akron, University of, Akron, Ohio.............++- 
Alabama Polytechnic Institute, Auburn............ 
Alabama, University of, University................ 
Alberta, University of, Edmonton, Canada......... 
Arizona, University. of, Tucson... ..5/.5.......04+ 
Arkansas, University of, Fayetteville.............-- 


British Columbia, University of, Vancouver, Canada.10... 


Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. (Day) 

(Evening iter 2 reise) 1-eieeieriale sistem sleieriraiieercets 
Brown University, Providence, R. I............-++++ 
Bucknell University, Lewisburg, Pa.............+-+- 


California Institute of Technology, Pasadena....... 
California, University of, Berkeley. . 

Carnegie Institute of Technology, Pittsburgh, Pa.. 
Case Institute of Technology, Cleveland, Ohio..... 
Catholic University of America, Washington, D. C.. 
Cincinnati, University of, Cincinnati, Ohio.,....... 
Clarkson College of Technology, Potsdam, N. Y..... 
Clemson Agricultural College, Clemson, S. C....... 
Colorado A and M College, Ft. Collins........... 
Colorado, University of, Boulder, Colo..........:.. 
Columbia University, New York, N. Y:...........- 
Connecticut, University of, Storrs..............++- 
Cooper Union, New York, N. Y..0...2.00cereeseees 
Cornell University, Ithaca, N. Y............-..00. 


Delaware, University of, Newark..............00005 
Denver, University of, Denver, Colo............... 
Detroit, University of, Detroit, Mich.............. 
Drexel Institute of Technology, Philadelphia, Pa..... 
Duke University, Durham, N. C...........6++-+5. 


Florida, University of, Gainesville................ 


George Washington University, Washington, D. C.. 
Georgia School of Technology, Atlanta, Ga......... 


Harvard University, Cambridge, Mass............. 


Idaho, University of, Moscow...........++-++++-++- 

Illinois Institute of Technology, Chicago........... 

Illinois, University of, Urbana..................-- 
Navy Pier Div., Chicago 

Iowa State College, Ames. 5/5. 25% =. a2ccinele eee 

Iowa, University of, lowa City..........----+--+- 


Johns Hopkins University, Baltimore, Md.......... 


Kansas State College, Manhattan................. 
Kansas, University of, Lawrence...........-+.+-+- 
Kentucky, University of, Lexington, Ky............ 


Lafayette College, Easton, Pa...........-.-++-0+05 
Lehigh University, Bethlehem, Pa...............-- 
Louisiana State University, Baton Rouge........... 
Louisville, University of, Louisville, Ky............ 


Maine, University of, Orono...........+++++++05: 
Manhattan College, New York, N. Y..........-++- 
Marquette University, Milwaukee, Wis...........-- 
Maryland, University of, College Park............- 
Massachusetts Institute of Technology, Cambridge. . 
Michigan College of Mining and Tech., Houghton. . 
Michigan State College, East Lansing............- 
Michigan, University of, Ann Arbor..........+..++ 
Milwaukee School of Engineering, Milwaukee, Wis.. 
Minnesota, University of, Minneapolis...........-- 
Mississippi State College, State College..........-- 
Missouri School of Mines and Metallurgy, Rolla.. 

Missouri, University of, Columbia...............-- 
Montana State College, Bozeman..............--+- 


Nebraska, University of, Lincoln............++-+++ 
Nevada, University of, Reno........--+-.+++++e+ 
Newark College of Engineering, Newark, N. J...... 


Total Branches". s¢5o4 so ao. staan ee se 127 


Disiete 


Ec 


nN 


.A, J. Fairburn 


_. William J. Miller 
..R. E. Phillips 


J. G. Clark 
A. S. Brown 


.W. B. Coulthard 
.F. Wahlers 
...Anthony B. Giordano 
...F. N. Tompkins 

. .George Irland 


...William H. Pickering 
...R. M. Saunders 
prep Eesie Es 
..P. L. Hoover 
..T. J. MacKavanagh 
...A. C, Herweh 
..-Alfred R. Powers 
...F. T. Tingley 
..-C. F. Chinburg 
...Platt Wicks 
..W. A. LaPierre 
..L. E. Williams 
...Norman L. Towle 
. .B. K. Northrop 


...R. E. Kuehn 
... John E. Martin 
...H. O. Warner 
..-F. C. Powell 

. Otto Meier, Jr. 


..F.H. Pumphrey 


... Milton K, Akers 
..H. B. Duling 


.. John C. Fisher 


Williams 


J. H. Johnson 


...E. T. B. Gross 
~ 5. A. Reid 


Bix 

Baoaglth ish \Apiliiy 
5...-E. B. Kurtz 
2....F. Hamburger, Jr. 
7....Joe E. Ward 


= . David De Robb 


Mais 

4....Brinkley Barnett 
2....Finley W. Smith 
Aja Jodss Beaver 
4....W. D. Morris 
Aa. aie ie ate 
1....W. J. Creamer 
3....Robert T. Weil 
5....E. W. Kane 


...L. J. Hodgins 
...E. W. Boehne 
..G. W. Swenson 


J. A. Strelzoff 
J. S. Gault 


..R. J. Ungrodt 


J. H. Kuhlmann 


..Harry C. Simrall 


I. H. Lovett 


... Clifford M. Wallis 
.. Robert C. Seibel 


Se 

6....C. W. Rook 
8....1. J. Sandorf 
3....Wm. Jordan, 3rd. 


New Hampshire, University of, Durham, N. H...... 1 
New Mexico College of Agriculture and Mechanic 


..Wm, B. Nulsen 


Anis tates olegee. wear nie Aa ese ate ee 7....Russell L. Riese 
New Mexico, University of, Albuquerque.......... 7....E. C, Bickley 
New York, College of the City of, New York, N. Y.. 3....Harry Baum 
New York University, New York.. isl atstehele 215, Po lviays Wee Nome AIRED 
North Carolina State College, Raleigh.. Hon OTe BOOS 4.,...W. D. Stevenson, Jr. 
North Dakota State Agricultural College, Fargo.... 5....Harry S. Dixon 
North Dakota, University of, Grand Forks......... 5....J. C. Hogan 
Northeastern University, Boston, Mass............. 1...,R. G. Porter 
Northwestern University, Evanston, Ill............. Sirah es beany 
Norwich University, Northfield, Vt................ 1....F. A. Spencer 


Notre Dame, University of, Notre Dame, Ind....... 5... 


.L. F. Stauder 


Ohio Northern University, Ada............-.2--+- 2....Ralph E. Walter 
Ohio State University, Columbus.,............... 2....E. E. Kimberly 
Ohio University, Athens. « stcjetsisie 0 s1c)-c01¢) 212) ele isle ie! Paci 


Oklahoma Agricultural and Mechanical College, 


ape 


Stillwater. Sara pinta wath ieier oe are eueriea tei cickets 7....Albrecht Naeter 
Oklahoma, University of, Norman................ 7....Gerald Tuma 
Oregon State College, Corvallis................... 9....M. J. Kofoid 
Pennsylvania State College, State College.......... 2....A. P. Powell 
Pennsylvania, University of, Philadelphia.......... 2....Kenneth Fegley 
Pittsburgh, University of, Pittsburgh, Pa............ 2....R. GC. Gorham 
Pratt Tnstitute Brooklyn, No Yicssves.. 006s ess ecwe 3....Daqnald H. Wright 
Princeton University, Princeton, N. J.............. Aare j~ kee band 
Puerto Rico, University of, Mayaguez, P. R........ 3....Miguel Wiewall, 
Purdue University, Lafayette, Ind.,............... 5....C, R. Nichols 


Rensselaer Polytechnic Institute Troy, N. Y....,...' 1... 


.E. D. Broadwell 


Rhode Island State College, Kingston............. 1....W. C. Birtwell 
Rice Anstitute, Touston, Lexse. cei acs iis ielee ia «sus 7....J.S. Waters 
Rose Polytechnic Institute, Terre Haute, Ind....... 5....C. C. Knipmeyer 
Rutgers University, New Brunswick, N. J.........- 3...,P. S. Creager 
Santa Clara, University of, Santa Clara, Calif...... 8....W. J. Warren 
South Carolina, University of, Columbia........... 4....Samuel Litman 
South Dakota State College, Brookings............ 5....Wm. H. Gamble 


South Dakota School of Mines and Technology, 
RApIdy Cityrre tee amen, na Aten) 2 sites elec esets 


6....J. O. Kammerman 


Southern California, University of, Los Angeles..... 8....Rodney C. Lewis 
Southern Methodist University, Dallas, Tex......... Tae weenie) Latur 
Stanford University, Stanford University, Calif...... 8....W. G. Hoover 
Stevens Institute of Technology, Hoboken, N. J..... 3....Wm. L. Sullivan 
Swarthmore College, Swarthmore, Pa.............. 2....Howard M. Jenkins 
Syracuse University, Syracuse, N. Y...........+.-+ 1....Leroy A. Mullin 
Tennessee, University of, Knoxville...............- 4....W. O. Leffell 
Texas, Agricultural and Mechanical College of, 

College Station. rga. eaienreet ete a cciaclanthae heels 7....N. F. Rode 
Texas Technological College, Lubbock............. 7....C. V. Bullen 
Texas, University of, Austin. .......0:+:e+e+eeeees 7,...A. J. McCrocklin, Jr. 
Toronto, University of, Toronto, Ontario, Canada..10....L. S. Lauchland 
Tufts College, Medford, Mass.........+.20e+eeeees 1....A. H. Howell 
Tulane University, New Orleans, La............... 4....Allan S. Pincus 
Union College, Schenectady, N. Y.....--.---.2+0+5 1....Owen G. Owens 
Utah, University of, Salt Lake City............... 9....O. C. Haycock 
Vanderbilt University, Nashville, Tenn,.......... 4....S. R. Schealer 
Vermont, University of, Burlington................ 1....E,. R. McKee 
Villanova College, Villanova, Pa.........-...0+-+. Pers 
Virginia Military Institute, Lexington............. 4....J. S. Jamison 
Virginia Polytechnic Institute, Blacksburg.......... 4....Claudius Lee 
Virginia, University of, Charlottesville............- 4....L. R. Quarles 
Washington, State College of, Pullman............. 9....H. F. Lickey 
Washington, University of, Seattle...........-.-.- Saeenv« ene aunen 
Washington University, St. Louis, Mo.........+.++ 7.,...Pierre M. Honnell 
Wayne University, Detroit, Mich...........+.++++- ee ib 
West Virginia University, Morgantown..........- .. 2....A. H. Forman 
Wisconsin, University of, Madison.........-.-+.+- 5....John C, Weber 
Worcester Polytechnic Institute, Worcester, Mass... 1....D. C. Alexander 
Wyoming, University of, Laramie.......-...--++++ 6....R. O, Trueblood 


Yale University, New Haven, Conn.... 


..A. G. Conrad 
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1. Technical-Subject 
Index 


A Self-Balancing Capacitance Bridge. Foley. .797—801 
Acceleration With a Vacuum Tube, The Measurement 


Of, Ramber inn asah-ine tesla enim em ets 735-40 
Accuracy of Temperature Measurements on Coil Sur- 
faces. Beede}!Cainiae.c'ssie <joressteas s 586-90; disc. 590 
Adjustable Frequency Control of High-Speed Induction 
Motors. shteamann \. -c ae cee ae Ree 719-25 
Adjustable-Speed A-C Brush-Shifting Motor, Impedance 
Relationships of the. Baumann...........1460-2 
Advancements in the Design of Long-Scale Indicating 
Instruments. Rowell, Millar...........-. 155-60 


Aging Tests on Class A Insulation, Preliminary Report 

on Laboratory. (Committee Report)........... 
Be Aes te is aot ae Meine Metin Gio Lei 
Aids for Electromechanical System Development, 

Laboratory. Newton, White. ...315-19; disc. 319 
AIEE Officers and Committees for 1947-48... .1724—37 
AIEE Publication Policy Becomes Effective in January 


1947s New tak cnkeh, cota eee ee 1721-3 
Air Circuit Breakers, Selective Tripping of Low-Voltage. 
Deatis ey ck: fe eis ie aera 971-6; disc. 976 


Air, Determination of Corona Starting Voltages for 
Nonuniform Fields in. Hutton. .1674—9; disc. 1680 
Air Gap Reactance of Polyphase Machines, The. Alger, 
Wiest. Jot soe cotinine eee erence eee sttereretats 1331-43 
Air Switches for Line Sectionalizing and Load Transfer, 
Automatic Control of. Rich, Kirwen............ 
cronkapotor Giaec © iste ore cite reentry 293-9; disc. 299 
(Air Transportation) Electric Equipment Required in 
a Modern 6-Component Wind Tunnel Model 
Suspension System. Cox......,.....0+0 1258-66 
(Air Transportation) The Calibration of Ignition Crest 
Voltmeters. Davis, Warren... ..99-104; disc. 104 
Airborne Magnetometers for Search and Survey. 
Felch, Means, Slonczewski, Parratt, Rumbaugh, 


Wickner ve icp. settee ere ices eee eke eae 640-50 
Airborne Radar to Increase Airline Safety, Using. 
AY Cah, noe Wiertinles hiteoss, ee kerbs eee 1387-95 
Aircraft, A  Capacitance-Type Fuel-Measurement 


System for.”  Rearson em piste alate 1363-8 
Aircraft Alternators Using Electronic Frequency 
Changers, Parallel Operation of. Bowlus, Nims. . 
eer ee ah Se ast eee Mere ers Gun OR GIS oe 31-8 
Aircraft D-C Generators, An Integrated Control System 
for Mc@hintonic, «05 cyatsit- le ciniriatetsie ee tee 94-8 
Aircraft, Electric Drive for. Crom........... 1359-62 
Aircraft Electric Power Protective Systems. Austin... 
Bn Go ae dpe ab otcoRec obese caaoo ob 1375-82 
Aircraft Generator Power Center, D-C. Bottemiller. . 
See Se Iaii SOE 6 ole REE OC Ome a 1267-70 
Aircraft, Ground Power Supply for Modern. Owen, 
Murray, Rosenstetmt. site fs sic etalon 1296-1303 
Aircraft Window Deicing, Control and Power Systems 
for,© “Mershon fers f a yretneys ool inl areieporele! © 1400-05 
Airline Safety, Using Airborne Radar to Increase. 
Ayetcc sate Ai, Cat SOOT Cap 1387-95 
Airplanes, Automatic Temperature Control for Trans- 
DOLE mebled pes teen ote ao: sep 1197 
Airport Runway and Approach Lighting. Kevern... 
Seed ohe ohaysiateteee ore Soakcger etsy teet Peea aisle io Sale Gist atta 1396-9 


Alloy, Hiperco—A Magnetic. Stanley, Yensen. .714—-8 
A-C Brush-Shifting Motor, Impedance Relationships 
of the Adjustable-Speed. Baumann....... 1460-2 
A-C Crane Hoists, A Thrustor Lowering Control System 
for. Schwarz-Kast...........-. 139-44; disc. 144 
A-C Power Transmission, Economics of Long-Distance. 
Crary; Jolson s,8 sess actr 1092-9; disc, 1099 
A-C Stator Windings, The Application of Surge Com- 
parison Testing Equipment to Fractional Horse- 
power. Buchanan) ccijty ssi eee ream e 1356-8 
A-C Turbine Generators, Liquid Cooling of. Fech- 
hemmer . 555 yl ak wero tieige are 553-61; disc. 561 
Alternators Using Electronic Frequency Changers, 
Parallel Operation of Aircraft. Bowlus, Nims. .31—-8 
Altitude Flashover and Corona Correction on Small 


Ceramic Bushings. Pendleton........... 1324-30 
Aluminum Anodes, Cathodic Protection of Steel Water 
Tanks Using. Sudrabin, Mears......... 197-200 
Ampere-Demand Meter, A Polyphase Thermal. Pet- 
CA {1 IE aE ra hem ONG a OMe ich 167-74 
Amplifier, Direct Coupled Oscillograph. Christian, . . 
Reoaber: Cus, cpa eevee s es episiee ne Ree rere =O 
Amplifier, Some Fundamentals of a Theory of the 
Transductor or Magnetic. Lamm....... 1078-85 
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Index 


Amplifier Using Biased Saturable Core Reactors, A 
Balanced. Kirschbaum, Harder........-..- 273-8 
Analogy, Dimensionless Analysis of Servomechanisms 
by Electrical. PartI. McCann, Herwald. Map es 
Analogy, Solution of the General Voltage Regulator 
Problem by Electrical. Harder. .815-25; disc. 825 
Analysis, An Extension of Impact Speed-Drop. Crever. 
EO se ae Or ann oer tee cag Seo hG 191-6 
Analysis and an Optimum Synthesis of Linear Servo- 
mechanisms, The. Herr, Gerst......<..:-- 959-70 
Analysis and Equivalent Circuit of a Wariable - Ratio 
Frequency Changer, Tensorial. Kron.:..1503-06 
Analysis of Motor Selection for Brass-Slab Rolling-Mill 
Service; An. Berkeley..=...<:.- 185-9; disc. 189 
Analysis of Servomechanisms by Electrical Analogy, 
Dimensionless. PartI. McCann, Herwald. .11-18 
Analysis of Speed Regulators Under Impact Loads, 
General. McCann, Osbon, Kirschbaum. .1243-52 
Analysis to Automatic Control Systems, The Application 
of Lead Networks and Sinusoidal. Schwartz..... 

SR Se ict ate ARR eRe S sia.s Ree ge eee 69-76; disc. 76 
Anodes, Cathodic Protection of Steel Water Tanks Using 
Aluminum. Sudrabin, Mears........:.- 197-200 
Anodizing Applications, Automatically Controlled 
Copper-Oxide Rectifiers for Electroplating and. 


Buckley: ssacciie 3,08 echo! oie AO eee eaaiaees 181-4 
Apparatus, Gaseous Insulation for High-Voltage. 
Camilli, Chapman...-.........1463-9; disc. 1469 
Application of Complex Logarithmic and Geometric 
Mean Distances, Theory and. Higgins..... 12-16 


Application of Heterodyne. Modulation to Wide-Band 
Frequency-Modulated Television Relays, The. 
Boothroyd jae oe op sie ee ee 1126-30 

Application of Lead Networks and Sinusoidal Analysis 
to Automatic Control Systems, The. Schwartz. . 
Mee 5 Ar tee 5, I 69-76; disc. 76 

Application of Rural Carrier Telephone System. Barte- 
link, Cook, Cowan, Messmer..... 511-18; disc. 517 

Application of Storage Batteries to the Control of Switch- 


gear, The. Hoxie............-1561-9; disc. 1569 
Application of Supersonic Flaw Detectors, Design and. 
Firm Aw so) fesaciel din wpe. wro eee oleeeet stn" lay 908 esate 1271-6 


Application of Surge Comparison Testing Equipment to 
Fractional Horsepower A-C Stator Windings, The. 
Buchananhl spre sche cua spss vin emote ekeperereiga 1356-8 

Application of Synchronous and Induction Motors to 
Chippers, The. Baker, Lory.............. 1070-7 

Application of Western Union Multiplex to Navy Radio, 
hes, THooverisa ects :ceet oe ene ete tetas 1478-82 

Applications, Automatically Controlled Copper-Oxide 


Rectifiers for Electroplating and Anodizing. 
Buckley ois.<c.gcisre seiei-arels ee etetnial ons st) ser ar 181-4 
Applications, Frequency Shift Telegraphy—Radio and 
Wire. Davey, Matte...........479-93; disc. 493 


Applications of the Electrodynamic Instrument Mecha- 
nism. « Corson, Millar's. : i356 an eles tools 1131-6 
Approach Lighting, Airport Runway and. Kevern,.. 


SRS HAS eer ee ae in iene > > cor 1396-9 
Approach to Speed and Tie Line Control, Theoretical. 
Brandt; .ccdccs cesktracialstele aetecterce ricvore 24-9; disc. 29 


Arc-Back Testing of Graphite. Pakala, Cucullu. .439-42 
Arrester Discharges, Field Research on Lightning. 
McGann, Beck.....:.....--+-+.+625-93 disc. 629 
Arresters—Tidd 500-Kv Test Lines, Transformers and 
Lightning. Lane, Hodnette, Bellaschi, Beck... . 
be SSM PA CROC OHNE cee mae 1613-18; disc. 1618 
Asymmetrical Stator and Rotor, Equivalent Circuit of 
the Primitive Rotating Machine With. Kron... 


ROSE OR inc othe a Os 17-23; disc. 23 

- Automatic Circuit Recloser, An Improved. Wallace. 
Digits: Heeler YE cine the de tekeais sce 255-8; disc. 259. 
Automatic Control of Air Switches for Line Sectionaliz- 
ing and Load Transfer. Rich, Kirwen.......... 

fa hispelwoberers Rphoieel erscae e arnt ee oo MCISC 208 
Automatic Control of Hydroelectric Generating Stations 
Brown, Der Jos..set keeles 343-55; disc. 355 


Automatic Control Systems, The Application of Lead 
Networks and Sinusoidal Analysis to. Schwartz.. 
BY ean Se ere bas attain 69-76; disc. 76 
Automatic Operation of Electric Boilers. Eaton...... 
OA OM ne eae care 1061-8; disc. 1068 


‘Automatic Switching Schemes for Capacitors. Cuttino. 


IR RIOD oO Oe OOS Hees OL 311-14 
Automatic Switching, The Economies of Using Capaci- 
tors in Amounts to Require. Butler........... 
TEC ae Oa pom NT oGs 34610 322-7; disc. 327 
Automatic Temperature Control for Transport Air- 
planes. Hedges........ sis Qata a ahetayela fo Soret an Oe 


Technical Subjects 


Automatically Controlled ‘Copper-Oxide Rectifiers for 
Electroplating and Anodizing Applications. Buck- 


ley ica) Gotan eee 181-4 
Auxiliary-Power Equipment, Modern Railway Pas- 
senger-Car. MacLeod, Hause.......---.-+ 930-8 


B 


Balanced Amplifier Using Biased Saturable Core 
Reactors, A. Kirschbaum, Harder......... 273-8 
Balancing Capacitance Bridge, A Self-. Foley. .797-801 
Band-Width Characteristics of Pulse Modulation, Dis- 
tortion and. Krauss, Ordung..............984-8 
Basic for Distance Relaying on 3-Phase Systems, Funda- 


mental. Lewis, Tippett....... 694-708; disc. 708 - 


(Basic Sciences) Determination of Corona Starting 
Voltages for Nonuniform Fields in Air. Hutton. . 
1s /pe Ls the eee a eee 1674-9; disc. 1680 
(Basic Sciences) Diffusion of Electric Current into Rods, 
Tubes, and Flat Surfaces. Miller...... 1496-1502 
(Basic Sciences) Eddy Currents in Disks; Driving and 
Damping Forces and Torques. Moore.......--- 
a wee atta eo ersteTie 6 ore eee amg anaes 1-10; disc. 10 
(Basic Sciences) Effective Resistance of Isolated Non- 
magnetic Rectangular Conductors. Dwight..... 
al dusyorare roo uiaed Soave hie at Waters baa sala ork Cranes tame 549-52 
(Basic Sciences) Machine Computation of Power Net- 
work Performance. Dunstan. .. .610-20; disc. 621 
(Basic Sciences) The Physics of Electronic Semicon- 


ductors” Bearsoncs es. oes Deer 209-14 
(Basic Sciences) The Probable Breakdown Voltage of 
Paper Dielectric Capacitors. Brooks..........-- 
a arate s) ntaNarah Ste est OSE ai em eto! 1137-44; disc. 1144 


(Basic Sciences) Theory and Application of Complex 
Logarithmic and Geometric Mean Distances. 
Higgins s:.)5.5 5 sare, erik ee ee ee 12-16 

Basic Servomechanism Types, A Comparison of Two. 
Harriss sco a tee kainate ea ene 83-92; disc. 92 


Beeler aes sitive uae coo Wlaat orc eal leat een 1483-8 
Batteries to the Control of Switchgear, The Application 
of Storage. Hoxie... .)../52=2. 1561-9; disc. 1569 
Bearing Deviation Indicator for Sonar, Schuck, Sted- 
man, Hathaway, Butz.............- os 3 0l285=95 
Bearing Practice for Vertical Water Wheel Generators, 
Modern. Laffoon, Baudry....... 363-9; disc. 369 
Bearings at the Bonneville Plant of the Corps of Engi- 
néers, War Department, The Design and Per- 
formance of the Vertical Generator Thrust. Lewis, 
Gordon, ) cc. Aopen sere cee 1231-7; disc. 1237 
Board of Directors, Report of the..........- 1698-1720 
Boilers, Automatic Operation of Electric. 
OREO AO I, ie cmior omens 1061-8; disc. 1068 
Bonneville Plant of the Corps of Engineers, War De- 
partment, The Design and Performance of the 


Brakes and Drum Brakes for PCC Cars, Recent Develop- 
ments in Track, Vouchiyo.aca-eiiesctepehs 302-04 
Braking by Self-Excitation of Squirrel-Cage Motor, 
~ Dynamic. Srinivasan, Thomas..........-. 145-8 
Braking of a Single D-C Series Motor, Dynamic. Leitch. 
TC Ook ORO aoe ee oe 149-54 


motives: Weeisersjiin. este uate iie sek emeas 229-32 


Braking, The Design of New York Subway Motors for 


Dynamic Widell 5 htsracte cel tee nae cies 808-10 
Brass-Slab Rolling-Mill Service, An Analysis of Motor 
Selection for. Berkley........... 185-9; disc. 189 
Breakdown Voltage of Paper Dielectric Capacitors, The 
Probable. Brooks....... ... 1137-44; disc. 1144 
Breaker Current Measurements During Reignitions and 
Recovery, Circuit-. Lewis..... 1253-7; disc. 1257 
Breakers, An Improved Overcurrent Tripping Device 
for Low-Voltage Circuit. Rawlins, Sandin...... 


JORPOLENO OC casein Oe at ahh ee 1149-53; disc. 1153 
Breakers, Selective Tripping of Low-Voltage Air Circuit. 
Deansts coax oes Be adie sy mR 971-6; disc. 976 


Bridge, A Self-Balancing Capacitance. 


Foley. .797-801 


Bridges, Electronic Null Detectors for Use With Im-— 


pedances), Lamson, one ess Ani, ie ee!) 
Broadcast Stations, Television Equipment for. Law- 
TENCE, ardor stern o\trergeustonn Mad ese csc) eR ene ara 
Broken Conductor Effect on Sags in Suspension Spans. 
Bissiri, Tandap s4.yes joke ae To scr Cun 
Brush Characteristics by the Dynamotor Method, 


q 


oe 


Dynamic... Herman..2<s tose aeneaeern 1a Si. 


Brush-Shifting Commutator Motor (Schrage Type), The 
Circle Diagram of the Polyphase. Franklin...... 
Peas stay slate ete seas ee ete eases 1667-72; disc. 1672 

Brush-Shifting Motor, Impedance Relationships of the 
Adjustable-Speed A-C. Baumann........ 1460-2 

Burning of Wood Structures by Leakage Currents. 
R088 5 2 tic ge a ae ee a ok 279-84; disc. 285 

Bus Where No Overhead Facilities Exist?, Can the 
Trolley Coach Compete Economically With the Gas 
Onebyrecelin “Garisgen savcacerer nates 264-8; disc. 268 

Bushings, High Altitude Flashover and Corona Correc- 
tion on Small Ceramic. Pendleton.......1324-30 


C 


Cable Carrier System, An Improved. Black, Brooks, 
Wier: Wilson csc. sete « cegre oes 741-46; disc. 746 
Cable Carrier, Systems, New Test Equipment and 
Testing Methods for. Tidd, Rosen, Wenk. .726-30 
Cable Network, Frequency Division Techniques for a 
Coaxial. Crane, Dixon, Huber........... 1451-9 
Cable Switching, Resistors for 138-Kv. Sadler, Blakeslee. 
5 Oydigo Son OR ce SOR IoD a Tor UNA Be 39-46; disc. 46 
Cable Telegraphy, Some Modern Techniques in Ocean. 
Cramer cs fh esmaiehalt ects 494-500; disc. 500 
Cables, Gas Pressure for Telephone. Giese... ... 471-8 
Cables, Internal Corona Discharges in Insulated. 
Greenfield seen mate as aac 591-600; disc. 600 
Cage Motor, Dynamic Braking by Self-Excitation of 
‘ Squirrel-. Srinivasan, Thomas............ 145-8 
Cage Rotor, The ‘‘Cooperspun” Squirrel. 


Calculating Probability of Generating Capacity Outages. 
US irae Sa ae eS Scone eee 1471-7; disc. 1477 
Calculating Stability, The Transient-Energy Method of 
WEA SBUSSON a cefe esate 3) ares, mA Grtisinge 747-55; disc. 755 
Calculation of Leakage Reactance of Induction Motors, 
Some 'Phases of. Liwschitz, Formhals........... 
Sot core See Pt eee ey oe 1409-12; disc: 1412 


Calculation of Slot Constants. Puchstein............ 
i dir Cae CREE EE CIN IR 1315-22; disc. 1322 
Calculations for Single-Phase Magnets, Shading Coil. 
SEE NAA TUN Sea [sates SIE SoS ast) a fabayio Nor Stains 134-7; disc. 137 
Calculations, Ignitor Characteristic and Circuit. 
Miansh alta. sictwcials keys lvls sic aye soe aah stele: «ter 1519-24 
Calculations on Shaded Pole Motors, Performance. 
BUR CRE Yer Noni ashes ave arete) ele 1431-8; disc. 1438 
Calibration of Ignition Crest Voltmeters, The. Davis, 
WM ARReRL cers \ars.o.2 cals, suas s,<.dndeaperetes 99-104; disc. 104 


Canada, Electric Furnace Practicein. Balleny. .917—24 
Capacitance Bridge, A Self-Balancing. Foley. .797—801 
Capacitance Fuel Gauges. Clark, Adolphe.......... 


8 SOE are oaong es _...1189-96; disc. 1196 
Capacitance-Type Fuel-Measurement System for Air- 
FO Ln gL a Re a ee eee 1363-8 
Capacitor Motor, The Equivalent Circuit of the. 
(Qi BOBBIE s- F OUR foe Teese heat aoe 631-40 
Capacitor Motors, A Design Method for. Lloyd, 
(C1 ciate te ee peat ee tert eT, CE 651-7; disc. 657 
Capacitor Start Motors, A Design Method for. Chang. 
Baise SOeesabelee Seo Sea npe rc Cee seep OEE Te: 
Capacitors, Automatic Switching Schemes for. Cuttino. 
eGR ORE ae Oe Te Oe IES IE oc ROC OORT 311-14 


Capacitors in Amounts to Require Automatic Switching, 
The Economies of Using. Butler. . 322-7; disc. 327 
Capacitors, The Probable Breakdown Voltage of Paper 
Dielectric. Brooks........... 1137-44; disc. 1144 
Capacity Determined by the Probability Method, 
Generating Reserve. Calabrese..........1439-50 
Capacity Outages, Calculating Probability of Generat- 
BIS pra mY IINAINS He iste ic (ai selel ate abege e 1471-7; disc. 1477 
Capacity Problems of a Combined Hydro and Steam 
System, Probability Methods Applied to Generat- 
ing. Loane, Watchorn....... 1645-54; disc. 1654 
Car Equipment for New York City’s Subway System, 
Moderns & Gordtds<\.a.ce sas lo 247-9; disc. 250 
Car, Some Recent Developments in the PCC. Cooper. 
Fee rae aonl Avan, Cosiide Suey atte rane eds 288-92; disc. 292 
Carrier Channels, Operation of Power Line. Lensner. 
ok Sti SEARO eres, oes iia GOO—9 55 ASC. BOS 
Carrier System, An Improved Cable. Black, Brooks, 


Wiens Wilson bt tattle ne oe 741-6; disc. 746 
Carrier System for Power Lines, A New Single-Side- 
Bands, Benehanrinc. ie foc 826-30; disc. 830 


Carrier Systems, New Test Equipment and Testing 
Methods for Cable. Tidd, Rosen, Wenk. . .726-30 
Carrier Telephone System, Application of Rural. 
Bartelink, Gook, Cowan, Messmer..511-17; disc. 517 
Carrier Telephone System for Rural Service, A. Barstow. 
Ac ice DOS Serene EAs AR ashy re ects EA 
Cars, Motor Control for Latest New York Transit Sys- 
tem Subway. Riley............+-+-+-+5: 900-03 
Cars, Recent Developments in Track Brakes and Drum 
Brakes for PCC; Vouch..........5..2+-- 302-04 
Cathode-Ray Oscilloscope, Quantitative Determination 
of Magnetic Properties by Use of. Zamsky, .783-7 
Cathode-Ray Sensing Element, A Magnetic Compass 


With. Kliever, Syrdal..........--. +++: 529-34 
Cathode-Ray Spectrograph, The. Feldt, Berkley. . = 
Be enced Sasaneraee 2 OTe ieee LOGO 


1947, VOLUME 66 


pe te 
Bb —. : 4 


Cathodic Protection of Steel Water Tanks Using Alu- 


minum Anodes. Sudrabin, Mears........ 197-200 
Cavities at 10,000 Megacycles, Measurement of High 
EL. Legh eo te tye ei gen ee ee 161-6 


Cell, Electrical Characteristics of the Junction in a 
Simplified Selenium Rectifier. Angello... .175-80 
Cellulose Insulation Impregnated With Semi-conducting 


Liquids, The Dielectric Properties of. Clark..... 
Rote UNL Notche se hereto Sree 55-62; disc. 62 
Center, D-C Aircraft Generator Power. Bottemiller. . 
SIS Aiea cia ORGS Bean Je an aE aoe 1267-70 
Ceramic Bushings, High Altitude Flashover and Corona 
Correction on Small. Pendleton.......,.1324-30 


Changer, Suddenly Applied Loads on a Variable-Ratio 
Frequency. Carter, Maginniss, Rothe. ...1489-95 
Changer, Tensorial Analysis and Equivalent Circuit of a 
Variable-Ratio Frequency. Kron........ 1503-06 
Changers, Parallel Operation of Aircraft Alternators 
Using Electronic Frequency. Bowlus, Nims. .31-8 
Channels, Operation of Power Line Carrier. Lensner. 
Oo Aa Tr Dt APP Aci a eT 888-93; disc. 893 
Characteristic and Circuit Calculations, Ignitor. 
Warsi ete av axoxsge tar siateyeraptiass vetoed is) ete 1519-24 
Characteristics by the Dynamotor Method, Dynamic 
Briishuew Eenmanis yer cieetais ons 15.5 ,08 Ssieicicieus 759-63 
Characteristics of Current Transformers During Faults, 
Paxtils- Rothe, Concordia... sje ace .1= > 731-4 
Characteristics of Pulse Modulation, Distortion and 
Band-Width, Krauss, Ordung............ 984-8 
Characteristics of Resistance Welding Tools, Electrical. 
Gallen der waters ake cle occas cusiavaicias eas fee 393-404 
Characteristics of the Junction in a Simplified Selenium 
Rectifier Cell, Electrical. Angello........ 175-80 
Charging Current at High Voltage, The Interruption of. 
deeds SV an Sickles on’ « sie Hadas: 373-80; disc. 381 
Cheyenne Wells, Colo., Rural Radiotelephone Experi- 
ment at. Moore, Seyler, Wright.......... 525-8 
Chippers, The Application of Synchronous and Induc- 
tion Motors to. Baker, Lory............. 1070-7 
Chopped Waves on Transformers, A Study of the 
Relative Severity -of Steep Front Waves and. 
Wezel Ze ereNee mis. Siavaie hye he Aiaeehcreloe 64-6; disc. 66 
Circle Diagram of the Polyphase Brush-Shifting Com- 
mutator Motor (Schrage Type), The. Franklin.. 
ine Digg BAD GODOT tee eee 1667-72; disc. 1672 
Circuit-Breaker Current Measurements During Re- 
ignitions and Recovery. Lewis. .1253—7; disc. 1257 
Circuit Breakers, An Improved Overcurrent Tripping 
Device for Low-Voltage. Rawlins, Sandin,..... 
Aho aeons SHOR Ge aR Oma ne © 1149-53; disc. 1153 
Circuit Breakers, Selective Tripping of Low-Voltage 
Atere DOanset ec che vlc, « sas wake > 971-6; disc. 976 
Circuit Calculations, [gnitor Characteristic and. Mar- 
ELSE pets Se aah Senn yee DREN eS Ai 1519-24 


Pate d cane ere Ameen sl D40=2 
Circuit of a Variable-Ratio Frequency Changer, Ten- 
sorial Analysis and Equivalent. Kron... .1503-06 
Circuit of the Capacitor Motor, The Equivalent. 
Changin ener ne Paerns cuatne creat on late Weis o 631-40 
Circuit of the Induction Motor, Leakage Reactance of 
the Squirrel Cage Rotor With Respect to the 
Stator Harmonics and the Equivalent. Liwschitz. 


Circuit of the Primitive Rotating Machine With Asym- 


metrical Stator and Rotor, Equivalent. Kron.... 
5 Se OE era Sip Basen conieer 17-23; disc. 23 
Circuit Recloser, An Improved Automatic. Wallace 
ee easier a aa Saree: sau coe ae ens 255-8; disc. 259 
Circuits, Grounding of Instrument Transformer Sec- 
ondary. (Committee Report)........... 419-20 
Circuits, Sectionalizing and Internal Transformer 


Fusing on Rural Power. Watkins. .383-8; disc. 388 
City Transportation, Trolley Coaches and PCC Street 
Cars Provide Successful. Clardy........... 925-9 
Class A Insulation, Preliminary Report on Laboratory 
Aging Tests on. (Committee Report)........... 
ER Ac) clay hs etre batts init 879-81; disc. 881 
Coaxial Cable Network, Frequency Division Tech- 
niques for a. Crane, Dixon, Huber....... 1451-9 
Code Modulation, Pulse. Black, Edson......... 895-9 
Coil Calculations for Single-Phase Magnets, Shading. 
Eami es oo Rte ae oe es ee ss 134-7; disc. 137 
Coil Surfaces, Accuracy of Temperature Measurements 
on." Beede; Caine aed Sok 2 - 586-90; disc. 590 
Coils, Data on the High-Frequency Resistance of Coils. 
Naples te bac oma ao Dice oom Sore aL EI 764-9 
Collectors for High-Speed Service, Developments in 
Gumrent. Dangers ii sacs soy 00 072 ols, crams =i=ls 51-4 
Colorado, Rural Radiotelephone Experiment at Chey- 
enne Wells. Moore, Seyler, Wright........ 525-8 
(Committee Report) Grounding of Instrument Trans- 
former Secondary Circuits..............-- 419-20 
(Committee Report) Preliminary Report on Laboratory 
Aging Tests on Class A Insulation..879-81; disc. 881 
(Committee Report) Present-Day Grounding Practices 
on Power Systems. (Committee Report)........ 


foie in Pee Rivin cic ole eke arches OS iane, 5 1525-48; disc. 1548 
(Committee Report) Progress in Power Generation— 
POAOAG eo eieis celts = © se ere minlery alas + 1681-97 


Technical Subjects 


. 


(Committee Report) Relay Protection of Power Trans 
FOUMETS Tree asa Soe Seno OF 911-15; disc. 915 
Committees for 1947-48, AIEE Officers and....1724-37 
(Communication) A Carrier Telephone System for Rural 
Services « Barstowee st se, onan ee eens 501-07 
(Communication) A Frequency Modulation Telegraph 
Terminal Without Relays, Cusack, Michon..... 


Aa ea Pet ns ties ate oS eae ir 1165-70; disc. 1170 
(Communication) A New Microwave Television System. 
Wentz; Sinithe: cons cap ante ons cae eee 465-70 


(Communication) A 60-Cycle Hysteresis Loop Tracer 
for Small Samples of Low-Permeability Material. 
Wicgands Hansen, £20%..¢ sande p< 119-31; disc. 131 

(Communication) Air-Borne Magnetometers for Search 
and Survey. Felch, Means, Slonczewski, Parratt, 
Roum ash. PICKMED sn. tm. si-the ae ole stem tagete te 640-50 

(Communication) An Electronic Regenerative Re- 
peater for Teletypewriter Signals. Hearn. .904—11 

(Communication) An Improved Cable Carrier System. 
Black, Brooks, Wier, Wilson... .. 741-6; disc. 746 

(Communication) Application of Rural Carrer Tele- 
phone System. Bartelink, Gook, Cowan, Mess- 


MEDET ayoher esp oi sire efore, 20 dre ya) crcl ae phaeos 511-17; disc. 517 
(Communication) Bearing Deviation Indicator for 
Sonar. Schuck, Stedman, Hathaway, Butz..... 
SCE patti Mr Sree ioe oak creas 1285-95 


(Communication) Distortion and Band-Width Charac- 
teristics of Pulse Modulation. Krauss, Ordung.. . 


Hark =. ofa RES SNE Bd aie se Gah tape ote hee nae ai 984-8 
(Communication) Distortion-in a Pulse Count Modula- 
tion System. Clavier, Panter, Grieg..........-. 
B vag Ca ann erate chanchotesiehacee wis vais 989-1005; disc. 1005 


(Communication) Frequency Division Techniques for 
a Coaxial Cable Network. Crane, Dixon, Huber. 
SEAS Se oP ene ett. on tring Orn oe 1451-9 

(Communication) Frequency Shift Telegraphy—Radio 
Radio and Wire Applications. Davey, Matte.... 
BIS ea eared Boo en neon 479-93; disc. 493 


(Communication) Gas Pressure for Telephone Cables. 
Giese a sho ass ae is RE cae meee epatonaabeliars 471-8 
(Communication) Joint Use of Pole Lines for Rural 
Power and Telephone Services, Campbell, Hill, 
Moore, Schol2. o2%..:. 54 icsmmaels m= = 519-24; disc. 524 
Communication, Modulation in. Cowan....... 792-6 
(Communication) New Test Equipment and Testing 
Methods for Cable Carrier Systems. Tidd, Rosen, 


Wictas aati soot gaa alates 2 aiahs ete SR 726-30 
(Communication) Postwar Television Receiver Design. 
Pupsleyin ae nats sclerosis sist a eee 453-8 
(Communication) Pulse Code Modulation. Black, 
ASOT 6 2h Preaign s soe eho Cab ee ee 895-9 


(Communication) Pulse Echo Measurements on Tele- 
phone and Television Facilities. Abraham, Lebert, 


Magrio, Schotts. 0... Jaan s.ccneets 541-8; disc. 548 
(Communication) Radio-Noise Influence of 230-Kv 
Himes... - Rardens occic..t4c> panes 677-81; disc. 682 


(Communication) Rural Radiotelephone Experiment at 
Cheyenne Wells, Colo. Moore, Seyler, Wright... 
Shpaest cag edu on hac deinen tet eocebe sas 525-8 

(Communication) Some Modern Techniques in Ocean 
Cable Telegraphy. Cramer....494-500; disc. 500 

(Communication) Submarine Detection by Sonar. 


Keller. cn ccc aro ot asks oe oieteseate 1217-30 
Communication System, TVA Co-ordinated. Tal- 
ALE sca dacacteistne Sisisieaera ete Oe 1022-34; disc. 1034 
(Communication) Television Equipment for Broadcast 
Stattons.-  Rawrence. 2.2: -4/o...9 sponse ee 443-52 
(Communication) Television Network Facilities. Abra- 
ham,’ Rominese node cc tee tints esis esate 459-64 


(Communication) The Application of Heterodyne 
Modulation to Wide-Band Frequency-Modulated 
Television Relays. Boothroyd........... 1126-30 

(Communication) The Application of Western Union 
Multiplex to Navy Radio. Hoover....... 1478-82 

(Communication) The Stromberg-Carlson XY Dial 
Telephone System. Reed..........++5-++- 432-8 

Commutator Motor (Schrage Type), The Circle Dia- 
gram of the Polyphase Brush-Shifting. Franklin. 
ea Soomro es A 1667-72; disc. 1672 

Comparison of Two Basic Servomechanism Types, 
AL Ears ote nee ae eee 83-92; disc, 92 

Comparison Testing Equipment to Fractional Horse- 
power A-C Stator Windings, The Application of 


Surge. Buchanan... ¢.scsueecoohien srr 1356-8 
Compass With Cathode-Ray Sensing Element, A 
Magnetic. Kliever, Syrdal............-.- 529-34 
Compensators, Metering With Transformer-Loss. 
Schleicher......... Se oe isi 851-61; disc. 861 
Complex Logarithmic and Geometric Mean Distances, 
Theory and Application of. Higgins....... 12-16 
Computation of Power Network Performance, Machine. 
PVGStAN: ae se ees 2 = als 610-20; disc. 621 


Computing Thermal Transients, Simplified Graphical 
Method of. Narbutovskih........78-81; disc. 82 
Conductor Effect on Sags in Suspension Spans, Broken. 
Bissiri, Landau........-..<-%+- 
Conductors and a Method for Studying Them, Gallop- 
ing. Tornquist, Becker......- 1154-61; disc. 1161 
Conductors, Effective Resistance of Isolated Non- 
magnetic Rectangular. i 


Considerations on High-Voltage Lines and Design 
Features of Tidd 500-Kv Test Lines, Corona. 
Wagner, Wagner, Peterson, Gross............+- 
gaia Nepstar ecaee ote cto 1583-90; disc. 1590 

Constant-Current Motor Systems, Electronic. Living- 
SEQI A Ravages tact eters Cacao eke Ce 425-30; disc. 430 

Constant-Frequency Generator, A  Variable-Speed. 
Roys, Nader, Spotts.......... 1414-17; disc. 1417 

Constants, Calculation of Slot. 


Control and Power Systems for Aircraft Window De- 
Linge Les OW cams < ejete wleletal tepeiscer cs tionsds 1400-05 
Control for Diesel-Electric Locomotives, Braking Re- 
sistorsiand. | VWEISEGs 1 jects ote aatel neler 229-32 
Control for Latest New York Transit System Subway 
@iars: IVEOtOr = ANTE Visio severe eiereieeets ieee terats 900-03 
Control for Transport. Airplanes, 
perature. HCA sede cadets = omit velar errs 1197 
SES Functionalized Resistance Welding. 
Large; Elantwit i otstaetsrieteieen neritic: 414-18 
Control of Air Switches for Line Sectionalizing and Load 
Transfer, Automatic. Rich, Kirwen............ 


Control of High-Speed Induction Motors, Adjustable 
Frequency, .Heumann.,........2-06..0-5- Wo-25 
Control of Hydroelectric Generating Stations, Auto- 
matic. Brown, Der. / oii .:550 343-55; disc. 355 
Control of Slip-Ring Motors by Means of Unbalanced 
Primary Voltages. Schmitz. , 1103-1112; disc. 1112 
Control of Switchgear, The Application of Storage 
Batteries to the. Hoxie....... 1561-9; disc. 1569 
Control of Thyratron Rectifiers, The Shunt Tube. 
Potter sje isteiecsssteiy stelstetanel etal of-lelale sate rarkoa ete 421-4 
Control, Radar Technique in an Industrial. Cockrell. 


Control System for A-C Crane Hoists, A Thrustor 
Lowering. Schwarz-Kast....... 139-44; disc. 144 
Control System for Aircraft D-C. Generators, An Inte- 
grated. McClintoniw as. 1 -ittsmie eerie 94-8 
Control System for Wind Tunnel Drives, A. Heiden- 
LEICH io ermokes eee sie ccucterenene 1637-43; disc. 1643 
Control Systems, Developments in Diesel-Electric 
Traction-Generator Excitation. Brancke, Adams. . 
Aes MORIA ea I a aes ON ogo 223-8; disc. 228 
Control Systems for Diesel-Electric Locomotives, De- 
velopmentsin. Henshaw................ 233-41 
Control Systems, The Application of Lead Networks and 


Sinusoidal Analysis to Automatic. Schwartz..... 
Tiel Ore OCe GIS OSHE, Slavoe Mier ade einisientae ater eisls 69-76; disc. 76 
Control, Theoretical Approach to Speed and Tie Line. 
BSE ATIVE Ss ste risig cies mace cali en: cicheonens 24-9; disc. 29 


Controlled Copper-Oxide Rectifiers for Electroplating 
and Anodizing Applications, Automatically. Buck- 
be ABER O Gud tS coe aoe s boon igchim tog 181-4 
Cooling of A-C Turbine Generators, Liquid. Fech- 
HRELIIER cee oles selene eae siete ee 553-61; disc. 561 
Co-ordinated Communication System, TVA. Talmage. 
Soe ere A OS OCS 1022-34; disc. 1034 
Copper-Oxide Rectifiers for Electroplating and Anodiz- 
ing Applications, Automatically Controlled. Buck- 
ES Ee SR CIRSES TOMO CIO CAA I Aol Giie-o Qwlo ced. 181-4 


Copper-Oxide Rectifiers, Higher Voltage. Smith.... 
Seelaeeaiiens a tiats elaee aile d otiete Wiare aM ner ere t 220-2 

*<Copperspun”’ Squirrel Cage Rotor, The. Anderson. 
Cans OOr ser MMC be ceBGE CO rauaeeais s 1312-14 

Core Reactors, A Balanced Amplifier Using Biased 
Saturable. Kirschbaum, Harder........... 213-8 


Cores, Interlaminar seg Current Loss in Laminated. 
Beiler, Schmidt.. desteyc (872-7; disc. 877 
Corona Considerations. on High- Voltage Lines and 
Design Features of Tidd 500-Ky Test Lines. 
Wagner, Wagner, Peterson, Gross.............- 
Gadb CdU GGL con SoMpo OU a Coen 1583-90; disc. 1590 
Corona Correction on Small Ceramic Bushings, High 
Altitude Flashover and. Pendleton...... 1324-30 
Corona Discharges in Insulated Cables, Internal. 
(Greenfield a octane tke ar uate 591-600; disc. 600 
Corona Starting Voltages for Nonuniform Fields in Air, 
Determination of. Hutton..... 1674-9; disc. 1680 
Corps of Engineers, War Department, The Design and 
Performance of the Vertical Generator Thrust 
Bearings at the Bonneville Plant of the. Lewis, 
WGOFGON Sateiarecasctorecsusesns re bio) Snes 1231-7; disc. 1237 
Correction on Small Ceramic Bushings, High Altitude 
Flashover and Corona. 
Cotton Industry in the South, Electrification of the. 
1te)s]-Seiega tac too Cibo aner poster 201-08; disc. 208 
Coupled Oscillograph Amplifier, Direct. Christian. 


Goapling Method, A Simplified Double-Film Klydono- 
graph With an Improved. Waghorne........... 
etsonee al giel sie /eiencl sts ateio sus alte kod kt Ses snl aeel el 0) 

Crane Hoists, A Thrustor Lowering Control System for 
A-C. Schwarz-Kast. GAA 139-44; disc. 144 

Crest Voltmeters, The Calibration of Ignition. Davis, 
Wrarrentss)sitrsnwis ce ae terens eaals rae 99-104; disc. 104 

Criteria of D-C Interrupters, Performance. Boehne, 
Jane eeace sas oererecen tr 1172-80; disc. 1180 

Current at High Voltage, The Interruption of Charging. 
Leeds, Van Sickles. «fisted <i 373-80; disc. 381 

Current Collectors for High-Speed eee pene 
meénts.in. anger... eerste cies Siete att 51-4 


1740 


Pendleton....... 1324-30 - 


Current into Rods, Tubes, and Flat Surfaces, Diffusion 


of Blectrich | Millenstrr.7aitstacreierr rial 1496-1502 
Current Loss in Laminated Cores, Interlaminar Eddy. 
Beiler; Schmidt}. comnts seer ie 872-7; disc. 877 


Current Measurements During Reignitions and Re- 
covery, Circuit-Breaker. Lewis. .1253-7; disc. 1257 
Current Motor Systems, Electronic Constant-. Living- 
SEOWs 52s. navauedeyebe stepsvalage oleate Sitishers 425-30; disc. 430 
Current Transformers During Faults, Transient Char- 
acteristics of. Part II, Rothe, Concordia. .731-4 
Current, Transient Voltage Rise in Transformers Due to 


Interruption of Exciting. Srinivasan, Vogel..... 
sfsbe ate oiaker ans ohaad ee ease alae lotr eee 1632-6 
Currents, Burning of Wood Structures by Leakage. 
1°40 LA AAG coeme & oth Oboe 279-84; disc. 285 
Currents in Disks: Driving and Damping Forces and 
Torques, Eddy. Moore........... 1-10; disc. 10 


D 


Damping Forces and Torques, Eddy Currents in Disks: 


Driving and. Moore...:......... 1-10; disc. 10 
Data on the High-Frequency Resistance of Coils. Wit- 
PAT Pe Ceo Oris Chinon Ghats . aad 764-9 
Deicing, Control and Power Systems for Aircraft Win- 
dow: Mershonvateon aiech irene eis 1400-05 
Demand Meter, A’ Polyphase Thermal Ampere-. Pet- 
Pal (a coo ate Bic moncsis GEuiG arccorcoagnetes 167-74 
Design and Application of Supersonic Flaw Detectors. 
Exdimiainn,. os .jtetteet oetair = seem ete ieee 1271-6 


Design and Performance of the Vertical Generator 
Thrust Bearings at the Bonneville Plant of the Corps 
of Engineers, War Department, The. Lewis, 
Gordon <4). es ca ee eee 1231-73 disc. 1237 

Design, High-Voltage Power-Transformer, Part II. 
Mallstt: si ict) eres 1086-91; disc. 1091 

Design Method for Capacitor Motors, A. Lloyd, 
(C) (Bast nA obo <n Sod usc 651-7; disc. 657 


Hale ote iS, Spd] skank oe oe test en ees Es 1369-74 
Design of Long-Scale Indicating Instruments, Advance- 
ments in the. Rowell, Millar............ 155-60 
Design of New York Subway Motors for Dynamic 
Braking, Theo Widelli inom «enieet este elete 808-10 
Design, Postwar Television Receiver. Pugsley.. . 
Detection by Sonar, Submarine. Keller...... 1217-30 
Detector Relay Protection, Typical Transformer Faults 


and iGas. vMadilecircmarie iets 1052-8; disc. 1058 
Detectors, Design and Application of Saperone Flaw. 
Birra.) Mey ta, st slate soils oct te teens eee eet teas 1271-6 
Detectors for Use With Impedance Bridges, Electronic 
INGLE A weiter MeA or onedels. a dhodada cota 0d 535-40 


Determination of Corona Starting Voltages for Non- 
uniform Fieldsin Air. .Hutton. .1674—9; disc. 1680 
Determination of Magnetic Properties by Use of 
Cathode-Ray Oscilloscope, Quantitative. Zamsky. 
TRA RO GRMO te: Socngo obo DOT ac 5 aaa E 783-7 


Development, Laboratory Aids for Electromechanical 
System. Newton, White........ 315-19; disc. 319 
Developments in Connection With Hot-Line Insulator 
Washing, Rests ands Hill enna. sean 1203-16 
Developments in Control Systems for Diesel-Electric 
Locomotives. Henshaw...............--. 233-41 
Developments in Current Collectors for High-Speed 
Service, Manger’ ncn ao ihetecian cieereras 51-4 
Developments in the PCC Car, Some Recent. Cooper. 
rig OOH LOM In on See tiene 3 Teo 288-92; disc. 292 
Developments in Track Brakes and Drum Brakes for 
PCG Cars; Recent. Vouchix. vei se - is 302-04 
Deviation Indicator for Sonar, Bearing. Schuck, 
Stedman, Hathaway, Butz............... 1285-95 
Device for Low-Voltage Circuit Breakers, An Improved 
Overcurrent Tripping. Rawlins, Sandin........ 
puedagcabe oteatagc ApaaBeeobE 1149-53; disc, 1153 
Diagram of the Polyphase Brush-Shifting Commutator 
Motor (Schrage Type), The Circle. Franklin, ... 
afte re ele I Te Me eo ad cho aland 1667-72; disc. 1672 
Dial Telephone System, The Stromberg-Carlson XY. 
Ried jaan sania nana aaa eterna too 8 
Dielectric Capacitors, The Probable Breakdown Voltage 
Of-Papen.) PECOOKS.ctsieteieers 1137-44; disc. 1144 
Dielectric Heating—The Measurement of Loss Under 
Rising Temperature. Whitehead..,....... 947-9 
Dielectric Properties of Cellulose Insulation Impregnated 
With Semiconducting Liquids, The. Clark...... 
MPREE Sih Meena cae Da eet re ee 55-62; disc. 62 
Diesel Bus Where No Overhead Facilities Exist?, Can 
the Trolley Coach Compete Economically With the 
(Gas.on.y > Gausa oo cine og sie 264-8; disc. 268 
Diesel-Electric Locomotive for the Seaboard Air Line 
Railway, A 3,000 Horsepower. Staples, Weybrew, 


AtWwells REE Te secteur rae reel eociae 215-19 
Diesel-Electric Locomotives, A Power Plant Regulating 
Systemifor, Wuewis cst cts seers 242-6; disc. 246 
Diesel-Electric Locomotives, Braking Resistors and 
Controlfors, Weiser. jcnjies sien ares sieht 229-32 
Diesel-Electric Locomotives, Developments in Control 
Systems for. Henshaw........... ar eeeoo 


Technical Subjects 


Diesel-Electric Traction-Generator Excitation Control 


Systems, Developments in. Brancke, Adams..... 
i tetot site bia vbreger navies bee Risto foes ite 223-8; disc. 228 
Diffusion of Electric Current into Rods, Tubes, and Flat 
Surfaces: . ‘Millers fron... «oscars 1496-1502 


Dimensionless Analysis of Servomechanisms. by Elec- 
trical Analogy. McCann, Herwald, PartI..111-18 
Direct Coupled Oscillograph Amplifier. Christian. . . 


D-C Goncraront An Integrated Control System for 
Aircraft. McClinton... 227.225 -..%24-«5 94-8 
D-C Interrupters, Performance Criteria of. Boehne, 
Wang ./.{sereo aks atta a ee taentes 1172-80; disc. 1180 
D-C Series Motor, Dynamic Braking ofa Single. Leitch. 


Discharges, Field Research on Lightning Arrester. 
McGann Beck. snran ete radaclses 625-9; disc. 629 
Discharges in Insulated Cables, Internal Corona. 
Greenfield cheater Fe oe 591-600; disc. 600 
Disks: Driving and Damping Forces and Torques, 
Eddy Currents in. Moore......... 1-10; disc. 10 
Distance Relaying on 3-Phase Systems, Fundamental 
Basis for. Lewis, Tippett...... 694-708; disc. 708 
Distances, Theory and Application of Complex 
Logarithmic and Geometric Mean. Higgins..... 
Bans icc dase Goer a mOSo Nb DOS son 12-16 
Distortion and Band-Width Characteristics of Pulse 
Modulation. Krauss, Ordung............. 984-8 
Distortion in a Pulse Count Modulation System. 
Clavier, Panter, Grief........ 989-1005; disc. 1005 
(Distribution) Galloping Conductors and a Method for 
Studying Them. Tornquist, Becker.............. 
RRA dichccat onthe ic abbey enor remem 1154-61; disc. 1161 


(Distribution) Internal Corona Discharges in Insulated 
Cables! “Greentield pistes -1 591-600; disc. 600 
(Distribution) Photographic Study of Lightning. 
Hagenguth sfg.e tose tack Deir 577-83; disc. 583 
(Distribution) Resistors for 138-Kv Cable Switching. ~ 
Sadler; Blakesleeti2 st. eee 39-46; disc. 46 
Division Techniques for a Coaxial Cable Network, Fre- 
quency. Crane, Dixon, Huber........... 1451-9 
Double-Film Klydonograph With an Improved Cou- 
pling Method, A Simplified. Waghorne........ 
cngchent eR Fig niga: Jelctewee tate cetetjed 10 4—NG SiGisC iO 
Drive for Aircraft, Electric. Tek D509 =O2 
Drives, A Control System for Wind Tunnel. Heiden- 
HEiGh. © w4e nee oe ene Se ee 1637-43; disc. 1643 
Drives for Textile Finishing Ranges, Electric. Moore, 
UB N.S 2. Tesaeesivate ste claire ting ote cee geetens ee 684-94 
Drives, Rotating Stability Regulators for Synchronous 
Motor. “Schaelchlin. <.05.. 4.50). 884-7; disc. 887 
Driving and Damping Forces and Torques, Eddy Cur- 
rents in Disks:. Moore............ 1-10; disc, 10 
Drop in the Welder Throat Loaded With Ferromagnetic 
Materials, The Voltage. Stein........... 356-62 
Drum Brakes for PCC Cars, Recent Developments in ~ 
‘Track Brakes’and.- Voucha teig-.4 21. sie 302-04 
Dynamic Braking by Self-Excitation of Squirrel-Cage 
Motor. Srinivasan, Thomas.............. 145-8 
Dynamic Braking of a Single D-C Series Motor. 


Dynamic Brae The Design of New York Subway 
Motors'fors, Widell S28 ce oe oiereiee ree 808-10 
Dynamic Brush Characteristics by the Dynamotor 
Method. Hermianicc on net -micrce crear 759-63 
Dynamometer for Small Motor Measurements, A High 
Precision. ~ Dudk. efi <n situa 1344-8; disc. 1348 
Dynamotor Method, Dynamic Brush Characteristics by 
they ‘Herman ter. <2 tere Sree ete 759-63 


Echo Measurements on Telephone and Television 
Facilities, Pulse. Abraham, Lebert, Maggio, 
Ghote, gion saat a catia uted 541-8; disc. 548 

Economic Supply of Energy in Hydroelectric Systems 
Factors in the. Frampton, Floyd.....,........ 
Hino oan tis eee ayscavezeisipic «ey pee As GISC ame oem 

Economical Fractional Horsepower Ratings, 
Hysteresis Motor—Advances Which Permit. Ro- 
Vor pegars \oDUU Memuame baa 1419-30; disc. 1430 

Economically With the Gas or Diesel Bus Where No 
Overhead Facilities Exist?, Can the Trolley Coach 


Gompetes, Gauss, oc traeeies 264-8; disc. 268 
Economics of Long-Distance A-C Power Transmission. 
Grary;) Johnson. 3.2.5 er ... 1092-9; disc. 1099 


Economies of Using Capacitors in Amounts to Require 
Automatic Switching, the. Butler. .322-7; disc. 327 
Eddy Current Loss in Laminated Cores, Interlaminar, — 
Beiler, Schmidt.) fis soe eve 1OV2=7  cligcaieag, 
Eddy Currents in Disks: Driving and Damping 
Forces and Torques. Moore.......1-10; disc. 10 
Effective Resistance of Isolated Nonmagnetic Rec- 
seg ae Conductors. yest Ho ttecgeicric ce Set 


— ww 


Electric Boilers, Automatic Operation of. Eaton...... 
ttre eee eee ee eee eee 1061-8; disc. 1068 
Electric Current into Rods, Tubes, and Flat Surfaces, 
iDiffurtom of IMilber ot 65)2,. dress sy os 1496-1502 


Electric Drive for Aircraft. Crom.,..-....... 1359-62 
Electric Drives for Textile Finishing Ranges. Moore, 
IES oO Bacon rte. 5 oe Og ee Reems rate stent 684-94 
Electric Equipment for 2-for-1 Twister. Gwaltney, 
IES paten Varn ts Says eeseeee (PACS ite sited Te. So eae tes 811-14 


Electric Equipment Required in a Modern 6-Com- 
ponent Wind-Tunnel Model Suspension System. 
Goma Parsee gary spear sie a toe ee ral fe eae 1258-66 

Electric Furnace Practice in Canada. Balleny. .917—24 

Electric Locomotives, A Power Plant Regulating System 


POreDieseten LG WiISk cle iar. shgake seer 242-6; disc. 246 
(Electric Machinery) A Design Method for Capacitor 
Motors. Lloyd, Chang......... 651-7; disc. 657 


(Electric Machinery) A High Precision Dynamometer 
for Small Motor Measurements. Duff.......... 


(Electric Machinery) A Study of the Relative Severity 
of Steep Front Waves and Chopped Waves on 
tPransformers.s Vogel... ..45...5." 64-6; disc. 66 

(Electric Machinery) A Variable-Speed Constant- 
Frequency Generator. Roys, Nader, Spotts...... 
oy BING Ee ete a SROs Tee rae 1414-17; disc. 1417 

(Electric Machinery) Accuracy of Temperature 
Measurements on Coil Surfaces. Beede, Cain.... 
BPaRr tO Serer chara oe oa lebeTe hoses tases 586-90; disc. 590 

(Electric Machinery) Dynamic Brush Characteristics by 
the Dynamotor Method. Herman........ 759-63 

(Electric Machinery) Equivalent Circuit of the Primitive 
Rotating Machine With Asymmetrical Stator and 
ERGO LAMENT OM oh rc cis eueiess este eset iet= 17-23; disc. 23 

(Electric Machinery) High-Voltage Power-Transformer 
Design. Part II. Mallett... .1086-91; disc. 1091 

(Electric Machinery). Hiperco—A Magnetic Alloy. 
tamleyanVensenl iinet fice teem elaine setters 714-18 


(Electric Machinery) Interlaminar Eddy Current Loss 
in Laminated Cores. Beiler, Schmidt..........- 
Big 3 eel ciao > SEES DELO 872-7; disc. 877 
(Electric Machinery) Liquid Cooling of A-C Turbine 
Generators. Fechheimer....... 553-61; disc. 561 
(Electric Machinery) New NEMA Fractional-Horse- 
power Motor Standards; Their Effect on Re- 
frigeration and Pump Applications. Potter. .508-10 
(Electric Machinery) Preliminary Report on Labora- 
tory Aging Tests on Class A Insulation (Gom- 
EOULEE REPOLE) i «cice,« sme. ee vie sco 879-81; disc. 881 
(Electric Machinery) Short-Circuit Requirements for 
Pranstormers.= (Garin... .jecws e+ > i 710-13 
(Electric Machinery) Silicone Insulation as Applied to 
Naval Electric Power Equipment. Walker...... 
RON Cas Tay Sic eres ier) chev ehenteye: we! ea tegre! ss 977-80; disc. 980 
(Electric Machinery) Simplified Graphical Method of 


Computing Thermal Transients. Narbutovskih. 

So Sore ooatio Os Teoma Ou Cee Coser 78-81; disc. 82 
(Electric Machinery) The “‘Copperspun” Squirrel Cage 

Rotor,” Anderson..\.....2..--+-0ssse0: 1312-14 


(Electric Machinery) The Design and Performance of ' 


the Vertical Generator Thrust Bearings at the 
Bonneville Plant of the Corps of Engineers, War 
Department. Lewis, Gordon. ..1231-7; disc. 1237 
(Electric Machinery) The Dielectric Properties of Cellu- 
lose Insulation Impregnated With Semiconducting 
Liquids. Clark..... Seve te terres iofotsfecateys 55-62; disc. 62 
(Electric Machinery) The Equivalent Circuit of the 
Capacitor Motor. Chang,..........---.-631-40 
(Blectric Machinery) The Horsepower Output of Poly- 
phase Motors. Robinson.........---+++++ 770-5 
(Electric Machinery) The Hysteresis Motor—Advances 
Which Permit Economical Fractional Horsepower 
nisin INGUS ION eainedeoonS 1419-30; disc. 1430 
(Electric Machinery) The Magnetomotive Force of 2- 
Layer Windings of Rotating Machines. Stein.... 
PRT, Ae Geese a lancca aver pe afaiele e siatt Sate woke a8 756-8 
(Electric Machinery) The Multistage Rototrol. 
SchitZ..\. 2 BARS? ORO SO LRGD SIO CRON 564-8 
(Electric Machinery) The Transient-Energy Method of 
Calculating Stability. Magnusson............-- 
PMC eens rent thc ee latale sod 747-55; disc. 755 
(Electric Machinery) Typical Transformer Faults and 
Gas Detector Relay Protection. Madill......... 
ate alate gat ciswpla i inks bobs Wa sie oss 1052-8; disc. 1058 
Electric Power at Extra High Voltages, Transmission 
of. -Sporn, Monteith........-. 1571-7; disc. 1577 
Electric Power Equipment, Silicone Insulation as 
Applied to Naval. Walker...... 977-80; disc. 980 
Electric Power Protective Systems, Aircraft. Austin. . 
1375-82 


(Electric Welding) Electrical Characteristics of Re- 


sistance Welding Tools. Callender....... 393-404 
(Electric Welding) Functionalized Resistance Welding 
Control. Stadum, Large, Hartwig.....--- 414-18 


(Electric Welding) The Voltage Drop in the Welder 
Throat Loaded -With Ferromagnetic Materials. 
Stein..... J janet velenete Tadao BO CHD SCO 356-62 


1947, VoLUME 66 


(Electric Welding) Voltage Changes Caused by Re- 
sistance Welding Loads. Johnson, Peterson, 
FRR OACES= ayecimelsc. hier se trai ele 664-73; disc. 674 
Electrical Analogy, Dimensionless Analysis of Servo- 
mechanisms by. McCann, Herwald. Part I.... 
OLE i ERO Sian, choca chic Aarne 111-18 
Electrical Analogy, Solution of the General Voltage 
Regulator Problem by. Harder. . 815-24; disc. 825 
Electrical Characteristics of Resistance Welding Tools. 


Gallendersiiaie da ck) Mes Me Teed = SE 393-404 
Electrical Characteristics of the Junction in a Simplified 
Selenium Rectifier Cell. Angello.......... 175-80 
Electrical Utility Industry During World War II, The 
German, SNoest. Soe «ak. ; 1037-47; disc. 1047 
Electricity in Hospital Operating Rooms, Hazards of 
mtatics “Williams. A008 2 sae 1146-7; disc. 1147 
Electrification of the Cotton Industry in the South. 
BODE Oe se Neat ye dem Soke re 201-08; disc. 208 


(Electrochemistry) Automatically Controlled Copper- 
Oxide Rectifiers for Electroplating and Anodizing 
“Applications, Buckley./..0- 44.4.2. 101—4 

(Electrochemistry) Cathodic Protection of Steel Water 
Tanks Using Aluminum Anodes. Sudrabin, 


(Electrochemistry) Electrical Characteristics of the 
Junction in a Simplified Selenium Rectifier Cell. 


(sbitallor coo noabaoRtetes Toe aeDs coo Gomddn 175-80 
(Electrochemistry) Higher Voltage Copper-Oxide 
Rectifierss Smith). v.60... «ee actress rth 220-2 
Electrodynamic Instrument Mechanism, Applications 
otsthew Corson. Millar crs) ciecatierte tet 1131-6 
Electromechanical System Development, Laboratory 
Aids for. Newton, White....... 315-19; disc. 319 


(Electrometallurgy) Cathodic Protection of Steel Water 
Tanks Using Aluminum Anodes. Sudrabin, 
IM EET Goats Sic MIRO GOGO DC Gae ALOT 197-200 
(Electrometallurgy) Electrical Characteristics of the 
Junction in a Simplified Selenium Rectifier Cell. 


Vansegel! Os hon saa oe IdcoCpordcor McCoo ng lOO 175-80 
Electronic Constant-Current Motor Systems. Living- 
List eeinbes ot POLE Ce OE SIO 425-30; disc. 430 


Electronic Frequency Changers, Parallel Operation of 
Aircraft Alternators Using. Bowlus, Nims... .31—-8 
Electronic Null Detectors for Use With Impedance 


Bridges: a luamson) alc aaeevetisicte oie ss 535-40 
Electronic Regenerative Repeater for Teletypewriter 
SigualstsAmi weleatn yim cripiesiie eke Ose 
Electronic Semiconductors, The Physics of. Pearson. 
Kore eit COG Ge wa ond ode, Gasman ote 209-14 
Electronic Stabilizer for Power Transmission. Alex- 
anderson, PrinCe sinc <iejeieie ie ateiens 950-3; disc. 953 


Electronic Telemetering System. Foster, Kiefer. . 802-7 
(Electronics) A Magnetic Compass With Cathode-Ray 

Sensing Element. Kliever, Syrdal........ 529-34 
(Electronics) Air-Borne Magnetometers for Search and 


Survey. Felch, Means, Slonczewski, Parratt, 
Rumbaugh, Tickner..........-+-+++s0005 640-50 
(Electronics) Arc-Back Testing of Graphite. Pakala, 
Giuicuab butsetctets weal aatey avecelisssanisie ols sieiegemrteier sts 439-42 
(Electronics) Ignitor Characteristics and Circuit Calcula- 
tions. eMiarshallly < cici-tevelars onsl meds rvonehaust orien 1519-24 
(Electronics) The Measurement of Acceleration With a 
Vacuum Tube. Ramberg.......-..++++: 735-40 
(Electtonics) The Shunt Tube Control of Thyratron 
Rectifiers: ~ POtter es). mis src olats mole surely 421-4 


Electroplating and Anodizing Applications, Automatic- 
ally Controlled Copper-Oxide Rectifiers for. 


Buckley seals ctom ie eetei= sist ctemtowtetetsieren fersieiare oly 181-4 
Element, A Magnetic Compass With Cathode-Ray 
Sensing. Kliever, Syrdal....---.--+++--> 529-34 


Energy in Hydroelectric Systems, Factors in the Eco- 


nomic Supply of. Frampton, Floyd..........-. 
hi MONG ate as aes CeCe 1117-24; disc. 1124 


Energy Method of Calculating Stability, The Transient-. 


Magnusson... ....2---.-+----es 747-55; disc. 755 
Energy Regulating Systems, Two-Stage Rototrol for 
Low-. Kimball...... nets are ess! 


Engineers, War Department, The Design and Per- 
formance of the Vertical Generator Thrust Bearings 
at the Bonneville Plant of the Corps of. Lewis, 
Gordont.i2 wooecate nase 1231-7; disc. 1237. 

Equipment and Testing Methods for Cable Carrier 
Systems, New Test. Tidd, Rosen, Wenk. . .726-30 


Equipment for Broadcast Stations, Television. Law- 
FOLGE oes een shake Ranlatetele ote rere datonriay Nat ategees 443-52 
Equipment for Tidd High-Voltage Test Lines, Switch 
gear. Lane, Wyman......-. .1619-21; disc. 1621 
Equipment for 2-for-1 Twister, Electric. Gwaltney, 
Burnbari Cis ses plea pied ois eine ie 811-14 
Equipment for New York City’s Subway System, Modern 
Glare, . \WOxdts shrcicrs sfescretelel aes e 247-9; disc. 250 
Equipment, Modern Railway Passenger-Car Auxiliary- 
Power. MacLeod, Hause........--.+-+-+++ 930-8 


Equipment Required in a Modern 6-Component Wind- 
Tunnel Model Suspension System, Electric. Cox. 


se eee rie cep Uae more odac 1258-66 
Equipment, Silicone Insulation as Applied to Naval 
Electric Power. Walker.......-. 977-80; disc. 980 


Equipment to Fractional Horsepower A-C Stator Wind- 
ings, The Application of Surge Comparison Testing. 
Buchanan....-.-.00ceeecnseecerece Anes} cekems) 


Technical Subjects 


Equivalent Circuit of a Variable-Ratio Frequency 
Changer, Tensorial Analysis and. Kron. ,1503—06 
Equivalent Circuit of the Capacitor Motor, The, 
Can cereteegeree a viele te ay eieuave een te nce etme 631-40 
Equivalent Circuit of the Primitive Rotating Machine 
With Asymmetrical Stator and Rotor. Kron.... 
mscakals rated ene, Notinots, cxsuarerere atenntera ions 17-23; disc. 23 
Excitation Control Systems, Developments in Diesel- 
Electric Traction-Generator. Brancke, Adams... 
Sephe eye ie tet cine cle sieve tae ars 223-8; disc. 228 
Excitation of Squirrel-Cage Motor, Dynamic Braking 
by Self-. Srinivasan, Thomas............. 145-8 
Excitation Problems in Hydroelectric Generators 
Supplying Long Transmission Lines. Killgore... 
5 Se aes As Gisahmemin cnn mo dite 1277-82; disc. 1282 
Exciting Current, Transient Voltage Rise in Trans- 
formers Due to Interruption of. Srinivasan, Vogel. 


er acne SOR RL Dao. Moony ooMce 1632-6 
Expectancy as a Basis for Generator Reserve, Outage. 
Seely ere tieiunso.q ast elope stersteiete aslo 1483-8 


Experience With Single-Pole Relaying and Reclosing on 
a Large 132-Kv System. Trainor, Parks........ 
shegat Dyas ie sad eRe shay alore ss Bs ee lacoys 405-11; disc. 411 
Experiment at Cheyenne Wells, Colo., Rural Radio- 


telephone. Moore, Seyler, Wright......... 525-8 
Extension of Impact Speed-Drop Analysis, An: Crever. 
BA EO NCOn Oe oro OO sO CO GoOrdioe oo oC roo 191-6 


Facilities, Television Network. Abraham, Romnes.... 
eo Penn ocHOoECOl SUP oO 459-64 
Factors in the Economic Supply of Energy in Hydro- 
electric Systems. Frampton, Floyd..........+.-- 
Re ee eon ad oi onan 1117-24; disc. 1124 
Faults and Gas Detector Relay Protection, Typical 
Transformer. Madill......... 1052-8; disc. 1058 
Faults, Transient Characteristics of Current Transform- 
ers During. Part II. Rothe, Concordia. ..731—-4 
Feed Regulator, A New Grinding Circuit. Jones..... 
EF oh Disa ease Mey arn a, 3 apa aI cee le aien ees LEDS 1240-2 
Ferromagnetic Materials, The Voltage Drop in the 
Welder Throat Loaded With. Stein....... 356-62 
Field Investigation of Lightning Surges at Substations. 
Gross, McCann........+++++++- 569-74; disc. 574 
Field Research on Lightning Arrester Discharges. 
McCann, Beck...5...00.2-e0-++- 625-9; disc. 629 
Fields in Air, Determination of Corona Starting Voltages 
for Nonuniform. Hutton...... 1674-9; disc. 1680 
Film Klydonograph With an Improved Coupling 
Method, A Simplified Double-. Waghorne....... 
Set SOR OE ERI TORU 1114-16; disc. 1116 


Oi toemin ne permeitae coe 205 SUG UMSaDE 684-94 
Flashover and Corona Correction on Smal] Ceramic 
Bushings, High Altitude. Pendleton..... 1324-30 
Flaw Detectors, Design and Application of Supersonic. 
Exrdimaty sateen eset atta etetololel alee ota 1271-6 
Force of 2-Layer Windings of Rotating Machines, The 
Magnetomotive. Stein......-..++++s+s+5+ 756-8 
Forces and Torques, Eddy Currents in Disks: Driving 
and Damping. Moore.........--: 1-10; disc. 10 


Fractional-Horsepower Motor Standards; Their Effect 
on Refrigeration and Pump Applications, New 
NEMA. Potter........-sl)-2 seers a= 508-10 

Fractional Horsepower Ratings, The Hysteresis Motor— 
Advances Which Permit Economical. Roters.... 

1419-30; disc. 1430 


el Be ir ay east merncalyle fe a a eta note GE 1489-95 
Frequency Changer, Tensorial Analysis and Equivalent 
Circuit of a Variable-Ratio, Kron....... 1503-06 


Frequency Changers, Parallel Operation of Aircraft 
Alternators Using Electronic. Bowlus, Nims. -31-8 
Frequency Control of High-Speed Induction Motors, 
Adjustable. Heumann.......---++-+-+++: 719-25 
Frequency Division Techniques for a Coaxial Cable 
Network. Crane, Dixon, Huber......-..-. 1451-9 
Frequency Generator, A Variable-Speed Constant-. 
Roys, Nader, Spotts.......--- 1414-17; disc. 1417 
Frequency-Modulated Television Relays, The Applica- 
tion of Heterodyne Modulation to Wide-Band. 
Boothroyd <......-.222eeereenesee tress 1126-30 
Frequency Modulation Telegraph Terminal Without 
Relays, A. Cusack, Michon. . .1165-70; disc. 1170 
Frequency Resistance of Coils, Data on the High-. 
Wittzirarieeoe eves sin Semiepiat os meinem selec 764-9 
Frequency Shift Telegraphy—Radio and Wire Applica- 
tions. Davey, Matte.....-..--- 479-93; disc. 493 
Fuel Gauges, Capacitance. Clark, Adolphe. 2. .=..--% 
Oa IE. orn LI SO= 9G disco 
Fuel-Measurement System System for Aircraft, A 
Capacitance-Type. Pearson...-.-...+--- 1363-8 


-Large, Hartwig.....-++++++ssserrseretes 414-18 


Fundamental Basis for Distance Relaying on 3-Phase 
Systems. Lewis, Tippett..---- 694-708; disc. 708 


1741 


Fundamentals of a Theory of the Transductor or Mag- 
netic Amplifier, Some. Lamm.......... 1078-85 
Furnace Practice in Canada, Electric. Balleny..917—24 
Fusing on Rural Power Circuits, Sectionalizing and 
Internal Transformer. Watkins. . 383-8; disc. 388 


G 


Galloping Conductors and a Method for Studying Them.: 
Tornquist, Becker............ 1154-61; disc. 1161 
Gap Reactance of Polyphase Machines, The Air. Alger, 
West fingers stoteacitcure meine eer 1331-43 
Gas Detector Relay Protection, Typical Transformer 
Faults and. Madill........... 1052-8; disc. 1058 
Gas or Diesel Bus Where No Overhead Facilities Exist?, 
Can the Trolley Coach Compete Economically 


With. ther” Gaussitr. 0 5. stewie ste as 264-8; disc. 268 
Gas Pressure for Telephone Cables. Giese.......471-8 
Gaseous Insulation for High-Voltage — Apparatus. 

Camilli, Chapman............ 1463-9; disc. 1469 


Gauges, Capacitance Fuel. Clark, Adolphe.......... 
Shido aca oaL. aocnOosomuotins 1189-96; disc. 1196 
General Analysis of Speed Regulators Under Impact 
Loads. McCann, Osbon, Kirschbaum. . . 1243-52 
General Mobile Telephone System. Romnes, O’Con- 
HOB Sioeioeictapavsfoisin so. cue ae ete eee 1658-66 
Generating Capacity Outages, Calculating Probability 
(0) yl As cor inom nic OIL AS tOmS 1471-7; disc. 1477 
Generating Capacity Problems of a Combined Hydro 
and Steam System, Probability Methods Applied 


to.. Loane, Watchorn........ 1645-54; disc. 1654 
Generating Reserve Capacity Determined by the 
Probability Method. Calabrese........- 1439-50 
Generating Stations, Automatic Control of Hydro- 
electric. Brown, Derr.......... 343-55; disc. 355 
Generating Units, The Maintenance of Hydroelectric. 
Robertson, Standings)... aaeren sltusencarete 776-82 
(Generation) Hydroelectric Power Development in 
QuebecnwLawtonis so iselsemi\ pistes 1006-21 
Generation, Progress in Power—1940-46. (Committee 
Report) saute nteate intr sat ers eee eee 1681-97 
Generator, A  Variable-Speed Constant-Frequency. 
Roys, Nader, Spotts........-. 1414-17; disc. 1417 


Generator Excitation Control Systems, Developments in 
Diesel-Electric Traction-. Brancke, Adams....... 
AeA cle a eiehS a ef eranene Tels, gy anahsk me TAT 223-8; disc. 228 


Generator Power Center, D-C Aircraft. Bottemiller... 
reece eis SPM GIR raat oceregs, Sa Loe FI 1267-70 
Generator Reserve, Outage Expectancy as a Basis for 
Seelyesa\- f. Wale sia = 1 aaah: sree aoe eee 1483-8 


Generator Thrust Bearings at the Bonneville Plant of 
the Corps of Engineers, War Department, The 
Design and Performance of the Vertical. Lewis, 
Cord osc Hess teratoma ne 1231-7; disc. 1237 

Generators, An Integrated Control System for Aircraft 
D=G.) McClinton 5. jeje naseereyeistieesnere oie 94-8 

Generators, Liquid Cooling of A-C Turbine. 
helen sh a widisieys olatols cleus sede 553-61; disc. 561 

Generators, Modern Bearing Practice for Vertical Water 
Wheel. Laffoon, Baudry........ 363-9; disc. 369 

Generators, Resynchronizing of. Concordia, Temoshok. 
SHARE coe eGom Beis Gite ton ac Ot 1512-18 

Generators Supplying Long Transmission Lines, Excita- 
tion Problems in Hydroelectric. Killgore........ 
“gate ites ahs acre shat sqaamegsigtae Sidhe coset 1277-82; disc. 1282 

Geometric Mean Distances, Theory and Application of 
Complex Logarithmic and. Higgins........ 12-16 

German Electrical Utility Industry During World War 
TU pf Des Noest evel snosars o;sper0 1037-47; disc. 1047 

Governor Performance on Electric Power Systems 
With Improved Instruments, Testing. Allen, 
TR CSS gM cst eres sl dk cobaray er gudlgtocete 329-39; disc. 339 

Graphical Method of Computing Thermal Transients, 
Simplified. Narbutovskih........ 78-81; disc. 82 

Graphite, Arc-Back Testing of. 
YOR ERPR DC BOE SOOO 5510 Onto a eae 439-42 


Ground Power Supply for Modern Aircraft. Owen, 
Murray, JRosenstelie.& cumae site aieeie® 1296-1303 
Grounding of Instrument Transformer Secondary 
Circuits. (Committee Report).........-. 419-20 
Grounding Practices on Power Systems, Present-Day. 
(Committee Report).......... 1525-48; disc. 1548 


H 


Hardware for Tidd 500-Ky Test Lines, Insulators and 
Line. Gross, McCoy, Sheadel...........0..--+: 
At a en P58 ~..,-1592-1602; disc. 1602 
Harmonics and the Equivalent Circuit of the Induction 
Motor, Leakage Reactance of the Squirrel Cage 
Rotor With Respect to the Stator. Liwschitz..... 
ERIN: Piet Heise erent gas Paesel 40708 
Hazards of Static Electricity. in Hospital Operating 
Rooms. Williams..........-. 1146-7; disc, 1147 
Heating—The Measurement of Loss Under Rising 
Temperature, Dielectric. Whitehead........947-9 


1742 


Heterodyne Modulation to Wide-Band Frequency- 
Modulated Television Relays, The Application of. 
Boothroydiinc, devraet bers santiatn cutest rae arena 1126-30 

High Altitude Flashover and Corona Correction on Small 
Ceramic Bushings. Pendleton........... 1324-30 

High-Frequency Resistance of Coils, Data on the. 
Witzig:.s Lote ote scat a erate tars 764-9 


Pia sepiaere apetenereteeeiehet le otaie eiekets seen 161-6 
High Precision Dyhamometer for Small Motor Measure- 
ments; A.tsDulk. Shree eies 1344-8; disc. 1348 
High-Speed Induction Motors, Adjustable Frequency 
Control‘of. Heumtannn joi aimtatomis ale sive 719-25 
High-Speed Service, Developments in Current Collec- 
tors for, \Lamigens-tyit aie oe miasmeme tt ramet eer aoe 51-4 


High-Temperature Railway Motor, Investigation of 
Silicone Insulation on. Grant, Kauppi, Moses... 
Moor: Okc dre wvere se nan. dadons ¢ 305-10; disc. 310 

High-Voltage Apparatus, Gaseous Insulation for. 
Camilli, Chapman............ 1463-9; disc. 1469 

High-Voltage Lines and Design Features of Tidd 500- 
Kv Test Lines, Corona Considerations on. Wag- 
ner, Wagner, Peterson, Gross. .1583-90; disc. 1590 

High-Voltage Power Transformer Design. Part II. 
Mallett: ats atiteters tescisierecert stare 1086-91; disc. 1091 

High-Voltage Test Lines, Switchgear Equipment for. 
Bane, Wyma. ss 2/615 cickets aay 1619-21; disc. 1621 

High Voltage, The Interruption of Charging Current at. 
Leeds; Vian: Sickles. .3 2.5 <i eors 373-80; disc. 381 

High-Voltage Transmission Lines, Switching. Johnson, 
Walon .2 sors ce seh eee ae 1552-60; disc. 1560 

High Voltages, A Simple and Inexpensive Method for 
Accurately Measuring Steady-State and Transient. 


Mevintons., stash ce ree Seid 1304-10; disc. 1310 
High Voltages, Transmission of Electric Power at Extra. 
Sporn; Monteith s).2.- feu eseee 1571-7; disc. 1577 


Higher Voltage Copper-Oxide Rectifiers. Smith. .220-2 
Hiperco—A Magnetic Alloy. Stanley, Yensen. . .714-8 
Hoists, A Thrustor Lowering Control System for A-C 
Crane. Schwarz-Kast.......... 139-44; disc. 144 
Horsepower A-C Stator Windings, The Application of 
Surge Comparison Testing Equipment to Frac- 
tional” Buchanancreoe on sees Saas 1356-8 
Horsepower Diesel-Electric Locomotive for the Sea- 
board Air Line Railway, A 3,000. Staples, Way- 
brews Alwwellite5o5o.. eee eee, areata is ZV5-19 
Horsepower Motor Standards; Their Effect on Re- 
frigeration and Pump Applications, New NEMA 


Practional-. “Potters sje decal oti 508-10 
Horsepower Output of Polyphase Induction Motors, 
Whe; sRobinsowe ag ae wlio ete ronenenel a etetennensle 770-5 


Horsepower Ratings, The Hysteresis Motor—Advances 
Which Permit Economical Fractional. Roters... 
ese Siarnnosae AP Abeba pared 1419-30; disc. 1430 

Hospital Operating Rooms, Hazards of Static Electricity 


Amis) | Williams orcs £1 afetedettenetomnrs 1146-7; disc. 1147 
Hot-Line Insulator Washing, Tests and Developments in 
Connection With. Hill.......2.....+..- 1203-16 


Hydro and Steam System, Probability Methods Applied 
to Generating Capacity Problems of a Combined. 
Loane, Watchorn....-....°.. 1645-54; disc. 1654 

Hydroelectric Generating Stations, Automatic Control 
ofa Brows Derr: 7 ag, eo eele 343-55; disc. 355 

Hydroelectric Generating Units, The Maintenance of. 
Robertson, Standing... aceite eine 776-82 

Hydroelectric Generators Supplying Long Transmission 
Lines, Excitation Problems in. Killgore.......-.. 
Pile: to teingk aye gee ee meee 1277-82; disc. 1282 

(Hydroelectric) Modern Bearing Practice for Vertical 
Water Wheel Generators. Laffoon, Baudry...... 
RASA Cee <a ans ch adic 363-9; disc. 369 

Hydroelectric Power Development in Quebec. Law- 
(ok SEAS AIc airs > agri is cee cdi dicia ators. cain 1006-21 

Hydroelectric Systems, Factors in the Economic Supply 
of Energy in the. Frampton, Floyd............. 


AriGnn hod daemon nacre ae 1117-24; disc. 1124 
Hysteresis Loop Tracer for Small Samples of Low- 
Permeability Material, A 60-Cycle. Wiegand, 
Efansen ays cs ee see Stee 119-31; disc. 131 
Hysteresis Motor—Advances Which Permit Boonomical 
Fractional Horsepower Ratings, The, Roters.... 
ho OS OE ROIS OOP NI OIE 1419-30; disc. 1430 


Ignition Crest Voltmeters, The Calibration of. Davis, 


Warren ganseecicctn- > adenvhentas a 99-104; disc. 104 
Ignitor Characteristic and Circuit Calculations. Mar- 
shall. . FG Aeon Jeon oe shor oom 1519-24 


Impact Loads, General Analysis of Speed Regulators 


Under. McCann, Osbon, Kirschbaum. . .1243-52 
Impact Speed-Drop Analysis, An Extension of. Crever. 
Ra oi ct OO ORE nae aay citer an 191-6 
Impedance Bridges, Electronic Null Detectors for Use. 
With) | Leamisom|r shies cis! erecta Aeocee eh eu) 
Impedance Relationships of the Adjustable-Speed A-C 
Brush-Shifting Motor. Baumann......... 1460-2 


Impregnated With Semiconducting Liquids, The Di- 
electric Properties of Cellulose Insulation. Clark. 
. 55-62; disc. 62 


Ti se Subjects 


Improved Automatic Circuit Recloser, An. Wallace. 
RE Ee eae Par BO eae en Pt, 255-8; disc. 259 
Improved Cable Carrier, System, An. Black, Brooks, 
Wier}, Wilson; 9%. 25 tan) e sees 741-6; disc. 746 
Improved Overcurrent Tripping Device for Low- 
Voltage Circuit Breakers, An. Rawlins, Sandin. . 
POA eaio een doos et CaOSnT, 1149-53; disc. 1153 
Indicating Instruments, Advancements in the Design 
of Long-Scale. Rowell, Millar..........- 155-60 
Indicator for Sonar, Bearing Deviation. 
man, Hathaway, Butz.) sjesccrtes sites ete 1285-95 
Induction Motor, Leakage Reactance of the Squirrel - 
Cage Rotor With Respect to the Stator Harmonic 


and the Equivalent Circuit of the. Liwschitz..... 
BPA eS ha sere eet ores yn. KOR « 1407-08 
Induction Motors, Adjustable Frequency Control of 
High-Speed. Heumann..)...0.2%...5-22: 719-25 
Induction Motors, Reactances of Squirrel-Cage. Lloyd, 
Giusti, (Changes. occ ace entnae easier 1349-55 


Induction Motors, Some Phases of Calculation of Leak- 
age Reactance of.  Liwschitz, Formhals......... 
SAS eS Se a BOS bic OC DOS 1409-12; disc. 1412 

Induction Motors, The: Horsepower Output of Poly- 
phase Robinson... <5 of <)e. cee een aim = 770-5 

Induction Motors to Chippers, The Application of 
Synchronous and. Baker, Lory........-.- 1070-7 

(Industrial Control) A Control System for Wind canted 
Drives. Heidenreich......... 1637-43; disc. 1643 

(Industrial Control Devices) A Balanced Amplifier 
Using Biased Saturable Core Reactors. Kirsch- 
baum, Hardens) occ cites cies sain arene eee 273-8 


(Industrial Control Devices) Adjustable Frequency 


Control of High-Speed Induction Motors. Heu- 
PEAT o 2s ayets 5 8 sicyse Siro egestas a 719=25 
(Industrial Control Devices) Control of Slip-Ring 
Motors by Means of Unbalanced Primary Voltages. 


Schmitz apache ceri 1103-1112; disc. 1112 
(Industrial Control Devices). Dynamic Braking of Two 
D-C Series Motors. Leitch............-- 787-91 


(Industrial Control Devices) Rotating Stability Regu- 
lators for Synchronous Motor Drives. Schaelchlin. 
Fe ms Me egest eats Sikes Re 884-7; disc. 887 
(Industrial Control Devices) Some Mundamen inte ofa 
Theory of the Transductor or Magnetic Amplifier. 
Lamp stoys.< cacd' nets daycare 1078-85 
(Industrial Control Devices) A Thrustor Lowering Con- 
trol System for A-C Crane Hoists. Schwarz-Kast. 
I re oe che song tel od 139-44; disc. 144 
(Industrial Control Devices) Dynamic Braking by Self- 


Excitation of Squirrel-Cage Motor. Srinivasan, ~ 
Thomas...5%..2* acct =e oes eee 145-8 
(Industrial Control Devices) Dynamic Braking of a 
Single D-C Series Motor. Leitch......... 149-54 


(Industrial Control Devices) Shading Coil Calculations 
for Single-Phase Magnets. Evans. .134-7; disc. 137 
Industrial Control, Radar Technique in an. Cockrell. . 


(Industrial Power Applications) An Analysis of Motor 
Selection for Brass-Slab Rolling-Mill Service. 
Berkley cts Sends ontaskeliieae eee 185-9; disc. 189 

(Industrial Power Applications) An Extension of Impact 
Speed-Drop Analysis. Crever.......------ 191-6 

(Industrial Power Applications) Electrification of the 


Cotton Industry in the South. Bobe,.........--- = 


Secs) evo T eat Cee eI CeO. ¢ 201-08; disc. 208 
(Industrial Power Applications) Power Distribution in 
Textile Plants. McConnell..........-.--- 659-62 
Industry During World War II, The German Electrical 
Witiktyy. Noest- 5 t..see oe 1037-47; disc. 1047 
Industry in the South, Electrification of the Cotton. 
Boba! wavectiney seine Se .....201-08; disc. 208 


Inexpensive Method for Accurately Measuring Steady- 
State and Transient High Voltages, A Simple and. 


LEC toltey Wee yie, Wee Io cc 1304-10; disc. 1310 
Influence of 230-Kv Lines, Radio-Noise. Rorden..... 
Se Ear So SMI. AUER «: 677-81; disc. 682 
Instrument Mechanism, Applications of the Electro- 
dynamic. Corson, Millar............+++- 1131-6 
Instrument Transformer ‘Secondary Circuits, Grounding 
of. (Committee Report).........:--..+-: 419-20 


Instrumentation and Measurement—Tidd 500-Kv Test 


Lines. Tremaine, Lippert. ...1624—30; disc. 1630 
(Instruments) A Comparison of Two Basic Servo- 
mechanism Types. Harris.....-.-- 83-92; disc. 92 
(Instruments) A Polyphase Thermal Ampere-Demand 
Meter: Petzingetsiwajs <i ieiios fir aeie st cane 167-74 
(Instruments) A Self-Balancing Capacitance Bridge. 


BONG Y « pracetuctes cs sya} at a were alae teeter ieee ree 797-801 
(Instruments) A Simplified Double-Film Klydonograph 
With an Improved Coupling Method. Wag- 
hornies 2 (ry ditico eae ieee eee 1114-16; disc. 1116 


Instruments, Advancements in the Design of Long-Scale 


Indicating. Rowell, Millar..........-..- 155-60 


(Instruments) Air-Borne Magnetometers for Search and — 
Survey. Felch, Means, Slonczewski, Parratt, 
Rumbaugh, Tickner...........---+++- .. 640-50 — 

(Instruments) Capacitance Fuel Gauges. Clar! 
Adolphe. .2 es - <5 +... 1189-96; disc. 


(Instruments) Design and Application of ae , 


Flaw Detectors. Erdman..........-+-++-1 


a a, a ae ee ae Cee oe 


' 


(Instruments) Direct Coupled Oscillograph Amplifier. 
(Oey Shih Se op IOS Se oeeD on eta caee 1383-6 
(Instruments, Electronic) Electronic Null Detectors for 
Use With Impedance Bridges. Lamson... .535—40 
(Instruments) Electronic Telemetering System. Foster, 


aS rch ee ot ee me fetearcg ce ete 802-07 
(Instruments) Metering With Transformer-Loss Com- 
pensators. Schleicher.........- 851-61; disc. 861 


“(Instruments) Quantitative Determination of Mag- 
netic Properties by Use of Cathode-Ray Oscillo- 
scope. Zamsky......-.-+.+++eeeeeeeeeres 783-7 

Instruments, Testing Governor Performance on Electric 
Power Systems With Improved. Allen, Hess..... 
ioe Ca An a © OR ec een cee ee 329-39; disc. 339 

(Instruments) The Application of Lead Networks and 
Sinusoidal Analysis to Automatic Control Systems. 


RNaSTEWAT BZ, ste Schceratarast esi Auster sais onal oes 69-76; disc. 76 
(Instruments) The Calibration of Ignition Crest Volt- 
meters. Davis, Warren......... 99-104; disc. 104 
(Instruments) The Cathode-Ray Spectrograph. Feldt, 
Berile ye are syteie a tvey)aieieelarcecesieiso » ois,> sale 105-10 
Insulated Cables, Internal Corona Discharges in. 
Greentield) «<2: Se san etic = 591-600; disc. 600 
Insulation as Applied to Naval Electric Power Equip- 
ment, Silicone. Walker.......- 977-80; disc. 980 


Insulation for High-Voltage Apparatus, Gaseous. 
Camilli, Chapman.........-.- 1463-9; disc. 1469 
Insulation Impregnated With Semiconducting Liquids, 
The Dielectric Properties of Cellulose. Clark.... 
TRE A AO OUn een. OO cee oD 55-62; disc. 62 
Insulation, Lightning and 60-Cycle Power Tests on 
Wood-Pole Line. Bellaschi..... 838-47; disc. 847 
Insulation on High-Temperature Railway Motor, 
Investigation of Silicone. Grant, Kauppi, Moses. . 
Sd ou Oa ROL Oe Ce co De ae 305-10; disc. 310 
Insulation, Preliminary Report on Laboratory Aging 
Tests on Class A. (Committee Report)........ 
Lo FA Ars ae Coro Cee OTe 879-81; disc. 881 
Insulator Washing, Tests and Developments in Connec- 
tion With Hot-Line. Hill.............-- 1203-16 
Insulators and Line Hardware for Tidd 500-Kv Test 


Lines. Gross, McCoy, Sheadel..........--+--++ 
Atk ey SEC Soo -.1592-1602; disc. 1602 
Integrated Control System for Aircraft D-C Generators, 
An, McClinton. 02.0.5. ie eine ie enn sn ele ee 94-8 
Interlaminar Eddy Current Loss in Laminated Cores. 
Beiler,, Schmidt. .........+.-+--- 872-7; disc. 877 
Internal Corona Discharges in Insulated Cables. 
Sree mnel acpi sheets sioner «oes 591-600; disc. 600 


Internal Transformer Fusing on Rural Power Circuits, 
Sectionalizing and. Watkins..... 383-8; disc. 388 
Interrupters, Performance Criteria of D-C. Boehne, 
S| oa a onesie Brien cricoim 1172-80; disc. 1180 
Interruption of Charging Current at High Voltage, The. 
Leeds, Van Sickle..............-: 373-80; disc. 381 
Investigation of Lightning Surges at Substations, Field. 
Gross, McCann............+++- 569-74; disc. 574 
Investigation of Silicone Insulation on High-Tempera- 
ture Railway Motor. Grant, Kauppi, Moses... . 
abode te | Sgecodpods GOS an 305-10; disc. 310 
Investigation on the 25-Kv System of the West Penn 
Power Company, Lightning. Bowen, Beck...... 
NM patie ts Ae AO Re 831-6; disc. 836 
Isolated Nonmagnetic Rectangular Conductors, Effec- 
tive Resistance of. Dwight...........+..- 549-52 


J 


Joint Use of Pole Lines for Rural Power and Telephone 
Services. Campbell, Hill, Moore, Scholz.......- 
Sic ne RE eyo R IE CELIO eC 519-24; disc. 524 
Junction in a Simplified Selenium Rectifier Cell, Elec- 
trical Characteristics of the. Angello...... 175-80 


K 


Klydonograph With an Improved Coupling Method, A 
Simplified Double-Film. Waghorne............- 
eo aimriver eta ovchazassete ar oielalatare ainasys 1114-16; disc. 1116 


Laboratory Aging Tests on Class A Insulation, Pre- 
liminary Report on. (Committee Report)....... 


ment. Newton, White......... 315-19; disc. 319 
Laminated Cores, Interlaminar Eddy Current Loss in. 
Beiler, Schmidt........... ogee 872-7; disc. 877 


1947, VOLUME 66 


(Land Transportation) Proposed Rapid Transit System 
fOr ROLORtOns AIUNCAD gis. 2.5,- <1. Si tesyaisin ire’ 939-46 
(Land Transportation) Special 10-Car Train for the 
New York City Transit System. Sinclair........ 


way Motors for Dynamic Braking. Widell. .808-10 
(Land Transportation) Trolley Coaches and PCC Street 


Cars Provide Successful City Transportation. 
on Bia 7 Ae aly Seria tabiunty a iaie Onc nis ue anit 925-9 
Layer Windings of Rotating Machines, The Magneto- 
motive Force of 2-, Stein..............:.- 756-8 


Lead Networks and Sinusoidal Analysis to Automatic 
Control Systems, The Application of. Schwartz. . 
AGO Fats CORR 69-76; disc. 76 

Leakage Currents, Burning of Wood Structures by. 
GRIT a en Ce ceatthe oan in-ear Ls 279-84; disc. 285 

Leakage Reactance of Induction Motors, Some Phases 
of Calculation of. Liwschitz, Formhals......... 
ee ater eee otnaa=.cs 1409-12; disc. 1412 

Leakage Reactance of the Squirrel Cage Rotor With 
Respect to the Stator Harmonics and the Equivalent 
Circuit of the Induction Motor. Liwschitz.1407—08 

Lighting, Airport Runway and Approach. Kevern... 


SO eR eo COO TE an MOO tas 1396-9 
Lightning and 60-Cycle Power Tests on Wood-Pole Line 
Insulation. Bellaschi...........838-47; disc. 847 


Lightning Arrester Discharges, Field Research on. 
Mc@ann. Beckwi.ijec ss. 2 at = 1 6020-95, Gisc. 629 
Lightning Arresters—Tidd 500-Kv Test Lines, Trans- 
formers and. Lane, Hodnette, Bellaschi, Beck... . 
etd Thine othe,o DS ee Ota 1613-18; disc. 1618 
Lightning Investigation on the 25-Kv System: of the 


West Penn Power Company. Bowen, Beck...... 
ae es) eee ng 831-6; disc. 836 
Lightning, Photographic Study of. Hagenguth....... 
DF pe Rey aE oe cicitactior PE OO a MISe. 1585 
Lightning Surges at Substations, Field Investigation of. 
Gross)|\McCanmteacs aty,2 cy\enadee es 569-74; disc. 574 
Line Carrier Channels, Operation of Power. Lensner. 
oh a aSeG. Ue enn poe O eae 888-93; disc. 893 
Line Conductors—Tidd 500-Kv Test Lines. Peterson, 


Simmons, Hickernell, Noys.. . .1603-11; disc. 1611 
Line Hardware for Tidd 500-Kv Test Lines, Insulators 
and. Gross, McCoy, Sheade. 1592-1602; disc.1602 
Line Insulation, Lightning and 60-Cycle Power Tests on 


Wood-Pole. Bellaschi.......... 838-47; disc. 847 
Line Insulator Washing, Tests and Developments in 
Connection With Hot-. Hill............ 1203-16 


Line Sectionalizing and Load Transfer, Automatic Con- 
trol of Air Switches for. Rich, Kirwen..........- 
SCRA opted ta cuca. RONCHI Sere 293-9; disc. 299 


Linear Servomechanisms, The Analysis and an Optimum 


Synthesis of, Herr, Gerst.........-....-- 959-70 
Lines, A New Single-Side-Band Carrier System for 
Power. Lenehan. . 6.63 «1.41 826-30; disc. 830 


Lines and Design Features of Tidd 500-Kv Test Lines, 
Corona Considerations on High-Voltage. Wagner, 
Wagner, Peterson, Gross...... 1583-90; disc. 1590 

Lines, Excitation Problems in Hydroelectric Generators 
Supplying Long Transmission. Killgore........ 
OE. Sona ce once nmee Sats 1277-82; disc. 1282 

Lines for Rural Power and Telephone Services, Joint 
Use of Pole. Campbell, Hill, Moore, Scholz...... 
Too eohe a ennne sy ac reeeooeond 519-24; disc. 424 

Lines, Instrumentation and Measurement—Tidd 500- 
Ky Test. Tremaine, Lippert. .1624—30; disc. 1630 

Lines, Insulators and Line Hardware for Tidd 500-Kv 
Test. Gross, McCoy, Sheadel.........2....+.0% 
re SAE eh eee oto. 1592-1602; disc. 1602 

Lines, Performance of 161-Kv and 115-Kv Transmission. 
Hapgood Almont yee e+ ols -lsi ie: 863-9; disc. 869 

Lines, Radio-Noise Influence of 230-Kv. Rorden..... 
Megat sre eo tagss ener eats ake eae 677-81; disc. 682 

Lines, Switchgear Equipment for Tidd High-Voltage 


Test. Lane, Wyman.........1619-21; disc. 1621 
Lines, Switching High-Voltage Transmission. John- 
OMe VV TSO wueiene che = alent selec ss 1552-60; disc. 1560 


Lines, Transformers and Lightning Arresters—Tidd 
500-Kv Test. Lane, Hodnette, Bellaschi, Beck... 
den cece tenant oon oe 1613-18; disc. 1618 

Liquid Cooling of A-C Turbine Generators. Fech- 
TRCMUICE Fo crs peuatn any ohne eI 553-61; disc. 561 

Liquids, The Dielectric Properties of Gellulose Insulation 
Impregnated With Semiconducting. Clark...... 
CR TICE CNIS, eas ee 55-62; disc. 62 

Load Transfer, Automatic Control of Air Switches for 
Line Sectionalizing and. Rich, Kirwen......... 
A agora nce OR re Sito DO ects 293-9; disc. 299 

Loaded With Ferromagnetic Materials, The Voltage 
Drop in the Welder Throat. Stein........ 356-62 

Loads, General Analysis of Speed Regulators Under 
Impact. McCann, Osbon, Kirschbaum... 1243-52 

Loads on a Variable-Ratio Frequency Changer, Sud- 
denly Applied. Garter, Maginniss, Rothe. .1489-95 

Loads, Voltage Changes Caused by Resistance Welding. 
Johnson, Peterson, RHOaAdES wane 664-73; disc. 674 

Locomotive for the Seaboard Air Line Railway, A 3,000 


Horsepower Diesel-Electric. Staples, Weybrew, 
SEWN OLN g cteperatateverois, stele Ixcateete/ Ry Aten Tae 21519 
Locomotives, A Power Plant Regulating System for 
Diesel-Electric. Lewis........-.: 242-6; disc. 246 


Technical Subjects 


Locomotives, Braking Resistors and Control for Diesel 
Pleetcicn.  Weisers-y-5 <.ce essen aa eee oe 
Locomotives, Developments in Control Systems for 
Diesel-Electric. Henshaw..............+.233-41 
Logarithmic and Geometric Mean Distances, Theory 
and Application of. Higgins..........-..- 12-16 
Long-Distance A-C Power Transmission, Economics of. 
Grary."johnson ie sacci-ome 1092-9; disc. 1099 
Long-Scale Indicating Instruments, Advancements in 
the Design of. Rowell, Millar............ 155-60 
Loop Tracer for Small Samples of Low-Permeability 
Material, A 60-Cycle Hysteresis. Wiegand, Han- 


BOW v5 eo atan Take aie otaakeon tients 119-31; disc. 131 
Loss Compensators, Metering With ‘Transformer-. 
Schleicher a3 Sa Walewve sc bee.aes ahs ews 851-61; disc. 861 
Loss in Laminated Cores, Interlaminar Eddy Current. 
Beiler. (Sebimid te yi .3-e ons inl as ee 872-7; disc. 877 
Loss Under Rising Temperature, Dielectric Heating— 
The Measurement of. Whitehead......... 947-9 
Low-Energy Regulating Systems, Two-Stage Rototrol 
forsee oder Dall one aac ie Tevet aie tet apne 1507-11 
Lowering Control System for A-C Crane Hoists, A 
Thrustor. Schwarz-Kast....... 139-44; disc. 144 


Low-Permeability Material, A 60-Cycle Hysteresis Loop 
Tracer for Small Samples of. Wiegand, Hansen. . 
ly oaks Racor ali aialst acetal ais eats 119-31; disc. 131 
Low-Voltage Air Circuit Breakers, Selective Tripping of. 
ISA TAS se pete Soe eats sy cisnsl er mutated ee 971-6; disc. 976 
Low-Voltage Circuit Breakers, An Improved Over- 
current Tripping Device for. Rawlins, Sandin. . 
S HOG LE ASA aoa ca ee OOS 1149-53; disc. 1153 


Machine Computation of Power Network Performance. 
JB Toky chs Oman MER GOD Do OPE 610-20; disc. 621 
(Machine Tools) The Application of Synchronous and 
Induction Motors to Chippers. Baker, Lory.... 
SN CAS Oe cee nats ee Army sian roteke 1070-7 
Machine With Asymmetrical Stator and Rotor, Equiva- 
lent Circuit of the Primitive Rotating. Kron.... 
BS yack SRP EEN hoe eh ee ZO GISGS 2S 
Machines, The Air Gap Reactance of Polyphase. Alger, 
Westy terete car Mipetetrees rn sri nss pete Inge 1331-43 
Machines, The Magnetomotive Force of 2-Layer Wind- 
ings of Rotating. Stein...¢..-...0.:4.-.-. 756-8 
Magnetic Alloy, Hiperco—A. Stanley, Yensen. .714-18 
Magnetic Amplifier, Some Fundamentals of a Theory 


of the Transductor or. Lamm..:........1078-85 
Magnetic Compass With Cathode-Ray Sensing Element, 
Ave RheverySyrdalice sot. ye ererenieene= 529-34 


Magnetic Properties by Use of Cathode-Ray Oscillo- 
scope, Quantitative Determination of. Zamsky. . 
SOTEe Bas ee ot ee Suck 08 Dae Cae 783-7 

Magnetometers for Search and Survey, Air-Borne. 
Felch, Means, Slonczewski, | Parratt, Rumbaugh, 
Mitel eis go ep hoe OU ioe eo RD Oso 640-50 

Magnetomotive Force of 2-Layer Windings of Rotating 
Machines, The: Stein...............-.-../56-8 

Magnets, Shading Coil Calculations for Single-Phase. 


PAVianiS elses aetent ie sia setts et 134-7; disc. 137 
Maintenance of Hydroelectric Generating Units, The. 
Robertson, Standing............ ned ema aes 776-82 


Material, A 60-Gycle Hysteresis Loop Tracer for Small 
Samples of Low-Permeability. Wiegand, Hansen . 
SASS Stee enc A MORE Oe Cs 119-31; disc. 131 

Materials, The Voltage Drop in the Welder Throat 
Loaded With Ferromagnetic. Stein....... 356-62 

Mean Distances, Theory and Application of Complex 
Logarithmic and Geometric. Higgins...... 12-16 

Measuring Steady-State and Transient High Voltages, 
A Simple and Inexpensive Method for Accurately. 


Tie vintOn se ais tootsie os tae eee 1304-10; disc. 1310 
Measurement of Acceleration With a Vacuum Tube, 
ithe, ; Rambergn. anranueginc se aowe Patra mate 735-40 
Measurement of High Q Cavities at 10,000 Megacycles. 
Lange shri nance apna etme is aero tae 161-6 
Measurement of Loss Under Rising Temperature, 
Dielectric Heating—. Whitehead..........947-9 
Measurement System for Aircraft, A Capacitance-Type 
Puello. “Pearson tive... teeta ats epost 1363-8 


Measurement—Tidd 500-Kv Test Lines, Instrumenta- 
tion and. Tremaine, Lippert. . 1624-30; disc. 1630 


‘Measurements, A High Precision Dynamometer for 


Small Motor. Duff); >: os: 1344-8; disc. 1348 
(Measurements) A Polyphase Thermal Ampere-Demand 
Meter) —-Petzinger....o.552 26+ 22s e es 167-74 
Measurements During Reignitions and Recovery, 
Circuit-Breaker Current. Lewis............-++- 
a ee od ea ee 1253-7; disc. 1257 
(Measurements) Metering With Transformer-Loss 
Compensators. Schleicher...... 851-61; disc. 861 
Measurements on Coil Surfaces, Accuracy of Tempera- 
ture. Beeds, Cain....... wane AE 586-90; disc. 590 


Measurements on Telephone and Television Facilities, 
Pulse Echo. Abraham, Lebert, Maggio, Schott. . 
Reine FAS RSReeR ee on ods 541-8; disc. 548 

Mechanism, Applications of the Electrodynamic Instru- 


ment. Corson, Millar............ ie rnhige oie 1131-6 
Megacycles, Measurement of High Q Cavities at 10,000. 
LUC le Ree ORIN ac Sool Gm tones 161-6 


Meter, A Polyphase Thermal Ampere-Demand. 
Petzinges F).,..< 212 se eiete oi sien) w Maeneley steers 167-74 
Metering Transformer-Loss | Compensators. 
Sebletchess scans seahorses Ueta shete 851-61; disc. 861 
Method, A Simplified Double-Film Klydonograph With 
an Improved Coupling. Waghorne.......-..... 
ere Peco Oe Seeys. ays 1114-16; disc. 1116 
Method, Dynamic Brush Characteristics by the Dyna- 
motor, Herman ieee. vcs emt -tere 759-63 
Method for Accurately Measuring Steady-State and 
Transient High Voltages, A Simple and Inexpensive. 
Wevintton ad cn efor acc cen ie iereueder 1304-10; disc. 1310 
Chang. 
sedlbva ree nae a greePetcia Sete ehalislia «o:felle ts to meaaete eens ts 1369-74 
Method for Studying Them, Galloping Conductors and 
a. Tornquist, Becker........ 1154-61; disc. 1161 
Method, Generating Reserve Capacity Determined by 
the Probability. Calabrese............. 1439-50 
Method of Calculating Stability, The Transient-Energy. 
Magnusson... 0. 2.6 ces 0 clear 747-55; disc. 755 
Method of Computing Thermal Transients, Simplified 
Graphical. Narbutovskih.........78-81; disc. 82 
Methods Applied to Generating Capacity Problems of a 
Combined Hydro and Steam System, Probability. 
Loane, Watchorn............ 1645-54; disc. 1654 
Methods for Cable Carrier Systems, New Test Equip- 
ment and Testing. Tidd, Rosen, Wenk. . .726-30 
Microwave Television System, A New. Wentz, Smith. 


Nieto, ada" grtataia he aitoha is (ofa oteited «hers ainrat rumpeecael hears 465-70 
(Mining) A New Grinding Circuit Feed Regulator. 
SJOTAES [a «Ste stet seve ohecet ok felt ole scien as eames 1240-2 
Mobile Telephone System, General. Romnes, O’Con- 
TIONS sajths vein gre eleisieketepe sie tes hohns eon eotene 1658-66 


Model Suspension System, Electric Equipment Required 


in a Modern 6-Component Wind-Tunnel. Cox.. 
nse agagaere casio arene! offGcouns, Shaken ats phere! ans 1258-66 
Modern Aircraft, Ground Power Supply for. Owen, 


Murray, Rosenstein. ........-:..-.--+5 1296-1303 
Modern Bearing Practice for Vertical Water Wheel 


Generators. Laffoon, Baudry....363—9; disc. 369 
Modern Car Equipment for New York City’s Subway 
Systems “Cordis 7.77.6 <5 a> cere 247-9; disc. 250 
Modern Railway Passenger-Car Auxiliary-Power Equip- 
ment ~ MacLeod, Elausé: . oc... on toi 930-8 

_ Modern Techniques in Ocean Cable Telegraphy, Some. 
Greamence wh whiaat we eens eas 494-500; disc. 500 
Modulation, Distortion and Band-Width Characteristics 
Of Pulses - Krauss; 'Ordunge. . ce oc om ae ae 984-8 


Modulation in Communication. 
Modulation, Pulse Code. Black, Edson........- 
Modulation System, Distortion in a Pulse Count. 
Glavier, Panter, Grieg....... 989-1005; disc. 1005 
Modulation Telegraph Terminal Without Relays, A 
Frequency. Cusack, Michon..1165—70; disc. 1170 
Modulation to Wide-Band Frequency Modulated 
Television Relays, The Application of Heterodyne. 
Boothroyd joss op mater Ateweteterady exveaeeeee 1126-30 
Motor—Advances Which Permit Economical Fractional 
Horsepower Ratings, The Hysteresis. Roters..... 
Set Mace tlelictiiels arn cicteyte ele ae 1419-30; disc. 1430 
Motor Control for Latest New York Transit System 
Subway Cars: Riley-jou. a.gec') nla ire Se OU OO 
Motor Drives, Rotating Stability Regulators for Syn- 
chronous. Schaelchlin.......... 884-7; disc. 887 
Motor, Dynamic Braking by Self-Excitation of Squirrel- 
Cage. -Srinivasan, Thomas....2... 0... -3 506 145-8 
Motor, Dynamic Braking of a Single D-C Series. Leitch. 


Motor, Impedance Relationships of the Adjustable- 
Speed A-C Brush-Shifting. Baumann..... 1460-2 
Motor, Investigation of Silicone Insulation on High- 
Temperature Railway. Grant, Kauppi, Moses... 
arosta he Baa) eon mae oe SOD =LOs discs S10 
Motor, Leakage Reactance of the Squirrel. Cage Rotor 
With Respect to the Stator Harmonics and the 
Equivalent Circuit of the Induction. Liwschitz. . 


Motor Measurements, A High Precision Dynamometer 
for smalls uth. rjacse matic: 1344-8; disc. 1348 
Motor, (Schrage Type), The Circle Diagram of the 
Polyphase Brush-Shifting Commutator. Franklin. 
PR TT eG yee ars center ons cian a aferane 1667-72; disc. 1672 
Motor Selection for Brass-Slab Rolling-Mill Service, An 
Analysis of. Berkley............ 185-9; disc. 189 
Motor Standards; Their Effect on Refrigeration and 
Pump Applications, New NEMA Fractional- 
Horsepower.) Potteren 0-2 isices oe ore oie 508-10 
Motor Systems, Electronic Constant-Current. Livings- 
VOUS ene Casio itt este egelioge sume uci eee 425-30; disc. 430 
Motor, The Equivalent Circuit of the Capacitor, Chang. 
aA at epee oo bjsiefastend Nasi e Op aU. 
Motors, A Design Method for Capacitor. Lloyd, Chang. 
A SCS sod GS Ts tee 651-7; disc. 657 
Motors, A Design Method for Capacitor Start. Chang. 


Induction.. “Heuntanni ccmcirit << ce 719-25 
Motors by Means of Unbalanced Primary Voltages, 
Control of Slip-Ring. Schmitz................. 
Salaswys's aio ptha.s athe ae eee 1103-1112; disc. 1112 
Motors, Dynamic Braking of Two D-C Series. Leitch. 
eT MORO On ESS meradd ho cae dee 787-91 


Motors for Dynamic Braking, Thé Design of New York 


Subway. Widell.....-3...0-eers sere ee- 808-10 
Motors, Performance Calculations on Shaded Pole. 
Trickeyyadua = che ne Sej-a eae ts 1431-8; disc. 1438 
Motors, Reactances of Squirrel-Cage Induction. Lloyd, 
Giusti; Chang si. to icittensis «alae snore 1349-55 
Motors, Some Phases of Calculation of Leakage 
Reactance of Induction. lLiwschitz, Formhals.... 
PARAS Aric same rer od ooo 2 1409-12; disc. 1412 
Motors, The Horsepower Output of Polyphase Induc- 
tion: Robinson: 5..<<...+-0ellss > eee 710-5 
Motors to Chippers, The Application of Synchronous 
and Induction. Baker, Lory.........---- 1070-7 
Multiplex to Navy Radio, The Application of Western 
Union. Hooyer. 2. < strecs ses le eis 1478-82 
Multistage Rototrol, The. 


N 


Naval Electric Power Equipment, Silicone Insulation as 


Applied to. Walker..........- 977-80; disc. 980 
Navy Radio, The Application of Western Union Multi- 
plex to. Hloover......--4.0000ss sees see 1478-82 


NEMA Fractional-Horsepower Motor Standards; Their 
Effect on Refrigeration and Pump Applications, 


News, Potters nc. o<-e-s cre oe tes ulster 508-10 
Network Facilities, Television. Abraham, Romnes... 
aril Gn AOS Mee csi DO aS 459-64 
Network, Frequency Division Techniques for a Coaxial 
Cable. Crane, Dixon, Huber............ 1451-9 
Network Performance, Machine Computation of Power. 
Dunstanye cee cts seas es aide are 610-20; disc. 621 


Networks and Sinusoidal Analysis to Automatic Control 
Systems, The Application of Lead. Schwartz.... 
shire Shia aT HSN ag, charlah veneer tn mae 69-76; disc. 76 
New York City Transit System, Special 10-Car Train 
for thes. Sinclair... (9 .-aie> «pee 251-4; disc. 254 
New York City’s Subway System, Modern Car Equip- 
ment fore. (Gord teas ate ae 247-9; disc. 250 
New York Subway Motors for Dynamic Braking, The 
Design.of; Widell- 2. 0.2.2. sen ~+- 808-10 
New York Transit System Subway Cars, Motor Control 
for Latest. Riley2icira te. aie Go toteteeeete ateos 900-03 
Noise Influence of 230-Kv Lines, Radio. Rorden..... 
ye eG. Se Li narnia lO Li SObs CISC. PG8Z 
Nonmagnetic Rectangular Conductors, Effective Re- 
sistance of Isolated. Dwight............. 549-52 
Null Detectors for Use With Impedance Bridges, Elec- 
tronics MuamMsOnie. at eran teel terepterlerats 535-40 


Ocean Cable Telegraphy, Some Modern Techniques in. 
Cramer. cen nreee eee aioe og 494-500; disc. 500 
Officers and Committees for 1947-48, AIEE. . .1724—37 
132-Ky System, Experience With Single-Pole Relaying 
and Reclosing on a Large. Trainor, Parks....... 


Sk a a terade erebpettete ensue Seoul Melina stoi 405-11; disc. 411 
Operating Rooms, Hazards of Static Electricity in 
Hospital. Williams........... 1146-7; disc. 1147 


Operation of Aircraft Alternators Using Electronic 
Frequency Changers, Parallel. Bowlus, Nims. .31—8 
Operation of Electric Boilers, Automatic, Eaton....... 
ere cy pane es eas on Soke Ue ara rebar hee 1061-8; disc. 1068 
Operation of Power Line Carrier Channels. Lensner. . 
Bret Mek ke sel a Jk clon eet 888-93; disc. 893 
Optimum Synthesis of Linear Servomechanisms, The 
Analysisandan. Herr, Gerst..........-- 959-70 
Oscillograph Amplifier, Direct Coupled, Christian. . . 
Pe Oe ee Ae Ob nes COO ye 1383-6 
Oscilloscope, Quantitative Determination of Magnetic 
Properties by Use of Cathode-Ray. Zamsky.... 


BR Sha, Pee Nee APO coe ATs om 783=7 
Outage Expectancy as a Basis for Generator Reserve. 
Beely € sets apesca anerath Skene ye Pavan ore he ne eae ge 1483-8 
Outages, Calculating Probability of Generating Ca- 
pacity. WiyMany cen «= oe 1471-7; disc. 1477 
Output of Polyphase Induction Motors, The Horse~- 
power. Robinson. ..o%.. 0.06 gece te eles 770-5 
Overcurrent Tripping Device for Low-Voltage Circuit 
Breakers, An Improved. Rawlins, Sandin...... 

| GA SeG BOLI A OC RUC Ee acc 1149-53; disc. 1153 


Compete Economically With the Gas or Diesel 
Bus Where No. Gauss.......... 264-8; disc. 268 
Oxide Rectifiers for Electroplating and Anodizing 
Applications, Automatically Controlled Copper-. 
Buckley, san. eneccne sain ake als nea se ot cad 181-4 


Paper Dielectric Capacitors, The Probable Breakdown 
Voltage of. Brooks..........1137—44; disc. 1144 
(Paper) Preliminary Report on Laboratory Aging Tests 
on Class A Insulation. (Committee Report)..... 
: slais GCE Serelersars bse tle 879-81; disc. 881 
Parallel Operation of Aircraft Alternators Using Elec- 
tronic Frequency Changers. Bowlus, Nims. . .31-8 


tees 


Technical Subjects 
’ 


~ 


Railway. MacLeod, Hause........--..... 930-8 
PCC Car, Some Recent Developments in the. Cooper. 
Rare arti ao sor oN 288-92; disc. 292 
PCG Gars, Recent Developments in Track Brakes and 
Drum Brakes for. Vouch.........-+...+- 302-04 
PCC Street Cars Provide Successful City Transportation, 
Trolley Coaches and. Clardy.....°....... 92529 


Performance Calculations on Shaded Pole Motors- 
Wricke yisioeic clon erdestopittonetetoleny 1431-8; disc. 1438 
Performance Criteria of D-C Interrupters. Boehne, 
Ait Onor ee pooocnn outa 1172-80; disc. 1180 
Performance, Machine Computation of Power Network. 
Duanstanigene ooo s Sete siekale age 610-20; disc. 621 
Performance of 161-Kv and 115-Kv Transmission Lines. 
Hapgood, Almon.......-...++++- 863-9; disc. 869 
Performance of the Vertical Generator Thrust Bearings 
at the Bonneville Plant of the Corps of Engineers, 
War Department, The Design and. Lewis, 
Gordons esueesse ess eer 1231-7; disc. 1237 
Performance on Electric Power Systems With Improved 
Instruments, Testing Governor. Allen, Hess... ~. 
Ae Sea. caumorenociad aqooge 0 329-39; disc. 339 
Permeability Material, A 60-Cycle Hysteresis Loop 
Tracer for Small Samples of Low-. Wiegand, 
LB Cit: Weeee el BRIS Gc en 119-31; disc. 131 


Phases of Calculation of Leakage Reactance of Induction 
Motors, Some. Liwschitz, Formbhalsio% ce toeusa tele 
SE diel cies SO 1409-12; disc. 1412 
Photographic Study of Lightning. Hagenguth....... 
J) AAR RO eh = eee 577-83; disc. 583 
Physics of Electronic Semiconductors, The. Pearson. . 
tice: Mpa es. occ’ Sosa cone. sec 5c 209-14 
Plant Regulating System for Diesel-Electric Locomo- 
tives, A Power. Lewis.......... 242-6; disc. 246 
Pole Lines for Rural Power and Telephone Services, 
Joint Use of. Campbell, Hill, Moore, Scholz... . 
PE PR ye, A Pub Mien ey oF 519-24; disc. 424 
Pole. Motors, Performance Calculations on Shaded. 
DTICKCY says ale aee “eA ee Ra 1431-8; disc. 1438 
Pole Relaying and Reclosing on a Large 132-Kv System, 
Experience With Single-. Trainor, Parks........ 
de Soe ac seh ma, \etiol ale oc 405-11; disc. 411 
Policy Becomes Effective in January 1947, New AIEE 
Publication... 0)... cams see's cree ee 1724-3 
Polyphase Brush-Shifting Commutator Motor, (Schrage 
Type), The Circle Diagram of the. Franklin..... 
Sh Ae oO O rigs SOT C OTE 1667-72; disc. 1672 
Polyphase Induction Motors, The Horsepower Output 
Of. Robinson ys 6 sre eich tepabole aeeric ieee 710-5 
Polyphase Machines, The Air Gap Reactance of.’ Alger, 
West... 6 tas onion arias 1331-43 
Polyphase Thermal Ampere-Demand Meter, A. Pet- 
PAYA SOR Sennen ore Con aarni st. 167-74 
Postwar Television Receiver Designy Pugsley....453-8 
Power and Telephone Services, Joint Use of Pole Lines 
for Rural. Campbell, Hill, Moore, Scholz....... 
Shey Sedeclabads Vehe on ctk Mageelaytsyotemetetenas 519-24; disc. 524 


(Power Applications) Data on the High-Frequency 
Resistance of Coils. Witzig..........----- 764-9 
(Power Applications) Electric Drives for Textile Finish- 
ing Ranges. Moore, Uhl.........-.---.- 684-94 
(Power Applications, Industrial) An Analysis of Motor 
Selection for Brass-Slab Rolling-Mill Service. 
Berkley. oar eer uke torres ak ek 185-9; disc. 189 


(Power Applications, Industrial) An Extension « of 


Impact Speed-Drop Analysis: Crever...... 191-6 
(Power Applications, Industrial) Automatic Operation 
of Electric Boilers. Eaton...... 1061-8; disc. 1068 


(Power Applications, Industrial) Dielectric Heating— 
The Measurement of Loss Under Rising Tem- 
perature. Whitehead..............+-.--- 947-9 

(Power Applications, Industrial) Electric Equipment 
for 2-for-1 Twister. Gwaltney, Burnham....811—4 

(Power Applications, Industrial) Electric Furnace Prac- 
tice in Ganadasay.c: . 2! os onwan seer 917-24 

(Power Applications, Industrial) Electrification of the 
Cotton Industry in the South. Bobe............ 
BP cas KAGE SOE oo SOD. uo 201-08; dise. 208 

Power at Extra High Voltages, Transmission of Electric. 


Sporn, Monteith.......5...<.. 1571-7; disc. 1577 
Power Center, D-C Aircraft Generator. Bottemiller.. . 


Power Circuits, Sectionalizing and Internal Transformer 
Fusing on Rural. Watkins... ...383-8; disc. 388 
Power Development in Quebec, Hydroelectric. Law- 
Loe nunse sus oD tx abeca dmc. Mono os 1006-21 
Power Distribution in Textile Plants. McConnell.... 
Per R gor 0 COM COba ies wat coarse 659-62 
Power Equipment, Modern Railway Passenger-Car 
Auxiliary-- MacLeod, Hause........-..-. 930-8 
Power Equipment, Silicone Insulation as Applied to 
Naval Electric. Walker........ 977-80; disc. 980. 
(Power Generation) Automatic Control of Hydroelectric 
Generating Stations. Brown, Derr.............. 
POOR ROOT OES O vite pes «pf OF OOO CISC SOD) 
(Power Generation) Calculating Probability of Generat- 
ing Capacity Outages. Lyman. .1471—7; disc. 1477 
(Power Generation) Excitation Problems in Hydro- 
electric Generators Supplying Long Transmission 
Lines. Killgore.............1277-82; disc. 1282 


AIEE TRANSACTIONS 


(Power-Generation) Factors in the Economic Supply of 
Energy in Hydroelectric Systems. Frampton, 
"OIC ith Ager escolar ot Ob 1117-24; disc. 1124 

(Power Generation) Generating Reserve Capacity De- 
termined by the Probability Method. Calabrese. 


(Power Generation) Modern Bearing Practice for Ver- 
tical Water Wheel Generators, Laffoon, Baudry. 
— Re - Re OPS OCCT DCm 363-9; disc. 369 


Power Generation—1940-46, Progress in. (Com- 
mittee Report).......--..ses sere eee eee 1681-97 
(Power Generation) Outage Expectancy as a Basis for 
Generator Reserve. Seelye.........-.--- 1483-8 


(Power Generation) Probability Methods Applied to 
Generating Capacity Problems of a Combined 
Hydro and Steam System. Loane, Watchorn.... 
ahd SHG tio eee monece 1645-54; disc. 1654 

(Power Generation) Resynchronizing of Generators. 
Concordia, Temoshok..........-+-+++-- 1512-18 

(Power Generation) Suddenly Applied Loads on a 
Variable-Ratio Frequency Changer. Carter, 
Maginniss, Rothe........-++---2s+0++- 1489-95 

(Power Generation) Tensorial Analysis and Equivalent 
Circuit of a Variable-Ratio Frequency Changer. 
IGReT ego RASC, ONE Sones ns Berea ae 1503-06 

(Power Generation) Testing Governor Performance on 
Electric Power Systems With Improved Instruments, 


PAVVSI ALCS ip cic che a a ieye nes esos «ey 329-39; disc. 339- 


(Power Generation) The Design and Performance of the 
Vertical Generator Thrust Bearings at the Bonne- 
ville Plant of the Corps of Engineers, War Depart- 
ment. Lewis, Gordon.........1231-7; disc. 1237 

(Power Generation) The German Electrical Utility 
Industry During World War II. Noest....-..--- 


PT rte Fo cictessise sere tects stent 1037-47; disc. 1047 
(Power Generation) The Maintenance of Hydroelectric 
Generating Units........... 2 Bish CPE Oe aee 7716-82 


(Power Generation) The Transient-Energy Method of 


and Tie Line Control. 


Power Liné Carrier Channels, Operation of. Lensner. 
Bat enemas eee eee ecco —95. case: 899 
Power Lines, A New Single-Side-Band Carrier System 
farm «lenehatian ue ceouedn os sy 826-30; disc. 830 
Power Network Performance, Machine Computation of. 
PUBSEAR. Reeders (oie sla iaqoiane ela == 610-20; disc. 621 
Power Plant Regulating System for ~ Diesel-Electric 
Locomotives, A. Lewis......... 242-6; disc. 246 
Power Protective Systems, Aircraft Electric. Austin... 
SS AOR ONE C07 Git cated doo 0 D200 OIe Crees cack 1375-82 
Power Supply for Modern Aircraft, Ground. Owen, 
Murray, Rosenstein. ...........-+---- 1296-1303 


(Power System Applications) Operation of Power Line 
Carrier Channels. Lensner..... 889-93; disc. 893 
(Power System Application) TVA Co-ordinated Com- 
munication System. Talmage. .1022-34; disc. 1034 
Power Systems for Aircraft Window Deicing, Control 


PANTIE MALELSHON che ee syretebersis evets ee nie > 1400-05 
Power Systems, Present-Day Grounding Practices on. 
(Committee Report).......... 1525-48; disc. 1548 


Power Systems With Improved Instruments, Testing 


Governor Performance on Electric. Allen, Hess. . 
Se ee es Oe 329-39; disc. 339 
Power Tests on Wood-Pole Line Insulation, Lightning 
and 60-Cycle. Bellaschi....:... 838-47; disc. 847 
Power-Transformer Design, High-Voltage. Part II. 
AVE Ue BU rete cayste atts) ates ate 2 Satie crue, 1086-91; disc. 1091 
Power ‘Transformers, Relay Protection of. (Com- 
mittee Report) ei ..joc 6c. - -- = 911-15; disc.. 915 
Power Transmission, Economics of Long-Distance A-C. 
Crary, Johnson. .......--+--.-> 1092-9; disc. 1099 
Power Transmission, Electronic Stabilizer for. 
Alexanderson, Prince... .. Mote. 950-3; disc. 953 
Practices on Power Systems, Present-Day Grounding. 
(Committee Report)........-- 1525-48; disc. 1548 
Precision Dynamometer for Small Motor Measurements, 
AvEighies Duthie’ sitars'- rae 1344-8; disc, 1348 


Preliminary Report on Laboratory Aging Tests on Class 
A Insulation. (Committee Report).........---- 
ohic BooMes AOR OG Os ster. pie 879-81; disc. 881 
Present-Day Grounding Practices on Power Systems. 
(Committee Report)......... 1525-48; disc. 1548 
Pressure for Telephone Cables, Gas. Giese...... 471-8 
Primary Voltages, Control of Slip-Ring Motors by Means 
of Unbalanced. Schmitz. . .1103-1112; disc. 1112 
Primitive Rotating Machine With Asymmetrical Stator 
and Rotor, Equivalent Circuit of the. Kron..... 
AR IPREE 5 ROSA OL CL TOE OO ESO 17-23; disc. 23 
Probability Method, Generating Reserve Capacity 
Determined by the. Calabrese.........- 1439-50 
Probability Methods Applied to Generating Capacity 
Problems of a Combined Hydro and Steam System. 
Loane, Watchorn..........-- 1645-54; disc. 1654 
Probable Breakdown Voltage of Paper Dielectric Ca- 
pacitors, The. Brooks.....-.. .1137-44; disc. 1144 
Problems in Hydroelectric Generators Supplying Long 
Transmission Lines, Excitation. Killgore...... € 
Ee eo ca Guts shi Sele cos LAWN Bes discs 28) 
Problems of a Combined Hydro and Steam System, 
Probability Methods Applied to Generating Ca- 
pacity. Loane, Watchorn. .. .1645-54; disc. 1654 


1947, VOLUME 66 


(Proceedings) New AIEE Publication Policy Becomes 
Effective in January 1947..........+..-4. 1721-3 
Progress in Power Generation—1940—46. (Com- 
POCEC UNC DOME ons iy siete as «wr ious ae 1681-97 
Properties by Use of Gathode-Ray Oscilloscope, Quanti- 
tative Determination of Magnetic. Zamsky. .783-7 
Properties of Cellulose Insulation Impregnated With 
Semiconducting Liquids, The Dielectric. lark... 
SRR See eh och en oo 55-62; disc. 62 


EO PRLS Orie Sean aie Obs ieee ees ea 939-46 
Protection of Power Transformers, Relay. (Committee 
een BeSdnebeae soScemE.omenes 911-15; disc. 915 
Protection of Steel Water Tanks Using Aluminum 
Anodes, Cathodic. Sudrabin, Mears..... 197-200 
Protection, Typical Transformer Faults and Gas De- 
tector Relay. Madill......... 1052-8; disc. 1058 
(Protective Devices) An Improved Automatic Circuit 
Recloser. Wallace..... Bente at 6 255-8; disc. 259 


(Protective Devices) An Improved Overcurrent Tripping 
Device for Low-Voltage Circuit Breakers. Raw- 
frase Sandinten -e ease = ashe: 1149-53; disc. 1153 

(Protective Devices) Circuit-Breaker Current Measure- 
ments During Reignitions and Recovery. Lewis. . 
DRA BOI A AOaG Ae toe aa ae 1253-7; disc. 1257 

(Protective Devices) Field Investigation of Lightning 
Surges at Substations. Gross, McCann.........- 
Sees iolote, oars eam Mme Mare a meeclen a= ols 569-74; disc. 574 

(Protective Devices) Field Research on Lightning 
Arrester Discharges. McCann, Beck..........-. 
Ab Shc ig teo ath ate Soca Oe cdr ea ae 625-9; disc. 629 

(Protective Devices) Grounding of Instrument Trans- 
former Secondary Circuits. (Committee Report) . 
he Ree Mid Gee OOO Ge RT UOTE ma 419-20 

(Protective Devices) Lightning Investigation on the 25- 
Kv System of the West Penn Power Company. 


ewer wbeeksr rein cet nisl epee 831-6; disc. 836 
(Protective Devices) Performance Criteria of D-C Inter- 
rupters. Boehne, Jang......- 1172-80; disc. 1180 


(Protective Devices) Present-Day Grounding Practices 
on Power Systems. (Committee Report)........ 


PS ee 22 arte pci: Sis cake ta 1525-48; disc. 1548 
(Protective Devices) Resistors for 138-Kv Cable Switch- 
ing. Sadler, Blakeslee. *..-....... 39-46; disc. 46 


(Protective Devices) Sectionalizing and Internal Trans- 
former Fusing on Rural Power Circuits. Watkins. 
SS Se oo ro eee COD 383-8; disc. 388 
(Protective Devices) Selective Tripping of Low-Voltage 
Air Circuit Breakers. Deans..... 971-6; disc. 976 
(Protective Devices) The Interruption of Charging 
Current at High Voltage. Leeds, Van Sickle.... 
Fe te Ra De ace inter eiet eezeueuscs 373-80; disc. 381 
(Protective Devices) Transient Characteristics of Current 
Transformers During Faults, Part II. Rothe, 
GON COLGIa Ce oe tet des ererelwre eilersoleteieranr ie g's 731-4 


Protective Systems, Aircraft Electric Power. Austin... 
Bene acta. Ae AiO oer Os eee eo 1375-82 
Publication Policy Becomes Effective in January 1947, 
ING WHA TBE Ree S ccterecsieieer> aoe satetar deheiete cee aot R203, 
Pulse Code Modulation. Black, Edson..........895-9 
Pulse Count Modulation System, Distortion in a. 


Clavier, Panter, Grieg....... .989-1005; disc. 1005 
Pulse Echo Measurements on Telephone and Television 
Facilities. Abraham, Lebert, Maggio, Schott.... 
EN TOS 5k TS ee oe eee sheet ted 541-8; disc. 548 
Pulse Modulation, Distortion and Band-Width Charac- 
teristics of. Krauss, Ordung..........---- 984-8 
Pump Applications, New NEMA Fractional-Horse- 
power Motor Standards; Their Effect on Re- 
frigeration and. Potter...........-+-++-- 508-10 


Q 


Q Cavities at 10,000 Megacycles, Measurement of High. 
1 oo (ao or OOOO ODOR Cogn Dic ora kas 161-6 
Quantitative Determination of Magnetic Properties by 
Use of Cathode-Ray Oscilloscope. Zamsky..783~-7 
Quebec, Hydroelectric Power Development in. Lawton, 
bere tes avedoy tox Sie eto ens is Teeray te erecta iia etataren 1006-21 


Radar to Increase Airline Safety, Using Airborne. 
I io one nee a aoe Sener sont Cte SoA 1387-95 
Radio and Wire Applications, Frequency Shift Teleg- 
raphy—. Davey, Matte....... 479-93; disc. 493 
Radio-Noise Influence of 230-Kv Lines. Rorden..... 
2 oP aceasta tr a eee 677-81; disc. 682 


to Navy. Hoover........+..-+s+ss++e+ 1478-82 
Railway, A 3,000 Horsepower Diesel-Electric Loco- 
motive for the Seaboard Air Line. Staples, Wey- 
brew; Atwell.....-.--.e: cence eee eeees 215419) 


Technical Subjects 


Railway Motor, Investigation of Silicone Insulation on 
High-Temperature. Grant, Kauppi, Moses... ... 


Modern. MacLeod, Hause........+-+.-+> 930-8 
Ranges, Electric Drives for Textile Finishing. Moore, 
Ue Dagmao north eet MESS Cao 684-94 
Rapid Transit System for Toronto, Proposed, Duncan. 
Maaco celiehc laces /slate haven appear usbeaeusi onsds Sysyese a, Mapes cen 939-46 


Ratings, The Hysteresis Motor—Advances Which Per- 
mit Economical Fractional Horsepower. Roters. . 
0 ee. «dele ee See aia Gite ES 1419-30; disc. 1430 
Ratio Frequency Changer, Suddenly Applied Loads on 
a Variable-. Carter, Maginniss, Rothe. ..1489-95 
Ratio Frequency Changer, Tensorial Analysis and 
Equivalent Circuit of a Variable-. Kron. . 1503-06 
Ray Spectrograph, The Cathode-. Feldt, Berkley... . 
Baad arare ss & SEI anes Bie RCL F Sung As ie tap en a es 105-10 


tion of Leakage. Liwschitz, Formhals......-...-.. 
ec keene usr aKe syne ba eke ey aia 1409-12; disc. 1412 


_Reactance of Polyphase Machines, The Air Gap. Alger, 


Wicatl enone, = stciays Slo Gian rice tnags pus 1331-43 
Reactance of the Squirrel Cage Rotor With Respect to 
the Stator Harmonics and the Equivalent Circuit 


of the Induction Motor, Leakage. Liwschitz.... 
es RO CLE ROTEL OCG 1407-08 
Reactances of Squirrel-Cage Induction Motors. Lloyd, 
Giusti, Chang: .. 2. 2st ees serene es: *.1349-55 
Reactors, A Balanced Amplifier Using Biased Saturable 
Core. Kirschbaum, Harder.......1....--: 273-8 


Receiver Design, Postwar Television. Pugsley.. .453-8 
Recent Developments in the PCC Car, Some. Cooper . 
RENE re fa sent e e oe 2 Goa 288-92; disc. 292 


Brakes for PCC Cars. 
Recloser, An Improved Automatic Circuit. Wallace.: 
Nee ene a ce ities Gmc 255-8; disc, 259 


Recovery, Circuit-Breaker Current Measurements 
During Reignitions and. Lewis. 1253-7; disc. 1257 
Rectangular Conductors, Effective Resistance of Isolated 


Nonmagnetic. Dwight.........---++--++: 549-52 
Rectifier Cell, Electrical Characteristics of the Junction 
in a Simplified Selenium. Angello........ 175-80 


Rectifiers for Electroplating and Anodizing Applica- 
tions, Automatically Controlled Copper-Oxide. 
iite st Meas tates po eo peor OU omc ano 181-4 

Rectifiers, Higher Voltage Copper-Oxide. Smith. ,220—-2 

Rectifiers, The Shunt Tube Control of Thyratron. 
NTGNS Ge, Se DEO OD SO Pe OO Oe 421-4 

Refrigeration and Pump Applications, New NEMA 


Fractional-Horsepower Motor Standards; Their 
Effecton. Potter......-.-s+essesereree? 508-10 
Regulating System for Diesel-Electric Locomotives, A 
Power Plant. Lewis..........-> 242-6; disc. 246 
Regulating Systems, Two-Stage Rototrol for Low- 
Energy. Kimball.........-+.+++++2000+ 1507-11 
Regulator, A New Grinding Circuit Feed. Jones..... 
Ee RO OP Ce OOD SESS C 1240-2 


Regulator Problem by Electrical Analogy, Solution of 
the General Voltage. Harder. ..815-25; disc. 825 
Regulators for Synchronous Motor Drives, Rotating 
Stability. Schaelchlin........... 884-7; disc. 887 
Regulators Under Impact Loads, General Analysis of 
Speed. McCann, Osbon, Kirchbaum. , . .1243-52 
Reignitions and Recovery, Circuit-Breaker Current 
Measurements During. Lewis. .1253-7; disc. 1257 
Relative Severity of Steep Front Waves and Chopped 
Waves on Transformers, A Study of the. Vogel.. 
ee LIne Coin Eee toca a0 64-6; disc. 66 


Shifting Motor, Impedance. 
Relay Protection of Power Transformers. (Committee 
Report)... «+ cacy eae 911-15; disc. 915 
Relay Protection, Typical Transformer Faults and Gas 
Detector. Madill............ 1052-8; disc. 1058 
Relaying and Reclosing on a Large 132-Kv System, 
Experience With Single-Pole. Trainor, Parks... . 


Suck dhs (SS bo ty ea Ole eee eet 405-11; disc. 411 
Relaying on 3-Phase Systems, Fundamental Basis for 
Distance. Lewis, Tippett...... 694-708; disc. 708 


Relays, A Frequency Modulation Telegraph Terminal 
Without. Cusack, Michon. . . 1165-70; disc. 1170 
Relays, The Application of Heterodyne Modulation to 


Wide-Band Frequency-Modulated Television. 
Boothroyd). \c.ac- + -aiaewis rvs ene oe 1126-30 
Repeater for Teletypewriter Signals, An Electronic 
Regenerative. Hearn........-+.++++++-- 904-11 
Report of the Board of Directors.......-.--+ 1698-1720 


Report on Laboratory Aging Tests on Class A Insula= 
tion, Preliminary. (Committee Report).....-..-+ 
LS ee AAR Fay ee wis ial ves bapa) aetee oleh e 879-81; disc. 881 

Garin. 


McGann, Beck.....- 24. .e0+- e+ 625-9; disc. 629 
Reserve Capacity Determined by the Probability 
Method, Generating. Calabrese......... 1439-50 
Reserve, Outage Expectancy as a Basis for Generator. 
Geel ye giao .c)ci vile! sche tains <aiedersioia' Ris tote te 1483-8" 


1745 


Resistance of Coils, Data on the High-Frequency. 
IWitzap.. scam.cnetre ol- os afer tetels ait ton tere tet? 764-9 


Resistance of Isolated Nonmagnetic Rectangular 
Conductors, Effective. Dwight...........549-52 
Resistance Welding Control, Functionalized. Stadum, 
Large, Etactwigne ss. acs-mieaeitiere tee es 414-18 
Resistance Welding Loads, Voltage Changes Caused by. 
Johnson, Peterson, Rhoades..... 664-73; disc. 674 
Resistance Welding Tools, Electrical Characteristics of. 
Callender. rane eines ete ort eee pene 393-404 
Resistors and Control for Diesel-Electric Locomotives, 
Braking’ Weiser. cect o.s.cets ieeeenees 229-32 
Resistors for 138-Ky Cable Switching. Sadler, Blakes- 
TEESE Ss eeoate ete Gice Serres 39-47; disc. 46 


Rise in Transformers Due to Interruption of Exciting 
Current, Transient Voltage. Srinivasan, Vogel. . 
Pe Sn oo AN Cee ACOSO Cea Perlis ce 1632-6 
Rods, Tubes, and Flat Surfaces, Diffusion of Electric 
Currentinto. Miller.. . 1496-1502 
Rolling-Mill Service, An Analysis of Motor Selection for 
Brass-Slab.» Berkleyac:.., sacar 185-9; disc. 189 
Rotating Machine With Asymmetrical Stator and Rotor, 
Equivalent Circuit of the Primitive. Kron...... 


(Rotating Machinery) A Design Method for Capacitor 


Start Motors. Chang........-..: SRS 1369-74 
(Rotating Machinery) Calculation of Slot Constants. 
Puchstein ens. oles eee 1315-22; disc. 1322 


(Rotating Machinery) Impedance Relationships of the 
Adjustable-Speed A-C  Brush-Shifting Motor. 
LE atc bon pAgeeDmencry. Sh Joe vopeo anc 1460-2 
(Rotating Machinery) Leakage Reactance of the Squirrel 
Cage Rotor With Respect to the Stator Harmonics 
and the Equivalent Circuit of the Induction Motor. 
etwachitZ:. edna tae eee eee ee 1407-18 
(Rotating Machinery) Performance Calculations on 
Shaded Pole Motors. Trickey...1431-8; disc. 1438 
(Rotating Machinery) Reactances of Squirrel-Cage 
Induction Motors. Lloyd, Giusti, Chang. .1349-55 
(Rotating Machinery) Some Phases of Calculation of 
Leakage Reactance of Induction Motors. Liw- 
sehitz,-Poruttials,..9... v-.cie. seen 1409-12; disc. 1412 
(Rotating Machinery) The Air Gap Reactance of 
Polyphase Machines. Alger, West....... 1331-43 
(Rotating Machinery) The Application of Surge Com- 
parison Testing Equipment to Fractional Horse- 
power A-C Stator Windings. Buchanan. ..1356-8 
(Rotating Machinery) The Circle Diagram of the 
Polyphase Brush-Shifting Commutator Motor 
(Schrage Type). Franklin... .1667—72; disc. 1672 
(Rotating Machinery) Two-Stage Rototrol for Low- 
Energy Regulating Systems. Kimball... .1507-11 
Rotating Machines, The Magnetomotive Force of 2- 
Layer, Windings of— Stein 27.60. soem ee 756-8 
Rotating Stability Regulators for Synchronous Motor 
Drives. .Schaelchlin.............884-75 disc. 887 
Rotor, Equivalent Circuit of the Primitive Rotating 
Machine With Asymmetrical Stator and. Kron. 
Dig tenSeleinaaren Sate Goce eee oe 17-23; disc. 23 
Rotor, The ‘‘Copperspun” Squirrel Cage. Anderson. . 


Rotor With Respect to the Stator Harmonics and the 
Equivalent Circuit of the Induction Motor, Leakage 


Reactance of the Squirrel Cage. Liwschitz..... 
BaP RON tT CO TET That Se ort hs 1407-08 
Rototrol for Low-Energy Regulating Systems, Two- 
Stage. A hamsballl ster nirctie a) ea eae nee 1507-11 
Rototrol, The Multistage. Liwschitz........... 564-8 
Runway and Approach Lighting, Airport. Kevern.. 
SEG here BER ein ee otic Gta al ceceteo toe 1396-9 


Rural Carrier Telephone System, Application of. 
Bartelink, Cook, Cowan, Messmer,.511—17; disc. 517 
Rural Power Circuits, Sectionalizing and Internal 
Transformer Fusing on. Watkins. .383—8; disc. 388 
Rural Power and Telephone Services, Joint Use of Pole 
Lines for. Campbell, Hill, Moore, Scholz....... 
bad: ob RAS ap aeae Joo ho Sons 519-24; disc. 524 
Rural Radiotelephone Experiment at Cheyenne Wells, 
Colo. Moore, Seyler, Wright.............. 525-8 
Rural Service, A Carrier Telephone System for. Bar- 


(Safety) Hazards of Static Electricity in Hospital Operat- 
ing Rooms. Williams......... 1146-7; disc. 1147 
Safety, Using Airborne Radar to Increase Airline. 
0.4 (a Seer sao Ne So FOreAU Le alscie Ses ac 1387-95 
Sags in Suspension Spans, Broken Conductor Effect on. 
Bissiri, andawso cterrteieets vais 21-2 ener 1181-8 
Samples of Low-Permeability Material, A 60-Cycle 
Hysteresis Loop Tracer for Small. Wiegand, 


HIANSEN so, pare. create teteeee A See 119-31; disc. 131 
Saturable Core Reactors, A Balanced Amplifier Using 
Biased. Kirschbaum, Harder............ 2273-8 


Scale Indicating Instruments, Advancements in the 
Design of Long-. Rowell, Millar..........155-60 


1746 


(Schrage Type) The Circle Diagram of the Polyphase 
Brush-Shifting Commutator Motor. Franklin... . 
ashe Gitly ais’ hata Tgiee age Or eee ae 1667-72; disc. 1672 
Seaboard Air Line Railway, A 3,000 Horsepower Diesel- 
Electric Locomotive for the. Staples, Weybrew, 
NACo Berti ele ss Aran et - cmeaGeaon oe 215-19 
Search and Survey, Air-Borne Magnetometers for. 
Felch, Means, Slonczewski, Parratt, Rumbaugh, 
Pickner ie. args; Sasreseeetehncet ter tet 640-50 
Secondary Circuits, Grounding of Instrument Trans- 
former. (Committee Report)............ 419-20 
Sectionalizing and Internal Transformer Fusing on Rural 
Power Circuits. Watkins........ 383-8; disc. 388 
Sectionalizing and Load Transfer, Automatic Control of 
Air Switches for Line. Rich, Kirwen........... 
Beira Rtaae aicions siete err aoe alana ohare re 293-9; disc. 299 
Selection for Brass-Slab Rolling-Mill Service, An 
Analysis of Motor. Berkley...... 185-9; disc. 189 
Selective Tripping of Low-Voltage Air Circuit Breakers. 
Peeaas). 5,0 Save secon sien eee esate tne 971-6; disc. 976 
Selenium Rectifier Cell, Electrical Characteristics of the 
Junction in a Simplified. Angello......... 175-80 
Self-Excitation of Squirrel-Cage “Motor, 
Braking by. Srinivasan, Thomas.......... 145-8 
Semiconducting Liquids, The Dielectric Properties of 
Cellulose Insulation Impregnated With. Clark... 
Ectaile euendnar ete eleys S0s.c: ssn, ag Satara ete) ws 55-62; disc. 62 
Pearson. . 


Sensing Element, A Magnetic Compass With Cathode- 
RayomKiever: Syrdalieejy de tan sn erineaiel* 529-34 
Series Motors, Dynamic Braking of Two D-C. Leitch. 
spdliaraksieteiegivre tls (Bisse e]sTeleake eS eT aa eae 787-91 


LF oe eee cn) dicicoe aaa 149-54 
Service, An Analysis of Motor Selection for Brass-Slab 
Rolling-Mill. Berkley........... 185-9; disc. 189 
Service, Developments in Current Collectors for High- 
Speed.) angers: stystonie ne eee ees 51-4 
Servomechanism Types, A Comparison of Two Basic. 
PLarvis noes sae acs aS 83-92; disc. 92 
Servomechanisms by Electrical Analogy, Dimensionless 
Analysis of. Part I, McCann, Herwald...111-18 
(Servomechanisms) General Analysis of Speed Regu- 
lators Under Impact Loads. McCann, Osbon, 
Kirsch baurn'.2i cals ate 2 fiejeteie iglatenstataraten= 1243-52 
(Servomechanisms) Laboratory Aids for Electrome- 
chanical System Development. Newton, White. . 
Silst w Pifrarons nrc ekeh'g so arse areeaarene 315-19; disc. 319 
(Servomechanisms) Solution of the General Voltage 
Regulator Problem by Electrical Analogy. Harder 
yh an ade Sete ke a Bear cote 815-25; disc. 825 
Servomechanisms, The Analysis and an Optimum 
Synthesis of Linear, Herr, Gerst......... .959-70 
(Servomechanisms) The Application of Lead Networks 
and Sinusoidal Analysis to Automatic Control 
Systems.) Schwartz. c-- saw te er 69-76; disc. 76 
Severity of Steep Front Waves and Chopped Waves on 
Transformers, A Study of the Relative. Vogel... 
J ccnancipr engin Te 0 eave eee eae a 64-6; disc. 66 
Shaded Pole Motors, Performance Calculations on. 


Wb utal Wo as somo aueReren 5 ay8 1431-8; disc. 1438 
Shading Coil Calculations for Single-Phase Magnets. 
PivAwGs <2 Ev orsnagsesiteteis ers aimee 134-7; disc. 137 
Shift Telegraphy—Radio and Wire Applications. 
Frequency. Davey, Matte...... 479-93; disc. 493 
Short-Circuit Requirements for Transformers. Garin. 
PPPoE Sete aera on Ate 710-13 
Shunt Tube Control of Thyratron Rectifiers, The 
Potter: san co elun pee se eee ee eel= aee 421-4 
Side-Band Carrier System for Power Lines, A New 
Single. qucnehaner ocuiacunciis 826-30; disc. 830 
Signals, An Electronic Regenerative Repeater for Tele- 
aiypewniter. | EAC Aen 1 jaye =o. miei nego ke 904-11 
Silicone Insulation as Applied to Naval Electric Power 
‘Equipment. Walker........... 977-80; disc. 980 


Silicone Insulation on High-Temperature Railway 
Motor, Investigation of. Grant, Kauppi, Moses. . 
Pee eA Sore ye CE ree 305-10; disc. 310 

Simple and Inexpensive Method for Accurately Measur- 
ing Steady-State and Transient High Voltages, A. 
evantanicety aries tain ese 1304-10; disc. 1310 

Simplified Double-Film ‘Klydonograph With an Im- 
proved Coupling Method, A. Waghorne......-. 


SPE Fn aOR ee aR eS 1114-16; disc. 1116 
Simplified Graphical Method of Computing Thermal 
Transients. Narbutovskih........ 78-81; disc. 82 


Simplified Selenium Rectifier Cell, Electrical Charac- 
teristics of the Junction in a. Angello. Fivhege Lf DBO 
Single D-C Series Motor, Dynamic Braking of a. <uaticn, 


BOE Oy WE ee Rae OOS Late 149-54. 
Single-Phase Magnets, Shading Catt Calculations for. 
Bivans West nees monte eas.  heio 134-7; disc. 137 


Single-Pole Relaying and Reclosing on a Large 132-Kv 
bey: Experience With. Trainor, Parks...... ; 


spre col hatte innaigte Rath Sara's! Pao 405-11; disc: 411 
Single-Side-Bank Carrier System for Power Lines, A 
New. ‘Lenehane is 255) oawetaaet 826-30; disc. 830 


Sinusoidal Analysis to Automatic Control Systems, The 
Application of Lead Networks and. Schwartz. . 
Se oO pickin, ah reo 69-16; disc. 16 


Technical Subjects 


Six-Component Wind-Tunnel Model Suspension i 
tem, Electric Equipment Required in a. Cox.. 


60- Cycle Hysteresis Loop Tracer for Small Samples of 
Low-Permeability Material, A. Wiegand, Hansen. 
Me ee Be: ARCA BAPE vette 119-31; disc. 131°” 
Sixty-Cycle Power Tests on Wood-Pole Line Ingulation, 
Lightning and. Bellaschi....... 838-47; disc. 847 
Slip-Ring Motors by Means of Unbalanced Primary Volt- 
ages, Control of. ,Schmitz1... .103-1112; disc. 1112 
Slot Constants, Calculation of. Packet eaaaye, ett Ree 
Ro SAUNA ces Kato n Tn 1315-22; disc. 1322 
Solution of the General Voltage Regulator Problem by 
Electrical Analogy. Harder..... 815-25; disc. 825 
Some Phases of Calculation of Leakage Reactance of 
Induction Motors. Liwschitz, Formhals........ 
Pe EEO APS Tet O (CCB Gr 1409-12; disc. 1412 
Sonar, Bearing Deviation Indicator for. Schuck, Sted- 


man, tathaway, BUtZisnai-lape ee eee 1285-95 
Sonar, Submarine Detection by. Keller...... 1217-30 
South, Electrification of the Cotton Industry in the. 

Robes st tn cebidertt eae ater es 201-08; disc. 2-8 
Spans, Broken Conductor Effect on Sags in Suspension. 

Bissiri, Weandawis.cs is cca 6 cas ae ee eae 1181-8 
Special 10-Car Train for the New York City Transit 

System, (Sinclaivc.ctepcits teria 251-4; disc. 254 
Spectrograph, The Cathode-Ray. Feldt, Berkley. . 

i iniia taste ASS aalers Sesto easel ha eerie ana 105- 110 
Speed A-C Brush-Shifting Motor, Impedance Relation- 

ships of the Adjustable-. Baumann....... 1460-2 
Speed and Tie Line Control, Theoretical Approach to. 

Brandt: queers acne clerks aerate 24-9; disc. 29 
Speed Constant-Frequency Generator, A Variable-. 

Roys, Nader, Spotts..:....... 1414-17; disc. 1417 


Speed-Drop Analysis; An Extension of Impact....191-6 
Speed Regulators Under Impact Loads, General Analy- 


sisof. McCann, Osbon, Kirschbaum.....1243-52 
Squirrel-Cage [Induction Motors, Reactances of Lloyd, 
Giustt) Chang tices crise ls ere eae 1349-55 
Squirrel-Cage Motor, Dynamic Braking Las Self- 
‘ Excitation of. Srinivasan, Thomas........- 145-8 
Squirrel Cage Rotor, The ‘‘Copperspun.”” Anderson. 
SSIS .— tala 5 URIS ot cla ope Cel es eres eee tar eae 1312-14 


Squirrel Cage Rotor With Respect to the Stator Har- 
monics and the Equivalent Circuit of the Induction 


Motor, Leakage Reactance of the. Liwschitz. . 

salletig ele tRiCMaes teyacdt Siatsl anche Stale se haley eee 1407-08 
Stability Regulators for Synchronous Motor Drives, 

Rotating. Schaelchlin.......... 884-7; disc. 887 
Stability, The Transient-Energy Method of Calculating. 

Magnusson’. sissies) 1-'r ei ooitanran 747-55; disc. 755 
Stabilizer for Power Transmission, Electronic. Alex- 

anderson; Prince...: a. -ms = oscias Get 950-3; disc. 953 


Standards: Their Effect on Refrigeration and Pump 
Applications, New NEMA Fractional-Horsepower 
Motor.» Potter. adene peti epee 508-10 

Starting Voltages for Nonuniform Fields in Air, Deter- 
mination of Corona. Hutton. ..1674—9; disc. 1680 

Static Electricity in Hospital Operating Rooms, Hazards 
of... Walliams..9,21.% 5) =e cee 1146-7; disc. 1147 

Stations, Automatic Control of Hydroelectric Gene- 
rating... Brown, Derr... 72204." 343-55; disc. 355 

Stations, Television Equipment for Broadcast. 
TIAWHEMCC A. (0:2) falee) arial opin OIE oe ater tekerets ie 443-52 

Stator and Rotor, Equivalent Circuit of the Primitive 
Rotating Machine With Aspmeba: Kron. 
soa ass Wiebe ictal cvPeseiat megs Seana oceeetee 17-23; disc. 23 

Stator Harmonics and the Equivalent Circuit of the 
Induction Motor, Leakage Reactance of the Squirrel 
Cage Rotor With Respect to the. Liwschitz..... : 


Stator Windings, The Application of Surge Comparison 
Testing Eaqatpenca to Fractional Horsepower 
A-C.. Buchanan. #022 ...yaaie us av veereae 1356-8 

Steady-State and Transient High Voltages, A Simple 
and Inexpensive Method for Accurately Measuring. 
Levintonin, 22 kette lacetan es see 1304-10; disc. 1310 

Steam System, Probability Methods Applied to Gene- 
rating Capacity Problems of a Combined Hydro 
and. Loane, Watchorn...... 1645-54; disc. 1654 

Steel Water Tanks Using Aluminum Anodes, Cathodic 
Protection of. Sudrabin, Mears.......- 197-200 

Steep Front Waves and Chopped Waves on Trans- 
formers, A Study of the Relative Sas of. 


Vogel...... REC OC ey HEF Aeongy tet 64-6; disc. 66 
Storage Batteries to the Control of Switchgear, The 
Application of. Hoxie........ 1561-9; disc. 1569 


Street Cars Provide’ Succcsiful City Transportation, 
Trolley Coaches and PCC, Clardy..,......925-9 


Stromberg-Carlson XY Dial Telephone. Byte, The. 


1s NRPS Ore Eien Coy oe os -432-8 
Study of Lightning, Photographic. Hagenguth..... rr 
oY Spat Seas leaf | eae ete goes. -00s. CISC, sane 


Study of the Relative Severity of Steep Front Waves 


and Chopped Waves on Transformers, A. Vogel. rs 
SP Foteblere sia.2 oxo arOsneege 660 
a pa 


Siding TDevecdont by Sonar. Keller...... .1217-30_ 

Substations, Field Investigation of Lightning Surg 
Gross, McCann.........--. ....569-74; disc. 5 

Subway Cars, Motor Control for Latest New 
Transit System. Riley... ..ss. sees see 9 


- ATEE TRansa 


Subway Motors for Dynamic Braking, The Design of 
Pears Vio Brg VAC Lae sis ak tage! oto = sae a, 2-8 808-10 
(Subway) Special 10-Car Train for the New York 
City Transit System, Sinclair... .251—4; disc. 254 
Subway System, Modern Car Equipment for New York 
CE yeaag CONGR ee ne ceiene pit teins 3a 247-9; disc. 250 
Suddenly Applied Loads on a Variable-Ratio Frequency 
Changer. Carter, Maginniss, Rothe..... 1489-95 
Supersonic Flaw Detectors, Design and Application of. 
LSpgG le ys a ae SPO ROIt en CM OEE Cotas Sea 1271-6 
Supply for Modern Aircraft, Ground Power. Owen, 
NMiarrayssROSenStelists)f-4/-). c¢.e 2 cearsects 1296-1303 
Supply of Energy in Hydroelectric Systems, Factors in 
the Economic. Frampton, Floyd............... 
Se pgeabe.2 oct Seta se aa Eee 1117-24; disc. 1124 
Surfaces, Accuracy of Temperature Measurements on 
Coils wBeedesGain\.s.n.0.---: ses 586-90; disc. 590 


“Surfaces, Diffusion of Electric Current into Rods, Tubes, 


ANG SB tates ae NUCL alee Gojernereteis here eee ate 1496-1502 
Surge Comparison Testing Equivalent to Fractional 
Horsepower A-C Stator Windings, The Application 


Oiee SUCH ARADY aera pattie ore states eels rote fais 1356-8 
Surges at Substations, Field Investigation of Lightning. 
Cross; McGann: 2. ech ss oss: 569-74; disc. 574 


Survey, Air-Borne Magnetometers for Search and. 
Felch, Means, Slonczewski, Parratt, Rumbaugh, 


"REELS 8 pee Ee CRN tie en ra 640-50 
Suspension Spans, Broken Conductor Effect on Sags in. 
Ly Cea 6) hmeaiaele larcink aeeeiotelelenn cian 1181-8 


Suspension System, Electric Equipment Required in a 
Modern 6-Component Wind-Tunnel Model. Cox. 
sen aceesptts etic cated cc OA eR DAA oP 1258-66 
Switches for Line Sectionalizing and. Load Transfer, 
Automatic Control of Air. Rich, Kirwen........ 


Ree Seer ee Wy SS. 293-9; disc. 299 
Switchgear Equipment for Tidd High-Voltage Test 
Lines.. Lane, Wyman........ 1619-21; disc. 1621 


(Switchgear) Gaseous Insulation for High-Voltage 
Apparatus. Camilli, Chapman. . 1463-9; disc. 1469 
Switchgear, The Application of Storage Batteries to the 


@ontroliof; Hoxie... .52.... 0%... 1561-9; disc. 1569 
Switching High-Voltage Transmission Lines. Johnson, 
IWealson men cteveysg-s tii sists J aes 1552-60; disc. 1560 
Switching, Resistors for 138-Kv Cable. Sadler, 
BAR CMCE rte clei ints Pes ntl tole hs 39-46; disc. 46 
Switching Schemes for Capacitors, Automatic, Cuttino. 
© anid Sed is eat Geb C OC ORO CO Reacts ae eye 311-14 


Switching, The Economies of Using Capacitors in 
Amounts to Require Automatic. Butler......... 
Ae SRO eon hee GODS Orato Oe 322-7; disc. 327 
Synchronous and Induction Motors to Chippers, The 
Application of. Baker, Lory.........-...1070-7 
Synchronous Motor Drives, Rotating Stability Regu- 
lators for. Schaelchlin.......... 884-7; disc. 887 
Synthesis of Linear Servomechanisms, The Analysis and 
an ‘Opimum.. HerryGerst.i¢ mig. ss 3 959-70 
System, An Improved Cable Carrier. Black, Brooks, 
Where, Walsom's 2 Soc. .ce = so sees 741-6; disc. 746 
System, Application of Rural Carrier Telephone. 
Bartelink, Cook, Cowan, Messmer.,511-18; disc. 517 
System, Distortion in a Pulse Count Modulation. 
@layier, Panter, ‘Grieg’.......... 989-1005; disc. 1005 
System, Electronic Telemetering. Foster, Kiefer. .802—07 
System for Aircraft, A Capacitance-Type Fuel-Measure- 


TRETTR S URE Te RG mia nitions, MOIS Orso amie 1363-8 
System for Aircraft D-C Generators, An Integrated 
Mion trols Wvic CHMOD cre ocsrsts ictal oi s.n ms ols ee 94-8 
System for A-C Crane Hoists, A Thrustor Lower Control. 
; Saliie ree CRS Ae Oe eine e 139-44; disc. 144 
System for Diesel-Electric Locomotives, A Power Plant 
Regulatngss Lewis 2% 2.1. <6 ees 242-6; disc. 246 
System for Rural Service, A Carrier Telephone. Bar- 
Cael Sit ace =n ontag ted @bp 6 bre. caetn oeerne 501-07 
System for Toronto, Proposed Rapid Transit. Duncan. 
OCR 0 Oa San En ei Gn RDO cert sas 939-46 
System for Wind Tunnel Drives, A Control. _Heiden- 
REICH NE icon cveie eink hie seers 1637-43; disc. 1643 
System, General Mobile Telephone. Romnes, O’Con- 
Ba ORM ATVI, elie She erats e's o's Yee hay esSiny math chat 1658-66 


System, Probability Methods Applied to Generating 
Capacity Problems of a Combined Hydro and. 
GoanesWiatchornic «isi oat ei 1645-54; disc: 1654 

Systems, Aircraft Electric Power Protective. Austin... 


Systems for Aircraft Window Deicing, Control and 
Rowenre eMershOni ta), 2 jae «'.0' eerie reese 1400-05 
Systems, New Test Equipment and Testing Methods for 
Cable Carrier. Tidd, Rosen, Wenk...... a 126-90 
Systems, Present-Day Grounding Practices on Power. 
(Committee Report).........- 1525-48; disc. 1548 
Systems, Two-Stage Rototrol for Low-Energy Regulat- 
bey sae Stra) of. US eee a aneoiet > un ctOe ata 1507-11 


. 


Tanks Using Aluminum Anodes, Cathodic Protection 


of Steel Water. Sudrabin, Mears........ 197-200 
Technique in an Industrial Control, Radar. Cockrell. . 


is a ans aisers Salyst se lath Mieisinye Sieve «,s8aisiA psec iston= 269-72 


1947, VoLUME 66 


Techniques for a Coaxial Cable Network, Frequency 


Division. Crane, Dixon, Huber.......... 1451-9 
Techniques in Ocean Cable Telegraphy, Some Modern. 
MOP AINGE pet sok Muhetters ects oui 494-500; disc. 500 


Telegraph Terminal Without Relays,» A Frequency 
Modulation. Cusack, Michon. . 1165-70; disc. 1170 
Telegraphy—Radio and Wire Applications, Frequency 


Shift. Davey, Matte........... 479-93; disc. 493 
Telegraphy, Some Modern Techniques in Ocean Cable. 
CraMmenon nat ph shere, oeeet fees 494-500; disc. 500 


Telemetering System, Electronic. Foster,Kiefer. . 802-07 
Telephone and Television Facilities, Pulse - Echo 
Measurements on. Abraham, Lebert, Maggio, 
Sid Rusa Mepe hotels dees demas 541-8; disc. 548 
Telephone Cables, Gas Pressure for. Giese... ... 471-8 
Telephone Services, Joint Use of Pole Lines for Rural 
Power and. Campbell, Hill, Moore, Scholz... .. 
Se QaUr IO n Or ORG. cr a Mon Bon aes 519-24; disc. 524 
Telephone System, Application of Rural Carrier. 
Bartelink, Cook, Cowan, Messmer 511-17; disc. 517 
Telephone System for Rural Service, A Carrier. Bar- 


Hoh Mhormouc€ Ge aganae oes o detec rece 501-07 
Telephone System, General Mobile. Romnes, O’?Con- 
BOIS “Bingen eas eo wc Bese ene Cenuse 1658-66 
Telephone System, The Stromberg-Carlson XY Dial. 
PeGed sents ops see ae seis aly lee ceca le ees 432-8 
Teletypewriter Signals, An Electronic Regenerative 
Repeatemfor: sy) Hearn scans be cise wate one 904-11 
Television Equipment for Broadcast Stations. Law- 
BQIICETE fers coinie, Elay eich as) a Se tel she esi Sean tometisc ois 443-52, 


Television Facilities, Pulse Echo Measurements on Tele- 
phone and. Abraham, Lebert, Maggio, Schott... 
PS, ie atc Pa ale hn Slane crete oto onan 541-8; disc. 548 
Television Network Facilities. Abraham, Romnes... 
PGMs, Me cis . bs apeTeRIe Sine nes sens 459-64 


Television Receiver Design, Postwar. Pugsley.. .453-8 
Television Relays, The Application of Heterodyne 
Modulation to Wide-Band Frequency-Modulated. 
IBOQEH TOY die a ctatsimiiaystoteisea te syasttieias 5, 6.0; anate 1126-30 
Television System, A New Microwave. Wentz, Smith. 


Temperature Control for Transport Airplanes, Auto- 
Maca © FEGRESE ace. cicinsthpogsi tele was siete 1197 
Temperature, Dielectric Heating—The Measurement 
of Loss Under Rising. Whitehead......... 947-9 
Temperature Measurements on Coil Surfaces, Accuracy 
Oh. aBeede, (Gaining... seyem stares 586-90; disc. 590 


Temperature Railway Motor, Investigation of Silicone 
Insulation on High-. Grant, Kauppi, Moses..... 
Be Fa stis o Se es ADR I meine 305-10; disc. 310 

TVA Co-ordinated Communication System. Talmage. 
DSS DR EG Cree eee 1022-34; disc. 1034 

Tensorial Analysis and Equivalent Circuit of a Variable- 
Ratio Frequency Changer. Kron........1503-06 


Terminal Without Relays, A Frequency Modulation 
Telegraph. Cusack, Michon. .1165-70; disc. 1170 
Test Equipment and Testing Methods for Cable Carrier 
Systems, New. Tidd, Rosen, Wenk....... 726-30 
Test Lines, Corona Considerations on High-Voltage 
Lines, and Design Features of Tidd 500-Kv.. Wag- 
ner, Wagner, Peterson, Gross. . . 1583-90; disc. 1590 


Test Lines, Instrumentation and Measurement—Tidd 
500-Kv. Tremaine, Lippert. ..1624—30; disc. 1630 
Test Lines, Insulators and Line Hardware for Tidd 500- 
Kv. Gross, McCoy, Sheadel. .1592-1602; disc. 1602 
Test Lines, Line Conductors—Tidd 500-Kv. Peterson, 
Simmons, Hickernell, Noyes. . .1603-11; disc. 1611 


Test Lines, Switchgear Equipment for Tidd High- 
Voltage. Lane, Wyman......1619—21; disc. 1621 
Test Lines, Transformers and Lighting Arresters—Tidd 
500-Kv. Lane, Hodnette, Bellachi, Beck......... 
SOR OC OL A Rte Dee iss Be aaa ra 1613-18; disc. 1618 
Testing Equipment to Fractional Horsepower A-C 
Stator Windings, The Application of Surge Com- 
Parison.— Buchanan’y.6f .- <aeutenie e's aude 1356-8 


Testing Governor Performance on Electric Power Sys- 
tems With Improved Instruments. Allen, Hess. . . 
Sci aitaleo take thao oR ars Sea 329-39; disc. 339 


Spar somuehe eae ec, oTepeie ete Taal so) mg hinToesish tet nok oh se Re 439-42 


Tests and Developments in Connection With Hot-Line 
Insulator Washing. “EUG. acpi cee 1203-16 
Tests on Class A Insulation, Preliminary Report on 
’ Laboratory Aging. (Committee Report)........ 

be eatitiate cps aitis sie Siesta esa anntetials 879-81; disc. 881 
Tests. on Wood-Pole Line Insulation, Lightning and 
60-Cycle Power. Bellaschi..:... 838-47; disc. 847 
Textile Finishing Ranges, Electric Drives for. Moore, 
131 ae chan tol. Oe eCn< orn secs an coe 684-94 


Textile Plants, Power Distribution in. McConnell... . 
Fe een ce nage cea key One yao 659-62 
Theoretical Approach to Speed and Tie Line Control. 
Teieeeatu hae, ae IAS ARI Scun rene a 24-9; disc. 29 
Theory and Application of Complex Logarithmic and 
~ Geometric Mean Distances. Higgins....... 12-16 
Theory of the Transductor or Magnetic Amplifier, Some 
Fundamentals ofa. Lamm...........-. 1078-85 
Thermal Ampere-Demand Meter, A Polyphase. Pet- 
ZINBED «cose n oie eee eise esta cee «nies pee Ole 


Technical Subjects 


Thermal Transients, Simplified Graphical Method of 
Computing. Narbutovskih........ 78-81; disc. 82 
3-Phase Systems, Fundamental Basis for Distance 
Relaying on. Lewis, Tippett. .694-708; disc. 708 
3,000 Horsepower Diesel-Electric Locomotive for the 
Seaboard Air Line Railway, A. Staples, Wey- 


DEC War MEWEI Ure ssbarere pein ae teiwcremiele elaine 215-19 
Throat Loaded With Ferromagnetic Materials, The 
Voltage Drop in the Welder. Stein....... 356-62 


Thrust Bearings at the Bonneville Plant of the Corps of 
Engineers, War Department, The Design and Per- 
formance of the Vertical Generator. Lewis, 
OFM One st aeiaietneieibiele aie anes 1231-7; disc. 1237 

Thrustor Lowering Control System for A-C Crane 
Hoists, A. Schwarz-Kast....... 139-44; disc. 144 

Thyratron Rectifiers, The Shunt “Tube Control of. 
| OE AAS: HS ars Le OP nO Poe OD IOS 421-4 

Tidd 500-Ky Test Lines, Corona Considerations on 
High-Voltage Lines and Design Features of. 
Wagner, Wagner, Peterson, Gross.............- 
60,4 SRR Soday ene One eae Can 1583-90; disc. 1590 


Tidd 500-Kv Test Lines, Instrumentation and Measure- 
ment—. Tremaine, Lippert. .1624—30; disc. 1630 
Tidd 500-Kv Test Lines, Insulators and Line Hardware 
for. Gross, McCoy, Sheadel. .1592-1602; disc. 1602 
Tidd 500-Kv Test Lines, Line Conductors—. Peterson 
Simmons, Hickernell, Noyes. . , 1603-11; disc. 1611 
Tidd 500-Kv Test Lines, Transformers and Lightning 
Arresters—. Lane, Hodnette, Bellaschi, Beck. .... 
RM ye I PEON. 5s, Se aaa 1613-18; disc. 1618 
Tidd High-Voltage Test Lines, Switchgear Equipment 


for. Lane, SW yimianaee. 0. bie 1619-21; disc. 1621 
Tie Line Control, Theoretical Approach to Speed and. 
Brandt.tekom ons eriak sere, See 24-9; disc. 29 
Tools, Electrical Characteristics of Resistance Welding. 
(Gf iste lree sh onewth uah moos TOMO 393-404 
Toronto, Proposed Rapid Transit System for. Duncan. 
Hee eee ra wee eo OE eae 939-46 
Torques, Eddy Currents in Disks: Driving and Damp- 
ing Forcesand. Moore..........-- 1-10; disc. 10 


Tracer for Small Samples of Low-Permeability Material, 
A 60-Cycle Hysteresis Loop. Wiegand, Hansen. 
hy ane oe ES TAA OS Si 119-31; disc. 131 
Track Brakes and Drum Brakes for PCC Cars, Recent 
Developments in. Vouch...........-+--- 302-04 


Traction-Generator Excitation Control Systems, De-. 
velopments in Diesel-Electric. Brancke, Adams... 
NES an Eg Oa ORE ee 223-8; disc. 228 

Train for the New York City Transit System, Special 
1G-Gares omelairer enon acer ak 251-4; disc. 254 

Transductor or Magnetic Amplifier, Some Funda- 
mentals of a Theory of the. Lamm.......1078-85 

Transfer, Automatic Control of Air Switches for Line 
Sectionalizing and Load. Rich, Kirwen......... 
iG = Ss Sen Men fea oct s pa 293-9; disc. 299 


Transformer Design, High-Voltage Power-. Part II. 


IMallettca: same amin sha tieeret 1086-91; disc. 1091 
Transformer Faults and Gas Detector Relay Protection, 
‘Eypicats ©: Miadill (yay. ea er-== =p 1052-8; disc. 1058 


Transformer Fusing on Rural Power Circuits, Sec- 
tionalizing and Internal. Watkins. .383-8; disc. 388 
Transformer-Loss Compensators, Metering With. 


Schleicher: means ek fee ake web sis 851-61; disc. 861 
Transformer Secondary Circuits, Grounding of Instru- 
ment. (Committee Report).........--.-- 419-20 


Transformers, A Study of the Relative Severity of Steep 
Front Waves and Chopped Waves on. Vogel.... 
Ry PS RE ere eh Ree ence ats 64-6; disc. 66 
Transformers and Lightning Arresters—Tidd 500-Kv 
Test Lines. Lane, Hodnette, Bellaschi, Beck..... 
Fe PEE OOS So oe Oe ee 1613-18; disc. 1618 
Transformers Due to Interruption of Exciting Current, 


Transient Voltage Rise in. Srinivasan, Vogel. ... 
Fen Je ne oe neaT se > wo songd 1632-6 


Transformers During Faults, Transient Characteristics 
of Current. Part II. Rothe, Concordia....731-4 
(Transformers) Preliminary Report on Laboratory 
Aging Tests on Class A Insulation. (Committee 
Report) ox seve 1 ecel-ic,> reds ehakatctelsloye 879-81; disc. 881 
Transformers, Relay Protection of Power. (Committee 
Report) Mew wim efeteie seeteie widen 911-15; disc. 915 
Transformers, Short-Circuit Requirements for. Garin. 
Transient Characteristics of Current Transformers 
During Faults. Part II. Rothe, Concordia. .731-4 
Transient-Energy Method of Calculating Stability, The. 
Magnusson... 0.-.+e+eeeseeere 747-55; disc. 755 
Transient High Voltages, A Simple and Inexpensive 
Method for Accurately Measuring Steady-State 
BNC. LEVON pnawiels eos sete 1304-10; disc. 1310 


Transient Voltage Rise in Transformérs Due to Inter- 
ruption of Exciting Current. Srinivasan, Vogel. . 


seaccp test Fi clees Syke ify Y AO 

Transients, Simplified Graphical Method of Computing 
Thermal. Narbutovskih.......... 78-81; disc. 82 
Transit System for Toronto, Proposed Rapid. Duncan. 
BG oes Pi bite don > SRR te rere, 
Transit System, Special 10-Car Train for the New York 
Gity. Sinclair. .......0..5..2+ .251—4; disc. 254 


1747 


Transit System Subway Cars, Motor Control for Latest 
New. orks, pRuley noten. le gee etre 900-03 
(Transmission) Broken Conductor Effect on Sags in 
Suspension Spans. Bissiri, Landau........ 1181-8 
(Transmission) Burning of Wood Structures by Leakage 
Currents. , (Roa8 i... aahies-sae aoteta 279-84; disc. 285 
(Transmission) Corona Considerations on High-Voltage 
Lines and Design Features of Tidd 500-Kv Test 
Lines. Wagner, Wagner, Peterson, Gross......-. 
Dare ab ooribb depos EOS 6 1583-90; disc. 1590 


Transmission, Economics of Long-Distance A-G Power. 


Crary, Johnsonk. < ore. ater) 5e1s(= 1092-9; disc. 1099 
Transmission, Electronic Stabilizer for Power. Alex- 
anderson, Prince es ay) oes ones cate 950-3; disc. 953 


(Transmission) Experience With Single-Pole Relaying 
and Reclosing on a Large 132-Kv System. Trainor, 
Parks 57 .syatccaciosleetice erate 405-11; disc. 411 

(Transmission) Field Investigation of Lightning Surges 
at Substations. Gross, McCann. .569-74; disc. 574 

(Transmission) Galloping Conductors and a Method for 
Studying Them. Tornquist, Becker.......-+.-.- 
ME RAS Rone att ae er ror 1154-61; disc. 1161 


(Transmission) Instrumentation and Measurement-— 
Tidd 500-Kv Test Lines. Tremaine, Lippert. ...- 
RO TOR IO. Ik. igo od 1624-30; disc. 1630 
(Transmission) Insulators and Line Hardware for Tidd 
500-Kv Test Lines. Gross, McCoy, Sheadel....- 


SHisaepUME DOGO duLSaste Jon 1592-1602; disc. 1602 © 


(Transmission)- Internal Corona Discharges in Insu- 
lated Cables. Greenfield...... 591-600; disc. 600 
(Transmission) Lightning and 60-Cycle Power Tests on 
Wood-Pole Line Insulation. Bellaschi........--- 

A atray wilSts) cient abaya Satara ayslls tocchepeiseatets 838-47; disc. 847 
(Transmission) Lightning Investigation on the 25-Kv 
System of the West Penn Power Company. Bowen, 
Beck 0, anc taken ee eens 831-6; disc. 836 
(Transmission) Line Conductors—Tidd 500-Kv Test 
Lines. Peterson, Simmons, Hickernell, Noys.... - 

Siaile + adehore ou ovee, emer eRe eos 1603-11; disc. 1611 


Transmission Lines, Excitation Problems in Hydro- 
electric. Generators Supplying Long. Killgore.... 
wheaie SNES AOpen oe SRS ee oe 1277-82; disc. 1282 

Transmission Lines, Performance of 161-Kv and 115-Kyv. 
Hapgood, Almon.... [2)- oncies =e 863-9; disc. 869 

Transmission Lines, Switching High-Voltage. John- 
son, Wilson oe, omer beans 1552-60; disc. 1560 

Transmission of Electric Power at Extra High Voltages. 
Sporns Monteith)... (es <a -ro cei 1571-7; disc. 1577 

(Transmission) Photographic Study of Lightning. 
Hagenguther. vedere esata 577-83; disc. 583 

(Transmission) Radio-Noise Influence of 230-Ky Lines. 
Rorden 7045.6 sites adh tad 677-81; disc. 682 


(Transmission) Switchgear Equipment for Tidd High- 
Voltage Test Lines. Lane, Wyman.........---- 
BP coche os tereter shat on CP sO LO ONTOS 1619-21; disc. 1621 
(Transmission) Tests and Developments in Connection 
With Hot-Line Insulator Washing. Hill. .1203-16 
(Transmission) The Interruption of Charging Current 
at High Voltage. Leeds, Van Sickle........-.... 
PRT ae Sin Disc hoe tentas ote Gita 6 373-80; disc. 381 
(Transmission) The Probable Breakdown Voltage of 
Paper Dielectric Capacitors. Brooks...........-. 


(Transmission) Transformers and Lightning Arresters— 
Tidd 500-Kv Test Lines. Lane, Hodnette, Bel- 


TaSEB BEG yc acessutin = SE sale 1613-18; disc. 1618 
Transport Airplanes, Automatic Temperature Control 
Pops LLCO RES nt hemes ceteris mine arias ie 1197 


(Transportation, Air) A Capacitance-Typeé Fuel-Meas- 
urement System for Aircraft. Pearson..... 1363-8 
(Transportation, Air) Aircraft Electric Power Pro- 


HeChIVe Systemsams ANISUM saci vies enue a 1375-82 
(Transportation, Air) Airport Runway and Approach 
Lighting»; Kevermteiia ccc geese re sae 1396-9 


(Transportation, Air) An Integrated Control System for 
Aircraft D-C Generators. McClinton........ 94-8 
(Transportation, Air) Automatic Temperature Control 
for Transport Airplanes. Hedges..........- 1197 
(Transportation, Air) Control and Power Systems for 
Aircraft Window Deicing. Mershon..... 1400-05 
(Transportation, Air) D-C Aircraft Generator Power 
Genter, “Bottemiller .. 7y crags eyerers toy. cir « 1267-70 


Modern 6-Component Wind Tunnel Model Sus- 
Pension System, (Cox. asi. ate ates 1258-66 
(Transportation, Air) Ground Power Supply for Modern 
Aircraft. Owen, Murray, Rosenstein. ..1296-1303 
(Transportation, Air) Parallel Operation of Aircraft 
Alternators Using Electronic Frequency Changers. 
Bowlus} Nims, «5/0 vasa corcte vatgecitistas oe ors 31-8 
(Transportation, Air) The Calibration of Ignition Crest 
Voltmeters. Davis, Warren..... 99-104; disc. 104 
(Transportation, Air) Using Airborne Radar to Increase 
Aizlinge Satetyie Aver. c.. career ro oyai 1387-95 
(Transportation Land) A Power Plant Regulating 
System for Diesel-Electric Locomotives. Lewis... 
eranpyd hpesatoatre srstecelaiel en ievals Pete Sees 242-6; disc. 246 


1748 


(Transportation, Land) A 3,000 Horsepower Diesel- 
Electric Locomotive for the Seaboard Air Line 
Railway. Staples, Weybrew, Atwell. ..... 215—19) 

(Transportation, Land) Braking Resistors and Control 
for Diesel-Electric Locomotives. Weiser. . .229-32 

(Transportation, Land) Can the Trolley Coach Compete 
Economically With the Gas or Diesel Bus Where 
No Overhead Facilities Exist? Gauss...........- 
Pe ge farce ea OT ee 264-8; disc. 268 

(Transportation, Land) Developments in Control Sys- 
tems for Diesel-Electric Locomotives. Henshaw. . 

(Transportation, Land) Developments in Current Col- 
lectors for High-Speed Service. Langer...... 51-4 

(Transportation, Land) Developments in Diesel-Electric 
Traction-Generator Excitation Control Systems. 
Brancke, Adams's. e0teid- ate 223-8; disc. 228 

(Transportation, Land) Investigation of Silicone Insula- 
tion on High-Temperature Railway Motor. Grant, 
Kauppi, Moses).”. (=... --.2-++:- 305-10; disc. 310 

(Transportation, Land) Modern Car Equipment for 
New York City’s Subway System. Cordts....... 
OP RG ata RANE eeu aut 247-9; disc. 250 

(Transportation, Land) Modern Railway Passenger-Car 
Auxiliary-Power Equipment. MacLeod, Hause. . 

(Transportation, Land) Motor Control for Latest New 
York Transit System Subway Cars. Riley. .900—03 

(Transportation, Land) Proposed Rapid Transit System 
for Loronto. — Dumcany. aoe ore 939-46 

(Transportation, Land) Recent Developments in Track 


Brakes and Drum Brakes for PCC Cars. ouch. . 
Bee ris: > COO S OE ne DOOR E SCO co rareD 302-04 
(Transportation, Land) Some Recent Developments 
in the PCC Car. Cooper....... 288-92; disc. 292 


(Transportation, Land) Special 10-Car Train for the 
New York City Transit System. Sinclair........- 
Lecre eto emnns Seo tao hace 251-4; disc. 254 

(Transportation, Land) The Design of New York Sub- 
way Motors for Dynamic Braking. Widell. 808-10 

Transportation,, Trolley Coaches and PCC Street Cars 
Provide Successful City. Clardy........--- 925-9 

Tripping Device for Low-Voltage Circuit Breakers, An 
Improved Overcurrent. Rawlins, Sandin....... 
5 Pd ate interes echt etc antstate 1149-53; disc. 1153 

Tripping of Low-Voltage Air Circuit Breakers, Selec- 
tive: - Deans akin: acters ere nnen 971-6; disc. 976 

Trolley Coach Compete Economically With the Gas or 
Diesel Bus Where No Overhead Facilities Exist?, 


Gan ithe }Gausss,...(.dera Sees ies 264-8; disc. 268 
Trolley Coaches and PCC Street Cars Provide Successful 
City Transportation. Clardy............-- 925-9 
Tube Control of Thyratron Rectifiers, The Shunt. 
Potter. Hops assets aieiGee tas ate etapa etene betel shel stele hers 421-4 
Tube, The Measurement of Acceleration With a 
Vacwuml Ramberg) ea suistini in rie eleneleas 735-40 
Tubes, and Flat Surfaces, Diffusion of Electric Current 
into Rods.) Miller sey mistates step tetteee 1496-1502 
Tunnel Drives, A Control System for Wind. Heiden- 
FICK. ope) Sayety sisiotes haereeigvele 1637-43; disc. 1643 


Tunnel Model Suspension System, Electric Equipment 


Required in a Modern 6-Component Wind-. Cox. 
Javea gs cite deteneedelstain ses etatetcte eT et aT Ie 1258-66 
Turbine Generators, Liquid Cooling of A-C, Fech- 
héimer ony. Se har cineta Rae ae ee aoe 


25-Ky System of the West Penn Power Company, Light- 
ning Investigation on the. Bowen, Beck.......-. 
Rare nono oribarios son eae st 831-6; disc. 836 
Gwaltney, 
Burnham fain. te ee eee ee 811-14 
Two Basic Servomechanism Types, A Comparison of. 
Larisa ja eek ar tara s tat eter aioe 83-92; disc. 92 
2-for-1 Twister, Electric Equipment for. Gwaltney, 
iitai lee seN po omoeeaacicl an COMeOmCC Oo bE ee 811-14 
2-Layer Windings of Rotating Machines, The Magneto- 
motive) Borce of. (Stein. 25.26 a << etein te tt 756-8 
Two-Stage Rototrol for Low-Energy Regulating Sys- 
(eerie | AcGaial ctl apa ears Rote eT Co ae 1507-11 
230-Ky Lines, Radio-Noise Influence of. 
RE Tate SoBe ae carte tolees aero aa 677-81; disc. 682 
Typical Transformer Faults and Gas Detector Relay 
Protection. Miadilliy......cnta.. 1052-8; disc. 1058 


Units, The Maintenance of Hydroelectric Generating. 


Robertson, ‘Standing... 2-02. 1s eset 776-82 ° 


Utility Industry During World War II, The German 
Blectricals, “Noest. 235 teenth 1037-47; disc. 1047 


Vacuum Tube, The Measurement of Acceleration With 
‘av Ramberg iso seein vstene aly artt 735-40 
Variable-Ratio Frequency Changer, Suddenly Applied 
Loads ona. Carter, Maginniss, Rothe....1489-95 


Technical Subjects 


Variable-Ratio Frequency Changer, Tensorial Analysis 


and Equivalent Circuit of a. Kron....... 1503-06 
Variable-Speed Constant-Frequency Generator, A. 
Roys, Nader, Spotts.......... 1414-17; disc. 1417 


Vertical Generator Thrust Bearings at the Bonneville 


Plant of the Corps of Engineers, War Department, 
The Design and Performance of the. Lewis, 


Vertical Water Wheel Generators, Modern Bearing 
Practice for. Laffoon, Baudry....363-9; disc. 369 
Voltage Changes Caused by Resistance Welding Loads. 
Johnson, Peterson, Rhoades..... 664-73; disc. 674 
Voltage Copper-Oxide Rectifiers, Higher. Smith. 220-2 
Voltage Drop in the Welder Throat Loaded With 
Ferromagnetic Materials, The. Stein...... 356-62 
Voltage Lines and Design Features of Tidd 500-Kv 
Test Lines, Corona Considerations on High. 
Wagner, Wagner, Peterson, Gross....-..-.---- 3 
Sie Te aS leaked ee eres 1583-90; dise. 1590 
Voltage of Paper Dielectric Capacitors, The Probable 
Breakdown. Brooks........- 1137-44; disc. 1144 
Voltage Regulator Problem by Electrical Analogy. 
Solution of the General. Harder. .815—25; disc. 825 
Voltage Rise in Transformers Due to Interruption of 
Exciting Current, Transient. Srinivasan, Vogel. . 


t SEE es tpro cadre on ONO Oo 0 0 eo 1632-6 
Voltage Transmission Lines, Switching High-. Johnson, 
WalsGinS4. its cicatale 2 eter tiaras 1552-60; disc. 1560 


Voltages, A Simple and Inexpensive Method for Ac- 
curately Measuring Steady-State and Transient 


High. Levinton............. 1304-10; disc. 1310 
Voltages, Control of Slip-Ring Motors by Means of 
Unbalanced Primary. Schmitz........+--s+-++: 


PT ne AR SD AD 1103-1112; disc. 1112 
Voltages for Nonuniform Fields in Air, Determination 
of Corona Starting. Hutton. ..1674-9; disc. 1680 
Voltages, Transmission of Electric Power at Extra High. 


Sporn, Monteith...........- ..1571-7; disc. 1577 
Voltmeters, The Calibration of Ignition Crest. Davis, 
Watrenina sits «ove alert are shemale 99-104; disc. 104 


War II, The German Electrical Utility Industry During 
Worlds INoest. . scien crete 1037-47; disc. 1047. 
Washing, Tests and Developments in Connection With 
Hot-Line Insulator. Hill..........-..%: 1203-16 
Water Tanks Using Aluminum Anodes, Cathodic Pro- 
tection of Steel. Sudrabin, Mears.......- 197-200 
Water Wheel Generators, Modern Bearing Practice for 
Vertical. Laffoon, Baudry......: 363-9; disc. 369 
Waves and Chopped Waves on Transformers, A Study 
of the Relative Severity of Steep Front. Vogel.... 
SES ee cialtiviet see es cic tte -, 64-6; disc. 66 
Welder Throat Loaded With Ferromagnetic Materials, 
tek area .. 356-62 


Large, Hartwig... <2. 370. ovis oe neleitie 414-18 
Welding Loads, Voltage Changes Caused by Resistance. 
Johnson, Peterson, Rhoades..... 664-73; disc. 674 
Welding Tools, Electrical Characteristics of Resistance. 
Gallendens. 2tx-G.0 402 Cy ieee eae 393-404 
West Penn Power Company, Lightning Investigation on 
the 25-Kv System of the. Bowen, Beck.......--: 
Be Te rise Jeu ombotot ob a5 Se 831-6; disc. 836 
Western Union Multiplex to Navy Radio, The Applica- 
tion.of, Hoovers. j-.seteciieie ete aero 1478-82 
Wide-Band Frequency-Modulated Television Relays, 
The Application of Heterodyne Modulation to. 


Boothroyd. jer. ee ois etteaels = oer ieee 1126-30 
Wind Tunnel Drives, A Control System for. Heiden- 
réich. .o5 . doce Ou atlnet 2 ROS h- 43 Nae whoa 


Wind-Tunnel Model Suspension System, Electric Equip- 
ment Required in a Modern 6-Component. Cox. 
Mei eee or ae adenommnaanaces cn sapors . 1258-66 

Windings of Rotating Machines, The Magnetomotive 
Force of 2-Layer. Steim..........-0....-- 756-8 

Windings, The Application of Surge Comparison Testing 
Equipment to Fractional Horsepower A-C Stator. 
Buchan ar oc. cietse cic) eda bela ota ead ete eee 1356-8 

Window Deicing, Control and Power Systems for Air- 
Lakteey VEGESNOD fae a. fete apt <leleeiletiaia te 1400-05 

Wire Applications, Frequency Shift Telegraphy—Radio 
ands | Davey, Miattel .). fee wicin 479-93; disc. 493 

Wood-Pole Line Insulation, Lightning and 60-Cycle 
Power Tests on. Bellaschi.... ..838-47; disc. 847 

Wood Structures by Leakage Currents, Burning of. 


Riosgiet cca) spuceeteleiaiteiaiel noi atone 279-84; disc. 285 
World War II, The German Electrical Utility Industry 
During. Noest..........-+++ 1037-47; disc. 1047 


XY Dial Telephone System, The Stromberg-Carlson. 
Reed age ste eee 


see er 


~) SAE ‘TRANSACTIONS 


é 


a 


2. Author Index 


Abraham, L. G.; A. W. Lebert, J. B. Maggio, J. T. 


Schott. Pulse Echo Measurements on Telephone 
and Television Facilities......... 541-8; disc. 548 
Abraham, L. G.; H. 1. Romnes. Television Network 
LOE GREG GU ae ace OD OO aON NO dono cider 459-64 


Adams, G. M.; C. A. Brancke. Developments in 
* Diesel-Electric Traction-Generator Excitation Con- 


EXON IS VSCCHIS se crajole)exelede sie iettfayevens «Sa cocns on 223-8 
ING ey IRIGY,” BICC A Gog dme sen SOUR eau beaarn 1656 
Adolphe, M. H.; N. GC. Clark. Capacitance Fuel 

(GEOTEEISe fe ae bo.coa qo de DaUrer Booomes ct 1189-96 
Alexanderson, Ernst F. W.; D. C. Prince. Electronic 


Stabilizer for Power Transmission. .950—3; disc. 958 
Alger, P. L.; H.R. West. The Air Gap Reactance of 
Polyphase Machines............++.+++-. 1331-43 
Allen, J. E.; W. B. Hess. Testing Governor Perform- 
ance on Electric Power Systems With Improved 


PRSerMeRS Fo co eevee wes dg 329-39; disc. 342 
Almon, C. P., Jr.; K. E. Hapgood. Performance of 
161-Kyv and 115-Ky Transmission Lines.......... 
SMe a fa i coyn shana Steam tue eka a gees 863-9; disc. 871 
DASA Ai l-= Dk eAying on acie ter nic aie cats Suances 355 
FATICIERS ONS Ast Eis a MDISCyiccedace Agra is foals (ul BRE aye tae ese 1569 
Anderson, G. R. The ‘‘Copperspun” Squirrel Cage 
SRQUOEG cera syste faa eee uel airxegsa sheesh « 1312-14 
Andres, F, E.; R. W. Caswell. Disc........... 285, 848 


Angello, Stephen James. Electrical Characteristics of 
the Junction in a Simplified Selenium Rectifier 


GAINS Soe cee Boo eetS oe A Aeete icata ae 175-80 
Anstiie wha Rs eAsbleyn © ESC. .j-\le1.i ular. « 1654 
Appleman. Glens —DS62.avde sate oievale ele oie eral 836 
PN oyetiae (OBS Dhue DIE Soe oe 4.4 DORE Ee oer ae 259, 390 
Ashley grit: dics ls, pb. AmIstimes sy WOISCE see Yaka) =sei-) So 1654 
Atkinson, (RoW). ) DSCs e%, caters eyersiaaelebeinye aie 603, 1630 


Atwell, C. A.; D. R. Staples; T. L. Weybrew. A 
3,000 Horsepower Diesel-Electric Locomotive for 


the Seaboard Air Line Railway........... 215—19 
Austin, B. O. Aircraft Electric Power Protective Sys- 
(Gui bdadbeu tos cteeersoase Seas yest. 1375-82 
INET CH Ge i DIOR BED eA ticigtan ag 0 Den COs 340 
/Slaloung amas WIbkehdnoseeonbon 16 aoeeoooenS 292 
Ayer, R. W. Using Airbone Radar to Increase Airline 
Sale tye emis nyeis soles cuniefatgeoloitinile| a, Loin 1387-95 


BG Hears Neg Lee MMOS Cucheiclel s cto: s1scshe ceibiens: ol rove siataxredert = 208 
Baker, R. R.; M. R. Lory, The Application of Syn- 
chronous Induction Motors to Chippers. . . .1070-7 


Lllemsh EWSe giROe Meds bea ddlor te detees, Seon 548 
Balleny, J. L. Electric Furnace Practice in Canada... 

Oc iatettacy eer Re eerie Mencia eens Rees erie eee me 917-24 
(Sd ey Dey) fev eID OSGR roe pi yin Gecneoooer ns 1283 
Barnes Bis Ce DISC y. 6 Gisgsrotets hence, is sys <ysysoter ayes 1412 
Barstow, J. M. A Carrier Telephone System for Rural 

pSkelnvalerash ko. qop Ht oe SOE Oe DO Deri scr ais 501-07 


Bartelink, E. H. B.; L. E. Cook, F. A. Cowan, G. R. 


Messmer. Application of Rural Carrier Telephone 

Sry Sterna cncae ey ete cree area nome ctage rt, or. 511-18; disc. 518 
inv iS (Oe 1 Doe BA oa bide. > OB eerie ine ee 517 
Baudry, R. A.; C. M. Laffoon. Modern Bearing Prac- 
tice for Vertical Water Wheel Generators......... 

2S NSE Nah on Seo BAe Od DOOR 363-9; disc. 371 
Baumann, Fred. Impedance Relationships of the 
* Adjustable-Speed A-C Brush-Shifting Motor..... 
ASS EO eOd Oks Gaaenncey Lo Cn iC ee rae 1460-2 


Beck, Edward; W. C. Bowen. Lightning Investigation 
on the 25-Ky System of the West Penn Power 
(GlaneyoRwene Soe Sida oe dons domes 831-6; disc. 836 

Beck, Edward; F. A. Lane, J. K. Hodnette, P. L. 
Bellaschi. Transformers and Lightning Ar- 
resters—Tidd 500-Kv Test Lines............-... 
LO nghiae Moo cS aoe seamed 1613-18; disc. 1618 

Beck, Edward; G. D. McCann. Field Research on 
Lightning Arrester Discharges..... 625-9; disc. 630 

Becker, C.; E. L. Tornquist. Galloping Conductors 
and a Method for Studying Them............... 
Seagate cre tone c Mpeiateks stos © eas ay 1154-61; disc. 1163 

Beede, H. Martin; Bernard M. Cain, Accuracy of 
Temperature Measurements on Coil Surfaces. .... 
Re Cee ete GOES nen te doe OOOO) 

Beiler, A. C.; P. L. Schmidt. Interlaminar Eddy Cur- 
rent Loss in Laminated Cores..... 872-7; disc. 877 

Bellaschi, P. L. Lightning and 60-Cycle Power Tests 
on Wood-Pole Line Insulation. . .838-47; disc. 847 

Bellasohii (Phas SIDIsGs 5 akeesictoteaest aye 574, 882, 1560, 1581 

Bellaschi, P. L.; F. A. Lane, J. K. Hodnette, Edward 
Beck. Transformers and Lightning Arresters— 
Tidd 500-Ky Test Lines.......1613-18; disc. 1618 

Berkley, Carl; Rudolph Feldt. The Cathode-Ray 
Spectrograph rato tise fovtiae a lonaen 8 ere 105-10 

Berkley, L. H. An Analysis of Motor Selection for 
Brass-Slab Rolling-Mill Service. ..185-9; disc. 190 

Bulise Glens Wiap Poa rcsa isch eae = eid iolel ae ore) ier 622 

Birch. Las Wi9, WDiseksterys alates ees's J. ee meee 268 


1947, VOLUME 66 E 


Bissiri, Alfio; Maurice Landau. Broken Conductor 


Effect on Sags in Suspension Spans........ 1181-8 
Black, H. S.; F. A: Brooks, A. J. Wier, I. G. Wilson. 
An Improved Cable Carrier System............. 
oy NE ER A OTe aearOr 741-6; disc. 746 
Black, H. S.; J. O. Edson. Pulse Code Modulation... 
2S SE eR Ais SARe ane See Rane oreo gnic spas 895-9 
Blakeslee, his Wa DISC Hay. pee nasaalete wis) + da)=| chars stale) sls 382 
Blakeslee, T. M.; E. K. Sadler. Resistors for 138-Kv 
Cable Switching........--../--.: 39-46; disc. 49 
Blankmeyer, W.H.- Disc....2-- 702026. - eee 1034 
Bobe, S. A. Electrification of the Cotton Industry in 
WESOUH oa ey oe hoes co soe mno manor edi cn 201-08 
1Svord ees SPB rss oho and geod Mogae ucties 1282 
BGenme msec MUOISC. Paneer alate a) a) areal ho 47, 381 
Boehne, E. W.; M. J. Jang. Performance Criteria of 
D=CyDnterctp lend. yeeiae kleine triers eats 1172-80 


Boothroyd, Wilson P. The Application of Heterodyne 
Modulation to Wide-Band Frequency-Modulated 


Meleyvision IRChAy Site cusiric «© setae in) sisted ele 1126-30 
Bottemiller, E. L. D-C Aircraft Generator Power 
RGexter erie sore Peeps egos su cuave iansleMet oR eveacteveKs 1267-70 


Bowen, William C.; E. Beck. Lightning Investigation 
on the 25-Ky System of the West Penn Power 
(Crovesh asa) qe ceria bbc acl Oe Nae 831-6; disc. 836 

Bower, James, Jr. 


Bowlus, O. E.; P. T. Nims. Parallel Operation of Air- 


Craft Alternators Using Electronic Frequency 
(Changers en srr dersn seed coher smarter helene tere alstieN ve 31-8 
Bramhall epi Dye ais rte diate seuchhees turers) vive! emshos 493 
Brancke, C. A.; G. M. Adams. Developments in 
Diesel-Electric Traction-Generator Excitation Con- 
EGOS VSECHIS peated ptr teyees sietetaps coats eels] aaets oracle) 223-8 
Brandt, Robert. Theoretical Approach to Speed and 
3G aime’ CHORETOL. 5p day teyece se aia =) 24-9; disc. 30 


Brooks, F. A.; A. J. Wier, I. G. Wilson, H. S. Black. 
An Improved Cable Carrier System............. 
FE Me yest cette eae SRO reteas! ceka ea: 741-6; disc. 746 
Brooks, Hamilton. The Probable Breakdown Voltage 
of Paper Dielectric Capacitors........... 1137-44 
Brown, M. J.; W. A. Derr. Automatic Control of 
Hydroelectric Generating Stations......... 343-55 
Brownlee, W.R. Disc........ 326, 517, 916, 1060, 1101 
Brownlee; Wakes) cies eaZke, SEISC: ererar=ia s/<eseee ai 1548 
Buchanan, Lloyd W. The Application of Surge Com- 
parison Testing Equipment to Fractional Horse- 
power A-C Stator Windings.............. 1356-8 
Bucharman AW s Beg ISCre ec uie ete chewed hove sauae 1116, 1161 
Buckley, Joseph J. Automatically Controlled Copper- 
Oxide Rectifiers for Electroplating and Anodizing 


Noy Nez yntey ign apes yh oo neat GOED tet 181-4 
Burnham, H. J.; E. C. Gwaltney. Electric Equipment 
LOR ORLOR=I Li wastery-creriat-ysvatotilsies ete aeietees= 811-14 


Butler, J. W. The Economies. of Using Capacitors in 
Amounts to Require Automatic Switching....... 
DOS MO LOR CORR orn apap Oe on 322-7; disc. 328 
Butz, A. N., Jr., C. K. Stedman, O. H. Schuck, J. L. 
Hathaway. Bearing Deviation Indicator for Sonar. 
oh Aa en umeos Sr At G omaccne.4.40 Memokrcd ae 1285-95 


Gahens Erancoiss: | DiSC.: crisiemtevtats te oyesrhe feel Moneta 1581 
Gain, Bernard M.; H. Martin Beede. Accuracy of 
Temperature Measurements on Coil Surfaces..... 
GR SO SER ee Ee Ca cee ee oe One 586-90 
Calabrese, Giuseppe. Generating Reserve Capacity 
Determined by the Probability Method....1439-50 
Callender, E. M. Electrical Characteristics of Re- 
sistance Welding Vools<y..<:.\- j2 2. a-«du< 393-404 
Calvert, J. F:; J.A.M. Lyon. Disc... ..-...-.- 10 
Camilli, G.; J. J. Chapman. Gaseous Insulation for 
High-Voltage Apparatus...............-. 1463-9 
Campbell, J. W.; L. W. Hill; L. M. Moore; H. ‘J. 
Scholz. Joint Use of Pole Lines for Rural Power 
and Telephone Services. -.%.%)...214-+:--- 519-24 
Carter, C. K.; F. J. Maginniss, F. S. Rothe. Suddenly 
Applied Loads on a Variable-Ratio Frequency 
Changer sn a5 in 22 etm tes reel ee 1489-95 
Caswell, R. W.; F. E. Andrews. Disc... *... .285, 848 
Chang, Sheldon S. L. A Design Method for Capacitor 


Starts Motors: ji\- spt cucnssseeuet-lab teat eed stadens 1369-74 
Chang, Sheldon S. L. The Equivalent Circuit of the 
Capacitor Motor.4... - 2... -s0des 2s ciees os 631-40 
Chang; Sheldon S. L.; T. C. Lloyd. A Design Method 
for Capacitor Motors...........-. 652-7; disc. 658 
Chang, S. S. L.; T. C. Lloyd, V. F. Giusti. Reactances 
of Squirrel-Cage Induction Motors....... 1349-55 
Chapman, J. J.; G. Camilli. Gaseous Insulation for 
High-Voltage Apparatus.........----...- 1463-9 
Charles; Mario C. Dis¢...:.s50: sees ese = 2s 1035 
(Ginteqiei ely UO n eee cade oo Be oo om Adin cae 92 
Christian, Dean R. Direct Coupled Oscillograph 
Amplifier, wo arein tale wie iaeio te Srraners 1383-6 
Cissnale Ve J: WbibG ras seein = sistent 1549 
Clardy, W. J. Trolley Goaches and PCC Street Cars 
Provide Successful City Transportation...... 925-9 


Clark, F. M. The Dielectric Properties of Cellulose 
Insulation Impregnated With Semiconducting 
pi Feytele Hane ash clcc ieee OI AC 55-62; disc. 63 


Authors 


Clark, N. C.; M. H. Adolphe. Capacitance Fuel 
Ganges tee eater anes oem Me race eke 1189-96 
Clarke, J..G.; A. G. Conrad, F. Zweig. Disc......1672 
Clavier, A. G.; P. F. Panter, D. D. Grieg. Distortion in 
a Pulse Count Modulation System............... 
act tee Mier ot Csr ecnisiingn sictel syste ee 989-1005; disc. 1005 
Cockrell, W. D. Radar Technique in an Industrial 


(Gia so) RE AeeaiG one it x OPC rae eo oe Se 269-72 
@oles | Guerney: He) Dise.ie eataia <tsycresaieiosee eri sactens « 877 
Golesttarolds DIS: x cniihete's «cies sfatapietaslotere aes ane 675 


(Committee Reports) See ‘Committee Reports” and 
other entries in Technical Subject Index 

Goncordia,.©2 ~ Disers sreccns ivietcre ‘siei ats (et aftieschevalecseoetee 825 

Concordia, C.; F. S. Rothe. Transient Characteristics 


of Current Transformers During Faults. Part II. 
AER COR CASS OO HOO URE DED UO Saat 731-4 
Concordia, C.; M. Temoshok. Resynchronizing of 
Generators tives i cat nie wee 1512-18 
Conrad, A. G.; F. Zweig, J. G. Clarke. Disc... ..1672 


Cook, L. E.; F. A, Cowan, G. R. Messmer, E. H. B. 
Bartelink. Application of Rural Carrier Telephone 


DOYSten Se ee he sinto nd al 511-18; disc. 518 
Cooper, S. B. Some Recent Developments in the PCC 
Garett ageetels aan oe coves srerecs tye 288-92; disc. 292 
Cordts, B. F. Modern Car Equipment for New York 
Gity7s Subway, S¥Stendl tne de aeevels sinners enor. 247-9 
Corson, A. J.; N. P. Millar. Applications of the 
Electrodynamic Instrument Mechanism... .1131—6 


Cowan, F. A. Modulation in Communication. . .792=6 
Cowan, F. A.; E. H. B. Bartelink;, L. E. Cook; G. R. 
Messmer. Application of Rural Carrier Telephone 
Systema. ats ha tacer daticitr see erie einer Sy ate 
Cox, H. Orville. Electric Equipment Required in a 
Modern 6-Component Wind-Tunnel Model Sus- 


pension’ Systema’ Warts sass Mercscsl saveee cys atl 1258-66 
Cramer, C. H. Some Modern Techniques in Ocean 
Cable welegraphiye sss.) atitern eis seater 494-500 


Crane, R. E.; J. T. Dixon, G. H. Huber. Frequency 
Division Techniques for a, Coaxial Cable Network. 


BSCS coe Sere d SEBO Ot patho DOC Oto 1451-9 
@rary;S. B:—Dise. 3; ciel n-ae ohn < ote teers 870, 956, 1550 
Crary, S. B.; I. B. Johnson. Economics of Long- 

Distance A-C Power Transmission............... 

PS COI Tet rhc Shorea a 1092-9; disc. 1099 
Crever, F. E. An Extension of Impact Speed-Drop 

ANTAL SES Tar tetctadete eis. aaetetoletttel nyojere efeterara siteria yds 191-6 
Crom, George G. Electric Drive for Aircraft. ..1359—-62 
Gremint AEP De * DSC. 2G) sntcl datarc rata ts apiondes 285 
Crogse: 4.4. DiselaGtaa usts te sie skate sine ee 1430 
Cucullu, CG. J.; Wm. E. Pakala. Arc-Back Testing of 

Graphite ner nai coisa. tessieers tel sreinierelansi-t ke 439-42 
Cusack; F. H.; A. E. Michon. A Frequency Modula- 

tion Telegraph Terminal Without Relays........ 

AB iced toncno Girae eon, Oe 1165-70; disc. 1171 
Cuttino, W. H. Automatic Switching Schemes for 

Gapachtors site lemerre ies tare 311-14 

D 
Wrakesing WW, Dee or ness Rea eats either ely oases 62 
Davey, J. R.; A. L. Matte. Frequency Shift Teleg- 

raphy—Radio and Wire Applications...... 479-93 
Davis, W. L.; C. E. Warren. The Calibration of 

Ignition Crest Woltmeters)--aani-16 <1 -uieeiel= 99-104 
Davison, Ac ple.& Wise oye «cls ta = s/nhaiee gcse Soke 681 
Deans, William. Selective Tripping of Low-Voltage 

Air Circut Breakers'. .< tse se.-/-t-0< 971-6; disc. 976 
Dehorest, Glen Dischiae pects ote eit sra ieee 1049 
Dell Mar. WA... DISC... Sealed nspyesiaetae ae 602, 882, 981 


Derr, W. A.; M. J. Brown. Automatic Control of 
Hydroelectric Generating Stations. Brown, Derr. 


Stes Se os anc pos SPE Da A eS 343-55 
Derk: WeAw Disc. tm mem cies Saitek even 411 
Dewey;.Cs Ga Disetian ee eats tae era 708 


Dixon, J. T.; R. E. Crane, G. H. Huber. Frequency 
Division Techniques for a Coaxial Cable Network. 


Pe ee ren Os en ode ouocousee 1451-9 
Doggett, LL. A. WDisty 5.0 =< ole micleleroiorsialet-toiet 138, 1322 
Douglas; John) Pa E “Discs seter. vot seit AAAS 323: 
Dovijikov, Alexander. Disc..........-+.-++--0+-- 954 
Doyle, A.M. Disc.......2+-- 00+ ee ce errs sereres 915 
Dutt) GC. Ke Disel jaan aac cre eee nese 1124 
Duff, J. E. A High Precision Dynamometer for Small 

Motor Measurements......-... 1344-8; disc. 1348 
Duncan, W. E. P. Proposed Rapid Transit System for 

WOO ntOsecjcsyaiseeas gas enue deere sal os 939-46 
Duncan, We Bie Disc: = petaietel. se 'aieveta i eit solanale ala 893 
Dunham, J..M. Disc... 0.02.52. - 222 eeeee sees 517 
Dunstan, L. A. Machine Computation of Power Net- 

work Performance:.........-.+- 610-20; disc. 623 
Dwight, Herbert B. Effective Resistance of Isolated 

Nonmagnetic Rectangular Conductors. .... 549-52 


E 


Eaton, M. Automatic Operation of Electric Boilers. 
1061-8; disc. 1069 


Bidwards; R:sS.; wldisClseye.s elie eipeeieessert pietniee easels 320 


Pkvalls Fis Nic. Distal 0s: dora eee eee 849 
Elzi, J. A.; W.R. Brownlee. Disc.............- 1548 
Bog BSA. OIC. cx a nich sic et teas ae aiena er et 524 
Erdman, Donald C. Design and Application of Super- 

some Flaw Detectors. cae stn eon, «epee 1271-6 
Espenschied ssloyas) SDisGinis startet cies erie eae 493 
Evans, C. T. Shading Coil Calculations for Single- 

Phase-Magnetss tevecpep ser octane 134-7; disc. 138 
Evans, BeAs) ADCs. 5c cor. edocs sete ie eee 583 


Batky Benjamin. -Discie sce cutee h tee boar 1430 
Farrell, William J.; J. L. Solomon. Disc.......... 674 
Fechheimer, Carl J.; Liquid Cooling of A-C Turbine 

Generators. ,.tb3, 00 oeee ee 553-61; disc. 563 


Fechheimer, Garl! Jj. “Disc. oya--. deen nse te eed 1113 
Felch, E. P.; W. J. Means; T. Slonczewski; L. G. 
Parratt; L. H. Rumbaugh; A. J. Tickner. Air- 
Borne Magnetometers for Search and Survey..... 
ie wanrg ola sonar eer a iate wrca.S © Care trenem ieactoee ones Sts 640-50 


Feldt, Rudolph; Carl Berkley. The Cathode-Ray 

Specttogiaphijoc sire. eer eerie 105-10 
Ping; o-6.) DiC les ain nro tei gees 82, 389 
Bleming,. Dy Bae Disco. tatters aan 1058 
Floyd. Gaiiee DisCaeerrge sce as eteuaks 871, 1091, 1655 


Floyd, G. D.; A. H. Frampton. Factors in the Eco- 
nomic Supply of Energy in Hydroelectric Systems. . 
Be ten PANO RO hom oi on © 1117-24; disc. 1125 


So eRe Ao Mas aae oub bea Boe s0e5c 797-801 
Formhals, W. H.; M. M. Liwschitz. Some Phases of 
Calculation of Leakage Reactance of Induction 
INMLOLOKS ic arate met te cig eee gee 1409-13; disc. 1412 
Foster, George E.; W. M. Kiefer. Electronic Tele- 
metering Systém.(.\. 7 <\asio ob ela eee 802-7 
Frampton, A. H.; G. D. Floyd. Factors in the Eco- 
nomic Supply of Energy in Hydroelectric, Systems. . 
LER, ER OU ACicae Cerra be 1117-24; disc. 1125 
Franklin, Paul W. The Circle Diagram of the Poly- 
phase Brush-Shifting Commutator Motor (Schrage 


Ly pe)? s,c eit ee ee 1667-72; disc. 1672 
Pranklin, R.B:. : Disc: i wiciscwarcclnemiee steals seen 877 
Fuller; Jolin: La” Discrete telete eke tele) etait 590 


G 


‘Garbarint; Robert. F.< (Dise:ieiccaerinute cists serene 319 
Garin, A. N. Short-Circuit Requirements for Trans- 

aulaics eA MO onon Sas. abcr Cone hoUce 710-13 
Gault; J. Ss 1Dise. ln veernaoe eye ee eee eee 190 


Gauss, J. H. Can the Trolley Coach Compete Eco- 
nomically With the Gas or Diesel Bus Where No 


Overhead Facilities Exist?) 7c micsiaeicele ei ato 264-8 
George, BB Disc! 53.2) fete cds terete eee 30, 916 
George; E..E.; GR. EB. Pierce. Disc. 052.05. 26 oh 1100 
Gerst, Irving; Donald Herr. The Analysis and an 


Optimum Synthesis of Linear Servomechanisms. . . 
7 oto. COMODO noe Coca Anome: Dt atvahes3 6 wey 959-70 
Giese, R. C. Gas Pressure for Telephone Cables. . 471-8 
Gilbertasds Js FD isereg opyrn tacit: ait eee eee 500 
Giusti, Victor F.; T. C. Lloyd, S. S. L. Chang. 
actances of Squirrel-Cage Induction Motors...... 
SIA OM Oo hd Ney oh DUS BA Es ae 1349-55 
Glassow ni A. TSG. .icokitln es aia tae na cera irs 1405 
Gooding.“ Fa Etw mDIs0s in. cisisrotinain sia a hes 601 
Gordons FMW Te6 fcc te elds, see ees, 371 
Gordon, T. W.; F. M. Lewis. The Design and Per- 
formance of the Vertical Generator Thrust Bearings 
at the Bonneville Plant of the Corps of Engineers, 
War Department: s).tn-jie sis «3 1231-7; disc. 1239 
Grant, George. i 
Grant, George, III; T. A. Kauppi; Graham Lee Moses. 
Investigation of Silicone Insulation on High- 
Temperature Railway Motor............. 305-10 
Greenes IN Whe Duses. seco «crate oop aeet ater 310 
Greenfield, E. W. Internal Corona Discharges in In- 
sulated ‘Gableas.... 2.¢..4.5% 07. 591-600; disc. 606 
Greer, Lanier. 
Grieg, D. D.; A. G. Clavier, P. F. Panter. Distortion 
in a Pulse Count Modulation System............ 
2 Sood eA ee ie oe 989-1005; disc. 1005 
Gross) Bric TB. ‘Disc..0 6 9 411, 916, 1050, 1059, 1550 
Gross, I. W.; G. D. McCann. Field Investigation of 
Lightning Surges at Substations. .569-74; disc. 576 
Gross, I. W.; R. L. McCoy; J. M. Sheadel. Insulators 
and Line Hardware for Tidd 500-Kyv Test Lines. . . 
Satie hates om ees iseies 1592-1602; disc. 1602 
Gross, I. W.; C. F. Wagner, Anthony Wagner, E. L. 
Peterson. Corona Considerations on High-Voltage 
Lines and Design Features of Tidd 500-Ky Test 


TEENS 55 Sloe violates, avi tris ate oes eee 1583-90 
Grosser; Jig Bel.) Distance oni eerste tees 682 
Gwaltney, E..C.; H. J. Burnham. Electric Equipment 

for'2=foxel Twisters oot sj: 4 «sia 'ee niaacieiees 811-14 


1750 


H 


Hagenguth, J. H. Photographic Study of Lightning. . . 


OE ete eS een are ee 577-83; disc. 585 
Hagenguth, ay. El. Disc. ieee ene taro 66, 574 
Halperin, Herman, -“Dise:... 5... sade 63, 600, 881 
Hanna; Mi. Ry) Dises. aveces Ga seca ot ee ee ere 310 


Hansen, W. W.; D.E. Wiegand. A 60-Cycle Hystere- 
sis Loop Tracer for Small Samples of Low-Perme- 
ability Maternialoie. i. .22has ies 119-31: disc. 132 

Hapgood, K. E.; C. P. Almon, Jr. Performance of 
161-Kv and 115-Kv Transmission Lines......... 
ial osha) Schahaniatits aieetOe tice eke eee 863-9; disc. 871 

Harder, E. L. Solution of the General Voltage Regu- 
lator Problem by Electrical Analogy............. 
Pirin Aci a age ARCA FOC oe 815-25; disc. 825 

Harders Bebe Dises. 1-6 eis eee ean 708, 915 

Harder, E. L.; H.S. Kirschbaum. A Balanced Ampli- 


fier Using Biased Saturable Core Reactors. . . .273-8 
Harper, JD.) DISC as ag <totees, si to negzisss ues eae er 870 
Harris, Herbert. A Comparison of Two Basic Servo- 

mechanisun Types ta weecree wes oui 83-92; disc. 93 
Hartwig, E. C.; C. B. Stadum; W. E. Large. Func- 

tionalized Resistance Welding Control... .. 414-18 
Haxrzell- Fi Wiese. coco cies is wa eee 836 


Hathaway, J. L.; G. H. Schuck, C. K. Stedman, A. N. 
Butz, Jr. Bearing Deviation Indicator for Sonar. . 
BET Cada Shee PA OTe SAAT sie mcf ash 1285-95 
Hause, Jack; D. R. MacLeod Modern Railway 
Passenger-Car Auxiliary-Power Equipment. .930-8 
Hearn, R.B. An Electronic Regenerative Repeater for 


Teletypewriter Signals............. eee 904-11 
HeberleiniGs 5. JDists. daa. oale te eee een 299 
Hedges, R. E. Automatic Temperature Control for 

dransport Airplanes. =. one ee Ee 1197 
Heidenreich, Allan H. A Control System for Wind 

‘Tonnel Drives. .conares oe sate 1637-43; disc. 1643 
Henry; R.E., Disease ciemein feet eee ee 1579 


Henshaw, M. D. Developments in Control Systems 
for Diesel-Electric Locomotives...... . .233-41 
Herman, C. J. Dynamic Brush Characteristics by the 
Dynamotor Method's,-:.J2k. Saha ae 759-63 
Herr, Donald Bi. Disc. Te aca ws oracaen eee eee * 320 
Herr, Donald; Irving Gerst. The Analysis and an 
Optimum Synthesis of Linear Servomechanisms. . . 
i ee a Cy hiro Chins Bs oo 959-70 
Herzog, Eugene. 
Hess, W.B; J. E. Allen. Testing Governor Perform- 
ance on Electric Power Systems With Improved 
Instruments: <tc ee eee 329-39; disc. 342 
Herwald, S. W.; G. D. McCann. Dimensionless- 
Analysis of Servomechanisms by Electrical Analogy. 


Partils stct4g shee eae os Ree 111-18 
Heumann, G. W. Adjustable Frequency Control of 
High-Speed Induction Motors............ 719-25 
Heumanny Gyw Discos. a. ene. Sean a enor 144 
Hickernell, L. F.; E. L. Peterson, D. M. Simmons, M. _ 
E. Noyes. Line Conductors—Tidd 500-Ky Test 
Dam@ginr ye jo cho ote ecient eae ries 1603-11; disc. 1611 
Hicks, Ben. Ce > Discs ..com oetecis Se eae 915, 1060 


Higgins, Thomas James. Theory and Application of 
Complex Logarithmic and Geometric Mean Dis- 


PAM COS pore cic tee fates ce eee eno eee ea 12-16 
Hill, G. Leslie. ‘Tests and Developments in Connection 
With Hot-Line Insulator Winding........ 1203-16 
Hill, L. W.; J. W. Campbell; L. M. Moore; H. J. 
Scholz. Joint Use of Pole Lines for Rural Power 
and! Telephone Services: s-420 en erga le 519-24 
Foard, Ro Vie (Dist. esac ers cee ee 1284 
Hobbs, Eis Disa: 2a, oe eee cae ee 1621 


Hodnette, J. K.; F. A. Lane, P. L. Bellaschi, Edward 
Beck. Transformers and Lightning Arresters—Tidd 


500-Kv Test Lines............1613-18; disc, 1618 
Hoffman CisE. Diseseart mn hos tals eet eed 621 
Holany Gio" Dises.ceh Serene 411, 755, 1580, 1614 
Holm, afs\Gss ASM SF aylorss Wise. 2 trees care 955 
Hoover, Ray. The Application of Western Union 

Multiplex to Navy Radio................ 1478-82 
Eiaoviert WG.» ister seca. c es een oe 1257 
Howards. Bie DIsc sh; ac kare tes oe oe cores 629 
Howe; W. Mis Ho: Trekell!= ‘Dise.; 0... 5.2.20 861 
Hoxie, E. A. The Application of Storage Batteries to 

the Control of Switchgear..... . 1561-9; disc. 1569 
Huber, G. H.; R. E. Crane, J..T. Dixon. Frequency 

Division Techniques for a Coaxial Cable Network. 

Leia Asratie nurs sa Re CII Cedi oats eee 1451-9 
Finiatlys vin aebiser er actin seimicreretearic <i> ieieiniee 562 


Hutton, John G. Determination of Corona Starting 
Voltages for Nonuniform Fields in Air.,.......... 


BEE De as OLORE Hite Sorc: SOR 1674-9; disc. 1680 


Jang, M. J.; E. W. Boehne. Performance Criteria of 
D-G Tnterrupters 3-5-1 pica eee eee 1172-80 


Jeanne) AL Dist. once bie alae le ee ays 


Jetirey;; Braser. Disco ere ace. nel teenaeees 189 


: Authors 


Jessel, Josepha Am Disescnapeitenes ie ee 622 
Johnson, (AS As. <Dise: sc etesias dooce. + tee ee 1551 
Johnson, I. B.; S. B. Crary. Economics of Long-Dis- 
tance A-G Power Transmission. .1092-9; disc. 1099 
Johnson, I. B.; H. A. Peterson; C. M. Rhoades, Jr. 
Voltage Changes Caused by Resistance Loads... . 
etme acconert mots 664-73; disc. 675 
Johnson, I. B.; J. R. Wilson. Switching High-Voltage 


Transmission. Lines. ¢ sju.<- = 1552-60; disc. 1560 
Johnsons: 12 Bi, Wise) Tmo wots capes stots tere meat 381 
Johnson, Walter’@. Disc. .....3¢s%s o> nesiemi or Eee sOSD 
Jones tb: Mo Disess src= spvocucls nts chess nite reais -1578 
Jones, J. N. A New Grinding Circuit Feed Regulator. . 

ENS Thala Me eeiscoies ta efoke heb ionst instant Gees 1240-2 
Nore, By sDISCh. a acleuteyaiete tee Mere ee 606 


Kaspar, Fo) Bo) DiSGh ate os creas eterolatele le ece, eater 1162 
Kauppi, T. A.; George Grant, III; Graham Lee Moses. 
Investigation of Silicone Insulation on High- 
Temperature Railway Motor............- 305-10 
Keller, A. C. Submarine Detection by Sonar. .1217-30 
Kenetake,H We | DAsG ss). ols, scores earner 830, 1034 
gee G. M. Airport Runway and Approach Light- 
rie ISS ROerG Chie TROL OREM Acecoe Bij 1396-9 
Kiefer, William M.; G. E. Foster. 
metering System rae or Sel etenatey seca e Secrets fe fara hake 802-07 
Killgore, C. L. Excitation eablewie in Hydroelectric 
Generators Supplying Long Transmission Lines. . 


Rent oP ner earn Sonia toe cos 1277-82 
WKaillwore, C.- Eay SD isceray-iaiate el delae e eqceee eee eee 1238 
Kilians'S: Cl; (Me Stones.) Wiser: once yee liens 300 
Kimball, A. W. Two-State Rototrol for Low-Energy 

Regulating Systems............+- eased Ole 
Kombark, Hdward We SDIsG...eccstiat sere 709; 755 
King, Robert E. Dise.....5...... Siaia jaro: siete arent 76 
Kinghorn, J. H.; Philip Sporn. Disc.......-....- 412 
Kirschbaum, H. S.; E. L. Harder. A Balanced Ampli- 

fier Using Biased Saturable Core Reactors. . .273-8 


Kirschbaum, H. S.; G. D. McCann, W. O. Osbon. 
General Analysis of Speed Regulators Under Impact 
LUG) Tc leer socneoune Scapa ahogons 5 1243-52 

Kirwen, M.S.; F. W.Rich. Automatic Control of Air 
Switches for Line Sectionalizing and Load Trans- 
LOR ce. cree. ators Sdaleiehiee Tages 293-9; disc. 301 

Kliever, Waldo H.; Richard R. Syrdal. A Magnetic 
Compass With Cathode-Ray Sensing Element..., 


Se eS ON suche a 0 tare w cteaiee ae Oe 
Knapp, E. W. Disc...... eimsenslapbine oo ys OS aL OGD 
Krauer, OnerD istics. toils afer cia staat <n ae 1417 


Krauss, H. L.; P. F. Oa Distortion and Band- 
Width Characteristics of Pulse Modulation. . .984-8 
Kron, Gabriel. Equivalent Circuit of the Primitive 
Rotating Machine With Asymmetrical Stator and 
Rotors <s2 teen oo Meee, «sein eons Cora taeeeee 17-23 
Kron, Gabriel. Tensorial Analysis and Equivalent 
Circuit of a Variable-Ratio Frequency Changer. . - 
Ags oecuseesd onc Are SOAR Damo Sots ey 


L 


Laffoon, C. M.; R. A. Baudry. Modern Bearing 
Practice for Vertical Water Wheel Generators... . 
SBion widlainisls)slersialetele stossislajerste Vat Ooo ec StaeT 

Lakey, A. B. DISC.G as cle teasteers 

Lamm, A. Uno. Some Fundamentals of a Theory of 


the Transductor or Magnetic Amplifier. ...1078-85 
Lammy A Uno. Disticean eine mee eee 887, 956 
Lamson, Horatio W. Electronic Null Detectors for Use 
With Impedance Bridges.............---- 535-40 
Landau, Maurice; Alfio Bissiri. Broken Conductor 
Effect on Sags in Suspension Spans....... .1181-8 
Games BoA. . “Dis@ie' sa esetqr cies icste want fate 1569 


Lane, F. A.; J. K. Hodnette, P. L. Bellaschi, Edward 
Beck. PT ranatominers and Lightning Arresters— 
Tidd 500-Ky Test Lines.......1613-18; disc. 1618 

Lane, F. A.; B. W. Wyman. Switchgear Equipment 
for Tidd pe ae ‘Test. ines sas aaa ene 

este nets goles 1619-21; disc. 1621 

Lange, R. W. Bisasuseeient of High Q ‘Cavities at 
10,000 Megacycles..... ICR ce aoe se 161-6 

Langer, B. F. Developments in Garcon Collectors for 
High-Speed!iService: ¢ ss. )aaa, eee SF oe 51-4 

Large, W. E.; C. B. Stadum; E. C. Hartwig. Func- 
tionalized Resistance Welding Control. ....414-18 

Lawrence, Walter L. Television Equipment for Broad- 
Gast, Stange. apes peee pteieieredtee ee crate wav. 443-52 

Lawton, F. L. Piydractecate Power Development in 
Quebec Wor. he teak +o meite Je ones OUG=2d) 

Lawton, F.L. Disc........916, 1059, 1069, 1091, 1124 

Lebert, A. W.; J. B. Maggio, J. T. Schott, 
ham. 


Pulse Echo Measurements on Telephone 


and Television Facilities.......... 541-8; disc. 548 
Leeds, W. M.; R. C. Van Sickle. The Interruption of 
Charging Current at High Voltage.......... 
ee disc. 382 


L. G. Abra- 


Leitch, John D. Dynamic Braking of a Single D-C 


memedgVieton: fete cht ei sie tures o 30 149-54 
Leitch, John D. Dynamic Braking of Two D-C Series 
IMO tors. ne enrol re Scloislalsrets aan aes ate ale. viehs 787-91 
BOHCH LOI Le EO ISG so aelaineiatens wee. of tiael rome ase 1113 
Lenehan, B. E. A New Single-Side-Band Carrier 
System for Power Lines......... 826-30; disc. 830 
Renehan SB. Han? Dises. foe Naat «alee + wives sale 10, 1430 
Lensner, H. W. Operation of Power Line Carrier 
Mhannels ceric ce ieee 0s acdeee 888-93; disc. 894 
BeVesconte: Testers: USCs:., che\e.c chase ioseh.e ons) dhe Ebyasa's 622 


Levinton, H. L. A Simple and Tnerpensive Method for 
Accurately Measuring Steady-State and Transient 


Pugh Voltages. .crcts tise = - sit 1304-10; disc. 1311 
Lewis, C. B. A Power Plant Regulating System for 
Diesel-Electric Locomotives.............--- 242-6 


Lewis, F. M.; T. W. Gordon. The Design and Per- 
formance of the Vertical Generator Thrust Bearings 
at the Bonneville Plant of the Corps of-Engineers, 
War Department...... ee gee 1231-7; disc. 1239 

Lewis, Laurel, J. Circuit-Breaker Current Measure- 
ments During Reignitions and Recovery... .1253-7 

Lewis, W. A.; L. S. Tippett. Fundamental Basis for 


Distance Relaying on 3-Phase Systems..... 694-708 
ewig Wie Aisi ises Arbeit cosas Se Geo Sie «ae Sac 1577 
SIC WASTAUN AW chy LISCHchev <A vadsp ayaa 1 avet dp ateyel ayes areas 1550 
ete MAA eE VEC ue PVISC oye k ate esr oaite. wrla et rane ate 259, 388 
Lippert, G. D.; R. L. Tremaine. Instrumentation and 

Measurement—Tidd 500 Kv Test Lines.......... 

ees, cal x Sb aati. g s. vehn\e Ree 1624-30; disc. 1630 
Livingston, O. W. Electronic Constant-Current Motor 

MOVALOTIS ote pyOrette tor atayseetcds Weneterearerers 425-30; disc. 431 


Liwschitz, M. K. Leakage Reactance of the Squirrel 
Cage Rotor With Respect to the Stator Harmonics 
and the Equivalent Circuit of the Induction Motor. 
2 Seo SNORE en pS BOG oe T MeEc eet aes 1407-08 

Liwschitz, M. M.; W. H. Formhals. Some Phases of 
Calculation of Leakage Reactance of Induction 
IY Go Pay th Roe Oe IIe OS CIC 1409-13; disc. 1412 

Liwschitz, M. M. Multistage Rototrol, The..... 564-8 

Lloyd, T. C.; Sheldon S. L. Chang. A Design Method 
fon Gapacitors Motors 2/5.) aie o.0\s: «ieleiersiers's1e/012' = 652-8 

Lloyd, T. C.; V. F. Giusti, S.S.L. Chang. Reactances 
of Squirrel-Cage Induction Motors....... 1349-55 

Loane, E. S.; C. W. Watchorn. Probability Methods 
Applied to Generating Capacity Problems of a 


Combined Hydro and Steam System............. 
8 SOO SOR OTE OOO aC aT tLe 1645-54; disc. 1657 
Loane, E..S.;. G..W. Watchorn. Disc............1477 
Loomis, R. O. DISC ciottistet neous) cht] oh cial sists vss one oreves oat 391 
MGeraines 3e5 Gr D)ISCH =o esas cat sie, 016 SF eve le 5/biele, 6: asus, 0(a's 981 


Lory, M. R.; R. R. Baker. The Application of Syn- 


chronous Induction Motors to Chippers. . . .1070-7 
Wetaaa ew Grist DISC. daria s piece mae Ele ac oye are) oie) soins 29 
GSIS ADS NY Sek og EDISC! S| Vegetales oc) ore sin is dtor iehobehene oss ois 849 
Lyman, W. J. Calculating Probability of Generating 

Gapacity Outages... .2)..2...-.- 1471-7; disc. 1477 
Lyons} ANd se) 3B. Galvent. Discs. of-si ec ete oles 10 

M 
iaclacbitras VVallsve > LSC irs cicie sree ee eiaiehe rate ayers 1147 
MacLeod, D. R.; Jack Hause. Modern Railway 
Passenger-Car Auxiliary-Power Equipment. . 930-8 


Madill, J. T. Typical Transformer Faults and Gas 
Detector Relay Protection...... 1052-8; disc. 1060 
IMAG ead c~ A DISC: wis ancste ars gies ave siete 916, 1091, 1124 
Maggio, J. B.; J. T. Schott, L. G. Abraham, A. W. 
Lebert. Pulse Echo Measurements on Telephone 
and Television Facilities.......... 541-8; disc. 548 
Maginniss, F. J.; G. K. Carter, F.S. Rothe. Suddenly 
Applied Loads on a Variable-Ratio Frequency 


(CIENTS eae a er a OAs eet 1489-95 
Magnusson, P. C. The Transient-Energy Method of 
Calculating Stability........... 747-55; disc. 755 
Mallett, M. B. High-Voltage Power-Transformer 
Deaton iPart DU tec ua.ctias 1086-91; disc. 1091 
TATE va Nic soph DISCS slates leis Wl Ae gee a totic oS ares 1124 
i Rcarinvenigs AVL “Dice DISC: afar a dv icss covet anapniatoacrensie erst 982 
Miaecynk esp hy let. mT ISG, satats eta attaina seo sr Acie eae & 93 
Marsden, Ta }.ie ise 90 2). arajeniqeyneve sycto arn eitislsaegix 48 
Marshall, D. E. Ignitor Characteristic and Circuit 
Galenlationsitn ot prraisittaj seen. orev aia ie 1519-24 
Matte, A. L.; J. R. Davey. Frequency Shift Teleg- 
raphy—Radio and Wire Applications... ... 479-93 
Maver: Robert Wo) Aisesaarer tc 25 tiemisieieta eerste 76 
MiavottuG@a: Wo. Dist. temp. siete tines. k charts Mae O47. 


McCann, G. D.; Edward Beck. Field Research on 
Lightning Arrester Discharges. . .625—29; disc. 630 
McCann, G. D.; I. W. Gross. Field Investigation of 
Lightning Surges at Substations. .569-74; disc. 576 
McCann, G. D.; S. W. Herwald. Dimensionless 
Analysis of Servomechanisms by Electrical Analogy. 
BPRS Mates tt: ecu NS oe Mates c as WSs, Shawnee aoa 111-18 
McCann, G. D.; W. O. iis: H. S. Kirschbaum. 
General Analysis of Speed Regulators Under Im- 
APACER OAS 5 ra sie Paaia Chie y4) 4) ia/ 2 Pye eta 1243-52 


1947, VoLUME 66 


McClinton, A. T, An Integrated Control System for 


Ainoraft D-G Generators oes 2... scan fos 94-8 
vic Clive Bey Bw DISG, hoistipae cle fs, sie e's/'s Selena Sales 1048 
McConnell, J. D. Power Distribution in Textile 
Fam tater nee ecarsyere: MS visit asi ate era ee 660-3 


McCoy, R. L.; I. W. Gross, J. M. Sheadel. Insulators 
and Line Hardware for Tidd 500—Kv Test Lines. . . 


Saget Met noes Me Tesh “oe 1592-1602; disc. 1602 
Mic Circany itn ya, SE ISC ise 1aro; 0 aie once fuebn ie ee eke sie 131 
IEEE EUS 6 DLTES SUB achat codec Ane Sorte NG 67 
WMeabls PlanryiRs  Dise... -taisiscdsstesaratet relat coe clelare 548 
Means, W. J.; E. P. Felch; T. Slonczewski; L. G. 
Parratt; L. H. Rumbaugh; A. J. Tickner. Air- 


Borne Magnetometers for Search and Survey..... 
SH Sb Son OOna dob (Goode cease Oh conte 640-50 
Mears, R. B.; L. P. Sudrabin. Cathodic Protection of 
Steel Water Tanks Using Aluminum Anodes...... 
J RS Re tate wade ieee Peete cae 197-200 


Merrell Ba wit ip age D1SCis/0 00 ela vp's mebslccce> here, RISe Pe 603 
Mershon, C. L. Control and Power Systems for Air- 

craic, WindOW. DeiCing. yeas yas Seis aeeieisical 1400-05 
Messmer, G. R.; E.-H. B. Bartelink, L. E. Cook, F. A. 


Cowan. Application of Rural Carrier Telephone 
DVS CCUA ISIE iti uinaatn ce oreasi seri 511-18; disc. 518 
i ctealll Ge LSC ris goistateieiecye aegrt hoes, aye eco sie 29 


Michon, A. E.; F. H. Cusack. A Frequency Modula- 
tion Telegraph Terminal Without Relays........ 


aE IAe « Si SAINI. CIN te ae 1165-70; disc. 1171 
Millar, N. P.; A. J. Corson. Applications of the 
Electrodynamic Instrument Mechanism. . . .1131-6 


Millar, N. P.; R. M. Rowell. Advancements in the 
Design of Long-Scale Indicating Instruments..... 
RoR Meh atel sicteie ial cient caste, HotPac Sees eagles 155-60 
Miller, K. W. Diffusion of Electric Current into Rods, 
Tubes and Platisurtaces \.). isa -siesie < 1496-1502 
Moore, A. D. Eddy Currents in Disks: Driving and 
Damping Forces and Torques............... 1-10 
Moore, J. Harold; Paul K. Seyler, S.B. Wright. Rural 
Radiotelephone Experiment at Cheyenne Wells, 
OSG 1s goa econo Sirdoean acc Gnenenane 4 525-8 
Moore, L. M.; H. J. Scholz, J. W. Campbell, L. W. 
Hill. Joint Use of Pole Lines for Rural Power and 


Eb clephone Servicesecm eae emi gisacictl> s< 519-24 
Moore Niyrone Miki DUSCate pian fern rcasiaielsepeys serve 623 
Moore, R. B.; H. CG. Uhl. Electric Drives for Textile 

Pinishings' Rian gest,.fy esse chepsste:syorms erevelevsieietous 684-94 
Mortensen: Okla DISGa kitten aes cicle ciel hateis iene 561 
Moses: Graham Ween (Distr narctens - ottersisinyet viele 981 


Moses, Graham Lee; George Grant, III, T. A. Kauppi. 
Investigation of Silicone Insulation on High- 
Temperature Railway Motor. . ..305—10; disc. 310 

Monteith, A. C.; Philip Sporn. Transmission of 
Electric Power at Extra High Voltages...... ss 
ROE On GORE af toe A IEE CORES A 1571-7; disc. 1582 

Montsinger, V. M. (Closure of Committee Report) 
Preliminary Report on Laboratory Aging Tests on 
Class A Insulation.............. 879-81; disc. 882 


Murray, J. A.; T. B. Owen, A. Rosenstein. Ground 
Power Supply for Modern Aircraft...... 1296-1303 


N 


Nader, Joseph; C. S. Roys, M. Spotts. A Variable- 
Speed Constant-Frequency Generator............ 
Meer tetsistttetaeitels i lereisieie oie) -eier> 1414-17; disc. 1417 
Narbutovskih, Paul. Simplified Graphical Method of 
Computing Thermal Transients. ...78—81; disc. 82 
INGOdS tetfets DISC hie alot serazarensaxctoraneia Nal pke Severe ai 1237 
Newton, George C., Jr.; W. T. White. Laboratory 
Aids for Electromechanical System Development. . 
CECT Oe) TI POE TOT CA he TPE Ce 315-19 
Nichols: Rij Dises aprons iste 340 
Nims, P. T.; O. E. Bowlus. Parallel Operation of 
Aircraft Alternators Using Electronic Frequency 
Gan Ors aera cia yerient cctveny soar sacle eect 31-8 
Noest, John G. The German Electrical Utility In- 
dustry During World War IT. . .1037—47; disc. 1050 


Nonken,..G; ‘Gs sDisei,:. Sistcace nati ceiehiee ee 1469 
Noyes, M. E.; E. L. Peterson, D. M. Simmons, L. F. 
Mickennell. Neste csc'<.d merit ae 1603-11; disc. 1611 


Obrecht) RG. Dise. - ger esue s ccscteteaooteres mo GAA) 
O’Connor, R. R.; H. I. Reason General Mobile 

Telephone System ane: Gschenehinss ante 1658-66 
Old acre MiG DIsG cheese isieltt rite wis snare ore flare ene 286 
Olmbteads E.Gs yDisG se sais wisfe leis) taicieisiv » whilierees 1282 
Olmsted, Teonard My eeDises 2. avin) oie gue « os 260 
ppenbeimen. ih. pl BCs kes ae toicts tas ede oo, seca 341 


Ordung, P, F.; H. L. Krauss. Distortion and Band-— 


Width Characteristics of Pulse Modulation. . .984-8 


Authors 


Osbon, W. O.; G. D. McCann, H. S. Kirschbaum. 
General Analysis of Speéd Regulators Under Impact 


He BAS eee ce Sa whole cities diac clas sects, etre 1243-52 
Owen, T. B.; J. A. Murray, A. Rosenstein. Ground 
Power Supply for Modern Aircraft...... 1296-1303 


P 


Pakala, Wm. E.; C. J. Cucullu. Arc-Back Testing of 


Graphitetatacn 2 wai seeen note. nee ere 439-42 
Panter, P. F.; A. G. Clavier, D. D. Grieg. Distortion 
in a Pulse Count Modulation System............. 


CARO ROSSER 5, 5 =: SORTA PT 989-1005; disc. 1005 
Parks, C. E.; J. J. Trainor. Experience With Single- 
Pole Relaying and Reclosing on a Large 132-Kv 
Systeme. oi. Soret cavercme nceiae 405-11; disc. 412 
Parratt, L. G.; E. P. Felch; W. J. Means; T. Slonc- 


zewski, L. H. Rumbaugh, A. J. Tickner.  Air- 
Borne Magnetometers for Search and Survey... .. 

JOD Sp 5 OR AM SE EGBA cy La ree tet 640-50 
Pearson, D. B. A Capacitance-Type Fuel-Measure- 
ment System for Aircraft................-. 1363-8 
Pearcors Uy nis ee DSe Nats coietin tsi nyas eee cies, se 1196 
Pearson, G. L. The Physics of Electronic Semi- 
COnGUGLOCS Smarerath rama tiyah cemitacie see 209-14 
Pearson abhomashfcy |ieom Discars ts Seer 861 
Peirce, Roger M.; Victor Siegfried. Disc.,....... 601 


Pendleton, W. W. High Altitude Flashover and 
Corona Correction on Small Ceramic Bushings... . 
Bey TaN. Suen cies Sarton meee ate 1324-30 
Peters, HPs; Re BySquines, | Discs. cscs ove seers 621 


Peterson, E. L.; D. M. Simmons, L. F. Hickernell, 
M. E. Noyes. . Line Conductors—Tidd 500-Kv 
Restilanescmece mes sorte hte te 1603-11; disc. 1611 

Peterson, E. L.; C. F. Wagner, A. Wagner, I. W. Gross. 
Corona Considerations on High-Voltage Lines and 
Design Features of Tidd 500-Kv Test Lines..1583-90 

Peterson; BeaNe Sse: sy Svs < ts, a4 « tin, ols ah sie 1656 

Peterson, H. A.; C. M. Rhoades, Jr., I. B. Johnson. 
Voltage Changes Caused by Resistance Welding 


1 BCey: Ve EA ees Ai Se oe Pee eae 664-73; disc. 675 
Petersons THe WDIses,« .masyars cet wet ateiow sere 1631 
Peterson, William S. Disc........... 1579, 1590, 1602 
CtICe BAS Da cs Pistia, nie onl erubrasteatostee tei brates ars 603 
Petzinger, A. J. A Polyphase Thermal Ampere- 

MemandyuNleter so res ceercteiee pie ccc 167-74 
Lsekil yas Galle ot! Doh tame Se ago e he 1655 
Pierce, R. Ez; EB. E; ‘Georges - Dise:% .).0\..- once 1100 
Pollardy: Wa lsgF Disc. sijctoice eh ute civ ae ole eer 369 
Potter, C. P. New NEMA Fractional-Horepowers 

Motor Standards; Their Effect on Refrigeration 

and: Pump Applica WOns nosiccchsre cre cccse sis oven 508-10 
Potter, ‘GaP Discs. jyccka lc aoe ee otee ae eteetee 590 
Potter, J. A. The Shunt Tube Control of Thyratron 

Rei erst mean te aes ele aan eee cies slate 421-4 
Prince, David CG. Wises acs tearm rete os seoreke 1101 


Prince, D. C.; E. F. W. Alexanderson. Electronic 
Stabilizer for Power Transmission. .950—3; disc. 958 
Puchlowsla; K.P). Disestisic eis <<.aselames see 430 
Puchstein, A. F. Calculation of Slot Constants....... 
Bi ariyigst PRGtpeiart a weeay te eames 1315-22; disc. 1322 
Pugsley, D. W. Postwar Television Receiver Design... 
Saran poem Sere ag abel a See. aa OR tes Tara Mee Pwd ed 453-8 


Quinn; ROaEy OD IsG recy, cols see ee ee eee 261 


Ramberg, Walter. The Measurement of Acceleration 


With-a Vacuum Tubes. cise nerseicitieis aie 735-40 
Rankin; A.W. Di8@i.5 sje scz< o:ayateie area omsatntanaiels eee 23 
Ratz, JF. Gs 6 Dise.s ce ecectiarclats = anaes saree stereos 1059 
Rawlins! HoT... Disc, sb.n cmos seul cseieas 976 


Rawlins, H. L.; Jerome Sandin. An Improved Over- 
current Tripping Device for Low-Voltage Circuit 


Breakeraii.%,os).sc sities Come 1149-53; disc. 1153 
Reardon?" NS Discreet. )- ce eeeeais ania west 301 
Reed, H. R. The Stromberg-Carlson XY Dial Tele- 

phone: Syste. 1. cot Shey aise aes sel eieie) seers 432-8 
Reed. IRs Bs ise ceria. wun a le tials oc wemeeete 836 
FREI Gh aN a RL DISC Sea eetetta aie iaedta cdiemts..s eens 1069 
Rhea iw: = Disc. cnet eae sine aes ke ae ere 246 


Rhoades, C. M., Jr.; I. B. Johnson; H. A. Peterson. 
Voltage Changes Caused by Resistance Welding 
TLOddSiye eae ch oo es 664-73; disc. 675 

Rich, F. W.; M. S. Kirwen. Automatic Control of 
Air Switches for Line Sectionalizing and Load 
AP rapistee sc). myn ctas ecatariat tas 293-9; disc. 301 

Ristz Barly TSC ie acen ok rcteca Teeny. rae 0's rs 47 

Riley, L. G. Motor Control for Latest New York 


Transit System Subway Cars. . . 900-03 
Raley; Vase Dise es ee ete esi ne eee 250 
Robertson, A. S.; R. O, Standing. ‘The Maintenance 

of Hydkocleceic Generating Units......... 776-82 


Robinson, R. C. The Horsepower Output of Polyphase 


Induction Motors.......+--++-eeer eee ee 770-5 
Romnes, H. I.; L. G. Abraham. Television Network 
Bacilitiegsael. oo nso. peette wuske eens sens seiee’ 459-64 
Romnes, H. I.; R. R. O’Connor. General Mobile 
Telephone System. .....----+++++eeerees 1658-66 
Rorden, H. L.’ Radio-Noise Influence of 230-Kyv 
Lines. epatradcies seuss ae 677-81; disc. 682 


Rothe, F. S.; G. K. Carter, F. J. Maginniss. Suddenly 
Applied Loads on a Variable-Ratio Frequency 
Ghanger. «0. . site ciee + sje sianie > iain 1489-95 

Rosen, S.; H. A. Wenk; W. H. Tidd. New Test 
Equipment and Testing Methods for Cable Carrier 


Systems. 2.0 dee- eee se or ners 2 cies 726-30 
Rosenstein, Allen; T. B. Owen, J. A. Murray. Ground 
Power Supply for Modern Aircraft...... 1296-1303 
Ross, M. D. © Disc... 20 - cecte secs e rt mgt es 561 
Ross, Paul M. Burning of Wood Structures by Leakage 
Gurrents.ca: «4. st). fees te 279-84; disc. 286 
Ross, Paul M. Disc.......--+-+s0++-2e2eee2s22- 849 


Roters, Herbert C. The Hysteresis Motor—Advances 
Which Permit Economical Fractional Horsepower 
Ratingsc. ct oe eta ie 1419-30; disc. 1430 

Rothe, E.'S Distijsmre stale sess pee olga 621 

Rothe, F. S.; C. Concordia. Transient Characteristics 
of Current Transformers During Faults. Part II. 

Rothpletz, Max W. Disc.....-- pds t alengs Ol ION) 

Rowell, R. M.; N. P. Millar. Advancements in the 
Design of Long-Scale Indicating Instruments. ... - 
Dee ee ee ee aakneear. ooo ooo ES 155-60 

Roys, Carl S.; J. Nadar, M. Spotts. A Variable-Speed 
Constant-Frequency Generator. .1414-17; disc. 1417 

Rudge, W. J. Disc....-.-.--.-- Sere. e ieee oie tae 261 

Rumbaugh, L. H.; E. P. Felch, W. J- Means, T. 
Slonczewski, L. G. Parratt, A. J. Tickner. Air- 
Borne Magnetometers for Search and Survey..... 
cobs & wis ac nck Woke ae ochepeiey ahetela tat teenie ee 640-50 

Runciman, A. S. Disc......5.0-2+- 0+ sees sees 1162 

Ryan, Jaebiey WSC. ereel aie=yerinue islet ieee ee 137 


Sadler, E. K.; T. M. Blakeslee. Resistors for 138-Kv 


Cable Switching. ......-.#..-.--+- 39-46; disc. 49 
St. Clair, H. P.; Philip Sporn. Disc......-...---- 381 
Samuels, M. K. Disc.......---..--+0+2-2-++--> 1579 
Samuels, M. M. Disc......------+--++++-+> 391, 1549 


Sandin, Jerome; H. L. Rawlins. An Improved Over- 
current Tripping Device for Low-Voltage Circuit 
Breakers... kieac ie cle tees 1149-53; disc. 1153 

Schaelchlin, W. Rotating Stability Regulators for 
Synchronous Motor Drives:...... 884-7; disc. 887 

Schleicher, G. B. Metering With Transformer-Loss 
Compensators. .....--+0+-e0+++ 851-61; disc. 862 

Schmidt, P. L.; A. CG. Beiler. Interlaminar Eddy Cur- 
rent Loss in Laminated Cores... .. 872-7; disc. 877 

Schmitz, N. L. Control of Slip-Ring Motors by Means 
of Unbalanced Primary Voltages........-.------ 
PERO TM OS RO CR Sic AEC 1103-1112; disc. 1113 

Scholz, H.J.; J. W. Campbell, L. W. Hill, L. M. Moore. 
Joint Use of Pole Lines for Rural Power and Tele- 
phone Services.......----.-0:-+e2sseeee: 519-24 

Schott, J. T.; L. G. Abraham, A. W. Lebert, JoeB: 
Maggio. Pulse Echo Measurements on Telephone 
and Television Facilities......... 541-8; disc. 548 

Schroedersa. Wis GDISe! acs siete sete yan 327 

Schuck, O. H.; C. K. Stedman, J. L. Hathaway, A. N. 
Butz, Jr. Bearing Deviation Indicator for Sonar. . 
Piso TPE ROS eo HO RO AOD re ae 1285-95 

Schwartz, George J. The Application of Lead Networks 
and Sinusoidal Analysis to Automatic Control 
IS VSHCINIB sista deusieisiaers) «hays anes 69-76; disc. 77 

Schwarz-Kast, E. L. A Thrustor Lowering Control 
System for A-C Crane Hoists... .139-44; disc. 144 

Seelye, Howard P. Outage Expectancy as a Basis for 
Generator Reserve.......:.020-020+2+--- 1483-8 

Seyler, Paul K.; J. Harold Moore; S.B. Wright. Rural 
Radiotelephone Experiment at Cheyenne~ Wells, 
(GOOECOWEES woah aan ac Ie UDDO CAS sc Or 525-8 

Shanck Ro Bs Diseieens jt s.r Aa OCoCe 1170 

Sheadel, J. M.; I. W. Gross, R. L. McCoy. Insulators 
and Line Hardware for Tidd 500-Kv Test Lines... 


Se AOS OIE C1 oes cece acho. hy 1592-1602; disc. 1602 
Shepley, J. M.; C. B. Walton. Disc.............. 623 
Sheppard, Ray Dise. win. ae Soo rte itho occa 339 
Siegfried, Victor; Roger M. Peirce. Disc......... 601 


Simmons, D. M.; E. L. Peterson, L. F. Hickernell, 
M. E. Noyes. Line Conductors—Tidd 500-Kv 


est. Lines 0)... of et covet atnes 1603-11; disc. 1611 
Sinclair, J. J. Special 10-Car Train for the New York 
Gity Transit.System occa aera ae a ee 251-4 
Skeats;.W. Fi. Dises Ja stircc sveiteirs chee he eer 46 
Slemon,, Gordon Rs Discus ib. ecintr ert oserere 1591 


Sloncezewski, T.; E. P. Felch, W. J. Means, 
Parratt, L. H. Rumbaugh, A. J. Tickner. 
Borne Magnetometers for Search and Survey..... 
GHA 01a, «| 6) ole & whelal>  a.ehqelatste oe) <a Mets aah dete bets eae 640-50 


Smith, Bo Me-Disciciies 2 oat viele epee tekeheh=t let -=]=)-1eis 132 


Smith, Frank V. Disc..... SFr si cVhateteruarsyatese eberMeenione 412 
Smith, I. R. Higher Voltage Copper-Oxide Rectifiers. 

sha abso ain ole Mepangls Gis! cbs secede! <Matahe Cleve ole) Melee tned ate 220-2 
Smith, K. D.; J. F. Wentz. A New Microwave Tele- 

vision System. .siqssethie te a memes Ohne 465-70 
Smith), Robert W.-Dise..0 occ. sve wielpiesa-= nial O76 sas 
Suith, Royi Ma - Disese sce da ee ners acheter eee 261 
Smithley, R.S. Disc........----..seeeeeeeeeees 300 
Smythe, William R. Disc....-...5..-+.-+--+-+ +35 11 
SnellD: Ss’ DDisessc. ooh. seep a aeiereraeter eee 562 
Sohon, Harry. Disc...........-++ eee es eee eee 1180 
Solomon, J. L.; William J. Farrell. Disc.......... 674 
Spease,-J.. Fe: “Dise.: 505. ee te es nei Poe 1238 
Sporn, Philip. Disc... .:........+ssseceseeeree 575 
Sporn, Philip; J. H. Kinghorn. Disc............. 412 
Sporn, Philip; A. C. Monteith. Transmission of 

Electric Power at Extra High Voltages........... 

MAD n tncode ne coda sarec 1571-7; disc. 1582 
Sporn, Philip; HP. St) Gain. Distl-is-ece ook 381 
Spotts, Melvin; C. S. Roys, J. Nader. A Variable- 

Speed Constant-Frequency Governor............ 

od{ skagen apes arate eave te eeeA every Ala olen 1414-17; disc. 1417 
Squires, R. B.; H. P. Peters... Disc.........2....3%. 621 


Srinivasan, A.; M. A. Thomas. Dynamic Braking by 
Self-Excitation of Squirrel-Cage Motor... ...145-8 
Srinivasan, A.; F. J. Vogel. Transient Voltage Rise in 
Transformers Due to Interruption of Exciting Cur- 


Bas | RR On. Sic CORES ram Olin tig cers oe 1632-6 
Stacey, J- Ds DIse) «sore cisreceie,eloieieinie sere tains = +18 1144 
Stadum, C. B.; W. E. Large; E. C. Hartwig. Func- 

tionalized Resistance Welding Control..... 414-18 
Standing, REO! UDISC sm nc tere olen eis Veaniete = evelsinne™= 370 
Standing, R. O.; A. S. Robertson. The Maintenance 

of Hydroelectric Generating Units.........776-82 
Stanley, J. K.; T. D. Yensen. Hiperco—A Magnetic 


AMO yscie sits So ores eh ona ay eee ee 714-18 
Staples, D. R.; T. L. Weybrew, C. A. Atwell. A 3,000 
Horsepower Diesel-Electric Locomotive for the 


Seaboard Air Line Railway...........-.-. a1 5=1.9 
Starr JBnGess Diseases niterneatte! eee yee en tinal 
Saeewae 381, 575, 600, 682, 847, 953, 1099, 1577, 1590 
Stauder, LL. F. .Dise. acy ss- 2 eae crete ieee ies 1112 


Stedman, C. K.; O. H. Schuck, J. L. Hathaway, A. N. 


Butz, Jr. Bearing Deviation Indicator for Sonar. . 
eeNe: dynos 0s ote ro he ARIA eee no NORTE 1285-95 
SteelewR. BS “Dises so. Seon sits detente ear ole Teabatty 1170 
Stein, G. M. The Voltage Drop in the Welder Throat 
Loaded With Ferromagnetic Materials. .... 356-62 
Stein, J. M. The Magnetomotive Force of 2-Layer 
Winddings of Rotating Machines............- 756-8 
Steiners EX. Ci - Disc e.ciaer- ts oeets) 2-7 sae aie Peeters 957 
Stene; M:; 'S: Cp iKallians Wisceyyas silent 300 
Stewart; AD) Wise eee cc pianieis cle eis Pentel 1068 
Stickley, Gi jWes “Disc! a, «ckcteyee tele lone atl 1162 
Stone; He JBsp Disc. cee eres aiiadet-celtereomnertenteeenr ie 1438 


Sudrabin, L. P.; R. B. Mears. Cathodic Protection of 
Steel Water Tanks Using Aluminum Anodes...... 


ee Oa een hot SOR bog Ia TaN 197-200 
Sammers W. Ax) Disel eeepc oe eatae ate ota ee 389 
Syrdal, Richard R.; Waldo H. Kliever> A Magnetic 


Compass With Cathode-Ray Sensing Element... . 
Rene h ote sae Or a oot. o Comte Cod 529-34 


Talmage, T. DeWitt. TVA Co-ordinated Communica- 


fiOM SY BtCMNe by) -telte aie eeiae oe 1022-34; disc. 1034 
Datum}. \George Mi = Disel fon. . rec ee aches 1047 
Taylor) HopD: S Dises. 2 aha ee wens o oltioiin= «eles sis 561 
‘Tebo, Gordon Ba Wsse52 cece = rae spetetsle tel alee ted 1161 
Temoshok M.; C. Concordia. Resynchronizing of 

(Generators: acces ic ert ae eee 1512-18 
Thomas, M. A.; A. Srinivasan. Dynamic Braking by 

Self-Excitation of Squirrel-Cage Motor...... 145-8 
abhusbersi|eibs Discrete nets oe arises ie reneeet 746 


Tickner, A. J.; E. P. Felch, W. J. Means, T. Slonc- 
zewski, L. G. Parratt, L. H. Rumbaugh. Air- 
Borne Magnetometers for Search and Survey..... 
PP CE Unc cron noe one lon age ael) 

Tidd, W. H.; S.. Rosen, H. A. Wenk. New Test 
Equipment and Testing Methods for Cable Carrier 


Shilarte sare mie hh ca cuaone Ap hoooaasoOuE 726-30 
Milles; Abe: SDisGisc.< sn econ ee 1602, 1611, 1622, 1631 
Tippett, L. S.; W. A. Lewis. Fundamental Basis for 

Distance Relaying on 3-Phase Systems..... 694-708 
diptd aa ORe Maal DT Re PE Rein dr anor geass eset 1310 
Tornquist, E. L.; C. Becker. Galloping Conductors 

and a Method for Studying Them..............- 

Pocket. Aaa een amc 1154-61; disc. 1163 


Trainor, J. J.; C. E. Parks. Experience With Single- 
Pole Relaying and Reclosing on a Large 132-Kv 

Sy Sten ytecyer mersiiersiat peruse iors 405-11; disc. 412 
Tréat; Robert. Disease. mee ere incl aerate 1048 
Trekell, H. E.; W. M. Howe. 
Tremaine, R. L.; G. D. Lippert. Instrumentation and 
Measurement—Tidd 500-Kv Test Lines.......... 

SR Nar och Sone ariackaer a 1624-30; disc. 1630 


Authors Ke: 


Trickey, P. H. Performance Calculations on Shaded 
Pole Motors). 2ocifecien acs ss i 1431-8; disc. 1438 
Trickey, P..H.. Discs... ce se ees a ets sta-ciees 657 


U 


Uhl, H. C.; R. B. Moore. Electric Drives for Textile 
Finishing RangeS.«....+--+++++seeereeees 684-94 
Umansky, L. A. Disc........---20+ e+ eees 190, 1643 


Van Ness, B., Jr-. “Disc. isi 9e tisie's oie oivie 10 clea eens 370 
Van Ryan, A. Disc.......-.. 0.22 eee e eee eee ees 261 
Van Sickle, R. C. Disc...........-- 2202 -s ee ee ree 48 
Van Sickle, R. C.; W. M. Leeds. The Interruption of 
Charging Current at High Voltage..........--.. ; 
RRR ra ooride cc enron seat 373-80; disc. 382 
Vencill, G. J. Disc.......- secre eee eee seen nets 339 
Vivian, J. EL. | Discs cite peek Pale tert rene 1283 


Vogel, F. J. A Study of the Relative Severity of Steep 
Front Waves and Chopped Waves on Transformers. 
ms Seccten Fura canana: aber toragoreie ole let enol eters tater 64-6; disc. 67 
Vogel, F. Je Disc. . fs ss. ss). iin einen sae = 1618, 1680 
Vogel, F. J.; A. Srinivasan. Transient Voltage Rise in 
Transformers Due to Interruption of Exciting 


(Sthisdastn ooeba Gono ooacege ee obo oo 1632-6 
Vouch, S. J. Recent Developments in Track Brakes 
and Drum Brakes for PCC Cars......--.-- 302-04 


W 


Waghorne, J. H. A Simplified Double-Film Klydono- 
graph With an Improved Coupling Method..... ; 
Re Aer cape ab Soma masa ase 1114-16 

Wagner, Anthony; C. F. Wagner, E. L. Peterson, I. 
W. Gross. Corona Considerations on High- 
Voltage Lines and Design Features of Tidd 500-Kv 
Test’ Bases vm. ee + cie ene 2 = 2 age at eee 1583-90 

Wagner, C. F.; A. Wagner, E. L. Peterson, I. W. Gross. 
Corona Considerations on High-Voltage Lines and 
Design Features of Tidd 500-Kv Test Lines, 1583-90 


Wagner, W. C. Disc... ...---2- sence scree 1147 
Walker, H. P. Silicone Insulation as Applied to Naval 

Electric Power Equipment...... 977-80; disc. 980 
Wallace, J. M. An Improved Automatic Circuit Re- 

Closer. tose css cplweieln ee yten 255-8; disc. 262 
Wallace, J. M. Disc..........- een eee ee ee ee eesee 390 
Walton, A. W. Disc... .. 2.0 es een se teen eestor 894 
Walton, CG. B.; J: M. Shepley. Disc............+-- 623 
Ward, J. B. Disc......-. 2.0 estes erste setae 622 
Warren, GC. E.; W. L. Davis. The Calibration of Igni- 

tion Crest Voltmeters................%.-- 99-104 


Watchorn, C. W.; E. S. Loane. Probability Methods 
Applied to Generating Capacity Problems of a 


Combined Hydro and Steam System.........--- 
Ut yd ate a pene aL eae os 1645-54; disc. 1657 
Watkins, Bruce O. Sectionalizing and Internal Trans- 
former Fusing on Rural Power Circuits.........- 
BOE CRT RI ER OD ORONIE ance 383-8; disc. 391 
Weaver, H. E. Disc... ....-----+02-222+-++-22- 285 
Webb, Rola  Dise.a). a. ct ome) = sins sae 981 
Weiser, E. F. Braking Resistors and Control for Diesel- 
Electric Locomotives. ......--.--++--+-:: 229-32 


Wenk, H. A.; W. H. Tidd, H. A. Wenk.~ New Test 
Equipment and Testing Methods for Cable Carrier 


Systems 5 steers: dace eveueninio sisi clots ere 726-30 
Wentz, J. F.; K. D. Smith. A New Microwave Tele- 
VISION, SYSteM. si. «<i  Su te» eon heen “tesa geriane 465-70 
West, H. R.; P. L. Alger. The Air Gap Reactance o 
Polyphase Machines.........-.---+-++--- 1331-43 


Weybrew, T. L.; D. R. Staples, C. A. Atwell. A 3,000 
Horsepower Diesel-Electric Locomotive for the 
Seaboard Air Line Railway.........-...-- 215-19 

White, W. T.; George C. Newton, Jr. Laboratory 
Aids for Electromechanical System Development. . 


PRR ERAUAT. Arnot ais oe Ses 315-19 
Whitehead, J. B. Dielectric Heating—The Measure- 
ment of Loss Under Rising Temperature..... 947-9 
Whitehead, J.B. Disc...... 2... 0+-2+++0s+-22-% 1145 
Wickham, W. H. Disc............-2000s20es00> 285 
Widell, B. A. The Design of New York Subway Motors 
for Dynamic Braking..........+-+++++++- 808-10 
Widmer, As-Bx, “DisG.... oy ai5 mien ae 606 
Wiegand, D. E.; W. W. Hansen. A 60-Cycle Hysteresis 


Loop Tracer for Small Samples of Low-Perme- 


ability Material...... Seeteie oxo s CSE Lon, 
Wier, A. J.; I. G. Wilson, H. S. Black, F. A. Brooks” 
An Improved Cable Carrier System......:-..--- 
Rrra aubrneatens eta Tine cree heha nos eilapeibcece 741-6; disc. 746 
Williams, Horatio B. Hazards of Static Electricity in 
Hospital Operating Rooms............ jne LL46=7 
Willits CUBE) Dish. enineres nana ote ane row 
Wilson, I. G.; H. S. Black, F. A. Brooks, A. J. Wier. 
An Improved Cable Carrier System...........-- 

«sa biel lale lla Bu Bauer elec dart'slitete = season CNG rr aa 

: a 

AIEE TRANSACTIONS 

oa A : _ a 


i a - . 3 ; os . 
* , iw 7 ae -" 


1 Spat es Wyman, 2 B. W.; a8 ~ Switchgear Equipment / Z 2a 
ey ren iid High. Voltage est Lines carci sea esa o8s i. “ 
d Sie seinen tats slcictatie tues erwin OLI=2 Ls diso. 1621 


itzig ta pn the High-Frequency Resistance ak 
. sfopcithcrous tas) oie ies * Ss, sxe phrena ioe = , A Zamsky, He Quantitative Determination of Magnetic 
‘Woods, G. M. Dises..+...22seeves- Rates so. eeSOL Se , Y. ee ei Ceeds bay Oatecipe 


: Goes. Thome me ee De I SS) See nea io Sana onaacebGoror Sno soe i) 
mt at Cheyenne Wells, Yensen, T. D.; J. K. Stanley. Hiperco—A Magnetic Zimmerman, S. W. Discneei ce oas 


spose édoodallG 


te ) by 
= t * COMO... 2 eee eee e eee ee eee eee seteeeee . 525-8 Allover as aiteties ot isisiiatl-i-eslesinainan. -Pl4eaB. | Zweig, Fo; A; G:Gonrad, J. G. Clarke. Disc.....1672 
Be Sec ale { ; - 
7] * a ~< 
i " . 
ae , 
-~ \ ‘ 
2 
‘ 
ae 
4 > 
. ~ 
oo ~~ 
Zh 
» 
- a 
wig . 
, ra 
st 
rm 2 , 
: my “ 
hs \ 
—" v - 
p*- 4 
we ri 4 
ta ~- / é 
23 i: ‘ S , - 
2 a ®. 
arr. * 


SEAMASTER OT RAAT 


SY 
~ 


ty 


tH 


. 
Y 
\ S 
S 
S 
SS 
‘ 
SMS 
SS 
ANS 
MON 
AVY 
A 
. 


AAS WN 
~~ \ 


VY 
\ 


Coes 


__ . 


MMU MV AHm MOO OOO 


